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Chapter 1 Introduction

Context

The electricity is the most versatile form of energy, which consumptions increases every year due to the unprecedented economic and industrial growth. According to International Energy Agency, in 2021 the electricity demand increased by 4.5%, cementing the electricity's share in the final energy demand above 20% [1]. In the past year (2020) the electricity supply witnessed a record growth on the part of renewables, especially wind and solar, that grew by 12% and 23%, respectively [1]. However, most of this kind of energy is still produced in the process of burning fossil fuels (i.e., coal, gas, and oil), which contributes significantly to the contamination of the atmosphere with CO2. This in turn causes the greenhouse effect, being the major source of the global warming, that nowadays is one of the most serious problems that mankind faces. The effect of human activities on the environment is becoming so significant, that the scientific community envisions the catastrophic scenarios. In order to control greenhouse gas emissions, agreements (such as the Paris agreement of 2015 [2]) have been made, aiming for the transition towards cleaner energy sources. Among them there are nuclear fusion and renewable energy sources. The grand potential of solar energy lies in its availability (constant energy flux reaching the Earth from the Sun all over the globe) and convenience (can be implemented both in large-scale facilities, and also in the single household). Thus, the research community pays special attention to the development of the photovoltaic (PV) technologies in order to take advantage of this inexhaustible energy source.

Solar cells and heterojunctions

What is photovoltaics? This technology is based on generating a direct current and voltage from semiconducting materials when they are illuminated by photons. The device that converts solar energy into electricity is the solar cell, and the process in which it occurs is called the photovoltaic effect. First, the absorption of light generates electron-hole pairs within the semiconductor, and then they are separated by the structure of the device (electrons move to the anode and holes to the cathode), generating electrical power. More specifically, the absorption of a photon results in the transition of an electron from the valence band to the conduction band leaving behind a positively charged hole in the valence band, each of which can contribute to the current. The separation of these carriers is made possible by energy level power conversion efficiency (PCE). The current PCE record of c-Si solar cells is 26.7 % [9]. One of the issues with 1 st generation solar cell technology is the huge amount of the material (thickness of 100-500 µm) that is necessary for high-performance devices and high level of the material purity. This significantly increases the manufacturing costs. In search of PV technology that avoids these drawbacks, the second-generation solar cells have been appearing in the 1970s. It refers to the thin film technologies, and includes materials like amorphous silicon, CdTe or CIGS solar cells [10][11] [12]. These technologies benefit from the significant reduction of the material to the nm-µm range, which decreases production costs. However, one of the drawbacks of these technologies was that the raw materials are not very abundant, which increases the costs of production. In recent years (1990s), due to the rapid development of nanotechnology, the third generation of PV devices emerged. The characteristics of this generation is that the cells are based on cheap and abundant materials, which includes dye sensitized solar cells, organic solar cells, hybrid solar cells and perovskite solar cells [13][14][15] [16]. An advantage of 3 rd generation solar cells is their versatility: they can be made to absorb only part of the incoming light, providing a trade-off between transparency and power generation. Together with relatively inexpensive processing (cheap materials and production), which is mostly based in solution and low-temperature processes, this allows to use them in combination with other solar cell technologies in tandem configuration. As will be described in more detail later, this allows to overcome the limits of current single junction solar cells and thus making the solar energy more suitable to supply electrical energy in the fastdeveloping world. As the efficiency of market leading c-Si solar cells is slowly approaching its limits mitigation of main losses in this type of solar cells, namely thermalisation of carriers excited by high-energy photons, remains a main challenge. One way to overcome it is by employing tandem geometry of solar cells, which consists of two sub-cells that absorb different part of the solar spectrum. Silicon as a matured technology and with its small bandgap of 1.12 eV is a perfect candidate for the bottom sub-cell, while halide perovskites can be used as absorber materials in the top sub-cell due to their well-suited optoelectronic properties, such as band gap tuning via compositional engineering [17], high absorption coefficient and steep absorption edge with low sub-band gap absorption [18]. Indeed, such perovskite silicon tandem solar cells are currently showing efficiencies as high as 29.1% [9] with theoretical efficiencies that can potentially exceed 40%. Although technical considerations of perovskite-silicon tandem solar cells have been widely studied, the fundamental research of how this material system works is lacking and there have been only few studies dedicated to an investigation of direct perovskite-silicon interfaces. The combination between silicon and perovskites, however, requires extensive studies to understand the physics of the interfaces and the transport between the different layers necessary for the extraction of carriers, as well as the link between the two sub-cells of the tandem cell. This is true regardless of the considered tandem cell architecture: two terminals, four terminals, but also the 3-terminal architecture, in which the heterointerface between the two materials constituting the sub-cells plays an active operational role. While in practical solar cell devices these two materials are normally not in a direct contact, the knowledge of the carrier transport and band alignment between them would allow for a better understanding of their performance and compatibility.

Thesis aim and outline

In this work we use Kelvin probe force microscopy as a main experimental tool to study the direct interface between silicon and perovskite and discuss the results in a view for tandem solar cell application. KPFM is a non-destructive method, does not require difficult sample preparation and allows the observation of the evolution of the perovskite's surface properties under environmental conditions. Using a conductive tip, KPFM can be employed to record the contact potential difference (VCPD) between the tip and the sample, which reflects the difference in their surface potentials. For a given and constant work function of the tip, the local work function (surface potential) of the sample can then be presented in high-resolution VCPD maps, while at the same time showing the surface topography at the nanoscale. By performing the experiment under illumination and subtracting the VCPD measured in the dark from that measured under illumination, one obtains the surface photovoltage (VSPV), that gives insights into band bending at the surface and at the interface and contains information on charge separation and recombination. We also use the photoelectron spectroscopy (XPS -X-ray Photoelectron Spectroscopy or UPS -Ultraviolet Photoelectron Spectroscopy) for physicochemical characterizations of the positions of the electronic bands of the materials at the interfaces as well as the chemical composition. The aim of this thesis is to use the combined set of characterisation techniques to improve the understanding of the PVK/c-Si interface properties which can be used to develop strategies to reduce losses by decreasing recombination of photogenerated carriers and improving their extraction in each sub-cell.

The thesis is structured as followed:

- 

Chapter 2 Metal Halide Perovskites

When metal halide perovskites appeared in the photovoltaic community in 2009 for the first time, exhibiting efficiency of merely 3.5 % in the form of dye sensitized solar cell [1,2], no one expected that in just few years they would become a new category of 3 rd generation solar cells. Their unprecedented increase in efficiency to over 25 % [3] in just few years, extraordinary optoelectronic properties and cost-effective production attracted attention of many research groups, promising a revolution in photovoltaic market. Now, around 10 years after their emerging in the field, they are one of the most studied photovoltaic materials, with a strong focus on improving the efficiency of perovskite-based devices. Companies, like Oxford PV [4] or Saule Technology [5], already attempt to bring them from the laboratory to the industry. However, despite their unquestionable technological improvement, the understanding of the fundamental processes and the origins of their outstanding optoelectronic properties has not kept pace with device development. Hence, more effort needs to be paid to understand this material better, because otherwise the lack of this knowledge can hinder the further advancement.

In this chapter, the fundamentals of perovskite materials will be presented, including their crystal structure and the origins of their exceptional properties, comparison with other well established photovoltaic materials, like Si, and description of the working principle of perovskite solar cell device.

Crystal structure

Perovskite's formula can be described as ABX3, where A is a monovalent cation, B is a divalent cation (usually a metal), and X is a monovalent halide anion. A-site cation can be either organic or inorganic, and in case of the former, perovskites are referred as hybrid organic-inorganic compounds [6]. The framework of their famous structure, shown on the Figure 2.1 is composed of corner sharing octahedra BX6 4-, which are formed by hexacoordinated B-site cation, surrounded by six halide X-site anions. Bonding between these ions within the octahedra is established by a mixture of ionic and covalent interactions [7].

The octahedral skeleton comprises large voids between each eight BX6 4-units, where A-site cation resides. Its role is to compensate the charge within the lattice, and it strongly influences the structure, which we will discuss later. The interactions between A-site cation and the inorganic octahedra are mainly electrostatic [7]. Perovskite compounds are famous for mixing their composition, however, not every atom or molecule ion can form stable perovskite structure. To predict the formability of the perovskite system, two geometrical factors need to be considered: tolerance t and octahedral µ factors.

In 1926, basing on a rigid sphere model, mineralogist Goldschmidt developed a dimensionless factor that indicates the compatibility of ions within the 3D lattice, and now it's called the Goldschmidt tolerance factor, after his name. The t factor is the ratio of the A-X distance to the B-X distance in the ideal solid sphere model (Figure 2.2a). For perovskites, its value is usually found between 0.81 and 1.11; for the perfect cubic phase, it should be close to 1 [11,12].

The t factor is however not enough; another important factor, which determines the stability of the octahedral BX6 4-structure, needs to be considered. The so-called octahedral factor µ is the ratio between ionic radii of B and X (Figure 2.2b). For stable perovskites, its value resides between 0.44 and 0.90 [13]. [13,14,15] With these two factors we can exclude many atoms and molecules, that basically don't fit into this structure, and we are left with just a few most popular elements that constitute hybrid halide perovskites. The metal cation B site is usually occupied by Pb 2+ , and sometimes Sn 2+ [16]. Since we consider halide perovskites, to occupy X site we have only three options: I -, Br -or Cl - [17,18]. On the A site we have much more of a choice: we can select either inorganic atoms, like Cs+ [17], or even small organic molecules like methylammonium CH3NH3 + (MA + ) [19] or formamidinium CH3(NH2)2 + (FA + ) [20]. In case of mixed cation perovskites [21], atoms which alone are too small to fulfil the t factor can be also chosen, like Rb + for example [22]. We can even place three different organic or inorganic cations at a time [23]. Using larger molecules, we can break the perovskite 3D structure and obtain 2 dimensional phases. These are formed by inorganic octahedral planes separated by large molecules and have different properties than their 3D counterparts, because they can be considered as quantum wells, where the electronic charges are confined in the BX6 4-planes. Although they show poorer efficiency when applied as an absorber in solar cells, they are known for their high resistance to humidity, so they can serve as a passivation layer of the traditional 3D perovskites, to protect them from moisture [24].

Although both factors provide a guideline to forecast the perovskite formation [13], transitions between different crystal phases upon heating are also present. Thus, another element needs to be taken under consideration: temperature [25]. If we consider for example, the standard MAPbI3 perovskite, it can undergo two phase transitions, depending on the temperature [26,27,28,29,30]. Here, an organic MA + molecule is in-charge of these transitions; since it's not centrosymmetric and it poses a dipole moment, it can rotate within the octahedral cage [31,32,33,34,35,36]. So, by changing its relative orientation to the inorganic framework, it is varying the lattice symmetry of the whole structure.

Let's consider first the low temperature case. When we are below 165 K (Figure 2.3), MAPbI3 is in its orthorhombic phase (lattice parameters: a ≠ b ≠ c, all the angles are 90º). Due to the lack of sufficient thermal energy, MA + is fully ordered and immobile, PbI6 4-octahedra on the other hand are strongly deformed. When we increase the temperature not overpassing 327 K, MAPbI3 transits to the tetragonal phase (lattice parameters: a = b ≠ c, all the angles are 90º). Due to thermal motion, MA + cation starts to rotate, PbI6 4-octahedra are less distorted and tilted. Above 327 K, MAPbI3 is in the cubic phase (lattice parameters: a = b = c, all the angles are 90º). MA+ is free to rotate within the octahedral cage, which now is no longer distorted [31,33,35,36]. [31] It is also important to mention, that the position of CB minimum and VB maximum of perovskite materials occurs at the same k-vector in the Brillouin zone, which means that perovskites are direct band gap semiconductors [38]. This is a very important property for solar cell applications, which we will discuss also in the Perovskite properties section. Thus, we can see that the inorganic octahedra network plays an essential role in determining the electronic structure of perovskites, and by varying or mixing the atoms on B cation and X anion sites, we can directly change the energy band gap of the material.

What about the cations on the A site? We have just discussed their impact on the crystal structure and phase of perovskites; does it also influence the band structure? The answer is: yes, but indirectly.

Generally, when we consider the perovskite band structure, we can say that the A cation is electronically inactive, because its electronic contributions appear several eV below the VB maximum -too far to have an impact on its structure [37,42,43,44]. However, we know that non-centrosymmetric A cations (like MA + or FA + ) can rotate within inorganic scaffold, inducing changes in B-X bonding and modifying the crystal structure [45,46,47]. Also, substituting A cation for another with different size will also alter the inorganic cage, and thus -the material band gap.

Compositional engineering

Due to their solution or vapor-based processing from precursor salts, it is very easy to modify perovskites composition in search for better optoelectronic properties and stability. It is feasible to substitute or mix elements on A and X sites; the B site is mostly still occupied by lead due to the best stability and performance of Pb-based perovskite solar cells. However, due to its toxic nature, there is a strong research interest in finding an adequate substitute, where tin (Sn) is the most widely studied so far. Changing the atom occupying B site will alter the bandgap. The problem with Sn is that it is very prone to oxidation, which can lead to degradation of the perovskite material [50]. Trying to overcome this issue, the mixing of Pb and Sn is sometimes realised, but it also has some drawbacks, like phase segregation.

Let's focus then on effects from mixing the components of A and X sites, because in these cases we are allowed to do much more manipulations.

X site modification

As we already discussed, electronic structure of perovskites is mainly dependent on B and X sites, so by interchanging and mixing halide atoms, we will drastically alter the band gap of the perovskite. For example, if we substitute the iodine atom in MAPbI3 (which exhibits direct band gap of 1.55 eV [41]) by either bromine or chloride we can increase the perovskite band gap up to 3.1 eV [52,53]. Due to the decreasing size of the ionic radii from I -to Br -and Cl - (see Figure 2.1), the absorption offset can be gradually blue-shifted. Also, by mixing many halides at the same time, producing so called mixed halide perovskites, we can adjust the band gap to almost any value within this range. This perovskite property will be a great advantage, especially in designing tandem solar cells to adjust the band gap of the absorber to the desired range of solar spectrum, which will be discussed later in this chapter.

Substituting and mixing halides will also have some impact on the compound stability and, especially in case of mixed halide perovskites, it's important to find the best ratio of ingredients to surpass possible inconveniences, like phase segregation or forming of optically inactive phase (so-called yellow phase), which can increase carrier recombination.

A site modification

In A site we can insert either inorganic atoms, or even small organic molecules, as discussed previously (Figure 2.1), or mix both types of elements. Their steric effect (size and symmetry) will only indirectly influence the electronic structure of perovskite, the main role of cation mixing being increasing the material stability.

Let's again discuss the standard MAPbI3 example. By substituting MA + by slightly larger FA + [54] (see ionic radii on Figure 2.1), the crystal lattice expands tilting PbI6 4-octahedra [55], which will result in slight band gap decrease from ~1.59 eV to 1.45 -1.52 eV [21,54,56].

MA/FA modifications also affect the process of crystallisation and film morphology [21]. MArich regions show in room temperature (RT) highly textured tetragonal phase (see Figure 2.3); FA-rich regions, on the other hand, exhibit cubic phase with random orientation. Larger FA + cation makes higher energy barrier for intercalation between PbI2 layers during perovskite formation, so it requires higher annealing temperatures, compared to standard MAPbI3 [57] Methylammonium based perovskites are known to be very prone to moisture. It seems intuitive to interchange MA + for FA + , however in pure FA based perovskites, the formation of the photoactive black phase is sometimes challenging. So, adding just small amounts of MA in MA/FA mixed cation perovskites will not only help to avoid yellow inactive phase formation, but will also increase thermal and structural stability [56,58]. Another option is to incorporate Cs + ions to the A site [59,60]. Depending on the other atoms that compose the perovskite, it can have many beneficial effects. In mixed halide perovskites, it can suppress halide segregation; in Sn-based perovskite it can mitigate Sn 2+ oxidation.

The best perovskite solar cells are currently based on so-called triple cation mixed halide perovskites, where on A site we have hybrid organic-inorganic mix of MA/FA/Cs cations, and on X site mix of I and Br anions (B site is occupied by Pb) [23]. It originates from FAPbBr3 perovskite. By adding small amounts of Cs and MA, drawbacks of pure FA-based perovskite are mitigated, and the mixing of halides defines the value of the band gap. Triple cation mixed halide perovskites exhibit improved crystallographic quality, enhanced stability, and better efficiencies.

Besides compositional engineering, electronic structure can be also influenced by both intrinsic and extrinsic defects. Let's move now to the in-a-nutshell discussion about very broad topic, which is Defects and doping in perovskites.

Defects

A high defect tolerance probably played a major role in making perovskite solar cells that successful [61]. Defect tolerance means that the key optoelectronic properties of perovskites remain almost the same as if there were no excessive doping or electronic traps present, despite a large density of various structural defects, detected by structural and other characterisation methods. This suggests that perovskite bandgap remains relatively clean of electronic trap states when typical defects are created, like vacancies or surface-related states, which is because their defect energy levels appear entirely within either VB or CB [61].

The parameter that determines the probability of defect state presence is its formation energy. In perovskites, defects that create trap states deep in the band gap (0.5 -0.7 eV from the band edges) have relatively high formation energies [62], while defects resulting in shallow traps (~0.2 eV from the band edges) have low formation energy [63,64]. This makes it more probable, that the defects that form within the perovskite band gap will produce trap states very close to the VB and CB extrema, which in turn will make them to act like doping states, rather than recombination states. This unique defect physics can be attributed to antibonding coupling between Pb s and I p orbitals [61]. Doping of perovskites can be induced by native defects: it has been discovered that excess of PbI2 makes the perovskite more n type, while excess of MAI precursor makes it more p-type [65]. This behaviour originates from the MA + and I -vacancies and Pb 2+ vacancy, respectively. Now we will discuss the point defects that we can find in perovskites, considering again the MAPbI3 example. unique for perovskites, and it's rather not found in any other PV technology. Its effects should be considered when optimising perovskite-based solar cell devices.

Properties of perovskites

Now we will discuss most important properties of perovskite compounds. The discussed properties are summarised on the graphs at the end of this part on the Figure 2.6.

Energy band gap

We will start with energy band gap (Eg), that is the energy difference between CB minimum and VB maximum, or in other words -the minimum energy that a photon needs to have to create a neutral electron-hole pair (exciton). Energy band gap is a very important parameter, as it determines if a certain material can serve as an absorber in solar cells. At this point, we need to make a reference to so-called Shockley-Queisser theory [69], which relates material band gap to the maximum obtainable efficiency of the solar cell, based on this material. According to this theory, the maximum obtainable efficiency of the single p-n junction solar cell (in AM1.5 conditions) is around 33.7% and it can occur in an absorber with the band gap Eg ≈ 1.34 eV.

As already mentioned before one can tune the bandgap of perovskites via compositional engineering, covering a range of 1.5 -3.6 eV (Figure 2.6a) [START_REF] Stranks | Photovoltaic Solar Energy[END_REF][START_REF] Correa-Baena | [END_REF][72][73][74], making them a perfect candidate for solar cell absorbers, that can adjust their band gap according to the applications (for example, we prefer smaller band gap for single junction solar cell, or higher for top cell in tandem solar cells).

For better light absorption, the band gap should be direct. That means, that when the excited electron moves from the VB to CB, it does not change its momentum k. In the case of indirect semiconductor, like silicon, the electron photoexcitation from VB to CB needs to be proceeded with an assistance of a phonon (a lattice vibration), which makes the photon absorption less probable and leads to smaller absorption coefficient. In direct semiconductor (perovskite [14,27,61,75,76], GaAs…) the excitation is direct and more efficient.

Solar cell efficiency and obtainable Voc

As mentioned at the beginning of this chapter, perovskite solar cells made an unprecedently rapid advancement in their efficiency, reaching now efficiencies up to 25.2 % (Figure 2.6b). With these values they are already an established technology that can easily compete with other technologies, like c-Si based solar cells (26.7% [3] with a very slow advancement in the last decades) or epitaxial GaAs (29.1 %) [3].

Conversion of photovoltaic efficiency is determined by three parameters: short-circuit current density Jsc, fill factor FF and open-circuit voltage Voc. The latter is the hardest to improve in polycrystalline thin films due to many defects (point defects, grain boundaries…) that can serve as non-radiative recombination sources, which is very detrimental to Voc.

As we discussed before, perovskites are quite defect-tolerant, so we would expect that the defects wouldn't decrease much their Voc. To verify whether the obtained Voc is high or not, we can calculate so-called Voc deficit [77], which is based on the fact that the band gap sets the hard-upper limit for possible Voc. The Voc deficit can be defined as a difference between energy band gap value divided by the elemental charge and Voc: ∆Voc = Eg/e -Voc [77]. For example, MAPbI3 solar cell maximum Voc is around 1.19 eV, so assuming the band gap value to be 1.55 eV, we get ∆Voc ≈ 0.36 e V. This can be compared to the Voc deficit of the best c-Si and the best epitaxial GaAs solar cells, which is equal to 0.38 V and 0.30 V, respectively. So indeed, we can obtain very low Voc deficit with perovskite solar cells, and the fact that they are solution processed thin films makes it even more remarkable, proving again that perovskite's defects must be benign.

Excitons

Absorption of light promotes electron from the VB to the CB, leaving behind a hole. Electron and hole interact with each other electrostatically, being a bounded state. In solar cells we need to separate electrons and holes collect selectively either electrons or holes, so we need to unbound electron hole pair. The energy that is needed to do it is called exciton binding energy, and ideally it is lower than thermal energy (kT ≈ 26 meV) at room temperature, so that the carriers can be easily separated.

In case of perovskite materials, reported exciton energies are in the range of 2 -75 meV (Figure 2.6c) [78][79][80][81], which is just around the value of thermal energy. In best cases it reaches the low values comparable to the inorganic semiconductors, like Si (10 meV) [82] or GaAs (4.2 meV) [83], and it is definitely better than the values reported for organic semiconductors (not smaller than 300 meV) [84]. Accordingly, perovskite solar cells are usually referred as non-excitonic.

Absorption

Another extremely important issue that needs to be considered for a potential solar cell absorber is, of course, light absorption. Energy band gap of the material determines the bottom limit of the photon energy that can be absorbed, it can be also seen on the absorption spectrum as an onset, when the absorption coefficient starts to strongly decrease towards lower energies. For MAPbI3 perovskite, absorption onset is placed at around 780 nm (which corresponds to around 1.6 eV band gap) and it is very sharp, revealing no presence of deep states [85]. The steepness of the absorption onset can be characterised by Urbach energy, which is a characteristic energy of the exponential dependence of the absorption coefficient for energies smaller than the band gap. Urbach energy characterizes the degree of fluctuations or disorder in semiconductors due to the structure, composition, and temperature. For perovskites, Urbach energy is about 15 meV [85] (for Si and GaAs, it is about 11 meV and 7.5 meV, respectively [85]). Such similar value to c-Si and GaAs suggests, that perovskite possess highly ordered structure and low density of deep traps within the band gap.

Going back to absorption spectra, the steepness of the absorption onset is not the only positive feature observed. The absorption coefficient itself is very high for energies above the band gap, being as high as the ones measured for GaAs, that is 10 4 -10 5 cm -1 [85]. This strong absorption is thanks to direct band gap of perovskites. For that reason, only 300-600 nm thin layer of perovskites [86] would be enough to absorb most of the light with energy higher than Eg. Less material means lower costs and lower weight of a final solar cell: compared to usually 100 -200 µm thick silicon absorber, this is an advantage.

Transport properties

Having absorbed light efficiently, we can take a closer look at transport properties of perovskites. Before discussing fundamental transport properties, like charge carrier lifetime τ, diffusion length LD or charge carrier mobility µ, we will say a few words about electronic transport in general.

Perovskites are considered to exhibit ambipolar character, that is, they can transport both electrons and holes [87][88][89][90][91]. That is an advantage, because it makes it much easier for both charge carriers to travel towards the proper extracting interface.

As already discussed, perovskite doping type can be either n-type or p-type, depending on the production, defects, or the substrate on which it is deposited on [92][93][94]. However, usually perovskites are considered as intrinsic semiconductors.

Photon recycling

Photon recycling is another property of perovskite materials that is thought to play a role in remarkable photovoltaic performances of perovskite solar cells. In this process, photons that result from radiative recombination are reabsorbed (and subsequently reemitted) by the perovskite itself. This event can effectively increase quasi-Fermi level splitting within the material and hence contribute to the increase in the Voc of the device. [95][96][97].

Diffusion length

For high short-circuit current, photogenerated charge carriers should be able to travel to the charge selective interface before recombination. That means, that majority transport length (diffusion or drift) should be longer than the absorber thickness [START_REF] Stranks | Photovoltaic Solar Energy[END_REF]. In case of diffusion length LD, it is a measure of how far holes and electrons can diffuse in the material before they recombine. It is very closely related to carrier lifetime τ, which in turn is the average time before carrier recombination, during which they drift or diffuse. The relation between those two properties is: LD = √(τD), where D is the diffusion constant (carrier diffusivity). Diffusivity and carrier lifetime can be obtained from the measurements of the mobility (D = µkBT/q) and photocurrent decays or transient photoluminescence, respectively.

Carrier lifetime determined for perovskites can be around tens of ns up to even µs, which is comparable with GaAs lifetimes. Diffusion length of perovskites is also quite high, reaching values up to 1 µm (Figure 2.6e) [START_REF] Stranks | Photovoltaic Solar Energy[END_REF]98,99]. This is enough, considering typical thickness of perovskite absorber (Figure 2.6d), for efficient carrier collection.

The results are quite outstanding, considering polycrystalline nature of perovskites and large amount of grain boundaries, which together with surface defects are supposed to act as carrier recombination centres, reducing the lifetime. Rashba effect is proposed as a possible explanation of this phenomenon. Due to the presence of heavy ions, like Pb or I, perovskites exhibit very strong spin-orbit coupling (SOC). In combination with the loss of inversion symmetry, Rashba effect can arise, causing relative shifting of VB maximum and CB minimum [37]. This means basically the transition for direct to indirect energy band gap, and in case of indirect gap, reducing recombination rate, hence -increasing the lifetime, and thus carrier diffusion length. However, the issue is still under debate and shouldn't be taken for granted yet.

Charge carrier mobility

The last parameter discussed in this section and directly related to electronic transport is charge carrier mobility. It characterises the speed of an electron (or hole) movement within a semiconductor under electric field. It strongly depends on the measuring technique, so it's important to take into account possible limitations and characteristics of the methods. We will not dive into different ways of measuring carrier mobility, so the range of the mobility values usually measured for the perovskites given here will be broad. The values given at the Figure 2.6f are values for both holes and electrons. More specifically, electron mobilities in perovskites range between ~3 cm 2 /Vs to 25 cm 2 /Vs, and for holes between ~17 cm 2 /Vs to 164 cm 2 /Vs [100,101]. Comparing to the organic semiconductors, it is a high mobility value, however still much lower than for inorganic semiconductors like Si or GaAs [102] but considering polycrystalline nature of perovskite film and solution-based processing it is still a good value.

In standard perovskite solar cell architecture (Figure 2.7a), the ETL is facing the incoming sunlight: this configuration is called n-i-p [123,124]. If the position of the two extracting layers is exchanged, so that HTL is deposited on the glass substrate (hence, facing the Sun), the configuration is called p-i-n, or inverted perovskite solar cell [123][124][125]. The substrates on which perovskite layer is deposited (ETL in case of standard device or HTL in case inverted device) have to meet following requirements: (i) have good optical transmittance, as under working conditions the sunlight will pass through them before reaching perovskite, which manifests itself in wide band gap and minimal reflectivity in the solar spectrum range; (ii) high electrical conductivity; (iii) adequate band alignment with the perovskite layer such that one type of carriers is extracted (e.g. electrons at the perovskite/ETL interface) while the other type of carriers is blocked (holes at the same interface) [126].

The bottom extracting layers (HTL in standard device architecture and ETL in inverted device) have similar requirements, with the difference that they don't need to be transparent. However, their processing conditions should not be harmful for the perovskite (because in the solar cell production, they will be deposited on top of the perovskite. As seen on the Figure2.7a, there is also a mesoporous scaffold present in the solar cell stack [113]. This layer has been employed to increase the contact area between the ETL and perovskite to enhance the electron extraction. However, due to ambipolar character of perovskite and large diffusion lengths (discussed earlier), this layer is often omitted without significant loss in efficiency, mainly to minimize production steps and costs (these mesoporous layers usually required high temperature sintering). When the mesoporous layer is not present, then the solar stack is described as planar [127,128].

Contrary to these approaches, new three-terminal (3T) tandem contains a contact that is shared by both sub-cells, which allows for the independent operation of the sub-cells in a monolithic device with a single substrate. This combines the advantages of both 2T and 4T tandems. 3T tandem stack is almost identical to the 2T monolithic device, however the presence of the 3 rd contact allows for electrical decoupling of the sub-cells and thus their operation at their maximum power points [131], which is characteristic to the 4T tandem, as discussed before. There are many types of three terminal tandem solar cells; for example, some of them includes recombination layer between the sub-cells, that act as a third terminal introducing however inevitable parasitic absorption. Other approach comprises using interdigitated back contact (IBC) bottom cell, that mitigates this issue [131].

Long-lasting market leader [132], the silicon solar cell, with a well-established technology [133] and suitable low band gap is often considered as perfect absorber for the bottom-cell in a tandem configuration. Perovskites, on the other hand, present several advantages, which allows considering them as an absorber in top-cells. Their exceptional optoelectronic properties, like high absorption coefficient, low sub-gap absorption and steep absorption edge [85] together with band gap tunability [134] and low-cost processing [135,136] makes them a perfect candidate for this role [137,138].

Perovskite/Si interface: current knowledge

Regarding the combination of perovskite and silicon, little reports exist that studied the direct interface and band alignment between them, and the existing knowledge is not exhaustive enough to understand the carrier dynamics at this interface, among the other properties. In this section, state of the knowledge on this topic will be reviewed.

Rostan et al.

[139] studied optoelectronic properties and morphology of MAPbI3 spin-coated on p-type Si (1-3 Ωcm) by various techniques including atomic force microscopy (AFM), Xray diffraction (XRD), scanning electron microscopy (SEM). They compared the results between samples with different MAPbI3 precursor concentrations, concluding that the molarity of the perovskite solution improves its growth on c-Si. They also compared the results on MAPbI3 deposited directly on FTO. They observed enhancement in photoluminescence (PL) signal when perovskite and Si met together (compared to perovskite on FTO). In another paper [140], the same group studied MAPbI3 deposited directly on silicon substrates of different texture: Si nanowires, c-Si plane surface and textured pyramidal Si surface (silicon used was p-type of resistivity 1-10 Ωcm). This time, the main objective was to optimize spin-coating conditions to obtain the best quality of perovskite thin film on these substrates. They verified the film properties using AFM. Sakerbayev et al. [START_REF] Sekerbayev | [END_REF], have also studied properties of perovskite directly deposited on c-Si. They observed blue-shift of PL peak of perovskite deposited on c-Si, compared to perovskite deposited on ITO, as well as a shorter PL lifetime (on Si). They explain this decrease of lifetime by the built-in field in perovskite/Si heterostructure, that cause ionisation of excitons. In another work [142], the same group studied voltage dependent photoinduced current and photoluminescence of perovskite on silicon, that included also numerical simulations of this system. They simulated band diagrams between perovskite and p-type, n-type and i-type Si, which were characterised by the band offsets. In the experimental part, they used p-type Si (1-10 Ωcm), where they also observed blue-shift of PL peak, which reproduced the results obtained by them one year earlier. Also, this group assumed ohmic contact between perovskite and silicon (used for band diagrams simulation). Gonzalez-Rodriguez et al. [143] studied direct interface between perovskite and silicon in more unconventional architecture, growing perovskite inside Si and SiOx nanotubes of various diameter, and characterised them using various methods (including PL) to probe fundamental properties of perovskite interfacial carrier interactions in Si/perovskite tandem. They observed longer PL lifetimes for perovskite in nanotubes that had higher SiOx to Si ratio, compared to those that were mainly composed of Si, however they did not fully explain the role of oxide passivation in carrier induced quenching of perovskite PL. Two other groups, Geng et al. [144], and Wei et al. [145], studied the properties of perovskite MAPbBr3 single crystals grown directly on c-Si substrates for applications as ultrafast photodetectors and X-ray photodetectors, respectively. The groups used various approaches of growing perovskite crystals on smooth c-Si wafer, that had 2 and 4 nm SiOx layer on the surface, respectively. In both cases, good integration between perovskite and c-Si has been achieved; in case of Wei et al. [145], the group used molecular buffer layer to increase adhesion (APTES molecule). This layer introduced interface dipole between materials, which caused the formation of rectification-less contact (not a Schottky contact between perovskite and c-Si), creating a large barrier for electrons and small barrier for holes at the interface. The most recent study was done by Mariotti et al., [146] and it treats about investigating direct c-Si-perovskite heterostructures as a possible alternative to 2T tandem solar cells. In that work, they assumed that charge carriers can be generated and collected from both n-type Si and MAPbI3. MAPbI3 used in their studies was assumed to be intrinsic, due to 0.87 eV distance of Fermi level from VB, determined by XPS. The contact between perovskite and n-type Si they determined as rectifying, but with weak photoactivity, which contrasts with previous reported studies that reported either ohmic or 'rectification-less' contact between perovskite and Si. They also studied various resistivities of silicon substrate, to conclude that the lowest resistivity reaches highest efficiencies (their testing devices had the configuration: Al/n-Si/MAPbI3/spiro-OMeTAD/Au). In the contact potential (VCPD) measurements of incomplete device with the structure Al/n-Si/MAPbI3 done by macroscopic Kelvin probe, they observed positive VSPV under illumination, with a VCPD spike occurring just when the light was turned OFF. This spike was explained by hole accumulation due to VB discontinuities at the perovskite-Si interfaces.

There are thus still many open questions regarding direct perovskite/silicon interface, as the topic has not been often investigated. Especially, there is not enough focus on the energetic structure of this interface to draw a clear picture how this interface functions and whether it can find an application in perovskite/silicon tandem solar cells or not. This thesis aims to answer those questions. oscillation, depending on the AFM mode used. A setpoint value of these parameters is kept constant during the scan and the piezoelectric actuator corrects the deviations, recording the value of this deviation. This enables the acquisition of the sample roughness at a point and by scanning the surface point by point, the topography map is obtained.

AFM system can operate in three measurement modes: contact mode, non-contact mode and intermediate tapping mode (Figure 3.2).

In the contact mode the tip is always touching the sample surface, the feedback signal is the cantilever deflection. For this mode, softer tips (force constant ≈ 0.01 N/m) are used to minimize the force between the tip and the sample (and avoid the damage of both) and still obtain substantial deflection. The cantilever deflection is proportional to the tip-sample interaction forces, which are mainly repulsive (Figure 3.2). This mode is especially used in conductive AFM extension when the contact is needed to provide a current flow. The disadvantages of this modes are lower resolution (due to large contact area between the tip and the sample) and potential damage of the fragile samples.

In the non-contact mode, the cantilever is oscillating at the distance of about 10 nm over the sample surface without touching it. The tip-sample interactions are attractive (mainly van der Waals). This force modifies the amplitude or frequency of the cantilever oscillations, and these are used as the feedback signals. The magnitude of the change will depend on the tip-sample distance. In non-contact mode the degradation issue present in contact mode is avoided, however due to weak nature of van der Waals forces, the measurements can be sensitive to the water adsorbed on the surface and should be better done in UHV.

The last mode is a tapping mode, in which the oscillating tip is touching the surface of the sample. As in non-contact mode, amplitude and frequency modulation can be used as a feedback signal to measure the sample topography, but in contrast to this mode, tapping mode is less affected by the water meniscus due to much stronger contact forces, and thus can be operated in the ambient environment, like the contact mode. Also, comparing to the contact mode, it offers an advantage of being less destructive and works better on highly textured surfaces. KPFM extension can work either in non-contact or tapping mode.

Regarding detection modes, two variants are possible, and these are amplitude modulation (AM) or frequency modulation (FM) modes. They are schematically shown on Figure 3.3. energy differences between them, i.e., IE (ionization energy), WF (work function), EA (electron affinity), Eg (energy band gap), EVBM (valence band maximum distance to Fermi level)

The work function (WF) of the material is the energy needed to remove an electron from its ground state within the material to the vacuum just outside the material surface, which also can be described as the energy difference between vacuum level and Fermi level [13][14][15]. The kinetic energy of the electron outside the material is then equal to zero. In this case, it can be described by the formula [13][14][15]:
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where Evac is the vacuum level and EF is the Fermi level. In these terms, the WF definition in semiconductors is the same. The parameter that is measured in KPFM is the contact potential difference, VCPD, which is defined as the difference between the work functions of two materials -the conducting AFM tip and the measured sample, and it is given by [9,10,15,16]:
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where WFtip is the work function of the metal tip, WFsample is the work function of the sample and e is the elementary charge. Using a calibrated tip with a known work function, the work function of the sample can be deduced. VCPD measurements can be performed in the dark, which gives an advantage for KPFM method over PES when it comes to determining semiconductor surfaces where band bending can be subjected to the surface photovoltage [17]. In KPFM measurements, however, the surface photovoltage (VSPV) effect can be induced intentionally by applying external illumination, which in turn will provide an insight on surface potential changes. This will be described in more details later in this chapter.

The process of KPFM measurements is schematically shown in the Figure 3.5. When the conductive AFM tip is brought to the proximity of the sample, an electrostatic force will develop between them due to the potential difference VCPD [9,10,18,19]. Before electrical contact, their local vacuum levels are aligned but Fermi levels are not (Figure 3.5a). Upon electrical connection, the electron current will flow from the material with lower work function to the material with higher work function, and the Fermi levels line up [9,10,18,19]. This will result in the accumulation of charges of the opposite type on each surface, and thus in charging of the two materials, which will induce a potential drop in the vacuum level. This potential is called contact potential difference because it occurs if a contact between materials is established (e.g., by a connecting wire). Subsequently the electrostatic force will develop between the tip and the sample (Figure 3.5b). By applying an external bias that will nullify this force, one can find the value of VCPD (Figure 3.5c) [9,10,18,19]. [9,10]. The probe is vibrating at the frequency 0 changing constantly the distance between the plates, and hence the capacitance is changing as well. In the charged capacitor-like system described above, the electrostatic force acting between the tip and the sample can be expressed by the formula [10,18]:
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where the C is the capacitance, z is the distance between the tip and the sample and V is the voltage which has appeared due to charge transfer between the tip and the sample to align Fermi levels. For KPFM measurements an external voltage is applied between the tip and sample and consists of DC-bias and AC-voltage of frequency ω. This frequency is tuned to the resonant frequency of cantilever to improve the sensitivity [9,10]. The voltage existing between the tip and the sample can be then expressed by: / = (/ ,* + / *+, ) + / 3* sin(04).

Equation 5

If we now substitute V in the Equation 4 by the expression from the Equation 5, we will obtain:

+ 21 (5, 4) = - % " &"($) &$
[(/ ,* + / *+, ) + / 3* sin(04)] " .

Equation 6

The electrostatic force Fel can be broken down into three components [9,10,18]:

F = FDC + Fω + F2ω. + ,* = - &"($) &$ 9 % " (/ ,* + / *+, ) " + 4 '( ) 5 :, Equation 7 + 6 = - &"($) &$ (/ ,* + / *+, ) $ *" sin(04), Equation 8 + "6 = &"($) &$ 4 '( ) 5 cos(204).
Equation 9

The static DC component (Equation 7) serves to detect the topographical signal (the cantilever deflection), the second term (Equation 8) at the resonance frequency of the cantilever allows to measure the contact potential difference and the last contribution (Equation 9) can be used for capacitance microscopy. Taking a closer look at Equation 8 we can see that the force Fω will be equal to zero if the (VDC + VCPD) term will be equal zero (where VDC = -VCPD refers to the external bias applied to the tip).

Like in AFM, in KPFM two detection modes can be used: amplitude modulation (AM) or frequency modulation (FM). The mode used in this work was AM. The AM mode can give rise to the crosstalk between topography and KPFM signal since the amplitude modulation influences the capacitance formed not only between the sample and the tip, but also sample and the cantilever. The solution to this problem is to use of two different resonance frequencies ω1 and ω2, to reconstruct topography and image VCPD distribution [9,10], respectively. The tuning of the AC-frequency to the second resonance frequency of the cantilever ω2 not only allows to separate the two signals, but also improves the surface potential measurement sensitivity [9,10]. Usually, the bandwidth of the photodiode used to detect cantilever oscillation is the limiting factor in AM mode. Typical bandwidths of the photodiodes are around 500 kHz, while the cantilevers used have the first resonance frequency in the range of 70-80 kHz (Table 1), and the second in the range 400-470 kHz [9]. If the AC voltage frequency is tuned to the second resonance frequency of the cantilever, the sensitivity is improved. To extract the electrical force component with the specific frequency, a lock-in amplifier is employed. Lock-in technique is used to detect the amplitude at the frequency ω which is in direct relation to the magnitude of the electrostatic forces generated by the applied AC voltage, which in turn can give us the information about the electrostatic force. Depending on the cantilever, such high resolution like 5 -7 meV can be obtained in AM mode, compared to the 10 -15 meV used in FM mode [10,18,[20][21][22]. So, AM mode is usually preferred when the objective of the KPFM measurement is to obtain good energetic resolution, while FM is privileged when the focus is on achieving high lateral resolution of the topography. Some measurements in this thesis have been also performed in macroscopic a Kelvin probe (KP) set-up, which principle is very similar to KPFM, but uses a tip with a radius in the mm range. Here, however, instead of nullifying the force between the tip and the sample, the alternating current is nullified [19,23]. Again, the system can be viewed as a parallel plate capacitor. The probe is vibrating at the frequency 0 changing constantly the distance between the plates, and hence the capacitance is changing as well which results in an alternating current in the circuit connecting the plates (Equation 3). Then the external DC bias voltage is applied, which will reduce to zero the alternating current. The magnitude of the external bias allows us to find the value of VCPD. On the contrary to KPFM, KP does not acquire topography nor the distribution of CPD over scanned area. Instead, it measures the averaged VCPD with the tip of few mm radius as a function of time. Usually, KP shows better temporal resolution than KPFM due to faster acquisition time of the VCPD in one point, compared to scanning the sample surface. KP is also not influenced by sample topography.
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Surface photovoltage measurements

As mentioned before, performing subsequent KPFM measurements in the dark and under illumination can provide us with information about surface potential changes. In this section, the surface photovoltage (VSPV) phenomenon will be explained.

Up to this point, in the discussion we assumed the flat bands for semiconductors, which is however rarely encountered due to the dangling bonds present at the semiconductor surface, which exist because of the termination of lattice periodicity at the surface [24]. The unpaired electrons in the dangling bonds of the surface atoms can interact with each other and consequently form an electronic state with a narrow energy band in the semiconductor band gap [24]. The Figure 3.6a shows a schematic band structure of an n-type semiconductor that has surface states. Assuming that the surface state is half filled and centred in the mid-gap of the semiconductor, the bulk (semiconductor) Fermi level is not aligned with the Fermi level of the surface states (that in this case is located further from the CB than the semiconductor EF). The electrons will flow from the region of higher EF (semiconductor) to the region of lower EF (surface state), until equilibrium is reached [24]. This causes the energy bands to bend upwards, as shown on Figure 3.6b (looking from the bulk towards the surface of semiconductor -in this work, band diagrams will always be oriented with the back contact/bulk on the left and the free surface on the right side).

In analogy to n-type semiconductor presented here, for p-type semiconductors downward surface band bending is usually encountered. The semiconductor surface potential is zero for flat band, it is positive for downward band bending and negative for upward band bending [24]. Now, we will discuss some practical aspects of VSPV measurements: sub-band gap illumination, VSPV of multi-layered structures and time dependence of VSPV signal.

The discussion of VSPV phenomenon considered so-far only super-band gap illumination, where the photons have an energy greater than the gap of the material. However, a non-zero VSPV can appear even in the case where the material is subjected to photons of energy below the gap (sub-band gap illumination). In this case, the observed VSPV is caused by the generation of free carriers due to transitions which take place to/from the states present in the gap [19]. These states are caused by defects in the crystallographic structure (interstitial atom, missing atom, substitution (doping), surface restructuring...) [19]. These defects can be found throughout the whole sample but are generally more numerous at the interfaces and surfaces of the sample. The density of these defects is much lower than the density of atoms in the material, resulting in a lower probability of free carrier generation than for super-band gap illumination. The subband gap VSPV will therefore be weaker than the super-band gap VSPV, but it still can provide information on the energy levels of the defects through spectroscopic surface photovoltage spectroscopy (SPS) by varying the energy of the incident photons [19,23,28]. Now, we will discuss the VSPV measurements of the multi-layered samples, like the bulk substrate with a thin film of different doping type deposited on top. We can consider this system as a surface with downward band bending and an interface with buried pn junction. If light absorption depth reaches the interface proximities (i.e., if excess carriers can be generated close to the interface), both interface and surface can cause charge carrier separation, and thuscontribute to measured signal. The measured VSPV can be then divided into two components: charge separation across the pn junction at the interface (VSPVi) and charge separation due to surface band bending (VSPVs) [9,16,19,30]. The VSPVs is negative (as explained before), while VSPVi is positive in this case (as can be seen in Figure 3.8), leading to the transfer of holes towards the surface. Total VSPV measured at the surface is a sum of the two, and the sign is determined by the component of larger magnitude (in this case it is VSPVi, implying that the pn junction dominates charge carrier separation).

method does not measure the surface potential in the dark and does not provide information in the surface work function, like KP-based methods. However, the MIS technique shows some advantages over KP methods, like lower noise level, better temporal resolution and it allows to replace Ohmic back contact by contactless capacitive coupling, the measurements are faster and easier adapted to work at low temperatures compared to KP methods (due to the absence of moving parts) [19,34,35]. However, it does not provide a way to study surface states with large relaxation times -effects occurring at long time scale will not be captured in MIS-based VSPV measurements (but will be in KP methods) [19,23,34,35]. The modulation frequency of light needs to be sufficiently high to avoid gradual discharge of the MIS capacitor. Moreover, this enables the use of a lock-in amplifier which improves the signal-to-noise ratio and allows the detection of low signals.

To realize the MIS structure, a static metal grid is placed close to the sample surface, and the air (or vacuum) between them plays a role of an insulator. Also, solid state insulators that do not impact surface properties can be used for this purpose, for example mica [34,35]. The experimental set up will be further discussed in the Experimental details below. MIS measurements can provide the VSPV phase delay with respect to the light modulation. With a proper calibration of the setup, any nonzero phase values observed in the experiment can be attributed to the processes originating from the sample. The VSPV phase is measured in the range from -180º to +180º, and it is acquired together with the VSPV amplitude signal [34,35]. The amplitude measured in the MIS-based VSPV experiment is proportional to the distance over which photogenerated carriers are separated and to the absorption coefficient (the higher the coefficient, the more carriers can be generated), which is like the VSPV magnitude from KPbased experiments. Examining the phase of VSPV, on the other hand, is less popular but still allows to obtain important information about the VSPV formation processes. The interpretation of VSPV phase from MIS measurements explained below is based on [34,35].

The phase (φ) of the VSPV signal originating from a single VSPV generation process is related to the direction of the band bending in the probed region (be it surface or interface). When the band bending decreases under illumination, the VSPV would be positive for upward band bending and negative for downward band bending, as discussed before. In the ideal case, the carrier generation, redistribution, and recombination processes will be very rapid and will not introduce phase retardation of the VSPV signal. Then, the VSPV phase measured with respect to the light excitation would be 0º for upward band bending (positive VSPV in Kelvin probe techniques) or 180º for downward band bending (negative) (Figure 3.10). In the real case, however, phase retardation will occur and thus, the VSPV phase will be in the IV quadrant (II quadrant) for upward (downward) band bending. In other words, when the photogenerated electrons (holes) moves towards the bulk (surface), the phase will be in the IV quadrant. For the opposite case, the phase will be in the II quadrant. The best practice is to consider the whole VSPV phase spectrum for varying photon energies, instead of a VSPV phase value at a single photon energy. In the VSPV phase spectrum, an onset of the band-to-band optical transition will cause quite fast VSPV formation process with high amplitude value. This will cause the shift of bending at the surface. Photocarriers that are generated in the p-type material will separate due to the band bending and will result in negative VSPV. In the MIS technique, this will result in the SPV phase located in the II quadrant. On the surface, due to upward band bending, resulting VSPV will be positive, and the VSPV phase will be in the IV quadrant. The measured VSPV signal will be the sum of the two effects and can be expressed by the vector sum. Since the interface VSPV signal is larger (in amplitude), the overall SPV will be also negative. We can see on the, that the sum vector is in the II quadrant, indicating overall negative VSPV, which is in line with Kelvin probe-based methods discussed above. When two or more processes are involved, the total VSPV vector can land in the I or III quadrant and great care will need to be taken to analyse the results. The method can be used for qualitative analysis in the general case. Quantitative analysis requires independence of the two processes, which is not true in the general case. Semi-quantitative analysis is possible if the second process has little influence on the first one, e.g., absorbs small part of the photons reaching the sample.

KPFM and SPV measurements of perovskites

KPFM based VSPV measurements of perovskite materials and solar cells are every time more popular among researchers because they allow to study various processes, like carrier dynamics and extraction at the interfaces, charge accumulation and relaxation and potential distribution in the perovskite film, especially the effects of grain boundaries. For example, Li et al. studied the influence of grain boundaries using VCPD measurements in the dark and under illumination in two incomplete perovskite solar cells: MAPbI3/TiOx/FTO and MAPbI3/PEDOT:PSS/ITO [37]. Yun et al., also studied MAPbI3/TiOx interface using KPFM based VSPV, and both groups identified the rise and sign of VSPV to the extraction properties of the substrate, revealing positive VSPV when perovskite was deposited on ETLs and negative, usually smaller VSPV when perovskite was deposited on HTLs [38]. Similar trends of VSPV have been observed by Renna et al., where they studied various organic ETLs and HTLs with perovskite on top [39]. They concluded that perovskite is easily polarisable under illumination, and the sign of this polarisation depends on the predominant charge carrier properties and its magnitude can be tuned by the choice of charge transport material, photon flux of the illumination or both. In the work of Daboczi et al., they also studied MAPbI3 deposited on TiOx and PEDOT:PSS substrates, observing positive VSPV in MAPbI3 on TiOx and negative VSPV in MAPbI3 on PEDOT:PSS. Moreover, they also investigated the influence of the top layer (spiro in case of TiOx substrate and PCBM in case of PEDOT:PSS substrate). In both cases, presence of another extracting layer on top of perovskite resulted in much stronger VSPV value, which indicated better charge separation (and less recombination of carriers within perovskite layer) [27]. Similar effects of the top extracting layer on VSPV have been observed be Barnea-Nehoshtan et al. [25] and Harwell et al. [40]. Also, Lu et al. studied MAPbI3 deposited on TiOx and PEDOT:PSS substrates and in their general conclusions, they distinguished three periods in VCPD response to illumination, i.e., equilibrium period with no excess carriers, transitional period when excess charge carriers that haven't been extracted by the substrate (holes in case of TiOx substrate) accumulate at the top surface of perovskite causing additional electric field and the last period when photo induced field and built-in field reach dynamic equilibrium between them (stable VSPV value under illumination). In the transitional process ionic transport may a play role but they did not elaborate more on that topic [26]. Thus, based on the abovementioned articles, the increase of VSPV under illumination is usually observed on n-type substrates, or ETLs (TiOx being the most widely studied), while in case of p-type substrates (HTLs) negative response is observed [25,26,27,37,38,39]. Often, VSPV magnitude of perovskite on HTLs is smaller compared to the VSPV magnitude of perovskite on ETLs, which is explained by better electron extraction by ETL materials (usually being TiOx) compared to HTL materials (mostly mentioned one -PEDOT:PSS) [27,37,41]. Another interesting studies of perovskite solar cells using KPFM were done by Bergmann et al [41,42]. They published two works investigating charge distribution and dynamics in perovskite solar cell with TiOx as ETL and spiro as HTL, performing measurements on the cell cross sections. [46]. They observed wavelength dependent voltage decay in Br based perovskite, where high energy photons induced more than one order of magnitude slower decay toward equilibrium dark value compared to lower energy photons, while in MAPbI3, the decay was wavelength independent. They concluded that it is caused by reduced ion migration rates with higher Br content.

Concluding, KPFM and VSPV methods are widely used in the perovskite community to study both material properties and solar cell performance. Even more reports on KPFM measurements of metal halide perovskites can be found in the following reviews: [9, 47-49].

Experimental details

KPFM configuration

KPFM measurements were performed using a HORIBA/AIST-NT (TRIOS platform) scanning probe microscopy system. Scans were performed using conductive AFM tips (see Table 1) in amplitude modulation mode, using the two-pass mode. In the first pass sample topography is use of a power meter. In this work, the lasers used for the illumination are 980 nm, 785 nm, 488 nm and sometimes 532 nm. The table of laser parameters is presented in the appendix and includes nominal power set on the laser source (mW), the diameter of the beam sport (µm), the power measured on the sample after passing through optical system (µW). When discussing the results of this work, the actual illumination power values will be mentioned, based on this table.

All measurements were done in ambient conditions. The sensitivity of VCPD measurements using above mentioned conditions is ± 20 mV. All the samples were kept in the dark to stabilise for around 45 min prior to dark measurements. The samples were grounded on the Si side using silver paste.

As mentioned, VCPD value can give us the surface work function of the sample, when the work function of the tip is known. For this purpose, highly oriented pyrolytic graphite crystal (HOPG) is used to determine the work function of the tip. This material is often used as a reference surface with known WF, because of its availability and low cost, among the others. HOPG crystal can be easily exfoliated, exposing fresh surface to measure its work function.

WF of HOPG surface under air condition is 4.60 eV [50][51]. Tip work function is then calculated from the Equation 3. During experiments, tip calibration was performed before and after measurements of each sample, also to assure no change of the tip work function due to possible halide migration to the tip [52]. The average value of the Pt/Ir tip (the one mostly used) is 4.94 eV and this value has been used to calculate the sample work function.

Macroscopic KP configuration

Measurements of macroscopic Kelvin probe (KP) were performed on the equipment from KP Technologies. The measurements were done using vibrating steel tip with a 2 mm diameter, so the VCPD value was averaged over a large area. The sample was placed and grounded on a metal plate, that was moving in XY direction, controlled by the software, allowing for the exact positioning. The Kelvin probe and sample stage were located in a Faraday cage, that not only protected from the external disturbances, but also provided dark conditions. The system was equipped with white light source of controllable intensity, and spectrometer selecting the illumination wavelength ranging from 400 nm to 1000 nm. This allowed to perform surface photovoltage spectroscopy (SPS), scanning the surface potential from 400 nm to 1000 nm illumination. Note, that as discussed before, the VCPD obtained from KP measurements is opposite to the one obtained from KPFM (Equation 3):
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Chapter 4 Photoemission Spectroscopy

Photoemission/photoelectron spectroscopy (PES) is another important experimental technique used in this thesis. PES is a powerful surface-sensitive technique that probes the electronic properties of the sample surface and gives compositional and chemical information about the sample surface.

PES principles

PES is based on the external photoelectric effect [1]. In this experiment, the sample is irradiated with photons of known energy hν, which excites an electron from the atoms in the surface layer that then is emitted to the vacuum and finally detected. The detected kinetic energy of this electron (which after leaving an atom is then called photoelectron) is given by [1,2]:
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where WFanalyser is the work function of the analyser, hν is excitation energy and EB is binding energy of an electron to the atom (with reference to the common Fermi level between the sample and analyser, EF, Figure 4.1). The emitted photoelectron has to overcome the work function of the sample's surface (WFsample, Figure 4.1). The kinetic energy of that electron would then be given by: hν -EB -WFsample. However, since the work functions of the sample and analyser are usually different, and the energy measured by the analyser would be diminished by the difference between the analyser work function (WFanalyser) and WFsample: Ekin = hν -EB -WFsample -(WFanalyser -WFsample) = hν -EB -WFanalyser (Equation 1).

The analyser work function is usually higher than the work function of the sample and can be found empirically by setting the energy scale to zero at the Fermi edge of metallic reference samples, like Au, Ag, Ni. After energy calibration, the work function of the analyser is effectively referenced to zero for all subsequent measurements and thus the binding energy will be directly related to the measured kinetic energy: EB = hν -Ekin. It is important to mention, that this will not be valid anymore for insulating samples, which will charge upon irradiation and their Fermi level will no longer be well defined. larger than the analyser work function, so that: WFsample + eVbias > WFanalyser, where e is elemental charge and Vbias is usually from -5 V to -12 V. This external bias has no effect on the shape of measured spectrum, but it leads to a constant shift in the measured binding energies (which is automatically subtracted by the software).

The result of a PES experiment is generally reflected in the energy distribution curve (EDC), which plots the number of emitted photoelectrons as a function of their kinetic energy. Typical features of the EDC are: (i) SECO; (ii) core level region (from electrons strongly bound to the nucleus); (iii) VB region. It yields information about work function, VB, and ionization potential of the sample surface, which are crucial parameters in the assessment of the electronic structure of the material and are essential as well for the establishment of the band alignment at the interfaces.

Apart from above mention elements, EDC also contains some additional features, that needs to be recognized for proper data analysis. The most common ones are peaks resulting from Auger and shake up processes [6].

When an electron is ejected from the sample, it leaves an empty state behind. This empty state can be filled by another electron from a higher energy state, during which a photon of energy equal to the energy difference between its initial state and the vacant state will be released. This photon in turn can excite another electron, which can leave the sample as well and be detected -this electron is called Auger electron. Auger peaks are described by three indices (XYZ) using X-ray notation [6], which correspond to:

-Initial vacant energy level (X) -Level from which de-excited electron comes from (Y) -Energy level of Auger electron (Z).

Auger electrons have kinetic energy that is independent on the excitation source energy, hν, because their energy depends only on the energy states that took part in the process, i.e., EXYZ = EX -EY -EZ -WFanalyser (where WFanalyser is equal zero when energy scale is calibrated as explained before) [6]. These are specific to a particular atom and its chemical environment. Shake up process is another multielectron process that happens when an ejected photoelectron transfers some of its energy to an electron in a higher energy level that gets excited to a higher bound state. It results in a reduced kinetic energy of the photoelectron and the appearance of a satellite peak at higher binding energy (lower kinetic energy) next to the main peak. The energy offset in this case corresponds to the energy difference between the ground state and the excited states, and often the satellite peak intensity is within the noise, being distinguishable only for peaks with high count rates [6].

So, PES experiment provides us with a final state and the information on the initial state can be estimated only theoretically from the primary electron contributions to the spectra.

UPS experiment and data evaluation

UV excitation beam is produced by helium discharge lamp, which, however, does not produce monochromatic light. The main excitation line He I appears at 21.22 eV and another prominent line He II can be found at 40.82 eV [1,7], but in this thesis this energy has not been used for the experiments. However, one also needs to consider further satellite lines of the He I radiation. These are: He I β with emission line at 23.09 eV and relative intensity of around 1.5 % and He I γ with emission line at 23.74 eV and relative intensity 0.5 % (main line He I α emission line being at 21.22 eV with relative intensity 100 %) [8]. The satellites result in additional superimposed features in the spectrum, that normally can be neglected. However, since perovskites require special VB determination procedure using semilogarithmic scale [9,7], which will be discussed later, these satellite effects can significantly impact the VB position, if they are not subtracted. The method of getting rid of satellite contributions is explained in the annex.

He I excitation line corresponds to 2-3 monolayers of probing depth (Figure 4.2). Its line width of 3 meV is 2 orders of magnitude smaller than the one of typical laboratory X-ray sources, which results in less spectra broadening due to excitation source. The cross-section of the VB at UPS energies (5-100 eV) is also much larger in comparison to X-ray sources which makes UPS a great method for determining VB maximum with respect to Fermi level (EVBM).

Normally, EVBM is determined by finding the intersection point of the background line with the slope at the band edge [3]. However, this method fails when applied to perovskites [7], that are known for their strong band dispersion, which results in non-parabolic band edges [10], and hence, the EVBM determined with this method tends to be overestimated, i.e., shifted further away from the Fermi level. In extreme situations, this could erroneously place the Fermi level within the conduction band. The semi-logarithmic scale of the intensity axis is proposed as a first-order approach to provide the actual value of the EVBM [9], by considering low density of states of perovskite material. For the spin-orbit splitting, the final state of the electron system after removal of an electron can be found in two states, depending on the spin s orientation of the remaining unpaired electron with its angular momentum l. The total momentum is expressed as: j = |l ± s|, where s = ± ½. Except for l = 0 (i.e., s orbitals) and hence j = 1/2, all core levels split into two peaks. Also, the magnitude of the splitting (the distance between the peaks) depends on the atomic number of the element: the heavier the atom, the larger the splitting [6]. The examples of peaks displaying doublet formations are shown on the concentration of the element in the sample [6]. Comparing the relative peak integrated areas, the surface chemical composition can be determined. Apart from the elemental concentration, the intensity also depends on the cross-section of the interaction between the photon and the observed transition, the mean free path of emitted electron, set-up geometry (distance of X-ray source from the sample, the angle between X-ray source and the detector, etc), the spectrometer properties (lens modes, transmission function…), and the power applied to the X-ray source.

While most of them are setup-related and are constant for the measuring run, the most important factors influencing peak intensity are the cross-section and the element concentration. For this, the measured intensities are divided by the relative sensitivity factor RSF, which is calibrated to the setup and includes all the above-mentioned parameters and the cross-section. RSF values are usually tabulated and here included in the software used for peak fitting (Table 4.3). Higher RSF values result in a more intense core level signal. Usually, the detection is limited to ≈ 0.5 atomic %, so the elements of lower concentration than that are not likely to be detected. The atomic fraction of x element is then calculated [3,6] as:
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where Ix is the intensity of an atom x divided by corresponding RSF and divided by the sum of intensities of all the other atoms i composing the sample (and divided by respective RSF). The accuracy of the chemical composition determination oscillates between 10-30% and must be taken with great care, as it will strongly depend on the fitting parameters as well as sample homogeneity. Also, improper background subtraction will influence the results.

It also should be noted, that due to the low cross-section of the interaction with X-rays, hydrogen and helium atoms cannot be detected in XPS measurements [2], all the other elements with atomic number equal or higher than that of lithium can.

PES characterisation of halide perovskites

PES characterisation of perovskite materials is challenging due to particularities of these materials, like low density of states, which makes it more difficult to assess the VB edge and was discussed previously, or simply perovskite sensitivity to the external factors that can strongly modify their surface.

First, beam damage is a serious concern when investigating perovskites using PES techniques.

Perovskites undergo degradation processes after prolonged X-ray exposure, which often results in making the material surface become more n-type than it initially was. Apart from that, it can also cause MAPbI3 conversion back to PbI2 [19,20], changing the elemental ratios from the chemical composition determination. Very likely is that the process of the conversion continues eventually leading to the formation of metallic lead (Pb 0 ), especially if the measurements were done in the presence of white light illumination [16,21,22]. The effect is very strong under Xray irradiation but does not too strongly occur under UV excitation. If possible, tuning down the X-ray source and reducing acquisition time can help avoiding these issues. However, this measure leads to noisier spectra, so the trade-off should be found. Regarding the UV source, it has been reported that it can cause surface photovoltage effect which flattens the band bending at the perovskite surface, leading to the energetic shift of up to 0.7 eV [23]. This effect should be considered when determining electronic properties of perovskites.

Another critical issue related to XPS studies of halide perovskites is their metastability and sensitivity to external measurement conditions. Many compositional variants of perovskites comprise volatile chemical species (like methylammonium), are prone to ion migration (especially, halide segregation in mixed halide perovskites) or can easily react with extrinsic species. Regarding the latter, it is especially the case if the sample was exposed to environmental conditions before the XPS measurements. For example, H2O exposure can lead to the work function decrease, effectively making perovskite to be more n-type [24]. This can be related to an increase of Pb 0 content [25], which (as explained earlier), can cause downward band bending at the perovskite surface and even lead to Fermi level pinning to the conduction band. For low water content, this effect can be reversible after storing the perovskite sample in UHV or by mild heating [24]. Another environmental factor is the oxygen exposure prior to the measurements. This has the opposite effect as the water exposure, making the perovskite surface become more p-type, by shifting its EF toward the mid-gap position [24,26]. This can occur due to oxidation of the reduced lead centres Pb 0 , decreasing the band bending at the surface and increasing the distance between the conduction band and Fermi level [27]. However, oxygen can also act as an acceptor readily capturing the electrons and converting into O2 -(superoxide), when subjected to illumination [28]. This in turn can lead to MA + cation

The schematic of the typical PES setup is shown on the Figure 4.10. The most important elements of the setup are X-ray/UV source and the electron energy analyser. The photon source irradiates the sample, then the excited photoelectrons escape from the solid and are focused by a system of electronic lenses and finally directed to the detector. The hemispherical analyser (HSA) is selecting the kinetic energy of the detected photoelectrons. The PES setup is usually operated in the Fixed Analyzer Transmission (FAT) mode. Here, the kinetic energy of the electrons entering the detector is set fixed, and is called the pass energy Epass, while the kinetic energy of all the photoelectrons must match Epass, before entering HSA. The pass energy is defined as the kinetic energy required for a photoelectron within the analyser to travel from the entrance slit to the centre of the detector [6]. The lens system focuses electrons on entrance slit in which photoelectrons are slowed down by the retardation voltage V0 [1], which is the difference between the nominal kinetic energy and the pass energy. Then, they pass into the hemispherical analyser (HSA), which is a capacitor consisting of two hemispheres with radii r1 and r2, to which voltages V1 and V2 are applied, respectively. The radial electrical field between the half spheres deflects the electrons into elliptical trajectories and electrons with kinetic energy equal to the pass energy will move in a central trajectory of the HSA with a radius r0. At the end, electrons are detected in a position sensitive detector. To capture the complete spectra the retardation voltage V0 is swept. The choice of Epass determines the energy resolution of the measurement (the higher the Epass, the lower the energy resolution).

Experimental details

XPS measurements were performed using a VersaProbe Phi 5000 operating at a base pressure of 10 -7 Pa (10 -9 mbar). A monochromatic Al Kα X-ray source (1486.6 eV) was used, and accelerating voltage was set at 15 kV (low power) or 20 kV (high power), with take-off angle of 45º. The analysed area of the sample was 100 μm in diameter. High resolution core level spectra were acquired with 23.5 eV pass energy, an energy step of 0.1 eV and a 50 ms dwell time. For XPS the power was set from 25 W (low power) or 100 W (high power). Survey spectra (0-1400 eV) were acquired with a pass energy of 187.85 eV, an energy step of 0.4 eV and a dwell time of 20 ms. Spectroscopic data were processed by the Phi Multipak software, using a peak fitting routine with symmetrical Gaussian-Lorentzian functions. The Shirley background was subtracted from the spectra. Spectra taken with the aluminium source are typically assigned an energy uncertainty of 0.05 eV. Compositional analyses from high resolution core level spectra are assigned an uncertainty of 20%.

UPS measurements for the study of the work function and valence band position with respect to Fermi level have been performed using the same system, operating at a base pressure of 10 - 6 Pa, using a He-gas discharge lamp (He I hν = 21.2 eV). UPS spectra were conducted with a step size of 0.01 eV, pass energy 2.95 eV and dwell time 20 ms, and with a take-off angle of 90º. The bias applied to the sample was between 8-9 V. The electron binding energy scale was calibrated using the Fermi edge of gold substrates cleaned with argon ion bombardment (2 kV). UPS spectra were numerically corrected for satellite peaks that arise from the polychromic He I radiation (with He I α emission line occurring at 21.22 eV with relative intensity being 100 %, the satellites are He β with emission line at 23.09 eV and relative intensity of around 1.5 % and He γ with emission line at 23.74 eV and relative intensity 0.5 %). Work function was determined using the intersection between the baseline and a linear fit to the main feature. EVBM was calculated using recommended for perovskite materials semi-log extrapolation of the main feature in the valence band region to the background signal. Spectra taken with UPS are typically assigned an uncertainty less than 0.12 eV.

Chapter 5 Other experimental methods

Since perovskite films studied in this work were produced by a solution method, the resulting films are of polycrystalline nature, containing differently oriented grain surface facets and grain boundaries. Also, during fabrication process crystallographic phase transitions can occur [1, 2, 3, 4, 5], including formation of photo-inactive phases. Thus, the control of film crystallographic quality and morphology is an essential step before the characterisation of perovskite by other methods, especially in the context of substrate-controlled electronic properties of perovskite [4,5,6], to exclude the film quality as a cause for sample-to-sample variations of perovskite properties.

In this section, the working principles and experimental details of complementary characterisation methods will be presented, including sample production (spin-coating), crystallographic (X-ray diffraction -XRD) and microstructure (scanning electron microscopy -SEM) control-characterisation and determination of optoelectronic properties by photoluminescence (PL).

Sample production

In this work, all perovskite films were produced by spin-coating method. Thin perovskite films were deposited directly on crystalline silicon (c-Si) substrates. The method has been already described in the Chapter 1.

Experimental details

The substrates were of similar thickness and size (after cutting the wafers with a use of diamond knife), differing by the doping type and resistivity. The wafer resistivity and thickness provided by the producer (Sil'tronix Silicon Technologies) are given in Table 5.1. Wafers have been firstly cut into smaller pieces (max. 2×2 cm 2 ), then cleaned in acetone at room temperature for 15 min, then cleaned in isopropanol at room temperature for 15 min, then abundantly rinsed with deionised water and dried with air blow. The native silicon oxide (SiOx) was not etched, and its thickness has been estimated using spectroscopic ellipsometry to be around 2 nm. Next, the silicon substrates were placed in UV/O3 chamber for 30 min to increase their hydrophilicity which is necessary for successful perovskite deposition. After the UV-ozone cleaning process, silicon substrates were immediately placed in the Jacomex glovebox, where perovskite deposition has been performed within 45 min from taking them from UV/O3 chamber (including 15 min transit in a vacuum chamber of the glovebox and approximately 30 min of perovskite deposition on usually 16 substrates). It has been observed, that when producing more samples (longer total time of perovskite deposition), the UV-ozone effect is not maintained, and perovskite deposition becomes more challenging, resulting in uneven coverage and every time increasing regions without perovskite film at all. 

X-ray diffraction

Structural X-Ray Diffraction (XRD) is an essential tool for the study of crystalline materials, both single crystals and polycrystalline samples, like metal halide perovskites. In this work, XRD was used as one of the quality-control methods (together with SEM, PL, and AFM). Below, working principle of the measurements is explained.

The equipment used to perform XRD characterisation is called X-ray diffractometer. The main elements of the diffractometer are:

-X-ray tube (X-ray source)

-a system of lenses and filters forming the primary and diffracted beam -sample holder -detector.

The wavelength of X-rays is comparable to the typical size of a unit cell; it ranges from 0.01 to 10 nm [7], while the interatomic distances in the crystals are about 0.15 -0.4 nm [7]. Radiation is produced in an X-ray tube; by applying a voltage between the electrodes, the electrons are ejected from the cathode and accelerated towards the anode. While colliding with the anode, the electrons lose their kinetic energy, emitting the so-called braking radiation (the German name is often used to describe this term: Bremsstrahlung) [7]. As a result, a continuous spectrum of X-rays is created, accompanied by narrow reflections of the characteristic radiation associated with the inelastic interaction of electrons with electron clouds of anode atoms. The excited electrons of the anode material go to lower energy levels, emitting monochromatic radiation used in X-ray. The transition between adjacent shells is marked with the symbol α, while if the transition occurs between non-adjacent shells, it is marked with the symbol β [7].

The most frequently used electron transition in structural X-ray is the electron transition from the L shell to the K shell, denoted by the symbol Kα. X-ray radiation leaving the lamp passes through a filter system aimed at removing unwanted parts of the spectrum, i.e., continuous spectrum or Kβ radiation.

The radiation incident on the atom is scattered in all directions, and since the crystal is a periodic set of atoms, the waves scattered by different atoms in the crystal may interfere. Depending on whether the scattered radiation waves are in phase or not, the interference can be constructive (the intensity of the scattered wave increases) or destructive (the intensity of the waves decreases). The condition for the maximum interference was described by Bragg [7,8]. In his approach, the atoms in the crystal form parallel planes, and the interaction of X-rays with the crystal is treated as a reflection from a semipermeable mirror (because the radiation also reflects from the planes inside the crystal). Figure 5.1 shows the two planes in the crystal in which the radiation beam has been scattered. Both beams traverse different optical paths and for constructive interference to occur between them, the difference of these paths must be equal to the integer multiple of the wavelength, which is described by the equation nλ = 2dsinθ [7,8], where n -diffraction reflex order, λ -wavelength, d -distance between planes, θ -angle of incidence (equal to the angle of reflection).

originates is much larger than it is for SE. For that reason, the lateral resolution of BSE image is considerably worse (~1 µm), comparing to the resolution for SE image (~10 nm) [18].

The main components of a scanning electron microscope include [18]:

-Electron gun (produces and accelerates electrons to an energy of 0.1 -30 keV)

-Electromagnetic lenses and apertures (focus and define electron beam to form a small spot on the sample surface)

-Sample stage (to ground and position sample, able to tilt and rotate)

-Electron detectors (for SE and BSE).

Apart from that, ultra-high vacuum system is obligatory for SEM to avoid the scattering of the electron beam and the contamination of the microscope components (especially electron guns). For this purpose, system of pumps is also employed to attain the required vacuum for SEM.

Regarding sample preparation, it is necessary for the sample to be conductive to prevent electrostatic charging. Conductive samples do not require any special preparation before SEM imaging -only proper grounding of the sample with the sample holder is necessary (and usually done with use of carbon tape, if sample is grounded from the bottom, or an electrode placed on the top of the sample surface). If the samples are poorly conductive or insulating, they need to be coated at the surface with a very thin (10-20 nm) layer of a metal (Au) or conducting carbon. This process can be easily done via evaporation or sublimation. Thin conducting films effectively prevent charging of most specimens [18]. This might be an issue in case of perovskite deposited directly on glass; however, no charging effects have been observed during imaging of perovskite on silicon, that has been grounded from the back (silicon) side. Thus, no evaporation has been performed in these studies.

The studies of perovskite morphology by SEM are generally easy, providing important insights into perovskite surface and cross-sectional morphology and chemical composition homogeneity. The most important drawback of this technique is electron beam induced perovskite degradation [19,20], which can complicate the interpretation of the acquired image. Thus, lower accelerating voltages and currents are used (which however will show more surface-related features), together with faster acquisition time of the image (which introduces a trade-off between well focused image and as little degradation of perovskite surface as possible) [19,20].

Experimental details

The SEM images were acquired using Zeiss Merlin scanning electron microscope.

The SRH recombination is a multiple-step process engaging the defect states present in the semiconductor band gap, that can induce trapping and de-trapping of electrons (or holes) in the recombination process. An excited electron relaxes to the valence band passing through the defect state. For instance, for a shallow defect close to the conduction band, trapping of an electron will be followed by the reemission rather than by the capture of a hole (that would lead to the recombination of electron-hole pair), because emission of the electron towards conduction band is much faster than capture of a hole. On the other hand, if the defect states are located around the mid-gap, the chance of capturing subsequently electron and hole is higher, and thus the recombination is more likely to happen. The main parameters determining SRH recombination include the distance between defect state and band edges, the number of empty states (traps), the concentration of electrons in the conduction band and the capture cross section (that defines the ability of the trap state to capture electrons and holes) [21].

In Auger recombination process, three-particles are involved. The recombining electron and hole pair transfers the energy and momentum to the third particle (either hole or electron), which then gets excited deeper into the band (valence or conduction band, respectively) and relaxes back to the band edge via thermalisation process (dissipating the energy to the crystal lattice). The Auger recombination rate depends strongly on carrier concentrations [21].

Previously described recombination mechanisms were rather non-radiative, i.e., the energy was dissipated in other form than light (however, defect assisted recombination may also emit light). Usually, this kind of recombination is detrimental for the performance of solar cells [21], and it does not contribute to the PL experiment results. The last type of recombination, the radiative recombination, is the foundation of PL experiment. In this recombination mechanism, an electron from the conduction band directly recombines with a hole from the valence band (band-to-band recombination), during which the photon with energy ≈ Eg is released. This type of recombination is more likely to occur (and be stronger) in direct semiconductors. Recombination rate in this process is dependent on electron and hole concentrations. Radiative recombination can be viewed as a process as the reverse of the absorption of a photon.

Thus, for low carrier density, the recombination will be dominated by Shockley-Read-Hall mechanism (defect assisted non radiative recombination, not contributing to PL spectrum).

Measured PL intensity will be then very low. As the excitation intensity increases, so does photogenerated carrier concentration, which effectively fills the trap states and band-to-band transition becomes more dominant: PL intensity increases. At the highest intensities, Auger recombination process will dominate.

To conclude, it is very important to choose proper excitation source properties to acquire the PL spectrum of the sample. In this thesis, PL measurements at the constant excitation intensity (so-called steady-state PL) were used mainly to determine exact bandgap of the perovskite film, as well as determine the homogeneity film optoelectronic properties by measuring the spectra at different points.

Experimental details

The photoluminescence setup used in this thesis has 3 excitation wavelengths (488, 532, 671 nm). The 3 lasers beams are combined and coupled into a mono-mode fiber. At the fiber termination, an adjustable apochromatic focuser is used to excite the sample. Regular spot size is around 2 mm but can be adjusted from 250 µm to 6 mm. Photoluminescence signal is collected and collimated with a 2" objective. Different high pass filters can be selected by a filter wheel. These filters reject the excitation wavelength and let pass the PL signal. The filtered signal is coupled into a multimode fiber and guided to a Si-CCD based spectrophotometer with a spectral range from 400 nm to 1050 nm. The PL measurements were done at room temperature in ambient air.

Chapter 6 Deposition of perovskite directly on c-Si

Perovskite thin film integration on c-Si

Production results

The first step of the sample production was the substrate preparation. Crystalline wafers (c-Si) of different doping type, p-type (p-Si) and n-type (n-Si) produced via Czochralski method with crystallographic plane (100), polished on the surface were chosen as a substrate for perovskite deposition. Their thickness was ±250 µm. Details regarding silicon doping type were introduced in the previous chapter.

Firstly, wafers were cut into smaller pieces to both fit characterisation platforms and provide easy coverage of silicon surface with perovskite thin film via spin-coating method, without entering the field of up-scaling of perovskite deposition process. Since the wafers were of monocrystalline nature, the cleavage method was chosen to obtain desired sample size. This technique is based on the c-Si characteristic, that leads it to break along the crystallographic planes, and since the wafers' orientation was (100), this was very easy and quick process. In this work, the sample sizes varied between 1.0 × 1.0 cm 2 and 1.5 × 1.5 cm 2 .

Next, substrates were cleaned in three-step procedure, which consisted of 15 min acetone bath, 15 min isopropanol bath and de-ionized water rinsing, followed by air blow drying. This aimed to eliminate surface dirt and contamination and prepare it to the next step which was UV/O3 treatment. This technique is based on placing the substrates in the chamber with molecular oxygen, where highly reactive ozone (O3) molecules are produced using UV radiation. The UV radiation reacts also with surface contaminants which then form reactive organic radicals, that readily react with unstable ozone molecules. In this way, volatile species are formed, and they can easily evaporate from the surface leaving it clean.

Another important role of this step is the significant improvement of the surface hydrophilicity, which is indispensable for successful perovskite deposition from solution-based method. This step is crucial to obtain full coverage of the silicon surface by the perovskite layer, as shown on the Figure 6.1. When omitted (0 min of UV/O3 treatment), the perovskite layer does not stick to the c-Si surface leaving it almost uncovered. The optimum time of the treatment turned a small correlation between substrate roughness (0.20-0.45 nm) and the roughness of the perovskite film on top, indicating that higher roughness of p-Si compared to n-Si causes slightly higher roughness of PVK/p-Si compared to PVK/n-Si. Moreover, significant variations in the roughness are observed between sets, indicating that the first set has the highest roughness, compared to the other sets. This can be caused by small variations in the production process and changes in the chemical composition. The average grain size is between 300-400 nm, which is shown on the Table 6.2 later in the text, in comparison with the gain size obtained from SEM measurements.

No significant change in the morphology is observed between PVK/n-Si and PVK/p-Si from the same set. Some voids can be seen; however, they did not impact surface potential (which will be discussed later).

The perovskite films resemble perovskite layers usually deposited on TiOx, however they differ from the ones deposited on c-Si, reported by Rostan et al. [4]. The perovskite (MAPbI3) topography obtained by their group revealed much higher RMS roughness, which could be caused by different substrate (p-Si) preparation methods. They performed standard RCA cleaning procedure instead of UV/O3 treatment to provide hydrophilicity of the surface. The RCA can increase c-Si roughness, and apparently it was the cause for the different morphology of the perovskite deposited on silicon substrate. The grain size of perovskite crystals deposited on silicon substrate after RCA treatment was also smaller (± 40 nm), which is rather not beneficial for photovoltaic application, as smaller grains mean more grain boundaries, which often act as centres of nonradiative recombination. This comparison suggests, that UV/O3 treatment appears to be more suitable for silicon substrate preparation for perovskite deposition, compared to RCA procedure.

From the data on the Table 6.3 we can see that the sample surface was contaminated by organic compounds, which is reflected in significant amount of carbon and oxygen atoms at the surface. From the C 1s core level spectrum the main contribution to the peak comes from C-C bonds. Since in perovskite compounds such bonds are not found, this means that it originates form the contamination of hydrocarbons. The presence of the oxygen, oscillating around 3.5% is also an indication of the surface contamination due to exposure to air when the sample was transported from the vacuum container to the measurement chamber. Sometimes, this contamination can be eliminated by Ar ion bombardment, however since perovskite is a very fragile material, this procedure is rather avoided, hence, the presence of contaminant elements in core level spectra is unavoidable. Figure 6.11 shows the atomic concentration of the core levels for each sample in low-power (*-cl1) and full-power (*-cl2) measurements. Theoretical values obtained from the perovskite formula (Figure 6.3) are marked by pink dashed lines with a given value. For most samples, the obtained atomic concentrations are similar, and all deviating significantly from the theoretical value (especially the spectra of N 1s, Br 3d, Cs 3d and C 1s). For most elements the full power resulted in similar result, however if we take a closer look at the composition of C 1s core level we can notice, that in full power measurements the C 1s concentration was lower than in low power measurements (compare the atomic composition of s1n, s1p, s2n, s2p samples for low power *-cl1 and full power *-cl2 measurements). By analysing in detail peak areas contributing to C 1s core level we can observe that relative contributions also change when the scan is performed with full power X-rays: during the second scan FA and MA peaks percentage increases, while contamination peak percentage decreases. That can mean that Xrays during the first low-power measurement eliminated some contamination from the surface. Also, we can observe that during the second scan for the same samples (s1n, s1p, s2n, s2p), the iodine core level atomic percentage increases, compared to the first, low-power scan. This might suggest that eliminating carbon contamination from the surface, we can obtain higher concentration of iodine. Also, slight decrease of bromine concentration during the second measurement can be observed. This will be discussed later in more detail.

The band gap of the perovskite determined from various PL measurements was very consistent and reproducible and its value is 1.63 ± 0.01 eV. It was also not influenced by the substrate doping type. The absorbance spectrum allows us to estimate the absorption process of each of the four wavelengths in the PVK/c-Si system. The lasers of 488 nm and 532 nm will be quickly absorbed by the perovskite surface due to very strong absorbance at these wavelengths. The 785 nm laser will be absorbed by perovskite bulk, but some part of it will be transferred to the c-Si substrate. Finally, the 980 nm laser will not be absorbed by the perovskite, and thus it will be fully transmitted to and absorbed by the c-Si.

Chapter conclusions

The main focus of this chapter was to show the effects of PVK deposition of differently doped silicon substrates (n-Si and p-Si), comparing the results between the samples from three independently produced sets (s1, s2 and s3) to verify the statistical importance of the results, as well as comparing the PVK properties on differently doped silicon substrates inside the same set, to identify whether the doping of the silicon has some impact on perovskite structural and compositional properties.

It has been shown that the substrate preparation plays a crucial role in the production of highquality homogenous perovskite film on top of c-Si, where the UV/O3 treatment turned out to be an indispensable step to provide sufficient hydrophilicity of the silicon surface. Also, when compared with other methods that make silicon hydrophilic (like the RCA method, as reported in the literature), this treatment results in better perovskite layers, with smaller surface roughness and larger grains. Slightly higher roughness has been measured of PVK on p-Si, which was a consistent trend in all three sets and well correlated to slightly higher roughness of bare p-Si surface. Apart from this observation, all the other measured properties (perovskite grain size, PbI2 phase content, chemical composition, energy band gap) are not dependent on the substrate doping type, indicating rather close values between the samples from the same set, without any evident trend indicating correlation to the substrate doping type. The higher roughness of p-Si and PVK/p-Si samples can be caused by intrinsically higher roughness of the p-Si wafer.

Considering statistical importance of the results, the measured properties between various sets tend to be similar. For example, grain size measured by AFM shows on average 360 nm grains, SEM results in slightly smaller average grain size of 340 nm, while rough estimation of PVK average grain size from XRD peak at 14º also indicated 360 nm. Also, the PVK energy band gap was found to be 1.63 eV in all the cases, also not being influenced by the substrate doping type and very reproducible. The main differences observed is the PbI2 content and chemical composition, and these results indicate one sample (s1n) being different from the others. This sample showed much higher PbI2 phase content on the XRD pattern and much higher Pb to I and I to Br content at the PVK surface, compared to the other samples. This however rather originates from degradation of PVK film and is not an indication of the substrate impact on perovskite chemical composition, because there has been no such trend observed for other samples on n-Si. Thus, concluding, we have shown that perovskite structural and chemical properties are not influenced by the doping type of the silicon and that the results are statistically reproducible.

Chapter 7 Electronic properties of PVK on c-Si

Electronic properties from PES measurements

Before analysing the electronic properties form the PES measurements, it is noteworthy to remind the aspects of the determination of the position of the valence band with respect to the Fermi level, called valence band maximum (VBM). As it has been already mentioned before, due to a large dispersion of the valence band in perovskites, these materials exhibit rather low density of states at the valence band maximum. Therefore, the use of logarithmic intensity scale to extrapolate VBM has been suggested to more precisely reflect the actual VBM value, instead of the extrapolation from a linear scale [1]. The VBM determined in the linear scale tends to indicate too large values, and considering perovskite energy band gap value, it results usually in strongly n-type, even degenerated, character. The use of the logarithmic scale gives more realistic values, and these will be given in the results below. However, for better comparison as well as the discussion of the valence band characteristics, the graphs have been plotted in the linear scale. The trends and shifts when comparing the values from different samples remain the same regardless of the scale used, and since this chapter focuses mainly on the comparison of electronic properties between perovskite film deposited on p-Si and n-Si, the interpretation of the results will be both possible whether we present the results in the linear or logarithmic scale. Thus, the graphs will be shown in linear scale, but the VBM values will be given from the extrapolation done with use of the logarithmic scale (as the exact VBM value will be crucial for the reconstruction of the energy band diagrams, which is the core goal of this chapter).

As has been shown in the previous chapter, the XPS core level spectra of Pb 4f, I 3d5/2, N 1s, Cs 3d, and Br 3d indicated the formation of triple cation mixed halide perovskite on top of c-Si. Apart from the chemical composition, the XPS core level spectra give additional information about the electronic properties of the perovskite film surface. Especially, here we will investigate the dependence of the electronic properties measured on the perovskite surface on the substrate doping type, which will be studied by tracking the core level peak positions with respect to Fermi level, the VBM and the work function, WF. average 0.23 eV to lower binding energies, compared to n-Si (Figure 7.1c). The similar shifts have been observed also for other element's core levels: ≈ 0.25 eV for the peak corresponding to the FA contribution to the N 1s spectra, ≈ 0.19 eV for Br 3d5/2 and 0.25 eV for the Cs 3d5/2. The shift towards lower binding energies, by approximately the same value of all electronic levels (core and valence) indicates, that the shift is most likely of an electrostatic nature. Since these electronic levels shift closer to the Fermi level when the perovskite is deposited on p-Si compared to n-Si, the film becomes more p-type in this case. This is in agreement with the literature reports, that reveals the more p-type character of perovskite layer when it is deposited on p-type materials (like NiOx, PEDOT:PSS) compared to when it is deposited on n-type materials (like TiOx) [2][3] [4]. When comparing the core level positions between the sets we can observe that they are very comparable when the substrate is p-Si or n-Si (Table 1). Similarly, the VBM values for perovskite on n-Si can be found between 1.45 -1.55 eV, while the values for perovskite on p-Si can be found between 1.22 -1.31 eV, indicating clearly different position of the valence band with respect to Fermi level, that depends on the substrate doping type.

Regarding the work function, the situation looks here different. We do not observe any trend indicating that the work function value depends on the substrate doping type: they cannot be compared between sets, as it was done in case of core level positions or the VBM values. The WF values vary between 4.03 to 4.37 eV. The values of WF that do not reproduce the shifts of the electronic levels can be explained by the change in the surface electrostatic potential due to some adsorbates that may cause an additional potential step in the form of a surface dipole [1]. The surface could get contaminated during the transfer from the vacuum tube to the measuring chamber, during which it was exposed to the ambient conditions (air, humidity, light).

Likewise, some differences in the shift between the VBM and the core levels (for the same sample) can be explained by the change of the valence electronic structure and/or by the change of the chemical environment of the respective atoms.

Regarding the shape of the valence band offset on the UPS spectra (Figure 7.1e), an extra feature can be observed only in case of the s1n sample, that is marked by the pink arrow. This could indicate some chemical and or structural changes, due to for example formation of some foreign phase. As shown in the previous results, this sample has always exhibited the highest content of the PbI2 phase, that was observed in the XRD pattern, and the chemical composition derived from the XPS core level measurements. Although the excess of PbI2 used during production is thought to not alter electronic properties, the presence of PbI2 phase can manifest itself in the characteristic features in the valence band spectrum [5]. Indeed, despite much higher content of PbI2 in the sample s1n compared to others, its electronic properties are still in line with the ones measured for the other samples.

Work function of perovskite on c-Si

The impact of the substrate on perovskite electronic properties is usually tracked using photoemission spectroscopy, however, the shift of the Fermi level within the band gap could be also observed by measuring the work function of the perovskite. As we already discussed, however, the work function value measured by UPS seems to not follow the trends of the electronic levels (core and valence), showing no relation to the substrate doping type and variation of its value from set to set. Here, the work function of the perovskite was measured by Kelvin probe techniques: the macroscopic KP and microscopic KPFM. It is worth to remind, however, that in KPFM the measured property is the surface potential, and it is based on the relations discussed in the previous chapter and the assumption that the tip work function is constant and known. Using the formula Wsample = WFtip -eVCPD we can find the value of the work function of the material. As it has been also discussed, however, the VCPD value includes contributions from any electrostatic potential changes within the sample (due to surface band bending or buried pn junctions), thus could not correspond to the intrinsic bulk property of the material but be rather a convolution of all these processes. Moreover, the tip work function needs to be always calibrated using a fresh surface of HOPG crystal. It is usually obtained by exfoliating the HOPG crystal with a use of a scotch tape, however since the KPFM measurements are done in air, the surface potential of the fresh surface is changing rapidly, as the particles present in air are adsorbing to its surface. Thus, the values can vary from scan to scan, and from day to day, introducing an uncertainty to the calculated work function of the tip. Another issue that must be discussed here is the actual work function of the fresh HOPG surface, which in the literature is reported in a quite broad range of values, varying from 4.60 eV to 5.10 eV [6]. The discrepancy of the HOPG work function values that is as high as 0.50 eV can lead to differences in the calculated work function of the sample. Thus, care should be taken when obtaining absolute work function with KPFM method, due to these concerns. In this thesis, the 4.60 eV work function of the HOPG crystal and the first 1-2 minutes of the scan of HOPG VCPD have been chosen for the calibration procedure. The tip work function determined this way was between 4.860 eV and 4.904 eV for all the measurements. Thus, the value of WFtip used to calculate the work function of the samples was the average value equal to 4.889 eV.

Firstly, the surface potential of the bare c-Si substrates has been measured and the maps visualising the surface potential distribution on the analysed surface are shown on the Figure 7.2. The samples were stabilised in the dark for several minutes. The VCPD was obtained in the dark where no excess charge carriers should be generated. Thus, its value should be constant across the film surface and correspond to the surface potential difference between the tip and the sample. We can observe negligible lateral variations in the surface potential on each map in the range of few mV, which is comparable to the measurements error that was 0.02 V. The work function for each surface is given on the respective maps on the Figure 7.2. The average value of the n-Si surface WF is ≈ 4.17 ± 0.02 eV, and the work function of the p-Si is ≈ 4.33 ± 0.02 eV. The expected values are for the n-Si ≈ 4.20 eV and p-Si ≈ 5.00 eV. Both values are lower than expected, even for n-Si, placing the Fermi level close to the conduction band (c-Si electron affinity is 4.05 eV). This is quite unexpected, as silicon surface tend to present band bending caused by the surface states. The band bending in p-type silicon is usually downward, effectively lowering the work function measured at the surface (which is observed in our case).

For n-type silicon, the surface band bending is usually upward, thus increasing the work function measured at the surface, which is not observed in our case. This is an example of one of the main problems observed in KPFM measurements, which is the difficulty of assessing the absolute work function of the material using HOPG crystal as the calibration sample. One of the reasons can be the difficulty in determining the tip work function, which can easily differ by several tens of mV from tip to tip, and another being the choice of the HOPG work function from the broad range of values reported in the literature. Another cause can be the influence of the measurement conditions, especially if those were done in ambient. A change in the environmental conditions during measurements of different sets may explain the difference between the obtained VCPD (and thus WF) values for the same type of silicon substrate. The sample surface work function would therefore be influenced by surface band bending of even several hundred of mV, which can also explain significant deviations of the measured c-Si work function from the theoretical values for the respective doping type.

Regarding the comparison of the surface potential distribution to the topography of the substrate (shown in the previous chapter), the surface potential value does not show any influence of the particles that has been observed on the AFM image, especially for the sample s3p (the map with the green border from the set 3).

than 10 mV, which 1) is in the order of the measurement error (± 0.02 V) and 2) is lower than the thermal energy at room temperature (± 0.025 eV), thus, should not provide a negative effect on the lateral carrier transport in this case. The VCPD varies spatially with a standard deviation of 0.036 V and is independent on the morphology of the sample (as discussed before). The value is greater than the measurement error (0.02 V), and it could be due to inhomogeneities within the perovskite layer caused by spin coating deposition process.

The average surface work function is given in the respective map in the Figure 7.3. As discussed for the case of the c-Si work function, the absolute values obtained from Kelvin probe techniques should be taken with great care. The difference in the WF between the p-Si/PVK and n-Si/PVK depends on the set: for the set 1 it is 0.16 eV, for the set 2 it is 0.15 eV but for the set 3 it is 0. The work function value for n-Si/PVK is quite similar between sets, yielding on average 4.72 ± 0.02 eV for n-Si/PVK and 4.82 ± 0.02 eV for p-Si/PVK. This is quite comparable with the usually reported 4.8 eV work function value of the perovskite [9]. The values of the work function for the p-Si/PVK samples are similar between sets 1 and 2, however the value from the set 3 appears to be closer to the work function measured for perovskite on n-Si. The reason for this behaviour can be caused by surface modification and influence of environmental conditions during measurements. Further insights on the c-Si/PVK work function can be found from the macroscopic Kelvin probe measurements of the VCPD in the dark. The measured work function from these measurements, together with WF measured by KPFM and UPS is shown in the Table 7.2. The WFKP values are rather closer to the WFKPFM ones than to WFUPS, ones which can be due to similar environmental conditions in which the measurements were done (UPS measurements are done in UHV while KPFM and KP measurements are done in ambient conditions). We can also observe, that KPFM and KP methods result in significantly higher work function of the samples, compared to the work function value measured by UPS. Very interestingly, there are some substrate-dependent changes in the WF, however not reproduced by every method.

Specifically, as mentioned earlier, KPFM measurements reveal higher WF of PVK deposited on p-Si by ≈ 0.155 eV, however only for the two first sets (the third is not showing any difference in the work function). In case of WFUPS it is the opposite: two sets show no difference in the work function for PVK on p-Si or n-Si, but just the 2 nd set does show ≈ 0.17 eV difference (surprisingly, that is similar to the differences between the n-Si/PVK and p-Si/PVK work function measured by KPFM). The values measured by KP, on the other hand, consistently shows barely any difference in the WF that would be related to the substrate doping type. The measured work function values are similar for all the samples in this technique. How can we explain these discrepancies and the lack of comparison between different sets?

First, the measured area in every technique is different. In KPFM, the measured area was 3×3 µm2 for the set 1 and 2×2 µm 2 for the sets 2 and 3; the beam spot diameter in UPS measurements was in order of few tens-hundreds of µm, while in KP the tip radius was around 1 mm in diameter. Thus, the data collected by laterally precise KPFM technique will reveal variations just from the small area of the sample, while on the other hand, KP technique will capture the average value from the bigger area, neglecting some variations in the range of few µm. Although these two techniques are on the opposite sides of the measurement's spatial resolution scale, they yielded quite comparable values of the PVK work function. The fact that no difference between n-Si/PVK and p-Si/PVK work function has been observed for KP results can be due to adsorbates on the surface, that could cause the band bending at the surface or induce some surface dipole. Thus, the area from which the data was collected in every technique is rather not a reason for observed discrepancies in measured work function.

Another reason can be basically the measurement principle of the method. The KP and KPFM methods relies on the same principle, but the UPS is a completely different way of measuring the work function. In other words: Kelvin probe techniques measures work function from the surface potential difference between the grounded sample and the tip, while the UPS technique derives the work function from the zero kinetic energy of the photoelectrons that already have left the sample (and had just enough energy to leave it, thus -to overcome the work function). We observe systematically lower work function from the UPS measurements, and this is probably rooted in the above-mentioned difference in the measuring principles, and also in the WF extrapolation method. What must be also stressed here is that the work function measured by KP techniques strongly depends on the tip work function, as discussed earlier. The choice of the HOPG work function of 4.60 eV was based on the fact that it was the most recent reported value, obtained for the HOPG in air. Thus, it seemed a reasonable choice. If using the highest found value of HOPG work function (5.10 eV) to obtain the absolute work function of the sample, we would get on average 5.22 eV for n-Si/PVK and 5.32 eV for p-Si/PVK (values for WFKP would increase by the same value). This would make even greater the difference between the WFKPFM and WFUPS values. For these reasons, we prefer to compare differences between p-Si/PVK and n-Si/PVK measured in the same conditions by the same technique, rather than the absolute values.

Moreover, the surface band bending, if present, can then effectively increase or decrease the WF measured at the very surface, compared to when it would be measured in the bulk. The WF measured by UPS is lower compared to the WF values measured by Kelvin probe techniques indicating that the PVK is more n-type. If we juxtapose it with the UPS measurements of the VBM, we can also conclude that the perovskite surface always appears to be n-type, with Fermi level located always in the upper half of the band gap (closer to the conduction band). For samples deposited on p-Si it tends to approach the midgap, however these samples still are rather n-type at the surface. This suggests the downward band bending at the perovskite surface that could be independent on the substrate below.

To verify the nature and the importance of the band bending, the samples were investigated by KPFM technique under illumination, which will be presented in the following sub-chapter.

To conclude this part, the work function measurements of the perovskite materials are quite tricky and depend on many the external factors, like the ambient conditions (illumination, humidity in air), adsorbates and contamination, but also on the measuring method. Statistically lower work function values are found from UPS technique compared to Kelvin probe techniques (micro-and macroscopic), which in turn resulted in similar values. The impact of the substrate doping type to the measured work function at the surface was not always observed: sometimes (especially in KPFM measurements) higher work function was observed for the PVK deposited on p-Si compared to n-Si. The lack of the work function shift that was expected according to the electronic level shifts (core and valence) measured by UPS probably is due to some dipole layer at the surface, that can impact the vacuum level (and hence the work function) but left unchanged the electronic levels of the sample.

Surface potential under white light illumination

In the simple case of single semiconductor grounded from the bottom with ohmic contact the surface photovoltage (VSPV) value indicates the magnitude and direction of surface band bending (which is equivalent to the photogenerated charge carrier type and number moving toward the surface to neutralize surface states that cause the bands to bend and eventually to flatten surface band bending). Firstly, white LED illumination that was attached to the KPFM CCD camera was used to induce the surface photovoltage effect on bare c-Si substrates and on those covered with PVK thin film on top. The results are shown on the Figure 7.4.

During the scan in the dark, the illumination was turned on, and we were able to observe a surface potential change development as the scan was progressing. The graphs have been obtained by extracting the average VCPD along the scan direction (from bottom to the top). In this way we are able to plot the VCPD graphs as a function of acquisition time. Then, by subtracting the average VCPD value measured in the dark from the one measured under illumination, we obtain VSPV curves as a function of time. The VCPD dark values were measured after stabilisation of the sample in the dark for several minutes (for perovskite usually around 20-30 min). Figure 7.4a shows the surface potential changes (VSPV) under white illumination for the bare p-Si substrate (dashed line) and for p-Si/PVK sample (solid line). We can observe, that upon illumination, VCPD decreases in both cases, changing instantaneously by 0.09 V for p-Si and by 0.27 V for p-Si/PVK. This change is caused by the electronic charge carrier generation upon absorption of the light and their following separation in space, which occurs in order of ns (much faster than the temporal resolution of the experiment). The carrier separation is due to existing electrostatic field within the sample, that can be caused by the bending of the electronic bands, but also it could be due to the band offsets at heterojunctions. These can occur at the surface due to surface states or at the interface due to buried pn junction between p-Si and PVK. However, since white LED is not a monochromatic light source, the photons are created in various regions of the sample, thus we cannot distinguish each contribution (in case of p-Si/PVK). For the bare substrate, the only source of the surface photovoltage can be due to surface band bending, which as mentioned earlier, is downward. In case of n-Si and n-Si/PVK (Figure 7.4b), the sign of VSPV is different. For bare silicon, VSPV is positive, and the immediate change after turning on the illumination is 0.08 V. It is due to upward band bending at the silicon surface that is typical for n-type semiconductors. However, the PVK/n-Si does not follow the same trend as the bare silicon. Here we can observe two processes that occur sequentially. First, after turning on the light we see an immediate increase in VSPV by 0.05 V, that is followed by the slower VSPV change in the opposite direction, leading to negative SPV value of ≈ -0.13 V. We can see that with the time, the VSPV is continuing to increase (the VCPD value decreasing) with lower time constant, especially for the samples with PVK on top (for PVK/p-Si, the slower change of the VCPD is ≈ 0.04 V). This indicates, that apart from the electronic photocarrier generation and separation, there are also other processes occurring under white illumination.

The behaviour of the PVK/n-Si is particularly interesting, thus we decided to illuminate this sample with a halogen lamp. The results of the VSPV measurements with halogen light in comparison white light for PVK/n-Si sample are shown on the Figure 7.4c. Under halogen illumination we can observe much stronger immediate positive change of VCPD caused by electronic photocarriers, that results in 0.13 V positive VSPV. It is also followed by the slower decrease of the VCPD, however with slower rate compared to the one that occurred under white illumination.

silicon substrate. However, in both bare silicon and n-type silicon covered with perovskite film, the band bending in silicon appears to be upward in order to explain the positive VSPV.

Figure 7.6b shows the situation when the sample was illuminated with the filter that has its onset near the perovskite band gap, so in this case absorption of light in the perovskite bulk is also expected. First as the light is turned on, we observe quick increase of the VSPV by almost 0.15 V, which is comparable to the case shown on the Figure 7.6a, when the absorption occurred only in n-Si. In this case however, we can see that the VSPV exhibits a long-term decay after the immediate positive value at turn on, which can indicate that light absorbed in the perovskite layer may contribute negatively to VSPV. This can be further investigated when the sample is illuminated with blue light (Figure 7.6c). In this case, we do not observe the positive step at turn on, however we do observe slow negative component. The lack of the positive step at turn on can be due to the fact that the blue illumination used here is from a very narrow wavelength range and has low intensity compared to the illumination used in Figure 7.6b. However, it is noteworthy that such low illumination is able to produce a significant slow negative component.

So, as we could see in this simple experiment, the VCPD under broad spectrum illumination (like white light or halogen light) is composed from the contributions originating from different regions of the sample. This effect has not been previously observed for perovskite deposited on materials like TiOx, NiOx, PEDOT:PSS etc, [18] because these semiconductors act in the solar cell as the extraction/blocking layers and their band gap is high enough to avoid parasitic absorption of the light in non-active regions. In our case, we stacked together two absorbers: the perovskite thin film with the band gap of 1.63 eV, that absorbs mostly short wavelength photons, and the c-Si with the band gap of 1.12 eV that absorbs the rest of the spectrum that has not been absorbed by the perovskite on top of it. Thus, depending on the illumination wavelengths, we can photo-generate carriers in different regions of the samples. The infrared illumination (Figure 7.6a) produces electron hole pairs in the silicon substrate, that then probably get separated by the band bending existing at the interface between the two materials.

According to the sign of measured VSPV, the positive charge carriers are moving towards the surface, thus the interface band bending is most probably upward, when looking from the bulk silicon side. On the other hand, the blue illumination that is absorbed fully in the perovskite causes surface potential to decrease, resulting in negative VSPV. The interpretation of this behaviour is trickier because we can clearly distinguish two components of this response: the fast one, being probably electronic and the slower one, that can be due to another process (defect motion, ion movement, forming of the surface dipole…). For this moment, we can conclude that the negative VSPV caused by blue illumination of the perovskite surface is due to 1) downward band bending at the perovskite surface, that causes negative charge carriers to move towards the surface, and/or 2) by inducing free species with highly energetic photons, in such a way that negatively charged electronic or ionic charge carriers migrate toward the surface, and/or positively charged species move toward the bulk.

To obtain more quantitative results, we decided to use laser illumination of different wavelengths that matches the spectral regions used in the experiment with halogen lamp with filters. For this we used three lasers: one in the infrared range (980 nm), one in the region of the perovskite band gap (785 nm) and a blue one (488 nm). The details of laser illumination were introduced in the experimental section. Here, we were able to control the nominal power of the laser, and by measuring the incident power on the sample surface after passing through the optical system attached to the microscope set up and measuring the spot size with use of the image on the CCD camera, we were able to estimate the illumination power density on the sample and the corresponding photon flux. This way we can make more quantitative comparison between different measurements.

Firstly, we measured the wavelength dependent VSPV of the bare c-Si substrate. The results of the measurements are shown on the Figure 7.7. On the Figure 7.7a we can see the change in the surface potential induced by the infrared illumination (980 nm) for n-Si (blue line) and p-Si (green line). The n-Si shows positive value of VSPV ≈ 0.15 V, while p-Si shows negative value of VSPV ≈ -0.12 V. In c-Si wafer the only region where the electrostatic field can exist is the surface space charge region. Majority charge carriers get trapped at the surface states leading to the depletion at the surface (reduced density of the majority carriers in comparison to its equilibrium value). For n-Si, electrons are captured by the surface states and the upward band bending is formed. Under illumination, electron-hole pairs are created and separated by the built-in field due to this band bending. The electrons move towards the bulk, and holes towards the surface, where they neutralize the surface state reducing the band bending. This is usually observed as an increase of the surface potential value (in the situation where the sample is grounded), and thus -positive VSPV. The opposite is true in case of the downward band bending in p-type semiconductors. In other words, the sign of VSPV is determined by the type of charge carriers separated towards the surface [19]. We can clearly see this effect in case of the bare c-Si substrates. The sign of VSPV for n-Si and p-Si is the same for all the wavelengths used, however the magnitude varies slightly. The slower saturation in case of blue illumination (488 nm) can be due to surface recombination of the photogenerated charge carriers (which for this wavelength are mostly produced near the surface). Slowing down of the VSPV increase by the surface recombination is possibly the reason of the non-quadratic shape of the VSPV curve under blue illumination.

The VCPD value under illumination can be also used to calculate the work function of silicon, as it will be closer to the expected bulk value of the work function due to flattening of the surface band bending. With that being said, if we consider the band flattening caused by photogenerated charge carriers under the 980 nm illumination, the work function of the p-Si is ≈ 4.45 eV and that of the n-Si ≈ 4.02 eV. Again, the expected values of the work function are ≈ 5.0 eV for p-Si and ≈ 4.2 eV for n-Si. Discrepancies from those values may result from the fact that for used illumination conditions full band flattening has not been obtained, so the bands in p-type silicon samples remain still bended downward, decreasing the surface work function with respect to the bulk. The fact that the work function of n-Si under illumination is We can see the similar trends observed previously under white LED and halogen illumination. The PVK/p-Si sample reveals always negative values of VSPV, which magnitude depends on the illumination wavelength. For the 785 nm and 488 nm illumination, VSPV is about -0.10 V and -0.14 V, respectively. For the infrared illumination, VSPV is negligible (≈ -0.03 V, that is in the order of magnitude of the measurement error ± 0.02 V). On the other hand, the surface photovoltage measured on the PVK/n-Si sample reveals change in the sign under blue illumination. For 980 nm infrared and 785 nm illumination, VSPV is positive and high (≈ 0.29 V and 0.27 V, respectively). Under blue illumination VSPV shows immediate positive value of ≈ 0.06 V (except for the set 2), that is followed by a slower decrease towards negative values of VSPV ≈ -0.17 V. It is consistent with the results obtained under white LED and halogen lamp with blue filter, confirming the wavelength-dependence of the surface photovoltage response.

Before moving to the discussion, it is also necessary to analyse the VSPV decay when the illumination is switched off. Figure 7.10 presents the relaxation of the surface photovoltage of the samples discussed previously. The insets display the full VSPV profile during 20 min scan, to show the VSPV stabilisation under continuous illumination. We can observe, that after illumination with 980 nm infrared light, the surface potential relaxes back to its original value within 1-2 minutes (Figure 7.10 a and d), meaning that the residual VSPV value two minutes after the light was turned off (which is denoted VSPV-res) is then 0 V. In case of 785 nm illumination, two minutes are not enough to return to the initial equilibrium value measured in the dark (within the measurement error). We observe residual VSPV of ≈ 0.09 V for the PVK/p-Si sample and ≈ 0.04 V for the PVK/n-Si sample. What needs to be underlined here, is that no matter what the initial sign of VSPV was, after turning off the light there is always a remaining negative value, which then slowly goes toward zero. The slow relaxation after 785 nm illumination for the PVK/p-Si sample can be caused by the electrons generated in perovskite that might have been left with no holes to recombine, indicating good extraction of holes at the PVK/p-Si interface. Moreover, the fast negative change in VSPV followed by slower change toward zero (equilibrium value) for the PVK/n-Si sample after switching off 785 nm illumination probably includes ionic redistribution and accumulation in perovskite. In case of blue illumination, the VSPV-res after 2 minutes is quite high in both samples (0.13 V for PVK/p-Si and 0.15 V for PVK/n-Si), revealing significant persistent photovoltage related to very slow relaxation and or (semi-)permanent modification of the surface potential.

Discussion of the surface photovoltage results

We will begin the analysis of these graphs with the case of 980 nm illumination (Figure 7.9a for PVK/p-Si sample and Figure 7.9d for PVK/n-Si sample). Figure 7.9 shows only the first 2 minutes after switching on the light to discuss in detail the voltage changes, however the lasers were kept on while monitoring the stabilisation of the surface photovoltage response. The full scans that lasted 20 minutes are shown on the Figure 7.10 when discussing the VSPV relaxation process.

As stated earlier, the infrared light (980 nm) is not absorbed by the perovskite, and it reaches the silicon substrate where it is absorbed creating electron-hole pairs. The magnitude of the measured VSPV is proportional to the number of charge carriers that get separated from each other in space; it can be also related to the degree of band flattening under illumination. The sign of VSPV corresponds to the net charge that moves towards the surface, as it was discussed in the previous chapter. For the PVK/p-Si sample, VSPV is negative and very small, indicating very low number of negative carriers that move towards the surface. Since the carriers are generated only in p-Si, this can indicate that the holes (majority carriers) move to the ground (that is on the back of the c-Si), while electrons move towards the interface. The fact that the magnitude is so small suggests that the interface alignment does not allow the carriers generated in p-Si to get strongly separated spatially. The very small negative value can indicate a small downward band bending in p-Si at the interface with perovskite. Overall, the interface band alignment causes little to no charge carrier separation and this situation is schematically depicted on the Figure 7.11a.

Different situation is observed for the PVK/n-Si sample. Strong positive VSPV is observed with immediate increase surface voltage by 0.29 V on average (almost twice larger than VSPV observed for bare n-Si in the same illumination conditions). In this case, we propose that the perovskite film on top of n-Si enhances the charge carrier separation, leading to higher VSPV, i.e., electrons (majority carriers) move to the ground while holes move towards the PVK/Si interface, where they can neutralize negatively charge interface defects. The valence band discontinuity between silicon and perovskite may be larger than the conduction band offset (as it has also been observed by Mariotti et al. [22]), which can also favour accumulation of holes at the interface, contributing to positive VSPV.

(large VBM values), thus it can be a sign of the downward band bending at the surface, and it is supported by the literature reports [23][24] [25].

An alternative or accompanying reason of the downward band bending can include the PbI2 regions, that are present in the PVK surface, as it was confirmed in XRD, SEM and XPS characterisation before, and as it was already mentioned, we used PbI2 excess in the PVK solution to enhance its performance [26][27][28] [29]. PbI2 is a mildly p-type material [15], which IE is ≈ 6.25 eV and EA ≈ 4.05 eV, which provides quite good alignment of the conduction bands with PVK (EA ≈ 3.77 eV), but quite high offset of the valence bands (∆ ≈ 0.85 eV) [14]. The band gap of this material is ≈ 2.4 eV, which corresponds to a wavelength of ≈ 520 nm. This means, that under blue illumination (488 nm) the light absorption in PbI2 crystals should be also considered and might have an impact on the measured VSPV. Moreover, it is reported [15] that due to surface states the PbI2 semiconductor can exhibit downward band bending at the surface. The PbI2 crystals were observed mostly on the grain boundaries of the PVK surface, which is also confirmed by some reports in the literature [10][12].

Suggested band diagrams of the PVK/c-Si samples and behaviours of photogenerated carriers under 488 nm illumination are shown on the Figure 7.14.

We have observed that in both cases (PVK/n-Si and PVK/p-Si) VSPV is negative and that, especially for the PVK/n-Si sample, the behaviour significantly changes compared to 980 nm and 785 nm illumination. Now, it is displaying the same trend as it was observed in the experiment under halogen lamp and white LED illumination. A small immediate positive VSPV value of ≈ 0.06 V is observed for the samples from the set 1 and 3, but it then quickly decreases while it is under continuous illumination with blue light for a few minutes, yielding negative VSPV values of ≈ -0.17 V. The holes photogenerated in perovskite layer can reached the interface and due the fact that there is no blocking barrier at the PVK/n-Si interface, they can reach n-Si layer. There, they will likely accumulate at the interface due to upward band bending in silicon, as it was the case when the holes were generated in n-Si under 980 nm or 785 nm illumination. However, this contribution is dominated by other processes occurring in the perovskite and leading to the negative VSPV. We can see that as the time passes and the illumination continues, the VSPV value increases towards more negative values. We can see that the VSPV change under blue illumination is rather dominated by the slow component -we do not observe high quick changes due to electronic processes occurring in the sample, as it was seen. The VSPV in this case takes minutes to stabilise. Upon switching off the blue light, both fast and slow changes are observed, however overall VSPV profiles are asymmetrical: we can observe much slower VSPV decay compared to its rise. In fact, all the perovskite compositions display such unsymmetrical rise and decay of photovoltage profiles, containing both fast and slow components [29], and especially under blue illumination. It has been often reported that in the timescale in order of tens of seconds-minutes, the ionic migration should be considered [8][11].

seems to promote accumulation of ions in PVK, which can be due to photoinduced effect on ionic motion, the activation of ion transport or the creation of additional defects [13]. Many defects (like halide anions and vacancies) are already present in PVK at room temperature in the dark; the illumination will accelerate the defect formation and or migration of ions [33]. Under illumination, the trap states due to vacancies are filled by photogenerated electrons. It will cause the ionic movement away from these regions due to electrostatic repulsion. They are thought to accumulate at the interface depending on the energetical landscape of the structure. The accumulation of ions can cause the rise of an additional electric field [29][30][31][32][33]. If the new quasi-equilibrium distribution of ions is favourable, it will reduce the recombination of charge carriers and the photovoltage will continue to rise [8]. In our case, due to downward band bending at the surface as discussed before, the negatively charged halide anions will move toward the top surface. They can accumulate at the grain boundaries which are believed to exhibit downward band bending (see the previous discussion regarding location and electronic character of PbI2 phase) [11,34]. This will result in more negative VSPV, which we observe for both PVK/p-Si and PVK/n-Si under illumination, especially when the c-Si contribution can be rather neglected (i.e., under 488 nm illumination). When the light is switched off, the electronic carriers will recombine quickly but the ions that accumulated at the surface will need more time to return to their equilibrium position in the dark. This is observed as a fast VSPV decay followed by slower component. The immediate quick decrease of the surface potential to the strong negative values observed especially for the sample PVK/n-Si after switching off the light, will be due to fast recombination of holes from the n-Si surface (which even if they are created in PVK, they can go to n-Si and accumulate at PVK/n-Si interface, what we observe as a small positive initial increase of VSPV). Now, the negative ions accumulated at the surface will be the only source of the residual VSPV, until they return to their positions. The relaxation is slower in case of blue illumination (higher values of residual VSPV 2 min after switching off the light, comparing to 785 nm), meaning that blue illumination 1) causes stronger ion accumulation [7,8,13] and/or 2) PbI2-related degradation does not allow the surface potential to fully recover to its original value.

To briefly conclude this section, we observe a wavelength dependent response of the surface photovoltage in perovskite deposited on differently doped c-Si, that originates from the different absorption regions in the multilayer structure, composed of two absorbing materials. Using this property, we selected three lasers of different wavelength to probe the desired regions: infrared illumination excites charge carriers only in silicon and thus allows to probe whether the carriers that are photogenerated in c-Si can move to the PVK layer or not. The results suggest the charge carrier accumulation at the interface in case of both PVK/p-Si and PVK/n-Si, that gives rise to an VSPV measured at the perovskite surface, which magnitude is proportional to the number of these carriers. The illumination with photon energy close to the perovskite band gap (corresponding to the laser wavelength 785 nm in this case) can excite carriers both in the perovskite and in silicon, thus the measured VSPV at the surface is the superposition of the photovoltage response in c-Si and perovskite. And finally, the blue illumination generates carriers at the perovskite surface (due to high absorption of perovskite at this wavelength), yielding information about the perovskite surface band bending, which in this case is downward, regardless of the substrate doping type. However, blue illumination also can induce ionic migration, that results in observable slow response of the VSPV, that requires long time (tens of minutes or even an hour) for the surface potential to come back to its original state. The downward band bending at the PVK surface originates from presence of Pb 0 donor defect states and can also be related to the presence of PbI2. The latter, together with ionic movement can be responsible for strong negative VSPV observed under blue illumination and very long relaxation times after switching off the light. This process, however, can lead to the degradation of the perovskite material, which will result in permanent modification of the surface potential. The fact that we observe very slow relaxation of VSPV can be related to these chemical changes of the perovskite surface.

We show that the PVK/p-Si interface favours the extraction of holes that were produced in PVK under illumination, and prevents the holes produced in p-Si to move to the PVK layer. This is beneficial for electron-hole separation in PVK, however, the fact that electrons rather do not have any strong barrier to move from one material to another, can be a source of recombination. The interface between PVK/n-Si on the other hand causes accumulation of holes in n-Si due to upward band bending at the interface. This can be rather beneficial, as it will prevent holes produced in PVK to move to n-Si, which in general can be considered as electron extracting material due to the conduction band offset that promotes movement of electrons from perovskite to n-Si. The downward band bending at the surface in both PVK/p-Si and PVK/n-Si, can either improve charge carrier separation of the system (in the case of PVK/p-Si samples), or not (in the case of PVK/n-Si samples). The results presented in this chapter are important for the development of the devices that can be based on direct perovskite/c-Si interface, because they show the components of the voltage response under white illumination.

Surface photovoltage spectroscopy

Investigating wavelength dependence of the surface photovoltage of the PVK/c-Si samples one cannot omit the surface photovoltage spectroscopy, which is a technique that measures the surface potential changes in the broad range of wavelengths. This technique has been developed in the metal-insulator-semiconductor (MIS) configuration in AC mode at Sofia University in Bulgaria, and measurements on PVK/c-Si samples have been performed by Professor Vesselin Donchev and Stefan Georgiev who took part in the analysis and discussion of the results. We will show here the results obtained at two frequencies: 94 Hz, designed as the low frequency, and 492 Hz, designed as the high frequency in the following. The goal was to complement the KPFM-based measurements of SPV with the advantages that offers the MIS technique, and furthermore, to analyse PVK materials using this operation mode, which to our knowledge, has not been done before.

As explained in the previous chapter, this technique can measure simultaneously the amplitude and the phase of VSPV, which is usually interpreted in the form of a vector model. The amplitude gives information about the number of separated charge carriers, while the phase can be related to the sign of the signal one would have under DC conditions. It also contains information about how fast the process is.

The results of the AC SPS measurements on the PVK/p-Si sample using the MIS technique are shown on the Figure 7.15. For the sample PVK/p-Si we observe negligible amplitude in the sub-band gap region, that increases sharply when the wavelength reaches the energy gap region. Then we can observe that depending on the frequency, the amplitude remains constant for all the other wavelengths for the high frequency of 492 Hz, while for the low frequency it decreases with decreasing the wavelength. Regarding the phase changes for this sample, in the infrared region it is in the II quadrant for both frequencies, which is equivalent of the negative sign of VSPV in KPFM measurements. The phase remains in the same quadrant for high frequency measurements, until reaching the wavelength ≈ 600 nm, when it slightly enters the III quadrant. In case of low frequency measurements, the phase enters III quadrant already when reaching the wavelength corresponding to the perovskite band gap. This fact does not change the overall sign of the measured VSPV, however such a shift from II to III quadrant requires to consider some additional process, as will be discussed later.

Regarding the VSPV spectra of the PVK/n-Si sample, in the infrared region the VSPV amplitude is the highest but varies significantly depending on the frequency. It is much higher for low frequency than for the high frequency measurements, and it is constant until it reaches the band gap region, when we observe sharp decrease of the amplitude value. With the decrease of the illumination wavelength, the amplitude continues to decrease, reaching a value below 1 mV under 500 nm illumination. Regarding the phase, it remains in the IV quadrant all the time, which corresponds to positive sign of the VSPV. The clockwise shift of the phase when decreasing the wavelength (increasing the photon energy) means, that the processes causing VSPV have higher phase retardation, meaning, they occur in slower time scales.

discussed before: for the infrared illumination only silicon substrate absorbs, while for shorter wavelengths perovskite material adds its contribution to the VSPV. For highly energetic photons we must also consider ionic effects and or degradation processes, as it was discussed in case of KPFM results. However, what needs to be kept in mind is the difference of the techniques. First of all, the KPFM measures the surface potential in the dark and then under illumination; the VSPV is obtained by subtracting the dark potential from the one measured under illumination.

On the other hand, MIS measures directly (and only) the changes of the surface potential under illumination/dark. In this case, there is a very short period of illumination followed by short time in the dark (for low frequency 94 Hz it is around ≈ 0.01 s, while for high frequency 492 Hz it is ≈ 0.002 s). In KPFM measurements, depending on the scan size (3×3 µm 2 for set 1 and 2×2 µm 2 for sets 2 and 3), scan rate (0.5 Hz -meaning 0.5 lines per second), the retardation parameters related to the two pass mode as well as the scan resolution (the number of lines per scan, which was 300×300 for the set 1 and 200×200 for set 2 and 3), it gives roughly 4 s to measure 1 line of the VCPD map for the set 1 and 3 s to measure one line for the set 2 and 3. Speaking straightforward, the KPFM and MIS techniques are able to capture the processes at the different time scales -in KPFM we can observe the effects of slow processes on the VSPV, but we are not able to resolve well fast processes. On the other hand, AC MIS technique can provide us with information related to the fast processes that causes VSPV, but it is not able to measure slow ones, that requires seconds or even minutes to develop under constant illumination. This makes the results from the two techniques not immediately comparable, but it provides a perfect way to complement the KPFM results with the advantages of the AC MIS technique, allowing to gain more complete picture of the processes occurring in the sample under illumination with different wavelengths and at different time scales.

With that in mind, we can see that the result in the infrared region gives very similar results between the two techniques, because, as it was already discussed and supported by driftdiffusion simulations, the processes that cause the VSPV in this case are electronic charge carrier generation and separation in silicon. As the perovskite starts to absorb, it inherently involves slower processes to be present, which manifest itself as the slower rise of the VSPV and even slower relaxation, in case of KPFM results. The MIS technique is not able to measure the effects of such slow processes, however the clockwise rotation of the vector for PVK/n-Si indicates that under higher photon energy illumination, the processes are slower. Thus, we can see that as soon as perovskite starts to absorb light and contribute to VSPV, the slow processes need to be taken into account. This supports further the ionic motion or chemical creation of charged species in perovskite under illumination, which redistribution leads to the changes in measure VSPV over the time.

Using again vector model, we can try to do some extra qualitative analysis trying to decompose the vector that corresponds to the VSPV when both perovskite and silicon absorbs (the grey vectors on the Figure 7.16). For this, we can use the vector from the infrared region (the pink one) as one of its components, that will correspond to the VSPV response originating from the silicon. So, the grey vector will be the sum of the pink vector (silicon part) with some other carrier diffusion lengths in perovskites and to a larger space charge region at the p-n junction as compared to the surface. An initial fast positive VSPV change is observed also in the KPFM results. However, in that case it is followed by slower processes that dominate at KPFM timeresolution giving rise to negative VSPV (which is related to ion movement). As mentioned above, the slow processes were not detected in the VSPV-MIS measurements. In addition, if related to ion movement, they are unlikely to be intensive here because of the low light excitation level used.

Regarding the PVK/p-Si sample (Figure 7.17a), the inclusion of the PVK in the light absorption causes the amplitude measured in AC MIS mode to increase and the phase shift to change anticlockwise. It still corresponds to the negative sign of VSPV, and also supports the discussion regarding the KPFM results.

In summary, based on this analysis the PVK induces negative VSPV, independently on the substrate that it is deposited on. It supports the hypothesis of the existence of the downward band bending at the perovskite surface, that we used for the explanation of KPFM data, and it was also observed in UPS measurements at the beginning of this chapter, where the VBM values were indicating n-type character of the PVK surface. Downward band bending at the PVK surface was also often reported in the literature [23][24][25] and will be further mentioned in the following sub-chapters. The effects of the PbI2 presence and material decomposition are also still valid, as their effects are rather long-term and cannot be observed in the AC MIS technique due to operation mode and high frequencies used. Thus, by taking advantage of the complementary aspect of the AC MIS technique, we were able to complement the information obtained from the KPFM data and support the corresponding discussion.

Surface photovoltage with HTL on top

One of the other advantages of measuring VSPV of the multi-layered structures is its ability to predict the charge carrier extracting properties of the interface. The presence of the selective layers will usually lead to the increase of the measured VSPV [18][32], as it facilitates charge carrier separation, which is indispensable for the VSPV to appear. We decided to use two hole transporting layers (HTL) to measure the VSPV, where the direction of the hole's extraction should be always the same (i.e., from the perovskite absorber toward the HTL material on top). In perovskite solar cells, the hole transporting material plays a significant role in hole extraction and transportation from the active layer to the electrode. It also creates an energy barrier to prevent electron transport to the anode, which prevents recombination of carriers in the absorber and thus improves the overall device performance. When used in conventional (n-ip) device architecture, the HTL layers are usually organic and deposited on top of the perovskite layer in a solution process. The materials chosen in this work are spiro-OMeTAD (spiro) and poly[bis(4-phe-nyl)(2,4,6-trimethylphenyl)amine] (PTAA), because they are popular hole extracting materials in perovskite solar cells.

layer and similar graphs were obtained with PTAA top layer and are given in the appendix.

The VSPV response of bare c-Si and PVK/c-Si samples are also plotted for reminder and comparison. The more layers are introduced, the more complex becomes, in principle, the result analysis. We will begin the comparison of the VSPV responses under 785 nm and 488 nm illumination, as the situation in this case is much simpler to explain. Since the photocarriers are produced mostly in the perovskite layer, the holes are quickly extracted by the HTL layers.

The movement of positive carriers to PTAA or spiro results in positive VSPV values, which indicates good hole extracting properties of these materials. Moreover, we can observe significantly higher VSPV in case of n-Si substrate, which, as we earlier discussed, favours the extraction of electrons by the silicon. In other words, these two effects (electron extraction at PVK/n-Si interface and hole extraction at HTL/PVK interface) have a constructive overall effect to VSPV (they add up). On the other hand, since PVK/p-Si interface was characterised to be rather hole extracting, its effect opposes the one at HTL/PVK interface, which results in overall lower VSPV value in this case, when comparing to HTL/PVK/n-Si case. In other words, the negative VSPV measured in case of PVK/p-Si has the opposite direction than the VSPV induced at the HTL/PVK interface (that is positive); the sum is positive indicating that effect at the HTL/PVK interface dominates over the effect at the PVK/p-Si interface.

In case of HTL/PVK/p-Si structure, under infrared (980 nm) illumination the VSPV is rather negligible, which is due to the fact that PVK/p-Si interface does not promote the movement of charge carriers created in silicon to the PVK layer. On the other hand, for the case of HTL/PVK/n-Si structure, the negative VSPV response under 980 nm illumination is quite unexpected, as neither bare n-Si nor PVK/n-Si samples revealed negative VSPV under these conditions. It suggests that the presence of the HTL on top of the perovskite induces some changes in charge carrier distribution in the PVK layer. When the electron-hole pairs are generated in n-Si, they are separated due to the upward band bending in silicon that is due to PVK/n-Si interface alignment, as it was discussed previously and supported by drift-diffusion simulations. Holes move toward the interface, on their own contributing to positive VSPV (as in case of bare n-Si as well as PVK/n-Si). However, the HTL layer on top changes this response. Since the energy bands are connected serially in such structure, the change of the band bending at the PVK/n-Si buried interface under 980 nm illumination apparently influences the band alignment in the other regions of the sample in such a way, that the measured surface photovoltage is in this case negative. Since there are no carriers generated in the HTL layer with illumination of such low energy photons, the changes must occur inside the perovskite layer. The electrons generated in the n-Si will meet a barrier at the PVK/n-Si interface, thus they cannot be responsible for the negative VSPV. According to [29][30], ions present in perovskite already in the dark, accumulate at the interfaces creating a field inside the material. Under illumination, depending on these interfaces, these ions rearrange and are generally responsible for the long transients observed in the photovoltage profiles. In the dark, positive ions accumulate at the HTL/PVK interface, but under illumination due to charge carrier extraction from perovskite, they move to the opposite side and accumulate at the ETL/PVK interface. In our case, instead of ETL we have n-Si, that indeed creates a path for electrons to new questions regarding the influence of the substrate on the properties of the perovskite. We speculate, that this effect can be caused by the charge carrier rearrangement in perovskite that depends on the electrostatic potential at the interfaces, that was not present when perovskite surface was exposed to the ambient conditions. We discussed that the KPFM and MIS results (and as will be shown in the next sub-chapter about lateral heterojunction characterisation) indicate, that perovskite surface exhibit downward band bending. Deposition of HTL on top of the fresh PVK layer without presence of air modifies this band bending, and thus the total potential distribution in the thin perovskite layer. For the super-band gap illumination, holes are extracted from the PVK to HTL, and electrons move towards n-Si. But, under infrared illumination, change of the upward band bending at the PVK/n-Si surface and the presence of strongly p-type doped HTL on the other interface can cause the negatively charged defects/ions present in PVK already in the dark [29][30] to rearrange and move toward the surface, what is measured as negative VSPV. The effect of HTL on the PVK deposited directly on c-Si under infrared illumination appears to be an interesting research topic for further investigations, that can provide more insights on the wavelength-dependent VSPV in PVK materials in presence of additional interfaces.

KPFM characterisation of lateral heterojunction perovskite device

Last but not least, in this sub-chapter we will present the surface photovoltage measurements of the novel perovskite-based lateral heterojunction device, that will give additional insights on the substrate influence on the carrier gradients in the perovskite layer. This work is a result of the collaboration with the group from National Renewable Energy Laboratory in the United States, especially a PhD student from University of Colorado, Sean Dunfield, who came to our laboratory to use its facilities and perform advanced characterisation measurements on his samples. This part of the chapter is based on the publication [36] and proceedings [37]. The study combined huge amount of advanced characterisation techniques and is a fruit of the work of many people, but in this thesis, I will focus mostly on the KPFM measurements that I performed myself, mentioning briefly other results only to preserve the key take-outs of the whole work.

The lateral heterojunction (LHJ) device developed in this study was motivated by the fact, that studying of perovskite properties in traditional vertical stack of the solar cell is difficult, because the perovskite layer is sandwiched between the bottom and top contacts. The LHJ configuration is made of the patterned substrate, in which on the one side there is an electron extracting contact, and on the other -hole extracting contact. These two regions are separated by a gap, which conceptually corresponds to the active layer of the device. Continuous perovskite layer is deposited on top of such patterned substrate, which now makes it accessible to various advanced characterisation techniques. Especially, PES and KPFM techniques have been chosen to study the energetics and band bending in the perovskite layer as a function of the position on the patterned substrate. Based on the reports of substrate control of the What must be mentioned here, is that the results are likely convoluted by the large number of reduced lead centres at the MAPbI3 surface, that act as donor defects causing surface downward band bending [23][24][25], and thus -more n-type character at the perovskite surface than in the bulk. However, these defects do not pin completely the Fermi level to the conduction band, because it is still possible to track the substrate induced changes in MAPbI3 layer by measuring the energetics at the surface. This means, that the substrate effect is preserved over the whole perovskite thickness, what can be best explained by assuming low free carrier and low defect density in the perovskite bulk, leading to low screening ability and large depletion width.

The results of PES characterisation are summarised in the Table 7.5. Using the KPFM technique under light and in the dark, we measured the surface photovoltage on the sample with NiOx * . This sample had a smoother surface than the one with well oxidised NiOx, for which AFM-based characterization was hardly possible. KPFM-based VSPV measurements were used to provide the potential distribution at the surface of perovskite in equilibrium dark and controlled illumination conditions (532 nm). The studied sample was the one with less oxidised NiOx * because it had smoother surface than the well oxidised NiOx and were better suitable for AFM-based characterisation. The data extraction and analysis were done in the same way as for the PVK/c-Si samples presented before in this chapter. which is much smaller than the often-reported differences of the WF between titanium oxide and nickel oxide (≈1000 meV) [3][4]. The reason of these discrepancies was discussed earlier when discussing absolute work function measurements in case of PVK/c-Si samples, but also the smaller value in this case is related to the fact that the nickel oxide was poorly oxidised, so it is expected to have less p-type character than typically used NiOx HTL in perovskite solar cells.

The results of VCPD measurements done on the MAPbI3 surface are shown on the Figure 7.23. Firstly, the surface was scanned without optical excitation to measure the equilibrium surface potential on the two sides of the lateral heterojunction. This time, for the sake of the comparison of the surface potential in the dark between the two sides, the y-axis shows VCPD values, not VSPV, as it was done so far. The difference between two sides is equal to 110 mV, which corresponds to the 120 meV difference in binding energies measured by the PES technique (and shown on the Figure 7.22a, grey circles). The results show that the carrier concentration gradient is maintained even in true equilibrium dark conditions. This indicates that a possible surface photovoltage effect caused by X-ray or ultraviolet light sources [25] permanent modification of the MAPbI3 surface, which might be related to the NiOx * substrate. These changes were attributed to chemical reactions at both sides of the MAPbI3, namely, those between nickel and the MAPbI3 [43][44] and those between the iodine vacancies at the MAPbI3 surface and oxygen [45][46][47]. These reactions likely become visible after prolonged (i.e., days) exposure (the photos showing modification of the MAPbI3 surface can be found in the appendix).

Finally, advanced photoluminescence imaging techniques (hyperspectral imaging and time resolved fluorescence imaging) were also used in the scope of this project on the LHJ devices, and here we will just mention the main findings. These techniques enabled studying of optoelectronic properties of the perovskite film and how the patterned substrate underneath influence them. In short, the results confirm KPFM results revealing faster recombination rates in perovskite film on NiOx * side compared to the TiOx side [48], and smaller quasi-Fermi level splitting. These results suggest that the carrier concentration gradient at the surface, as measured by PES, correlate well with other optoelectronic properties that are largely dictated by the bottom contact.

Chapter conclusions

In conclusion of this part, we used surface potential distribution of perovskite as a proxy of carrier concentration gradient in the perovskite film across the gap in lateral heterojunction configuration. It has been observed that the surface potential of perovskite changes from one side (TiOx) to another (NiOx) of the substrate and represents n-type and p-type surface of perovskite respectively. The variations of the Fermi level of the transport layers are responsible for setting the magnitude of carrier concentration gradient across the LHJ and different recombination rates between two interfaces (perovskite/TiOx and perovskite /NiOx), as it was probed by KPFM. These findings explain the origins of photovoltaic activity in perovskitebased lateral heterojunction devices and the root cause of the substrate-induced carrier concentrations in the perovskite layer. The properties of the p-type and n-type substrates (particularly, the selectivity of the charge carriers) change the relative concentration and dynamics in otherwise intrinsic perovskite above, which suggests low defect concentrations in the perovskite layer. This effect was used to fabricate lateral heterojunction devices in which the adjusted selectivity of the contacts sets the carrier concentration of the perovskite above and establishes the drop in built-in voltage in the junction. The strategy of combining various advanced characterization techniques and providing the optoelectronic response as a function of perovskite/substrate interface opens an avenue to tailor the selectivity of the contact materials to enhance the performance in perovskite-based devices and enables alternative device architectures of all-back contact solar cells. Nonetheless, it also points out, that more studies are required to unravel what exactly makes perovskite contact selective and how it relates to energetics and interface recombination. This could be done by adapting new materials for contact layers, changing the level of oxidation of the extraction layers or by introducing interface layers for passivation.

Chapter 8 General conclusions and perspectives

In this work we have presented an approach of combining a set of advanced characterisation techniques to improve the understanding of the PVK/c-Si interface properties. Motivated to enrich the current knowledge regarding charge carrier generation, separation, and recombination at the interface between crystalline silicon and perovskite, that could contribute to the development of perovskite/silicon tandem solar cells, the perovskite thin film was deposited directly on crystalline silicon substrates of different doping type and studied by means of Kelvin probe force microscopy and photoemission spectroscopy, among the others. The main focus was the surface photovoltage phenomenon and its application to the characterisation of perovskite materials. The major findings are here after summarised and future perspectives are proposed.

Firstly, the integration of the thin film perovskite has been achieved, indicating that the substrate preparation plays a crucial role in the production of high-quality homogenous perovskite film on top of c-Si. The UV/O3 treatment turned out to be an indispensable step to provide sufficient hydrophilicity of the silicon surface. The perovskite films resulted to be homogenous and of high crystalline quality, as deduced by morphological and structural characterisation. The measured properties (perovskite grain size, PbI2 phase content, chemical composition, energy band gap) were not dependent on the substrate doping type, i.e., no clear trend indicating that perovskite growth is contingent to whether c-Si is p-type or n-type was observed.

Then, we coupled photoemission spectroscopy and surface photovoltage techniques to probe the electronic properties of the perovskite/silicon interface and the effects of the illumination to the energetic landscape of such structure, which allowed us to reconstruct the band alignment between perovskite and either p-type or n-type c-Si.

Wavelength-dependent response of the surface photo voltage has been observed, which was related to the change of the absorption region and the place where photo carriers are generated. By analysing the possible contributions to the surface photo voltage measured at the top of the stack, we were able to discern whether the PVK/c-Si interface helps in carrier separation, or not, and also to observe the of presence long-time scale processes. In summary, the interface between PVK and p-Si is found to allow the extraction of photo generated carriers from PVK to p-Si (especially holes generated in PVK can be quickly extracted to p-Si) but does not allow the easy transfer of the positive carriers from p-Si to PVK layer. This was observed as a negligible surface photo voltage under infrared illumination (carriers generated in p-Si), and significant negative photo voltage observed under 785 nm illumination (indicating extraction of holes from PVK to p-Si). The conduction bands are almost aligned, providing no blocking of electrons at the interface. This direct PVK/p-Si interface cannot find an application in PVK/c-Si tandem solar cells on its own due to the lack of the blocking properties of electrons, that will be able to move from PVK to p-Si which can lead to recombination inside p-Si. One of the perspectives for the future could be the optimisation of this interface and finding the adapted buffer layers, that would enhance charge carrier separation and prevent the nonradiative recombination. In this work, we tested the impact of two types of holes extracting top layers, and we indeed observed that such an additional top layer produces significant changes in the measured photo voltage. The unexpected behaviour under infrared illumination in case of PVK/n-Si samples appear to be an interesting research topic for further investigations, that can provide more insights on the wavelength-dependent VSPV in PVK materials in presence of additional interfaces. Especially, KPFM measurements in controlled conditions (N2 atmosphere, low humidity) are desired, as they could discern whether the observed VSPV responses and transients are related to external factors or to intrinsic sample properties.

2D drift-diffusion modelling well supported our explanation of processes occurring in silicon, however due to the simplicity of the model, they were not adjusted yet to simulate results when ionic movement is present in PVK layer. Thus, the perspectives for future works could include the modelling of the PVK/c-Si system under blue illumination, including both electronic and ionic transport.

During this thesis, we had an opportunity to establish few international collaborations.

One of them, done in collaboration with University of Sofia in Bulgaria, allowed us to measure the surface photo voltage of the perovskite on silicon samples in metal-insulator-semiconductor configuration and in AC mode. To our knowledge, these materials have not been previously studied by this technique, thus our initial results on the PVK/c-Si structure can pave the way for the further implementation of this technique to study perovskite materials. The advantages that it offers complemented the results obtained by our KPFM system and allowed us to extend our discussion regarding slow and fast processes. Future works could also include studying time dependent VSPV measurements in the MIS configuration, that could reveal more information regarding transients observed in the SPV response in KPFM.

Lastly, the collaboration, established with the National Renewable Energy Laboratory in the United States, made it possible to study at our facilities the innovative perovskite based lateral heterojunction device with perovskite deposited on top of a patterned substrate having bottom electron and hole extracting layers with a gap (channel) in between. Interestingly, we used photoelectron spectroscopy to track the changes in the binding energies of various species that are representative of lateral variations of electrostatic potential along the channel. This allowed us to demonstrate that the layers underneath the perovskite are imposing changes in the surface potential that extend over tens of microns. Such long-range changes are only possible if the perovskite material is almost intrinsic, with doping and defect densities that were estimated to be below 10 12 cm -3 from complementary modelling. Our studies explained the origins of photovoltaic activity in perovskite-based lateral heterojunction devices and the root cause of the substrate-induced carrier concentrations in the perovskite layer. Such lateral heterojunction devices appear to be very interesting and should be considered in the future for further studies of the interface between different perovskite materials and different carrier extraction layers, and studies of stability issues. 

Parameter

A.5 VSPV of PTAA/PVK/c-Si samples

In this section, the results of VSPV measurements on PTAA/PVK/c-Si structure are shown, to confirm reproducibility of the VSPV trends when HTL layer is deposited on top of PVK.

Résumé en français

Hétérostructures et cellules tandem à base de silicium et pérovskites

Introduction

Lors de leur apparition pour la première fois au sein de la communauté photovoltaïque en 2008 les pérovskites aux halogénures métalliques (PVK) affichaient une efficacité de 3,5 % seulement sous la forme de cellules solaires sensibilisées aux colorants, personne ne s'attendait à ce qu'elles deviennent en quelques années seulement une nouvelle catégorie de cellules solaires de 3ème génération. L'augmentation sans précédent de l'efficacité des cellules solaires à base de pérovskite (PSC) qui a atteint plus de 25 % en l'espace de quelques années, leurs propriétés optoélectroniques extraordinaires et leur rentabilité ont attiré l'attention de nombreux groupes de recherche, annonçant ainsi une révolution sur le marché du photovoltaïque. Aujourd'hui, environ 10 ans après avoir fait leur apparition, ils constituent l'une des classes de matériaux photovoltaïques les plus étudiés, bénéficiant d'un fort potentiel pour améliorer l'efficacité des dispositifs. Ils ont également beaucoup suscité l'intérêt ces dernières années pour leur application dans les cellules solaires, notamment parce que la combinaison d'une sous-cellule PSC supérieure avec une sous-cellule inférieure en silicium cristallin (c-Si) dans une configuration en tandem est une solution prometteuse pour augmenter le rendement au-delà de la limite d'efficacité théorique (≈ 33%) d'une cellule à absorbeur unique. Même si les performances de tels dispositifs ont été bien améliorées, la recherche fondamentale sur le fonctionnement de ce type de système fait encore défaut. Alors que dans les dispositifs de cellules solaires simples ou en tandem, ces deux matériaux ne sont habituellement pas en contact direct, la connaissance du transport des porteurs et de l'alignement des bandes à leur interface permettrait de mieux comprendre leurs performances et leur compatibilité. Il y a donc encore beaucoup de questions ouvertes concernant l'interface directe pérovskite/silicium, car le sujet n'a pas été suffisamment étudié. En effet, l'accent n'a pas été suffisamment mis sur la compréhension de la structure énergétique de cette interface afin de pouvoir se faire une image claire de son fonctionnement ainsi que de ses applications possibles dans les cellules solaires tandem pérovskite/silicium. De plus, il a souvent été rapporté que le niveau de Fermi de la pérovskite est proche de la bande de conduction lorsque la pérovskite est déposée sur les substrats de type n, alors qu'il se situe vers le milieu de la bande interdite ou plus près de la bande de valence sur les substrats de type p. Quoique bien documentées, les causes profondes de ce contrôle par le substrat des propriétés électroniques de la pérovskite restent mystérieuses. L'influence du substrat est maintenue jusqu'à plusieurs centaines de nanomètres (≈ épaisseur de l'absorbeur pérovskite) à partir de l'interface enterrée avec le substrat. Il est prouvé que le substrat peut modifier considérablement les propriétés électroniques de la pérovskite, déplaçant tous les niveaux d'énergie de la même valeur. Cet effet pourrait avoir un grand impact sur la conception de l'interface pour les cellules solaires à base de pérovskite, il doit donc être correctement identifié. L'objectif de cette thèse est d'utiliser un ensemble combiné de techniques de caractérisation pour améliorer la compréhension des propriétés de l'interface PVK/c-Si. Ces techniques pourront alors être utilisées pour développer des stratégies afin de réduire les pertes en minimisant la recombinaison des porteurs photogénérés et en améliorant leur extraction dans chaque souscellule.

Dépôt et caractérisation de couches minces de pérovskite

Nous avons déposé des pérovskites aux halogénures mixtes à triple cation à la tournette sur des substrats de silicium cristallin de dopage de type n (n-Si) et de type p (p-Si). Compte tenu de cette méthode de préparation, les films résultants sont de nature polycristalline, ainsi, le contrôle de la qualité cristallographique et de la morphologie du film est une étape essentielle avant la caractérisation de la pérovskite par d'autres méthodes, en particulier dans le contexte de propriétés électroniques contrôlées par le substrat de la pérovskite, afin d'exclure la qualité du film comme cause des variations d'un échantillon à l'autre des propriétés de la pérovskite. Nous avons démontré que la préparation du substrat joue un rôle crucial dans la production d'un film de pérovskite homogène de haute qualité sur c-Si, où le traitement UV/O3 s'est avéré être une étape indispensable pour fournir une hydrophilie suffisante de la surface du silicium. L'intégration de PVK directement sur c-Si a été un succès et des couches minces de PVK polycristallin de haute qualité ont été obtenues. Nous avons prouvé que les propriétés structurelles et chimiques de la pérovskite (taille des grains, teneur en phase PbI2, composition chimique) ne dépendent pas du type de dopage du substrat, avec peu de dispersion entre échantillons d'un même lot, sans aucune tendance évidente indiquant une corrélation avec le type de dopage du substrat. Sur la Figure 1 sont représentées notamment les structures étudiées, et des cartographies de topographie et de morphologie. Les images révèlent une taille de grain et une morphologie similaire du film PVK déposé sur n-Si et p-Si.

décroissance de VSPV après extinction lumineuse (non illustré ici). Cependant, la montée et la décroissance rapides du signal de SPV lors de l'allumage et de l'extinction de l'illumination sont suivies d'une réponse plus lente en cas d'éclairement dans le rouge (785 nm) et dans le bleu (488 nm). En effet, lorsque le matériau PVK commence à absorber, ceci peut déclencher des mécanismes de migration ionique souvent invoqués dans ce type de matériau, soit par redistribution des porteurs de charge électroniques, soit directement par absorption de lumière induisant des modifications chimiques. En analysant les origines possibles de ces processus, nous avons tenté de reconstruire l'alignement des bandes entre PVK et p-Si et n-Si. En résumé, l'interface entre PVK et p-Si s'avère permettre l'extraction de porteurs photoengendrés de PVK vers p-Si (en particulier les trous générés dans PVK peuvent être rapidement extraits vers p-Si) mais ne permet pas le transfert facile des trous de p-Si à la couche de PVK. Les bandes de conduction sont quant à elles presque alignées, n'induisant pas de blocage d'électrons à l'interface.

La spectroscopie de SPV réalisée en configuration MIS a confirmé que le matériau PVK contribue négativement à la valeur de SPV mesurée, indépendamment du substrat sur lequel il est déposé. Elle supporte l'hypothèse de l'existence de la courbure de bande vers le bas à la surface de la pérovskite, que nous avons utilisée pour l'explication des données KPFM, et en accord également avec les mesures UPS. Notons qu'une telle courbure des bandes vers le bas à la surface du matériau PVK a également été souvent rapportée dans la littérature. Cette technique nous a également permis de suivre les changements de potentiel de surface dans une large gamme de longueurs d'onde d'éclairement et d'analyser des modifications à des échelles de temps beaucoup plus courtes que ne le permettent les mesures par la technique KPFM. Ainsi, en profitant de l'aspect complémentaire de la technique MIS, nous avons pu compléter les informations obtenues à partir des données KPFM et étayer la discussion correspondante.

Nous avons également étudié l'impact de la couche d'extraction de trous (HTL) déposée sur la couche de PVK. Pour cela, nous avons préparé des échantillons HTL/PVK/c-Si, où HTL était du matériau spiro (Spiro-OMeTAD) ou PTAA (poly(triaryl amine)). Nous pouvons conclure que la couche de HTL au-dessus de la pérovskite aide de manière significative à la séparation des porteurs de charge, ce qui entraîne un signal de VSPV positif élevé, qui est dû à une concentration plus élevée de trous qui se déplacent vers la surface. Étant donné que les bandes d'énergie sont connectées en série, les effets provenant des deux interfaces s'additionnent et peuvent être constructifs ou non. Dans le cas d'une structure HTL/PVK/n-Si, on observe un effet constructif, car les électrons sont extraits par le n-Si en-dessous de la couche de PVK, et les trous par le HTL au-dessus. En revanche, pour les structures HTL/PVK/p-Si, l'effet est destructif, car les trous peuvent être extraits soit par p-Si soit par HTL. Le signal de VSPV mesuré sur ces structures reste positif (mais d'amplitude effectivement nettement plus faible que pour les structures HTL/PVK/n-Si), ce qui signifie que la couche de HTL a un effet dominant et révèle des propriétés d'extraction de trous beaucoup plus fortes que le p-Si. Le dépôt de HTL au-dessus de la couche fraîche de PVK sans présence d'air modifie la courbure des bandes, et donc la distribution de potentiel dans la couche mince de pérovskite. L'effet de la couche de le long du canal, et un gradient de concentration des porteurs dans le canal du dispositif LHJ. Ce gradient est lié au changement de travail de sortie entre la couche de ETL et celle de HTL et il est à l'origine de l'activité photovoltaïque dans les dispositifs à hétérojonction latérale à base de pérovskite. Les propriétés des substrats de type p et de type n (en particulier, la sélectivité des porteurs de charge) modifient la concentration des porteurs libres et la dynamique dans la couche de pérovskite sur des distances de plusieurs dizaines de microns de canal, ce qui suggère que cette couche possède de très faibles concentrations de défauts et de dopants (< 10 13 cm -3 ).

Conclusions et perspectives

Notre approche couplant la spectroscopie de photoémission et les techniques de phototension de surface pour sonder les propriétés électroniques de l'interface pérovskite/silicium et l'analyse des effets de l'illumination nous a permis de proposer une image de l'alignement des bandes entre la pérovskite et le c-Si de type p ou n. Des mesures effectuées sur un dispositif original à hétérojonctions latérales a également permis de démontrer l'influence prépondérante des couches de substrat avec lesquelles la pérovskite est en contact.

La stratégie consistant à combiner diverses techniques de caractérisation avancées et à fournir la réponse optoélectronique en fonction de l'interface pérovskite/substrat ouvre une voie pour adapter la sélectivité des matériaux de contact afin d'améliorer les performances des dispositifs à base de pérovskite. Elle permet également d'envisager des architectures de dispositifs alternatives de type cellules solaires entièrement contactées en face arrière. Néanmoins, d'autres études sont nécessaires pour analyser ce qui rend exactement le contact avec la pérovskite sélectif et comment cela se traduit sur les alignements de bande et sur les mécanismes de recombinaison des porteurs aux interfaces. Cela pourrait se faire en adaptant de nouveaux matériaux pour les couches de contact, en changeant le niveau d'oxydation des couches d'oxydes métalliques servant de couches d'extraction ou en introduisant des couches d'interface pour la passivation.
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 2527262828292931353236333834393541364537463848395431256416042 Figure 1.1 Formation of pn homojunction, depicting the situation before the contact (a), after the contact in equilibrium (b) and under illumination (c). .......................................................................................................................................................... 8 Figure 1.2 Types of heterojunctions: a) straddling gap, b) staggered gap, c) broken gap. Staggered gap is especially interesting in this work because it finds application in photovoltaic devices. .............................................................................................. 9 Figure 2.1 Perovskite structure formed by eight corner-sharing inorganic BX6 4-octahedra with an A-site cation in the cavity between them. On the right, examples of ions that can occupy each site of the ABX3 structure with their ionic radii [8, 9, 10] ................................................................................................................................................................................................... 14 Figure 2.2 Geometrical factors to predict perovskite formability: a) tolerance factor; b) octahedral factor [13, 14, 15] ........ 14 Figure 2.3 Phase transitions of MAPbI3 perovskite as a function of temperature [31] ............................................................ 15 Figure 2.4 Formation of conduction and valence band of MAPbI3 perovskite; based on [39] ................................................ 16 Figure 2.5 Possible point defects in MAPbI3 perovskite with indicated formation energy range (frame around the defect name) and approximate position within the band gap (background colour of the defect name). Dotted-line border means very easily created defects (I and MA interstitials), solid-line borders mean defects with very high formation energy that are not likely to form (Pb vacancy, Pb interstitial on I site, and I interstitials on Pb and MA sites); all the other defects have medium formation energies and are marked by dashed-line borders. Background colour signifies the approximate position within the energy band gap: unwanted deep traps are grey-shaded, and shallow acceptor and donor defects are, respectively, blue-and green-shaded. Based on: [48, 49] ..................................................................................................................................................................... 20 Figure 2.6 Visual comparison of optoelectronic properties and relevant parameters for solar cells of perovskites (blue), organic semiconductors (pink), GaAs (green) and crystalline silicon (c-Si) (yellow); part 1; a) energy band gap (eV), linear scale; b) best solar cell efficiency for 2021 (%), linear scale; c) exciton binding energy (meV), logarithmic scale; d) film thickness of the absorber layer in the solar cell (nm), logarithmic scale; ; e) diffusion length (nm), logarithmic scale; f) carrier mobility (cm 2 /Vs), logarithmic scale. Based on: [3, 14, 27, 61, 69-86, 98-112] ..................................................................................... 25 Figure 2.7 Scheme of standard mesoporous perovskite solar cell (a) and the corresponding band alignment between the layers (b). On the image (b), black arrows show the carrier transport from the perovskite absorber layer to the respective transport layers (electrons going to ETL and holes to HTL); red arrows show blocking properties of selective layers (HTL blocking electrons and ETL blocking holes). Based on: [6] .................................................................................................................... 26 Figure 2.8 Two primary energy loss mechanisms in a single-junction solar cell: thermalization and non-absorption ........... 28 Figure 2.9 The concept of tandem solar cell made of two sub-cells: high-band gap top cell absorbing high energy photons and low-band gap bottom cell, which absorbs the remaining part of the solar spectrum (a); possible tandem solar cell configurations: a) two-terminal (2T); b) three-terminal (3T) and d) four-terminal (4T) .......................................................... 29 Figure 3.1 AFM tip (SEM image [1]) ...................................................................................................................................... 35 Figure 3.2 Force-distance relation (Lennard-Jones potential) and AFM modes. ..................................................................... 36 Figure 3.3 Amplitude (a) and frequency (b) modes. Based on [10] ......................................................................................... 38 Figure 3.4 Definition of energy levels in semiconductor band structure, i.e., Evac (vacuum level), CB (conduction band minimum), VB (valence band maximum), EF (Fermi level), as well as the energy differences between them, i.e., IE (ionization energy), WF (work function), EA (electron affinity), Eg (energy band gap), EVBM (valence band maximum distance to Fermi level) .......................................................................................................................................................................................... 39 Figure 3.5 The principle of KPFM measurements; a) tip and sample not electrically connected, vacuum levels (Evac) aligned, but Fermi levels not (EF); b) tip and sample electrically connected, Fermi levels align, tip and sample surface charged: electrostatic force Fel acting between them; c) application of external VDC bias cause the vacuum levels line up again. Based on [10, 18, 19] ........................................................................................................................................................................... 41 Figure 3.6 Schematic energy levels of n-type semiconductor with surface states located in the mid-gap of semiconductor; a) before equilibrium; b) after reaching equilibrium (Fermi levels lined up, bands of semiconductor bent upward due to electron flow from the semiconductor surface to the surface states). Based on [9, 19, 24] .................................................................... 45 Figure 3.7 Formation of negative VSPV in a p-type sample due to flattening of the surface band bending in KPFM measurements configuration. VSPV is a difference between contact potential measured under illumination (VCPD*) and in the dark (VCPD). Black and pink lines correspond to the band diagram in the dark and under illumination, respectively. Quasi-Fermi level splitting is shown as well. Based on [16, 29] ............................................................................................................................ 46 Figure 3.8 Schematic energy levels of pn junction with surface states in KPFM measurement configuration; a) in the dark; b) under illumination. Total VSPV is a superposition of the two contributions of the opposite signs: surface VSPVs due to flattening of the surface band bending and interface VSPVi due to flattening of the interface band bending caused by pn junction. For the sake of simplicity, quasi-Fermi level splitting is not shown. Based on [16, 19] ....................................................................... 48 Figure 3.9 Timescale of possible processes taking place in perovskite materials. Fast processes, like charge generation, transport and recombination will result in abrupt change of VCPD as a function of time, while slow processes (ion transport, accumulation, stability issues) will result in slower changes of the potential. Based on [31-33] ............................................. 49 Figure 3.10 VSPV phase and corresponding band bending directions, represented by radial vectors. ...................................... 51 Figure 3.11 KPFM set up used. The main elements are pointed by the arrows. The external illumination needed for VSPV measurements is transferred by TRIOS system; the possible beam paths are marked by green (illumination from the top), pink
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 684769487049 ............................................................................................................................................................................. 67 Table 4.1 Main peaks of a typical triple cation lead mixed halide perovskite sample and their positions and the spin-orbit splitting energy distance. *EB can vary by few hundreds of meV, depending on exact perovskite composition and external factors (substrate influence, etc). Values taken from [7]. ......................................................................................................... Doublet peaks in triple cation mixed halide spectrum; a) Cs 3d; b) I 3d; c) Pb 4f; d) Br 3d. The gap between iodine peaks is because they were acquired in separate scans to better facilitate background fitting. ................................................ Chemical shift. The N 1s spectrum (a) is composed of two peaks that originates from methylammonium and formamidinium molecules, while various peaks in C 1s (b) can be ascribed to the bonds between atoms in organic molecules originating from the perovskite or can occur due to surface contamination. ............................................................................ Bulk Fermi level alignment in a metal and semiconductor sample of different doping type (n-type, intrinsic, ptype). The energy difference between valence band EVBM and core levels ECL is constant and shifts by the same amount on the binding energy scale as the doping type and degree of semiconductor vary. Inspired by [3] .................................................. 71 Figure 4.
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 745181528253835485619062916392649465956696679768986999610100611 .................. Schematic illustration of Bragg-Brentano configuration, based on [8] .................................................................. Calculated XRD patterns for MAPbI3 in cubic (top blue) and tetragonal (bottom pink) phases with assigned Miller indices for each peak. Asterisks in tetragonal phase describes peaks that are inconsistent with cubic symmetry and helps easily distinguish the two phases. Adapted from [9] ........................................................................................................................... Scheme showing possible signals generated by electron beam interactions with the sample in the scanning electron microscope and the regions from which the signals come from. The signals that are mainly used in SEM imaging are secondary electrons (SE) and backscattered electrons (BSE). Based on [17, 18] ...................................................................................... Recombination processes in a semiconductor of a bandgap Eg: defect-assisted Shockley-Read-Hall (SRH), Auger and radiative recombination ...................................................................................................................................................... Perovskite layer deposited on c-Si substrate without UV/O3 treatment (0 min) and after 30 min treatment. ........ AFM topography maps of bare c-Si substrates (3×3 µm2 for set 1 and 2×2 µm2 for the set 2 and 3). Blue borders indicate n-Si and green p-Si. The wavy structure of the first two maps coming from Set 1 is just an artifact caused by the exhaust system that was running in the adjacent room during measurements. ......................................................................... Triple cation mixed halide perovskite (PVK) deposited on p-type c-Si (p-Si) and n-type c-Si (n-Si). Results originating from the samples PVK/n-Si will be presented in blue, while results of PVK/p-Si will be presented in green. ..... AFM micrographs showing topography of the PVK/n-Si (blue) and PVK/p-Si (green), originating from three different sets. The map size was 3×3 µm2 for set 1 and 2×2 µm2 for set 2 and 3. .................................................................. SEM micrographs showing PVK surface. .............................................................................................................. Cross-sectional SEM measurements of PVK/n-Si samples on the left and PVK/p-Si samples on the right. Images for the sets 1 and 2 were obtained in backscattered electron mode, while the images for set were obtained in secondary electron mode. ......................................................................................................................................................................................... XRD pattern of PVK/c-Si structure; inset shows the region where PVK phase is identified ................................ Identification of the peaks in PVK/c-Si structure (pink) by comparing the XRD patterns of bare c-Si (grey) and PVK/glass structure (black). PbI2 phase is marked by pink star. .............................................................................................. XRD patterns of representative samples from each three sets. The percentage indicates the PbI2 to PVK ratio calculated from the peaks located at 12.6º and 14º, respectively. ............................................................................................. Wide range survey scan showing all the elements present in the perovskite surface spectra. No contribution from the substrate (that would occur between 107 and 95 eV) was found. ..................................................................................... Core level atomic percentage for samples of three sets obtained during low power (*-cl1) and full power (*-cl2) measurements, compared to the theory (pink line). The line between points serve just to guide the eye between data points. ................................................................................................................................................................................................. 102

Figure 6 . 12 103 Figure 6 . 13 Figure 6 . 14

 612103613614 Figure 6.12 Core levels of N 1s and C 1s (a) and MA/FA ratios (b) obtained from C 1s core level (black) and N 1s core level (grey). ...................................................................................................................................................................................... 103 Figure 6.13 Ratios of: Pb 4f / I 3d5/2, Pb 4f / N 1s, Pb 4f / Br 3d and I 3d5/2 / Br 3d. ............................................................ 104 Figure 6.14 Normalized photoluminescence (green peak) and normalized absorbance (black dashed line) of the PVK/c-Si. Pink vertical lines indicate the wavelengths of the lasers used in VSPV measurements. .......................................................... 104 Figure 7.1 XPS core level spectra of I 3d5/2 and Pb 4f7/2 of PVK/n-Si (blue) and PVK/p-Si (green) of the set 1 (a), set2 (b) and set 3 (c); secondary electron cut-off spectra used to calculate the work function of PVK on n-Si (blue) and p-Si (green) substrates for sets 1, 2 and 3 (d) and valence band spectra in linear scale (e) for every set. The given values of VBM are calculated from the logarithmic scale; the linear scale allows to compare the shape of the valence band spectra of different samples. For the sample s1n (e, set 1, blue line), we can observe different shape compared to other samples (marked by pink arrow). ..................................................................................................................................................................................... 109 Figure 7.2 CPD maps (3×3 µm 2 for the set 1 and 2×2 µm 2 for the sets 2 and 3) for c-Si substrates of n-type (blue frame) and p-type (green frame) doping for three sets, corresponding to the AFM maps shown in the previous chapter. Calculated work function is also given (with tip WF obtained via calibration with HOPG crystal). ................................................................ 113 Figure 7.3 The VCPD maps (3×3 µm 2 for the set 1 and 2×2 µm 2 for the sets 2 and 3) for PVK/c-Si samples on n-type (blue frame) and p-type (green frame) c-Si substrates for three sets, corresponding to the AFM maps shown in the previous chapter. Calculated work function (WF) is also given (with tip WF obtained via calibration with HOPG crystal). ............................ 114 Figure 7.4 Changes in surface potential with white light illumination shown as the surface photovoltage (VSPV) as a function of time. The arrow marks when the white light illumination was turned ON. Results shown for the p-Si and PVK/p-Si (a), n-Si and PVK/n-Si (b) and PVK/n-Si with two different illumination types: white light LED from the KPFM microscope (black) and halogen lamp light (pink). ................................................................................................................................................ 119 Figure 7.5 Typical spectra of halogen lamp (a) and white LED (b). The irradiance of halogen lamp used in the experiments (c) is plotted together with irradiance when different filters were used: high pass 830 nm (pink), high pass 780 nm (green), blue filter in the range 370-484 nm (blue). Light grey vertical lines mark the wavelength region close to PVK band gap. . 120 Figure 7.6 The VSPV measurements of PVK/n-Si sample using halogen light with different filters: high pass 830(a), high pass 780 (b) and blue filter in the range 370-484 nm (c). The arrow marks when the light was turned on. .................................. 121 Figure 7.7 Surface photovoltage of bare n-Si (blue) and p-Si (green) using lasers of different wavelengths: 980 nm (a), 785 nm (b) and 488 nm (c). ............................................................................................................................................................ 124 Figure 7.8 Result of 2D drift-diffusion simulation of the surface photovoltage in n-Si and p-Si under 980 nm illumination. The simulated energy band structure and the zoom to the surface is shown on a) and b) for n-Si and on c) and d) for p-Si. 125 Figure 7.9 SPV measurements of PVK/p-Si (green) and PVK/n-Si (blue) samples for the set 1 (dotted line), set 2 (dashed line) and set 3 (solid line). Three different lasers were used for the illumination: 980 nm (a and d), 785 nm (b and e) and 488 nm (c and f). The arrows mark when the light was turned on. The value of the average calculated over the three sets, VSPV-av, is also given on the graphs and represents the immediate change in surface potential after switching on illumination (omitting the further slower changes). For the PVK/n-Si sample under 488 nm illumination, two values are given, as the VSPV changes its sign relatively quickly, indicating fast electronic and slow ionic/degradation processes. ................................................. 126 Figure 7.10 Surface photovoltage relaxation after switching off the light for each wavelength. The graphs show only 2 mins of the relaxation, because the scans were not capturing the full time. The entire scan is shown on the inset (total time: 20 min, the graphs are shifted to omit the first 2 min under illumination since they were stable). The values of the residual VSPV are also given and are the difference between the VSPV value 2 minutes after switching of the light and the initial dark value. . 128 Figure 7.11 Schematic band diagrams of the PVK/p-Si (a) and PVK/n-Si (b) structure and possible behavior of photogenerated electron and hole pairs under 980 nm illumination. In this case, carriers are generated only in c-Si. Small interface band bending results in negligible, slightly negative VSPV measured on PVK/p-Si (a). On the other hand, valence band discontinuity and upward band bending at the interface in case of PVK/n-Si results in strong positive VSPV (b). The signs (-) and (+) at the interface band bending indicate accumulation of electrons and holes, respectively. .............................................................. 130 Figure 7.12 Result of 2D drift-diffusion simulation of the surface photovoltage in PVK/n-Si and PVK/p-Si under 980 nm illumination. The simulated energy band structure and the zoom to the surface is shown on a) and b) for PVK/n-Si and on c) and d) for PVK/p-Si. ............................................................................................................................................................... 131 Figure 7.13 Schematic band diagrams of the PVK/p-Si (a) and PVK/n-Si (b) structure and possible behavior of photogenerated electron and hole pairs under 785 nm illumination. In this case, carriers are generated both in c-Si and in the perovskite bulk. Contribution from the silicon is negligible (as shown for 980 nm), thus the holes extraction by p-Si leaving electrons in PVK layer are the possible explanation of measured strong negative VSPV (a). In case of PVK/n-Si sample, the electrons move from the perovskite to the silicon and then to the ground, leaving the holes in the perovskite layer. ............................................. 132 Figure 7.14 Schematic band diagrams of the PVK/p-Si (a) and PVK/n-Si (b) structure and possible behavior of photogenerated electron and hole pairs under 488 nm illumination. In this case, carriers can be generated mostly at the PVK surface. Due to downward band bending at the perovskite surface, negative carriers will move in this direction resulting in negative VSPV in both cases. ............................................................................................................................................................................... 134 Figure 7.15 Surface photovoltage spectroscopy (SPS) results measured using MIS configuration showing the VSPV amplitude of the PVK/p-Si sample (a) and PVK/n-Si sample (b), and the VSPV phase for PVK/p-Si sample (c) and PVK/n-Si sample (d).In the phase results, the respective quadrants have been marked near the y-axis with corresponding sign of the VSPV for easier discussion. Additionally, the x-axis has been divided into three parts, that will correspond to the illumination in the infrared region (800-900 nm, pink), high energy blue illumination (500-580 nm, blue) and the region in between (grey). ............... 138 Figure 7.16 Vector model representing the results obtained in SPS measurements in MIS configuration for PVK/p-Si sample (a) and PVK/n-Si sample (b). Pink vectors represent the amplitude and the phase of the VSPV in the infrared range (which can be interpreted as the c-Si contribution), while the blue vectors correspond to the VSPV measured under blue illumination (contribution mostly from the PVK surface). The grey vectors are the average VSPV in the region in between (assumed absorption of light in both materials). The vector model is drawn for the low frequency case (94 Hz). ............................... 139
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Figure 2 . 1

 21 Figure 2.1 Perovskite structure formed by eight corner-sharing inorganic BX6 4-octahedra with an A-site cation in the cavity between them. On the right, examples of ions that can occupy each site of the ABX3 structure with their ionic radii[8, 9, 10] 

Figure 2 . 2

 22 Figure 2.2 Geometrical factors to predict perovskite formability: a) tolerance factor; b) octahedral factor[13, 14, 15] 

Figure 2 . 3

 23 Figure 2.3 Phase transitions of MAPbI3 perovskite as a function of temperature[31] 

  Materials used in standard device architecture are: -Cathode: FTO, AZO -ETL: TiO2, SnO2, C60, ZnO, ZnO:Al -HTL: Spiro-OMeTAD, PTAA -Anode: Au, Ag Materials usually used in the inverted architecture are: -Anode: ITO -HTL: PEDOT:PSS, NiOx -ETL: C60, PCBM -Cathode: Al

Figure 4 .

 4 4 shows the typical UPS spectrum with indicated SECO region and Fermi edge (a).

Figure 4 . 7 .

 47 The peaks are Cs 3d, I 3d, Pb 4f and Br 3d.

Firstly, bare substrate

  was measured on TiOx and NiOx * side. The results showing the VCPD values are given in the appendix. The difference between VCPD measured on bare TiOx and VCPD of poorly oxidised NiOx * (corresponding to the work function difference) is only 350 mV,

  They also observed worse extraction of holes, compared to the extraction of electrons, which resulted in higher VSPV in perovskite layer under illumination. It is important to mention, that they performed these measurements in short circuit conditions, grounding the cell from the back substrate and from the top layer. However, if one electrode is floating (open-circuit conditions), the VSPV value can be related to the Voc of the device[27, 38, 41, 43, 44]. As mentioned previously, the processes in perovskite materials can occur in different time scales. Toth et al.

and Garret et al. used different KPFM extensions (µs-time resolved open loop KPFM and heterodyne KPFM, respectively) to investigate these processes at nanoscale. Especially, slow voltages decays after switching off the light are often observed in KPFM measurements under illumination, usually attributed to trap filling and subsequent ion migration [43, 45, 46], however without further elaboration. Interesting work that sheds some more light on the topic of ion migration was done by Tennyson et al., where they used KPFM and different illumination wavelength to study voltage response of two pure halide perovskites (MAPbI3 and MAPbBr3)

Table 4 . 1

 41 Main peaks of a typical triple cation lead mixed halide perovskite sample and their positions and the spin-orbit splitting energy distance. *EB can vary by few hundreds of meV, depending on exact perovskite composition and external factors (substrate influence, etc). Values taken from[7].Moreover, the relative intensities of those two peaks depend on the degeneracy of the level. On the Table4.2 are gathered the values of the relative intensities of the peaks originating from spin-orbit splitting (so-called doublets).

	Core level	Attribution	EB (eV)*	Spin-orbit splitting ∆E
	Cs 3d5/2	-	725.0 ± 0.1	14.0 ± 0.1
	I 3d5/2	-	619.4 ± 0.1	11.5 ± 0.1
	Pb 4f7/2	-	139.0 ± 0.1	4.8 ± 0.1
	N 1s	MA +	402.5 ± 0.1	-
		FA +	400.8 ± 0.1	-
	C 1s	MA +	286.5 ± 0.1	-
		FA +	288.4 ± 0.1	-
	Br 3d5/2	-	68.7 ± 0.1	1.0 ± 0.1

Table 4 . 2

 42 Relative intensities (relative peak areas) used for the fitting of doublet peaks. Adapted from[6] 

	Subshell	j values	Intensity ratio (peak areas)
	s	1/2	-
	p	1/2, 3/2	1:2
	d	3/2, 5/2	2:3
	f	5/2, 7/2	3:4

Table 4 .

 4 3 RSF values for the elements relevant for this work (triple cation mixed halide perovskite deposited directly on silicon substrate), taken from the Multipak Software[18].

	Core level	RSF
	Cs 3d5/2	11.800
	I 3d5/2	6.302
	Pb 4f7/2	9.000
	N 1s	0.499
	O 1s	0.733
	C 1s	0.314
	Si 2p3/2	0.368
	Br 3d5/2	1.149

Table 5 . 1

 51 Details of silicon wafer used in this work.

	Parameter / Sample	p-Si	n-Si
	Resistivity min (Ω cm)	1-10	1-10
	Dopant	B	P
	Doping concentration (cm -3 )	1.5 × 10 16 -1.4 × 10 15	4.9 × 10 15 -4.5 × 10 14
	Thickness (µm)	250	250
	Orientation	(100)	(100)
	Growth method	Czochralski	Czochralski
	Perovskite solution is prepared from the recipe: 22.39 mg MABr (Greatcell Solar Materials),
	73.40 mg PbBr2 (Alfa Aesar), 171.97 mg FAI (Greatcell Solar Materials) and 507.11 mg PbI2
	(Alfa Aesar), dissolved in 800 µl DMF (Sigma Aldrich) and 200 µl DMSO (Sigma Aldrich).

The recipe includes PbI2 excess, which has shown to improve perovskite efficiency. The solution is then left on a magnetic stirrer for at least 3 hours. Around 15 min before perovskite deposition, 42 µl CsI stock solution (194.86 mg CsI (Aldrich) dissolved in 500 µl DMSO) is added. Humidity level inside the glovebox does not exceed 30 ppm and O2 quantity does not exceed 10 ppm. Ten seconds before the end of the spinning program, antisolvent chlorobenzene (Sigma Aldrich) is deposited. After deposition, samples are immediately placed on a hot plate to anneal for 30 min in 100 ºC in N2 atmosphere. The trends of the characterisation results presented in this work has been reproduced in 3 different batches.

Table 7 . 1

 71 The maximum peak positions of Pb 4f7/2 and I 3d5/2 core levels, the value of VBM (valence band position with respect to Fermi level) and the work function from UPS measurements for PVK/n-Si and PVK/p-Si. The difference between values for PVK/n-Si and PVK/p-Si from the same set are also given.

	Sample	Pb 4f7/2 (eV)	I 3d5/2 (eV)	VBM (eV)	WF (eV)
	s1n	138.57	619.47	1.50	4.37
	s1p	138.36	619.19	1.31	4.33
	∆n-p	0.21	0.28	0.19	0.04
	s2n	138.56	619.43	1.55	4.03
	s2p	138.36	619.18	1.30	4.20
	∆n-p	0.20	0.24	0.25	-0.17
	s3n	138.53	619.41	1.45	4.13
	s3p	138.36	619.17	1.22	4.17
	∆n-p	0.17	0.24	0.23	-0.04

Table 7 . 2

 72 Comparison of the work function values obtained using different techniques: KPFM, macroscopic KP and UPS. The difference between PVK/p-Si and PVK/n-Si is also given for the samples from the same set.

	Sample	WFKPFM (eV)	WFKP (eV)	WFUPS (eV)
	s1n	4.72	4.71	4.37
	s1p	4.88	4.75	4.33
	∆p-n	0.16	0.04	-0.04
	s2n	4.74	4.63	4.03
	s2p	4.89	4.66	4.20
	∆p-n	0.15	0.03	0.17
	s3n	4.70	4.66	4.13
	s3p	4.70	4.71	4.17
	∆p-n	0.00	0.05	0.04

Table 7 . 5

 75 The maximum peak positions of Pb 4f7/2 and I 3d5/2 core levels and the value of VBM (valence band position with respect to Fermi level) from PES measurements for MAPbI3/LHJ in cases when the NiOx layer was well oxidised and strongly p-type (NiOx) and when NiOx layer was incompletely oxidised (hence, less selective -NiOx * ). The difference between values for PVK/n-Si and PVK/p-Si from the same set are also given in the Table.

	Sample	Pb 4f7/2 (eV)	I 3d5/2 (eV)	VBM (eV)
	MAPbI3/TiOx	138.64	619.55	1.310
	MAPbI3/NiOx	138.08	618.99	0.790
	∆	0.560	0.560	0.520
	MAPbI3/TiOx	138.65	619.58	1.230
	MAPbI3/NiOx *	138.56	619.49	1.160
	∆	0.090	0.090	0.120

  is not the reason for carrier concentration gradient reported previously in the PES section. Moreover, KPFM analysis reveals different responses of perovskite film under illumination, showing positive VSPV on TiOx and negative VSPV on NiOx * side. This effect is influenced by many factors in the bulk, surface, and interface of the perovskite[41][42], as we discussed earlier. We propose, that the VSPV signal is composed of two contributions: one coming from carrier extraction by each of the contacts (being positive for electron extraction on TiOx side and negative for hole extraction on NiOx * side) and the second originating from the filling of the donor states, introduced in the band structure by the reduced lead centres on the perovskite surface (which gives a negative contribution both on TiOx side and on NiOx * side). This is in line with the previous discussion regarding PVK/c-Si samples, where the results under illumination with high energy photons required the assumption of the downward band bending at the perovskite surface, that was causing the negative effect to the measured VSPV. Here, by probing the combined effect photo carrier generation, extraction and recombination have on the carrier concentration of perovskite material on each side we can deduce that perovskite on TiOx side has much stronger extraction properties than the perovskite on NiOx * , which is represented as a smaller magnitude of VSPV on NiOx * side. The VSPV originating from the electron extraction at the MAPbI3/TiOx interface is positive while the effect of flattening surface band bending gives a negative contribution. The superposition of these two effects (blue curve on the Figure7.23) gives overall high positive VSPV ≈ 0.50 V, which indicates very good electron extraction at the MAPbI3/TiOx interface, which is in line with the literature. On the other hand, the overall negative VSPV ≈ -0.32 V measured on the NiOx * sides indicates, that less oxidised NiOx * has worse hole extracting properties (and or higher recombination rates, compared to the film on the TiOx side), because the VSPV in this case is a result of the constructive sum of the VSPV components, where both (flattening of the surface downward band bending and hole extraction to NiOx * ) have negative sign. Again, we can use the VSPV technique to assess the carrier extracting properties of the interface.
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the VSPV trends in this kind of structure with HTL on top (the corresponding graphs can be found in the appendix).

Table 7. 4 Average VSPV measured using different illumination (980 nm, 785 nm and 488 nm) of bare c-Si substrates, c-Si substate with PVK on top and c-Si/PVK/HTL structures. The values given in this table include the slow processes and are the average values after VSPV stabilisation under illumination.

Sample

VSPV-980 Concluding this part, we can see that the presence of HTL on top of the perovskite helps significantly in charge carrier separation, resulting in high positive VSPV, which is due to higher concentration of holes that move towards this surface. Since energy bands are connected in series, their effects add up, and can be either constructive or not. In case of HTL/PVK/n-Si structure, the constructive effect is observed, as the electrons are extracted by n-Si and holes by HTL on top. On the other hand, for HTL/PVK/p-Si structures, the effect is not constructive, as the holes can be either extracted by p-Si or HTL. The total positive VSPV in this case means, that HTL has a dominant effect and reveals much stronger hole extracting properties than p-Si. In this case, the positive VSPV values are of lower magnitude, when compared to the values obtained in case of n-Si substrate. Another thing is that the negative VSPV observed in case of blue illumination is here suppressed. As discussed earlier, the negative VSPV under blue illumination could originate from negative carriers (both electrons and ions) moving towards the surface, that can be due to downward band bending at the perovskite surface or can be related to the material degradation. If we compare the magnitude of VSPV under 785 nm and 488 nm illumination, especially in case of HTL/PVK/n-Si samples (Figure 7.19 b and c), we do not observe a strong decrease of it which would be caused by non-constructive contributions to the VSPV, as one would expect. Thus, although at the free perovskite surface we can find a downward band bending due to surface states, the presence of HTL layer on top suppresses this effect and creates a band alignment between perovskite and HTL that favours the holes movement to the surface. The additional layer on top of the PVK also protects it from the environmental conditions (presence of H2O and O2 in air, for example), that are believed to contribute to the degradation of the perovskite material (and resulting negative VSPV with long transients). Thus, this result further confirms our hypothesis, that under blue illumination in ambient conditions perovskite undergoes degradation process that modifies its surface potential. The unexpected observation of the negative VSPV under infrared illumination (i.e., when the charge carriers are generated only in c-Si) in case of HTL/PVK/n-Si structure opens

Appendices

A.1 Parameters of lasers used in KPFM experiments

The Table 1 shows the parameters of lasers used in KPFM experiments. The nominal power is the power set on the laser source, which decreased significantly after passing through the optical system and CCD camera. The power was chosen to obtain ± the same power density for each wavelength. 

A.2 Core level peak positions

The Table 2 contains the complete list of the core level positions for the set 1, 2 and 3. The core levels measured with low power X-ray excitation (to avoid degradation) are named as -cl1 while the ones measured with full power X-ray excitation are named as -cl2. We can observe shifts when measuring with full power, which is a sign of the material degradation.

For the discussion used in this thesis, we used peak positions measured with low power. 
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