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Summary
[bookmark: _GoBack]This thesis covers the fundamental understanding of key processes; specifically, charge carrier dynamics, in hybrid systems with relevance in energy production (via solar cells) and energy storage (via water splitting). Charge carrier dynamics, including charge generation, interfacial charge transfer and charge transport, are interrogated by using time-resolved terahertz spectroscopy (TRTS) technique. The thesis is organized as follows: 
Chapter 1: Introduction
Here we briefly introduce intrinsic loss mechanisms and efficiency limits in photoconversion, and some examples of photoconversion processes as: perovskite solar cells and dye sensitized solar cells for energy production and photocatalytic hydrogen generation for energy storage.
Chapter 2: Experimental technique, materials and sample preparations
In this chapter, we present time-resolved terahertz spectroscopy (TRTS) as a technique to investigate charge carrier dynamics and the nature of the charge transport in hybrid systems. Specifically, we present how to extract the frequency resolved photoconductivity from THz data and how to monitor charge carrier dynamics by TRTS measurements in a pump-probe scheme. A description of materials and sample preparation protocols used throughout the thesis are also presented.
Chapter 3: Phonon-Electron Scattering Limits Free Charge Mobility in Methylammonium Lead Iodide Perovskites 
In this chapter, we study the temperature dependent charge carrier dynamics and complex valued photoconductivity in solution-processed films of methylammonium lead iodide perovskite to explain the nature of photo-generated charges (whether free carriers, excitons or both) and the nature of the charge transport. We find that the main photo-generated species are free carriers (rather than excitons). The nature of the conductivity is Drude-like and free charge carrier motion is characterized by an average scattering time. The scattering time determined from Drude ﬁts shows a ~T -3/2 dependence (temperature range 150 < T < 300 K); this figure approaches the theoretical limit for pure acoustic phonon (deformation potential) scattering. Hence, we conclude that electron-phonon, rather than impurity scattering, sets the upper limit on free charge transport for this hybrid perovskite material. 
Chapter 4: Electron transfer from 4,4′-dicarboxy-2,2′-bipyridine emerges upon dye photodegradation in N3 sensitized TiO2 
In this chapter, we study the evolution of interfacial electron transfer (ET) dynamics in N3 dye sensitized mesoporous TiO2 electrodes upon controlled sensitized electrode photodegradation. We demonstrate that a sub-ps ET signal emerges and becomes practicaly time-invariant upon full photodegradation of the N3 dye. Notably, the amplitude signal corresponds to ~50 % of the original TRTS signal prior sample photodegradation. Frequency-resolved complex photoconductivity measurements confirm that the signal emerging upon full dye decomposition into fragments refers to free carriers populating the oxide conduction band. From Laser Desorption Ionization Mass Spectrometry (LDI-MS), ATR-FTIR spectroscopy and time-resolved terahertz spectroscopy (TRTS) we analyze the chemical identity of the compound from which this sub-ps ET component originates; we find that 4,4′-dicarboxy-2,2′-bipyridine  remains anchored to the oxide surface upon full N3 dye photodegradation. 
Chapter 5: Correlating Carrier Dynamics and Photocatalytic Hydrogen Generation in Pt Decorated CdSe Tetrapods 
In this chapter, we study platinum cocatalyst decorated CdSe tetrapods as a function of Pt nanoparticle size by correlating carrier dynamics and photocatalytic hydrogen generation efficiency. We find that while the capture rate of photogenerated electrons from CdSe to the Pt nanoparticles (co-catalyst) increases as a function of Pt size, the photocatalytic H2 generation is reduced for tetrapods decorated with larger Pt particles. Our results demonstrate the presence of a kinetic competition between electron transfer at the CdSe/Pt interface and electron transfer at the Pt / H2O interface. This trade-off defines an optimum Pt size for photocatalytic H2 generation in Pt decorated CdSe tetrapods.
Chapter 6: Conclusions and Outlook 
In this chapter, we briefly summarize the general conclusions and outlook relevant for the studies in this thesis.
		Summary

Zusammenfassung
Ladungsträgerdynamik in Hybridsystemen für Solarenergieumwandlung 
Diese Arbeit behandelt das grundlegende Verständnis vom Schlüsselprozessen – insbesondere der Ladungsträgerdynamik – in Hybridssystemen mit Relevanz in der Stromerzeugung (im Solarzellen) und Energiespeicherung (über Wasserspaltung). Ladungsträgerdynamik, einschließlich Ladungserzeugung, Grenzflächenladungstransfer und Ladungstransport, wird unter Verwendung um zeitaufgelöster Terahertzspektroskopie (TRTS) Technik untersucht. Die Arbeit ist wie folgt gegliedert:
Kapitel 1: Einleitung
Im ersten Kapitel werden intrinsische Verlustmechanismen und Effizienzgrenzen in der Photokonversion vorgestellt – und einige Beispiele für Photokonversionsprozesse wie: Perovskit-Solarzellen und farbstoffsensibilisierte Solarzellen für die Energieproduktion und photokatalytische Wasserstofferzeugung zur Energiespeicherung.
Kapitel 2: Experimentelle Technik, Werkstoffe und Probenvorbereitung
In diesem Kapitel wird die zeitaufgelöste Terahertz-Spektroskopie (TRTS) als Technik zur Untersuchung der Ladungsträgerdynamik und der Art des Ladungstransports in Hybridsystemen vorgestellt. Speziell wird darauf eingegangen, wie man die frequenzaufgelöste Fotoleitfähigkeit aus THz-Daten extrahiert und wie man die Ladungsträgerdynamik durch TRTS-Messungen in einem Pump-Sonden-Schema erforscht. Des Weiteren erfolgt eine Beschreibung der Materialien und Probenvorbereitungsprotokolle, die während der gesamten Arbeit verwendet wurden. 
Kapitel 3: Phonon-Elektronen-Streuungsgrenzen Freie Ladungsmobilität in Methylammoniumbleiiodid-Perowskiten
In diesem Kapitel wird die temperaturabhängige Ladungsträgerdynamik und die komplexwertige Photoleitfähigkeit in lösungsverarbeiteten Filmen von Methylammoniumbleiiodid-Perowskit untersucht, um die Art der photogenerierten Ladungen (ob freie Träger, Exzitonen oder beides) und um die Art des Ladungsstransport zu erläutern. Es wird gezeigt, dass die hauptfotogenerierten Ladungen frei beweglich sind (anstatt Exzitonen), die Art der Leitfähigkeit dem Drude-Modell folgt und freie Ladungsträgerbewegung durch eine durchschnittliche Streuzeit gekennzeichnet ist. Die fits zum Drude-Modell ermittelte Streuzeit zeigt eine ~ T-3/2 -Abhängigkeit (Temperaturbereich 150 K < T < 300 K) und nähert sich der theoretischen Grenze für rein akustische Phononen-Streuung (Deformationspotential). Daher schließen wir, dass Elektron-Phonon-Wechselwirkung, anstatt Verunreinigungsstreuung, dem freien Ladungstransport im diesen Perowskit begrenzt.
Kapitel 4: Elektronenübertragung aus 4,4'-Dicarbonsäure-2,2'-bipyridin tritt bei der Farbstoff-Photooxidation in N3-sensibilisierten TiO2-Elektroden auf
In diesem Kapitel wird die Entwicklung der Grenzflächen-Elektronenübertragungsdynamik in N3-Farbstoff-sensibilisierten mesoporösen TiO2-Elektroden bei kontrollierter Elektroden-Photooxidation untersucht. Es wird gezeigt, dass ein Subpicosecond-Elektronentransfersignal auftritt und bei voller Photodegradation des N3-Farbstoffs Zeitunabhängig wird; vor allem die Signale halbieren sich nach der Photodegradation. Frequenzaufgelöste komplexe Photoleitfähigkeitsmessungen bestätigen, dass das bei der Oxidation auftretende Signal sich auf freie Träger bezieht, die das Oxidleitungsband belegen. Aus der Laser-Desorption/Ionisation-Massenspektrometrie (LDI-MS), der ATR-FTIR-Spektroskopie und der zeitaufgelösten Terahertz-Spektroskopie (TRTS) Analyse wird gezeigt, dass das N3 Photoprodukt dcbpy (4,4'-Dicarbonsäure-2, 2'-bipyridin) ist verantwortlich für das beobachtete Subpicosecond-Elektronentransfersignal ist.
 Kapitel 5: Korrelierende Trägerdynamik und photokatalytische Wasserstofferzeugung in Pt-dekorierten CdSe-Tetrapoden
In diesem Kapitel werden Ladungsträgerdynamiken in hybriden, mit Platinnanopartikeldekorierten CdSe-Tetrapoden als Funktion der Pt-Nanopartikelgröße untersucht, um die Trägerdynamik und die photokatalytische Wasserstofferzeugungseffizienz zu korrelieren. Die Ergebnisse zeigen die Präsenz einer kinetischen Konkurrenz zwischen den Elektroneneinfang an der CdSe / Pt-Schnittstelle, die mit der Pt-Nanopartikelgröße zunimmt, und der Elektronenfreisetzung an der Pt / H2O-Grenzfläche, die mit der Nanopartikelgröße abnimmt. Dieser Trade-off definiert ein Optimum für die photokatalytische H2-Erzeugung in Pt-dekorierten CdSe-Tetrapoden als Funktion der Pt-Größe.  
Kapitel 6: Schlussfolgerungen und Ausblick
In diesem Kapitel fassen wir kurz die allgemeinen Schlussfolgerungen und Aussichten zusammen, die für die Studien in dieser Arbeit relevant sind.
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[bookmark: _Toc477804001]Chapter 1 
[bookmark: _Toc477804002]Introduction
Addressing the ever-growing energy demand of the world is one of today’s most challenging problems. This is because the consumption of resources have raised in proportion with the population and because non-renewable energy resources, such as oil, coal and natural gas, are causing severe environmental problems, such as the climate change by harmful byproduct emissions, e.g. CO2 emissions (see footnote [footnoteRef:1]). In order to confront this scenario, solar energy conversion represents a clean energy source in terms of being abundant, environmentally friendly and renewable. Making inexpensive, efficient, room temperature processable and environmently-friendly materials for solar energy conversion represents a great challenge (see footnote [footnoteRef:2]). Several novel materials and architecutres have emerged as promising candidates for solar energy conversion, such as organic-inorganic hybrid perovskites, dye sensitized oxides, nanostructured photocatalyst, metal-organic frameworks…etc. For these library,  fundamental understanding of charge carrier dynamics is urgently needed for further boost the their efficiencies. The motivation of this thesis is to investigate charge carrier dynamics, charge transport and interfacial charge transfer in photoactive hybrid systems which are promising candidates for solar energy conversion technologies, such as solar cells (coversion of solar energy into electricity) and photocatalysis (conversion of solar energy into chemical energy). Hybrid systems studied in this thesis include organic-inorganic components (organic-inorganic hybrid perovskites), molecules-metal oxide interfaces (dye sensitized oxides) and noble metal-nanocrystals (metal decorated tetrapods). [1:  Energy and Air Pollution 2016 - World Energy Outlook Special Report, http://www.worldenergyoutlook.org]  [2:  World Energy Assessment-2000.pdf         ] 

[image: ]
Figure 1.1 Solar energy (see footnote [footnoteRef:3]). [3:  http://thebreakthrough.org/archive/in_love_with_the_sun] 


[bookmark: _Toc477804003]1.1 Intrinsic loss mechanisms in photoconversion
To supply the energy demand of the world, considerable effort has been made to produce electricity and fuels (such as hydrogen, methane and methanol) from solar energy via solar cells and photocatalysis. The solar energy conversion efficiency of such systems depends strictly on the efficient light absorption through VIS to IR range, charge separation and charge transport processes in materials.1 In this thesis, we focus our discussion on the fundamental understanding of charge transport and charge transfer in hybrid systems for solar cell and photocatalytic hydrogen generation applications. 
The hybrid systems studied in this thesis, contain photoactive materials for absorbing the sunlight energy. The absorption of a photon from sunlight promotes an electron from a ground state (eg. valence band, VB or highest occupied molecular orbital, HOMO) to an excited state (e.g. the conduction band, CB or lowest unoccupied molecular orbital, LUMO). The photogenerated charges (electron in the excited state and hole in the ground state) in these photoactive materials either move freely (characteristic for inorganic semiconductors)2 or form excitons depending on the exciton binding energy for the given material relative to kT. To harvest the photogenerated charge carriers for producing electricity or chemical energy, the electrons and holes must be separated and transported to the opposite electrodes inside a cell. The electron and hole transport may be disrupted by physical and energetical barriers and/or trapping sites. This implies that not all the charge carriers can be collected and finally contribute to the photocurrent, which limits the efficiency of the photoconversion process. Furthermore, there are several other intrinsic loss mechanisms for solar energy conversion processes which define the maximum attainable photoconversion efficiency:3,4 (1) transmission loss and (2) thermal energy loss. 
1.1.1 [bookmark: _Toc477804004]Transmission loss 
As discussed in the previous section, the first step for an efficient solar energy conversion process is the absorption of sunlight. Figure 1.2a shows the AM1.5 solar irradiation spectrum reaching the earth surface; the intensity of sunlight peaks at visible range while the IR energies (wavelength higher than 800 nm) represents a substantial portion of the solar spectrum. To harvest efficiently the sunlight in a photoelectrochemical cell, the bandgap (Eg) energy (representing the difference between the energy of the ground state or VB, and that of the excited state or CB, of the photoactive material) is required to have an optimal value3 in order to reduce losses given the available solar radiation at the earth’s surface. This is because only photons with energies above Eg can promote an electron from VB to CB (or from the ground to the excited state). Therefore, photons with lower energy than the Eg will be transmitted through the material and will not contribute to the photoconversion process. For a wide bandgap (Eg) semiconductor (e.g. Eg > 3 eV), only photons with high-energy at the UV side of the solar spectrum can be absorbed while Vis-IR portion of the solar spectrum will be completely lost (see Figure 1.2b). On the other hand, a narrow Eg semiconductor (e.g. with Eg < 1 eV) is able to absorb a broad range of the solar spectrum (see Figure 1.2c). One might then think that narrow bandgap will be always favourable for high photoconversion efficiency (as it will produce large photocurrent). This is not the case if one accounts for thermal losses associated with the absorption of photons with energy exceeding the Eg onset. 

[image: C:\Users\Melike\AppData\Local\Microsoft\Windows\INetCacheContent.Word\Bild1.jpg]
Figure 1.2 a) AM 1.5 Solar spectrum (see footnote [footnoteRef:4]), b) The absorption of solar radiation for the case of a wide bandgap (Eg) semiconductor versus c) narrow bandgap (Eg) semiconductor. The energy range of incoming photons (hv) are represented as UV, Vis, IR. [4:  graph is plotted with the data taken from http://www.pveducation.org/pvcdrom/appendices/standard-solar-spectra] 


[bookmark: _Toc477804005]1.2.2 Thermal energy loss 
Photons with energy higher than the Eg energy of the active material can be absorbed efficiently; however, the excess photon energy is dissipated in the absorber as heat. Just after photon absorption, the “hot carriers” relax to the band edges via emission of phonons (see Figure 1.3). This proccess is often called thermalization or cooling of hot carriers.  Narrow Eg absorbers, though absorbing a large fraction of the solar spectrum will have major losses associated with thermalization. This illustrates that a trade-off exists for maximum photoconversion efficiency.
[image: C:\Users\Melike\AppData\Local\Microsoft\Windows\INetCacheContent.Word\thermalization.jpg]
Figure 1.3 Sketch illustrating multiphonon relaxation from a hot electron in a semiconductor: Uv light is absorbed by a semiconductor that promotes electron from valence band (VB) to conduction band (CB) and leaves a hole behind in the VB. The excess energy is dissipated via multiphonon relaxation from the hot electron.

[bookmark: _Toc477804006]1.2 Efficiency limits of photoconversion
By considering transmission and thermal losses in a semiconductor given the solar spectrum, the optimum performance in a single junction solar cell based on a semiconductor achieved with a material with a Eg ~1.35 eV as ~33 %. This is known as the Shockley-Queisser (S-Q) limit (see Figure 1.4).3 By using this approach, the maximum efficiency for solar to hydrogen (STH) for water splitting can also be estimated (~31 % for ~1.2 Eg semiconductor4). A summary for the dependence of theoretical STH efficiencies versus band edge positions of commonly used semiconductors is shown in reference 5. 
[image: C:\Users\karakus\Desktop\SQ limit.png]
Figure 1.4 Dependence of efficiency versus band gap (Eg) for a semiconductor determined by Shockley-Queisser (SQ) limit (adapted from ref 3).

[bookmark: _Toc477804007]1.3 Perovskite solar cells
Perovskite solar cells based on organic-inorganic hybrid perovskites (used as photoactive materials providing tunable band gaps 1.3-2.5 eV),6 such as methylammonium lead triiodide (MAPbI3), formamidinium lead triiodide (FAPbI3), methylammonium lead tribromide (MAPbBr3), methylammonium tin triiodide (MASnI3), have showed an unprecedented rapid progress from 3.8 % efficiency to 22.1 % within the last six years (see footnote [footnoteRef:5]).  [5:  NREL best research cell efficiency chart] 

Although these perovskites were synthesized and their semiconducting properties were investigated in the late 90’s, they were applied for the first time in a mesoscopic solar cell architecture containing liquid electrolyte (~3.8 % photoconversion efficiency) in 2009.7 As this material easily dissolves in the liquid environment, the stability of the reported device was very poor.7 Later, solar cell with better stability and higher efficiency (~6.5 %) was achieved by replacing the liquid electrolyte with a solid hole transport material (HTM) and changing the deposition method of the perovskite layer.8 An important finding was reported by Lee et al9 that a mesoporous Al2O3 scaffold (which is unable to accept electrons from the perovskite owing to its higher lying CB level than CB of the perovskite) provided photoconversion efficiency of ~10.9 % which was similar with the efficiency of a device based on TiO2 electrode (which is expected to assist electron extraction from excitons populating the perovskite). This study demonstrated that the perovskite itself could transport electrons to the external electrodes; and hence, suggested that a mesoscopic architecture could be replaced by a planar device structure. This was also supported by a study using the perovskite in a mesoscopic device architecture lacking a HTM.10 This mesoscopic architecture provided the efficiency of 12.8 %, suggesting that these materials could transport holes as efficienctly as electrons. In line with these studies, transistor measurements have confirmed that MAPbI3 perovskites are ambipolar; they are able to transport both electrons and holes.11,12 These findings opened a new path towards planar solar cell applications (Figure 1.5-right) instead of mesoscopic architectures (Figure 1.5-left). However, the potential benefit, if any, of employing any mesoscopic scaffold in these devices has remained debated.13–17 The presence or absence of excitons in perovskite materials is crucial to determine a plausible positive role for a mesoporous electrode rather than a planar one.
The working principle of an mesoscopic solar cell is sketched in Figure 1.5 as:18,19 (a) a sensitizer (perovskite) anchored to a wide band gap semiconductor (such as TiO2 or SnO2) absorbs a photon that leads to the formation of an exciton (electron-hole pairs bonded by Coulombic interactions). Subsequently, (b) ET occurs from the sensitizer to the semiconductor by leaving a hole behind in the ground state of the sensitizer. (c) Then, a HTM, such as liquid or solid electrolyte, provides an electron to the sensitizer in order to regenerate the sensitizer, and (d) injected electron from the sensitizer is transported through the oxide phase and reach the negative electrode to complete the circuit. The characterization of these processes can be routinely done by time-resolved spectroscopic methods, such as transient absorption,15 terahertz,20 and microwave21 conductivity  techniques.
On the other hand, the working principle of a planar p-i-n perovkite solar cell is expected to follow a sequence consisting of (Figure 1.5-right):17,18 (e) photoactive perovskite layer absorbs a photon from sunlight that generates free electron and hole, (f) electron is transported within the perovskite layer (in this respect, diffusion lengths - DL - larger than the pervoskite thickness are required, for Cl doped MAPbI3 DL > 1µm well beyond the thickness required for full sunlight absorption, approximately ~300 nm), (g) analogously the hole is transported within the perovskite layer towards counter electrode, while (h) electron transports towards the substrate electrode.
[image: ]
Figure 1.5 Perovskite solar cells; mesoscopic (left) versus b) planar (right) architecture. Left: (a) Photoexcitation of the sensitizer (perovskite) is followed by (b) electron injection towards the conduction band of the mesoporous oxide. (c) Hole transport layer (HTM) regenerates the perovskite, which itself is regenerated at the counter electrode by (d) electron coming from the substrate electrode passed through the load. Right: (e) Photoexcitation of the perovskite is followed by (f) extraction and (h) transport of electron from electron transport layer (ETL) towards the substrate electrode. (g) Hole transports from the hole transport layer (HTM) towards the counter electrode. 

[bookmark: _Toc477804008]1.3.1 Organic-inorganic hybrid perovskites 
Perovskites are the family of materials described by the formula ABX3; they were named after L.A. Perovski who discovered this structure in the CaTiO3 mineral in 1839.19 In this thesis, we focus on one of the organic-inorganic hybrid perovskite types, namely methlyammonium lead triiodide (CH3NH3PbI3 or MAPbI3), which contains the organic ion CH3NH3, and inorganic ionic Pb and I3 constituents as A, B and X in the general formula, respectively (Figure 1.6). 
[image: C:\Users\karakus\Desktop\perovskite picture.jpg]
Figure 1.6 Cubic perovskite crystal structure (A= methylammonium ion (CH3NH3), B = Pb and X= the halogen ion (I or Cl ) that forms at temperatures above 330 K (ref 18).

These organic-inorganic hybrid perovskites have received a great attention for solar energy conversion applications owing to their high absorption coefficients, solution processability and Eg tunability.6,13,18 Understanding chemical and physical properties of these hybrid materials has become crucial for development of materials and device performances. Although extensive studies relevant for these materials have been conducted, there are still many open questions regarding their stability,13 toxicity13 and their transport properties;22,23 including factors limiting their mobility,24 the nature of photogenerated charge carriers (whether excitons, free carriers or both)14,18,25 and the relating choice of planar26 versus mesoscopic device architectures.27
[bookmark: _Toc477804009]1.3.2 Charge transport in methlyammonium lead triiodide (CH3NH3PbI3) perovskite film
An ideal photoactive material for photovoltaics should provide both efficient absorption and charge transport.23,22 Organic-inorganic hybrid perovskites can, in principle, fulfill both of those requirements owing to the reported strong absorbance for their thin films and long diffusion lengths (DL) for photogenerated charges (well beyond the optical thickness required for full absorption, 300 nm). Limited long range charge carrier transport has been commonly a drawback for low-temperature solution-processed photoactive films, prepared by techniques such as spin-coating and/or chemical bath deposition; as these films typically contain amorphous or polycrystalline phases28,29 that necessarily impedes charge-carrier transport towards the external electrodes (exciton DL - see footnote[footnoteRef:6] - typically ~10 nm for semiconductor polymers).30 Remarkably, solution processed organic-inorganic hybrid perovskite films provide long range charge carrier transport with characterisitic electron-hole DL ranging from ~100 nm (CH3NH3PbI3)23 to more than 1 µm (CH3NH3PbI3:Cl).22 Studies analyzing their conductivity properties have reported that charge carriers are experiencing long lifetimes and diffusion lengths, indicating very low trap densities and hence slow recombination.23,31–34 Even, these figures are found in polycrystalline films, this has been associated with the lack of grain boundary barriers and mid-gap defects at surfaces. Note however that long lifetimes do not necessarily correlate with high mobilities which are limited by scattering.24 [6:  Diffusion length; DL  where  are mobility, electron charge, boltzman constant and temperature, respectively.] 

Chapter 3 of this thesis is devoted to investigations into the nature of charge carrier transport and mobility in solution processed Cl doped methlyammonium lead triiodide (CH3NH3PbI3:Cl) perovskite films by using TRTS (described in Chapter 2).

[bookmark: _Toc477804010]1.4 Dye sensitized solar cells (DSSCs)
The DSSC was first presented by O’Regan and Grätzel in their 1991 seminal paper.35 DSSC is a photoelectrochemical cell where sunlight is converted into electricity. Over the last decade, DSSCs have become promising for photovoltaic technology owing to their potential for high performances, flexibility in design and low cost production.36 The initial efficiency of 7.9 %35 using Ruthenium based molecular dye has been increased to 11.9 % (under air mass 1.5 irradiation (AM 1.5G) in small cells (area of 1.005 cm2).37 Also, large area DSSC modules (area of 100 mm x 100 mm) have been realized in a low cost roll-to-roll method, though with lower efficiencies when compared with small area devices.38
DSSC is a type of mesoscopic solar cell that is suited for the efficient collection of photogenerated excitons at electrolyte/dye/semiconductor interfaces. The working principle of a typical DSSC (as shown in Figure 1.7) is as follows:35,39,40 (i) a molecular dye anchored to a wide band gap semiconductor (such as TiO2, SnO2 or ZnO) absorbs sunlight photon that generates an exciton in the dye molecule. (ii) The exciton is seperated at the dye/oxide interface if the LUMO of the dye is higher than the CB of the oxide by an electron transfer (ET) from the dye to the oxide. (iii) Subsequently, the dye molecule is regenerated by an electron coming from the electrolyte (e.g. iodide/triiodide) or a hole transport layer (e.g. spiro OMeTAD), while (iv) the free electron moves within the oxide (via diffusion controlled mechanism) towards the negative electrode to complete the circuit. 


[image: C:\Users\karakus\Desktop\tez\DSSC.jpg]
Figure 1.7 Principle of operation (left) and energy level scheme (right) of a dye sensitized solar cell (DSSC). (i) Photoexcitation of the dye promotes electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), followed by (ii) electron transfer towards the conduction band (CB) of the mesoporous oxide. (iii) An electrolye regenerates the dye molecule by providing an electron, which itself is regenerated at the counter electrode by an electron passing (iv) through the load. 

In the operation of a DSSC, there are some possible pathways of losing charge carriers which can decrease the cell performance, such as (1) electron-hole recombination in the dye (occurs typically within millisecond timescales) which can compete with photo-induced ET (~femtosecond-nanosecond timescales), (2) recombination of the injected electron from the oxide’s CB towards the dye’s LUMO (~picosecond-nanosecond timescales) which can compete with the regeneration of the oxidized dye via hole transporting material (HTM) (lifetime of ~millisecond timescale) and/or (3) recombination of the free electron from the oxide’s CB with the holes in the HTM (microsecond-millisecond timescale).40,41

[bookmark: _Toc477804011]1.4.1 Molecular dyes 
Molecular dyes are used as sensitizers in DSSCs for harvesting sunlight energy. The ideal sensitizer for DSSCs should has a Eg of 1.35 eV according to the SQ limit (see section 1.2, Figure 1.4), for efficiently converting sunlight into electricity in a cell.42 In addition, the molecular dyes should have an appropriate molecular head group, such as carboxylate or phosphonate, to anchor it to the semiconductor and enhance donor-acceptor coupling between the dye and the oxide. After dye photoexcitation, ideally, electrons must be transferred to the oxide with unity quantum yield (providing large photocurrent in devices). Futhermore, the lowest unoccupied molecular orbital (LUMO) of the dye should be matched well with the conduction band (CB) of the semiconductor oxide to minimize energetic losses during the electron transfer (promoting output circuit voltage in cells). This applies as well for the hole regeneration step between e.g. dye HOMO and VB of a solid state hole transport layer (HTM). Finally, the molecular dye should be stable during the device operation; market requirements are set on 20 years of exposure to the natural light. Therefore, common Ru dyes should be stable over ~108 turnover cycles.40,42–44
In this thesis, we mainly focus on Ruthenium metal complexes, namely N3 (Ru(4,4'-dicarboxylic acid-2,2'-bipyridine)2(NCS)2) (Figure 1.8), which is an intensively studied sensitizer, and so far has provided one of the best performances in DSSCs. In general, Ru-bipyridyl complexes, like N3, are efficient photosensitizers in DSSCs because of the long lifetimes of their excited states enabling efficient electron transfer (ET) (depending on the solvent/electrolyte environments, singlet states 1MLCT and triplet states 3MLCT of the Ru based molecular dyes are typically ranging from picosecond to nanosecond and nanosecond to millisecond timescales,45 respectively). These photosensitizers are defined by electronic transitions in the UV and VIS regions such as metal centered (MC), ligand centered (LC), metal to ligand charge transfer (MLCT) and ligand to metal charge transfer (LMCT) . Also, the Ru metal center surrounded by bipyridyl ligands is an efficient redox (oxidation-reduction) architecture which is an advantage in DSSC operation.44
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Figure 1.8 N3 (Ru(4,4'-dicarboxylic acid-2,2'-bipyridine)2(NCS)2) dye.

[bookmark: _Toc477804012]1.4.2 Mesoporous metal oxide 
Metal oxides are wide band gap semiconductors (Eg ~ 3-4 eV) which are key elements for the operation of DSSCs. Electron injection from the sensitizer (molecular dye) into the oxide film is enough to turn this insulating metal oxide (under dark) to a conductive state.41,46  The material of choice has been commonly TiO2 (anatase, rutile or a combination of both) (Figure 1.9), though other oxides as SnO2, Nb2O5 and ZnO have been widely investigated as well.41,42,46,47 One of the key aspects for all of these oxides is the nanocrystalline film morphology; namely, mesoporous structure that provides large area to volume ratio. This feature is highly important to harvest efficiently the incoming sunlight by providing a large surface area for loading of the molecular dye (i.e. a 10 µm thick TiO2 film provides a surface area 1000 times larger that that of a compact TiO2 layer).46 This architecture allows DSSCs to reach high photocurrents owing to the enhanced optical density associated with larger dye loading. This feature, is to a large extent determined by the average particle size of the oxide (commonly around ten’s of nanometers). Smaller particle size of the oxide provides higher dye loading; and hence, affects charge transport as the number of grain boundaries that an electron needs to pass is increased. Overall, the thickness of the metal oxide needs to be adapted according to the diffusion length of electrons in the oxide. For TiO2, the optimum performance of DSSC is obtained for the mesoporous oxide matrices with ~10 µm thicknesses and average particle size of ~10-20 nm (Figure 1.9). 

[image: ]
Figure 1.9 SEM image of mesoporous TiO2 (anatase) (ref 42).

[bookmark: _Toc477804013]1.4.3 Photo-induced interfacial electron transfer (ET) at dye oxide interfaces
Photo-induced interfacial electron transfer (ET) from molecular dyes to the mesoporous metal oxides is one of the most important steps in the operation of DSSCs (Figure 1.7- process, ii). ET is the first kinetic process for an efficient exciton dissociation. To achieve an efficient ET, one should consider the kinetic competition between ET and recombination channels, e.g radiative relaxation. This ET process will determine ultimately the quantum efficiency of the charge photogeneration and extraction processes in DSSCs.45 
Dye sensitized mesoporous oxide system can be described as a donor-acceptor system. Here, the dye acts as the electron donor while the semiconductor oxide acts as the electron acceptor. Marcus Theory is the commonly accepted theoretical framework to describe ET reactions between donor and acceptor systems.48 Within this picture, the ET process depends on the interfacial energetics (); where  refers to the energy difference between the LUMO of dye (donor) and the CB of the oxide (acceptor).  acts as an ET driving force; therefore the larger  the faster the ET rate will be within the Marcus normal region.48 A second very important factor affecting the ET processes according to Marcus Theory is the electronic coupling (HAB) between the LUMO orbitals of dye (A) and the acceptor states of the oxide (B); this is linked to the spatial overlap of donor and acceptor wavefunctions. Ultrafast ET is generally linked to the strong coupling between the dye LUMO and the oxide CB, which may be a function of the density of states (DOS) in the oxide.45 Another factor affecting ET dynamics is the so-called reorganization energy (λ), which is the energy required to reorganize the structure of the system from its initial to final states without making the ET process. Reorganizational energy refers primarily to the contributions from solvation and vibrations assisting the ET process; these factors are expected to be Temperature dependent (non-adiabatic ET). 
Although photo-induced interfacial ET at the dye/oxide interface has been extensively studied in various dye sensitized oxide systems over the last decades,49–52 most of the current knowledge is rather qualitative. Further fundamental understanding of ET processes is needed to improve current DSSCs performances (~11 % for devices based on Ru dyes) and for establishing clearer structure-kinetics correlations. Also, achieveing long term stability of dye-oxide electrodes36,53–55 represents one of the main challenges in this field. In Chapter 4 of this thesis, we analyse in detail photo-induced ET dynamics and their evolution upon dye degradation in dye sensitized mesoporous oxides by using TRTS.

[bookmark: _Toc477804014]1.5 Photocatalytic hydrogen generation 
Solar energy can be converted into chemical energy and stored in fuels, such as the hydrogen generation process via photocatalytic water splitting or the photocatalytic generation of hydrocarbon based compounds via CO2 reduction process.5 Fujishima and Honda discovered photocatalytic water splitting in 1972.56 Later, their group also discovered the photocatalytic CO2 reduction in 1979.57 Those two pioneering discoveries opened a new path of research for coverting solar energy into fuel. Since 1972, many types of materials, such as metal oxides, metal chalcogenides, metal nitrides, carbon nitrides, III–V and II-VI semiconductors5,58,59 have been developed for photocatalytic water splitting. Fundamental understanding of physico-chemical processes in these photocatalysts, including light absorption, charge separation, charge migration, charge recombination and surface redox reactions have received great attention for further development of photocatalysts and photocatalytic applications.5,58,60 
In this thesis, we study hybrid, metal decorated CdSe tetrapods. These materials are used in an architecture which is suited for photogeneration and collection of charges at the semiconductor nanocrystal / metal interface followed by a charge migration towards metal / water interface. As shown in Figure 1.10, (i) a semiconductor nanocrystal absorbs sunlight energy that generates electron-hole pair, (ii) the metal which is used as co-catalyst captures the photogenerated electron from the semiconductor (the CB of semiconductor should be higher than the work-function of the metal () in order to make electron capture possible). (iii) The captured electron catalyzes the redox reaction at metal / water interface to generate H2 (see footnote[footnoteRef:7] for water splitting) (The metal work-function should be higher than water redox potential () in order to initiate the redox reaction before recombination with the hole residing in the semiconductor takes place, see footnote [footnoteRef:8]) while (iv) photogenerated hole is removed from the semiconductor via hole acceptor. [7:  Overall reaction: H20  H2 + 1/2 O2]  [8:  Redox half cell reactions: 2H2O (l) → O2 (g) + 4H+ (aq) + 4e-, Eredo =1.23 V (vs. NHE)
4H+ (aq) + 4e- → 2H2 (g),  Eredo =0 V (vs. NHE)

] 
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Figure 1.10  Schematic illustration of photocatalytic H2 generation using metal decorated semiconductor: (i) Photoexcitation of the semiconductor from valence band (VB) to conduction band (CB) is followed by (ii) electron capture from semiconductor to the metal (G is the difference of the energy between semiconductor CB and metal work-function). (iii) The captured electron at the metal is released to H2O at the water/metal interface (G’ is the difference of the energy between metal work-function and redox potential of H2O), while (iv) hole acceptor removes the photogenerated hole from the semiconductor at semiconductor/hole acceptor interfaces.

[bookmark: _Toc477804015]1.5.2 Metal decorated CdSe tetrapods for photocatalytic H2 generation
CdX (X= Se, S, Te) semiconductors are used as photocatalysts for H2 generation due to their tunable optical and electronic properties achieved by tuning their size, composition and morphology.61–66 The ideal photocatalyst for water splitting is required to absorb a wide spectral range of sunlight because the band gap (Eg) of semiconductors determines the theoretical maximum solar-to-hydrogen (STH) efficiency.4,5 Therefore, semiconductor should have an optimum Eg to achieve a high STH efficiency (see Figure 1.4). This can be achieved by tuning the size of CdX nanostructure. Another requirement for an ideal photocatalyst that can be achieved by CdX semiconductors is to separate the electron and hole within the material. Using tetrapod morphology is one way of tuning wavefunction (electron and hole localization) in these nanostructures which directly affects the photo-induced charge carrier dynamics; and hence the photocatalytic H2 generation.64,67,68 Moreover, photocatalytic H2 generation activity of these nanostructures can be improved by decorating them with metal nanoparticles that are used as co-catalysts.5,63,64,69 Here, co-catalyst captures electrons from the semiconductor and co-catalyze the photocatalytic process by reducing the activation energy of the redox reaction at water / semiconductor interface (Figure 1.10). Therefore, controlling the size, composition, coverage and specific location of the metal co-catalysts is an important factor for improving photocatalytic H2 generation efficiency.62,70–75 
In Chapter 5 of this thesis, we study charge carrier dynamics in metal decorated CdSe tetrapods (Figure 1.11) (used for photocatalytic H2 generation by our collaborators70) by using time-resolved terahertz spectroscopy (TRTS) to correlate their carrier dynamics and their photocatalytic H2 generation activities.
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Figure 1.11 TEM images of CdSe tetrapods (adapted from ref 70).
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[bookmark: _Toc477804016]Chapter 2 
[bookmark: _Toc477804017]Experimental technique, materials and sample preparations
In this chapter, we discuss the main experimental technique employed in this thesis, namely, time-resolved terahertz spectroscopy (TRTS). We introduce briefly the fundamentals of the generation and detection of THz pulses, the experimental set up, measurements of carrier dynamics by TRTS in a pump-probe scheme, including the data interpretation and common conductivity models. Furthermore, we describe the main aspects regarding sample preparation (e.g. preparation of methlyammonium lead iodide (MAPbI3) perovskite films, metal oxide films, dye sensitized metal oxide films and Pt decorated CdSe tetrapods).

[bookmark: _Toc467766862][bookmark: _Toc477804018]2.1 Time-resolved terahertz spectroscopy (TRTS)	
The Terahertz (THz) frequency range lies between the far-infrared and the microwave regions in the electromagnetic spectrum as shown in Figure 2.1. As the typical timescales for randomization of carrier momentum via carrier-phonon interaction is ~picosecond (ps) (= 10-12 s)76 and 1 THz is 1012 s-1, the THz frequency range is ideal for studying these carrier dynamics. Furthermore, THz radiation can interact with excitons, phonons and vibrations in materials. Each of these quasi-particles has a specific fingerprint in the complex THz conductivity, which allows identifying the nature of the probed particles and quasi-particles. 
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Figure 2.1 Electromagnetic spectrum from radio waves to X-ray (Adapted from  ref77).

TRTS employs a freely propagating THz pulses to probe charge carriers. These probe pulses can be considered as wavepackets comprising frequencies in the range of 0.2-2.0 THz (for a ZnTe generation scheme) centered at 1 THz. The probe is strongly absorbed by the mobile charges and hence the THz absorbance provides the conductivity of the probed charges. As the field of the THz pulses can be recorded in the time domain with sub-picosecond time resolution (see the discussion of the detection) and the THz pulses are usually ~1 ps long, the dynamics of the complex THz photoconductivity of a photoexcited material can be measured with sub-ps time resolution.76 As TRTS is a contactless technique, it is particularly suited to study photoconductivity at the nanoscale, where establishing metal contacts, apart from highly perturbative, is often not feasible. 

[bookmark: _Toc467766863][bookmark: _Toc477804019]2.1.1 Experimental setup
The layout of the TRTS set up employed in this thesis is shown in Figure 2.2. The system is based on an amplified Ti:sapphire laser system delivering pulses with 1 mJ pulse energy, 800 nm central wavelength and temporal length 100 fs (at 1 kHz repetition rate). The output pulse of the laser is split into three beams, refered to as the pump, the THz generation and the THz sampling beam, respectively.
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Figure 2.2 Layout of a time-resolved terahertz spectroscopy (TRTS) set up.

	The 800 nm pump beam (normally 90 % of 1 W) is employed in order to photoexcite the sample investigated. The wavelength of the pump beam can be converted to 400 nm using second harmonic generation in a beta barium borate (BBO) crystal. The pump beam timing relative to the THz probe can be adjusted by a mechanical delay line, which allows us to vary the arrival time of the pump pulses to the sample (see Figure 2.2). To achieve homogeneous pumping, we ensure that the diameter of pump beam (> 3 mm) is larger than that of the THz beam (< 300 μm) at the focus of the sample.
	The generation beam is employed to generate THz probe waveform by optical rectification (OR) in a 1 mm thick ZnTe crystal.78 This process is a three-wave mixing process where the different spectral components of the generation beam interact with each other, generating a new electromagnetic wave with a frequency equal to the difference of the interacting components. The frequency of the generated electromagnetic wave falls into the THz range of 0.2-2.0 THz because the bandwidth is limited by phonons in ZnTe crystal. The temporal length of the generated pulses is ~1 ps. Using parabolic mirrors, the generated THz beam is collimated, then focused on the sample. The THz beam transmitted through the sample guided by other two parabolic mirrors onto the detector space. Here, the THz beam propagates between the emitting ZnTe crystal and the detector which is kept under N2 environment to prevent absorption of the THz radiation by the water vapor in the air.79
	The sampling beam (800 nm) provides gated detection of the THz pulses in a 1 mm think (110)-oriented ZnTe crystal via the electro-optic (EO) Pockels effect.80 The sampling beam is spatially overlapped with the focused THz probe beam at the position of the detection ZnTe crystal. The electric field of the THz pulse induces an anisotropic change in the refractive index of the detection ZnTe crystal (birefringence). This effect then changes the polarization of the sampling beam. The extent of this change depends on the strength of the electric field at the instant when the sampling pulse propagates through the detection ZnTe crystal.76 The polarization change in the sampling beam through detection crystal is measured by splitting the beam into its vertical and horizontal components using a Wollaston prism and detecting the difference in the intensity of both components by differential photodiodes. The polarization of the sampling beam is tuned in such a way that the signal on the differential photodiodes is propotional to the electric field of the THz pulse.81 By changing the arrival time of the sampling beam in detection crystal relative to the THz pulse, the THz pulse can be mapped out in the time domain (Figure 2.2).81
To increase the signal-to-noise ratio, the signal is collected using a lock-in amplifier, operating at a frequency of 500 Hz which is the half of the repetition rate of the laser (1 kHz). In this detection scheme, we place a mechanical chopper synchronized with the lock-in amplifier operating at 500 Hz either into the generation beam, thus detecting the field of the THz pulses E(t) transmitted through our sample, or into the pump beam, detecting the change in the transmitted THz field E(t) caused by the photoexcitation of the sample. Using Fourier transformation (FFT), the time domain data can be analysed in the frequency domain allowing us to retrieve the complex valued response function of the sample,82 as the complex refractive index (n()), complex permittivity (()) and/or complex conductivity (()) (Equation 2.1). These are equivalent ways to describe the response function of a material. The relation between them is described by the equation: 
     (2.1)
where and  are vacuum permittivity and angular frequency of oscillating THz probe ( = where  is frequency). In this thesis, we primarily focus on the frequency resolved data obtained with THz probe in terms of complex conductivity () to discuss the nature of the conductivity in hybrid photoactive materials. By applying FFT of the THz field in the time domain (), we can obtain the THz profile in the frequency domain  
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Figure 2.2 Typical waveform of THz probe in time domain (left) and the spectral amplitude of the THz waveform obtained using Fourier transformation (FFT) (right).

[bookmark: _Toc467766864][bookmark: _Toc477804020]2.1.2 Data analysis in TRTS experiments
In this section, we explain experiment details and protocols to obtain the frequency resolved complex conductivity of a given material to monitor carrier dynamics. 
	To investigate frequency resolved complex conductivity in a sample, we first record in the time domain the transmission of THz field through unexcited sample as a reference (Figure 2.4 - Top). Then, we photoexcite the sample with pump beam and consequitively we probe the photoinduced change in THz field (∆E(t) = Eexc (t) − Eunexc(t), in Figure 2.4) by fixing the delay between pump and sampling pulse while changing the sampling delay stage (Figure 2.4 - Bottom). By FFT, we calculate frequency resolved waveforms of Eunexc() and E(). We extract complex conductivity from THz waveforms of Eunexc() and E() which propagate through a medium. For thin samples with photoexcited region, in micrometers or less, which is observed in semiconductors with strong optical absorption or in very thin films, the photo-induced complex conductivity can be calculated according to the following equation:83 
    (2.3)
where Z0 = 377  is the impedance of free space,  is the thickness of the photoexcited region and n is the refractive index of the medium after photoexcited region (substrate, cuvette or unexcited region of the same material). The SI unit of the extracted photoconductivity is S/m.
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Figure 2.4 A typical TRTS experiment. Top: Measurement of THz probe through the unexcited sample, Eunexc(t) as a reference experiment where the optical chopper is placed in front of the generation beam. Here, the differential signal of the probe field with and without the sample is measured. Bottom: Measurement of THz probe through the excited sample Eexc(t) via pump where the chopper is placed in front of the pump beam. Here, the differential signal of the probe field with and without the pump is measured.

To monitor carrier dynamics in samples studied in this thesis, we record pump induced changes at the peak of the THz probe pulse transmitted through the sample by varying the time delay between the pump and probe/sampling pulses. The recorded field E can be then interpreted as the time-dependent, frequency-averaged real photoconductivity Re[] (t) of the photogenerated carrier (Figure 2.4). It contains both the response of electrons and holes as follows:
Re[] (t)      (2.4)
Where and  are carrier density for electrons and holes at a given time delay, nd  are mobility of electrons and holes in the sample, respectively. It is possible to conduct pump-probe TRTS measurements to investigate the rates of charge generation, recombination, trapping and exciton condensation in intrinsic semiconductors like the perovskite presented in Chapter 376,84,85 and confined nanostructured semiconductors like the tetrapod presented in Chapter 5. Also, these measurements have been conducted to study the electron transfer (ET) dynamics at the surfaces of bulk materials, such as dyes86,87 or quantum dots (QDs)88,89 sensitized mesoporous oxides as in the case of dye sensitized mesoporous oxides studies presented in Chapter 4. TRTS measurements for monitoring ET in sensitized architectures probe directly the carrier population in the mesoporous oxides. This is because the carriers are totally confined in the sensitizer (dye molecule or QD) and their THz conductivity is zero (zero Re[]). Hence, the amplitude change of the peak of THz field (E) can be directly related to the number of free carriers times mobility in the oxide (Equation 2.4). As the mobility of holes photogenerated in the sensitizer (located at the HOMO of the sensitizer) is very small compared to the mobility of electrons injected to the oxide, the TRTS technique is only sensitive to free electrons in the CB of the oxide. Therefore, the carrier densitiy and mobility of holes are assumed to be zero in the Equation 2.4, and the equation becomes as:
Re[] (t)  (2.5)

[bookmark: _Toc467766865][bookmark: _Toc477804021]2.2 Conductivity models
[bookmark: _Toc467766866][bookmark: _Toc477804022]2.2.1 The Drude Model 
The interaction of THz radiation with free carriers in bulk materials can be described by the Drude model. This is a model for describing the transport of charges where the electrons and holes are not interacting with each other, behaving like an ideal classical gas. In the Drude model, it is assumed that the transport is determined only through momentum randomizing scattering events with an averaged scattering time .
	In the absence of an electric field, charge carriers in a 3 dimensional system move with a thermal velocity of  where   and are the Boltzmann constant, temperature and effective mass of the specific carrier (electron or hole), respectively. The value of the charge carriers’ mean velocity in the absence of electric field is zero as the direction of the velocity of the carrier after collision is considered random. On the other hand, in the presence of a time dependent electric field E(t), carriers gain a mean drift velocity .
	Charge carriers can be scattered by phonons or defects in the lattice; the distance that a carrier travels on average between two scattering events is the mean free path. As a result of these collisions, carrier motion is damped by a frictional force with a characteristic time of  between collisions. In the presence of a time dependent applied field E(t), the motion is described by the first order differential equation: 
      (2.6)
where e is the elementary charge of an electron. For a sinusoidal electric field with an angular frequency , , the solution for the differential equation 2.6 reveals:
        (2.7)
Because the drift velocity is dependent on the applied driving field, the model explains how the ac mobility looks like in semiconductors. Here the mobility, µ, can be written using the proportionality factor between  and :
    (2.8)
As  defines how easily a carrier moves in a material, carriers are relatively immobile and are not easily perturbed by an applied field if the time between collisions is small. This property is often defined with the DC (direct current) mobility measured at frequency. 
The conductivity of a material is then described by the average mobility and the density of charge carriers () as:
             (2.9)
(2.10)
where  are plasma frequency and vacuum permittivity, respectively. Figure 2.4 shows the complex conductivity described by the Drude model.
[image: C:\Users\karakus\Desktop\Figure 2.4.png]
Figure 2.4. Drude conductivity versus angular frequency  times scattering time . The angular frequency where real and imaginary components cross is related to the scattering time, .

Charge carriers in typical semiconductor materials can be scattered by ionized impurities, phonons, neutral defects, surfaces and interfaces and other carriers (scattering between electron and hole).90 In general, more than one of these sources can present in semiconductors and influence the scattering mechanisms that can be combined using Matthiessen’s rule as follows:
          (2.10)
or can be rewritten in terms of the mobility;
          (2.11)
where  are scattering times correspond to impurity scattering, defect scattering and phonon scattering. This equation can be used if these scattering mechanisms are independent of each other.91 The dominating scattering mechanism in a material can be determined by measuring the temperature dependent mobility of the given material, as the different scattering mechanisms usually have distinct temperature. The temperature dependence of scattering times can be inferred from temperature dependent TRTS measurements (see Figure 2.4). In Chapter 3, we will explain our study using temperature dependent TRTS measurements.
[bookmark: _Toc467766867]
[bookmark: _Toc477804023]2.2.2 The Drude-Smith Model
The Drude-Smith Model is a modified version of the Drude Model where the assumption of isotropic carrier scattering is no longer valid. This can be valid for materials with large surface to bulk ratio, where carriers can scatter at boundaries of the crystals. The conductivity is then described by the following equation:
(2.12)
where the additional parameter (can be between 0 and -1) refers to the backscattering parameter of the scattering event. Figure 2.5 shows the complex conductivity described by the Drude-Smith model with various backscattering parameters. Here,  describes complete backscattering. For , the model reduces to the classical Drude model describing fully momentum randomizing scattering. As can be seen in Figure 2.5, the sign of Re[] is positive, while that of Im[] changes from positive towards negative as  parameter approaches to -1. This negative sign of Im[] can originate from the presence of confiment within the carriers as THz photons can polarize the confined carriers via non-resonant interactions, while positive Im[] mainly refers to free charges without confinement effect. 
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Figure 2.5 Drude-Smith conductivity versus angular frequency  times scattering time  for various c parameters of -0.5, -0.7 and -1. The c=-1 refers complete backscattering where the =0 and negative imaginary conductivity Im[]. This behavior is equal to Lorentz oscillator model.

[bookmark: _Toc467766868][bookmark: _Toc477804024]2.2.3 The Lorentz Oscillator Model 
The Lorentz Oscillator model describes the conductivity of completely localized charge carriers or excitons due to a conﬁned environment or a strong electron-hole Coulomb attraction.76 The conductivity described by the Lorentz Oscillator model is obtained by adding a restoring force term to the Equation 2.10 resulting in the equation: 
        (2.13)
where  is the angular frequency of the oscillatory response. Then, the resonance frequency is . Therefore, the Drude Equation 2.10 refers to a Lorentzian oscillator centered at = 0. The conductivity predicted by the Lorentz oscillator model is shown at low THz energies (Figure 2.6). As seen in the figure, the Lorentz oscillator model represents a zero Re[] because the energy of THz photons is typically much lower than the interband transitions of excitons in confined semiconductors. Hence, THz field at the same low frequency is not able to produce transitions within the absorber. And, a negative Im[] is observed due to the fact that THz photons can polarize the excitons or confined carriers via non-resonant interactions. 
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Figure 2.6 Lorentz-oscillator conductivity versus angular frequency  times scattering time . The resonance frequency  for excitonic transitions is typically much higher than the THz probe frequencies.

[bookmark: _Toc477804025]2.3 Materials and sample preparations
[bookmark: _Toc477804026]2.3.1 Preparation of MAPbI3(Cl) perovskite films
We follow standard procedures described in previous works as:9,92 27.86 ml methylamine (40 wt. % in methanol) was stirred with 30 mL hydrogen iodide (HI) (57 % in water) at 0 oC for 2 hours under nitrogen to obtain methylammonium iodide (MAI). The precipitate was obtained by a rotary evaporator at 50 oC, and then recrystallized by ethanol and diethylether. The crystals were recovered by suction filtration, and dried at 60 oC in a vacuum oven for 24 hours.92 The crystals were stored in a nitrogen glove box in a dark environment. Then, MAPbI3(Cl) perovskite layers were prepared from a % 40 wt solution of MAI and PbCl2 in 3:1 molar ratio in anhydrous N,N-Dimethylformamide (DMF) deposited on the substrates and spin coating at 2000 rpm in a nitrogen filled glove box.93 After spin-coating, the films were left to dry at room temperature for 30 minutes, then annealed for 45 min on a 100 oC hotplate in the glove box.
[bookmark: _Toc477804027]2.3.2 Preparation of TiO2 mesoporous oxide films
TiO2 paste is used as purchased from Solaronix (Ti-Nanooxide T). The corresponding oxide films are prepared by the doctor blading technique on fused silica substates (LG Optical Ltd.) The films were dried at 150 °C for 1 hour and sintered at 450 °C for 2 hours in an oven. 
[bookmark: _Toc477804028]2.3.3 Preparation of sensitized mesoporous oxide films
We use dip coating technique to prepare sensitized mesoporous oxide films from 5.0*10-4M solutions of Ru(4,4'-dicarboxylic acid-2,2'-bipyridine)2(NCS)2 (N3 dye) (Solaronix), 4,4′-dicarboxy-2,2′-bipyridine (dcbpy) (Sigma Aldrich) in ethanol ( ≥ 99.5 Sigma Aldrich).  
[bookmark: _Toc477804029]2.3.4 Tetrapods
		Chapter 2
Materials are synthesized by Sung et al in The National Creative Research Initiative Center for Intelligent Hybrids, National University, Seoul, Republic of Korea and are used as received.70
[bookmark: _Toc477804030]Chapter 3 
[bookmark: _Toc477804031]Phonon-Electron Scattering Limits Free Charge Mobility in Methylammonium Lead Iodide Perovskites
In the following chapter, the nature of the photoconductivity in solution-processed films of methylammonium lead iodide perovskite is investigated by using TRTS (Figure 3.1) and determining the variation of the photoconductive response with temperature. Ultra-broadband Terahertz (THz) photoconductivity spectra in the 0.3-10 THz range can be reproduced well by a simple Drude-like response at room temperature, where free charge carrier motion is characterized by an average scattering time. The scattering time determined from Drude ﬁts in the 0.3−2 THz region increases from ~4 fs at 300 K (tetragonal phase; mobility of ~27 cm2 V-1 s-1) to almost ~25 fs at 77 K (orthorhombic phase, mobility of ~150 cm2 V-1 s-1). For the tetragonal phase (temperature range 150 < T <300 K) the scattering time shows a ~T-3/2 dependence, approaching the theoretical limit for pure acoustic phonon (deformation potential) scattering. Hence, electron-phonon, rather than impurity scattering, sets the upper limit on free charge transport for this perovskite (see footnote [footnoteRef:9]). [9:  Adapted with permission from (J. Phys. Chem. Lett., 2015, 6, 4991-4996). Copyright (2015) American Chemical Society
] 
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Figure 3.1 Schematic representation for TRTS experiment in perovskite films deposited on a flat substrate.

[bookmark: _Toc477804032]3.1 Introduction and aim of the work
Owing to their solution processability, tunable band gap, defect free nature and strong optical absorption, methylammonium lead halide perovskites have emerged as promising low-cost candidates for highly eﬃcient active materials in optoelectronic devices such as solar cells.9,18,22,23,92,93 A steep increase in perovskite-based solar cell efficiencies has been reported in recent years, however, several fundamental intrinsic key aspects in perovskite films remain controversial, such as the nature and relative yield of the relevant photogenerated products (excitons, free carriers or both)14,25 and their transport properties.22,23 Here, using ultra-broad band (0.3-10 THz) time resolved THz spectroscopy (TRTS),76 we interrogate the nature of the photoconductivity in solution-processed methylammonium lead iodide perovskite films as a function of temperature. We find that photoexcitation of the tetragonal phase (T > 150 K), produces free charges exhibiting long-lived first-order recombination kinetics (for fluences < 30 J cm-2) indicative of low impurity content. The frequency-resolved photoconductivity spectra can be described well by the Drude model, which provides temperature-dependent scattering times consistent with MAPbI3(Cl) mobilities solely limited by phonon (rather than impurity) scattering in the tetragonal perovskite phase; i.e. behavior characteristic of an intrinsic semiconductor. This conclusion is derived from samples displaying mobilities which parallel those in state-of-the-art reports; on the other hand, our findings are discussed in the context of unintentional sample-to-sample variability within the set of analyzed samples and available literature.

[bookmark: _Toc477804033]3.2 Materials and Methods
We have introduced TRTS set up, experimental details of TRTS dynamics and frequency resolved complex conductivity measurements and how to extract complex conductivity in Chapter 2. Here, we also conducted complex conductivity analysis in high frequency THz window (0.3-10 THz) that will be explained briefly in Appendix 3.5. The low temperature measurements in TRTS and photoluminescence (PL) measurements were performed in a liquid nitrogen cooled cryostat under p < 1.4x10-4 mbar vacuum conditions. 
Preparation of MAPbI3(Cl) perovskite films has been explained in Chapter 2, Section 2.4.1. Depending on the employed characterization method, different substrates were employed: fused silica substrates for TRTS in the spectral range 0.3-2.0 THz, optical absorbance, photoluminescence (PL) and time-resolved photoluminescence (TRPL); high-resistivity silicon substrates for ultra-broadband TRTS in the range 2.5-12.0 THz; and silicon, glass and fused silica substrates for SEM and XRD characterization. 

[bookmark: _Toc477804034]3.3 Results and Discussion
We first report TRTS carrier dynamics in our best performing sample, with inferred room temperature mobility of ~27±3 cm2 V-1 s-1, at temperatures ranging from 300 K to 77 K. At room temperature the real-valued photoconductivity at 10 ps pump probe delay was found to scale linearly with excitation fluence up to ~56 J cm-2 (see Figure 3.5-right). The transition from first to second order relaxation relaxation kinetics was found at < 30 J cm-2 (see Figure 3.5-left) in fair agreement with previous reports.33,20,94 The onset of the second-order relaxation regime could have different origins, e.g. trap filling or time-dependent carrier concentration and/or mobility.20,95 To stay well clear of this regime, the measurements reported here were performed for very low excitation fluences, at ~3 J cm-2, unless explicitly noted in the text. Figure 3.2a shows the time-dependent normalized real-valued conductivity, averaged over the 0.3-2 THz probe window for different sample temperatures following excitation with 2.8 J cm-2 pump pulses (under vacuum conditions, < 1.4x10-4 mbar). The carrier recombination dynamics can be described by a first order recombination processes (see Figure 3.5 - left). Above ~150 K (tetragonal phase, black to light gray solid lines in Figure 3.2a)96,97 the photoconductivity appears quasi-instantaneously upon excitation, i.e. faster than the ~200 fs time resolution of our spectrometer (see Figure 3.6), and it decays only slightly over the 1 ns time window, consistent with low defect concentration in these solution processed samples. By contrast, for temperatures below ~150 K, corresponding to orthorhombic crystal phase,96,97 (dark red to orange dashed lines in Figure 3.2a) the photoconductivity decays faster (with an inferred exponential decay time of 1.35±0.02 ns). The appearance of this temperature-activated carrier decay channel correlates with the emergence of a broad defect related sub-bandgap photoluminescence peaking at ~860 nm (see Figure 3.2b). This emission has recently been reported and assigned to acceptor (hole) states.98 Interestingly, at 77 K both tetragonal and orthorhombic phases clearly coexist, as evident from the presence of the 2 characteristic emission peaks at ~ 775 nm and ~750 nm, see orange dotted line in Figure 3.2b, in agreement with a previous report;99 the persistence of both crystal phases at low temperature could reflect the existence of domains with different degree of ordering of methyl ammonium ions. This could translate to local perturbations of band edges (between or within single crystal domains) which could potentially assist exciton dissociation and electron-hole localization.100
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Figure 3.2 a) Normalized real-valued photoconductivity (log scale) as a function of pump-probe delay for MAPbI3(Cl) for temperatures >150 K (black-300K, dark gray-250 K, gray-200 K, LT gray-150 K) and <150 K (dark red-130K, red-100K, orange-77 K) with excitation wavelength 400 nm at a fluence of 2.8 J cm-2. The inset shows the correlation between normalized real-valued photoconductivity (in black) and time resolved photoluminescence (in green) over 1 ns temporal window at room temperature. b) Normalized photoluminescence in the 300 – 77 K temperature ranges, excitation 400 nm, power ~1 mW. Measurements at 300 K are highlighted with open circles in both panels. The transition around 150 K in both conductivity and photoluminescence can be attributed to a transition from the high-temperature tetragonal phase to the low-temperature orthorhombic phase.

Time-resolved photoluminescence (TRPL) data in a temporal window of 1 μs (see Figure 3.7) reveal first-order decay dynamics for the ~775 nm emission with (300 K) = 129.1±0.7 ns. The first-order decay lifetime is within the range of values previously reported for MAPbI3 and MAPbI3(Cl) samples (in the range 1-300 ns).9,15,22,33,94,101,102 A TRPL decay trace measured under the same excitation conditions as for TRTS, is shown in the inset of in Figure 3.2a. The agreement between the TRPL and TRTS lifetimes for these samples leads to the conclusion that the carrier mobility remains constant over the probed time range21, i.e. there are no signatures of dispersive transport within the analyzed time window. 
Previous THz spectroscopy studies on perovskites have been primarily performed using ZnTe based generation and detection with a frequency window of 0.3-2.0 THz.20,21,32,33 These studies have provided spectra without dispersion in the real and imaginary components of the conductivity. Aiming to gain additional insights into the nature of the photoconductivity on our samples, we employed broadband THz spectroscopy in transmission mode in MAPbI3(Cl) perovskites over the wider frequency range (see Appendix). Figure 3.3a shows the characteristic room temperature photo-response under ambient conditions several picoseconds after photoexcitation, for samples deposited on fused silica (circles in the range 0.3-2 THz; excitation wavelength 400 nm, fluence 2.8 J cm-2) and high resistivity silicon (squares in the range 6-10 THz, excitation wavelength 400 nm, fluence 48.6 J cm-2) respectively. The high THz frequency data was scaled down to account for the higher excitation fluence (see Appendix). The selected frequency range 6-10 THz shown in Figure 3.3a is free of complications at low (silicon substrate contributing to the photoconductivity signal, causing significant Drude like contributions at frequencies below 6 THz) and high (phonons above 10 THz) frequencies (see Appendix, Figure 3.8 and Figure 3.9). The conductivity spectra in Figure 3.3a show, within the uncertainty of the measurement (e.g. samples deposited onto different substrates, see Appendix, Figure 3.10), an almost dispersion-less real conductivity, and essentially zero imaginary conductivity within the analyzed broadband THz window. These spectral signatures are indicative of conductivity mediated by free charges that undergo momentum-randomizing scattering events at a very high rate, well exceeding the maximum frequency of 10 THz.76 If the monitored free carriers in these samples would experience a substantial restoring force and/or any degree of localization, one would expect both of these effects to manifest themselves in the THz frequency window as a dispersive real conductivity component and negative, potentially zero-crossing imaginary component as predicted by, e.g., the Drude-Smith model.76,103–105 In absence of evidence for carrier localization over the broad spectral range, the Drude model appears, in first approximation, as the most suitable description given in Equation 2.9. A fit to the Drude model is shown as black solid lines in Figure 3.3a (note that fits to Drude-Smith provide Drude response as well, with a Drude−Smith parameter equaling 0); here p was fixed using N determined from the number of impinging photons (assuming a 100% quantum yield for electron and hole generation), and an electron-hole averaged effective mass of m* = 0.26 m0.31 Hence, the only free parameter in the Drude model is the momentum scattering time, , which determines both the shape and the amplitude of the conductivity. From the fit in Figure 3.3a we find  = 4.0±0.5 fs. From this scattering time the mean free path (l) between momentum randomizing scattering events can be estimated through the relation: l = v· = 0.8 nm (where v refers to the thermal velocity; v = (3kBT/m*)1/2 = 0.2 nm / fs with m* = 0.26 m0, and = 4 fs), i.e. ~60 times smaller when compared with the typical room temperature values for GaAs (where l = 50 nm at  = 100 fs and m* = 0.067 m0). For the solution processed MAPbI3(Cl) perovskite films analyzed here, the scattering time corresponds to a room temperature DC mobility of =27±3 cm2 V-1 s-1 (with  =e·/m*). These results are in quantitative agreement with those reported for vapor deposited MAPbI3(Cl) thin films (m = 33 cm2 V-1 s-1);20 such correlation could be a good indication of the quality of our samples, and is considered here a figure of merit (as discussed below). The similarity between results obtained for samples of different morphology (and therefore likely defect density) can be rationalized by noting that, owing to the high frequency, and short pulse duration, the THz technique determines the conductivity on short time and length scales. As such, charge mobilities inferred from TRTS represent intrinsic upper limits for electron transport.76 Screening literature THz reports,20,32,33 mobilities in the range of  ~ 30-35 cm2 V-1 s-1 seems to constitute the upper threshold limit for MAPbI3 solution processed crystals24, and our results fit that number reasonably well. 
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Figure 3.3 a) Real (red) and imaginary (blue) components of the complex-valued photoconductivity in the 0.3-10 THz frequency range (circles; sample deposited on fused silica, measured in the 0.3-2 THz range and squares; sample deposited on high resistivity silicon wafer, measured in the 6-10 THz range), both at room temperature in air. Black solid lines represent best fits to the Drude model to show the model is applicable up to 10 THz at room temperature. b) Complex-valued photoconductivity as a function of temperature (between 300 and 77 K) in the 0.3-2.0 THz frequency range measured at 6 ps after photo-excitation. Solid and dashed lines represent the response for the tetragonal and orthorhombic phases respectively. Black solid lines represent best fits to the Drude model as described in the text.

In line with previous studies conducted in the 0–3 THz range,33,20,32 our THz spectroscopy results, on samples displaying state-of-the-art upper threshold mobilities, strongly support the notion of photoconductivity being purely governed by free charges, and not by bound excitons or partially confined carriers. Although exciton binding energies up to 75 meV have been reported,25,106,107 our findings are consistent with binding energies smaller than the room-temperature thermal energy of 26 meV. Indeed, recent measurements of the static dielectric constant static ~70 imply exciton-binding energies as low as ~2 meV.108 The large dielectric screening necessarily suppresses Coulomb binding between electrons and holes, leading to the low exciton stability. Given the strong screening of carrier-carrier interactions, Coulomb scattering is likely to have a negligible effect on the carrier conduction in the perovskite, and the question arises: which momentum scattering mechanisms dominate the free carrier transport? Below we will demonstrate that, in samples displaying upper-valued mobilities, pure acoustic phonon (deformation potential) scattering provide the primary mechanism limiting mobilities for the free carriers in MAPbI3(Cl) films.
As shown in Figure 3.3b, the room temperature photoconductivity spectra in the 0.3−10 THz range illustrate that the data can be reproduced well by a simple Drude-like response; in the following, we consider the 0.3−2 THz region to extract, using the Drude model, the temperature dependent scattering time. Figure 3.3b shows the evolution of the frequency-resolved complex photoconductivity for MAPbI3(Cl) films measured 6 ps after photo-excitation in the temperature range between 300 K and 77 K (the responses measured 0.5 and 1 ns after photo-excitation are equally Drude-like as shown in the Appendix, Figure 3.11). At all temperatures the photoconductivity response features a positive real part and a small positive imaginary part within the 0.3-2 THz window (fits to Drude model for all temperatures are given in the Appendix, Figure 3.12).  At lower temperatures the presence of at least two resonances can be clearly resolved in the complex-valued photoconductivity respectively at ~0.9 THz and ~1.8 THz (Figure 3.3b). These spectral features in the photoconductivity are also present in the THz transmission of the unexcited perovskite film (see Appendix, Figure 3.13), and they spectrally overlap with the free carrier response (in agreement with previous observations).20,32,33 These resonances, which have been resolved before in THz studies, have been attributed to LO-phonon modes33,20,32 and by theoretical modelling, to sub-lattice phonon modes associated with bending and stretching of the lead-halide bonds,109 which in this case, can be modulated by the optical excitation.110–112 The resonances appear stronger for the orthorhombic phase in our samples, consistent with the enhancement of MA ion ordering in the low temperature phase.96,97 From the temperature-dependence shown in Figure 3.3b, it is clear that the real part of the conductivity increases with decreasing temperature. Assuming that the excitation quantum yield remains unity, independent of the temperature, and the effective carrier mass m* changes only at the phase transition temperature (from m*=0.26 for the tetragonal phase31 to m*= 0.56 for orthorhombic phase),113 the only factor determining the carrier mobility according to Equation 2.9 is the mean momentum scattering time  of the free carriers. With these assumptions we find carrier momentum scattering times increasing from 4.5 ± 0.5 fs (at 300 K, tetragonal phase) to almost 25±0.5 fs (at 77 K, orthorhombic phase). These figures imply a mobility increase from ~27±3 cm2 V-1 s-1 at room temperature to ~150 cm2 V-1 s-1 at 77 K.  
 	Figure 3.4 summarizes the inferred scattering times versus temperature for a sample displaying upper threshold mobilities at room T (~27±3 cm2 V-1 s-1). Notably, for temperatures above the phase transition at 150 K we find that the data can be described very well by a power law  ∝ TP where the exponent p approaches a value of -3/2 (p = -1.52±0.05). It is important to note here that uncertainties in the assumed input parameters such as the refractive index of the fused silica substrate (see Appendix), m* and the excitation quantum yield employed for the calculation of  would affect its absolute value, but would not significantly affect the temperature dependence and the exponent p. The obtained power law temperature-dependence of the scattering time with temperature is characteristic for free carrier transport limited primarily by acoustic phonon (deformation potential) scattering.90 This finding is consistent with the long lived dynamics of the photoconductivity in the tetragonal phase (Figure 3.2a) found in these samples; which is indicative of low defect concentrations, e.g. intrinsic semiconducting behavior. The smaller value obtained for p below ~150 K for our samples (p = -1.18±0.13; orthorhombic phase) suggests an enhanced weight of other scattering mechanisms (e.g. impurity scattering, consistent with the below-bandgap PL emission observed below 150 K in Figure 3.2b). Interestingly, in bulk semiconductors, the theoretical limit for pure deformation potential response has been resolved for 2DEG at the interface of lattice matched GaAs/AlGaAs heterojunctions (by segregating electron transport and impurity regions by “modulation doping”.90,114 Further work is ongoing in our group to reveal whether such scenario could be consistent with MAPbI3(Cl) samples defined by local domains of distinct nature (e.g. doping,115 ferroelectricity116 or crystal structure99,100,117).
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Figure 3.4 Carrier momentum scattering time versus temperature for a MAPbI3(Cl) perovskite film. The T-3/2 dependence in the high-temperature range (tetragonal phase) is consistent with electron-phonon interactions determining the scattering time. The reduced exponent observed for the orthorhombic phase (T < 150 K) indicates a contribution from impurity scattering at low T.

The T-3/2 dependence in the high-temperature range shown in Figure 3.4 is in agreement with recent work by the Herz group.32 In that work,32 solution processed MAPbI3 samples were investigated using narrow-band THz spectroscopy; similar temperature dependent mobilities were observed for samples characterized by first-order dynamics with 66 ns lifetimes at room temperature (compared to 129 ns reported here). In both studies below bandgap defect PL emission peaks in the low temperature perovskite phase are resolved, although at different emission wavelengths – indicative of distinct defect chemistry. Both works also resolved an enhancement of the phonon modes in the orthorhombic phase, while, in contrast to our ﬁndings, a deviation from Drude-like response was observed in their work for this phase, which was assigned to charge carrier localization eﬀects, possibly a consequence of enhanced weight of backscattering due to submicron-sized MAPbI3 polycrystalline samples.32 The large sized grains for our samples (exceeding micron length scales as revealed by SEM - see Figure 3.10) together with the lack of negative imaginary component at all temperatures suggest that the contribution of boundary scattering to the overall signal is negligible in our samples. We note here that long lifetimes are not necessarily directly correlated with high mobilities, which are limited by scattering.24 Our results in Figure 3.4 can also be compared to recent microwave photoconductivity measurements in MAPbI3101,118 films deposited onto mesoporous oxide matrices (Al2O3 and TiO2). These works revealed power law dependencies of scattering time vs temperature with exponents p=-1.6 and -1.4 in the GHz frequency region; these results suggest that the same upper limit scattering mechanism prevails on samples in contact with an oxide scaffold (which can e.g. affect MA ordering in depleted regions).119 Thus other scattering mechanisms, such as impurity scattering, seem to play a minor role in high mobility perovskite absorbers at room temperature (tetragonal phase). While these different reports seem consistent with each other, further work is needed to obtain clear correlations between spectroscopic fingerprints (e.g. absorbance), transport (e.g. mobility), sample structure (e.g. grain size), nature (e.g. defects), history (e.g. characterization and synthesis steps) and measurement conditions (e.g. excitation wavelength and fluence).
Intrinsic sample to sample reproducibility and/or extrinsic changes induced by the experimental conditions are important issues in the field of solution-processed perovskite films. In this work we prepared and studied up to six samples with inferred room temperature mobilities ranging from 22 to 27 cm2 V-1 s-1). Above we have discussed in detail the TRTS response vs temperature for a solution processed MAPbI3(Cl) sample with inferred room temperature mobility of μ ~27±3 cm2 V-1 s-1, close to that obtained for vapor deposited MAPbI3(Cl) films; μ = 33 cm2 V-1 s-1.20 A detailed characterization for a separate sample showing Drude like response in the 0.3-2 THz window but with the smallest room T mobility inferred within the range of samples studied (μ~ 22±3 cm2 V-1 s-1) is given in the Appendix. For the tetragonal phase, this sample exhibits a weak, but apparent decay component within ~100 ps, (see Figure 3.14) in the TRTS carrier dynamics, and correspondingly shorter lifetimes as inferred from TRPL (see Figure 3.15). Moreover, the complex-valued photoconductivity does not exhibit the activation of phonon modes related with MA ordering as clearly as in Figure 3.3b (see Figure 3.16). Furthermore, the sample response is characterized by a smaller exponent p < -3/2 in the temperature-dependent scattering rates (see Figure 3.17); these results strongly suggest that other scattering mechanisms (e.g. alloy, impurity scattering and/or piezoelectric acoustic phonon scattering) are contributing to the monitored response in this sample. It is worth commenting here that within the range of samples we characterized, we noted that “poorer” mobilities (obtained from Drude-like response) seemed to be correlated with a reduced optical density (O.D.) at ~480 nm (see Figure 3.18). We are presently analyzing these findings in detail and will report them elsewhere.   

[bookmark: _Toc477804035]3.4 Summary
In this work we applied optical pump THz probe spectroscopy to study the nature of photoconductivity in solution processed MAPbI3(Cl) perovskite films. The virtually dispersionless real-valued broadband THz conductivity and the absence of a negative imaginary part for the conductivity at room temperature indicate that photo-generated free carriers do not experience localization or preferential backscattering at grain boundaries in our samples; a Drude response describes the data well. Finally, and arguably most importantly, we determined the nature of electron momentum scattering in methylammonium lead iodide perovskites (displaying room temperature mobilities of μ ~30 cm2 V-1 s-1): we find that the momentum scattering time versus temperature for the tetragonal phase follows a T-3/2 dependence, indicating that acoustic phonon (deformation potential) scattering represent the upper limit mechanism impeding larger mobilities in these technologically relevant materials.

[bookmark: _Toc477804036]3.5 Appendix
[bookmark: _Toc477804037]3.5.1 Sample Characterization
Structural analysis of MAPbI3(Cl) deposited on a glass substrate was conducted by X-ray diffraction (XRD, Bruker D8 Advance 2 / θθ -Diffractometer). The absorption spectra of the films were measured using a UV-Vis spectrometer (Perkin Elmer Lambda 900). Temperature dependent fluorescence spectra were measured by a J&M TIDAS II Fluorescence spectrometer combined with a liquid nitrogen cooled cryostat enabling cooling down to 77 K under <1.4x10-4 mbar mbar vacuum conditions. The thickness of the films were measured by a Tencor P-10 Step Profiler using 3500 μm scan length and 20 μm s-1 scan speed. The deposited films had an average thickness of 300 nm (rms roughness of 75 nm). Room temperature absorption and luminescence measurements reveal a band gap onset at ~775 nm (1.6 eV). For energies exceeding the band gap, the optical absorption increases smoothly towards the UV, peaking at ~480 nm (see Appendix, Figure 3.18). X-ray diffraction (XRD) (See Appendix, Figure 3.19) revealed (110), (220) and (330) peaks, characteristic for the pristine perovskite tetragonal crystal structure at room temperature.96,97 Finally, scanning electron microscopy (SEM) revealed micron-sized crystalline domains in various substrates (see Appendix, Figure 3.10).
[bookmark: _Toc477804038]3.5.2 Extracting Complex Conductivity from TRTS Measurements 
The details for extracting conductivity from TRTS measurements are explained in Chapter 2, Section 2.1.2. By using equation 2.2 and the parameters; d is the penetration depth of the 400 nm pump (nm) represented as L in equation 2.2. and n is the refractive index of the unexcited substrate ( in the case of fused silica and  in the case of silicon), we obtain complex conductivity in MAPbI3(Cl) films.120 The penetration depth at 400 nm wavelength was estimated by using the absorbance values shown in Figure 3.18, (measured on the fused silica substrate) and assuming a reflection coefficient R = 0.19.107
[bookmark: _Toc477804039]3.5.3 High THz frequency measurements
The high THz frequency measurements were conducted using THz air-photonics.121 Here, the THz probe pulses were generated by dual-color laser mixing in air-plasma and detected using self-referenced air-biased-coherent detection (ABCD) to suppresses potential spectral artifacts induced by phase instabilities of the high THz frequencies.122 
When the undoped silicon is used instead of the fused silica as a substrate, the residual transmitted optical light into the silicon (~2.5% of the incident intensity) promotes electrons in the conduction band, which are then probed together with the perovskite transient photo-conductivity. In a first approximation, the measured overall transient conductivity derived using Equation 2.2 (points in Figure 3.8) could be simply considered as the sum of the sample and substrate conductivities, .83 The strength of the substrate effect to the total measured conductivity is determined by the photo-induced carrier density in the high-resistivity silicon substrate. The latter can be evaluated under the approximation of continuous and homogenous excitation by using the Beer-Lambert law:123 
                            (4.3)
where  is the photo-induced electron density at the air-sample interface and  and  are respectively the thickness ( nm) and the penetration depth of the perovskite layer. Since the optical reflectance at the sample/substrate interface is less than 11% we neglected any effect induced by these reflections.124 The penetration depth of the silicon substrate ( nm) is very close to that of the perovskite sample, which justifies the assumption of a continuous carrier density profile at the sample/substrate interface. 
The transient photoconductivity of silicon has been described in detail in many studies.125,126 By fixing both the effective mass (0.26) of the free carriers and the scattering time (0.19 ps) with literature values, we evaluated the Drude-like silicon photoconductivity (lines in Figure 3.8) when the carrier densities were varied in the range given by Equation 4.3.126 It should be noted that at high THz frequencies the contribution of the excited silicon to the total measured photoconductivity vanishes rapidly for the real component () and it mostly affects the lower frequencies of the imaginary component since the latter is proportional to. To avoid what could be perceived as a too rough and arbitrary correction to the broadband photoconductivity data by subtracting the Drude photoconductivity response of the silicon substrate, we restricted our reliable spectral range over a smaller frequency window (Figure 3.9). The reconstructed photoconductivity of our perovskite sample was then divided by the carrier density of the low frequency THz photoconductivity measurements for comparison (Figure 3.3a) since the photoconductivity signal is simply proportional to the pump fluence (Figure 3.5). We notice that even in the entire conductivity spectra, no relevant dispersion can be observed until frequencies >12 THz are approached, and the imaginary conductivity grazes zero over a wide frequency range. The error bars shown in Figure 3.3a were estimated from the statistics of the measured transient transmissivity.
Responses < 6 THz and > 10 THz frequency windows (Figure 3.9) are compromised by few technical (t) and fundamental (f) aspects: (t1) For the broadband THz data, a higher excitation fluence was needed to get meaningful S/N ratios in ABCD detection (Air-Biased Coherent Detection); although the maximal photoinduced amplitude of the signals over this pump range is linear (see Figure 3.5 - right) – dynamics at this excitation are bimolecular. (t2) There is a significant signal arising from silicon on broadband measurements made on transmission < 6 THz (see Figure 3.8), also, silicon and perovskite phonons >10 THz can potentially contribute to the overall signal (see Figure 3.9).90,127 (t3) The signal to noise ratio rapidly increases at frequencies above 10 THz. (t4) The slight drop-off affecting frequencies < 4 THz for the broad band data can be contributed to an artifact due to diffraction-limited beam waist (frequency components approaching the diameter of the optical pump beam). (f1) samples compared in Figure 3.3a are different (e.g. deposited in different substrates, which can affect e.g. sample morphology as illustrated in Figure 3.10); however, the quantitative agreement in the real conductivity amplitude of the signals is notable, implying that mobilities for the 3 samples are the same. 
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	Figure 3.5 (left) Fluence dependent photoconductivity versus pump probe delay measured in MAPbI3(Cl) perovskite at 400 nm pump wavelength under vacuum. (right) Real conductivity amplitude versus fluence at 10 ps pump probe delay.
[image: ]
Figure 3.6 High resolution TRTS dynamics vs temperature in MAPbI3 (Cl) perovskite.
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Figure 3.7 Time resolved photoluminescence dynamics (blue) and exponential fits (black).  Excitation wavelength 400 nm, fluence 45 J cm-2, under vacuum. Biphasic decay dynamics for the ~775 nm emission with τ1(300 K) = 30.8±0.1 ns (88% amplitude) and  τ2(300 K) = 129.1±0.7 ns (12 % amplitude).
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Figure 3.8 Squares: real (red) and imaginary (blue) measured transient photoconductivity of the MAPbI3 (Cl) perovskite film on the high-resistivity silicon substrate (). Lines: modeled real (red) and imaginary (blue) photoconductivity components induced by the silicon substrate after absorption of residual transmitted pump excitation. The silicon response is calculated by assuming respectively the expected MAPbI3 (Cl) thickness (300nm; solid lines) and deviations given by the roughness of the sample (375 nm; dotted line and 225 nm; dashed lines).
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	Figure 3.9 Reliable window (white) of the real (red) and imaginary (blue) components of the complex-valued photoconductivity for a sample deposited on high resistivity silicon wafer measured in transmission.
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Figure 3.10 Representative SEM images of MAPbI3 (Cl) perovskite film on various substrates, a) silicon (500 m-left and 20 m-right scales), b) fused silica (10 m-left and 1 m-right scales) and c) glass (10 m-left and 1 m-right scales) showing micron sized MAPbI3(Cl) crystals.
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Figure 3.11 Frequency resolved complex photoconductivity for a MAPbI3 (Cl) perovskite film at 77 K under vacuum for pump-probe delay at 500 ps and 1000 ps. Pump wavelength 400 nm, fluence 2.8 J cm-2.
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Figure 3.12  Drude fits (black solid lines) for complex-valued photoconductivity as a function of temperature (between 300 and 150 K-data in Figure 3.3b) in the 0.3-2.0 THz frequency range measured at 6 ps after photo-excitation.
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Figure 3.13 Steady state THz transmission (not photo-induced; green line-dot trace) versus frequency at 300K compared with photo-induced THz transmission for pump-probe delay at 6 ps (blue line-dot trace), 500 ps (black line-dot trace) and 1000 ps (red line-dot trace) measured in a MAPbI3 (Cl) perovskite film at 77K.
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Figure 3.14 Temperature dependent optical pump-THz probe conductivity versus pump-probe delay in a MAPbI3 (Cl) perovskite film with reduced OD at 480 nm (red trace in Figure 3.15). Excitation wavelength 400 nm, fluence 2.8 J cm-2, under vacuum.
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Figure 3.15 Time resolved photoluminescence dynamics for the 2 samples with maximum and minimum mobilities.  Excitation wavelength 400 nm, fluence 9 J cm-2, under vacuum.
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Figure 3.16 Complex-valued photoconductivities as a function of temperature measured 6 ps after photoexcitation under vacuum in MAPbI3 (Cl) perovskite film with reduced OD at 480 nm (red trace in Figure 3.18).
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Figure 3.17 Comparison of scattering times vs temperature for 2 MAPbI3 (Cl) perovskite films (blue - sample with  27 cm2 V-1 s-1; red - sample with  22 cm2 V-1 s-1) with different OD at 480 nm (Figure 3.18).
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Figure 3.18 Absorbance spectrum of two freshly prepared MAPbI3 (Cl) perovskite films with maximum and minimum mobilities (blue-sample with  = 27 cm2 V-1 s-1; red-sample with  = 22 cm2 V-1 s-1).
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Figure 3.19 XRD patterns of MAPbI3(Cl) perovskite film spin-coated on a glass slide (left). Same spectra with zooming into the low intensity peaks (right).
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[bookmark: _Toc477804040]Chapter 4
[bookmark: _Toc477804041]Electron transfer from 4,4’-dicarboxylic acid-2,2’bipyridine emerges upon dye photodegradation in N3 sensitized TiO2 
The long-term stability of dye sensitized solar cells (DSSCs) is determined to a large extent by the photodegradation of their sensitizers. Understanding the mechanism of light-induced decomposition of dyes sensitizing a mesoporous oxide matrix may therefore contribute to solutions to increase the life span of DSSCs. Here, we investigate, using ultrafast terahertz photoconductivity measurements (Figure 4.1), the evolution of interfacial electron transfer (ET) dynamics in N3 dye-sensitized mesoporous TiO2 electrodes upon dye photodegradation. Under inert environment, interfacial ET dynamics do not change over time, indicating that the dye is stable and photodegradation is absent; the associated ET dynamics are characterized by a sub-100 fs rise of the photo-conductivity, followed by long-lived (>>1 ns) electrons in the oxide electrode. When the N3-TiO2 sample is exposed to air under identical illumination conditions, dye photodegradation is evident from the disappearance of the optical absorption associated with the dye. Remarkably, approximately half of the amplitude associated with the sub-100 fs ET is observed to still occur, but is followed by very rapid (~10 ps) electron-hole recombination. Laser desorption/ionization mass spectrometry, attenuated total reflection FTIR and terahertz photoconductivity analyses reveal that the photo-degraded ET signal, and the fast electron-hole recombination, originates from the N3 dye photodegration product as dcbpy (4,4′-dicarboxy-2,2′-bipyridine), which remains bonded to the TiO2 surface via either bidentate chelation or bridging type geometry. 

[image: C:\Users\karakus\Desktop\tez\ch4 motivation.jpg]
Figure 4.1 Schematic representation of TRTS experiment in dye sensitized mesoporous oxide films deposited on a flat substrate.

[bookmark: _Toc477804042]4.1 Introduction and aim of the work
Understanding the nature of photo-induced interfacial electron transfer (ET) dynamics at dye-oxide interfaces is fundamental for the rational design and development of sensitized architectures that can be exploited in solar energy conversion architectures (e.g. solar cells and solar fuels).36,45,49,58 Although ET dynamics have been widely investigated for the N3 dye (Ru[4,4'-dicarboxylic acid-2,2'-bipyridine]2[NCS]2) sensitizing mesoporous TiO2 electrodes, considerable debate remains regarding the nature of the ET process. In general, interfacial ET rates in N3-TiO2 have been reported to be bi-phasic,52,128–130 however, the precise ET time constants and the relative amplitudes of these 2 ET pathways differ substantially among the various reports, evidencing a strong dependence upon sample preparation and measurement history. Moreover, photodegradation of the dye sensitizer has been suggested to substantially affect the nature of interfacial ET rates and consequently the interpretation of interfacial ET signals.131,132 
In this study, we investigate interfacial ET dynamics in N3 sensitized mesoporous TiO2 electrodes upon purposely and controlled photodegradation of the dye. The degree of dye photodegradation affects both the interfacial ET rates and the total amount of electrons transferred. Remarkably, we demonstrate that when the dye photodegradation is complete, i.e. when the N3-TiO2 sample absorbance lacks any N3 dye related transitions, we still resolve a sub-ps ET signal equivalent to ~50 % of the non-degraded signal amplitude. This observation can be explained by the chemical identity of the N3 photodegradation products; combining LDI-TOF-MS, ATR-FTIR and TRTS characterization we conclude that the N3 dye is converted into dcbpy (4,4′-dicarboxy-2,2′-bipyridine), which sensitizes the TiO2 electrode via either bidentate chelation or bridging type coordination. The surface-bound dcbpy gives rise to sub-picosecond charge injection into the oxide very similar to the N3 dye, but the injected charge recombines rapidly with the hole remaining on the dcbpy after ET. 

[bookmark: _Toc477804043]4.2 Materials and Methods
TiO2 paste is used as purchased from Solaronix (Ti-Nanooxide T). The corresponding oxide films are prepared by the doctor blading technique on fused silica substates (LG Optical Ltd.) The films were dried at 150 °C for 1 hour and sintered at 450 °C for 2 hours in an oven. The resulting films are immersed in 5.0*10-4 M solutions of Ru(4,4'-dicarboxylic acid-2,2'-bipyridine)2(NCS)2 (N3 dye) (Solaronix) and 4,4′-dicarboxy-2,2′-bipyridine (dcbpy) (Sigma Aldrich) in ethanol ( ≥ 99.5 Sigma Aldrich).
Photodegradation. Photodegradation of the samples is achieved under 400 nm photoexcitation (1 kHz pulses at a fluence of 20 μJ/cm2) and ambient conditions. Applied fluence is selected in the first order regime according to fluence dependence measurements.
Laser desorption/ionization time of flight mass spectrometry (LDI-TOF-MS). All mass spectrometry experiments were performed on a SYNAPT G2-Si instrument (Waters Corp., Manchester, UK) with a matrix-assisted laser desorption/ionization (MALDI) source. For the analysis of the fused silica substrate with the N3 dye on TiO2, the sample wafer was fixed on the MALDI sample plate by a double-sided adhesive tape. A frequency-tripled Nd:YAG solid state laser (355 nm) was used, operated at a repetition rate of 1000 Hz. The mass range between 50 and 2000 Da was recorded at a resolution of 10000. The laser power was adjusted in an intermediate range, slightly above the desorption threshold for intact molecules, to avoid irradiation damage of surface bound dye molecules. The spectrum of each sample was acquired for 3 minutes to obtain representative signals from bleached and unbleached surface regions. 

[bookmark: _Toc477804044]4.3 Results and Discussions
[bookmark: _Toc477804045]4.3.1 Evolution of carrier dynamics upon dye photodegradation in N3-TiO2 electrodes
The sub-picosecond dynamics of dye-oxide electron transfer are monitored using optical pump-Terahertz probe, or time-resolved THz spectroscopy (TRTS). Following optical excitation of selectively the dye molecules, the photoconductivity of the sample is measured using ~1 ps long, single cycle THz pulses. THz spectroscopy allows for contact-free measurements of the conductivity by measuring the effect of charge carriers on the THz pulse of propagation through the sample. Prior to ET, the conductivity of the sample is zero, as the excited electrons in the dye molecules are not mobile. Following ET into the conduction band of the oxide, the conductivity will become finite, owing to the free motion of charge carriers. Recombination with the hole remaining on the dye molecule (or trapping in the oxide) will cause a subsequent decay of the conductivity. 
Figure 4.2a shows the evolution of the carrier dynamics monitored by TRTS when an N3-sensitized TiO2 sample is photo-excited by 400 nm light (20 μJ/cm2, 100 fs FWHM) under air during 25 hours. In absence of the dye, the bare TiO2 shows no photo-response. As evident from Figure 4.2a, under these ageing conditions, the TRTS signal evolves over time, changing both its shape and its amplitude. The black trace in Figure 4.2a (labelled as 0 hours) represents the TRTS response of the sample when dye photodegradation was prevented by preparing and measuring the sample under inert N2 environment conditions. Once the 400 nm pulse excites the sample (zero pump probe delay in Figure 4.2a), an instrument-limited sub-120 fs rise of real conductivity is observed, which then remains constant on at least a nanosecond timescale and scales linearly with pump photon flux. Under inert N2 environment, this experiment can be repeated over hours, without any noticeable change in the dynamics. The sub-ps rise of the photoconductivity points to ET taking place from the N3 dye into the TiO2 acceptor; the subsequent absence of photoconductivity decay over the probed 400 ps time window indicates a lack of recombination of photo-generated free electrons in the TiO2 conduction band (with a lifetime >>1 ns). Ageing of the sample is triggered by exposing it to air under the same 400 nm irradiation conditions. As evident from Figure 4.2b, photodegradation is associated with the disappearance of the dye-related absorbance, and the appearance of a featureless absorbance which extends to the IR. The time evolution from 1 h to 25 h of the photoconductivity response upon photodegradation is shown in Figure 4.2a. These results reveal an increasingly rapid decay of the photoconductivity, which eventually becomes zero at pump-probe delays > 100 ps (i.e. no electrons left in the oxide). Remarkably, the sub-ps rise of the photoconductivity does not vanish completely, but only fades to approximately half of the initial amplitude, to then remain constant (also this TRTS signal scales linearly with pump fluence). The sub-ps rise for the fully photo-degraded sample indicates that, despite the degradation, substantial transfer of electrons from dye photoproducts into the oxide occurs. These electrons, however, are only short lived:  the observed ~10 ps photoconductivity decay component points to rapid electron back-transfer and electron hole-recombination. 
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	Figure 4.2 (a) The evolution of carrier dynamics in N3 sensitized mesoporous TiO2 upon photodegradation (from 0 to 25 h; from black to green trace) measured by time-resolved terahertz spectroscopy. (b) The evolution of the absorbance of N3-TiO2 sample prior photodegradation (0h) and after 25 h of photodegradation (400 nm photoexcitation under air); the black dash line represents the bare oxide absorbance; the insets show pictures of the N3-TiO2 sample at 0 h (top) and after 25 h (bottom) of photodegradation.



The photo-conductivity Re[] of free electrons in the oxide CB is proportional to the product of the number Ne and mobility μ of electrons in the material: Re[]  Ne·μ. The overall reduction of Re[] shown in Figure 4.2a is consistent with a reduction in electron density in the oxide conduction band upon N3 photodegradation: over time, fewer sensitizers inject electrons contributing to the photo-induced real conductivity. This assignment is fully consistent with previous reports on quantum dot-sensitized systems.88,89,133 The results shown in Figure 4.2a demonstrate that, even after full photodegradation, electrons are still injected into the oxide on a sub-120 fs timescale. The number of electrons injected in this manner is approximately half of those of the pristine dye, and decays very quickly, and will not contribute substantially to the photocurrent in a device unless holes can be removed from the photoproduct at a similar rate. In the next sections we interrogate the nature of these signals and discuss its possible chemical identity.

[bookmark: _Toc477804046]4.3.2. Frequency-resolved photoconductivity upon dye photodegradation in N3-TiO2 electrodes
To unravel the nature of the remaining photoconductivity signal after full N3 dye photodegradation, we investigate the frequency-resolved complex photoconductivity measured by TRTS prior and after N3-TiO2 photodegradation. As evident from Figure 4.3, the frequency-resolved complex photo-conductivity (recorded at 1.5 ps pump-probe delay) is shape-wise identical before and after N3 photodegradation, only decreasing in its overall amplitude, consistent with the reduced peak photoconductivity upon photodegradation. The observed frequency-resolved complex photo-conductivity response in the THz region for N3-TiO2 samples prior and after dye photodegradation can be well modelled by the phenomenological Drude-Smith (DS) conductivity model, where the photoconductivity is attributed to free carriers experiencing preferential backscattering events at the boundaries of the nanocrystalline mesoporous TiO2 electrode.134,76 Fitting the complex photoconductivity data using the DS model provides indistinguishable fitting parameters; with scattering times () and backscattering parameters () of  ± 5fs and . These results, which agree quite well with previous THz reports analyzing the THz photoconductivity on dye sensitized and bare TiO2 electrodes,104,134–136 demonstrate that the nature of the TRTS signal for both the pristine and the fully photodegraded sample (associated with a featureless background absorbance) originate from photo-induced free electrons populating the oxide conduction band. 
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Figure 4.3 Frequency-resolved complex photoconductivity in N3 sensitized mesoporous TiO2 at the beginning (0h) (black circles: solid-real conductivity, empty-imaginary conductivity) and after (20h) photodegradation (green diamond: solid-real conductivity, empty-imaginary conductivity) at 1.5 ps pump delay. Black and green solid lines represent Drude-Smith fits, with  fs and for both samples, with a 1.65 scaling factor between the pristine and photo-degraded sample. 

[bookmark: _Toc477804047]4.3.3 Chemical identity of the ultrafast photoconductivity signal in the fully photodegraded N3-TiO2 electrode
Photodegradation products of Ru based dyes (including N3) have been investigated previously by other authors.53–55,137–140 Several photo-products have been identified, e.g. the formation of bis(cyano) complexes (known as Ru505 dyes) by Sulfur loss,138 the formation of complexes with H2O or OH- ligands by a ligand exchange reaction53 and/or the formation of moieties from the N3 dye by a ligand dissociation reaction.140,55 In our fully photodegraded N3-TiO2 electrode (see Figure 4.2b), the observed featureless absorbance suggests a lack of Ru metal-to-ligand transitions.138,141,142 In order to identify the nature of the photoproducts in our fully degraded samples, we performed laser desorption/ionization time of flight mass spectrometry (LDI-TOF-MS) and ATR-FTIR measurements. 
The N3-sensitized TiO2 electrode irradiated during 25 h was characterized by LDI-TOF-MS. Two micron-sized spots with a different degree of discoloration (and hence dye photodegradation, see Figure 4.4a inset) were investigated by LDI-TOF-MS separately under identical experimental conditions. The results are shown in Figure 4.4a. Both spectra, which are normalized to the same noise level (at 100m/z) to allow for a better comparison of relative amplitudes, reveal rich LDI-MS spectra, in particular associated with photo-products upon N3 dye photodegradation. The unbleached, pristine region, shows only weak signal intensities as opposed to the strongly discolored irradiated region, which can be explained by an increased amount of “loose” N3 decomposition products already detached from the TiO2 surface. Among the peaks resolved for the fully bleached area, signals at 244 Da, 488 Da and 470 Da, highlighted with *’s in the figure, can be unambiguously assigned to dcbpy, dcbpy dimers and an anhydride of the dcbpy dimer, respectively. The appearance of dcbpy fragments after N3-TiO2 photodegradation demonstrates that at least one decomposition pathway for the N3 dye involves the breaking of non-covalent dcbpy-ruthenium bonds, which is consistent with the absence of Ru-ligand compounds in the absorption spectra in Figure 4.2b. 
To evaluate whether dcbpy moieties remain bonded to the oxide electrode upon full photodegradation we performed ATR-FTIR measurements. Figure 4.4b shows the ATR-FTIR spectra of free N3 dye powder film (black dashed line), N3 dye sensitized TiO2 before (black line) and after (green line) full photodegradation and dcbpy-sensitized TiO2 (blue line). First we comment on the spectra of intact N3 and N3-TiO2 electrodes. The vibrational bands for the N3 dye at 1735 cm-1  and 1705 cm-1  have previously been assigned to C=O stretching of carboxylic trans- to –NCS and pyridine respectively.143 The bands in the 1400–1600 cm-1 range have been associated with C=C stretching modes from the bipyridyl units. After dye attachment to the oxide, the band at 1740 cm-1 is barely affected, suggesting that some carboxylic acids remain unbound; the disappearance of the 1708 cm-1 band from the bare N3 dye after bonding to TiO2 suggests that the carboxylic acids in trans confirmation to pyridine are involved in the bonding, as also previously suggested by other authors.143 Direct evidence of the bonding of the N3 dye onto the oxide is revealed by the appearance of asymmetric and symmetric stretch of the deprotonated carboxylate groups at 1597 cm-1 and 1381 cm-1. The frequency difference between these bands has previously been used as a criterion to determine the bonding geometry of the dyes.143–147 For our samples, the difference between the symmetric and asymmetric bands (216 cm-1) is consistent with the N3 dyes being attached to the oxide via bridging or bidentate coordination. As evident from Figure 4.4b, we observe the same frequency difference between carboxylate asymmetric and symmetric bands for the sample which is fully photodegraded (green line Figure 4.4b); this strongly suggest that dcbpy moieties remain attached to the oxide surface upon full dye decomposition. In support of this finding, the same frequency difference between the carboxylate symmetric and asymmetric bands is revealed for samples consisting of dcbpy sensitizing TiO2 (blue line Figure 4.4b). Finally, the appearance of a feature at 1650 cm-1 for the fully photodegraded sample is tentatively attributed to C=N stretches of dcbpy units (when Ru bonds are broken). This assignment is supported by the identical feature observed in the dcbpy-sensitized TiO2 sample and the LDI-TOF-MS spectra discussed above. Taken together, these observations indicate that dcbpy moieties from the N3 dye remain attached to the oxide surface in the fully photodegraded N3-TiO2. As such, the ultrafast TRTS signal upon complete sample photodegradation shown in Figure 4.2a most likely refers to dcbpy fragments sensitizing the TiO2 electrode.
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	Figure 4.4 (a) LDI-TOF-MS spectrum of N3-TiO2 (0h, black trace) and photodegraded N3-TiO2 (25h, green trace). The inset shows picture of the N3-TiO2 sample for the non- photodegraded area, referred as 0 h (top, highlighted in green) and after 25h (bottom, highlighted in black) of photodegradation. (b) FTIR spectra of N3-TiO2 (0h, black line), photodegraded N3-TiO2 (25h, green line), N3 film (dashed line) and dcbpy-TiO2 (blue line). Note the remarkably good agreement between the spectra of the photodegraded sample (green) and the dcbpy-TiO2 sample (blue).



To verify this hypothesis, we conducted TRTS measurements of dcbpy-sensitized TiO2 electrodes. As shown in Figure 4.5a, both the dynamics and the frequency-resolved conductivity of the dcbpy-TiO2 sample agree well with those obtained for the fully photodegraded N3-TiO2 electrodes. The fast back electron recombination dynamics associated with dcbpy-TiO2 sample can be associated to a stronger coupling between HOMO orbital in dcbpy and electrons in the oxide CB when compared with pristine N3-TiO2 electrodes (where the HOMO of N3 dye is physically located further from the oxide surface, namely at the –SCN groups). Also consistent with our hypothesis, the TRTS dynamics of the dcbpy-TiO2 sample barely evolve upon photodegradation and the absorbance induced by dcbpy attachment to the TiO2 electrode is further consistent with that obtained for the fully photodegraded N3-TiO2 sample (Figure 4.5a - inset). Finally, the frequency-resolved complex conductivity response for the dcbpy-TiO2 electrode can be well described by the DS model with = 80 fs and c= -0.63, revealing that the nature of the TRTS signal refers to free carriers populating the oxide electrode. All these findings demonstrate that dcbpy remains attached to the oxide surface upon N3-TiO2 electrode photodegradation, and that dcbpy provides an ultrafast ET path to the TiO2 electrode. These findings are also consistent with previous works where the dcbpy molecule was employed as a model system for better understanding the nature of ultrafast ET processes at N3-TiO2 interfaces.148–150 The dcbpy molecular adsorption onto TiO2 surface was found to promote a new ground state for the dcbpy molecule which is located ~1 eV below the conduction band of TiO2.50,150 Both experiment50,148,149,151 and theory148,150,152 have revealed that strong coupling between dcbpy and the oxide provide fs ET paths towards the TiO2 electrode under UV irradiation; these paths can be related with a direct adiabatic ET mechanism129,153,154 taking place at the dye-oxide interface. Our results suggests that ~50% of the TiO2 electrode surface is characterized by N3 dyes strongly coupled to the oxide electrode by the bridging or bidentate coordination; these dyes eventually develop into dcbpy moieties upon N3-TiO2 electrode photodegradation. Note that the nature of the bonding affects the stability; in this respect the  ~50% reduction for the fs component upon N3 photodegradation (Figure 4.2a) may indicate that weakly couple dyes decompose into fragments that do not allow for photo-induced ET paths towards the oxide electrode. 
	[image: ]
	[image: C:\Users\karakus\Desktop\Figure4b.png]


Figure 4.5 (a) Carrier dynamics in dcbpy-TiO2 monitored by time-resolved terahertz spectroscopy under 400 nm photoexcitation (Inset: Absorbance of dcbpy-TiO2 and bare TiO2), (b) Frequency-resolved complex photoconductivity in dcbpy-TiO2 (after 2 ps, 400 nm photo-excitation); blue solid lines represent Drude-Smith fits. 


[bookmark: _Toc477804048]4.4 Summary
In conclusion, we have investigated the evolution of interfacial electron transfer (ET) upon dye photodegradation in N3 sensitized mesoporous TiO2 electrodes by time-resolved terahertz spectroscopy (TRTS). Remarkably enough, we observe that, upon complete N3-TiO2 photodegradation, substantial electron injection into the oxide remains, amounting to ~50% of the pristine system. This remnant ET signal is unambiguously attributed to dcbpy (4,4’- dicarboxylic acid - 2,2’-bipyridine), a photodegradation product of the N3 dye that remains bonded to the TiO2 electrode. 

[bookmark: _Toc477804049]4.5 Appendix
Extracting and modelling frequency-resolved complex photoconductivity from TRTS measurements. 
The frequency-resolved complex photoconductivity of N3-TiO2 electrode was obtained by Fourier transformation of the time-resolved probe traces transmitted through the films. Frequency-resolved complex photoconductivity () can be expressed as a function of the differential transmissivity T() via the following formula:155
 				(1)	
where Z0 = 377  is the impedance of free space, d is the thickness of the films (),  is the transmitted reference THz spectrum and n is the refractive index of the unexcited substrate ().120 The frequency-resolved complex photoconductivity spectra of N3-TiO2 and dcbpy-TiO2 samples are fitted by using Drude-Smith (DS) model as:
 	 	(2)
where p, 0, and are the plasma frequency and vacuum permittivity, scattering time and scattering parameter, respectively.
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[bookmark: _Toc477620757][bookmark: _Toc477804050]Chapter 5
[bookmark: _Toc477620758][bookmark: _Toc477804051]Correlating Carrier Dynamics and Photocatalytic Hydrogen Generation in Pt Decorated CdSe Tetrapods
We investigate photo-induced carrier dynamics by time resolved terahertz spectroscopy (TRTS) in Pt nanoparticle-decorated CdSe tetrapods as a function of Pt nanoparticles size. We find that the collection efficiency of electrons photo-generated in the tetrapods by the Pt particle increases as a function of Pt nanoparticle size. However, the photocatalytic H2 generation efficiency is reduced for tetrapods decorated with larger Pt particles. Our results demonstrate a competition between electron capture efficiency at the semiconducting/metal interface, increasing with nanoparticles size, and electron release efficiency at the metal/water interface, decreasing with nanoparticles size. This trade-off defines an optimum for photocatalytic H2 generation in Pt co-catalyst decorated CdSe tetrapods as a function of Pt size. 
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Figure 5.1 Schematic representation of time-resolved spectroscopy (TRTS) experiment in CdSe tetrapods in toluene.



[bookmark: _Toc477804052]5.1 Introduction and aim of the work
Photocatalysis represents an appealing approach for energy storage in chemical fuels such as hydrogen, methane or methanol.56,156 Semiconductor nanocrystals constitute a class of building block systems that are promising photocatalysts for H2 generation owing to the fact that their optical and electronic properties are tunable by size, composition and morphology.61–66 Wave function engineering in type II band-alignment core/shell QDs,67,157 dot-in-rod nanorods64,68 and tetrapods68,158 architectures allows for fine tuning electron and hole localization within the semiconducting hetero-nanostructures; this aspect has a direct impact on photo-induced charge carrier relaxation within the semiconducting nanostructure and hence on the photocatalytic H2 generation.64,67,68 Furthermore, the photocatalytic activity of semiconducting nanostructures can be boosted by decorating them with metal nanoparticles acting as charge scavengers; the so-called co-catalysts.5,63,64,69 Therefore, controlling the size, composition, coverage and specific location of the metal co-catalyst is an important factor for improving photocatalytic H2 generation efficiency.62,70–75
Specifically, the interplay between metal co-catalyst loading (size and coverage) and the photocatalytic H2 generation performance for metal decorated nanostructures has been interrogated by several groups.70–72,75 Berr et al. and Schweinberger et al. have previously reported photocatalytic H2 generation efficiency in Pt decorated CdS nanorods as a function of metal particle coverage and size (for Pt clusters between 8 atoms and 68 Pt atoms).71,72 They found that co-catalyst coverage improves photocatalytic H2 generation efficiency. On the other hand, for a fixed co-catalyst coverage, they reported that an intermediate Pt cluster size among those analyzed (specifically ~1 nm consisting of 46 Pt atoms) provided the best photocatalytic H2 generation efficiency.71 Analogously, Ben-Shahar et al.75 analyzed the effect of gold co-catalyst particle size in gold-tipped CdS rods. While increasing the Au particle size was found to speed up the rates of electron collection at the co-catalyst, an intermediate Au particle size provided the maximum photocatalytic H2 generation efficiency. All of these previous findings on metal-decorated semiconducting nanorods have been rationalized by assuming the work function of the co-catalyst to be size-dependent, directly affecting interfacial charge transfer rates at both the semiconducting/metal and metal/water interfaces. Similarly, some of us recently reported70 on the photocatalytic H2 generation performance of Pt-decorated CdSe tetrapods as a function of co-catalyst size (with identical coverages and Pt particle diameters in the range of ≤1.5 nm to ~2.5 nm). We found that samples containing the smallest ≤1.5 nm diameter Pt particles provided the highest photocatalytic H2 generation.70 Understanding whether metal decorated tetrapods follow similar photo-physics when compared to those reported in nanorods as a function of co-catalyst size requires establishing a clear correlation between co-catalyst Pt sizes, photocatalytic H2 generation and carrier dynamics.
In this study, we interrogate photo-induced carrier dynamics by Time Resolved Terahertz Spectroscopy (TRTS) in Pt decorated CdSe tetrapods showing reduced H2 photocatalytic performances as a function of Pt size. From our analysis of the carrier dynamics, we conclude that electron collection efficiency from the semiconducting tetrapod towards the Pt particle improves from ~94% (for small co-catalyst size of Pt ≤1.5 nm) to unity quantum yield for higher loading (size of Pt ~2.5 nm). However, the photocatalytic H2 generation efficiency of the Pt decorated CdSe tetrapods shows an opposite trend: the samples decorated with ≤1.5 nm sized Pt particles outperform the tetrapods decorated with larger Pt sizes (Pt ~2.5 nm) by ~35-fold. This demonstrates that the collection of photogenerated electrons at the larger Pt particles does not represent a kinetic bottleneck for photocatalytic H2 generation (where larger Pt co-catalyst particles capture electrons faster than smaller Pt particles). Rather, the recombination of the electron from the Pt particle with the hole in the tetrapod hybrid represents a kinetic bottleneck for larger Pt sizes. This relaxation channel, consistent with a Pt size-dependent work-function, competes with electron release from the Pt particle at the metal/water interface. A change in the work function would explain modified interfacial metal/semiconductor energetics within a Marcus–Gerischer1,159,160 electron transfer picture. Analogous to the case of metal decorated nanorods,71,72,75 our results demonstrate that electron capture efficiency at the semiconducting/metal interface and electron release efficiency at the metal/water interface follow competing trends as a function of co-catalyst particle size towards photocatalytic H2 generation in Pt decorated CdSe tetrapods. This trade-off sets an optimum for photocatalytic H2 generation as a function of Pt loading.



[bookmark: _Toc477804053]5.2 Materials and Methods
We introduced experimental details for measuring carrier frequency-resolved complex conductivity dynamics by TRTS and how to extract complex conductivity in Chapter 2. 
CdSe tetrapods (with a band gap offset of ~680 nm) were synthesized from CdSe Zinc Blende (ZB) seeds by continuous precursor injection (CPI) method; a detailed description is given elsewhere.70 In brief, the loading of the Pt nanoparticles decorating primarily the tetrapod arms was controlled by changing the mass of Pt precursor solution from 1 mg to 25 mg that was injected into the reaction solution containing 25 mg CdSe tetrapods. The end products were purified from free Pt nanoparticles by centrifugation and then capped by 11-mercaptoundecanoic acid (MUA) (hole acceptor ligand).161 These recipes produced a constant Pt particle areal density but different average sizes with diameter of ≤1.5 nm and ~2.5 nm as determined by High Angle Annular Dark Field-Scanning Transmission Electron Microscopy (HAADF-STEM).70 The resulting Pt-decorated CdSe tetrapods with different Pt nanoparticle sizes were characterized by high-resolution transmission electron microscopy (HR-TEM), revealing large uniformity in the arm/core aspect ratios of 50/5 for each Pt decorated tetrapods (see ref 70). Furthermore, the HR-TEM analysis revealed CdSe arms consisting of wurtzite (WZ) structure and zinc blende (ZB) tetrapod core.70 Both HR-TEM images and X-ray diffraction (XRD) analysis confirmed WZ arms, ZB core and face centered cubic (fcc) crystal lattice of Pt nanoparticles.70 The two distinct crystal structures of ZB core and WZ arms result in quasi type II band structure between core and arms in the CdSe tetrapods.65,66,162,163 

[bookmark: _Toc477804054]5.3 Results and Discussions
Figure 5.2 (left) shows transmission electron microscopy (TEM) images of bare CdSe tetrapods, Pt decorated CdSe tetrapods from 1 mg Pt and 25 mg Pt precursor. The tetrapod nanostructures are defined by QD cores of ~5 nm diameter and ~50 nm nanorod arms (Pt coverage, primarily on the arms, amounts to ~20 nanoparticles per arm). Figure 5.2 (right) summarizes the photocatalytic hydrogen generation of the Pt decorated CdSe tetrapods decorated by different sizes of Pt nanoparticles (0 nm: bare CdSe, 1.5 nm: Pt (1 mg)/CdSe and 2.5 nm: Pt (25 mg)/CdSe samples).70 The photocatalytic hydrogen generation of the Pt decorated CdSe tetrapods decorated by different sizes of Pt nanoparticles was reported in ref 20. As summarized in Figure 5.2 (right), for the samples analyzed in this work, we found photocatalytic H2 generation of ~3 nH2/µmolg-1 for bare CdSe tetrapods, ~250 nH2/µmolg-1 for ≤1.5 nm Pt decorated CdSe tetrapods and ~7 nH2/µmolg-1 for ~2.5 nm Pt decorated CdSe tetrapods. Note that the photocatalytic H2 generation for tetrapods decorated with small ≤1.5 nm Pt clusters represents a ~35-fold increase compared to samples loaded with Pt clusters of ~2.5 nm. 
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	Figure 5.2 (Left upper panel): TEM image of bare CdSe tetrapods (scale bar: 100 nm); (Left bottom panel) TEM bare, ≤ 1.5 nm Pt decorated CdSe and ~2.5 nm Pt decorated CdSe tetrapods. (Right): Photocatalytic hydrogen generation of the Pt decorated CdSe tetrapods versus different sizes of Pt nanoparticles (0 nm: bare CdSe, ≤1.5 nm Pt and 2.5 nm Pt decorated CdSe tetrapods (see ref 70 for further details).



In Figure 5.3, we present the time-dependent real conductivity following photoexcitation measured by TRTS of toluene solutions containing bare tetrapods (red squares) and tetrapods decorated with Pt particles with averaged diameters of 1.5 nm and ~2.5 nm (blue and black squares respectively). All the measurements were carried out in the regime of, on average, appreciably less than one electron-hole pair being generated per tetrapod (400 nm pump fluence ~10 µJ/cm2), and the optical density of the samples at 400 nm was kept the same, allowing for a direct comparison of the photoconductivity amplitudes measured on different samples. The time-dependent real photoconductivity in bare CdSe tetrapods (Figure 5.3 - red squares) reveals a sub-picosecond rise followed by biphasic decay dynamics with characteristic lifetimes of 1.25 ± 0.05 ps and 500 ± 25 ps. A similar fast component (< 2 ps) has been resolved by transient absorption spectroscopy for CdSe tetrapods and was assigned to localization of electrons from the arm to the core.162,163 The localization of the electron at the core is a consequence of the type II band alignment between ZB core and WZ arm for CdSe tetrapods,65,66,70 and is consistent with the frequency resolved THz conductivity of our samples presented below. The long lived TRTS lifetime resolved for bare CdSe tetrapods can be assigned to the lifetime of quasi-free carriers populating tetrapod, = 500 ± 25 ps. 
The blue trace in Figure 5.3 shows the effect of ≤1.5 nm Pt decoration in CdSe tetrapods on the carrier dynamics. The real conductivity signal right after pump is comparable in magnitude to that obtained for bare tetrapods (red trace in Figure 5.3), revealing a similar yield of quasi-free carrier generation. The dynamics are still well modelled by a biphasic decay, where the fast component is assigned as in the case of bare tetrapods to the localization of electrons in the core (with the same lifetime that is observed for the bare tetrapods ( = 1.25 ± 0.05 ps). The slow component for this sample is characterized by a lifetime of ~30 ps, and associated with the capture of electrons at the ≤1.5 nm Pt particles. This assignment is consistent with the expected role of the metal co-catalyst as electron scavenger.63,164 The lifetime of electron capture at the metal Pt particle competes with the exciton recombination lifetime in the tetrapod (= 500 ± 25 ps); this will co-determine the efficiency of the photocatalytic process as will be discussed later. 
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Figure 5.3 Real conductivity (a.u.) versus pump probe delay in CdSe and Pt decorated CdSe tetrapods in toluene. Solid lines show exponential fits providing lifetimes  = 1.25 ± 0.05 ps and  = 500 ± 25 ps for bare CdSe,  = 1.30 ± 0.05 ps and = 26.9 ± 4.8 ps for ≤1.5 nm Pt decorated CdSe, and = 0.53 ± 0.02 for ~2.5 nm Pt decorated CdSe tetrapods.

The decoration of tetrapods with larger Pt co-catalyst sizes (~2.5 nm, black trace in Figure 5.3), reduces the overall amplitude of the real conductivity when compared with bare and 1.5 nm Pt decorated tetrapods. The reduced amplitude indicates that a substantial fraction of electrons populating the tetrapod are captured at the Pt particles faster than our experimental resolution of ~200 fs. The remaining signal is characterized by a lifetime of ~ 0.5 ps (Figure 5.3 - black squares); the nature of this signal is discussed below.  
To investigate the nature of the monitored photoconductivity in the samples, we determined the frequency-resolved complex conductivity ( of the bare CdSe tetrapods (15 ps after photoexcitation) and of the ~2.5 nm Pt decorated CdSe tetrapods (0.9 ps after photoexcitation), respectively. The spectral response of bare tetrapods shows an increasing positive real conductivity Re[] and decreasing negative imaginary conductivity Im[] that can be well modelled by phenomenological Drude-Smith model (red traces in Figure 5.4a; see experimental section for fitting details); this response is characteristic for conductivity mediated by quasi-free carriers experiencing backscattering due to confinement effects.103 Using Drude-Smith fitting, we infer a backscattering parameter of c = -0.99 ± 0.01 (and scattering time of  = 20 fs) which refers to the complete backscattering for highly localized charges (e,g, electrons). For ~2.5 nm Pt decorated CdSe tetrapods, fitting of Drude-Smith103 model to the data provides a value of  = -0.91 ± 0.01 (and scattering time of  = 27 fs) (black line in Figure 5.4b). Note that, the degree of confinement can be inferred from the c parameter as described in the experimental section (with c = 0 and c = -1 representing a lack and complete backscattering experienced by photogenerated charges, respectively).76,165 Hence, these numbers imply increased delocalization for the photogenerated free charges in the sample loaded with larger Pt particles. We therefore assign the short-lived component resolved in the pump-probe traces to holes partially delocalized within the 1D tetrapod arms with a lifetime of ~ 0.5 ps (Figure 5.3 - black squares). The localized character of signal attributed to electrons (Drude-Smith model with c = -1) and quasi-delocalized nature of probed holes (Drude-Smith model with c = -0.92) is consistent with the expected type II band alignment65,66 induced by the two distinct crystal structures of ZB core and WZ arm in CdSe tetrapods (with electrons localized in the 0D core and holes partially delocalized in the 1D tetrapods arms). Within this scenario, the amplitude of the terahertz signal observed for the bare CdSe tetrapod is determined by the response of both electrons and holes, while that of the ~2.5 nm Pt decorated CdSe sample right after the pump (~0.9 ps pump-probe delay) is determined by holes only. As such, the ratio of the two signals should reflect the effective mass ratio of quasi-free holes versus electrons for CdSe (mh/me). This ratio amounts to ~4, which is within the range of the reported values in the literature for CdSe (mh/me = 3-6),67,162,166,167 supporting the assignment of the real conductivity signal monitored in 2.5 nm Pt decorated CdSe tetrapods (Figure 5.3 - black squares) being associated with hole dynamics (with a lifetime of ).
From our data, we cannot establish the nature of the hole trapping, e.g. a bulk or surface trap and/or eventually capture at the hole acceptor MUA ligands.164 Trapping of holes in dot-in-rod structures CdSe/CdS168 and CdSe nanorods68 has been resolved by transient absorption to occur in ~0.7 ps, and has been tentatively associated with unpassivated traps at the rod surface. The fast trapping of the hole has been suggested to be a kinetic bottleneck for photocatalytic H2 generation efficiency by other authors.161,164
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	Figure 5.4 a) Frequency-resolved complex-valued photoconductivity for a) bare CdSe tetrapods after 15 ps pump-probe delay, b) ~2.5 nm Pt decorated CdSe tetrapods after 0.9 ps pump-probe delay. Red, black and blue lines represent fits using the Drude-Smith model providing different c parameters as shown.



In Figure 5.5, we summarize our findings of electron and hole dynamics in Pt decorated CdSe tetrapods. The overall photocatalytic H2 generation efficiency is related to 2 kinetically relevant steps as:70–72,169 (i) electron capture from CdSe tetrapods to the Pt co-catalyst at CdSe/Pt interface (green line labelled as in Figure 5.5), and (ii) electron release from Pt to water at the Pt/water interface (blue line in Figure 5.5; ).  In this respect, the overall photocatalytic H2 generation efficiency () measured in the Pt decorated tetrapods can be defined as:

          (1)    

where   are, respectively, the competing rates of electron trapping at Pt co-catalyst and exciton lifetime in the tetrapod (defining the electron capture efficiency at the Pt particle  ); and  and  are the rate of electron release from the Pt to water and competing relaxation back to the tetrapod (defining the electron release efficiency from the Pt particle;  ). From Equation 1 and the inferred TRTS rates, the electron capture efficiency at the Pt particle for the ≤1.5 nm Pt decorated CdSe tetrapods is estimated to be ~94%; meaning that 94 out of 100 photogenerated electrons are efficiently collected at the Pt co-catalyst. The electron capture efficiency for the sample containing larger Pt particles (~2.5 nm) reaches unity quantum efficiency;  100%. The faster collection of electrons revealed in tetrapods decorated with larger Pt particles (blue vs black trace in Figure 5.3) is consistent with previous reports,75 and might be directly related (for a fixed Pt particle areal density) to an increase in capture cross section (associated with donor-acceptor coupling) and/or with an increase in the excess free Gibbs energy between tetrapod LUMO and Pt Fermi level according to Marcus–Gerischer electron transfer reactions.1,159,160
 As mentioned above, for the samples analyzed in this work, we found that photocatalytic H2 generation ( in Equation 1) was ~7 nH2/µmolg-1 for ~2.5 nm Pt decorated CdSe tetrapods and ~250 nH2/µmolg-1 for ≤1.5 nm Pt decorated CdSe tetrapods (see Figure 5.2 - right).70 Given that the maximum photocatalytic H2 generation is  observed for 1.5 nm Pt decorated CdSe tetrapods (see Figure 5.2 -right), and according to the trend in   vs Pt size, we have to conclude that the second term in Equation 1 () is necessarily larger for small Pt nanoparticles. Our findings thus indicate that, while electron capture at the Pt  will be favored in larger Pt particles, the electron release rate from the Pt co-catalyst to water () is reduced as Pt particles become larger. This trade-off sets an optimum for photocatalytic H2 generation as a function of Pt loading, as the two kinetically relevant steps for electrons at semiconductor/metal and at metal/water interfaces follow opposite trends as a function of the Pt co-catalyst size, analogous to what has previously been concluded for gold-tipped CdS nanorods75. Our findings are consistent with the Marcus–Gerischer theory1,159,160 where increasing the driving force for charge transfer between tetrapod LUMO and Pt Fermi level (G in Figure 5.5) would increase the  rate but at the same time reduce the   rate in proportion, thereby establishing a trade-off for the photocatalytic H2 generation as a function of Pt size.
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Figure 5.5 Summary for carrier dynamics taking place in Pt decorated CdSe tetrapods showing rates of electron trapping at Pt co-catalyst ), localization of quasi-free electrons from wurtzite arms (WZ) towards zinc blende core (ZB) (), hole trapping (), electron-hole recombination in tetrapod ) and electron-hole recombination from Pt to the tetrapod (). 

[bookmark: _Toc477804055]5.4 Summary
The interplay between carrier dynamics and photocatalytic H2 generation was analyzed in Pt decorated CdSe tetrapods as a function of Pt co-catalyst size. Our results demonstrate that a trade-off exist as a function of Pt size between the two kinetically relevant steps involved in photocatalytic H2 generation; (1) electron transfer from the tetrapods towards the Pt particle increases as a function of Pt co-catalyst size and (2) electron capture from the metal towards water reduces as a function of Pt co-catalyst size. This trade-off set an optimum Pt co-catalyst size for obtaining maximized photocatalytic H2 generation in metal decorated CdSe tetrapods.
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[bookmark: _Toc477804057]Conclusions and outlook
Solar energy provides promising solutions for today’s world energy needs. We can directly convert solar energy into electricity via solar cells and store solar enegy into chemical energy via water splitting in environmental friendly schemes. However, photovoltaics and photocatalysis still represent a small percentage of the global energy production, that is dominated by non-renewable energy sources. This is partly due to the fact that the current solar energy conversion technologies are still costly with respect to the non-renewable energy sources.
In this thesis, we examine the optical and electronic properties of potential active hybrid materials for solar conversion energy processes by using time-resolved terahertz spectroscopy (TRTS). This contact free technique provides us to investigate charge carrier dynamics in terms of charge transport mechanisms in active materials and charge transfer dynamics at interfaces via pump-probe experiments. In these experiements, we photoexcite our samples by ultrashort laser pulse to generate charges (electron and hole) and probe those charges by a freely propagating single cycle THz pulse in the time domain. The time evolution of the carriers (carrier dynamics) can be obtained by conducting a pump-probe experiment where we change the delay between pump and probe, and simultaneously record the photo-induced change on the maxima of the THz pulse. Also, we can monitor the photo-induced complex conductivity spectra of materials in the THz frequency domain by conducting a pump-probe experiment where we change the delay of sampling beam, and simultaneously recording the photoinduced change of the THz probe profile. From these measurements, we can estimate the mobility and the scattering time of the photogenerated charge carriers. TRTS characterization is then able to provide a detailed picture of charge transport in active materials for solar energy conversion. In this thesis, we studied several hybrid systems:
In chapter 3, we employed TRTS technique to investigate the nature of photogenerated charge carriers and their charge transport mechanism in solution processed MAPbI3(Cl) perovskite films. We find that photo-generated carriers do not experience localization or preferential backscattering at grain boundaries in our samples in line with a Drude model conductivity response in our samples (free carriers). Finally, we showed that the momentum scattering time versus temperature for the tetragonal phase (displaying room temperature mobilities of μ ~30 cm2 V-1 s-1)  follows a T-3/2 dependence, indicating that acoustic phonon scattering represent the upper limit mechanism impeding larger mobilities in these technologically relevant materials.
In chapter 4, we monitor the evolution of interfacial charge transfer upon photodegradation of molecular dye in N3 sensitized mesoporous TiO2 electrodes by time-resolved terahertz spectroscopy (TRTS). We showed that sub-ps electron transfer, weighting 50% of the ET from N3 dye towards TiO2, emerges upon sample’s photodegradation. This transfer path is associated with dcbpy (4,4′-dicarboxy-2,2′-bipyridine) moieties remaining bonded to the oxide electrode upon photodegration. We demonstrate that dcbpy provides a direct sub-ps electron transfer when sensitizing TiO2.
In Chapter 5, we studied the correlation between charge carrier dynamics and photocatalytic hydrogen generation in Pt decorated CdSe tetrapods as a function of Pt co-catalyst size. We demonstrated the presence of a trade-off as a function of Pt size between the electron transfer at the tetrapod / Pt particle interface and electron capture from the metal at Pt / water interface. We find that electron transfer from tetrapod towards Pt particle increases as a function of Pt size, while electron capture from the Pt particle to water decreases as a function of Pt size. This trade-off set an optimum Pt co-catalyst size for obtaining maximized photocatalytic H2 generation in metal decorated CdSe tetrapods.
Besides the development of new active materials for solar energy conversion architectures, further research is still needed to improve their mobilities, device performances and long-term stabilities. To start with, solution processed perovskites have shown promising solar cell efficiencies (20.1 % according to NREL efficiency chart); however, their mobilities are actually not as high as inorganic semiconductors which are absorbers in commercial high efficiency solar cells. Many types of solution processed perovskites have stability issues; hence resulting in stability problems within their devices and device lifetimes. Additionally, current-voltage characterizations of perovskite-based solar cells suffer from hysteresis effects in devices. Another issue is that commonly studied solution processed perovskites contain toxic lead which needs to be replaced with its non-toxic counterparts. Therefore, it is highly crucial to further investigate, understand and eventually engineer the perovskite-based solar cells for further improvement of their performances. 
Like perovskite based solar cells, dye sensitized solar cells (DSSCs) are one of the emerging PV technologies. They are inspired by the principle of natural photosynthesis which are low cost alternatives for inorganic based solar cells. Although these device architectures have found niche applications in the market, the current device performances of ~12% are not competitive enough for market mass penetration. Further research can be focused on developing new sensitizers matching better the spectrum of sunlight (vis-IR-near IR spectral region). The mesoporous oxide nanostructures also need further characterization in order to be better understood in terms of the role of surface traps to eliminate the interfacial charge recombination proccesses. Furthermore, the lifetimes of devices, especially considering the fact that most dyes are prone to degradation, need to be further increased for the future commertializaition of DSSCs. 
To produce hydrogen via sunlight driven by water splitting, many design principles of photocatalytic cells have been developed. Controlling the shape of these nanomaterials is still a major ongoing research topic in order to gain control on charge carrier dynamics at the nanoscale via wavefunction engineeering. But, many challeges are still present in this field, such as chemical stability of these nanostructures in aqueous solutions; non-oxide semiconductors (as the CdSe tetrapod samples analyzed in this thesis) are prone to photocorrosion because they are easily oxidized by photo-generated holes. This process can be prevented or at least substantially reduced by removing the holes from the semiconductor faster than oxidation takes place; this can be attempeted via sacrifial agents. Moreover, the specific morphology and chemistry of hybrid nanostructures needs to be further optimized to improve electron collection at the co-catalyst while preventing detrimental recombination processes. Furthermore, the kinetic competition between H2 generation and capture at the co-catalyst needs to be fine tuned in order to improve their solar to hydrogen conversion efficiencies. 
	In conlusion, solar energy conversion processes for energy production and storage are expected to contribute to a better future owing to their renewable nature, low costs and eventually high conversion efficiencies. Although the challenges are huge, further research and fundamental understanding will promote further developments and open new doors for future technologies. 
		Chapter 6
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