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Abstract

Investigating how ionizing radiation interacts with condensed matter is es-sential for developing next-generation radiation sensors and radiation-hardelectronics. Traditional ex-situ degradation studies cannot capture real-time transient electronic processes during exposure, while existing in-situapproaches 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 BA2PbI4 thin-film photoconductor. From itsphotocurrent 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 forco-irradiation sweeps in the new setup.Under X-rays, the low-dimensional PEA2PbBr4 thin film showed notable ra-diation hardness and transparency, with no electrical changes. Conversely,the PEA2PbBr4 single crystal exhibited a strong enhancement and broad-ening of its excitonic features. For the 3D vertical MAPbBr3 single crystal,simultaneous X-ray exposure induced a marked increase in the excitonicpeak accompanied by complete quenching of the continuumphotocurrent,likely drivenby enhanced exciton-phonon coupling due to radiation-inducedbromine vacancies. Finally, the organic TIPS-PEN thin-film photoconduc-tor displayed a fully reversible enhancement of its vibronic peaks withina 17-hour recovery window, along with a reproducible blueshift of the en-ergy gap extracted from modified Tauc plots. The absence of continuumquenching in both TIPS-PEN and the PEA2PbBr4 single crystal suggests thatX-ray-induced defects in these systems do not act as dominant recombina-tion centres for excitons.
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Introduction 1

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 staticmethodology cannot track real-time electronic processes—such as transient chargetrapping, defect generation kinetics, and structural relaxation—occurring during activeexposure. To capture these underlying physical phenomena, in-situ configurations arerequired. Existing configurations under X-ray irradiation are mostly limited to moni-toring the total X-ray-induced current (radiocurrent) or performing optical analyses atfixed, single wavelengths. This thesis addresses this literature gap by designing andconstructing an integrated apparatus for continuous UV-Vis photocurrent spectroscopyunder simultaneous, steady-state X-ray irradiation, explicitly mapping the radiation-matter interaction. Instead of fixed-wavelength probes, this instrumentation sweepsthe 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 firstphase involved the physical restoration, upgrade, and optimization of an existing, stan-dardUV-Vis photocurrent apparatus. This stand-alone setupwas 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 innovativecompact 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, PyQt6, and GPIB com-munication protocols to handle automatedwavelength sweeps. This combined appara-tus was then deployed to probe the real-time modulation of photoelectrical propertiesacross four different photoconductor samples.The manuscript is structured into four main chapters and three appendices, organizedas follows:
• Chapter 1provides a comprehensive theoretical backgroundon Inorganic-OrganicHybrid Perovskites andOrganic Semiconductors, on radiation-matter interactionsunder UV-Vis and X-ray photons, and on electromagnetic radiation detectors.
• Chapter 2 details the architectural layout of the two experimental apparatusesused in thiswork. It describes the individual components comprising the standardUV-Vis photocurrent spectroscopy setup and outlines the design, X-ray source in-



2 Introduction

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 fluxcalibration of the lamps, lock-in noise analysis, and the physical specifications ofthe analysed samples alongside the data analysis frameworks.
• Chapter 4 presents and discusses the experimental results collectedwith both se-tups. It traces the baseline verification using the reference BA2PbI4 lateral photo-conductor and compares the distinct photoelectrical and excitonic modificationsobserved under active X-ray exposure for the PEA2PbBr4, MAPbBr3, and TIPS-PENsamples.
• Appendices A, B, and C provide supplementary experimental graphs, the inter-polation workflow for the Silicon Photodiode responsivity curve, and alternativeanalytical methods to the standard Tauc plots for interpreting the TIPS-PEN spec-tra.

The main achievements and physical insights derived from this work are summarizedin the Conclusions.
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1. Theoretical Background

Semiconductors are at the base of today’s electronic technologies. Since the days ofthe first diodes, transistors and chips, material as silicon and germanium have played afundamental 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 methodsare 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 thenew 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 ABX3, where
A is a monovalent cation (metallic in the case of inorganic perovskites), B a divalentmetallic cation and X an anion (typically an halogen, even if the name "perovskite"originally referred toCaTiO3 [2]). The atoms involved are arranged in a cubic structurewith the A cation at the centre and the BX3 octahedra at the corners, as can be seenin Fig. 1.1.The interatomic distances d and atomic sizes r must respect very tight criteria forthis particular structure to exist in a stable form:

dBX = a/2

dAX =
√
a/2

∼ 0.75 < t =
rA + rX√
2 (rB + rX)

≤ 1

(1.1)

where a is the unit cell length, and t is Goldschmidt’s tolerance factor[2].This factor can be easily altered by external agents such as light, oxygen, moisture andapplied 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 bondsbetween theA-site cation and theBX3 octahedra and can cause the formation andmi-gration of vacancies, interstitials and anti-site defects ultimately leading to increased
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Figure 1.1: Ideal perovskite cubic structure. Themonovalent cation sits at the centre, surroundedby eight octahedra with shared anions at the vertices and the divalent cation at their core. Theimage 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 ofthe material – strategies which allow also to achieve tunable bandgaps, strong light ab-sorption, high carrier mobility and increased resistance to defects, making them veryversatile 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), whichare obtained by replacing the monovalent metallic cations with organic ones.

1.1.1 3D Hybrid Halide Perovskites

This class of hybrid perovskites follows theABX3 crystal structure, in whichA is an or-ganic cation, such as methylammonium (CH3NH+
3 , MA+), while B is a metallic cation(typically Pb+2 , Sn

+
2 ) andX 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 it1.The electronic properties of perovskites are primarily dependent on the metallic cationand on the halide atom, while the A-site cation contributes mainly indirectly, throughits size [2]. The bandgap of IOHPs is generally direct [1] – which implies that no energygets dissipated in phononic transitions during absorption and emission processes – and
1Common replacements include Sn or Ge, which maintain the structure unaltered, Bi or Sb, forwhich the structure must change to A3B2X9 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 mobilityand lifetime – of the order of tens of cm2V-1s-1 and of few hundreds of ns, respectively– and high optical absorption, with absorption coefficients in the range [103-105] cm-1
near the band edge [5–7]. In high quality films and crystals, the carrier diffusion lengthcan reach up to 10µm[7, 8]. All these properties have allowed IOHPs to obtain outstand-ing results in photovoltaics – with power conversions efficiencies above 20% – and tofind applications also in LEDs, lasers and photodetectors [6].

1.1.2 Low-dimensional Hybrid Halide Perovskites

By increasing the size of the monovalent cation2 and going through appropriate phasetransitions, it is possible to engineer perovskite structures with lower dimensionality(2D, 1D, 0D). Fig. 1.2 shows a schematic diagram of IOHPs from the 0D 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 thiswork, the focuswill be on 2D IOPHs of the Ruddlesden-Popper (RD)type [7, 9].This class of 2D hybrid perovskites follows the formula A2BX4, in which the monova-lent organic cation is constituted by molecules such as butylammonium (C4H9NH+

3 ,BA+) or phenethylammonium (C6H5CH2CH2NH+
3 , PEA+). The crystal comes in theform of alternating organic and inorganic layers, with covalent planar intra-layer bondsand only weak Van der Waals (VdW) forces established among adjacent layers (seeFig. 1.3a).

2It is interesting to notice that, as the size of the monovalent cation increases, it becomes also easierto incorporate in it several functional chemical groups, enhancing thematerial stability or granting it newproperties [2].
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Figure 1.3: Types of 2D hybrid perovskites. Ruddlesden-Popper IOHPs are the most common2D 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 3Dcounterpart, resulting in a reduction of the charge carriers lifetime and diffusion length– down to half ns and few µm [7]. Moreover, the mobility is highly anisotropic, sincecharge transport ismore favouredwithin the layers ofmetal halide octahedra (in-plane)than across the organic layers (out-of-plane)[10].Despite their poorer electrical properties, 2D RP hybrid perovskites are widely studiedsince 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 itscapability to form stable bonds via orbital hybridization. In carbon-based rings and longchains, 2s-2p hybrid orbitals (sp, sp2, sp3) form σ-bonds whereas adjacent 2p orbitalsnot involved in the hybridization overlap creating π-bonds (Fig. 1.4).

Figure 1.4: Scheme of σ- and π-bonds in a carbon-based chain. The image is adapted from [12].
Electrons in π-bonds are highly delocalized and can effectively contribute to chargetransport. Moreover, when many organic molecules are gathered to form a crystal,it becomes possible to distinguish the equivalent of inorganic materials’ conductionand valence band: the first created by the Lowest Unoccupied Molecular Orbitals (LU-MOs) and the second by the Highest Occupied Molecular Orbitals (HOMOs) of themolecules[1, 12]. The energy gap of organic crystals lies in the range from 1 to 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 findcomprehensive theories for transport properties in OSCs. The developed models in-clude: hopping, band transpot, polaron transport, multiple trapping and release andgaussian disorder [13].Compared to their inorganic counterparts, OSCs exhibit lower electrical transport ca-pabilities, with mobilities in the range of 10-6 to 10 cm2 V-1 s-1 [13]. However, this class ofsemiconductors offers the possibility to develop lightweight, flexible and cost-effectivedevices; their growth does not require high temperatures and can be controlled by con-ventional wet chemistry methods[12–14].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 andsensitivity to processing conditions impact device consistency[13].

1.3 Radiation-Matter Interaction

Either one’s been dealingwithmaterial characterization or with shielding, harvesting ordetection of radiation, it is fundamental to have somebasics on the interaction betweenmatter and electromagnetic radiation (Fig. 1.5).

Figure 1.5: Diagram of the electromagnetic spectrum, alongside with a list of typical atomic andmolecular transitions in matter for each spectrum range. The image is adapted from [15].
The effects of interaction between photons and matter vary dramatically with thetype of material and with the energy of the photons, which depends on their wave-length λ (or, alternatively, frequency ν) as:

Eph = hν =
hc

λ
(1.2)

with h Planck constant and c light speed in vacuum.When photons hit the surface of a material, they are always able to travel inside bya certain amount, which is referred to as penetration depth[16]. In Fig. 1.6, the mainprocesses induced by electromagnetic radiation in a typical semiconductormaterial arepresented. For the purpose of this thesis, the focus will be on UV-Vis and on X-raysphotons.
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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:

Φ(x) = Φ0e
−α(λ)x (1.3)

with α(λ) absorption coefficient of the material.As shown in Fig. 1.6, α 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 photonsenergy):
• bound excitons;
• free excitons;
• fundamental absorption edge.

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

Figure 1.7: Diagram of exciton states. As n increases, the levels get closer to each other and risetowards the conduction band, ultimately merging into the continuum [19].
The fundamental absorption edgemarks the transition between the region of trans-parency and opacity of the material to the incoming radiation: as soon as the photonenergy becomes larger than the energy bandgap (Eph ≥ Eg) the light is absorbed andelectrons consequently acquire enough energy to jump from the valence to the con-duction band.A simple way to obtain information on thematerial bandgap energy is to use Tauc plots,which are based on the assumption that the absorption coefficient can be expressed as

(α · Eph)
1/γ = B(Eph − Eg) (1.4)

where B is a constant while γ 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. (1.4) can bedirectly applied as a linear fit on the absorption edge. An estimate of the energy gap isobtained at the intersection between the x-axis and the fitting line [21].For excitonicmaterials, the absorption curve in theUV-Vis range canbemodelled throughthe Elliott formula[22–24], a more complete model, which is commonly used to fit theexperimental data and extract, in addition to the energy gap, the exciton binding en-ergy. This latter is defined as:
Eb = Eg − Eopt (1.5)

where Eopt is the energy of the optical gap, i.e. the energy sufficient to generate anexciton, while Eg 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 theconduction band.The basic structure of the Elliott formula is:
α(E) = αexciton(E) + αcontinuum(E) (1.6)
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which, for 3D semiconductors, becomes:
α(ω) = α3d
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(1.7)

while, for 2D semiconductors:
α(ω) = α2d
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cosh(π/
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]
(1.8)

In Eq. (1.7) and Eq. (1.8),∆ = (h̄ω−Eg)/E0; the functions δ andΘ are respectively theDirac Delta function and the Heaviside Step function while the fraction multiplying thislatter takes the name of Coulomb enhancement factor. It is important to notice thatthe exciton ground state binding energy is Eb = E0 for the 3D case and Eb = 4E0 forthe 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 Frenkelexcitons.

1.3.2 X-rays Irradiation
The intensity of transmitted radiation through a layer of thickness t follows a law similarto Beer’s one:

I = I0e
−µt (1.9)

being µ the linear attenuation coefficient, which increases with the atomic number ofthe elements involved and has units of cm-1. In literature, it ismore commonhowever tofind themass attenuation coefficient, defined asµm = µ/ρ0[16]. As displayed in Fig. 1.8,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 theelectrons in the outer shells of the atoms, X-ray photons can easily affect also the coreshells electrons.This happens already at the least energetic part of the X-rays spectrum (soft to mediumX-rays, with Eph < 50keV ), in which the photoelectric effect dominates: photons areabsorbed and deeply bound electrons are ejected from the atoms as photoelectrons.This leaves the atoms in an unstable configuration, which leads outer shell electrons tofall back on the now unoccupied core states. As a consequence, X-rays radiation canbe emitted during the de-excitation or, if the energy is transferred to other outer shellelectrons, 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 shellelectrons, which are ejected as Compton electrons while the photons continue to travelinside 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 amaterial can be quantified through the absorbeddose, which is defined as the energy absorbed per unit mass:
Dabs =

dEabs

dM
(1.10)

It is measured in Grays [Gy]3.

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 rangetowhich the EMRbelongs andon the physical phenomenonexploited for detection[28].The following paragraphs will focus on photodetectors for the UV-Vis and the X-rayranges.
31Gy = 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 workfunction 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 twoelectrodes. Photoconductors come either in lateral geometry or in vertical geometry(Fig. 1.9).

Figure 1.9: Scheme of photoconductor geometries. The blue arrows indicate the direction ofimpinging light. The image is adapted from [14].
The main difference between these two configurations is in the motion of chargecarriers, which are collected with almost equal efficiency in a planar geometry and infunction of their type and distance from the top contact in the vertical one.Theperformanceof a photodetector canbemeasured through several figures ofmerit[28,29]. Among themost important there are the responsivityR and the External QuantumEfficiency (EQE). The plot of responsivity versus wavelength takes the name of spectralresponse and is a key graph in detector datasheets.The responsivity is defined as:

R =
Iout
Pin

(1.11)
where Iout is the detector’s output current andPin the incident light power. Also knownas optical power, this last quantity is linked to the photon flux Φ via the active area Aof the detector:

Pin = ΦEphA (1.12)
The EQE is usually reported as a percentage and is related to the responsivity in a simpleway:

EQE = R · Eph

e
(1.13)



14 1.4. PHOTODETECTORS

where Eph 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. Thefirst are composed of materials which are able to convert X-rays into an immediatelyreadable (electrical) output, while the second are generally comprised of two stages:one converting X-rays to less energetic photons (scintillator) and the other convertingthese 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 activelyresearched.The amplitude of response of a direct X-ray detector is quantified by its sensitivity S,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 definitionof the sensitivity for a detector operating in current mode is:

S =
1

A
∂(IXray − Idark)

∂(DR)
(1.14)

whereA is the detector active area andDR the dose rate in [Gy s-1].Other than the sensitivity, among themost important figures of merit of a XRDET, thereare the dark current Idark, 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; itsvalue therefore affects also the LoD, i.e. the smallest detectable signal. The responsetime quantifies the speed of the detector, which however is often reported in terms ofrise time and fall time. The first is typically defined by the time required by the signalto go from 10% to 90% of the full amplitude, while the second is defined as the timeneeded by the signal to relax from the 90% to the 10% of the full amplitude, when theradiation 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-controlledmaterial, high qualityelectrodes)
3. high resistivity (>1 MΩ 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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Nomaterial can still satisfy completely all these points, yet, IOHPs and OSCs are qualify-ing as promising materials for the development of XRDETs, of course according to theirstrengths and weaknesses. IOHPs have generally better optoelectronic properties but,as said, suffer from stability issues. OSCs have also lower stopping power, but are moreeco-friendly and easy to grow and offer the possibility to realize biocompatible, flexibleand large-are detectors4[14, 30].

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

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

2.1 UV-Vis Photocurrent Spectroscopy
Photocurrent spectroscopy is an experimental technique which allows to acquire thephotocurrent spectrum of a material.

Figure 2.1: Schematics of the standard UV-Vis photocurrent spectroscopy setup. Inside themonochromator, a mirror can be set in two positions, allowing the light either to go throughthe lateral slit and shine on the sample in the vacuum box or to pass through the frontal slit andhit the detector. A pre-amplification stage may be present depending on the sample or detectorcharacteristics.
The sample is placed under bias and shone with monochromatic light at differentwavelengths. 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. Atthe monochromator’s entrance: the light from the QTH lamp is collected by a parabolic mirror(M1), sent through a collimating lens (L2), a 6-mountings filter wheel (F), a focusing lens (L3) andthe chopper wheel (W). At the monochromator’s exit: the light is sent through a collimating lens(L3), onto a right-angle turning mirror (M2) 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 thematerial, which dictates the generation of chargecarriers;
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 onthe energy gap, the exciton binding energy and on the electrically active defect statesof the sample.The apparatus is generally comprised of:
• a UV-Vis broadband light source, paired with a monochromator;
• a power supply for sample bias;
• a chopper, modulating the signal;
• and lock-in amplifier, to acquire the sample response.

In Fig. 2.1, 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 thebasic components required for sample photocurrent acquisition, the apparatus allowsalso for alternative configurations, which simplify the acquisition of the pure lamp spec-trum with a detector.
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2.1.1 Light Source
The two UV-Vis sources employed here are the Quartz-Tungsten-Halogen (QTH) lampand the Xenon (Xe) arc lamp. Both are incoherent continuum sources, i.e. they emitover a broad range of wavelengths with relatively smooth variations of intensity. Lampscome along with their power supplies and a cooling fan which is fundamental to pre-serve their integrity during their operation.QTH lamps (Fig. 2.3) are widely used since they can be regarded as graybodies in thevisible range, and they are characterized by long life and constant efficiency[28]. Theiremission is excellent in the Vis-IR range, but their flux decreases rapidly under the 400-350 nm.

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 ismade of a quartz glass1 envelopewhich contains a tungsten (W) filamentand an halogen gas (typically iodine). When current passes through the filament, thisbecomes incandescent and starts evaporating and emitting light. The evaporated tung-sten recombines with the gas, forming an halide compound which then, at sufficientlyhigh temperatures, dissociates and reacts with the filament, depositing again tungstenonto it. This halogen cycle prevents the complete evaporation of the filament and keepsthe 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 wavelengthsand the presence of the element characteristic lines makes them also suitable as linesources[28, 33]. The structure of a Xe short-arc2 lamp features a quartz glass envelopewhich 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 gasin between gets ionised, until arc discharge occurs. After this moment, a low voltage is
1Also known as fused silica.2There 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.

(a) QTH Lamp. (b) Xenon Lamp.
Figure 2.5: Typical spectra of QTH and of Xenon lamps [34]. The y-axis represents the intensityin arbitrary units.

The lamps used in this setup are a Philips 24V/150W QTH lamp and the THORLABSSLS400 Mercury-Xenon short-arc lamp; this latter is a Xe arc lamp, with added tracesof 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 amonochromatic one[35]. Its basic internal structure, schematized in Fig. 2.6, is verystraightforward: mirrors help direct the beam from the entrance slit to the diffractiongrating and from the latter into the exit slit.The diffraction grating (Fig. 2.7) is an optical dispersive element with the surfacecharacterized by reflecting grooves3 at a certain angle θB from its normal – the blazeangle.The grating is mounted on a rotating turret: this is what allows to change the result-ing wavelength, since it depends on the angle α 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 theexit slit (5). The image is adapted from [36].

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

β of diffracted light according to the grating equation:
mλ = d(sinα + sin β) (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 thosewavelets with the adequate wavelength survive and interfere constructively, while theother interfere destructively [35].Given a set of values of λ, α and d, Eq. (2.1) is satisfied by several values of β, sincethere are several light paths differing by an integer multiplem of the set wavelength λ.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:
mλ = 2dsinθB (2.2)

When, in addition, α − β = 0, the grating is said to be in Littrow configuration and itsefficiency 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 slitimage. It is defined as
D =

(
L · ∂β(λ)

∂λ

)−1 (2.3)
where L is the output focal length and ∂β(λ)

∂λ
is the angular dispersion of the grating.The angular dispersion is defined as the spectral range ∆β per unit angle and can bederived by differentiating the grating equation, assuming the incidence angle α to beconstant:

β(λ) = arcsin
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mλ

d
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)
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)2 · m

d
=

1√
1− sin2β
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d

(2.4)

The limit of resolution4 ∆λ 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 strictlytied to the resolving power R:
R =

λ

∆λ
=

λ

w ·D
w = max(w′

in, wout)
(2.5)

with w′
in width of the entrance slit as imaged onto the plane of the exit slit (defined bythe system’s magnificationM as w′

in = M · win) and wout width of the exit slit.The resolving power is one of themost 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∆λ varies much less with the wavelength than
λ itself does during a sweep, the spectra are usually more noisy at shorter wavelengths[35].

4Also known as spectral resolution or resolution.
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The reason for which w in Eq. (2.5) is that of the largest slit can be intuitively compre-hended by considering that themajor source of spectral error comes from the slit whichleads to the worst resolution.During acquisitions, a good empirical rule is to keep win = wout. More precisely, woutshould roughly match the dimensions w′
in of the entrance slit image, as detailed inFig. 2.8:

• when wout < w′
in, not all the dispersed lines can reach the exit slit, resulting in areduction both of the spectral bandwidth and of the relative intensity, which failsto reach its maximum value;

• when wout = w′
in, at exactly one point of the spectra all the diffracted lines arecontained in the exit slit, resulting in a peak of relative intensity;

• whenwout > w′
in, the relative intensity stays at its maximum value across severalpoints of the spectra but the spectral bandwidth is large and thismeans thatmorewavelengths than necessary are allowed past the exit slit.

Figure 2.8: Linespread graphs showing the effects of relative size of exit slit width wout andimage width w′
in. In (a) wout < w′

in, in (b) they are equal and in (c) wout > w′
in. The y-axes represent the relative light intensity at the image plane while moving on the x-axes implieschanging the selected wavelength (either by rotating the grating or by considering to move theexit 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 outputintensity 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 lightresponse of the samples under analysis.In the stand-alone UV-Vis photocurrent setup, the monochromator employed is theScienceTech-9055F, which features a turret with two 1200 grooves/mm gratings of 3.3nm/mm reported reciprocal linear dispersion and blaze wavelengths of 300 nm and1000 nm respectively.In the compact apparatus, themonochromator used is the Acton SpectraPro-150, whichpossesses 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 10nm/mm nominal reciprocal linear dispersion and balze wavelength of 1 µm.
2.1.3 Chopper and Lock-in Amplifier

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

Figure 2.9: Functional diagram of SR830 lock-in amplifier. The image is adapted from [37].



24 2.1. UV-VIS PHOTOCURRENT SPECTROSCOPY

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. apure 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 θbetween the input andthe reference signal are determined with a conversion from Cartesian into polarcoordinates.

The reference frequency fREF is provided by the chopper, a rotating wheel with al-ternated full sectors and holes which modulates the light arriving on the sample at aknown frequency (reference frequency).The lock-in amplifier is able to detect and magnify very small signals, down below fAand nV and the dynamic reserve allows to tune the expected signal-to-noise ratio toacquire the signal while avoiding sudden noise-related overloads[37]. The signal itselfcan be either a voltage (absolute or differential) or a current (internally amplified by thelock-in5).The goodness of the acquisition depends mainly on the filter roll-off and on the timeconstant. 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 dwelltime, as reported in Table 2.1.The more clear the signal, the more stable the detected phase. For the purpose ofthis work, the following additional settings were used:
• input type: AC;
• sync< 200 Hz enabled;
• 50 Hz and 100 Hz line filters active.

The lock-in amplifier used for both setups is the Stanford Research Systems 830, whilethe chopper controller unit is the Stanford Reasearch Systems 540 for the standardapparatus and the Scitec Instruments 300CD for the compact apparatus.
5In the specific case of this setup, the gain was either a factor of 106 or 108
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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

tdwell [s] 0.15 0.21 0.27 0.30
100 ms BW [Hz] 2.50 1.43 1.11 1.00

tdwell [s] 0.5 0.7 0.9 1.0
300 ms BW [Hz] 0.83 0.48 0.37 0.33

tdwell [s] 1.5 2.1 2.7 3.0
1 s BW [Hz] 0.25 0.14 0.11 0.10

tdwell [s] 5 7 9 10
3 s BW [Hz] 0.083 0.050 0.040 0.030

tdwell [s] 15 21 27 30
Table 2.1: Frequency bandwidthBW and minimal dwell time tdwell for different time constantsand 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 issent 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 0.5mm 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 electricalfield6 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. 2.10, however, it is very sensitive and fast (0.15-2.5 µs)in response[29].The PYRO is a thermal detector made of a pyroelectric material – i.e. a materialwhich possesses a natural electrical polarization and can generate a temporary voltagedifference when heated or cooled[39]. Photons impinging on the sensor increase thematerial’s temperature, inducing a slight modification of the crystalline structure andthus of the polarization.The capability of a PYRO detector to return a strong signal depends on the choppingfrequency of the impinging radiation: if the chopping frequency is slow compared to thethermal relaxation time of the crystal, the crystal remains close to thermal equilibriumand the current response is small[28]. In Fig. 2.11, the responsivity curve of the PYROdetector is reported as a function of the frequency at which the light impinging on it is
6Photodiodes are usually employed under reverse bias. When the voltage is zero, the device operatesas 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 peakresides at 760 nm, while at 1100 nm – in correspondence with silicon bandgap – the responsivitydrops.

chopped.

Figure 2.11: Responsivity curve of pyroelectric detector as a function of frequency. The main plotis taken at chopper controller’s 400 Hz full scale while the small plot has been obtained at 40Hz full scale.

This detector has also a lower responsivity than the SiPD, thus, its output needsto 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. 2.12), with anamplification factor of 60 dB, was used. Despite these cons, the major advantage ofthe PYRO with respect to the SiPD is that, being a thermal detector, it is characterizedby 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 sentthrough 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 thelock-in input; the circuit is closed connecting virtually the grounds of the two instru-ments (Fig. 2.13).

Figure 2.13: Schematics of the electrical circuit in the standard setup. The transimpedance am-plifier can be inserted between the sample (indicated as theDeviceUnder 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 samplematerial, the signal going to the lock-in could need a pre-amplificationstage: if the photocurrent is high enough, the lock-in current input with internal gain

106 or 108 can suffice; otherwise, the lock-in voltage input ("A" mode) must be pairedwith 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 powersupply.
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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 boxbottom, over an insulating layer, and copper wires are soldered with tin to the BNC connectorsand with silver paste to the sample electrodes.

(a) DLPCA-200 (b) DHPCA-100
Figure 2.15: FEMTO transimpedance amplifiers. The model in (a) is ideal in low-noise applica-tions while the one in (b) 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 opticsand the sample holder are enclosed with the X-ray tube in a lead-glass shielding cabinet. Themonochromator and the lock-in amplifier are connected in parallel via GPIB to the computer.
The apparatus – schematized in Fig. 2.16 – is housed entirely within a lead-glassshielded enclosure, which provides the necessary attenuation against X-ray scatteringproduced by the irradiation source. For this reason, the monochromator-lamp systemis configured as compact integrated unit, whose resulting output light is brought ontothe samples through an optical fibre.

2.2.1 X-rays Source
X-rays are produced in a Coolidge X-ray tube withMolybdenum (Mo) target: a tungstenfilament, heated by current flowing, emits electrons, which are accelerated by a highvoltage (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 asBremsstrahlung radiation and Mo characteristic lines (Fig. 2.17). The radiation is con-voyed through Beryllium (Be) windows.
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Figure 2.17: Typical spectrum of a Molybdenum target X-ray tube. The continuum is formed bythe Bremsstrahlung radiation, while the sharp high-intensity peaks correspond to the charac-teristic lines of the Mo target. The image is adapted from [43].

Figure 2.18: X-rays tube calibration at 35 kV and 27±1 cm of distance. The relevant value for thisstudy 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. 2.18, the dose rates at a distance of 27±1 cm from the tube areplotted 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 DF6N03 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 current7.
2.2.2 Optical Fibre
In this setup, the light exiting the monochromator slit is collected into a collimator andsent to the sample through an optical fibre. At the fibre’s exit, the light is passed againthrough a collimator and thenmeets the chopper wheel, before being focused onto thesample with a lens (see Fig. 2.19).

Figure 2.19: Scheme of the mochromator-sample optical coupling in the compact setup. Lightfrom themonochromator exit slit is collected by the first collimator (C1), sent through the opticalfibre and collimated again with the second collimator (C2), for then being modulated by thechopper and focused with a lens onto the sample.
The collimator is employed mainly to convey efficiently the light into the fibre, butit 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 photonflux, changing drastically the shape of the lamp spectrum outside of the optimal range:As can be seen in Fig. 2.20, the presence of collimators – even at lower lamp power –remarkably increases the intensity of the signal. The collimators used are THORLABSF950SMA-A multimode collimators while the optical fibre is the THORLABS M96L02Step-Index Multimode Fiber-Optic Patch Cables with SMA ends.
7The filament current is of the order of the A while the electronic current is around tens of mA.
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Figure 2.20: Effects of collimators on the raw lamp spectrum. At 700 nm, the internal coatinginduces a drop in the signal amplitude and, beyond, the shape is modified – according to thecollimator manufacturers – in an untraced batch-dependent way.

2.2.3 Operation
The developed setup allows different acquisitionmodes, adjusting the chopper positionand the instruments employed:

1. standardUV-Vis photocurrent spectroscopy: the chopper is inserted between theoptical fibre output and the sample, while the X-ray tube is off;
2. photocurrent spectroscopy under constant X-ray excitation: UV-Vis source choppedand X-ray tube on. This allows to see the effects of ionising radiation on the pho-tocurrent spectrum;
3. radiocurrent under constantUV-Vis irradiation: UV-Vis source costant and choppedX-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-raytube on. This allows to collect radiocurrent (as a function of time). Both here andin the above configuration, the dose must be manually varied.

The experimental protocol followed in this thesis project involved just modes (1) – forvalidation 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 theupgrade of the standard UV-Vis photocurrent spectroscopy apparatus and the imple-mentation of the compact UV-Vis one for measurements under X-rays irradiation, arepresented. In the last section of this chapter, sample specifications are included as well.Fig. 3.1 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 housingand the optical plane to which the monochromator is fixed have been carefully alignedand riveted. The vacuum chamber stands on newly made supports too, to match thenew height requirements.

(a) (b)

Figure 3.1: Evolution of the benchmark photocurrent setup design. Before (a) and after (b).

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 withthe collimator on the optical fibre’s end on the exit slit. Custom supports and adaptershave been developed to secure the collimators in place and an optical plate has beenriveted to the slotted base plate whose rails the sample holder – a pantograph with aslotted plane – is constrained to as well. The chopper and collimating lens have beenaligned and fixed to the optical plate. The X-ray tube cooling system has been repairedand a support for the mechanical piece acting as shutter-enabler has been fixed to theslotted base plate.
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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 theUV-Vis spectroscopy setup, theQTH lamphousing hosts the lampbulb, a parabolicmirror behind it and a tubewith a plano-convex lens to focus the beam into the entranceslit of the monocromatohor on the exit hole. The focusing procedure involved:

• 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;
• moving the whole lamp housing along the plane perpendicular to beam directionto centre the slit and having the beam focused on it.

The procedure involved a first rough correction of the major optical issues (e.g. thedouble-halo), then, the maximum of intensity was searched with the aid of the SiPDdetector.
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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 notproperly 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, wasused. Before acting on the monochromator, the laser itself needed to be aligned withrespect to the optical table. This was achieved by directing the beam on a target whichwas progressively moved further and then again closer, until there was no more needof adjustment on any of the three axes.With the grating positioned in full-reflectionmode (initialized at zero), the plane of eachmonochromator’s mirror was corrected by regulating the set and socket screws.Once the mirrors were set, the grating behaviour was investigated: in fact, once thelaser hit its surface, beams other than the principal one were clearly visible (Fig. 3.3)and, depending on the wavelength of the laser and on the grating position, they variedin 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 ofmultiple diffractions for the 635 nm (red) laser and the 405 nm (blue) laserinside the SP150 monochromator. The principal beam is the first order beam (n=1), which getsdiffracted and sent exactly through the exit slit. The zero order beam (n=0) can be identified asthe one for which the grating is behaving as a simple reflectingmirror, while higher order beams(n>1) appear as fainter lines. The blue laser shows a higher number of rays with respect to thered one, since it is more energetic, and therefore higher orders are populated.
To better verify whether these additional diffractions and reflections could be aproblem for acquisitions with white-light sources, the laser was replaced with a QTHlamp and the beam exiting the monochromator was analysed at different wavelengths
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through a spectrometer. The data collected, plotted in Fig. 3.4, demonstrated that thespectrum is actually clean in the useful acquisition range. Higher harmonic peaks ap-

Figure 3.4: Spectral analysis of SP-150 monochromator. Each coloured line corresponds to adifferent spectral acquisition. The peaks correspond to the set wavelengths, exhibiting a minorredshift 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 secondarypeaks 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 theMolibdenum tube, the X-rays are produced when the power supply providesenough energy. When the beam is active, the only way to prevent it from travelling isby closing the shutter.The shuttermechanism is designed so that it can be remotely controlledwhen a shutter-enabler is active. The latter is a piece which comes with an aperture designed to lockitself 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, themonochromator was controlled via a customMATLAB software,which was designed to move the monochromator while acquiring data with a DigilentDAQ.While this was sufficient for alignment and grating testing, for proper photocurrentspectra 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 RS-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 managementand PyQt6 for the creation of a Graphical User Interface (GUI).

Figure 3.5: Screenshot of SP150-SR830 Control main panel. The leftmost column contains con-nection buttons andmetadata fields. The central column allows to control the run mode and setthe lock-in parameters. The rightmost column is dedicated to data visualization and log moni-toring.
From left to right, theGUI is structured in threemain columns, as depicted in Fig. 3.5:
• instruments connection and experiment metadata tracking;
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• acquisition handling (time-affecting parameters, control mode, data saving);
• data visualization.
The central column has two tabs: Scan and Manual/Aux (Fig. 3.6). While Scan tabis responsible for the standard wavelength sweeps, in the Manual/Aux tab it is possibleto send raw commands to the monochromator or to start lock-in Aux channels sweeps.

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

The software is constructed to handle two threads, one allowing for live display oflock-in readings and the othermanaging themonochromatormovement and the signalaveraging.The software was written exploiting generative AI 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 themeasurement, with the final goal to correct the sample data, since their raw signalamplitude is convoluted with the lamp emission spectra.The parameter to measure is the lamp spectral photon flux1 Φ, which is obtained bydividing the raw lamp signalSraw by the responsivity of the detectorRdet used to acquireit:
Φ(E) =

Sraw(E)

Rdet(E) · Eph · Aeff

(3.1)
in the formula,Eph is the energy of the photons andAeff is the effective active area ofthe detector. The latter depends also on the slit width d, an can be evaluated as follows:

θ = 2arctan

(
d

2R

)
Aeff =

2dR√
1 +

(
d
2R

)2 +R2 (θ − sinθ)
(3.2)

with R detector radius and θ being the angle indicated in Fig. 3.7.

Figure 3.7: Effective area of detection given the slit width. This scheme applies whenever theslit width d is smaller than the detector diameter 2R. The image is adapted from [31].
1The photon flux is measured in units of photons per second per square centimetre (ph s−1cm−2).
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Once the photon flux coming from the lamp is known, the actual photocurrent spec-trum IPC is obtained by dividing the raw signal Iraw for the photon flux.
IPC =

Iraw
Φ

(3.3)
For better visualization, the photocurrent is then rescaled between 0 and 1 by dividingit by its maximum.
3.3.1 QTH Lamp
The spectrum of the QTH lamp used in the benchmark setup has been collected bothwith the SiPD and with the PYRO detector. The raw spectra can be observed in Fig. 3.8.

(a) (b)

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 lampis operated at 23 V and 5.9 A. In (a) the QTH lamp spectrum acquired with SiPD detector at0.4 mm slit width. The lock-in time constant was set to 100 ms. In (b) the QTH lamp spectrumacquired with PYRO detector at 0.5 mm slit width and lock-in time constant at 1 s. A 60 dBvoltage amplification stage is added.
Following Eq. (3.1), the photon flux has been computed. In Fig. 3.9, the evaluatedphoton flux is shown for both detectors in logarithmic and in linear scale. It has to benoticed that, since the SiPD detector has a limited spectral range (190-1110 nm), inferiorto the lamp spectrum acquisition window, mathematical artifacts appear in the fluxcurves. In this region, starting from ~900 nm, the SiPD detector is not reliable and thePYRO calibration must be used. Figures 3.9b and 3.10 display also alternative plottingstrategies beyond this critical wavelength, which are further explained in Appendix B.The computed flux is of the order of 1013ph/(s · cm2). Due to the wavelength-independent responsivity of the pyroelectric detector, data collected with this latter
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(a) (b)

Figure 3.9: Comparison of QTH lamp flux obtained with SiPD and PYRO detectors. (a) Flux inlogarithmic scale; the cusp at 1110 nm is a mathematical artifact due to the interpolation overthe rapidly-falling SiPD responsivity. (b) Flux in linear scale; beyond 900 nm, the division by theresponsivity 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 keepingthe responsivity constant at its 900 nm value.

are more reliable, and this has been also verified with a THORLABS PM400 OpticalPowermeter. The procedure involved manual recording of the lamp power at discretewavelengths. For each point, the instrument returnedboth the rawdetected power andthe value normalized by its SiPD sensor. For the purpose of the comparison Fig. 3.10,the data have been divided by the sensor active area, while the lamp flux has beenconverted to power density by multiplying for the photon energy.

Figure 3.10: Powermeter verification of QTH lamp power density.

It has to be noticed that the spectra in Fig. 3.10 are slightly different from those inFigs. 3.8 and 3.9 since the lamp filament broke and therefore the lampwas substituted.
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3.3.2 Xenon Lamp

The xenon lampwas used as an alternative to theQTH for the acquisition of the PEA2PbBr4samples photocurrent spectra, where high UV photon flux, not achievable with QTH, isneeded. The result of the Xe lamp calibration are reported below: Fig. 3.11 shows theraw spectra collected with the two detectors, while in Fig. 3.12 a comparison of the fluxcomputed with respect to each detector is reported.

(a) (b)

Figure 3.11: Xenon lamp raw spectra: (a) spectrum obtained with the SiPD detector at a 1.5 mmslit 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.

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 stemsfrom 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 inorder 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 mostcommon configurations in which the lock-in has been used during the acquisitions havebeen probed.The lock-in input was left unconnected and floating, while its AUX exit drove the chop-per in a sweep from 0 to 10 V (which corresponded to the 0 to 343 Hz range). Theresults are displayed in Fig. 3.13.

(a) (b)

Figure 3.13: Lock-in noise analysis on two different input modes: (a) voltage noise analyses at0.3 s and 1 s time constants; (b) current (108 input) noise analyses at 0.3 s and 1 s time constants.The parameters for both graphs are: 12 dB/oct roll-off, 50 Hz and 100 Hz line filters active, highreserve, ground, sync <200 Hz active, and AC coupling.
Apart from the spike near 0 Hz, the voltage noise is essentially constant. The cur-rent noise analysis has instead more interesting features: at 50 and 100 Hz, where theline filters are active, the noise is visibly suppressed; then, looking at the general trendof the noise, a subtle increase of its average value can be noticed towards the higherfrequencies.

3.5 Samples Specifications

In Table 3.1 the samples employed for this study are presented.
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Sample Type Contacts Geometry MorphologyBA2PbI4 2D Perovskite co-planar thin filmPEA2PbBr4-sc 2D Perovskite co-planar single-crystalPEA2PbBr4-film 2D Perovskite co-planar thin filmMAPbBr3 3D Perovskite top-bottom single-crystalTIPS-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 samplesare 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 adhesionchromium (Cr) layer and are patterned via photolithography onto the substrates.The substrates used are Kapton (PEA2PbBr4-film), glass (BA2PbI4) and PEN (TIPS-PEN).The semiconductor film is deposited onto the electrodes via bar-coating (PEA2PbBr4-film), spin-coating (BA2PbI4) or drop-casting (TIPS-PEN).

Figure 3.14: Diagram of the 1-pixel interdigitated electrodes. The channel width is 30µm whilethe channel length can be obtained as L = (n− 1) · l, where n is the number of fingers of theinterdigitated (here 26) and l is the length of the channel long side (here 2 mm), for a total of
50mm. This geometry is common to samples BA2PbI4, PEA2PbBr4-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 evaporationwith shadow mask.Sample MAPbBr3 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 PEA2PbBr4-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 3.16 the respective structures are shown.

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

Figure 3.16: Scheme of MAPbBr3 sample structure. The crystal has dimensions of 5× 5× 2mm.The image is adapted from [44].
Of the samples under analysis, the two single crystals, PEA2PbBr4-sc and MAPbBr3are the oldest (dating to 2022 and 2023 respectively), while the others where fabri-cated within the time period of this thesis project. Sample BA2PbI4, used only as a firsttest for the validation of the benchmark photocurrent setup, degraded after few daysoutside of the glovebox.
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In Figs. 3.17 and 3.18, optical microscope pictures of the PEA2PbBr4 and TIPS-PEN sam-ples – taken to verify the channel condition and to highlight the difference betweensingle-crystal and thin film morphologies – are reported.

(a) Detail of PEA2PbBr4 single-crystal sample. Thechannel has dimensions of 50µm × 18.23mm. Al-though old, the sample is still in good conditions.
(b) Detail of PEA2PbBr4 thin film sample. The chan-nel has dimensions of 30µm×50mm, thus greaterthan PEA2PbBr4-sc sample.

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

Figure 3.18: Picture of a TIPS-PEN sample. The sample in this image is not the same as the one onwhich the finalmeasurements were performed, since it degraded andwas substituted; however,it provides a clear example of TIPS-PEN film structure.
The PEA2PbBr4-sc has a smooth surface with large uniform grain domains, whilesample PEA2PbBr4-film shows a dense disordered network of small grains.TIPS-PEN displays highly anisotropic, large crystalline domains with elongated needle-like morphology.
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3.6 Data Analysis

In Fig. 3.19 the procedure to go from raw data to the extraction of the relevant param-eters and figures of merit is shown.
Lamp Raw Data(Vlamp)

Detector Respon-sivity Data (Rdet)

ReferencePhoton Flux
Φ(λ) =

Vlamp
RdetEphA

Sample Raw Data(Iraw)

Normalized Data
Inorm = Iraw

Φ

Sample Responsivity
R = Iraw

Pin

Parameter Fits
(Elliott / Spano)

Sample EQE
EQE = R· Eph

e ×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 parametersand figures of merit.
When the sample raw data are corrected for the lamp flux, the unit of measureobtained is a photocurrent per flux [A/(ph cm−2s−1)]. For improved visual clarity, inthe 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 oracquisitions, the normalization can be performed in two ways:
• if the relativemagnitude of the spectra is relevant for the comparison, the scalingis performed globally after plotting, i.e. by dividing the spectra by the maximumvalue among all the datasets;
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• 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, suchas themaximum of the excitonic peak) and then the profiles are plotted together.
The calculation of the responsivity involves dividing for the optical power insteadthat for the lamp flux. The formula used in this passage differs from Eq. (1.12) for anadditional multiplicative term rw = wsample/wlamp which accounts for the different slitwidths used to acquire the lamp and the sample spectra:

Pin = ΦEphAchrw (3.4)
where Ach is the channel area of the sample. It is important to keep in mind that theresponsivity is not an intrinsic property of the material as it is also influenced by thedevice morphology and architecture. Nonetheless, it is still a valuable parameter whencoming 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 1. In particular, to account for non-ideal effects (disorder, thermaleffects, non-parabolicity of the bands, collection efficiency, experimental noise...), atruncated 3D Elliott model [45, 46] was implemented both for the 3D and the 2D IOHPsamples:
αtotal(E) = α(E) · ηc(E) + y0 (3.5)

Where the modified 3D Elliott absorption coefficient α(E) is defined as:
α(E) = A

√
Eb [ax · 2Eb · g(E − (Eg − Eb),Γ)+

+

∫ ∞

Eg

g(E − E ′,Γ)
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(
−2π

√
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)dE ′

 (3.6)

Here, g(∆E,Γ) represents the Gaussian broadening function capturing inhomoge-neous disorder:
g(∆E,Γ) =
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(3.7)
The term ηc(E) is the asymmetric carrier extraction efficiency filter, accounting forhigh-energy transport losses:

ηc(E) =

exp

(
−E − Eg

τ

)
for E > Eg

1.0 for E ≤ Eg

(3.8)
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In the above equations, Eg is the material bandgap energy, Eb the exciton binding en-ergy, Γ the Gaussian broadening parameter representing inhomogeneous disorder, bnpthe linear non-parabolicity coefficient, ax the scaling factor for the discrete ground-state excitonic contribution, A the global amplitude scaling factor, τ the carrier collec-tion decay constant, and y0 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 1, the code calculates thefirst derivative of the smoothed spectrum, identifies the point of maximum slope, fitsa straight line tangent to it and extrapolates its intercept.
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4. Results and Discussion

In the following sections, the experimental results are presented and compared to theestablished literature values, when available.Apart from BA2PbI4, which underwent just the UV-Vis photocurrent measurement withthe standard setup, each sample was characterized electrically collecting an I-V curvein dark and under 375 nm light1 before having its photocurrent spectra recorded in thestandard 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 canbe found in Appendix A.The parameters of each acquisition are summarized in Tables 4.1 and 4.2.
Acquisition Parameters For Standard Setup

Sample SampleBias [V] Lock-ininput Lock-intau [s] ChopperFreq[Hz]
PreampGain[V/A]

Lamp Slitin/out[mm]BA2PbI4 5 I, 106 0.3 42 - QTH 1PEA2PbBr4-sc 20 A 0.3 62 109 Xe 1PEA2PbBr4-film 20 A 1 62 109 Xe 1MAPbBr3 10 I, 106 0.3 67 - QTH 1TIPS-PEN 5 I, 106 1 31 - QTH (new) 1
Table 4.1: Acquisition parameters and settings in the standard setup.

Acquisition Parameters For Compact Setup
Sample SampleBias [V] Lock-ininput Lock-intau [s] ChopperFreq[Hz]

PreampGain[V/A]
LampPower[%]

Slitin/out[mm]PEA2PbBr4-sc 20 A 0.3 62 108 80 1PEA2PbBr4-film 20 A 1 62 108 90 2MAPbBr3 10 I, 106 0.3 67 - 80 1TIPS-PEN 5 I, 108 1 31 - 90 2
Table 4.2: Acquisition parameters and settings in the compact setup. When performing sweepsunder X-rays irradiation, the tube settings were at 30 mA electronic current and 35 kV cathodicvoltage for all the samples.

1The source was a UV LED with a calibrated power density of 316 µW/cm2 at 3 cm from the sample.
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4.1 BA2PbI4
For sample BA2PbI4, a forward-backwards sweep was executed in the standard UV-Visphotocurrent 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 carriersexcited by the first scan filled trap states leading to a higher collection efficiency on thereturn scan.Fig. 4.1 shows the corrected and normalized photocurrent spectra of BA2PbI4. 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.

Figure 4.1: BA2PbI4 photocurrent spectrum, corrected for the QTH lamp flux and normalized.Both forward and backward scan, collected at 5 V bias, are shown.
The responsivity, computed on the forward scan, is 3.5 ±0.1 mA/W at the 490 nmpeak, which falls within the expected literature range [11]. Fig. 4.2 shows the spectralresponse of the sample.The Elliott fit performed on BA2PbI4 yielded an energy gap of 2.43 ±0.01 eV andan exciton binding energy of 48 ±5 eV. The energy bandgap is in good agreement withknown 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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Figure 4.2: BA2PbI4 spectral response. Both forward and backward scan are shown.

Figure 4.3: Truncated 3D Elliott fit applied on BA2PbI4 photocurrent spectrum. The model isapplied in the window 490-550 nm to the forward trace.

Table 4.3 summarized the extracted parameters for the BA2PbI4 sample.
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Extracted ParametersResponsivity 3.5 ± 0.1 mA/WEQE 0.89 ± 0.03 %Energy Gap 2.43 ± 0.01 eVBinding Energy 48 ± 5 meV
Table 4.3: BA2PbI4 extracted figures of merit.The values of responsivity and EQE are evaluatedat 5 V bias in correspondence of the 490 nm peak. All the parameters are computed on theforward scan.

4.2 PEA2PbBr4
The I-V curves of the two PEA2PbBr4 samples are plotted in Fig. 4.4. It is important tonotice 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 20V applied bias, the resulting electric field is 4000 V/cm for the single-crystal and 6667V/cm for the film2. Comparing the values of the currents at 4000 V/cm electric field,
Idark ranges from8 to 20 pA for PEA2PbBr4-sc and of from0.7 to 1 pA for PEA2PbBr4-film;while Ilight is 0.6 nA for the single-crystal and 30 nA for the film.

(a) Single-crystal. (b) Thin film.
Figure 4.4: PEA2PbBr4 samples I-V characteristics. Light current is acquired under a 375 nm LEDfor a total power of 2.88 µW on the single-crystal (a) and of 4.74 µW on the thin film sample(b). The power is computed onto the channel areas.

The unexpected lower photocurrent response in PEA2PbBr4-sc can be explained dueto 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 theinterdigitated.
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teresis. A comparison with the I-V curve dating back to its creation [49] shows that thecurrent at 10 V decreased from 40 nA to 0.2 nA, a difference which cannot be tracedback to the different 375 nm LED used.Besides this reduction in magnitude, the shape of the I-V curve has remained almostunaltered across the years. The sample has still a linear behaviour in the [-10, 10] Vrange, and exhibits a small rectifying trend towards the -20 V and 20 V limits.Sample PEA2PbBr4-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 PEA2PbBr4 samples.Since the experimental conditions were different, the relative intensities are not rele-vant and the normalization has been performed separately before plotting.

Figure 4.5: Comparison of PEA2PbBr4 samples photocurrent spectra, corrected for the Xe lampflux 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 around375nm (the continuum). While in the film the continuumsignal dominates, in PEA2PbBr4-sc the continuum hump is reduced in intensity with respect to the excitonic peak. Thisis due to the fact that the absorption coefficient at those wavelengths is lower andtherefore 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 PEA2PbBr4-film, the sample is instead thin enough that all the generated carriers are subject to theelectric field produced at the surface electrodes, increasing thus the charge collectionefficiency.The shapes of the spectra are consistent with those in literature [50–52].The spectral responses of the two PEA2PbBr4 samples are shown in Fig. 4.6. The re-sponsivity of sample PEA2PbBr4-sc is 0.80 ± 0.01 mA/W at the excitonic peak againstthe 53 ± 1 mA/W at peak of sample PEA2PbBr4-film.The single-crystal sample performed worse than the film: similar studies report thatthe single-crystal can have a responsivity of 12 mA/W, a value even 20 times higherthan their film equivalents [52].As suggested by the I-V curves, the reason of the discrepancy must be searched in thesample conditions. The truncated 3D Elliott fit has been performed on both samples

(a) Single-crystal. (b) Thin film.
Figure 4.6: PEA2PbBr4 samples responsivity profiles.

(a) Single-crystal. (b) Thin film.
Figure 4.7: Truncated 3D Elliott fit applied on the two PEA2PbBr4 samples. In both cases, the fitwindow is 350 to 550 nm.
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using the same fitting window Fig. 4.7. For PEA2PbBr4-sc, Eg is 3.12 ±0.01 eV and Eb is92±2 meV. These values are close to those obtained by Ciavatti et al., who computedan 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 bandgapof 3.17±0.01 eV and an exciton binding energy of 135±3 meV. These values are higherthan those previously reported for analogous PEA2PbBr4 polycrystalline thin films[50]but the different deposition techniquemay have impacted on thematerial charge trans-port properties, affecting the photocurrent and ultimately the parameters that can beextracted from the fit.
Effects of X-rays on the photocurrent spectra of PEA2PbBr4 samples

(a) Single-crystal, corrected spectra. (b) Single-crystal, shape-comparison.

(c) Thin film, corrected spectra. (d) Thin film, shape-comparison.
Figure 4.8: Effects of X-rays on PEA2PbBr4 samples photocurrent spectra collected with the com-pact setup.

In Fig. 4.8 the photocurrent spectra obtained with the compact setup, with andwithout 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 ofX-rays on the photocurrent spectra shape, the corrected normalized images have beenput directly next to the normalized and singularly-scaled ones.The film shows almost no reaction to the X-rays: at the samebeamsettings of the single-crystal (30mA, 35 kV) the curve was perfectly superimposing while at lower X-ray beamenergy settings (20 mA, 20 kV) the photocurrent under X-rays is slightly lower than thestandard one, as can be seen in Figs. 4.8c and 4.8d. This can be attributed to radiationtransparency of the thin film structure and to the radiation hardness of the material.On the contrary, sample PEA2PbBr4-sc underwent a massive excitonic peak enhance-ment under x-rays: the signal strength roughly tripled and the peak broadened towardslonger wavelengths with an increase of ~30% of its FWHM (Figs. 4.8a 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 parametersconfirm that, while PEA2PbBr4-film remains unaltered, in the PEA2PbBr4-sc the energybandgap transitions from 3.09 ±0.01 eV to 3.16 ±0.04 eV and the exciton binding energyjumps from 80 ±13 meV to 180 ±40 meV.

(a) Single-crystal, UV-Vis only. (b) Single-crystal, UV-Vis under X-rays.

(c) Thin film, UV-Vis only. (d) Thin film, UV-Vis under X-rays.
Figure 4.9: Truncated 3D Elliott fit applied on the PEA2PbBr4 samples spectra acquired with thecompact 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 ± 1 mA/W – –
EQE SC 0.24 ± 0.01 % – –Film 16.0 ± 0.3 % – –
Eg (eV) SC 3.12 ±0.01 3.09 ±0.01 3.16 ±0.04Film 3.17 ±0.01 3.12 ±0.01 3.11 ±0.01
Eb (meV) SC 92 ±2 80 ±13 180 ±40Film 135 ±5 94 ±5 94 ±6

Table 4.4: PEA2PbBr4 extracted figures of merit. The responsivity and EQE are computed at 20V bias in correspondence of the 410 nm peak.

4.3 MAPbBr3
The electrical characterization of sample MAPbBr3 has demonstrated that, despite itsage, it still possesses good properties: at -10 V, the dark current is comprised between10 and 20 nA, while the light current rises up by two orders of magnitude, ranging from0.7 to 1 µA (Fig. 4.10).

Figure 4.10:MAPbBr3 I-V characteristics. Light current is acquired under a 375 nm LED for a totalpower of 63.2µW . The vertical geometry leads to an asymmetric charge collection between thetwo electrodes.
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The I-V curve of sample MAPbBr3 shows a clear asymmetry, which comes from thevertical photoconductor geometry: light impinging on the top electrode makes it sothat one type of charge carrier is driven by the bias immediately towards it while theother 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], wherea MAPbBr3 sample coming from the same batch was studied. While the LED used isagain different (375 nm versus the 475 nm one used by Armaroli et al.), the light currentis still around 1 µA whereas the dark current is lower by one order of magnitude withrespect to the reference. Overall, the sample shows similar photoelectrical behaviour asa pristine sample from the same batch. In Fig. 4.11 the corrected photocurrent spectrumof MAPbBr3 is shown. The excitonic peak is located at 550 nm.

Figure 4.11: MAPbBr3 photocurrent spectrum, corrected for the QTH lamp flux and normalized.
Figure 4.12 shows the spectral response ofMAPbBr3 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/Wassociated to samples coming from the same batch under 20 V/cm electrical field [44].
Fig. 4.13 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 ofMAPbBr3 are 2.27±0.01 eV and 46±3meV,respectively. These values are in good agreement with those of 2.30 ±0.01 eV and 39
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Figure 4.12: MAPbBr3 spectral responsivity.

±1 meV found by Armaroli et al. [45].

Figure 4.13: MAPbBr3 Elliott fit. The fitting window goes from 470 to 650 nm.
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Effects of X-rays on the photocurrent spectrum

The effects of X-rays on MAPbBr3 UV-Vis photocurrent spectrum can be observed inFig. 4.14. Even more clearly than in PEA2PbBr4 single-crystal, the X-rays enhance the ex-citonic peak – which increased in strength by ~30% and, remaining quite sharp, movedby 8 nm towards longer wavelengths – moreover, the effect is paired with a completequenching of the photocurrent in the continuum region and the overall shape of thespectrum changes dramatically.

(a) Effects of X-rays on MAPbBr3 corrected UV-Visphotocurrent spectrum. (b) Effects of X-rays on MAPbBr3 normalized spec-trum.
Figure 4.14: Effects of X-rays on MAPbBr3 photocurrent spectrum.

(a) Elliott fit onMAPbBr3 UV-VIs photocurrent spec-tra acquired with the compact setup. (b) Elliott fit onMAPbBr3 UV-VIs photocurrent spec-tra acquired under X-rays.
Figure 4.15: Elliott fit on MAPbBr3 spectra acquired with the compact setup. The fitting windowgoes from 470 to 650 nm.

Fig. 4.15 displays the results of the truncated 3D Elliott fit onto the spectra acquiredin 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 etal., who suggest that the excitonic peak observed under standard UV-Vis photocurrentspectroscopy is likely formed by free excitons weakly coupled to phonons, while thepeak emerging at lower energies under X-rays is probably formed by bound excitonsstrongly 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 themeasurements on MAPbBr3 sample.

Parameter Standard Compact Compact, under X-rayResponsivity 2.2 ±0.1 mA/W - -EQE 0.50 ± 0.02 % - -Energy Gap 2.27 ±0.01 eV 2.25 ±0.01 eV 2.29 ±0.01 eVBinding Energy 46±3 meV 21±8 meV 80±12 meV
Table 4.5: MAPbBr3 extracted figures of merit. The responsivity and EQE are evaluated at 10 Vbias in correspondence of the 550 nm peak.

4.4 TIPS-PEN
The I-V characteristics of TIPS-PEN can be observed in Fig. 4.16. The voltage range ismore 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 aslight 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. 4.17) 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 theenergy bandgap.For sample TIPS-PEN, the responsivity value in the 550-700 nm range is comprisedbetween 0.1 and 0.2 mA/W. Though a direct comparison with the exact sample mor-phology was not found, data fromWei et al. suggest that there is a strong dependenceof the responsivity on the applied bias, illumination and channel length. At 5 V and8.2 µW/cm2 a device with 200 µm channel length shows a responsivity of 230 mA/W(under 532 nm light) [53]. In the present work, the power at that wavelength is about5µW/cm2, whichwould lower the expected responsivity to 160mA/W, as for the impactof the channel length, its increase induces an exponential decay in the value ofR, butthe study performed by Wei et al. does not include data for interdigitated electrodes
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Figure 4.16: TIPS-PEN I-V characteristics. Light current is acquired under a 375 nm LED for a totalpower of 4.74µW . The vertical geometry leads to an asymmetric charge collection between thetwo electrodes.

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 spectrumhas been analysedwith a Tauc plot in the range660-750nm (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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Figure 4.18: TIPS-PEN spectral responsivity.

literature values [54, 55].

Figure 4.19: TIPS-PEN Tauc plot. The fitting window covers the wavelengths between 660 and750 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 PEA2PbBr4-scandMAPbBr3, the effect of the radiation on the photocurrent was concentrated on thepeaks of the spectrum outside of the UV range; therefore, in Fig. 4.20, only the regionof the vibronic peaks is shown.In Fig. 4.21 the results of the Tauc fits performed on each sweep trace are reported.

(a) Effects of X-rays on TIPS-PEN corrected UV-Visspectra. (b) Effects of X-rays on TIPS-PEN normalized UV-Visspectra.
Figure 4.20: TIPS-PEN X-rays spectra comparisons across multiple sweeps. Between the end ofthe first sweep under X-rays and the start of the second sweep under just UV-Vis light, 17 hourshad passed. Before the start of each sweep under X-rays, the sample was irradiated for at least5-10 minutes, to give it enough time for all the trap states to activate.

In TIPS-PEN the effect of X-rays ismore similar to that observed in sample PEA2PbBr4-sc. The spectrum is affected only exclusively in the range from 500 to 800 nm, wherethe 0-0 transition and the vibronic peaks are located. The increase in the signal strengthis variable, yet consistent in time: after 17 hours from the first sweep under X-rays, thesample had already fully recovered and was able to respond as well to another irradia-tion Fig. 4.20. The Tauc fits yielded consistently higher energy bandgaps on the spectraacquired under X-rays irradiation, with a transition from 1.61 ±0.01 to 1.63 ±0.01 in thefirst sweep and from 1.61 ±0.01 to 1.62 ±0.01 in the second sweep.
Table 4.6 displays the extracted parameters for the TIPS-PEN sample.
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(a) Tauc fit on TIPS-PEN UV-VIs photocurrent spec-tra acquired with the compact setup (sweep 1). (b) Tauc fit on TIPS-PEN UV-VIs photocurrent spec-tra acquired under X-rays (sweep 1).

(c) Tauc fit on TIPS-PENUV-VIs photocurrent spectraacquired with the compact setup (sweep 2). (d) Tauc fit on TIPS-PEN UV-VIs photocurrent spec-tra acquired under X-rays (sweep 2).
Figure 4.21: Tauc fit on TIPS-PEN spectra acquired with the compact setup. The fitting windowis the same for every image, spanning from 660 to 750 nm.

Parameters Standard Compact Compact, under X-rayResponsivity 0.19 ± 0.05 mA/W - -EQE 0.04 ± 0.01 % - -Energy Gap 1.64± 0.01 eV 1.61± 0.01 eV 1.63±0.01 eV
Table 4.6: TIPS-PEN extracted figures of merit. For the energy gap values computed on datacollected with the compact setup (with and without X-rays irradiation) an average has beenperformed on the fit parameters obtained from the two sweeps. The responsivity and EQE havebeen evaluated at 5 V 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 meansof 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-Visphotocurrent spectroscopy under simultaneous X-rays irradiation.The standard setupwas validated through the acquisition of the photocurrent spectrumof a thin film BA2PbI4 lateral photoconductor, which, upon fitting with a truncated 3DElliott formula, yielded an energy gap of 2.43± 0.01 eV and an exciton binding energyof 48± 5 meV. The responsivity was also computed, resulting in 3.5 ± 0.1 mA/W at 5 Vin correspondence of the 490 nm peak.The standard setup was then used to validate the compact setup.Photocurrent spectra of PEA2PbBr4 single-crystal and thin film lateral photoconductorswere acquired and fitted with the truncated 3D Elliott model, yielding average energygaps 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 peakfor 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 filmstructure and to the radiation hardness of the material, while in the single-crystal anenhancement and broadening towards longer wavelengths of the excitonic peak wasobserved, with a shift of the energy gap to 3.16 ±0.04 eV and of the binding energy to180 ±40 meV.Photocurrent spectra of a MAPbBr3 single-crystal vertical photoconductor were col-lected too with both setups, and fit with a truncated 3D Elliott model on the data fromthe standard UV-Vis photocurrent setup yielded an energy gap of 2.27 ±0.01 eV and ex-citon binding energy of 46±3meV, while the computed responsivity at the 550 nm peakunder 10 V bias was evaluated as 2.2 ± 0.1 mA/W. Under X-rays, the sample displayedas 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 thephotocurrent in the continuum. The Elliott fit performed on the data from the compactsetup demonstrated a shift of the energy bandgap from 2.25 ±0.01 eV to 2.29 ±0.01 eVand 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 formationof bromine vacancies under irradiation.The last sample analysedwith 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 possibleto extract an energy gap of 1.64±0.01 eV. The responsivity at 5 V bias was computed tobe 0.19 ± 0.05 mA/W at the 575 nm vibronic peak. Under X-rays, the peaks were alsoin this case enhanced. The effect was fully reversible in about 17 hours. A shift of theenergy gap by 2 eV towards higher energy was observed consistently across repeatedsweeps.The absence of continuumquenching in TIPS-PEN and PEA2PbBr4-sc suggests that X-rayinduced defects are not acting as effective recombination centres for excitons.
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A. Supplementary Graphs

Raw Signal Graphs – Standard Setup

(a) Acquired with SiPD. (b) Acquired with PYRO.
Figure A.1: Xenon lamp raw spectra in linear scale.

Figure A.2: BA2PbI4 raw photocurrent spectrum. Both forward and backward scan are shown.
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(a) PEA2PbBr4-sc. (b) PEA2PbBr4-film.
Figure A.3: PEA2PbBr4 samples raw photocurrent spectra.

Figure A.4: MAPbBr3 raw photocurrent spectrum.

Figure A.5: TIPS-PEN raw photocurrent spectrum.
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Linear-scale I-V Plots

(a) PEA2PbBr4 single-crystal (linear scale). (b) PEA2PbBr4 thin film (linear scale).
Figure A.6: PEA2PbBr4 samples I-V characteristics (linear scale).

Figure A.7: MAPbBr3 I-V characteristics (linear scale).
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Figure A.8: TIPS-PEN I-V characteristics (linear scale).

Raw Signal Graphs – Compact Setup

(a) PEA2PbBr4-sc. (b) PEA2PbBr4-film.
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).

Figure A.11: Effects of X-rays on TIPS-PEN photocurrent spectra (raw signal).
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B. Interpolationof SiPDResponsivity 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 tothe peak at ~760 nm, then decreases slowly till ~900 nm and from here drops rapidlyto 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 thedetector responsivity, at the critical wavelength λCRIT = 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 λCRIT.Both the raw lamp signal and the SiPD responsivity data are discarded after λCRIT andthe resulting plot is a faithful flux but on a narrower wavelength region. This approachcan be therefore followed only if the subsequent operations involving the flux are per-formed at wavelengths < λCRIT.

Flat tail extension

This method involves substituting the detector’s responsivity data after λCRIT with theconstant valueR(λCRIT ).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 λCRIT are uncal-ibrated, and therefore cannot be used to return reliable results. At the same time, itremains a valid strategy to visualize the full shape of the flux at wavelengths > λCRIT.
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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 VibronicProgression Model[56, 57]:
α(E) = α0 · E

∞∑
v′=0

Sv′

v′!
e−S · G(E − (E00 + v′h̄ω),Γ) (C.1)

in which E00 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, apartfrom some minor energy shifts, has little differences with that of the isolated organicmolecules. This is due to the fact that the electron-hole relative motion is mainly con-fined inside the respective molecules[12].

Figure C.1: TIPS-PEN Spano fit. The fitting window covers the wavelengths between 560 and780 nm.
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(a) Sweep 1 – UV-Vis only. (b) Sweep 1 – UV-Vis under X-rays.

(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 windowis 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 tocapture the shape of the vibronic peaks, the function
• has a higher number of fitting parameters than Tauc plots;
• is based on a model which is still in development;
• is less used in literature, making comparisons more uncertain.
The fits in the above images are only partially stable, since some of the parametersare hitting their limit boundaries.
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