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[bookmark: _Toc535838233]LAY ABSTRACT

[bookmark: _GoBack]Perovskite solar cells involving organic-inorganic materials present a great efficiency of converting solar energy to electricity, while the cost of raw materials and fabrication is much lower than traditional silicon solar cells. It has the potential to replace the conventional silicon solar cell panels to harvest the energy from the Sun with an easier manufacturing process. The problem before the commercialization step of perovskite solar cells is the short lifetime. In our report, we added an extra inorganic material on the surface of the perovskite layer for solar cell application, which reduces the water-induced degradation speed by establishing protective layer.










[bookmark: _Toc535838234]ABSTRACT

Organic-inorganic hybrid halide perovskite solar cells (PSCs) have been a trending topic in recent years. Significant progress has been made to increase their power conversion efficiency (PCE) to more than 20%. However, the poor stability of PSCs in both working and non-working conditions results in rapid degradation through multiple environmental erosions such as water, heat, and UV light. Attempts have been made to resolve the rapid-degradation problems, including formula changes, transport layer improvements, and encapsulations, but none of these have effectively resolved the dilemma. This thesis reports our findings on adding inorganic films as surface-passivation layers on top of the hybrid perovskite materials, which not only enhance stability by eliminating weak sites but also prevent water penetration by using a water-stable layer. The surface-passivated hybrid perovskite layer indicates a slight increase of bandgap energy (Eg=1.76 eV), compared to the original methylammonium lead iodide (MAPbI3, Eg=1.61 eV) layer, allowing for more stable perovskite layer with a small sacrifice in the photoluminescence property, which represents a lower charge diffusion rate and higher bandgap energy. Our finding offers an alternative approach to resolving the low stability issue for PSC fabrication. 
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[bookmark: _Toc535838239]CHAPTER 1: INTRODUCTION
[bookmark: _Toc535838240]1.1 Energy Crisis 

Since the Industrial Revolution, the worldwide demand for energy has experienced explosive growth, including the demand for oil, coal, natural gas, hydroelectricity and nuclear power generation, as well as in recent years the demand for renewable energy resources such as wind power, solar energy. According to the International Energy Agency, energy use per person increased by 10% between 1990 and 2010, while total worldwide energy consumption increased by 39%(Agency, 2010). In 2017, the annual electricity generation resources consisted of 38% coal, 23% natural gas, 16% hydroelectricity, 10% nuclear power, 8% renewables and 5% other sources of electricity generation(IEA, 2014). The share of the renewables had increased from 1% in 2000 to 8% in 2017 and has played a significant role in the global energy crisis. More than 30% of total energy use came from oil, which is estimated to become exhausted in less than 100 years as a result of the growing energy demand((EIA), 2011; OPEC, 2011). Nevertheless, the associated emissions, especially carbon dioxide emission, have caused serious environmental problems.

At this moment, there is an urgent need to find a substitute clean energy to replace traditional fuel resources. Sunlight is the most abundant energy resource in the solar system; the amount of energy from the Sun that could be utilized annually is at least 3 times larger than the total energy consumption of the world(IEA, 2014) each year. Unfortunately, only a small amount of solar energies is currently converted to electricity, by utilizing wind turbines, solar fuels, solar cells, etc, while natural plants are the major beneficiaries of solar energy, converting light energy to biomass. Although it is not possible to utilize solar energy as efficiently as plants at this stage, it could be harvested using solar cells, which directly convert light energy to electricity.

[bookmark: _Toc535838241]1.2 Solar Cells

The first practical solar cell (SC) involving photovoltaics was created by Calvin et al(Tsokos, 2010) at Bell Laboratories in 1954. This was followed by the first application of silicon-based solar cells in aerospace programs, that is, in earth-orbiting satellites. In the beginning, solar energy harvesting technology was applied in addition to conventional energy resources, such as nuclear cells and chemical cells. However, due to the limitation of traditional power supplies and energy sources in outer space, solar cells gradually replaced them as a stable and long-lasting power source. Unfortunately, the solar cell arrays used in space programs were extremely expensive. Thus, terrestrial applications were not affordable until the National Science Foundation started the Research Applied to National Needs program, which resulted in less expensive but also less efficient solar cell solutions. When the semiconductor industry was praised after the success of integrated circuits with a simplified fabrication process, the cost of first-generation solar cells decreased to a reasonable level which could be accepted by most industrial companies.

First-generation solar cells are typically made of semiconducting materials, which include silicon (monocrystalline, polycrystalline, amorphous) and III-V elements (GaAs, InP). Second-generation solar cells are thin-film solar cells, which consist of two layers of glass panels and a sandwiched thin-film semiconductor layer in between, including cadmium telluride (CdTe), copper indium gallium selenide (CIGS), thin-film silicon, etc. The thin-film structure improves flexibility and reduces the weight of the solar cell, allowing for new applications(Edoff, 2012). Third-generation solar cells have approximately the same structure as thin-film solar cells, for example dye-sensitized solar cells (DSSCs), tandem cells, polymer solar cells, and perovskite solar cells (PSCs).

The differences between second-generation and third-generation solar cells are the following:
Both organic and inorganic materials are used for third-generation solar cells;
Third-generation solar cells use a multiple-layer structure; 
A smaller scale of cell thickness (500 nm compared to 200 μm for silicon SCs) is used for third-generation solar cells.
However, third-generation solar cells are still in the laboratory stage, which is far from commercial applications, while second-generation solar cells are mainly used in aerospace programs, which have a higher cost in terms of fabrication and materials. Thus, the terrestrial solar cell market is dominated by silicon-based first-generation solar cells.
[image: https://upload.wikimedia.org/wikipedia/commons/c/c7/PVeff%28rev180813%29a.jpg]
[bookmark: _Toc534579903][bookmark: _Toc535838137][bookmark: _Toc534282979][bookmark: _Toc530669343][bookmark: _Toc534578935]Figure 1: Table of solar cells efficiency(Green et al., 2018)
[bookmark: _Toc535838242]1.3 Photovoltaic (PV)

The photovoltaic effect was first applied in 1884 by Charles Fritts, who made the prototype of the solar cell which had a power conversion efficiency (PCE) of barely 1%(Guarnieri, 2015). The basic mechanism behind the photovoltaic effect is the direct energy conversion from solar energy to electrical energy, which takes place because the electrons in the shell of atoms belonging to semiconducting materials are knocked loose from the atomic orbital, resulting in free electrons(Godfrey, 2004). If the free electrons could be collected by a closed-loop circuit, electricity will be generated.

In the modern solar cell industry, silicon is the most utilized semiconducting material for PV harvesting. A simple silicon cell is made of two materials, namely positive p-type silicon and negative n-type silicon. On the one hand, n-type silicon is doped with small amounts of phosphorus (P), which takes the place of some silicon atoms in the semiconductor. Four of the five outermost orbital electrons in the P atom will establish the covalent bond with silicon (Si), resulting in one free electron of each P atom. Thus, the conductivity of the n-type silicon semiconductor is due to its high content of free electrons. On the other hand, p-type silicon is doped with boron (B) elements, and each B atom has three outer orbital electrons to bind with silicon atoms, resulting in a hole in each B atom which is attractive to electrons(Hall, 2001). As the holes can be considered positive electrical particles, the conductivity can be improved by a high content of holes. The solar cell is made with a combined p-n junction, as illustrated in Figure 2. Due to the concentration difference of electrons and holes in p-type and n-type semiconductors, free electrons will move from the n-type to the p-type, while holes will move in the opposite direction. Thus, an inner electrical field will form because of the concentration reduction of electrons and holes in n-type and p-type semiconductors, respectively(Torheim, 2007). With the inner electrical field, the free electrons generated by the photovoltaic effect will follow its direction and electricity can be produced(Knier, 2018).

[image: â��photovoltaicâ��ç��å�¾ç��æ��ç´¢ç»�æ��]
[bookmark: _Toc534579904][bookmark: _Toc535838138][bookmark: _Toc534282980][bookmark: _Toc530669344][bookmark: _Toc534578936]Figure 2: Silicon solar cell structure(Jordan Hanania, 2015)

[bookmark: _Toc535838243]1.4 Perovskite Structure Materials 

Perovskite first referred to the natural mineral calcium titanate (CaTiO3), which was discovered by Gustav Rose in the Ural Mountains of Russia in 1839 and was named after the Russian mineralogist Lev Perovski(Mineralogy, 2018). Today, perovskite is mostly linked to the crystal structure shown in Figure 3, which has a chemical formula of ABX3(Wenk, 2004), where A and B elements are both cations with very different atom sizes, and X is the anion that bonds to both A and B atoms. The A cation is larger than the B cation, with a 12-fold cuboctahedra coordination, illustrated in Figure 3, which sits in the center of the structure. The B cation is a six-fold coordination, surrounded by an octahedron of X anions. The special crystal structure is very different from conventional crystal structures (e.g. simple cubic, bcc, hcp, etc.), making it possible to have many unique properties, including superconductivity, ferroelectricity, piezoelectricity, colossal magnetoresistance, and magnetism(Kulkarni, 2012; Molnar, 1999).
[image: ]

[image: â��perovskiteâ��ç��å�¾ç��æ��ç´¢ç»�æ��]
[bookmark: _Toc530669345][bookmark: _Toc534282981][bookmark: _Toc534578937][bookmark: _Toc534579905][bookmark: _Toc535838139]Figure 3: Coordination and perovskite crystal structure


[bookmark: _Toc535838244]1.5 Perovskite Solar Cells
[bookmark: _Toc535838245]1.5.1 Dye-Sensitized Solar Cells 

Perovskite material was initially introduced to solar cell application by Miyazaka et al(Kojima, Teshima, Shirai, & Miyasaka, 2009) in 2009 when they applied methylammonium lead iodide (MAPbI3) perovskite as the dye layer for DSSCs. Dye-sensitized solar cell is a third-generation organic thin-film solar cell, which is based on a photochemical system. The latest structure for DSSCs consists of several parts, as illustrated in Figure 4, including conducting glass (e.g. ITO), a titanium dioxide-dye layer, an electrolyte layer (liquid solution), and a platinum catalyst. 

With a complete DSSC, when sunlight is applied to the surface of conducting glass, photons with high energy will excite the electrons in the outer orbitals of the dye atoms to free electrons. Those free electrons will spontaneously move to the TiO2 side due to the lower electrical potential of electrons on the TiO2 side. Free electrons will then flow from the negative electrode (TiO2) to the positive electrode (Pt) through the outer circuit. Those free electrons will then be transferred to dye materials by the electrolyte with a series of redox reactions(Bisquert). The reaction is supported by iodine ions and triiodide ions, which is described as following(Hara, 2005):
I3-+2e-=3I-           
And
3I- -2e-=I3-
Platinum acts as the catalyst in this reaction(Lausanne, 2008).

The power conversion efficiency of DSSCs usually cannot exceed 15%(Burschka, 2013; Gao, 2008; Society, 2006), which is less than that of silicon solar cells (PCE=26.7% for crystalline Si SCs(Green et al., 2018)). However, DSSCs have the advantages of cost-effectiveness, easy fabrication, foldability and flexibility, which make them great candidates for daily life application. The dye materials used can be as regular as blueberry pigment, or as good as artificially synthesized dye materials such as MAPbI3, which have better photovoltaic efficiency than natural pigments.
[image: â��DSSCâ��ç��å�¾ç��æ��ç´¢ç»�æ��]
[bookmark: _Toc530669346][bookmark: _Toc534282982][bookmark: _Toc534578938][bookmark: _Toc534579906][bookmark: _Toc535838140]Figure 4: Dye-sensitized solar cell (DSSC) structure(instruments, 2018) (TCO-glass: Transparent conducting glass, e.g. FTO)
 

[bookmark: _Toc535838246]1.5.2 Methylammonium Lead Iodide (MAPbI3)

It has been found that the perovskite material MAPbI3 can be used on its own for DSSCs without the help of an electrolyte, although the efficiency is as low as 3.8% PCE(Kojima et al., 2009). However, with the help of electron transport materials (ETM, 4.2eV) and hole transport materials (HTM, 5.2eV) of different energy levels, the separation of electron-hole pairs (which represent the electrical energy converted from solar energy) in the perovskite layer (3.9eV) is facilitated, and electrons/holes will move to ETM/HTM, respectively, due to the potential drop, as illustrated in Figure 5, yielding a record PCE of 21.6%(Green et al., 2018).

The chemical structure of MAPbI3 is composed of the CH3NH3+ cations (A site), Pb2+ cation (B site) and I- anion (C site). The structural stability of perovskite crystals is usually determined by the tolerance factor (t), which could be described in terms of the following mathematical equation(Parkin, 2007):

[bookmark: _Toc530669513]where rA is the radius of the A-cation, rB is the radius of the B-cation, and rX is the radius of the anion X. For a stable alkali metal halide perovskite structure, the tolerance factor t is predicted to be between 0.813 and 1.107(Guo, 2008).



[bookmark: _Toc534579931][bookmark: _Toc535838165]Table 1 Radii of atoms
	rB (Pb2+)
	rX (I-)
	rA (for t=0.813)
	rA (for t=1.107)

	1.19 Å
	2.2 Å
	1.70 Å
	3.11 Å



Based on the literature data for the radii of lead and iodine ions, a stable perovskite MAPbI3 structure should have an A-cation radius of between 1.70 Å and 3.11 Å. Since the methylammonium cation has a radius of 1.8 Å(Mohammed Istafaul Haque Ansari, 2018	), it is a good candidate for the formability of lead halide perovskite.

A practical structure for the MAPbI3 perovskite solar cell is presented in Figure 5. The structure from the bottom to the top contains a fluorine-doped tin oxide (FTO) coated glass substrate, a compact layer of titanium dioxide, a mesoporous titanium dioxide as the electron transporting material (ETM) layer, a MAPbI3 layer, a spiro-OMeTAD as the hole transporting material (HTM) layer and a metal electrode (gold). The FTO glass provides transparency for the light, as well as conductivity for the free electrons from the ETM. Compact TiO2 is used to strongly bond the perovskite structure with the FTO substrate, and will also provide a lower electron/hole recombination rate(Lelia Cosimbescu, 2012) due to the block between the HTM and FTO substrates. The mesoporous TiO2 layer has a large surface area, which provides a lower potential level to attract free electrons in the perovskite layer. The spiro-OMeTAD has a relatively higher energy level than the perovskite layer, which will attract the holes of the electron-hole pairs in the perovskite materials(Graetzel, 2014) because of the potential difference. Hence, once the electron-hole pairs have been generated by the excitation of solar energy, the electrons and holes in the pairs will be attracted to the opposite direction due to the potential difference and low binding energy of the electron-hole pairs, thus providing electricity flow when the metal electrode is connected to the FTO glass by wires.

[image: â��perovskite solar cells band structureâ��ç��å�¾ç��æ��ç´¢ç»�æ��][image: â��perovskite solar cell structureâ��ç��å�¾ç��æ��ç´¢ç»�æ��]
[bookmark: _Toc534579907][bookmark: _Toc535838141][bookmark: _Toc530669347][bookmark: _Toc534282983][bookmark: _Toc534578939]Figure 5: Perovskite and cell/band structure(Almora & 2017)

[bookmark: _Toc535838247]1.5.3 Perovskite Solar Cell Applications 

The commercialization of hybrid perovskite solar cells is still far from practical applications, but there is already a printable technique for MAPbI3. As illustrated in Figure 6, the PSC was printed layer by layer, resulting in flexible and efficient solar cell modules.
[image: â��perovskite solar cells printingâ��ç��å�¾ç��æ��ç´¢ç»�æ��]
[bookmark: _Toc534579908][bookmark: _Toc535838142][bookmark: _Toc530669348][bookmark: _Toc534282984][bookmark: _Toc534578940]Figure 6: Roll-to-roll printing of perovskite solar cells(Pickerel, 2018)

[bookmark: _Toc535838248]1.5.4 Hybrid Perovskite Solar Cell Limitations

The commercialization of thin-film solar cells presents certain critical problems. For example, the ferroelectric polarization(J. Wei, 2014; S. Liu, 2015; V.W. Bergmann, 2014) of the MAPbI3 perovskite will generate an internal polarization electric field when the perovskite is not in the cubic phase, because in other crystal phases, MAPbI3 will have a preferred orientation of dipole moment in general, while in the cubic phase, the orientation is random. This could affect the pairing and separation of electron-hole pairs, that is, the ferroelectric effect might reduce the PCE of the PSCs by hindering the transportation of electrons, holes, and electron-hole pairs due to the electrical force. These microstructure phenomena could be reflected on the J-V (current density versus voltage) hysteresis test, which would give a high-performance result in one direction but poor performance in the reverse scanning.

Another critical issue is the low stability of PSCs in a humid environment. In nature, the Gibbs free energy change of the degradation process for MAPbI3 with the presence of water molecules is negative, demonstrating a spontaneous hydrolysis reaction in humid conditions(G. Niu, 2014). The decomposition process consists of the following steps(Q. Chen, 2015):

CH3NH3PbI3 (s) ↔ PbI2 (s) + CH3NH3I (aq)
CH3NH3I (aq) ↔ CH3NH2 (aq) + HI (aq)
4HI (aq) + O2 (g) ↔ 2I2 (s) + 2H2O(l)
2HI (aq) ↔ H2 (g) + I2 (s)

The first reaction takes place immediately after the exposure to water molecules, resulting in the separation of the MAI from the ABX3 structure. During this step, a strong degradation indicator PbI2 can be observed as the surface of the perovskite material turns from black to yellow (PbI2). Given enough time and with the help of oxygen molecules, the reaction will proceed to the following steps, resulting in the degradation products of water, hydrogen and iodine. The produced H2O will, in return, accelerate the decomposition of the perovskite structure. Hence, water molecule is the most significant issue to the long-term stability of organic-inorganic hybrid perovskite solar cells.

[bookmark: _Toc535838249]1.6 Literature Review On Perovskite Solar Cells
[bookmark: _Toc535838250]1.6.1 Charge Transporting Materials

Electron transporting materials and hole transporting materials are indispensable layers for high-efficiency perovskite solar cells(Graetzel, 2014; Lelia Cosimbescu, 2012). Research into ETMs/HTMs has continued in recent years although its contribution to the commercialization of PSCs has been limited. 
The structure of a PSC can be considered as a p-i-n heterojunction(Chun-Sheng Jiang, 2015). Due to the intrinsic properties of the material, the ETM has a lower energy level than the perovskite layer, which could provide the attraction force for free-electron movement. At the same time, the HTM has a higher energy level, facilitating the transport of holes from the perovskite layer. The p-i-n structure not only speeds up the transportation of free charges inside the PSCs but also limits the recombination(Noel et al., 2014) of electrons and holes at the interface of the ETM/perovskite or HTM/perovskite, which would release the absorbed energy by heat/photons prior to electricity generation. Hence, with the cooperation of the ETM/perovskite/HTM, photon energy from the sun could effectively be transferred into electrical power.

The material employed as ETM is usually TiO2, while alumina (Al2O3), zinc oxide (ZnO), fullerene (C60) derivatives, and some conjugated polymers can also be applied(A. Abate, P. Gao, & Hagfeldt, 2016; Y. Bai & W. Wei, 2016). The requirements for an ETM includes the following factors: 
Good attraction to electrons from perovskite;
Blocks the migration of holes from perovskite;
Reduces the recombination rate of electrons and holes in perovskite; and
Provides structural stability enhancement.

For example, TiO2 is one of the mostly applied ETMs in hybrid PSCs, and is closely attached to the perovskite layer by two possible mechanisms concluded by theoretical calculation(J. Shi, 2015) as illustrated in Figure 7, namely the coordination between titanium atoms and iodine atoms or between oxygen atoms and lead atoms. Furthermore, some issues might result from the material defects of TiO2 caused by the low-temperature fabrication process of perovskite/ETM(H.K. Adli, 2015), resulting in deep traps of electrons and leading to reduced attachment and a higher charge recombination rate. Additives such as a fullerene self-assemble monolayer (C60-SAM), organic silane SAM, HIs salts of amino acids, and bromoacetate molecules(H. Bin Kim, 2015; L. Zuo, 2015; Y. Ogomi, 2014) have been used to modify the interfacial properties of perovskite/ETM.

[image: ]
[bookmark: _Toc530669349][bookmark: _Toc534282985][bookmark: _Toc534578941][bookmark: _Toc534579909][bookmark: _Toc535838143]Figure 7: Two possible dominations (TiO2-MA/TiO2-PbI)(Shi, Xu, Li, & Meng, 2015) of the perovskite structure

Compared to ETMs, HTMs are less concerning if the ETM has good hole-blocking properties; hence some HTM-free PSCs can be manufactured. Spiro-OMeTAD is normally adopted for the HTM layer, where the bonding mechanism is dominated by the electrostatic interactions of the methoxy group with the perovskite iodine and lead atoms at the surface. The basic strategy for HTM improvements involves additives that enhance the interfacial contact of perovskite/HTM, reducing the charge recombination rate at the perovskite layer and providing more free electrons.
[image: ]
[bookmark: _Toc534579910][bookmark: _Toc535838144][bookmark: _Toc530669350][bookmark: _Toc534282986][bookmark: _Toc534578942]Figure 8: Spiro-OMeTAD as the HTM of perovskite solar cells(Zeguo Tang, 2015)

[bookmark: _Toc535838251]1.6.2 Electrodes

An electrode provides the connection to electricity consumers for solar cells, including the electricity grid, batteries, the electrical property test equipment, etc. Normally, a gold or silver coating is employed for laboratory-prepared PSCs, but with a non-transparent gold/silver coating, the effectiveness of the light absorption will be reduced significantly because only one side (the glass side) of the PSCs will receive the light photons(Bailie et al., 2015). Thus, for practical usage, a semi-transparent or transparent electrode coating is necessary. Experiments had been conducted to find a suitable material for PSC electrodes, which should possess a good balance between transmittance (allowance of light photons) and resistance (the energy dissipation rate). Silver nanowires (AgNWs) represent a good trade-off for these two factors, but researches on the deposition process of AgNWs(Bailie et al., 2015) and the cooperation with HTMs are needed for its future development.

[bookmark: _Toc535838252]1.6.3 Encapsulation 

As a necessary step before marketing, encapsulation is essential for currently employed solar cells. It is the final barrier between the outer environment and the inner solar cell, which could prevent direct exposure to heat, moisture, chemicals and biomaterials. The options for the encapsulation of perovskite solar cells include ethylene vinyl acetate (EVA), surlyn, polyolefin, etc(Dou et al., 2018). However, none of these could maintain the hybrid perovskite material in the effective phase in the long term, since the degradation process cannot be stopped by simple encapsulation, i.e. The degradation could be induced inside the encapsulated solar cells.

[bookmark: _Toc535838253]1.6.4 Element Changes
1.6.4.1 All-Inorganic Perovskite Materials for Solar Cell Application

Without the presence of an organic A-cation in the perovskite formula, the chemical and physical stability of PSCs can be improved significantly. There have been several findings with regard to all-inorganic perovskite solar cells, which suggest using alkali metal elements to replace the MA-cation for the A site. A successful example is caesium lead iodide (CsPbI3),(A. Abate et al., 2016; Protesescu et al., 2015; Sutton et al., 2016) which has great resistance to environmental erosions such as water, heat and UV light. The bandgap energy for CsPbI3 in solar cell application is approximately 1.7 eV (729 nm, in α phase, cubic)(Sutton et al., 2016), which could be utilized in a practical all-inorganic perovskite solar cell with a PCE of more than 15%. Its reliability and good performance make it a potential candidate for the commercialization of PSCs. However, the phase transition problem has hindered such a process. CsPbI3 has two crystal structure phases(A. Abate et al., 2016), namely the PL-inactive orthorhombic structure with a yellow appearance at room temperature and the PL-active cubic structure which presents as black crystals when heated to 315℃. The effective phase for the photovoltaic process is the cubic structure achieved at a high temperature, while the ineffective phase (orthorhombic) will be transformed by cooling the black phase to room temperature. Thus, without applying special techniques, CsPbI3 perovskite solar cells will become few/non-PV cells at room temperature.

Attempts have been made to solve the problems in recent years. For instance, fast cooling from 315℃(A. Abate et al., 2016) was proposed to crystallize the CsPbI3 without phase transition from the black effective phase to the yellow ineffective phase. Another method involved the addition of HI(Asghar, Zhang, Wang, & Lund, 2017) to the solution precursor, which would prevent phase transition during the crystallization process at a lower temperature. These methods both have critical problems for practical applications, because they would lead to difficult cell assembly with the HTM, the ETM and other layers, or they might cause structural integrity failure.

1.6.4.2 Doping (Small Content of Additives)

Apart from the A-cation site replacement, B-cation and X-anion doping presents another approach that could be applied to achieve stability and performance. The A sites could be doped with formamidinium (FA)(Stoumpos, Malliakas, & Kanatzidis, 2013), caesium (Cs) and methylammonium (MA), while the B sites (usually Pb) could be replaced/mixed by a tin element (Sn)(Nakita K. Noel, 2014), and the X sites could be a mixture of iodine (I), bromine (Br) and chloride (Cl).

Formamidinium lead iodide (FAPbI3) is a potential alternative for MAPbI3, which has a lower bandgap energy of 1.43 eV and better chemical stability(Shaojie Jiang, 2018). Unfortunately, the moisture environment will introduce inevitable phase transition from the effective phase to the non-effective phase. However, the mixture of moderate FA and MA could restrain the moisture-induced phase transition of FAPbI3. Hence the FA dopant for MAPbI3 could improve the photoluminescence property(Shaojie Jiang, 2018), which is a preferred approach to build high PCE PCSs.

As for the MASnI3 perovskite material, it has much better bandgap energy (1.17 eV) than MAPbI3(Nakita K. Noel, 2014), and could solve the problem of the toxic lead compound. Another factor regarding a practical PSC should be mentioned here, which is the photon energy absorption coefficient of the perovskite layer. The improvement of the bandgap energy by replacing the lead with tin could at the same time reduce the photon energy absorption rate of the PSCs, which has been proved to be non-effective for commercial application. Thus, although many non-lead ideas had been proposed, the lead-containing strategies still dominate perovskite solar cell researches.

X-sites engineering refers to the tuning between bandgap energy and stability. A smaller size of X anion would increase structural stability, but would also increase the bandgap energy(Sutton et al., 2016) (that is, increase the difficulty of charge generation). As an alternative, different compositions of halide elements are designed to achieve a correct balance between performance and stability. The highest PCE on record has been achieved using this strategy.

Doping could provide a smooth way to tune bandgap energy and stability, but a complicated system poses a greater risk of leading to system failure: for example, the highest PCE record at this moment could not be repeated and had a short lifetime. 

[bookmark: _Toc535838254]1.6.5 Tandem Solar Cells

A tandem solar cell structure has been proposed in recent years for PSCs and silicon-based solar cells. The required bandgap for the bottom cell should be as low as 1.1 eV, which provides adequate electrons for electricity flow with PV effect, while the top cell should be made of materials with higher bandgap energy around 1.7 eV, generating a higher voltage for electricity output,(Ramírez Quiroz et al., 2018) Silicon solar cells with a bandgap energy of 1.14 eV are a perfect choice for bottom cells in tandem solar cells, and also has sufficient strength to support the tandem structure. As for MAPbI3, it has a bandgap of around 1.6 eV, which could be continuously tuned to a higher bandgap (up to 2.25 eV) by doping bromine (Br), that is MAPb(I1-xBrx)3(Sneha A. Kulkarni, 2014). The drawback of the tandem structure is also clear: it is hard to determine the contribution of the bottom cell/top cell and adjust the structure/composition based on the contributions. Besides, due to the poor understanding of the tandem mechanism, yielding needs to be addressed(Bailie et al., 2015).

[bookmark: _Toc535838255]1.6.6 Perovskite Solar Cell Passivation

All research studies have neglected the natural degradation mechanism of hybrid perovskite. Environmental factors (moisture, heat) are merely responsible for the induction of degradation, which means that without a solution to the intrinsic defects, degradation will inevitably occur with or without protection from the outer environment. According to a recent finding, iodine plays a significant role in the mechanism of perovskite degradation. In the case of both PbI2-terminated and MAI-terminated surfaces(Yalong Jiaoa, 2015). Iodine atoms which are close to the outside direction, receive one-less bonding support from other iodine atoms of the Pb-I6 octahedral (a normal iodine should bond with six other iodine, but with regard to the surface iodine one connection is missing)(J.W. Lee, 2016; N. Ahn, 2015; N.K. Noel, 2014). Consequently, those iodine atoms will be unstable due to the extra electron not bonded with iodine and will seek coordination with other atoms or molecules. Provided with a little extra energy, such as heat or photon energy, the unstable iodine will break off from the Pb-I6 octahedral and produce the ionic compound MAI (more stable), while the remaining lead and iodine will generate the degradation indicator PbI2. Since the organic solvent for the MAI/PbI2 reaction had already evaporated from the PSCs, MAPbI3 cannot be achieved by a reverse reaction. Hence, the most critical problem of degradation is clear, namely that the surface iodine needs to be stabilized or inactivated.
[image: ]
[bookmark: _Toc534579911][bookmark: _Toc535838145][bookmark: _Toc534282987][bookmark: _Toc534578943][bookmark: _Toc530669351]Figure 9: Possible interface between water and perovskite: (a) MAI-dominated; and (b) PbI2-dominated(Yalong Jiaoa, 2015)

The doping method with other halide elements (Cl and Br) reduces the surface halide activity, but, as mentioned before, the introduction of chloride and bromine leads to the inefficient higher bandgap, as illustrated in Figure 10.
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[bookmark: _Toc534579912][bookmark: _Toc535838146][bookmark: _Toc530669352][bookmark: _Toc534282988][bookmark: _Toc534578944]Figure 10: Bandgap tuning with halide X cation change(D. Solis-Ibarra, 2015)

Another successful approach is surface passivation(J.W. Lee, 2016; N.K. Noel, 2014). Molecules which offer a hydrogen bond, halogen bond or van der Waals interactions could be used as a passivation sites for hybrid PSCs. Lewis acid-base materials, for example dimethyl sulfoxide (DMSO)(N. Ahn, 2015), thiourea (RC(S)NR2)(J.W. Lee, 2016) and some conjugated polymers(Y. Lin, 2016), offer great improvement to stabilize surface iodine atoms. However, the disadvantage is that these materials are amorphous or liquid, which cannot provide sustainable protection during long-term usage. Other passivation methods involve metal halides, such as copper iodide (CuI)(Sepalage et al., 2015) and potassium iodide (KI)(Abdi-Jalebi et al., 2018), but these result in the improvement of properties other than stability.

[bookmark: _Toc535838256]1.7 New Ideas

It is the purpose of this research to improve the moisture-stability by focusing on the original structure of perovskites for solar cells. Inspired by prior PSC surface engineering studies, we applied an inorganic caesium iodide (CsI) N-dimethylformamide (DMF) solution to the surface of the crystallized MAPbI3 layer. Thermodynamically, the CsI will surface-passivate the MAPbI3 layer by binding with the metastable iodide at the interface of the grain boundaries of the MAPbI3 crystals. Excess PbI2 would also react with the CsI, resulting in an inorganic CsPbI3 layer, covering the MAPbI3 crystals, as well as stabilizing the active iodide electrons(Mosconi, Ronca, & De Angelis, 2014; Noel et al., 2014; Shi et al., 2015). The surface-passivated perovskite layer exhibited great water resistance in multiple tests, as well as excellent photoluminescence property (Eg=1.76 eV), which represents a low requirement for electron excitation and an easier process for electron-hole pair formation. The result provides an effective method for creating practical perovskite layer of solar cells.















[bookmark: _Toc535838257]CHAPTER 2: EXPERIMENTAL
[bookmark: _Toc535838258]2.1 Equipment
[bookmark: _Toc535838259]2.1.1 Micro-Photoluminescence (Micro PL)

The photoluminescence phenomenon is caused by the emission of photons of light energy excited materials(NASA, 2018), as illustrated in Figure 11. When the light energy source (for example, laser) is applied to the surface of the materials (semiconductors), electrons in the valence band in a low energy state will be excited and then jump up to a higher energy level (conduction band), the level being decided by the given light energy wavelength as well as the bandgap energy of the semiconductor material, resulting in the formation of excitons or electron-hole pairs. However, electrons in a high energy state are not stable; hence, in a very short time, those electrons will jump back to the original low energy state, achieving thermodynamic equilibrium, and the energy due to the energy level difference will lead to the release of light photons. These photons have a wavelength which is related to the bandgap energy of the materials and the light source wavelength. This can simply be described as those source photons with more similar photon energy to the bandgap energy of the materials having a greater possibility to be absorbed by the electrons, resulting in the difference of absorption lines in a PL diagram. Thus, the bandgap energy can be read from the peak of the PL absorption diagrams.

[bookmark: _Toc534579913][bookmark: _Toc535838147][bookmark: _Toc530669353][bookmark: _Toc534282989][bookmark: _Toc534578945]Figure 11: Photoluminescence mechanism(NASA, 2018)

By using a micro-photoluminescence spectroscopy (illustrated in Figure 12(Sina Lippert, 2017)), the bandgap energy can be measured without direct contact with the materials, and only a small area is required for a measurement. A series of adjustable laser energy with a continuous wavelength from low photon energy to high photon energy is applied to the surface of the material. After the jump-back of the electrons, the photons from that process will be released and then detected by the sensor, which can be converted into a continuous curve on the absorption diagram (Intensity verses wavelength).

[bookmark: _Toc530669354][bookmark: _Toc534282990][bookmark: _Toc534578946][bookmark: _Toc534579914][bookmark: _Toc535838148]Figure 12: Micro-photoluminescence

The data will be recorded by the mathematical drawing software Origin 8, and a typical absorption diagram is depicted in Figure 13. The photon wavelength can be transformed into photon energy by the equation of , where E is the energy (eV), h is the Planck constant (, c is the light speed in vacuum (299,792,458 m/s), and  is the wavelength of photons (nm). Therefore, the bandgap energy of the semiconductor material can be read from the peak of the curves, where the absorption rate is the highest.

[bookmark: _Toc534579915][bookmark: _Toc535838149][bookmark: _Toc530669355][bookmark: _Toc534282991][bookmark: _Toc534578947]Figure 13: Example of a typical PL diagram(K. Scientific)


[bookmark: _Toc535838260]2.1.2 X-Ray Diffractometer (XRD)

An X-ray diffractometer uses Bragg’s Law to characterize the atomic structure of crystals, which involves the diffraction of X-rays when it is applied to materials. Bragg’s Law(Bragg, 1913) is described as , where d is the interplanar distance between the lattice planes of crystals, θ is the scattering angle, n is a positive integer, and λ is the wavelength of the incident wave (monochronic X-ray).  is the path difference between two incident waves after they are scattered by atoms.

When applying this equation to the XRD experiments, a strong intensity peak will be observed when the scattering angles satisfy Bragg’s Law; otherwise, the intensity detected will be small due to low scattering(Myers, 2002). Hence, XRD measures the intensity of scattered waves as a function of scattering angles, and each material will have specific peaks with some scattering angles, which makes it possible to identify the composition and crystal structure of the materials.


[bookmark: _Toc530669356][bookmark: _Toc534282992][bookmark: _Toc534578948][bookmark: _Toc534579916][bookmark: _Toc535838150]Figure 14: Bragg's Law application in the crystal lattice


[bookmark: _Toc535838261]2.1.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy uses the same mechanism as optical microscopy, which is based on the reflection of small energy particles(Stokes, 2008). The difference is that SEM uses electrons to replace photons as the incident source, which have a smaller wavelength than visible light photons. With a compatible reflected electron detector, SEM can provide a smaller scale of morphology (minimum ~10nm(Stokes, 2008) of the size) of the materials, which is important for material structure research.

[bookmark: _Toc534579917][bookmark: _Toc535838151][bookmark: _Toc530669357][bookmark: _Toc534282993][bookmark: _Toc534578949]Figure 15: SEM mechanism(B.J.Inkson, 2016)

The most frequently used electrons for materials characterization are secondary electrons (SEs) and backscattered electrons (BSEs)(McMullan, 1988, 2006). Secondary electrons are directly emitted from the surface of samples which have a higher intensity than other beams, resulting in a high resolution of sample surface morphology. Backscattered electrons are generated by the reflection of elastically scattered electrons from the deeper surface of samples which have a lower resolution than SEs. However, the BSE signal (brightness) is strongly related to the atomic number of samples, which can be utilized to analyze the distribution of elements (without identity).


[bookmark: _Toc534579918][bookmark: _Toc535838152][bookmark: _Toc530669358][bookmark: _Toc534282994][bookmark: _Toc534578950]Figure 16: SEM structure(Shamsudin, 2011)

The structure of a typical SEM consists of three major parts, namely the incident beam generator (electron gun, magnetic lens), the vacuum system and the imaging system. The vacuum system is extremely important for SEM characterization, since the electron guns will be easily damaged in the non-vacuum environment, while the electrons will be scattered by the content in the air, reducing the intensity and density of the electrons. The vacuum environment should be maintained during the characterization. Electron guns are made using two different methods, namely field electron emission and thermionic emission, applying electric power and thermal energy to activate the generation of free electrons, respectively. The generated electrons are changed into paralleled beams by the magnetic lens and focused on the sample surface by the objective lens. The focused electron beams will be applied directly to a small dot on the surface of the sample, and the reflected electron beams (SE, BSE) will be collected by different detectors or sensors. Computer processing allows for images of sample topography with different strengths of black and white to be presented on the screen, which can be used for surface structure research.

Due to the problem caused by the electron absorption of the non-conducting materials, they need to be coated with conducting layers to minimize this issue. The strength of the electron beams can be adjusted to a higher value, which means that more reflected electrons can be captured by the detectors, resulting in a higher resolution and more detailed topographic images. However, a higher energy source might damage the organic materials by breaking the molecular bindings. Thus, a suitable electron beam voltage is significant for SEM characterization.

[bookmark: _Toc535838262]2.1.4 Electron Dispersive Spectroscopy (EDS)

Electron dispersive spectroscopy refers to a detector receiving X-ray signals in the SEM. The inner shell electrons in the sample atoms will be replaced with high energy electrons when the incident beam is applied, releasing a high energy characteristic X-ray, whose wavelength is related to the identity of the atoms(Goldstein, 2003). As the characteristic X-ray is collected by the EDS detector, the emitted X-ray signals of the electron-state transformation will be analyzed to indicate the distribution and abundance of elements with the help of BSE mapping.

[bookmark: _Toc534579919][bookmark: _Toc535838153][bookmark: _Toc530669359][bookmark: _Toc534282995][bookmark: _Toc534578951]Figure 17: Formation of X-ray in SEM testing(T. Scientific, 2017)




[bookmark: _Toc534579920][bookmark: _Toc535838154][bookmark: _Toc530669360][bookmark: _Toc534282996][bookmark: _Toc534578952]Figure 18: Example of a typical EDS mapping(Jae-Min Cha, 2016)


[bookmark: _Toc535838263]2.1.5 Spin-Coater

A spin-coater or spinner is a piece of equipment that uniformly deposits thin films on the base substrates. The substrates (glass) are pinged on the center of the spin-coater by vacuum force. When the spin-coater rotates at a low speed or there is no rotation, a small amount of solution will be dropped onto the surface of a substrate, and by increasing the speed of rotation, the solution fluid will gradually be deposited into a thin film by centrifugal force. As the speed of rotation can be adjusted, the thickness of the sample can be controlled by using different speeds and spin times. The thickness is also influenced by the viscosity, concentration and solution type.

[bookmark: _Toc535838264]2.1.6 Glovebox

Due to their high sensitivity to water molecules, our perovskite samples were made within a glovebox filled with inert gas (nitrogen) and dried with a desiccant. All the raw materials, laboratory supplies and associated equipment must be transformed into the glovebox, applying the vacuum and drying process for one week before the experiments. The tubes of the vacuum rotary of the spin-coater need to be connected to the outer atmosphere to ensure a high vacuum degree. The prepared samples were transposed to the outside of the sealing box before the characterization and performance test procedures.

[bookmark: _Toc534579921][bookmark: _Toc535838155][bookmark: _Toc530669361][bookmark: _Toc534282997][bookmark: _Toc534578953]Figure 19: Example of a glovebox with inert gas(Wikipidia, 2007)


[bookmark: _Toc535838265]2.2 Methodology

The purpose of the experiments of this study is to determine the performance and moisture-resistance of the surface-passivated MAPbI3 perovskite layer for solar cells, and to discover the microstructural relationship with those properties. Due to the high sensitivity to energy beams, a single hybrid perovskite layer cannot be applied with focused ion beams (FIB) to obtain the cross-section morphology by SEM, resulting in difficulty to determine the multi-layer structure.

Thus, an alternative method was used to simulate the approximate composition. The hypothesis starts from three layers of surface-passivated perovskite, which is the base material in the bottom (MAPbI3), the middle layer which contains MAPbI3 and CsPbI3, and finally the top surface layer consisting of CsI. The base layer and top layer morphology could be characterized by SEM for sample A (MAPbI3) and sample C (surface-passivated MAPbI3), respectively. The middle layer morphology could be represented by sample B, which was pre-mixed with precursors including PbI2, MAI and CsI in DMF solution, which simulated the interface of MAPbI3 and CsPbI3. Based on the hypothesis of a layered structure, substance, composition and crystal structure was further characterized by X-ray diffraction and energy-dispersive X-ray spectroscopy. The XRD results could provide the information of the connection for samples A, B, C, while EDS could demonstrate the element distribution for the SEM morphology results. Hence, with the support of all the characterization results, the hypothesis could be examined.

This was followed by a performance test and a moisture-resistance test, which are vital for this research. Normally, the degradation process in the working/non-working condition for MAPbI3 perovskite solar cells take days to provide a visible indication of degradation (which is yellow PbI2), but it only takes a few seconds to produce the yellow appearance when they are directly exposed to water. Thus, in this study, I used water droplets as a trigger to stimulate the degradation of hybrid organic perovskite materials, as well as surface-passivated samples, to examine the effects of inorganic passivation. On the one hand, if the difference could not be distinguished by sight (little improvements), my strategy would no longer be necessary for further experiments. On the other hand, if the degradation process took much more time than the original perovskite sample, then this direct-exposure approach could provide fast and convenient feedback.

According to the literature, the PCE should be measured with a complete perovskite solar cell, which includes the perovskite layer, the electron/hole transporting layers, the FTO glass substrate, the metal electrode and the necessary encapsulation. However, these extra layers would increase the difficulty of determining improvements, as well as preparing samples. Hence, photoluminescence was used to replace the PCE measurements without the requirement of a complete cell. By comparing the bandgap energy results, the approximate performance of the perovskite layer could be estimated.

[bookmark: _Toc535838266]2.3 Experiments

All the experiments before characterization were conducted inside the glovebox with an inert gas atmosphere and 0% humidity.

[bookmark: _Toc535838267]2.3.1 Synthesis of Perovskite

Amounts of 0.692 g PbI2, 0.179 g MAI and 0.26 g CsI were weighed on dried weighing papers with precision electronic scales. Then the materials were transferred into three 10 ml glass bottles, and 1.5 ml, 1.5 ml, and 2 ml DMF were added with 1 ml syringes to each glass bottle, respectively. After sealing the glass bottles with plastic lids, they were heated up to 70℃ to ensure all solutes were fully dissolved, which resulted in 1M PbI2, 0.75M MAI and 0.5M CsI. Then 1.5 ml PbI2 (1M) with 1.5 ml MAI (0.75M) were mixed into Solution A; 0.5 ml solution A was further mixed with 1 ml CsI (0.5M), obtaining solution B. All the solutions were kept at 70℃ before use.

[bookmark: _Toc535838268]2.3.2 Sample Preparation

The FTO glass was first cleaned with reagent ethanol and reagent acetone and then dried in the oven at 450℃ for one hour. After the cooling process, the FTO glass was transferred to the glovebox. An amount of 0.2 ml of solution A was dropped on the surface of the FTO glass for spin-coating at a speed of 4000 rpm for 30 s. Then the sample was placed in the oven, annealed at 90℃ for one hour, and named Sample A. Solution B (0.2 ml) was uniformly drop-cast on the surface of the FTO glass and then dried in the oven at 90℃ for one hour, and named Sample B. Another sample A was made before adding 0.4 ml CsI (0.5M) solution to the top surface, and then it was dried in the oven at 90℃ for one hour. The last sample was surface-passivated and named Sample C. The process is presented in Figure 20.

[bookmark: _Toc530669362][bookmark: _Toc534282998][bookmark: _Toc534578954][bookmark: _Toc534579922][bookmark: _Toc535838156]Figure 20: Sample preparation procedures

[bookmark: _Toc535838269]2.3.3 Characterization and Performance Test

[bookmark: _Toc524345108]Sample A (MAPbI3/FTO), Sample B (PbI2/MAI/CsI solution/FTO) and Sample C (MAPbI3/FTO surface-passivated with CsI solution), as well as a blank FTO glass, were used for the characterization. The substrate, interface and surface structure could be obtained from the characterization of Samples A, B and C. The blank FTO glass was used for calibration.

Samples A, B and C were characterized by micro-photoluminescence with a 60x objective lens and argon ion laser source. The crystal structure of the samples was characterized using a Bruker D8 DISCOVERY diffractometer to measure the crystal structure of the materials. The angle 2θ varied from 6˚ to 88˚ with a step size of 0.02˚. Then Samples A, B and C were surface-characterized using a JOEL 7000 scanning electron microscope with a 5kV electron beam. The SEM surface morphology result of Sample C was then analyzed by energy dispersive X-ray spectroscopy. Finally, the samples were simultaneously dropped with 0.05 ml DI water on the surface center of the materials. The time duration starting from water-surface contact to yellow phase appearance was recorded as the degradation time. The yellow phase was the degradation product PbI2, which is a strong indicator of water-induced MAPbI3 degradation.

[bookmark: _Toc535838270]2.4 Waste Disposal

The used samples with the FTO glass were collected into a special glass container, which was finally sealed with tapes and double plastic bags. Syringes and needles were placed into a poly container designed for needle disposal. It was then sealed and covered with plastic bags for further processing.

Solid chemical wastes were disposed into special garbage bags, while liquid chemical wastes, including the DMF solvent, the PbI2 solution, the MAI solution and the CsI solution, were collected in labelled plastic chemical-waste bottles.
[bookmark: _Toc535838271]2.5 Materials and Laboratory Supplies

The 25g lead iodide (PbI2), which is a yellow powder, >99.99% assay, with 461.01 molecular weight, was sealed in a glass bottle. The solubility of PbI2 in water (100℃) is 0.41g/ml, while in dimethylformamide (DMF, 70℃) the value is 0.46g/ml. It was purchased from Xi’an Polymer Light Technology Corp.

The 25g methylammonium iodide (CH3NH2I, MAI), which is a white powder, >99.5% assay, with 158.97 molecular weight, was sealed in a glass bottle. The solubility of MAI in both water and DMF is higher than that of PbI2. It was purchased from Xi’an Polymer Light Technology Corp.

The 25g caesium iodide (CsI), which is a white power, 99.9% trace metal basis assay, with 259.81 molecular weight, was sealed in a poly bottle. The solubility in water is 44.1g/ml at 0℃, and 170.8g/ml at 75℃. Caesium iodide is soluble in DMF. It was purchased from Sigma-Aldrich Inc.

The 1L dimethylformamide (DMF), >99.99% assay, was sealed in a glass bottle and has a molecular weight of 73.09. It was purchased from Sigma-Aldrich Inc.

Fluorine doped tin oxide coated glass (SnO2/F) has a surface resistivity of 7Ω/sq and 80%- 82% transmittance (visible). It was cut into 10 mm* 10 mm* 2.2 mm square samples. It was purchased from Sigma-Aldrich Inc.

The reagent alcohol (CH3NH2OH, ethanol), <0.0005% water with 46.07 molecular weight, was used as the rinsing solvent for the FTO glass. Then the reagent acetone (CH3COCH3), >99.5% assay with 58.08 molecular weight, was applied for the second-step rinsing. Both reagents were purchased from Sigma-Aldrich Inc.

Several 1 ml syringes with compatible needle heads were used to extract the DMF solvent and prepared solutions from the containers, and the prepared solutions were pre-mixed on the 10 ml glass bottoms in the inert gas atmosphere inside the glovebox.







[bookmark: _Toc535838272]CHAPTER 3: RESULTS
[bookmark: _Toc535838273]3.1 Water Erosion

Based on previous experimental results(Han et al., 2015), MAPbI3 perovskite layers degrade rapidly when brought into contact with water molecules in the air, producing a strong degradation indicator: yellow lead iodide (PbI2). Thus, a direct method of dropping water onto the top surface of the samples was applied to speed up the degradation process from months to hours, which provided a simple and time-effective approach to observe the possible degradation of the samples. The relative degradation speed ratio of a direct-water-contact to 50% humidity atmosphere could be approximately calculated by the water molecules content difference. The rough density of the liquid water could be set as 1000kg/, while the 50% humidity air has a water density around 0.3kg/. Thus, theoretically, the degradation process could be accelerated about 3000 times faster in the direct-water-contact experiments, if the number of contacts between perovskite-water molecules was considered as the reason of different degradation time.
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[bookmark: _Toc530669363][bookmark: _Toc534282999][bookmark: _Toc534578955][bookmark: _Toc534579923][bookmark: _Toc535838157]Figure 21: Water-induced degradation experiments （(a), (c), (e) is the original state of Samples A, B and C before water-drop application; (b), (d), (f) is the water-drop result after 1 s, 10 s and 60 min for Samples A, B and C, respectively）

As demonstrated by Figure 21(b), Sample A, which contained MAPbI3 perovskite, immediately degraded, forming a large area of yellow lead iodide after <1 s contact with the water droplet. The degradation process of Sample B required ~10 s for the water to decompose the surface. The appearance of yellow lead iodide was less visible for Sample B. The surface-passivated Sample C, however, required over 60 min to result in a very limited trace of degradation product.
Sample A was spin-coated, resulting in a smooth and light-reflective surface, which made the original black surface of the MAPbI3 crystals become “shiny” black in our experiments. Sample B and Sample C were prepared by drop-casting and solution evaporation; hence the surface of both samples would be rougher than that of Sample A. Thus, the water erosion effect on Sample B and Sample C was more aggressive than on Sample A. Due to these facts, the degradation of Sample B and Sample C would be faster than of those samples that are made by spin-coating, because there were more porous sites for water molecule penetration.

[bookmark: _Toc535838274]3.2 XRD

X-ray diffractometry was conducted to trace the variations of compositional/structural differences between Sample B and Sample C.  The time duration before conducting XRD experiments had little influence on the sample crystal structures. Characteristic XRD peaks for MAPbI3, CsPbI3 and CsI were obtained from the database, which are indicated by the Miller Index of different color in Figure 22. The information regarding crystal structures for MAPbI3, CsPbI3, and CsI in our experiments are presented in Table. 2. Referring to the results in Figure 22, where the peaks are labelled with Miller Index in different colors respectively, Samples B and C indicate characteristic XRD peaks for both tetragonal MAPbI3 and rhombohedral CsPbI3 when the 2θ value is small. There was little trace of cubic CsI in Sample B due to the reaction with PbI2, while Sample C had a high intensity of cubic CsI composition. With a higher 2θ value, variations of characteristic peaks were observed.


[bookmark: _Toc530669514][bookmark: _Toc534579932][bookmark: _Toc535838166]Table 2: Crystal data of CsPbI3 and MAPbI3
	
	Chemical formula
	Crystal system 
	Space group

	MAPbI3
	CH3NH3PbI3
	Tetragonal
	I4cm

	CsPbI3
	CsPbI3
	Rhombohedral
	R-3c

	CsI
	CsI
	Cubic
	Pm-3m



[bookmark: _Toc530669364]
[bookmark: _Toc534283000][bookmark: _Toc534578956][bookmark: _Toc534579924][bookmark: _Toc535838158]Figure 22 XRD results for crystals characteristic peaks

[bookmark: _Toc535838275]3.3 SEM

Scanning electron microscopy was employed to study the crystal microstructure in detail. According to the literature, when using SEM the morphology of MAPbI3 crystals is determined by the composition of MAI and PbI2 during the synthesis process, and can be summarized as two types, namely dendritic morphology when the PbI2: MAI ratio is higher than 0.70, and distinguishable crystals when the ratio is lower than 0.70(Wang et al., 2014).

[bookmark: _Toc534579925][bookmark: _Toc535838159][bookmark: _Toc534283001][bookmark: _Toc534578957]Figure 23 Top view of SEM images with a different PbI2/MAI precursor ratio from 0.35-1.00(Wang et al., 2014)


In our case, the ratio is 1.33, which means the crystal morphology is dendritic. Sample A corresponds to the prediction perfectly, as illustrated in Figure 24(A), while Sample B, illustrated in Figure 24(B), exhibits circular-shaped dots uniformly dispersed in a dark background even though it had the same ratio (PbI2: MAI) as Sample A before mixing with CsI. The SEM morphology for Sample C (PbI2: (MAI/CsI) ratio=0.57) exhibits a similar perovskite crystal shape to that of Sample B. Beneath the CsI layer, the CsPbI3 crystallized around the MAPbI3 crystals, as a product of the reaction between the excess PbI2 and the added CsI. The conclusions are confirmed by the following EDS results.

[image: ]
[bookmark: _Toc534283002][bookmark: _Toc534578958][bookmark: _Toc534579926][bookmark: _Toc535838160]Figure 24 SEM results for Samples A (MAPbI3, with more PbI2), B (Mixed MAPbI3, CsPbI3) and C (MAPbI3 with CsI and CsPbI3 surface-passivation)


[bookmark: _Toc535838276][bookmark: _Toc530669151]3.4 EDS

The EDS results depicted in Figure 25 prove that the surface of Sample C contains CsI/CsPbI3, as well as the base material MAPbI3. The grey substrate contains small amounts of the elements Pb, Cs and I, and much higher amounts of carbon, which came from the MA regent (CH3NH3+). At the bright area, Pb, Cs and I increased spontaneously while the carbon content dropped. Combined with the SEM morphology, it can be explained that the grey area consists of MAPbI3, with a few CsI molecules. At the same time, as indicated by the enrichment of the Pb, Cs and I elements, the bright area consists of CsPbI3, which crystallized around the MAPbI3 perovskite. This matches the prediction of our hypothesis for the interface layer.



[bookmark: _Toc534283003][bookmark: _Toc534578959][bookmark: _Toc534579927][bookmark: _Toc535838161]Figure 25 EDS analysis for surface-passivated Sample C


[bookmark: _Toc535838277]3.5 PL

Photoluminescence was performed to measure the bandgap energy, which is given by the location of the spectral absorption peaks in Figure 26.

The results demonstrate that Sample A (MAPbI3) has a 1.61 eV bandgap, which is approximately the same as the results reported in the literature(Kim et al., 2012). A small blue shift was observed in Sample B, resulting in a bandgap energy of 1.63 eV. In sample C, the sole-peak of PL demonstrated the miscibility of MAPbI3, CsPbI3 and CsI substances. Although the bandgap energy of Sample C goes up to 1.76 eV, it is smaller than the value of inorganic perovskite CsPbI3(Sutton et al., 2016), indicating better photoluminescence properties. Hence, the moisture resistivity is greatly improved with little sacrifice in performance.

[bookmark: _Toc534283004][bookmark: _Toc534578960][bookmark: _Toc534579928][bookmark: _Toc535838162]Figure 26 Photoluminescence results







[bookmark: _Toc535838278]CHAPTER 4: DISCUSSION
[bookmark: _Toc535838279]4.1 Relationship Between Samples

In our hypothesis, the surface-passivated sample consists of three different layers, namely the substrate layer, consisting of original crystallized MAPbI3 (with a few lead iodide residues); the middle interface layer, consisting of MAPbI3 surrounded by CsPbI3; and the surface-passivation layer, consisting of a high content of CsI, possibly containing some MAPbI3/CsPbI3 crystals. During the experiments, Sample A was used to represent the substrate layer, which was synthesized with a one-step method into MAPbI3 perovskite; and Sample B was the result of mixing the one-step solution (PbI2: MAI > 0.7) with the CsI-DMF solution, which gave the approximate structure and substance of the middle interface layer in Sample C. X-ray diffractometry was applied to prove the similarity in structure and composition of Samples B and C, which only differed in XRD intensity, that is, in substance concentration. Hence, the structure of the surface-passivated Sample C could be studied without a cross-section preparation.






[bookmark: _Toc535838280]4.2 Sample Structures


[bookmark: _Toc534283005][bookmark: _Toc534578961][bookmark: _Toc534579929][bookmark: _Toc535838163]Figure 27 Structural relationships of Samples A, B and C


Structurally, the surface-passivated sample consists of three different layers, as illustrated in Figure 27. The reason why we could confirm the passivation layer is that:
In the synthesis process, the additive CsI was drop-cast on the top of MAPbI3 samples.
Sample XRD results indicated a reduced signal of MAPbI3, which means it is possibly contributed by the formation of passivation layer.
EDS demonstrated a continuous element existence of Caesium.
Mixture sample B had much worse moisture-resistance than surface-passivated sample C.
The bottom layer is the main body, which is MAPbI3 crystals, providing good electron-hole pair separation efficiency. In the middle layer, inorganic CsPbI3 is created around the MAPbI3 crystals, stabilizing the halide atoms by eliminating the weak sites. These inorganic crystals will protect the inner layer from environmental erosions with the help of CsI at the surface layer.

[bookmark: _Toc535838281]4.3 Caesium Iodide Passivation Mechanism

Based on previous findings on perovskite materials(Mosconi et al., 2014; Noel et al., 2014; Shi et al., 2015), the instability of MAPbI3 perovskite is due to the metastable iodine atoms at the interface of the crystals, especially near the surface layer. When MAPbI3 perovskite crystals are exposed to moisture, water molecules bind with the metastable iodine and decompose the perovskite structure by further penetrating the perovskite crystals. Thus, the key to solve the instability issue is to stabilize these metastable iodine atoms. In our experiments, we used chemically stable inorganic CsI and CsPbI3 to stabilize the active iodine atoms. The excess reactants will precipitate around the grain boundaries of the perovskite crystals(Son et al., 2016), which means that the added CsI will react with the excess PbI2 at the grain boundaries of the MAPbI3 crystals, forming inorganic precipitates around the MAPbI3. The remaining CsI and CsPbI3 will strongly bind with the unstable iodine in the MAPbI3 crystals. With the elimination of “weak sites”, hybrid organic perovskite will be more resistant to environmental erosions, especially moisture. In addition, CsPbI3 has a high chemical resistance to water molecules; therefore, the binding-reinforced layer will be protective for the inner MAPbI3 layer(Protesescu et al., 2015),

[image: ]
[bookmark: _Toc534283006][bookmark: _Toc534578962][bookmark: _Toc534579930][bookmark: _Toc535838164]Figure 28 Relationship between crystal morphology and structure

[bookmark: _Toc535838282]4.4 Performance: Moisture Resistance and Photoluminescence Properties

The most critical problem for hybrid perovskite material (that is, MAPbI3) for solar cell application is its poor chemical resistance to water molecules, especially the break-down chain reaction caused by moisture erosion. Thus, a strong resistance to direct water exposure could represent significant progress for the commercialization of perovskite solar cells. The surface-passivated MAPbI3 perovskite layer could sustain direct water contact without significant signs of degradation for a long time, which was achieved by the inorganic CsPbI3 at the interface as well as at the CsI surface layer. Apart from the strong binding between the iodine of the MAPbI3 and the iodine of the CsPbI3, the strong chemical resistance to water molecules of the inorganic CsPbI3 provides an efficient protective film for the MAPbI3. Besides, the unreacted CsI residue also binds with the metastable iodine and generates a thin surface layer to lock the water molecules into the surface layer and prevent further penetration. Without the weak sites which are vulnerable to water molecule erosion and further penetration, the structural stability of the MAPbI3 in the bottom layer was increased. At the same time, the water restrained by the CsI could be removed by heating at a proper temperature without damaging the structure of the effective phase of the MAPbI3.

As for photoluminescence, it was surprising that the surface-passivated Sample C still had a lower bandgap energy than the pure CsPbI3 perovskite, while the latter has a power conversion efficiency of more than 13%, which means that the efficiency of the electron-hole pair generation of Sample C was more efficient than the CsPbI3 without being affected by the phase transition of the CsPbI3 content.

Although Sample B also degraded within a short time (10 s), there was a greater improvement compared to the original MAPbI3 perovskite. Since Sample B had no surface water-restrain layer and the inorganic CsPbI3 was uniformly dispersed instead of covering the grain boundaries and surfaces of the MAPbI3 crystals, the protection function was not as effective as in the surface-resistance-reinforced samples. However, the influence of the photoluminescence property was minimized by adapting Sample B’s preparation method. Hence, there will be two options for MAPbI3 passivation with designed purposes. Table. 3 demonstrates the pros and cons of the perovskite materials.

[bookmark: _Toc534579933][bookmark: _Toc535838167]Table 3 : Properties of perovskite materials for solar cells(Sutton et al., 2016)
	
	Bandgap energy (eV)
	Water resistance
	Phase transition

	MAPbI3
	1.61
	Very poor
	No

	CsPbI3
	1.92
	Extremely good
	Yes

	Surface-passivated MAPbI3
	1.76
	Extremely good
	No




[bookmark: _Toc535838283]4.5 Reviews for Limitations

Despite the initial success, there are still limitations in our experiments.
Firstly, the power conversion efficiency can only be obtained by building a complete solar cell. However, there is no technique yet to build a proper perovskite solar cell with an inorganic layer inside, which requires a precursor of the solution to react with the substrate layer. The high solubility of MAPbI3 in DMF (of CsI-DMF) would cause the adhesion loss between FTO-glass and crystallized MAPbI3, which makes it difficult to spin-coat the inorganic layer on the top of crystallized MAPbI3. Furthermore, the increased inner layers will reduce the open circuit voltage due to the energy loss between each two layers. Without the actual data of PCE, we could only determine the photoluminescence property which is closely related to PCE. On the other hand, the PCE is not only decided by photoluminescence but properties like electron-hole separation rate, electron/hole transport rate, etc.

Another problem is the high solubility of CsI. Like a double-edged sword, it can provide the water-molecules restrains, while it also could be completely dissolved by a higher amount of water, resulting in the partial absence of the protective layer. 
















[bookmark: _Toc535838284]CHAPTER 5: CONCLUSION 

In our research, we introduced CsI as a surface protection layer on MAPbI3, created a moisture-resistant layer of CsI on the surface, and eliminated the weak sites by establishing bindings between the metastable electrons and CsPbI3. They will block the direct contact of water molecules with inner perovskite materials and stop moisture-induced degradation. The photoluminescence results of low bandgap energy showed easier electron-hole pair formation property, resulting in an excellent balance between stability and performance. By exploring the context of properties characterizations and performance examinations, the surface-passivation by inorganic additive method could be used as a new technique for hybrid organic-inorganic perovskite protection.
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