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Abstract 

In recent decades, organic-inorganic hybrid perovskite materials have drawn 

much more attention for their excellent optoelectronic properties and successful 

applications in photovoltaics, photodetector, light-emitting diodes (LED) and 

photocatalysis. The traditional perovskite possesses a three-dimensional (3D) 

structure and is defined as ABX3 in which the cation A is located at the voids of 

BX6 octahedral structure to develop in all three directions. And the A represents the 

organic or inorganic cations such as methylammonium (MA+) or Cs+, the B are the 

metal cations such as Pb2+ or Sn2+, and the X is related to the halide anions such as 

I−, Br− and Cl−. This kind of traditional 3D perovskite materials have been widely 

applied in the photovoltaic applications. The traditional small cation at A position 

can be replaced by some large organic cations. Since the large organic cations are 

too big to be located into the voids, this kind of perovskite has the orientation 

preference to grow into two-dimensional (2D) perovskite. The big organic cations 

show an essential property of moisture resistance which is beneficial for improving 

the stability of perovskite. 

On the other hand, the thin films made from those 3D and 2D materials contain 

huge amount of tiny crystals with large grain boundaries as well as defects which 

are harmful for the charge transportation and device performance. Therefore, the 

research of the single crystal perovskite, which contains no grain boundary inside, 

have been investigated for solar cells, photodetectors, LEDs, etc. 
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In this thesis my research not only focus on the perovskite material itself, but 

also its further application such as photocatalysis, photovoltaic and optoelectronic 

applications. In general, nano-scale particles and cm-scale single crystals have been 

synthesised and the related characterizations have confirmed that they are in quite 

high quality. What should also be mentioned is that the single crystals I have 

synthesised have achieved the largest size compared with current report. Later the 

photocatalysis experiments based on the nano-scale particles has been confirmed 

that the perovskite with mixed-dimensional has excellent photocatalysis ability. 

Later attempts have been done to modify the electron transport layer to improve the 

perovskite solar cell performance. Sn doping and KCl modification have been 

confirmed to have clear enhancement for the solar cell device. Finally, the large size 

single crystals have been applied for the optoelectronic applications such as LED 

and photodetectors. With current research progress the LED shows good conduction 

and the detector shows good response ability. In one word, not only the materials 

synthesis methods have been improved but also the related applications in 

photocatalysis, photovoltaic and optoelectronic areas have been tried and shown 

good results. The details are mentioned below.  

Chapter 1 summarizes the development history of perovskite materials for 

photovoltaics and photocatalysis applications.        

In Chapter 2, 2D, 3D perovskite nanoparticles and (MA) and mixed-

dimensional perovskite (MDP) nanoparticles with different ratio of octadecylamine 

(OA)/methylamine (MA) were prepared and their morphology, optoelectronic 
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performance, electrochemical performance as well as photocatalytic performance 

were investigated. Impressively, the MDP materials show high charge mobility than 

those pure 2D and 3D perovskite nanomaterials. In addition, the MDP materials 

combine the advantages of 2D and 3D perovskite materials characteristic of 

efficient electron-hole separation and a broad UV-visible light absorption. In the 

photocatalytic hydrogen evolution reactions, the 3D perovskite shows a rate of 323 

μmol g−1 h−1 and 2D shows 192.1 μmol g−1 h−1 within 5 hours under the same 

conditions. And the MDP perovskites with the OA content of 5%, 10%, 15% and 

25% show the hydrogen generation rate of 219.3, 430.2, 960.2 and 274.5 μmol g−1 

h−1, respectively. It should be noted that that the photocatalytic H2 evolution 

reaction maintains a constant PHE rate within 24-hours. Also, the photocurrent 

response and EIS studies further support that the MDP of OA0.15MA0.85PbI3 shows 

the best performance among all those perovskite samples. 

Chapter 3 described a low-temperature solution processing method to prepare 

Sn-doped TiO2 nanocrystals functioned as an electron transport layer (ETL) in PSCs. 

Pristine and Sn doped anatase TiO2 nanocrystals are synthesized successfully with 

the size of around 4-10 nm. Using the optimal 1.5 atom% (at. %) Sn-doped TiO2 

nanocrystals as ETL in PSC, a power conversion efficiency (PCE) of 17.7% has 

been achieved, which is higher than the pristine TiO2 with an PCE of 13.1%. 

Moreover, the PSC based on the 1.5 at. % Sn-doped TiO2 shows a best long-time 

stability and the smallest hysteresis among all samples after 20 days storage. It is 

believed that the low temperature processed solution processing strategy for the 
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ETL is very powerful for PSC applications.    

In Chapter 4, a new and simple method for processing ETL has been developed 

for optimizing PSCs performance. The addition of inorganic KCl salt into TiCl3 

solution can work simply with quick response for the preparation TiO2 

nanoparticles as ETL. The PSC with 0.5 M KCl addition show a higher PCE of 

19.38% than that the control one with PCE of 17.68%, which is ascribed to the 

enhanced open circuit voltage (Voc) from 1.10 V for the former to 1.04 V for the 

latter. Also, the characterizations such as UV/Visible absorption, SCLC, UPS have 

confirmed that the ETL upon 0.5 M KCl addition shows the highest charge mobility 

and the least defect which are all beneficial to for PSC performance. Additionally, 

no other extra treatment except for annealing is necessary for the ETL prepared 

through this method. Conclusively, an efficient and simple strategy for ETL 

preparation was developed for the performance improvement of PSCs. 

Chapter 5 extended to the study of perovskite single crystals for PSCs 

application. Typically, a modified method for single crystal growth was developed 

to prepare the perovskite single crystals effectively, including PEA series 

((PEA)2PbCl4, (PEA)2PbBr4 and (PEA)2PbI4) and BA series ((BA)2(MA)2Pb3I10, 

(BA)2MAPb2I7 and (BA)2PbI4)). Subsequently, the LED devices were fabricated 

based on those PEA series perovskite single crystals with strong photoluminescence. 

And those BA series with good optoelectronic property and high stability were 

applied for the photodetectors. It was found that the LED based on the six-layer 

structure worked very well with good conductivity performance. On the other hand, 
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the photodetector based on the (BA)2PbI4 shows a response times of 270 ms for rise 

time and 334 ms for fall time under the 405 nm irradiation, which are much shorter 

than that of 580 ms for rise and 670 ms for fall in the device based on the 

(BA)2MAPb2I7. This work shed light of the commercial applications of the 

perovskite single crystals in LED and photodetector devices.  

In the end, a summary and highlights of the research work involved in this 

thesis are provided in Chapter 6.     

 

 

 

Keywords: perovskite; photocatalysis; photovoltaic; single crystal; optoelectronic  
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Chapter 1 Research Background 

 

1.1 Renewable energy 

As it goes to the middle of 21st century, the fast development of technology led 

to the burst of world population along with the vast energy consumption, which has 

reached an unsufferable level in the human being history. In the modern society 

with high degree of electrification, the electricity become more and more essential 

in our daily life throughout the world. According to the 2020 Global Status Report, 

approximately 79.5% electricity comes from non-renewable energy, fossil fuels 

(Figure 1-1).1 It is quite dependable to burn the fossil fuel to generate heat and 

electricity. Due to the unideal conversion efficiency of heat engine, huge amount of 

energy is wasted throughout the world every day. At the same time, burning fossil 

fuel will cause serious pollution sources which consist of sulphur oxides, carbon 

oxides, etc. These gases can not only influence our human health, but also cause 

serious environmental issues.  

 

Figure 1-1 Energy consumption ratio from different sources. 
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The incisive contradictories among the increasing energy consumption 

demand, the shortage tendency of energy sources and pollution concern have drawn 

public attention to the renewable energy. The renewable energy which includes 

solar energy, wind energy, biomass energy and so on has attracted more and more 

research awareness.2 Among these renewable energy, the solar energy is no doubt 

the most valuable one which will be less influenced by the other objective factors 

such as weather, location, temperature, etc. What is more important is that solar 

energy capacity is extremely the hugest than any others. It is reported that our earth 

can obtain 1575–49387 exajoules (EJ) radiation energy from sun every year (United 

Nations Development Programme).1 The amount is several times more than our 

global annual energy consumption of 559.8 EJ. Therefore, the solar energy can 

bring us a very bright future with extraordinary potentials. 

Currently there are two ways to make use of the solar energy. First, the solar 

energy can be converted to thermal power directly. With the help of the concentrator 

the solar radiation energy will be concentrated for heating purpose. Secondly, solar 

energy can be used for photovoltaic applications. When light irradiates on a 

semiconductor, there will generate electron-hole pairs, then the electrons and holes 

transport to the opposite electrodes to produce electricity. In the case of 

photocatalysis, the photo-generated electrons and holes pair will get involved into 

the oxidation-reduction reactions.  

Due to the limited geographical factor and application range, the solar thermal 

application cannot be applied as widely as solar electric application. It is reported 
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that in 2020 the global solar photovoltaic market has achieved up to 627GW which 

is nearly 100 times to the solar thermal market. 1 Due to this issue, the 

semiconductor has drawn more and more research attention in photovoltaics.  

 

1.2 Semiconductors 

 

 

Figure 1-2 Schematic diagram of p-n junction formation. 

 

A semiconductor is a kind of specific material with specific band structures. It 

has an appropriate band gap to be conductive upon the injection of energy outside. 

Because of free electron number as well as crystal lattice, semiconductor can 

become insulator or conductor based on the different conditions. For the pristine 

semiconductor without any doping, it is called an intrinsic semiconductor. Silicon 

is one of the most widely studied intrinsic semiconductors. Doping is a method to 

modify the intrinsic semiconductor to be n-type or p-type semiconductors. For 

instance, the normal Si atom contains 4 valence electrons outside. Then another 

atom which contains 5 valence electrons is added among the normal 4-electron 
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atoms which will cause a weakly bound electron. This electron is so weak that it 

can only become excited after receiving a certain amount of energy from outside. 

Afterwards this weak bound electron will take part in the conduction. Because of 

this weak electron, the doped semiconductor will be defined as n-type (negative) 

semiconductor which acts as an electron donor. On the other hand, adding an atom 

with three outside shell valence electrons to intrinsic semiconductor will cause a 

shortage of electron, and form p-type (positive) semiconductor which acts as an 

electron acceptor. These two types of dopants are defined as extrinsic 

semiconductors. Furthermore, a p-n junction will be formed when these n-type and 

p-type semiconductors conjugate together. Because of the misaligned Fermi energy, 

a fermi energy level difference will be formed on junction’s two sides. Then there 

will be an electron flow in a particular area which is defined as depletion region. In 

this particular area the electrons from n-type (donor) can diffuse to the p-type 

(acceptor) side. And this will lead to the reduction of holes in the p-side and 

reduction of electrons in the n-side. This phenomenon can be observed as long as 

the formation of inner electric field which is opposite to the charge diffusion 

direction. This inner electric field will help to balance the charge movement. Later 

the equilibrium will achieve when the inner electric field can offset the charge 

diffusion. Figure 1-2 represents the band theory as well as the p-n junction.  

As shown in Figure 1-2, as the electrons from n-side diffuse to p-side, the 

contact area will form inner electric field which would block the further electron 

movement from n-side to p-side. This will lead to the accumulation of electrons in 
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p-side and thereafter a higher energy potential which will shift to the conduction 

band. Similarly, as the inner electric field can also block the hole movement from 

p-side to n-side, the holes in p side will have larger energy potential which will lead 

holes in n-side shift to the valence band. Afterwards the final band theory of p-n 

junction is shown in Figure1-3.  

 
Figure 1-3 Schematic diagram of p-n junction band theory. 

 

With the help of photocatalytic reactions, solar energy can be used to split 

water into oxygen and hydrogen. Water is the only reaction resources which is 

approximately 1.5×1021 kg on the earth surface. Hydrogen is one of the most 

suitable energies to take place of some traditional fossil fuels because of its 

advantages. Typically, the hydrogen can be easily stored without any energy loss. 

At the same time, it has a wide range of flammability so that there is no need to mix 

with oxidizer in particular ratio. More importantly, the combustion of hydrogen 

only generate water which is environmentally friendly. 3 Therefore, hydrogen not 

only has a great potential for the replacement of fossil fuels but also cut down the 

carbon footprint.4 In contrast, some other renewable energies such as hydro energy 
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and wind energy have some issues such as the restricted scales, limited locations, 

and working hours. For example, the wind power is highly dependent on the 

weather and wind speed. And the time it can generate power may not be suitable 

for normal consumption. So, this will lead to another challenge how to store the 

power till we need it. 

Hydrogen can also be generated by thermal decomposition as well as 

electrolysis. For the thermal decomposition, it needs either nuclear or solar energy 

which need special equipment (nuclear facilities) and huge areas of land (for solar 

thermal concentration area). As for the electrolysis method, it needs electricity to 

split water to generate hydrogen. This procedure will waste a lot of energy with an 

efficiency of around 10%.5 At the same time, the combined function of photovoltaic 

and electrolysis will consume more in the cost of factory construction and facility 

for these two functions. Different kinds of electrolysis reactions will have different 

kind of the location or resource requirements. Obviously, both the thermal 

decomposition and electrolysis methods would increase the hydrogen production 

cost,6 while photocatalysis can strike a perfect balance between the production cost 

and environmental concerns.  

Without doubt, the utilization of solar energy for photocatalytic splitting water 

into hydrogen has great potential to solve the future global energy crisis. In general, 

the photocatalytic reaction needs a photocatalyst to circulate the process. And 

among them those semiconductors are now the most popular photocatalysts, which 

can help to start or speed up the reactions (oxidation and/or reduction) under photon 
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(light) irradiation. Upon the light irradiation, the hole-electron pairs will separate 

when the photon energy absorbed is the same or above the semiconductor’s band 

gap. The separation process is called excitation.7 In the semiconductor, the electrons 

at conduction band (CB) have a chemical potential of +0.5 to –1.5V to the normal 

hydrogen electrode (NHE), and then they can work as the reductants. On the other 

hand, the holds in the valence band (VB) show a +1.0 to +3.5V potential to the 

normal hydrogen electrode (NHE). The photocatalytic reaction cycle based on the 

semiconductor can be separated into three parts (Figure 1–4). First, the light 

irradiation brings photos with energy. When the photon injects into semiconductor, 

the energy will be transferred to the semiconductor and then electrons transferred 

from valence band to conduction band upon the excitation process. This process 

will leave the same number of vacant holes. Secondly, the excited electrons and 

holes will move to the material’s surface. Finally, electrons and holes at the surface 

will get involved in the reaction with electron donors and electron acceptors 

respectively. After a range of electronic procedures and reactions are carried out the 

photon energy would be converted into the chemical energy. The photocatalytic 

reaction happens either in spontaneous (ΔG < 0) or non-spontaneous way (ΔG > 0). 

For the spontaneous reaction, the irradiated energy will only be applied for 

overcoming the activation barrier, and the photocatalytic reaction can perform 

under milder condition or higher reaction rate. As for the non-spontaneous reactions, 

injected energy will be partly accumulated in the reaction products except for 

overcoming the activation barrier.8 Meanwhile, the recombination of electron-hole 
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pair would convert the injected energy into heat or emit light at the second 

procedure. As for the photocatalytic reaction, the charge recombination will waste 

the input energy and drop down the total reaction efficiency. So, a cocatalyst such 

as Pd, NiO, RuO2 or Pt is necessary on the surface of the semiconductor to prohibit 

the charge recombination via efficient charge transfer from the excited states to the 

cocatalyst. The formation of heterojunction between semiconductor and cocatalyst 

can help to enhance the electron-hole pair separation and charge transfer by setting 

up the internal electric field.  

 

Figure 1-4 Schematic illustration of basic mechanism of a semiconductor 

photocatalytic cycle.  

 

1.3. History of photocatalytic materials 

In 1972, Fujishima and Honda firstly reported the photocatalytic hydrogen 

evolution (PHE) in water using TiO2 as photosensitizer. Though the initial study of 
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photocatalysis was traced back to the 1960s, 9, 10 it was a breakthrough that the PHE 

could be realized artificially to convert the light energy into hydrogen as a clean 

and sustainable energy source.11 From then on, much effort has been devoted to the 

PHE research using varies kind of TiO2, sequentially, the fundamental principles 

were figured out, the application scopes were broadened, the conversion efficiency 

was enhanced. Except for the hydrogen generation, photocatalysis based on TiO2 

have also been developed for some other applications, such as hydrophilic self-

cleaning, antibacterial, pollution detoxification and organic fuel generation.12, 13 

However, the TiO2 is not a perfect semiconductor for PHE. Theoretically. TiO2 

can only convert less than 5% of the solar irradiation into hydrogen gas because of 

its wide band gap at around 3eV. In the past several years, much research effort have 

been done to adjust its band gap by doping with non-metallic elements such as C, 

N, S and so on.14 Heterojunction construction has also been carried out with Pt, Pb 

and other metals or NiO, RuO2, WO3 or CdS semiconductors.15 In addition, the 

addition of quantum dots and some organic dyes has been investigated to enhance 

the light sensitization.16     

Afterwards, some other semiconductor materials such as SrTiO3 and WO3 

were further studied for PHE. Among them, some metal oxides showed good 

performances in PHE, including metal oxides of vanadate, tantalate, niobate and 

germanate, and those specific cations in electron configurations of d0 or d10 (Ag+, 

Ga3+, Bi5+ and Sb5+).17 The NiOx /In1−xNixTaO4 was for the first reported for water-

splitting under visible light irradiation. In addition, some sulfides, nitrides and 
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oxynitrides, eg. CdS, Ta3N5 and TaON also showed excellent performances in PHE. 

Specifically, the C3N4 has been demonstrated the most promising photocatalyst in 

PHE under visible light irradiation.18, 19  

During the last decades, nanomaterials have been widely investigated in many 

areas. The nanomaterials show great potential in photocatalysis because of their 

extraordinary properties such as large surface areas, plentiful morphologies, device 

shaping convenience. 20 However, the efficiency and the cost are still the obstacle 

for the commercial applications of PHE.    

One important issue of semiconductors for the photocatalytic reactions is their 

energy band structures. Their structures would directly determine the energy range 

absorbed from the irradiation photons, the formation of electron-hole pair upon the 

excitation, the transportation of charge carriers and the redox abilities of those 

excited electrons and holes.21 Another important factor that influences the 

semiconductor photocatalytic performance is the inherent physical and chemical 

properties of its surface as well as interface. The surface energy as well as 

chemisorption ability are essential to the electron’s movement and energy transfer 

between different materials at their interface, the subsequent redox overpotential, 

reaction rate, and selectivity. And thesis factors are also very important to figure out 

the photo corrosion sensitivity of a photocatalyst which represents the bonding 

stability under the light irradiation.22  

Various methods such as morphology engineering, optimizing energy band 

structure have been reported to solve those issues mentioned above. 
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Semiconductor’s energy band structure plays an essential role in absorbing the 

irradiation photons as well as determining the reaction redox potentials. To utilizing 

the solar energy efficiently, the optimization of energy band structure is necessary 

to broaden the absorption range into the visible range via reducing the band gap of 

a semiconductor. Generally, there are three main methods:  

1. Adjustment of the valence band.  

2. Adjustment of the conduction band.  

3. Uninterrupted modulation of the valence band and/or conduction band.    

A semiconductor in nanostructure has provided another way to enhance the 

photocatalytic performance. It is clear that reduced material size would increase the 

particle surface area with more reactive sites, thus, enhance the photocatalytic 

reactions. This doesn’t mean the smaller the particle in size, the better in 

photocatalytic performance. If the particle size is too small (even close to the 

electron free path), there will be a strong quantum confinement effect that would 

increase the recombination of photo-excited electron-hole pairs.  

As for the nanomaterial with small size, the excited charges can move to the 

surface within a short distance, on the other hand, this kind of movement from the 

core area to the surface still need a proper concentration or potential gradient, which 

will be highly affected by its structure, morphology, as well as surface properties. 

A recent research has also reported the progress of synthetic strategies for 

photocatalysts with a designable shape, as well as the finding of relationship 

between the structure, morphology and the photocatalytic performance.23 
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Particularly, a complex or layered heterojunction nanostructure has drawn intensive 

awareness to facilitate an efficient separation of photon excited electron-hole pairs 

for an enhanced photocatalytic activity. 24  

Very recently, the hydrogen generation through hydrogen iodide (HI) splitting 

in aqueous solution has attracted more and more awareness. When the sulfur and 

iodide get involved in the photocatalytic reactions in the presence of sulfuric acid 

as well as hydrogen iodide, hydrogen can be produced from the aqueous solution 

constantly. This is so called the iodine-sulfur cycle which is essential in industrial 

production.25, 26 In the iodine-sulfur cycle, the solar light driven photocatalytic 

splitting of hydrogen iodide in aqueous solution can be an essential process similar 

to the water splitting reaction. The water splitting process involves four electrons, 

while the HI splitting reaction only consumes two electrons for hydrogen 

generation.27  

As a result, the overpotential is almost zero in the case of iodide ion 

oxidation.28 In addition, the concurrent oxidation process involved in the hydrogen 

halide (HX, in which X represents to halide F, Cl, Br, I) splitting leads to side 

chemical products such as I2/I3
−, Br2/Br3

−, or Cl2. These chemicals have plenty of 

applications in the hygiene industries and energy industries.29 However, a main 

issue in the solar driven photocatalytic HI splitting is that the HI’s strong acidity 

(Ka = 1010). This is not a suitable working circumstance for most semiconductors 

and metals as photocatalysts, cocatalysts, or photo electrochemistry (PEC) 

electrode. 
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Perovskite methylammonium lead iodide (MAPbI3) is a typical 

organic/inorganic hybrid perovskite which is made up with organic ligand cations 

(methylammonium, MA+) and inorganic anions (PbI6
-). Corner-shared octahedral 

PbI6
- and organic ligand at the cubo-octahedral sites lead to a three-dimensional 

framework of methylammonium lead iodide (MAPbI3).  

The perovskite possesses excellent optoelectronic properties such as high light 

absorption coefficient and carrier mobility. 30 Also, the perovskite materials have 

been widely applied in the photovoltaic applications with over 25% efficiency 

achieved to date.31 Moreover, the perovskite has also been reported in other 

optoelectronic devices such as light emitting diodes (LED) and photodetectors.32, 33 

At the same time, the two-dimensional (2D) perovskite has been recently developed 

to improve the charge-carrier transport and photovoltaic performances. 34, 35 

Typically, the 2D perovskite materials showed better humid stability.36 Hence, 

mixed-dimensional perovskite (MDP) materials have become a hot topic to balance 

the device’s performance as well as the device stability,.37 

 

1.4 History of photovoltaic materials 

For the extrinsic semiconductor, when the light with particular energy 

irradiates on the p-n junction, the light excited electrons and holes will conjugate 

on the two sides which will form another electric field containing the direction 

opposite to the inner electric field. As the electrons and hole continue to increase 
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this new electric field becomes stronger and stronger which would defeat the block 

from inner electric field to move outside the junction. As the electron move along 

the outer circuit, there will be electric potentials. When it is connected to an electric 

device in a closed circuit, the electric potential will force the electron to move along 

the potential. The moving electron can help to power the electric device. With this 

photovoltaic effect, we can convert solar energy into electricity. Russell Ohl firstly 

introduced the theory of modern solar cells based on the junction semiconductor.38  

The photovoltaic materials can be divided into three types which are 

respectively applied in three generations of photovoltaics (PV). The first type is 

silicon which includes multicrystalline silicon and monocrystalline silicon. The 

silicon materials contribute to the first-generation PV which is also defined as 

wafer-based solar cells. The PV based on silicon materials occupies nearly 90% of 

the total solar cell market.39 The second type of photovoltaic materials such as GaAs, 

InP, CdTe, and CIGS led to the second generation PV which was also defined as 

thin film solar cell.40 The second generation PV show great commercial potential 

for power station in utility-scale or integrated one. The third type materials for the 

third generation PV mainly include CZTS, organic materials especially 

organometallic compounds such as dye, perovskite, etc.41, 42 The third generation 

PV have drawn more and more attention all over the world since they have showed 

great potential in future industry upon reducing the cost and toxicity, as well as 

further enhancing the performance. 
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Figure 1-5 Theoretical semiconductor efficiency qualification data as a function of 

bandgaps under different limits. 

 

1.4.1 Silicon (Si) 

Figure 1-6 Crystal structure of silicon. 

 

It is well known the silicon is an ideal photovoltaic material for high efficiency 

solar cell because of its appropriate band gap at 1.12 eV. Its crystal structure can be 
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seen in Figure 1-6. Along with the development of the technology, it was further 

divided into monocrystalline silicon, multicrystalline silicon, etc. The 

monocrystalline silicon has a homogenous framework which can be acknowledged 

to be an entire ans unbroken single crystal. On the other hand, the multicrystalline 

silicon can be treated as a conjugation of quantities of small crystals. Scientists in 

the field have taken all those influence issues to calculate the solar cell theoretical 

efficiency which is defined as Shockley and Queisser (S-Q) model (Figure 1-5).40 

From this S-Q model, the limitation for the silicon solar cell is 33.3% which is 

higher than reported efficiency 27.6%.43 So there is still a space for further 

improvement. Currently, the solar cell market all over the world is mainly controlled 

by silicon solar cell modules. The wafer-based silicon solar cell module takes up to 

90% of the total market. In the silicon solar cell part, the monocrystalline silicon 

takes up about 35% while the multicrystalline takes up the left of 65%. The 

photovoltaic system based on the silicon solar cells have shown high reliability as 

well as small efficiency degradation through its 25 years lifetime. However, the 

manufacture procedure consumes a lot of energy along with serious environmental 

pollution which need further improvement.44  
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1.4.2 III-V compounds 

 

Figure 1-7 Crystal structure of III-V compounds. 

 

In the second-generation photovoltaic materials, the III-V compounds have 

drawn more and more awareness because of their proper band gaps which is suitable 

for the solar cell applications. Their general crystal structure can be seen in Figure 

1-7. There are two typical compounds which are applied in the solar cells: Gallium 

arsenide (GaAs) and Indium Phosphide (InP). 

GaAs has the most suitable band gap (1.42 eV) for the application of solar cell. 

According to the S-Q limit plot, the GaAs can achieve over 30% efficiency in theory. 

Currently the normal single junction GaAs solar cell has achieved 29.1% which still 

has some space for improvement.45 Due to the GaAs excellent optical absorption 

coefficient, its device can be very thin which is around 2 μm to absorb the light 

irradiation. Because of the GaAs crystal geometry, very high fill factors (nearly 

97%) can be achieved. Currently the main issues that limit its efficiency are surface 

reflection, uncompleted light trap, and metal back contact absorption.  

InP is another III-V semiconductor that can achieve high efficiency. Its band 
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gap of 1.35eV is similar to the GaAs. However, currently the reported maximum 

efficiency of InP solar cell is 22.1%.46 This lower efficiency may result from its 

lower voltage and current. Because of its lower efficiency as well as higher cost of 

In, the InP has been less investigated compared with GaAs. 

Due to the III-V semiconductor’s good performance with high efficiency in 

PV, they have been widely applied in the space applications such as satellite and 

space station. The new layer transfer technic ensures its further flexible applications. 

What now limiting the development of the III-V semiconductor in PV are their 

fabrication cost as well as toxicity. Newly developed encapsulation method and 

recycling tendency can help to solve these issues. 

Cadmium telluride (CdTe) is a type of binary semiconductor which has a cubic 

zincblende structure. It has a band gap of 1.43 eV which is quite close to the ideal 

value for PV. Currently the best CdTe soar cell has a efficiency of 22.1%.47 Its solar 

cell structure normally consists of fluorine-doped tin oxide layer, subsequent stack 

layer, CdTe functional layer and metal back contact layer. This kind of materials 

has high voltage loss when working due to the charge recombination at the grain 

boundaries as well as the interface. This issue result in a large space for the further 

development of this kind of solar cell device. However, high toxicity and tellurium’s 

scarcity the cadmium are two big concerns in the fabrication procedure which block 

the further development and widely commercial application of PV based on CdTe.  
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1.4.3 Copper indium gallium selenide (CIGS) 

 

Figure 1-8 Crystal structure of CIGS. 

 

The CIGS is a kind of complex composition semiconductor which contain 4 

elements (Figure 1-8).48 It is reported this kind of material has achieved 23.4% in 

the thin film solar cells.49 CIGS contains a structure of chalcopyrite crystal and a 

tunable band gap from 1.0 eV to 2.4 eV by adjusting the rations of In/Ga as well as 

Se/S. For this material the Indium is quite important for the PV performance while 

its scarcity delays the development of CIGS towards terawatt market. Due to the 

materials nature and specific properties, the grain boundaries will not be the main 

reason for the excited electrons and holes to recombine. The main current loss is 

due to the reflection, the uncompleted light trapping, the back-contact Mo 

absorption as well as the parasitic absorption from the CdS, ZnO/Al layers. The 

CIGS quality will be influenced significantly by the annealing condition, deposition 

condition as well as the surround status. This mean that the CIGS is in quite high 
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demand in the manufacture process which will lead a higher production cost. 

Because of its complex stoichiometry, there will be many possible ratios as well as 

secondary phase for high efficiency.50  

Because of its tunable band gap, it has great potential for the application in 

tandem solar cells in cooperation with other semiconductors such Si solar cell. 

Generally, due to the fabrication process limitations and high material resource cost, 

CIGS material still has great space for the future development.    

 

1.4.4 Copper zinc tin sulfide (CZTS) 

Figure 1-9 Crystal structure of CZTS material. 

 

 

The CZTS is similar to the secondary CIGS and was defined as the third-

generation photovoltaic materials. Its crystal structure can be seen in Figure 1-9.51 

Between the CIGS and the CZTS, the most different factor is the replacement of 

the rare and expensive elements in CZTS. In CZTS the Zn takes place of In and the 
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Sn takes the place of Ga which will lead a significant decrease of fabrication cost. 

Normally the CZTS contains two kinds of crystal structure, denoted as kieserite and 

stannite structures. The kieserite structure shows better compatibility for the 

photovoltaic applications. Similar to CIGS, the CZTS also has a tunable band gap 

which can be adjusted from 1.0 eV to 1.6 eV.51 Till now the record efficiency of PV 

based on CZTS is 12.6% with a zinc rich receipt.52 But the poor crystal quality with 

too many defects of CZTS might lead to the recombination of the excited electrons 

and holes. These defects often influence the voltage of the device and result in a 

poor efficiency. So, the quality improvement is the top priority for the CZTS 

materials.   

 

1.4.5 Molecular dye 

In 1991, a new type of solar cell structure was reported in which a molecular 

dye was applied as the light absorber in dye-sensitized solar cells (DSSCs).41 The 

dye applied in the solar cell is a ruthenium polypyridine complex which works 

together with a porous electrode (mainly the TiO2) to convert solar energy into 

electricity. The dye has to be absorbed onto the porous electrode from the dye 

solution. Till now an record efficiency of 13.0% was achieved for DSSCs.53 

According to the S-Q plot there is still a great potential for an better PV performance. 

Compared with materials mentioned above, this kind of materials are relatively 

cheap and easy for fabrication. Also, dyes with different colors can be used for 
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colorful PV applications. What is more important is that the finding and research of 

dyes provide an inspiration of new solar cell structures. This kind of architecture 

can bring more possibilities for the new generation solar cells.     

 

1.4.6 Organic materials 

There are mainly two types of organic small molecules and polymer/fullerene 

which are suitable for the application of the photovoltaic solar cells. The highest 

efficiency has been achieved up to 17.8% for organic solar cells.54 Traditional 

organic materials contain poor dielectric constant which lead the hard separation of 

the electron-hole pairs. So, the bulk heterojunction structure of the active layer is 

applied to enhance the charge separation and transfer. The solar cell performance 

based on the organic materials is not as high as those inorganic materials due to the 

nonradiative recombination and dynamic disorder which would lead huge voltage 

loss. At the same time, the device architecture will cause current loss due to the 

incomplete absorption as well as incomplete charge collection.55 Also poor stability 

of organic materials under a continuous light irradiation will result in a degradation 

of the materials. However, organic materials are relatively cheap, also, their low 

toxicity and flexible application potential enable their irreplaceable status in 

particular application areas. 
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1.4.7 Quantum dots 

The quantum dot is a general type of semiconducting particle which has such 

a smaller size that even than the Exciton Bohr radius. This kind of materials contain 

a tunable band gap corresponding to their compositions and sizes. A record 

efficiency of 18.1% was reported.56 Though their tunable band gaps shows 

promising applications in solar cells, quantum dots synthesized from one batch may 

have variations of sizes and band gaps. Various of band gaps result in various of 

absorption edges which means the incomplete absorption in the whole visible light 

range. Furthermore, their small sizes, large surface-volume ratios would lead to a 

serious surface nonradiative recombination.57 The two issues would lead to a 

current loss and poor performance. How to synthesize quantum dots uniformly will 

play an important role in performance enhancement.  

 

1.4.8 Perovskite 

 

Figure 1-10 Structure of perovskite material. 
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Based on the research of Dye sensitized solar cell (DSSC), many new 

absorption materials have been developed which include the perovskite. At the very 

beginning, the perovskite material was firstly found in the Ural Mountains of Russia 

by the researcher Gustav Rose in 1839. Also, its name came from another Russian 

researcher Lev Perovski.58 This name was used to define the material CaTiO3 with 

a general repeated structure of ABX3. Later, all the materials with the similar 

structure were defined as perovskite. As for the perovskite materials structure ABX3 

which can be seen in Figure 1-10, A is usually methylammonium (MA) CH3NH3
+, 

formamidinium (FA) CH(NH2)2
+, or Cs+, while B stands for another cation, Pb(II) 

or Sn(II) and X is a halogen ion, such as Cl−, Br−, and I−.59, 60 This material has a 

corner-sharing PbX6 octahedra structure and the organic cation is small enough to 

get into the octahedral voids.61. The perovskite material was not applied in the 

photovoltaics until Miyasaka and his team first reported the application of 

perovskite in dye sensitized solar cells with an efficiency of 2.2% in 2006 based on 

the CH3NH3PbBr3 solar cells and later 3.8% in 2009 based on the CH3NH3PbI3 

solar cells.42, 62 It has attracted the world’s awareness because of its promising 

fabrication ability, less non radiative recombination behaviors, good light 

absorption ability in the whole visible range.63 Later, Park and his team achieved an 

efficiency of 6.5% by applying the ETL TiO2 with high temperature annealing 

treatment in 2011.30 It was confirmed that the perovskite materials have better 

absorption ability compared with N719 dye applied in the DSSCs. After that, more 

and more research teams started to focus on the improvement of perovskite solar 
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cells. In 2012 Seok and Grätzel reported a significant enhancement of efficiency to 

12% by structure modification of the solar cell.64 After years’ development, the 

perovskite solar cell efficiency reached 17.9% in 2014.65 More and more 

researchers are aware of the great potential of perovskite materials in photovoltaic 

applications. The perovskite solar cell efficiency has been achieved over 20% until 

2015.66 To date, an efficiency of 25.5% was achieved for perovskite solar cells.31 

Compared with other photovoltaic materials, the perovskite can be easily prepared 

and processed in device fabrication. There is no need for scarce elements and its 

band gap is tunable from 1.6 eV to 3.2 eV which depends on its composition. Not 

only can it work solely, but also it can be combined with other materials to form a 

tandem cell. The tandem cell in combination with Si was reported an efficiency of 

29.5%.31 Though the perovskite now has some issues such as toxicity of lead, 

relatively low stability, the low cost of perovskite has drawn more and more 

awareness for the potential commercial application. 

 

1.5 Purpose of the research 

As mentioned above, the perovskite materials have been applied not only in 

the photovoltaics but also in other areas such as laser, detector, LED, etc. So we are 

going to broaden its application ranges and enhance their performance vis structure 

modification and surface engineering. First, the modification of the perovskite 

dimension can help to enhance its performance and stability for the photocatalytic 
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reactions. Secondly, the research on the perovskite single crystal can help to reduce 

the defect as much as possible. This defect reduction is quite important to improve 

the charge mobility which is quite essential for the device performance. 

Furthermore, the structure modification of perovskite solar cell aims to improve the 

device performance. Overall, the purpose of this research is to design and 

synthesize the perovskite materials, and broaden their applications in photocatalysis, 

photovoltaic and optoelectronic applications, at last, lead to the commercialize the 

perovskite materials and their devices in the future. 

 

1.6 Reference 

1.         R. A. Zervos, Marit Brommer, 2020 Global Status Report, REN21, 2021. 

2. STYLOS, Nikolaos, KORONEOS and Christopher, Journal of Cleaner 

Production, 2014, 64, 639-645. 

3. A. Lanz, J. Heffel and C. Messer, Nasa Sti/recon Technical Report N, 2001, 

3，7022. 

4. C. R. A. Catlow, S. A. French, A. A. Sokol and J. M. Thomas, Philosophical 

Transactions, 2005, 363, 913-936. 

5. S. A. Pawar, R. S. Devan, D. S. Patil, V. V. Burungale, T. S. Bhat, S. S. Mali, 

S. W. Shin, J. E. Ae, C. K. Hong and Y. R. Ma, Electrochimica Acta, 2014, 

117, 470-479. 

6. K. Al-Ali, S. Kodama and H. Sekiguchi, Solar Energy, 2014, 102, 45-55. 



27 

 

7. X. W. Wang, G. Liu, Z. G. Chen, F. Li, L. Z. Wang, G. Q. Lu and H. M. 

Cheng, Chemical Communications, 2009, 23, 3452-3454. 

8. A. Hagfeldt and M. Graetzel, Chemical Reviews, 1995, 95:1, 49-68. 

9. H. D. Müller and F. Steinbach, Nature, 1970, 225, 728. 

10. F. Steinbach, Nature, 1969, 221, 657. 

11. A. Fujishima and K. Honda, Nature, 1972, 238, 37-38. 

12. K. Hashimoto, H. Irie and A. Fujishima, Japanese journal of applied physics, 

2005, 44, 8269. 

13. S. C. Roy, O. K. Varghese, M. Paulose and C. A. Grimes, Acs Nano, 2010, 

4, 1259-1278. 

14. R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki and Y. Taga, Science, 2001, 293, 

269-271. 

15. C.-C. Hu and H. Teng, Journal of Catalysis, 2010, 272, 1-8. 

16. J. Feng, J. Han and X. Zhao, Progress in Organic Coatings, 2009, 64, 268-

273. 

17. S. Ouyang, N. Kikugawa, Z. Zou and J. Ye, Applied Catalysis A: General, 

2009, 366, 309-314. 

18. F. A. Frame, E. C. Carroll, D. S. Larsen, M. Sarahan, N. D. Browning and 

F. E. Osterloh, Chemical Communications, 2008, 19, 2206-2208. 

19. X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J. M. Carlsson, K. 

Domen and M. Antonietti, Nature materials, 2009, 8, 76. 

20. X.-F. Zhang, X. Zhou, L. Zhang and B. Xu, Journal of Materials Chemistry 



28 

 

A, 2018, 6, 12515-12522. 

21. D. Scaife, Solar Energy, 1980, 25, 41-54. 

22. T. L. Thompson and J. T. Yates, Chemical Reviews, 2006, 106, 4428-4453. 

23. X. Zheng, Q. Kuang, K. Yan, Y. Qiu, J. Qiu and S. Yang, ACS applied 

materials & interfaces, 2013, 5, 11249-11257. 

24. H. Tong, S. Ouyang, Y. Bi, N. Umezawa, M. Oshikiri and J. Ye, Advanced 

materials, 2012, 24, 229-251. 

25. J. Norman, R. Sharp, D. Williamson and K. Mysels, Hydrogen Energy 

Progress, 1981, 1, 257-275. 

26. G. Cerri, C. Salvini, C. Corgnale, A. Giovannelli, D. D. L. Manzano, A. O. 

Martinez, A. Le Duigou, J.-M. Borgard and C. Mansilla, International 

Journal of Hydrogen Energy, 2010, 35, 4002-4014. 

27. A. J. Esswein and D. G. Nocera, Chemical reviews, 2007, 107, 4022-4047. 

28. C. Levy‐Clement, A. Heller, W. Bonner and B. Parkinson, Journal of The 

Electrochemical Society, 1982, 129, 1701-1705. 

29. B. Huskinson, J. Rugolo, S. K. Mondal and M. J. Aziz, Energy & 

Environmental Science, 2012, 5, 8690-8698. 

30. J.-H. Im, C.-R. Lee, J.-W. Lee, S.-W. Park and N.-G. Park, Nanoscale, 2011, 

3, 4088-4093. 

31. R. Pandey and R. Chaujar, Journal of Photonics for Energy, 2017, 7, 022503. 

32. G. Xing, N. Mathews, S. S. Lim, N. Yantara, X. Liu, D. Sabba, M. Grätzel, 

S. Mhaisalkar and T. C. Sum, Nature materials, 2014, 13, 476. 



29 

 

33. Z.-K. Tan, R. S. Moghaddam, M. L. Lai, P. Docampo, R. Higler, F. Deschler, 

M. Price, A. Sadhanala, L. M. Pazos and D. Credgington, Nature 

nanotechnology, 2014, 9, 687. 

34. D. H. Cao, C. C. Stoumpos, O. K. Farha, J. T. Hupp and M. G. Kanatzidis, 

J Am Chem Soc, 2015, 137, 7843-7850. 

35. R. Younts, H. S. Duan, B. Gautam, B. Saparov, J. Liu, C. Mongin, F. N. 

Castellano, D. B. Mitzi and K. Gundogdu, Adv Mater, 2017, 29, 1604278. 

36. Z. Wang, Q. Lin, F. P. Chmiel, N. Sakai, L. M. Herz and H. J. Snaith, Nature 

Energy, 2017, 2, 1-10. 

37. C. Ma, C. Leng, Y. Ji, X. Wei, K. Sun, L. Tang, J. Yang, W. Luo, C. Li, Y. 

Deng, S. Feng, J. Shen, S. Lu, C. Du and H. Shi, Nanoscale, 2016, 8, 18309-

18314. 

38. F. Ashworth, W. Needham and R. Sillars, Journal of the Institution of 

Electrical Engineers-Part I: General, 1946, 93, 385-401. 

39. D. D. Smith, P. J. Cousins, A. Masad, A. Waldhauer, S. Westerberg, M. 

Johnson, X. Tu, T. Dennis, G. Harley and G. Solomon, 38th IEEE 

Photovoltaic Specialists Conference, 2012, 001594-001597. 

40. A. Polman, M. Knight, E. C. Garnett, B. Ehrler and W. C. Sinke, Science, 

2016, 352, 6283. 

41. B. O'regan and M. Grätzel, nature, 1991, 353, 737-740. 

42. A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, Journal of the American 

Chemical Society, 2009, 131, 6050-6051. 



30 

 

43. NREL, Best Research-Cell Efficiency Chart, https://www.nrel.gov/pv/cell-

efficiency.html, (accessed 20220104, 2022). 

44. L. LU, D. BI, Z. LIU, C. YANG and X. XIAO, Scientia Sinica Chimica, 

2013, 43, 687-703. 

45. M. A. Green, E. D. Dunlop, J. Hohl‐Ebinger, M. Yoshita, N. Kopidakis and 

A. W. Ho‐Baillie, Progress in Photovoltaics: Research and Applications, 

2020, 28, 3-15. 

46. C. Keavney, V. Haven and S. Vernon, IEEE Conference on Photovoltaic 

Specialists, 1990, 141-144. 

47. I. Dharmadasa, O. Echendu, F. Fauzi, N. Abdul-Manaf, O. Olusola, H. 

Salim, M. Madugu and A. Ojo, Journal of Materials Science: Materials in 

Electronics, 2017, 28, 2343-2352. 

48. M. G. Panthani, V. Akhavan, B. Goodfellow, J. P. Schmidtke, L. Dunn, A. 

Dodabalapur, P. F. Barbara and B. A. Korgel, Journal of the American 

Chemical Society, 2008, 130, 16770-16777. 

49. Y. Hirai, Y. Kurokawa and A. Yamada, Japanese Journal of Applied Physics, 

2013, 53, 012301. 

50. S. Niki, M. Contreras, I. Repins, M. Powalla, K. Kushiya, S. Ishizuka and 

K. Matsubara, Progress in Photovoltaics: Research and Applications, 2010, 

18, 453-466. 

51. H. Katagiri, K. Jimbo, W. S. Maw, K. Oishi, M. Yamazaki, H. Araki and A. 

Takeuchi, Thin Solid Films, 2009, 517, 2455-2460. 



31 

 

52. W. Wang, M. T. Winkler, O. Gunawan, T. Gokmen, T. K. Todorov, Y. Zhu 

and D. B. Mitzi, Advanced Energy Materials, 2014, 4, 1301465. 

53. S. Mathew, A. Yella, P. Gao, R. Humphry-Baker, B. F. Curchod, N. Ashari-

Astani, I. Tavernelli, U. Rothlisberger, M. K. Nazeeruddin and M. Grätzel, 

Nature chemistry, 2014, 6, 242-247. 

54. Y. Cui, H. Yao, J. Zhang, K. Xian, T. Zhang, L. Hong, Y. Wang, Y. Xu, K. 

Ma and C. An, Advanced Materials, 2020, 32, 1908205. 

55. R. Yu, H. Yao and J. Hou, Advanced Energy Materials, 2018, 8, 1702814. 

56. J.-Y. Kim, J. Yang, J. H. Yu, W. Baek, C.-H. Lee, H. J. Son, T. Hyeon and 

M. J. Ko, ACS nano, 2015, 9, 11286-11295. 

57. A. J. Nozik, Physica E: Low-dimensional Systems and Nanostructures, 

2002, 14, 115-120. 

58. H. Meisheng, H.-R. Wenk and D. Sinitsyna, American Mineralogist, 1992, 

77, 359-373. 

59. A. A. Petrov, N. A. Belich, A. Y. Grishko, N. M. Stepanov, S. G. Dorofeev, 

E. G. Maksimov, A. V. Shevelkov, S. M. Zakeeruddin, M. Graetzel, A. B. 

Tarasov and E. A. Goodilin, Materials Horizons, 2017, 4, 625-632. 

60. M. Mateen, Z. Arain, X. Liu, C. Liu, Y. Yang, Y. Ding, S. Ma, Y. Ren, Y. Wu 

and Y. Tao, Journal of Power Sources, 2020, 448, 227386. 

61. S. Gonzalez-Carrero, G. M. Espallargas, R. E. Galian and J. Pérez-Prieto, 

Journal of Materials Chemistry A, 2015, 3, 14039-14045. 

62. A. Kojima, K. Teshima, T. Miyasaka and Y. Shirai, ECS Meeting Abstracts 



32 

 

2006, 7, 397. 

63. M. A. Green, A. Ho-Baillie and H. J. Snaith, Nature photonics, 2014, 8, 506-

514. 

64. J. H. Heo, S. H. Im, J. H. Noh, T. N. Mandal, C.-S. Lim, J. A. Chang, Y. H. 

Lee, H.-j. Kim, A. Sarkar and M. K. Nazeeruddin, Nature photonics, 2013, 

7, 486-491. 

65. O. Malinkiewicz, A. Yella, Y. H. Lee, G. M. Espallargas, M. Graetzel, M. K. 

Nazeeruddin and H. J. Bolink, Nature Photonics, 2014, 8, 128-132. 

66. W. S. Yang, J. H. Noh, N. J. Jeon, Y. C. Kim, S. Ryu, J. Seo and S. I. Seok, 

Science, 2015, 348, 1234-1237. 

 

  



33 

 

Chapter 2 Photocatalytic Hydrogen Evolution Based on 

Mixed-Dimensional Perovskite Nanoparticles 

 

2.1 Introduction 

To solve the global energy shortage, researchers devoted to make use of 

some renewable energy sources, typically, solar energy.1 Among different 

kinds of photovoltaic technology, perovskite solar cells became the most 

promising photovoltaic technology that directly converts solar energy to 

electricity. The power conversion efficiency (PCE) reached over 25% 

recently.2 The development by leaps and bounds for perovskite solar cells is 

mainly attributed to the key component of the hybrid organic–inorganic 

perovskite materials with extraordinary light-harvesting capability and 

perfect carrier diffusion length. The traditional perovskite materials have a 

common formula of ABX3. This kind of three-deminsional (3D) materials 

have a corner-sharing PbX6 octahedral structure with the small organic cation 

in the octahedral voids.5 Specifically, they are good light absorbers due to the 

high extinction coefficient,6 proper band gap,7 small exciton binding energy,5 

and long charge diffusion lengths.8 Except for the excellent photovoltaic 

performance, the 3D ABX3 perovskites have also been widely applied in 

photodetector,9 light emitting diodes.10, 11 Unfortunately, their high sensitivity 
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to the humidity led to the serious instability issue.12, 13 Afterwards, the two-

dimensional (2D) perovskite were developed and showed a more efficient 

charge-carrier transport, humid resistance and higher stability in ambient 

environment.14, 15 The 2D perovskites are characteristic of longer organic A 

cations in the general formula of A2PbX4.
5, 16 Due to the longer and larger 

organic cations which will not fit the octahedral voids, the octahedral PbX6 

will be sandwiched between organic layers.17, 18 Recently the two-

dimensional (2D) perovskite materials have been demonstrated enhanced 

photovoltaic performances due to a more efficient charge-carrier transport 

property.14, 15 A PCE of 16% was reported very recently.19 However, the 2D 

perovskite has a wider band gap which cannot work as 3D perovskite in full 

visible region.20 To balance between the performance and the stability, 

mixed-dimensional perovskite (MDP) materials might provide a choice.12 

The MDP materials contain both long and short organic cations in the general 

structure of A2B(n-1)PbnX3n+1, in which A is the longer larger organic cation 

and B is the traditional cations found in 3D perovskites.  

As for the advantages of the MDP materials’ excellent light-harvesting 

capability, humid resistance, and high stability from both sides, we have 

much interest to extend their applications from perovskite solar cells to 

photocatalytic hydrogen evolution (PHE), which was first reported by 

Fujishima and Honda using TiO2 as photocatalyst to generate H2 from water-

splitting.21 To date, different kinds of materials, such as semiconductors,22 
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metal complexes,23 graphitic carbon nitride,24 have been developed for the 

photocatalytic reactions. However, the perovskite’s photocatalytic ability has 

not been explored widely and deeply. Recently it was reported that the 

perovskite material methylammonium lead iodide (MAPbI3) can be applied 

as photocatalyst in hydrogen generation from hydroiodic acid.25 This reaction 

shows great potential in the iodine-sulfur cycle in which contain these 

reactions:  

SO2 + I2 + 2H2O = 2HI + H2SO4, 

H2SO4 = SO2 + 1/2O2 + H2O, 

2HI = H2 + I2.  

This reaction is so far treated as the most efficient method for the 

hydrogen generation in industrial scale. Traditional decomposition reaction 

requires huge amount of thermal energy to confirm industrial production 

which consume a lot of energy. The perovskite photocatalysis reaction can 

work under the sun light irradiation which means that the energy supply will 

be infinity. This method can help to decompose the HI to generate hydrogen 

without such huge thermal energy requirement. Also, compared with other 

catalyst, the perovskite can work in such a strong acid with long time stability. 

This situation represents that the perovskite photocatalysis reaction position 

is as important as the normal photocatalysis reaction in neutral water.32 So far, 

the traditional halide perovskite materials work poorly as the photocatalytic 

reactions. Graphene oxide,26 carbon nitride27 and quantum dot28 were 
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respectively hybridized with perovskite materials to improve hydrogen 

generation performance. However, the MDP materials have not been 

investigated in this subject to the best of our knowledge. It is reported that the 

2D perovskite with octadecylamine (OA) cation was partly replaced by 

formamidine can increase its dimensionality and achieve better charge 

transport by fusing the free standing microcrystallines.29 Also, OA is reported 

to be essential for the material framework stability as well as dispersibility. 

And the OA addition will enhance the charge transportations. 30 But the pure 

2D perovskite with OA cation cannot utilise the solar light energy efficiently 

because of its insufficient visible light absorption. Then, the addition of the 

MA cation seems to be an effective strategy to broaden the light absorption 

range and enhance its photocatalytic performance.  

Herein, we firstly prepared MDP material through the organic cation 

exchange in solution, and the formula of MDP materials are defined as 

OAxMA1-xPbI3 in which x represents the molar ratio of cations because of the 

small amount of OA containing. Under visible illumination, the PHE 

performance with the MDP perovskite materials was improved compared 

with the pure 3D perovskite materials, typically, the MDP of 

OA0.15MA0.85PbI3 which contains 15% OA cation showed the best 

performance among them. 
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2.2 Experimental section 

The methylamine, octadecylamine and HI acid were purchased from 

DIECKMANN CHEM. PbI2 was purchased from TCI and H3PO2 was purchased 

from alfa. Gamma-butyrolactone (GBL) and Dimethyl sulfoxide (DMSO) 

were purchased from ACROS. All chemicals were used directly without any 

purification. 

 

2.2.1 Synthesis of methylammonium iodide (MAI), octadecylammonium iodide 

(OAI) 

Generally, 9.3 ml methylamine (40% in ethanol) was added into the ice-bath 

flask for 5 minute and then 10 ml HI acid (57 wt.% in water) was added under 

stirring at 500 rpm for 2-3 hour to make sure the completed reaction. After mixture 

becoming the room temperature the whole flask was transferred to the oil-bath 

heating plate under the thermal treatment at 90℃ with stirring till the solution 

became dry. Then the crude product was washed with diethyl ether for three times 

and finally the white powder was obtained after recrystallization and drying in 

vacuum oven at 60 ℃ overnight. OAI was synthesised with the same procedure in 

which 10 g octadecylamine was added into 10 ml HI acid in the ice-bath flask for 

the reaction. Following the same procedure of MAI synthesis, the white product 

was obtained after recrystallization and drying in vacuum oven at 60 ℃ overnight. 
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2.2.2 Preparation of MAPbI3 and OAxMA(1-x)PbI3 powders and MAPbI3 

saturated solution 

The MAPbI3 powder was prepared by dissolving MAI and PbI2 at 1:1 molar 

ratio into the HI acid solution. Specifically, 1.539g MAI and 4.461g PbI2 were 

dissolved in to 15ml HI acid solution under stirring. Then the solution was heated 

to 60℃ to complete the reaction. Afterwards 3ml 50 wt% H3PO2 was added into 

the solution and then the mixture was heated to 90℃ for 1 hour. After cooling down 

to the room temperature there were black particles precipitated in the saturated 

solution. Then the mixture was centrifuged at 2000rpm for 20 minute and the black 

precipitate was collected and dried in the vacuum oven at 80℃ overnight. Also, the 

OAxMA(1-x)PbI3 followed the same preparation procedure after OAI and MAI at 

different molar ratio were mixed with PbI2. The MAPbI3 saturated solution was 

obtained after separation of black precipitate.  

 

2.2.3 Preparation of MAPbI3 and OAxMA(1-x)PbI3 thin film 

The thin films were prepared by spin coating method. The MAPbI3 and 

OAxMA(1-x)PbI3 powders were dissolved in 1:1 GBL/DMSO mixture solvent at the 

concentration of 1mol/L. The FTO glasses were cleaned by sonication in DI water, 

acetone and isopropanol 15 minutes respectively. Then the solution was spin coated 

at 2000rpm and then thermal treated at 100℃ for 20 minutes. 
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2.3 Characterization and measurements 

The samples for XRD, XPS, SEM and TGA were powders dried in 

vacuum oven overnight and the thin films were used in the i–t curves and EIS 

tests. Different types of perovskite crystal structures were characterized by 

XRD on BRUKER D8 ADVANCE. The UV-Visible spectra were recorded 

on Perkin Elmer PE950. The SEM images were obtained on TESCAM 

MIRA3. X-ray photoelectron spectroscopy (XPS) measurement was 

performed on PHI 5000 Versaprobe Ⅲ. The thermogravimetry analysis 

(TGA) was performed on METTLER TGA-2. The photoluminescence (PL) 

spectra and time resolved PL decay spectra were measured on Edinburgh FS5. 

Cyclic voltammetry (CV), electrochemical impendence spectra (EIS) and 

transient photocurrent responses were performed on CH Instruments 

CHI600E. CV, transient photocurrent responses (i–t curves) and EIS were 

measured in dichloromethane solution containing 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6). 

Hydrogen generation tests were analysed on SHIMADZU GC-2014C. 

The PL−MW2000 light source (PerfectLight, China) was used as light source 

in full visible range. Typically, 5 mg of perovskite powder was added into a 

22.5 ml volume sealed bottle containing the 5mL corresponding solution. For 

example, 5 mg of perovskite nanoparticle MAPbI3 was added into the bottle 

which contains 5mL of MAPbI3 perovskite solution. Then 12.5 μl co-catalyst 

Pt was added into the bottle which will be dispersed in the solution directly. 



40 

 

The above solution was bubbled with N2 under stirring for 20 minutes and 

cap was sealed with parafilm. Then the bottle was set above the light source 

and irritated from bottom up till the required time. As a result, H2 can be 

generated from the photocatalytic reaction. Then a syringe was used to take 

0.4 ml gas from the bottom and pumped into GC machine for recording the 

content of the H2 gas. Figure 2-1 displays the schematic diagram of 

photocatalytic reactions. The concentration of H2 produced represents the 

photocatalytic ability of different perovskites. During the photocatalysis 

reactions, the H+ from acid will obtain the electrons and further form the H2. 

On the other side the I- will form I3
- with the help of photo generated holes to 

balance the charge in the solution. Since the absorption range of OA2PbI4 is 

below 500 nm, the 420 nm laser source was selected for the quantum 

efficiency to see if the OA addition can enhance the corresponding 

performance or not. The quantum efficiency was calculated with the formula 

below for the photocatalytic reactions under the light source with an intensity 

69 mW/cm2:  

 

𝑄𝐸 =
2×𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
×100% 

The HOMO/LUMO were calculated by the CV plot with the equation 

blow. And all the calculated data have been shown in Table 2-2. 

EHOMO= −e [Eox
onset + 4.8],  

ELUMO = EHOMO + Ebg. 
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Figure 2-1 Schematic diagram of photocatalytic reactions. 

 

2.4 Results and discussion 

 

 

 

Figure 2-2 XRDs of different perovskite powders (a), comparison of MAPbI3 (b), 

OA0.15MA0.85PbI3 (c) and OA2PbI4 (d) XRDs before and after hydrogen evolution 

test (HE).  

a b 

c d 
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Figure 2-2 shows the X-ray diffraction (XRD) patterns of MDP powder 

materials in comparison with MAPbI3 and OA2PbI4. The XRD plots indicate 

good crystallinity with very clear and strong peaks. The OA2PbI4 was 

confirmed by its characteristic peaks in low 2 theta area at 5.5° and MAPbI3 

was also confirmed at 14.1° and 28.4°. The MDP microplates can be inferred 

with preferential orientations of (110) and (220). Also, the MDP powder 

shows identifiable reflections assigned to the OA2PbI4. These characteristic 

peaks are attributed to the long chain ammonium capping existing in the MDP 

powder. The long chain ammonium as ligand has a large size and is not 

suitable for the octahedral voids. This will restrict the crystal orientations to 

develop in plane rather than 3D. The XRD spectra of the perovskites after the 

PHE (vide infra) were further studied. As shown in Figure 2-2 b, c, d, all the 

perovskites (2D, 3D and MDP) show the same characteristic peaks before 

and after the PHE, which indicates the high stability of the perovskite 

materials. 

 

    

Figure 2-3 XPS data of 3D and MDP powders: (a) Pb 4f spectra and (b) N 1s spectra. 

 

a b 



43 

 

The X-ray photoelectron microscopy (XPS) spectra of all these different types 

of perovskites were tested using the C peak at 284.5 eV as the standard reference 

(Figure 2-3). The Pb 4f spectra showed two peaks related to the Pb 4f7/2 and Pb 

4f5/2 levels at 137.8 eV and 142.6 eV, respectively. And the spin–orbit split between 

them was 4.8 eV, which can match 4.8 eV reported in the literature.1 Then the N1s 

spectra represented the peak at 401.8eV which related to the –N– of the ammonium 

salts. 

 

Figure 2-4 represents the SEM images of 2D, 3D and MDP powders. The 

OA2PbI4 has a platelet structure which further confirms its preferred crystal 

orientation in plane rather than 3D. In addition, all these different materials show a 

size of 400 nm for OA2PbI4 with plane morphology, 100 nm small particles for 

MAPbI3, around 200 nm for MDP with mixed phases. The pristine 3D MAPbI3 

nanoparticles with clear grain boundaries have relative different appearances with 

3D development, while the MDP particles with different cation ratio all show good 

crystallinity.  



44 

 

 

Figure 2-4 SEM images of MAPbI3 (a), OA0.05MA0.95PbI3 (b), OA0.1MA0.9PbI3 (c), 

OA0.15MA0.85PbI3 (d), OA0.25MA0.75PbI3 (e) and OA2PbI4 (f). 

 

Table 2-1 Parameters of time-resolved photoluminescence (PL) spectra of 3D, 2D 

and MDP perovskite. 

 τ/ns 

MAPbI3 23.15 

OA0.05MA0.95PbI3 28.78 

OA0.1MA0.9PbI3 47.68 

OA0.15MA0.85PbI3 57.85 

OA0.25MA0.75PbI3 62.11 

OA2PbI4 122.99 
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Figure 2-5 Steady-state photoluminescence (PL) spectra of 3D, 2D and MDP 

perovskite. 

 

Figure 2-6 Time-resolved photoluminescence (PL) spectra of 3D, 2D and MDP 

perovskite. 

 

To figure out the charge transfer process of these MDP materials, the solid 
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photoluminescence (PL) spectra and their decay kinetics were measured. As shown 

in Figure 2-5, the MDP OA0.15MA0.85PbI3 shows the strongest PL intensity than 

OA2PbI4 as well as MAPbI3, which indicates that OA ligand added MDP material 

contains diminished charge recombination. Also, enhanced PL intensity would 

elevate the H2 evolution rate (vide infra). All this improvement can be resulted from 

the long chain alkyl ammonium addition with enhanced charge transportation 

ability.31
 Moreover, a blue shift was observed for the PL spectra of the OAnMA1-

nPbI3 in comparison with that of MAPbI3 (769nm) as the increase of OA addition. 

This could be ascribed to the decrease of the surface trap states for the MDP with 

long chain alkyl ammonium, which is helpful for the charge transportation. The PL 

decay curves in Figure 2-6 were fitted through exponential functions and the PL 

lifetimes for both OA2PbI4 (122.99 ns) and MDPs (28.78 ns for OA0.05MA0.95PbI3, 

47.68 ns for OA0.1MA0.9PbI3, 57.85 ns for OA0.15MA0.85PbI3, 62.11 ns for 

OA0.25MA0.75PbI3) are longer than MAPbI3 (23.15 ns) (Table 2-1). The longer 

lifetime indicates a slower charge recombination and a more efficient electron-hole 

separation for either OA2PbI4 or OA0.15MA0.85PbI3 upon light irradiation. This is 

consistent with the enhanced steady-state PL peak intensity which directly 

translates into the improved photocatalytic performance. 

The PHE with the perovskites as photosensitizers were investigated 

accordingly. As shown in Figure 2-7, the pristine perovskite shows an PHE 

rate of 323 μmol g−1 h−1 within 5 hours. And the MDP perovskites with the 

OA content of 5%, 10%, 15% and 25% show the PHE rate of 219.3, 430.2, 
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960.2 and 274.5 μmol g−1 h−1, respectively. The results indicate that the best 

performance was achieved for MDP perovskite with the optimal OA content 

of 15%. In addition, the pure 2D perovskite OA2PbI4 shows the lowest PHE 

rate of 192.1 μmol g−1 h−1.The related data is shown in Table 2-2.   

Figure 2-7 Comparison of different perovskite hydrogen generation 

performance.  

Figure 2-8 Comparison of different perovskite hydrogen generation performance 

in 24-hour test.  
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Subsequently, the photostability of MAPbI3, OA0.15MA0.85PbI3 and 

reference solution without any perovskite were tested within 24 hours. As 

showed in Figure 2-8, the OA0.15MA0.85PbI3 perovskite shows a continuous 

PHE with a rate of 535.9 μmol g−1 h−1, while the MAPbI3 has a lower rate of 

276.1 μmol g−1 h−1. As expected, the reference solution has no PHE activity.26 

Next, the quantum efficiency of PHE was determined to be 1.67% for 

OA0.15MA0.85PbI3 perovskite under the irradiation of single wavelength at 420 

nm. 

 

 

Table 2-2 Comparison of different perovskite hydrogen generation performance 

(μmol/g). 

 1h 2h 3h 4h 5h 

MAPbI3 107 136 575 1019 1616 

OA0.05MA0.95PbI3 37 124 227 510 1096 

OA0.1MA0.9PbI3 388 576 666 876 2151 

OA0.15MA0.85PbI3 193 1503 2122 3514 4802 

OA0.25MA0.75PbI3 165 230 537 820 1372 

OA2PbI4 32 163 331 636 990 
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Figure 2-9 UV-Visible spectra of different perovskite MAPbI3, MDP and OA2PbI4. 

 

Figure 2-9 displays the UV-Visible spectra of MAPbI3, MDPs and OA2PbI4 

perovskite. The OA2PbI4 has a maximum absorption peak at 375 nm which is above 

the visible range, while the MAPbI3 shows a strong absorption over the whole 

visible range. And the MDPs exhibit similar strong visible light absorption in whole 

visible range and even longer onset from the MAPbI3 component. The result further 

demonstrates that the MDP perovskite comprises hybrid perovskite phases with 

different long chain alkyl ammonium content, even though the molar ratio of used 

precursors is intended for a single-phase perovskite OAnMA1-nPbI3. As the addition 

of OA can also influence the total absorption ability in which the OA0.15MA0.85PbI3 

shows the best absorption capability within the whole visible range. The addition 

of long chain OA ligand helps to influence the band gap of MDP materials that the 

parameters can be seen in Table 2-3. Though the OA0.25MA0.75PbI3 shows the 
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strongest PL intensity, it doesn’t have the best PHE performance. The UV-visible 

spectra indicate that the addition of OA may influence its absorption capability 

which may influence the energy capture of OA0.25MA0.75PbI3. So, the balance of 

absorption and PL led to the best PHE performance of OA0.15MA0.85PbI3. This 

hybrid feature of the MDP perovskite film is consistent with recent reports.5 What 

should also be mentioned is that the absorption achieves saturated between 400-

550nm because that the test result has achieved the test limitations for the machine 

so that it will achieve saturated. All MDPs saturated except the MAPbI3 may be 

caused by its absorption ability which is a bit weaker than the MDPs so that its 

absorption range did not achieve saturated.   

 

Table 2-3 HOMO, LUMO and band gap values of MAPbI3, MDP and OA2PbI4. 

 

 MAPbI3 OA0.05MA0.95PbI3 OA0.1MA0.9PbI3 

HOMO (eV) -5.19 -5.18 -5.18 

LUMO (eV) -3.61 -3.62 -3.62 

Band gap (eV) 1.58 1.56 1.56 

    

 OA0.15MA0.85PbI3 OA0.25MA0.75PbI3 OA2PbI4 

HOMO (eV) -5.21 -5.23 -5.28 

LUMO (eV) -3.65 -3.68 -2.39 

Band gap (eV) 1.56 1.55 2.89 
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Figure 2-10 Cyclic voltammetry (CV) profiles of MAPbI3, OA0.05MA0.95PbI3, 

OA0.1MA0.9PbI3, OA0.15MA0.85PbI3, OA0.25MA0.75PbI3 and OA2PbI4 measured in 

dichloromethane containing 0.1 M TBAPF6. 

 

The cyclic voltammetry curves (Figure 2-10) recorded clearly indicate 

that different types of perovskite have strong oxidation process. Their 

ground-state oxidation potentials that corresponded to the HOMO levels of 

MAPbI3, OA0.15MA0.85PbI3 and OA2PbI4 were calculated to be −5.19eV, 

−5.21eV and −5.28eV, respectively. The excited-state oxidation potentials 

(Eox*) that corresponded to the LUMO levels of MAPbI3, OA0.15MA0.85PbI3 

and OA2PbI4 were similarly calculated to be −3.61eV, −3.65eV and −2.39eV 

(Table 2-3), respectively. The LUMO energy levels of all the perovskites are 

more negative than the redox potential of H+/H2, indicating that these 

perovskites could be employed as efficient photosensitizers in PHE. All 

perovskite materials’ corresponding parameters are shown in Table 2-3. 



52 

 

 

 

Figure 2-11 Photocurrent response of the 3D, MDP and 2D perovskite. 

 

Figure 2-12 EIS spectra of the 3D, MDP and 2D perovskite. 

 

To understand the charge separation and transfer in PHE, the transient 

photocurrent responses (i–t curves) and electrochemical impedance spectroscopy 
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(EIS) of the perovskites coated on fluorine-doped tin oxide (FTO) were carried out 

under irradiation with a single wavelength light at 420 nm. As shown in Figure 2-

11, the MDP OA0.15MA0.85PbI3 has the strongest photocurrent among all the 

samples which indicated the most efficient electron-hole separation and 

transportation. The EIS analyses gave a consistent result. As shown in Figure 2-12, 

the smallest semicircle of OA0.15MA0.85PbI3 in the Nyquist plots means the least 

charge transfer resistance than that of other perovskite films. Obviously, the 

addition of long chain OA cation led to a more efficient charge separation and 

transportation for the OA0.15MA0.85PbI3 in PHE. 

 

 

Figure 2-13 TGA data of 3D and MDP powders. 

 

The thermostability of the perovskites were investigated by the thermal 

gravimetric analysis (TGA). As shown in Figure 2-13, the MAPbI3, 

OA0.05MA0.95PbI3, OA0.1MA0.9PbI3 and OA0.15MA0.85PbI3 perovskites lost 
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their weight of 43%, 36%, 30%, 20% respectively after reaching around 

300℃, and followed another weight loss to around 9% after 515℃, 

remaining about 1%-2.5% after 600 ℃. The comparisons indicate that the 

TGA showed a slower drop upon the cooperation of OA ligand, which 

suggests a better stability than pristine perovskite before 500 ℃. The better 

stability could be attributed to the long chain alkyl ammonium capping. 

 

2.5 Conclusion 

In summary, we prepared tradition 2D, 3D and MDP materials by a simple and 

repeatable method at room temperature. All these materials were characterized by 

UV-Vis, fluorescence, cyclic voltammetry, SEM, photocatalysis hydrogen 

generation tests and other tests. They were very stable in perovskite-saturated 

aqueous HI solution and showed hydrogen generation ability but varied from the 

different composition. Among them the OA0.15MA0.85PbI3 showed the best 

photocatalysis ability in hydrogen generation with a rate of 535.9 μmol g−1 h−1 in 

24 hours. Under the mixture of OA long chain alkyl ammonium cation and short 

melamine cation, the electron-hole separation and the charge transfer efficiency 

were improved, enabling more efficient photocatalytic hydrogen generation.   
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Chapter 3 Low-Temperature Solution-Processed Sn-Doped 

Tio2 Electron Transport Layers for Efficient Perovskite 

Solar Cells 

 

3.1 Introduction 

Perovskites have become the most promising materials in photovoltaics. The 

solar cells based on perovskite materials as light absorption layer are so called 

perovskite solar cells (PSCs) which have attracted more and more attention in 

photovoltaic topics. PSCs based on lead halide compounds (ABX3, where A is a 

bigger cation, e.g. methylammonium (MA) CH3NH3
+, formamidinium (FA) 

CH(NH2)2
+, or Cs+, while B stands for a smaller cation, Pb(II) or Sn(II) and X is a 

halogen ion, Cl-, Br-, or I-) have been recognized as an exciting solar photovoltaic 

technology. 1, 2 In recent years, PSCs have shown remarkable progress with rapid 

increases in power conversion efficiency (PCE), exceeding 23.7% so far.3, 4 In 

general, the majority of the state-of-the-art perovskite solar cells include a TiO2 

electron transport layer (ETL) and a hole transport layer (HTL).5, 6 Especially, this 

TiO2 layer often requires sintering above 450 oC.7 The high temperature processing 

of TiO2 film would limit the use of flexible plastic substrates in PSCs.8 Therefore, 

the development of low-temperature processing method is of great interest for the 

future development of PSCs based on flexible plastic substrates. 
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Recently, versatile low-temperature solution-processing techniques have been 

applied to prepare ETLs for PSC applications. Tang et al. proposed low-temperature 

processed amorphous Bi2S3 film as an ETL for PSCs with a structure of 

NiO/CH3NH3PbI3/Bi2S3, and achieved an efficiency of 13%.9 Li et al. used low-

temperature solution-processed ZnSe film as electron extraction layer in planar 

PSCs and achieved the efficiency of 17.78%.10 Yan et al. proposed a method to 

prepare SnO2 films at 180 oC as ELLs in PSCs, and achieved a PCE of 17.21%.11 

In addition, low-temperature processed ETLs were also used in mixed cation PSCs 

for achieving higher efficiency compared with devices based on regular 

CH3NH3PbI3 perovskite.12, 13 Dong et al. prepared ZnO annealed at 150 oC for a 

multiple cation perovskite absorber as FA1−xCsxPbI3, and achieved a PCE of 

20.09%.14 At the same time, the structure variation and doping with metal elements, 

TiO2/SnO2,
15 fullerene/ZnO,16 amorphous TiOx thin film,17 Ta, Nb metal-doped 

TiO2, 
18, 19 SnO2 nanofibers and nanobelts 20 were demonstrated to be beneficial for 

improving the performance of PSCs. Thus, the properties of interfacial charge 

extraction in PSCs could be varied by the manipulation of energy levels by means 

of different metal-ion doping and nanostructures. 21, 22  

In this work, we used a green and simple low-temperature solution-processing 

method to synthesize pristine anatase TiO2 nanocrystals. Its film deposited on FTO 

substrates at low temperature of 150 oC were used as ETLs in PSCs. Unfortunately, 

its photovoltaic performance is out of expectation. It’s known that the Sn4+ ion has 

an ionic radius of 0.96 Å which is the same as Ti4+ (0.96 Å), and it can substitute 
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Ti4+ site in the TiO2 crystal. Therefore, we chose tin (Sn) as doping element, aiming 

to improve its performance. Moreover, SnO2 is an n-type semiconductor 

characteristic of high electron mobility and wide band gap, which might be an 

interesting material for electron extraction.23 In particular, SnO2 films are normally 

deposited by low-temperature deposition.24 In this work we synthesized Sn-doped 

anatase TiO2 nanocrystals with a size of ~4-10 nm through a chemical solution 

method. The energy band gap and Fermi level of anatase TiO2 was tuned by the 

quantum size effect and Sn doping. The adjustment of Fermi level enabled a more 

n-type character and large band gap which could all enhance the charge transfer 

ability.25, 26 The Sn-doped TiO2 nanocrystalline film was deposited on FTO 

substrates as ETLs in PSCs by the same method. As a result, the photovoltaic 

performance with a PCE of 17.7% has been achieved for the PSCs with the 

optimized 1.5 at. % Sn-doping content in TiO2. The PCE was enhanced by 35.11% 

compared with PSCs based on the pristine TiO2 nanocrystals. The improvements of 

performance is attributed to the better energy level alignment, thereafter, improved 

electron extraction and hole blocking properties upon Sn doping. 

 

3.2 Experimental section 

3.2.1 Synthesis of pristine and Sn-doped TiO2 nanocrystals 

For the synthesis of Sn-doped TiO2 materials, titanium trichloride and tin (IV) 

chloride pentahydrate (SnCl4) were used as precursors. Two solutions of titanium 
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trichloride (1.5 mL) and hydrochloric acid (0.75 mL) were mixed with ethanol (45 

mL). To obtain Sn contents of 1.5 at. % and 3.6 at. %, 0.75 mL of 0.5 M and 1.25 

M of SnCl4 solutions were added into the above solutions under stirring. Due to 

TiCl3’s highly sensitive to the O2. It will be easily oxidized in the ambient reaction 

atmosphere from Ti3+ to Ti4+ in valence. After stirring at 75 oC for 3 h, the collected 

particles were distributed in the mixed solution of methanol and trichloromethane 

(1:1, v/v). Pristine and Sn-doped TiO2 films were deposited at 3500 rpm for 30 s by 

spin-coating, and then dried at 150 oC for 30 min in oven.  

 

3.2.2 Device fabrication 

FTO glass substrates were cleaned with detergent and washed with acetone, 

ethanol under ultrasonication for 20 min, respectively. The TiO2 solutions with 

different Sn contents of 0.0 at. %, 1.5 at. %, and 3.6 at. % were deposited on the 

clean FTO substrates by spin coating at 3500 rpm for 30 sec. Then, all wet films 

were dried at 150 oC for 30 min in air. After cooling to room temperature, the films 

were transferred into nitrogen-filled glovebox for the deposition of perovskite layer, 

hole transport layer (Spiro-OMeTAD), and Au layer. The perovskite precursor 

solution with PbI2 (0.507 g) and CH3NH3I (0.175 g) in DMF was spin-coated at 800 

rpm for 10 s and then 5000 rpm for 30 s. At 10th second after fast spinning, 

chlorobenzene (220 μL) was quickly dropped on the center of the substrate. The 

films were then heated at 100 °C for 30 min in a glovebox. After annealing, a 
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solution with 28.9 mg of Spiro-OMeTAD, 11.5 μL of 4-tert-butylpyridine (tBP), 

7.0 μL of a store solution of 520 mg mL–1 lithium bis(trifluoromethylsulfonyl)imide 

(Li-TFSI) in acetonitrile was spin-coated on the perovskite layer at 4000 rpm for 

30 s. Finally, a 100 nm-thick gold layer was thermally deposited under high vacuum 

through a shadow mask. 

 

3.3 Characterization and measurements 

The crystal structures of the as-prepared TiO2 films were characterized by X-

Ray diffraction (a PANalyticalX’pert MPD Pro diffractometer with Cu Kα 

radiation). UV–vis absorption spectra of the as-synthesized TiO2 were recorded 

using a Perkin-Elmer Lambda L750 S UV–vis spectrometer. X-Ray photoelectron 

spectroscopy (XPS) measurements were conducted on a Thermo ESCALAB 250Xi 

XPS system of Thermo Fisher Scientific. The high-resolution transmission electron 

microscope (HRTEM) measurements were performed on a TECNAI G2 F20 

(FEICo.). The surface morphology was observed using a scanning electron 

microscope (SEM, FEI Nova_Nano SEM 430, U.K.). The Atomic Force 

Microscope (AFM) experiments (Bruker 330) were performed on all TiO2 films on 

FTO substrates. The external quantum efficiency (EQE) measurements of PSCs 

were conducted on a DSR100UV-B spectrometer under continuous illumination of 

monochromatic light from a xenon lamp of 500 W. Photoluminescence (PL) and 

time-resolved photoluminescence (TRPL) measurements were performed with an 
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FLS 980 E fluorometer (Edinburgh Photonics), using a pulsed diode laser as an 

excitation source. Current density-voltage (J-V) curves and electron mobility were 

measured in ambient atmosphere with a Keithley 2400 source meter. The devices 

were illuminated at 100 mW/cm2 from a solar simulator (SS-F5-AM1.5G-1000W). 

The ETLs electron mobility were measured by space charge-limited current (SCLC) 

method based on the ITO/Ag/ETL/Ag structure with both Ag layers 100nm 

thickness. In addition, the result can be determined by the Mott–Gurney law eqn. 

(1) 

𝜇𝑒 =
8𝐽𝐿3

9𝜀0𝜀𝑉2                            (1) 

where J equals to the current density, L is the thickness of the ETLs, 𝜀0  is the 

vacuum permittivity, 𝜀 is the dielectric permittivity of related ETL and V represents 

the voltage. 

 

3.4 Results and discussion 

Crystal structures of the as-synthesized pristine TiO2 and Sn-doped TiO2 

nanocrystals were characterized by powder XRD. The obtained XRD patterns as 

shown in Figure 3-1 exhibit well resolved diffraction peaks at 25.35 o, 38.06 o, 47.9 

o, and 54.4o of 2θ. The diffraction peaks can be indexed to planes (101), (112), (200), 

and (105) of anatase TiO2 (JCPDS card: 21.1272), respectively. The diffraction 

peaks of SnO2 in Sn-doped TiO2 with 3.6 at. % and 1.5 at. % could not be found in 

the XRD patterns, but the major peaks were relatively reduced compared with the 
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pristine TiO2 peaks. This illustrates that Sn atoms are highly dispersed in TiO2, and 

the crystallinity of TiO2 is reduced as well. The UV-vis absorption spectra of all 

samples are shown in Figure 3-2. Obviously, the absorption edge of Sn-doped TiO2 

nanocrystals displays a blue-shift, which indicates that a larger energy band gaps of 

the Sn-doped TiO2. From their absorption spectra, the band gaps of pristine, 1.5 

at. %, 3.6 at. % Sn doping TiO2 were calculated to be 3.50 eV (355 nm), 3.65 eV 

(340 nm), and 3.67 eV (337 nm), respectively. The higher bandgap of Sn doping 

TiO2 than the pristine bulk anatase TiO2 (3.2 eV) is attributed to the quantum size 

effect upon the Sn doping. 27  

XPS spectra were measured to confirm the presence and chemical bonding 

states of Ti and Sn in all samples through the binding energies. Figure 3-3 (a) and 

(b) show the high-resolution Ti 2p and Sn 3d spectra of the as-synthesized TiO2 

nanocrystals, respectively. The Ti 2p1/2 peak and Ti 2p3/2 peaks at ~464.5 and ~458.7 

eV are typically characteristic of the Ti4+-O bonds in TiO2.
28 It should be noted that 

a slight shift to a higher binding energy upon Sn doping. This positive shift is 

possibly due to the interaction between Ti, Sn and O atoms, 29 which is in consistent 

with SnxTi1-xO2 solid solution.30 Figure 3-3 (b) shows the high-resolution of Sn 3d 

spectrum of samples. Two characteristic peaks at 486.8 (3d5/2) and 495.5 eV (3d3/2) 

assigned to Sn4+ are observed from only 3.6 at. % Sn-doped TiO2. In Figure 3-3 

(b), though there are no clear peaks at 486.8 eV and 495.5 eV for 1.5 at. % Sn 

doping in TiO2, the positive shift in the Ti 2p characteristic peaks could prove the 

Sn incorporation in TiO2 nanocrystals which indicates that Sn is in a quadrivalent 
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oxidation state the same as Ti.   

 

Figure 3-1 X-Ray diffraction (XRD) patterns of the as-synthesized pristine and Sn-

doped TiO2 nanocrystals with Sn contents of 1.5% and 3.6%. 

 

 

Figure 3-2 UV-Vis absorption spectra of the as-synthesized pristine and Sn-doped 

TiO2 nanocrystals with Sn contents of 1.5% and 3.6%. 
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Figure 3-3 Ti (a) and Sn (b) XPS spectra of the as-synthesized pristine and Sn-

doped TiO2 nanocrystals with Sn contents of 1.5% and 3.6%. 

 

Figure 3-4 shows the HRTEM images of the pristine and Sn-doped TiO2 

nanocrystals with Sn contents of 1.5 at. % and 3.6 at. %. All the as-synthesized TiO2 

nanocrystals are composed of grains with the size of ~4-10 nm. The grains exhibit 

irregular shapes and agglomerate randomly. It is believed that the formation of the 

irregular shape is due to the fast reaction rate in solution.31 The lattice fringes are 

clearly observed for all the samples. For pristine and Sn-doped TiO2 nanocrystals 

with Sn contents of 1.5 at. %, a lattice spacing of 0.354nm was determined, which 

matches with the value for (101) of TiO2 reported in literature.32 It is also very close 

to the value (0.352) of the (101) plane of the anatase phase (JCPDS Card: #21.1272). 

What should also be mentioned is that the value of the lattice spacing of (101) plane 

of 3.6 at. % is 0.356 nm, slightly bigger than that of the anatase phase. This increase 

of the lattice spacing of (101) plane is due to the differences in electron affinity of 

Sn and Ti ions. The increased Sn concentration leads to the change of the crystal 

lattice. This also suggests that Sn atoms do not form the SnO2 crystal but are doped 

inside the TiO2 crystal, which is in good agreement with the XRD results (vide 
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supra).  

 

 

Figure 3-4 HRTEM images of (a) pristine and Sn-doped TiO2 nanocrystals with Sn 

contents of (b) 1.5 at. % and (c) 3.6 at. %. 

 

The surface morphologies of the as-prepared undoped and Sn-doped TiO2 

films are shown in Figure 3-5 (a)-(c). The 1.5 at. % Sn-doped TiO2 film is the most 

compact and the smoothest among the three samples. The boundary of grains in the 

compact film is very little. The recombination of electrons at grain boundaries in 

the compact film is very small. Therefore, the compact film is much more 

favourable for the transport and collection of electrons in solar cells. The surface 

roughness of each TiO2 films on FTO substrates was evaluated by AFM 

measurements. Figure 3-5 (d)–(f) show the AFM images of pristine and Sn-doped 

TiO2 films. From AFM images the average surface roughness (Ra) values of pristine 

and Sn-doped TiO2 films with Sn contents of 1.5 at. %and 3.6 at. % are 10.6 nm, 

6.62 nm, and 9.19 nm, respectively. It is obvious that the surface of Sn-doped TiO2 

films with Sn doping of 1.5 at. % exhibits the smallest surface roughness compared 

with the other two samples. Their SEM images show a similar result of the surface 
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roughness as shown in Figure 3-5 (a)–(c). It was reported that the roughness of 

TiO2 layer plays a critical role in the preparation of a smooth and uniform perovskite 

film. The smooth surface facilitates the improvement of a high coverage ratio on 

TiO2 ETL for a better electrical contact.33  

 

 

Figure 3-5 (a), (b), (c) Top-view scanning electron micrograph (SEM) images, (d), 

(e), (f) AFM images of pristine and Sn-doped TiO2 films with Sn contents of 1.5 at. % 

and 3.6 at. %, respectively. 

 

The electron-extraction property was investigated for CH3NH3PbI3 deposited on 

TiO2 films with different Sn contents. Figure 3-6 shows the steady-state PL spectra of 

CH3NH3PbI3 perovskite films on the Sn-doped TiO2 with various Sn contents (0.0 at. %, 

1.5 at. % and 3.6 at. %). A strong emission peak at 769 nm is observed, which 

originates from the intrinsic fluorescence emission of CH3NH3PbI3 perovskite. 34, 35 The 

Sn doping in TiO2 leads to a PL quenching, indicating an efficient carrier transfer 
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induced by the improved compactness and smoothness of TiO2 films. Particularly, the 

perovskite film deposited on 1.5 at. % Sn-doped TiO2 shows a more remarkable 

quenching phenomenon compared with the pristine TiO2 film. This proves that Sn 

doping has successfully increased the rate of electron extraction at the interface between 

TiO2 and perovskite layers. In other words, the photo-excited electrons quickly transfer 

from perovskite to TiO2 layer. Not surprisingly, the fast electron transfer reduces the 

radiative recombination and leads to the weakest emission from the perovskite on the 

smooth 1.5 at. % Sn-doped TiO2 film. We further analysed the photo-excited electron 

dynamics of the CH3NH3PbI3 perovskite films on different Sn-doped TiO2 films by the 

time-resolved PL spectra (TRPL). The TRPL were performed by monitoring the peak 

emission at 769 nm as shown in Figure 3-7. The decay curves were fitted with a bi-

exponential decay function as following eqn. (2). The average recombination lifetimes 

<τ> can be calculated as the following eqn. (3).36  

y = 𝐴1 exp (−
t

𝜏1
) + 𝐴2 exp (−

t

𝜏2
)                   (2) 

Where τ1 and τ2 are the first-order and second-order decay time, respectively, 

while A1 and A2 stand for the corresponding weight factor of each decay.  

< 𝜏 >= ∑ 𝐴𝑛𝜏𝑛𝑛                                  (3) 

Where An and τn are obtained from equ. 1 fit to the PL decay. The 

corresponding parameters are summarized in Table 3-1. 
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Figure 3-6 Photoluminescence (PL) spectra of perovskite films on the Sn-doped 

TiO2 films with different Sn contents: 0.0 at. %, 1.5 at. % and 3.6 at. %. 

 

 

 

Figure 3-7 Time-resolved photoluminescence (TRPL) decay curves (emission at 

769 nm) of perovskite films on the Sn-doped TiO2 films with different Sn contents: 

0.0 at. %, 1.5 at. % and 3.6 at. %. 
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Table 3-1 Fitting parameters of time-resolved photoluminescence spectra of 

perovskite films on Sn-doped TiO2 with different Sn contents. 

 A1 τ1 (ns) A2 τ2 (ns) <τ> (ns) 

0.0 at. % Sn 0.105 3.57 0.803 103.99 83.9 

1.5 at. % Sn 0.181 5.84 0.774 79.28 62.4 

3.6 at. % Sn 0.088 4.35 0.796 82.69 66.2 

 

The decay lifetimes of all samples consist of a fast decay (τ1) component and a 

slow decay (τ2) component. The average lifetime (62.4 ns) of PL decay from the 

CH3NH3PbI3 perovskite films on the 1.5 at. % Sn-doped TiO2 film is the shortest among 

all samples. It indicates that the photo-generated electrons in the CH3NH3PbI3 perovskite 

films on the 1.5 at. % Sn-doped TiO2 film quickly transfer to the ETL. That is, the 

electron extraction rate of the 1.5 at. % Sn-doped TiO2 film is the fastest compared with 

the pristine and 3.6 at. % Sn-doped TiO2 films. In contrast, the fast decay lifetime of 

perovskite on the 1.5 at. % Sn-doped TiO2 film is the longest among all samples. 

Meanwhile, the perovskite on the smooth and compact TiO2 film doped with 1.5 at. % 

of Sn has the largest pre-exponential factor (0.181) related to the probability of 

fast decay and the smallest pre-exponential factor related to the probability of 

slow decay (0.774). The fast decay component should be attributed to the electron 

transfer from perovskite to TiO2 film, while the slow decay component would originate 

from the radiative recombination of free charge carriers. This result is consistent with 

the intensity variation of the PL peaks as shown in Figure 3-6. From the fitted results, 

it can be concluded that the perovskite film deposited on the 1.5 at. % Sn-TiO2 
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shows a smaller value of τ than those of the perovskite capped on the pristine and 

3.6 at. % Sn-TiO2 nanocrystalline films, which indicates a faster electron extraction 

process for the former. 

The J-V curves of PSCs based on the architecture of FTO/Sn-

TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au were measured under simulated AM 1.5G 

illumination, as shown in Figure 3-8. The key photovoltaic parameters of the 

devices are summarized in Table 3-2. The corresponding EQE curves and the 

integrated JSC of PSCs are shown in Figure 3-9. From Figure 3-8 it is found that 

the PCEs of the devices based on Sn-doing of 1.5 at. % and 3.6 at. % are 17.7% and 

15.5%, respectively, larger than that (13.1%) of the device based on pristine TiO2. 

In contrast, the PCE of the devices based on 1.5 at. % Sn-doped TiO2 nanocrystals 

was enhanced by 35.11%, compared with the devices based on the pristine TiO2 

nanocrystals. The improved PCE results from the enhanced open-circuit voltage 

(VOC) by 6.7%, JSC by 10.86%, and fill factor (FF) by 14.29%. The higher JSC should 

be attributed to the enhanced electron extraction from the perovskite upon light 

irradiation. However, the photovoltaic performance goes down with a further 

increase of Sn doping to 3.6 at. %. 
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Figure 3-8 Current density-voltage (J-V) characteristics of perovskite solar cells 

based on the pristine and Sn-doped TiO2 films with different Sn contents. 

 

 

  

Figure 3-9 The corresponding EQE spectra and integrated current density (JSC) for 

perovskite solar cells based on the TiO2 films with different Sn contents. 
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Table 3-2 Photovoltaic parameters of PSCs based on low-temperature solution 

processed TiO2 films with different Sn contents under illumination of 100 mW/cm2. 

Sn-doped TiO2 film VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

0.0 at. % Sn (TiO2 only) 1.04 21.16 59.5 13.1 

1.5 at. % Sn 1.11 23.46 68.0 17.7 

3.6 at. % Sn 1.10 22.14 63.4 15.5 

 

According to the EQE spectra in Figure 3-9, all devices show an excellent 

photocurrent response from 300 to 800 nm, with a maximum EQE up to 80 %. And 

the variations in EQE are in agreement with the changes in J-V characteristics. The 

device based on the 1.5 at. % Sn-doped TiO2 shows the strongest EQE. The 

integrated JSC over the AM1.5 solar spectrum at a irradiance of 100 mW/cm2, were 

estimated to be 20.31, 22.41, and 21.12 mAcm−2 for pristine and 1.5 at. % and 3.6 

at. % Sn contents in TiO2, respectively (Figure 3-9). The integrated values of JSC 

are slightly smaller than those corresponding to the J-V measurements. The little 

difference is likely attributed to a slightly degraded performance for these PSCs or 

the difference of the simulated solar light.37  

As we all know, the most important function of ETL in solar cells is the 

extraction and transport of photo-generated electrons and blocking the hole. The 

carrier transfer in solar cells is due to the differences in the energy levels at the 

absorber and ETL. The ETL collects the photo-generated electrons from the bottom 

of the conduction band of perovskite materials and provides the path for the 

transport of the electrons to the cathode. To understand the influence of ETL on the 
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photovoltaic parameters of PSCs, the role of different ETLs with different energy 

gaps is analysed based on energy band alignment. We used the ultraviolet 

photoelectron spectroscopy (UPS) to investigate the influence of Sn-doped on the 

electronic structure of TiO2 film. The UPS spectra of these three different TiO2 films, 

are shown in Figure 3-10 and the energy level parameters are summarized in Table 

3-3. As can be seen from the Figure 3-11, the quantum size effect upon the Sn 

dopant usually leads to a larger band gap.27 The Quantum size effects will happen 

in different dimensions. The electrons with reduced delocalization in the conduction 

band represents that they have reduces kinetic energy. Also, as the decrease of 

particle sizes, then band gaps will be enlarged. The 1.5 at. % Sn doped TiO2 has the 

largest energy gap between the TiO2 conduction band and the perovskite conduction 

band (0.99eV in the comparison of 0.67eV and 0.77eV). This large energy gap helps 

to enhance the charge transfer from perovskite to TiO2. Also, the 1.5 at. % Sn doped 

TiO2 has the largest energy gap between the valence band (2.74eV in the 

comparison of 2.27eV and 2.54eV) which can help to block the hole transfer and 

further reduce the recombination of electrons and holes. From the spectra, the Fermi 

level of pristine TiO2 nanocrystalline film, 1.5 at. % and 3.6 at. % Sn-doped anatase 

TiO2 nanocrystalline films were calculated to be 5.08 eV, 5.25 eV and 5.23 eV 

respectively. And the valence band maximum (EV) of 1.5 at. % and 3.6 at. % Sn-

doped anatase TiO2 films relative to the Fermi level (EF) were shifted compared 

with the pristine TiO2 film. The energy distance between the conduction band 

minimum (EC) and the Fermi level of pristine TiO2, 1.5 at. % and 3.6 at. % Sn-
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doped anatase TiO2 nanocrystalline films are 0.51 eV, 0.36 eV and 0.56 eV 

respectively. Clearly, the lowest energy distance of 1.5 at. % a Sn-doped anatase 

TiO2 indicates a more n-type character that can enhance the charge transfer ability 

and further improve the PCE. For comparison, the 3.6 at. % Sn-doped anatase TiO2 

has an higher energy distance, which also indicates that the 1.5 at. % Sn-doping is 

the most optimal amount for TiO2. 

 

 

Figure 3-10 UPS spectra of pristine, 1.5 at. % and 3.6 at. % Sn-doped TiO2 thin 

films. 

 

 

 

Figure 3-11 Schematic energy level diagrams of pristine, 1.5 at. % and 3.6 at. % 

Sn-doped TiO2 thin films.  
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Table 3-3 Energy level parameters of ETL with different Sn contents, in which Ev 

can be obtained by equation: 𝐸𝑣 = hv − (𝐸𝑚𝑖𝑛 − 𝐸𝑚𝑎𝑥) , Ec can be obtained by 

equation: 𝐸𝑐 = 𝐸𝑣 + 𝐸𝑏𝑔 and EF can be obtained by equation: 𝐸𝐹 = 𝐸𝑣 + 𝐸𝑚𝑖𝑛. 

 Ev (eV) Ec (eV) EF (eV) 

Pristine TiO2 -8.07 -4.57 -5.08 

1.5 at. % Sn -8.54 -4.89 -5.25 

3.6 at. % Sn -8.34 -4.67 -5.23 

3.5 Conclusions 

In conclusion, the pristine, Sn-doped anatase TiO2 nanocrystals with a uniform 

size of 4-10 nm were successfully synthesized. The band gap of anatase TiO2 was 

effectively tuned through the quantum size effect upon the Sn doping. The ETLs 

consisting of such TiO2 nanocrystals were prepared on FTO substrates at low 

temperature of 150 oC. The 1.5 at. % Sn-doped TiO2 shows the largest energy gap 

between two conduction bands of ETL and perovskite as well as two valence bands 

which can enhance the electron transfer and block the hole for recombination 

respectively. Also, the smallest energy distance between Fermi level and conduction 

band minimum was observed for the 1.5 at. % Sn-doped TiO2, which represents a 

more n-type character with the enhancements of electron mobility and further the 

PCE of devices. As to the PL spectra and TRPL decay curves, the perovskite film 

deposited on the 1.5 at. % Sn-TiO2 shows a faster electron extraction process than 

those of the perovskite capped on the pristine and 3.6 at. % Sn-TiO2 films. The 

optimized device based on the 1.5 at. % Sn-doped TiO2 as ETL exhibits a PCE of 
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17.7%, enhanced by 35.11% compared with PCSs based on the pristine TiO2. The 

device based on the 1.5 at. % Sn-doped TiO2 shows the best stability within 20 days 

and the smallest hysteresis performance. Therefore, Sn-doped TiO2 nanocrystals 

have potential for low-temperature processed, flexible, large-area and efficient 

PSCs. This work offers a simple method to fabricate efficient PSCs with flexible 

plastic substrates through a low-temperature process. 
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Chapter 4 Simple Inorganic Surface Modification Strategy for 

Efficient Perovskite Solar Cells 

 

4.1 Introduction 

With outstanding property in light absorption, long diffusion length as well as 

good carrier mobility,1-3 organic-inorganic halide perovskite has been widely 

applied in optoelectronic applications.4 Among these applications, the perovskite 

solar cells has attracted more and more attention. Till now the perovskite solar cells 

achieved a power conversion efficiency (PCE) of over 25%.5 Among various kinds 

of method to optimize the perovskite for an enhanced device performance, the 

cation replacement played an important role.6 Different types of organic cations 

such as formamidine (FA+), phenethylamine (PEA+) have been applied to take place 

of the traditional methylamine cations (MA+) for higher performance.7, 8 What 

should also be mentioned is that the interface engineering is another direction to 

improve the performance of solar cells. The lifetime or hysteresis of solar cells will 

be influenced significantly by the carrier’s recombination at the interface between 

perovskite and functional layers such as electron transport layer (ETL) or hole 

transport layer (HTL).9, 10 Typically, the excited charge recombination mainly 

happens at the interface especially reaps between ETL and perovskite.11 And these 

defects of ETL will lead to the energy chaos, fluctuation of carrier concentration 

and furthermore the open circuit voltage (Voc).
12-15 What is even worse is that these 
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defects will also result in the instability of the whole device in the aspect of the 

ionic migration, hysteresis, and degradation in the end.9, 16, 17 Therefore, a good ETL 

will help to construct a proper interface and further an ideal device performance.10  

Titanium dioxide (TiO2) has been widely applied as the ETL at the very 

beginning of dye-sensitized solar cells (DSSCs),18 and now perovskite solar cells 

(PSCs).19, 20 Traditional TiO2 electron extraction layer has two parts: mesoporous 

layer and compact layer.21 The ETL fabrication procedures for two layers need high 

temperature (500℃ or even more) and take a lot of time for annealing. Especially 

for the future large-scale commercial fabrication and flexible device application, 

the high temperature for the fabrication of TiO2 layer shows a poor compatibility. 

To overcome this issue, different types of methods have been tried. Many other 

materials such as SnO2 have been applied as ETL and at the same time low-

temperature processed TiO2 have become one potential solution.22, 23 Their simple 

preparation method and relative lower cost have drawn more and more awareness. 

However, the low temperature processed method for these materials will lead to a 

poor surface quality compared with the high temperature processed mesoporous 

structure.24 This imperfect ETL has more traps at the interface between ETL and 

perovskite absorption layers. So, the performance of the low temperature processed 

perovskite solar cells lags that of the high temperature processed one with a 

mesoporous structure.  

To solve this problem, ETL modification method have been applied to improve 

the interface with reduced traps.25, 26 It was found that organic fullerene derivatives 
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can help to enhance the performance for its excellent carrier acceptor capacity.27 

Wang et al. reported the application of [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM) layer between the ETL and MAPbI3 layers to passivate the defects.28 The 

whole device structure adopts indium tin oxide (ITO)/SnO2/PCBM/MAPbI3/Spiro-

OMeTAD/Au. The device with PCBM shows a reduced hysteresis and less open 

circuit voltage (Voc) loss. On the other hand, the antisolvent method has been widely 

applied on passivation of the TiO2 ETL surface to effectively improve the PSC’s 

performance,29 and this anti-solvent method will inevitable wash away the PCBM 

function layer. Recently, Hao and his co-workers reported using alkali chloride salt 

solution as passivation reagent on the SnO2 surface to reduce the hysteresis and 

enhance the device stability.30 To the best of our knowledge, all these methods need 

another spin coating and annealing procedures after the ETL fabrication, making 

the processing complex. 

In this study, we reported a modified simple method to fabrication ETL 

through mixing TiO2 solution with alkaline chloride (KCl) as a modification reagent. 

Impressively, only one step spin coating and one step annealing treatment can 

achieve a modified ETL layer. The effectiveness of this modification was 

demonstrated by the enhanced Voc. Different from the PCBM, the alkaline chloride 

reagent can be dissolved in ethanol or water instead of chlorobenzene (CB). This 

new method is also superior to previously reported Cl-capped TiO2 ETL or using 

some organic materials, KCl can help to reduce the defects with the help of both K+ 

and Cl− ions to improve charge transport ability and cover the I- voids in perovskite 
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layer. With the help of KCl, the charge transport ability of ETL can be enhanced 

effectively, leading to an enhanced VOC. An optimal composition and ratio of KCl 

modification addition was found after a systematic investigation. The performance 

of perovskite device was enhanced with a PCE of 19.38% and a VOC of 1.104 V, 

compared to the device without the modification with a PCE of 17.68% and a VOC 

of 1.043 V. The better device performance can be explained by the enhanced charge 

transport ability with less defects. It was noted that the simple and low temperature 

modification for the fabrication of ETL was for the first time reported here. 

 

4.2 Experimental section  

4.2.1 Materials  

Titanium trichloride and Potassium chloride were purchased from Alfa Aesar 

(China) Chemical Co., Ltd. Lead iodide (PbI2, 99.99%) and methylammonium 

iodiode (MAI) were purchased from Xi’an Polymer Light Technology Co., Ltd. 

Spiro-OMeTAD was purchased from Luminescence Technology Co., Ltd. N,N-

dimethyl formamide (DMF, 99.5%), dimethylsulfoxide (DMSO, 99.5%), Ethanol 

and chlorobenzene (99.5%) were purchased from Sigma-Aldrich. 

 

4.2.2 TiO2 Synthesis 

First, 1.5mL TiCl3 was added into 45 mL ethanol under a continuous stirring. 
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Then two KCl solutions with different concentrations were prepared (0.5 M and 

0.75 M). Then 1.5 mL of each solution was added into the as-prepared TiCl3 

solution. A control sample was also prepared with the addition of 1.5 mL distilled 

water to the TiCl3 solution. Next, the three solution samples were transferred into 

oven at 80℃ for 9 hours. White particles would appear on the bottom of the solution. 

Then the centrifuge treatment at 7500 rpm was applied to separate the TiO2 particles. 

The particles were then distributed into a mix solution of ethanol and chloroform in 

a ratio of 1:3 at 15 mg/mL. Finally, after 15 min sonication treatment, the TiO2 

solution become ready for spin coating.  

 

4.2.3 Device fabrication  

The ITO glass was first washed ultrasonically with deionized water, acetone, 

and isopropanol (IPA). Before using, the ITO glass was treated upon a UV-ozone 

for 15 min. The prepared TiO2 nanoparticle solution was spin coated onto the ITO 

substrate at 4000 rpm for 30 s, and then annealed at 150 ℃ for 30 min in ambient 

air. Afterwards, the perovskite layer was spin coated from a 1.3 M solution of 

perovskite in (DMF: DMSO = 95:5) at 4000 rpm for 30 s, and 100 μL anti-solvent 

was added just 8 s before the spin stopped. After that it was annealed at 150 ℃ for 

15 min under N2 atmosphere in a glove box. Following that, the Spiro-OMeTAD 

solution (prepared by mixing 72.3 mg Spiro-OMeTAD, 17.5 µL 

bis(trifluoromethane) sulfonimide lithium salt (Li-TFSI), stock solution (520 mg 
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Li-TFSI in 1 mL acetonitrile), and 28.8 µL 4-tertbutylpyridine in 1 mL 

chlorobenzene) was spin coated onto the top of perovskite film at 4000 rpm for 30 

s. Finally, around 100 nm of silver counter electrode was deposited on the surface 

of hole transport layer using a shadow mask by Vacuum Thermal Evaporation 

equipment. The effective area of device is 0.08 cm2. 

 

4.3 Characterization and measurements 

The phase of perovskite layer treated with or without KCl was analysed by X-

ray diffractometry (XRD) using D8 Advance (Bruker) diffractometer equipped with 

Cu Kα radiation (λ = 0.01542 nm). The XPS spectra were collected by a Thermo 

Fisher Scientific ESCALAB 250XI at an ultrahigh vacuum using a monochromatic 

Al Kα (1486.68 eV) X-ray source. This measurement was calibrated by the C 1s 

carbon peak (284.8 eV) under the standard lens mode with a step size of 1 eV. The 

TiO2 UV-vis absorption spectra were measured by Lambda 650 UV-vis 

spectrometer. Steady state PL and time-resolved PL spectra were recorded by 

Edinburgh FLS 1000 spectrometer. The electrochemical impedance spectroscopy 

(EIS) measurements were carried out by an impedance analyzer (CHI 660E) in the 

dark condition. The electron mobilities of ETL films were measured using the 

SCLC model, using an electron-only device of ITO/Ag/ETL/Ag by CHI 660E 

analyzer. The SEM images were obtained by a field emission scanning electron 

microscope (MIRA 3 TESCAN). Atomic force microscopy (AFM) images of 
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perovskite films were taken by a multimode SPM (Bruker). The J-V curves of 

perovskite devices were measured by a Keithley 2400 Source Meter under the 

illumination of simulated air-mass (AM) 1.5 sunlight at 100 mW cm-2 with a solar 

simulator (Enlitech SS-F7-3A, Taiwan) including a 300 W Xenon lamp, and the 

light intensity was calibrated by an NREL standard Si solar cell. The external 

quantum efficiency (EQE) was tested by EQE system (Enlitech QE-R3011) 

equipped with a Xenon lamp, a monochromator and a Si detector for calibration 

and a dual-channel power. All the J-V and EQE tests were taken in ambient air. 

Ultraviolet photoelectron spectroscopy (UPS) was carried out on a Thermo 

Scientific ESCA Lab 250Xi, with the HeI (21.22 eV) emission line employed for 

excitation. The data were acquired at a bias of -10V. 

 

4.4 Result and discussion 

  

Figure 4-1 (a) Schematic device structure (b) Cross-sectional SEM image of a 

typical cell with an architecture of ITO/TiO2/Perovskite/Spiro-OMeTAD/Ag.  

 

The whole device structure of perovskite solar cells in this study is Indium-

doped tin oxide (ITO)/TiO2 /Perovskite/Spiro-OMeTAD/Ag, (Figure 4-1 (a)). and 
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the corresponding cross-sectional scanning electron microscopy (SEM) is shown in 

Figure 4-1 (b). In this work, the KCl reagent was firstly dissolved in water and then 

added into TiO2 solutions. So only one step is required for the ETL fabrication. And 

the hybrid perovskite MAPbI3 was applied as the light absorption layer. This 

corresponding perovskite MAPbI3 film is prepared by the anti-solvent method with 

CB as the antisolvent, following a low temperature annealing treatment very soon 

after.  

 

Table 4-1. Photovoltaic parameters of the champion devices without and with KCl 

treatment. 

 

 

Devices 

Voc 

(V) 

Jsc 

(mA/cm2) 

Fill Factor 

(%) 

PCE 

(%) 

0 M 1.043 22.89 74.26 17.68 

0.5 M 1.104 23.45 74.88 19.38 

0.75 M 1.062 23.22 73.32 18.10 

1M 1.010 22.83 76.75 17.60 
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Figure 4-2 J-V characteristics of the devices treated with and without KCl.  

 

At the beginning, the relationship between the KCl concentration and the 

device performance was explored which can be seen in Table 4-1. After comparing 

three concentrations applied in the table, the concentration of 0.5M and 0.75M were 

applied in the further characterizations. The comparison of IV curves are shown in 

Figure 4-2. Clearly, the PCE was enhanced significantly a after the addition of KCl. 

As expected, the charge transport ability was enhanced with the addition of KCl 

addition, as shown in Figure 4-14. And an optimal PCE was obtained with an 

addition of 0.5 M KCl. And the higher concentration than 0.5 M of KCl led to a 

drop of the device performance. This might be resulted from the delay of the charge 

transport caused by the accumulation of the ions at a high concentration. Figure 4-

2 represents the current density-voltage (J-V) curves based on different devices 

performance with or without the KCl modification. And those curves were obtained 

under the standard AM 1.5G illumination condition. Also, the related parameters 
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are listed in Table 4-1. The best device performance without KCl modification 

shows a PCE of 17.68%, corresponding to a short circuit current density (Jsc) of 

22.89 mA/cm2, an open circuit voltage (Voc) of 1.043 V, a fill factor (FF) of 74.26%. 

Upon the KCl modification, the device performance was enhanced at the various 

concentrations. With the 0.5 M KCl modification, the champion performance was 

achieved with a PCE of 19.38%, a Jsc of 23.45 mA/cm2, an Voc of 1.104V, and an 

FF of 74.88%. As the concentration was further increased, the device performance 

dropped a bit with a PCE of 18.10%, corresponding to a Jsc of 23.22 mA/cm2, an 

Voc of 1.062 V, and an FF of 73.32%.   

 

Figure 4-3 J-V hysteresis characteristics of champion devices treated with and 

without KCl.  
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Figure 4-4 External quantum efficiency (EQE) spectra and integrated Jsc. of the 

devices treated with and without KCl. 

 

It was observed that the KCl modification could help to reduce the hysteresis 

which is common for most TiO2 based perovskite devices. This was confirmed by 

the J-V curves with different scan directions as shown in Figure 4-3. And the 

corresponding data was collected in Table 4-2. From the Figure 4-3 the KCl 

modified devices show much slighter hysteresis than the control device. Although 

the fill factor fluctuated irregularly, the Jsc was enhanced significantly with the KCl 

modification. Meanwhile, this was further confirmed by the improvement of the 

external quantum efficiency (EQE) spectra. From the EQE data, the integrated JSC 

for the 0 M, 0.5 M and 0.75 M KCl modification were calculated to be 22.40 

mA/cm2, 23.16 mA/cm2, 22.89 mA/cm2, respectively (Figure 4-4 and Table 4-3). 

All these integrated JSC values are in good accordance with those obtained from the 

J-V curves with an error below 2%. The better device performance upon the KCl 

modification with a higher Voc and Jsc can be largely ascribed to the decrease of the 
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trap density which is essential for the efficient charge transport in the ETL. Also, 

the higher obtained Voc result from the fewer defects at the interface and faster 

extraction into the ETL. This was further confirmed by the dark current-voltage 

responses test in Figure 4-7 (vide infra).31  

 

Table 4-2. Photovoltaic parameters of champion devices with and without 0.5 M 

KCl modification measured at the forward and reverse scan directions. 

KCl modification 

Concentration 

Voc 

(V) 

Jsc 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

0 M 

Reverse 

Forward 

1.043 

1.038 

22.89 

22.71 

74.26 

71.34 

17.68 

16.81 

0.5 M 

Reverse 

Forward 

1.104 

1.096 

23.45 

23.30 

74.88 

73.98 

19.38 

18.92 

 

 

Table 4-3. Integrated Jsc parameters of the devices without and with KCl treatment. 

Devices 0 M 0.5 M 0.75 M 

Jsc (mA/cm2) 22.40 23.16 22.89 
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Figure 4-5 XRD patterns of perovskite films without and with KCl modification.  

 

Figure 4-6 XPS spectra of K 2p scanning and Cl 2p canning spectra.  

 

Several spectroscopic and morphological characterizations were carried out to 
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figure out the origin of the enhanced performance upon the KCl modification. 

Firstly, the X-ray diffraction (XRD) patterns of the TiO2 films with or without KCl 

treatment were recorded and displayed in Figure 4-5. All three samples show the 

characteristic diffraction peaks of TiO2 at 25.28
 o
, 37.80

 o
, 48.05

 o
, 53.89

 o. With the 

addition of KCl, there are two extra strong peaks appeared at the position of 28.35o 

and 40.51o which well match with the standard KCl as shown at the bottom of 

Figure 4-5. Obviously, the XRD pattern confirmed the formation of KCl inside the 

TiO2 ETL. Secondly, as shown in Figure 4-6, the XPS of the ETL clearly indicates 

the existence of KCl inside the TiO2 layer compared with the control sample with 0 

M addition KCl. As for the film modified with KCl, the K 2P peaks at 292.9 eV and 

295.8 eV and Cl 2p peaks at 198.2 eV and 199.6 eV were observed. 

 

Figure 4-7 Dark current-voltage responses of electron-only devices w/o the KCl 

modification in the following structure of ITO/TiO2/Perovskite/PCBM/Ag, and the 

trap-filled limit voltage (VTFL) is extracted from the kink point. 
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Next, the device with the structure of ITO / TiO2 / Perovskite / PCBM / Ag 

was fabricated to determine quantitatively the trap states of the TiO2 ETL upon the 

KCl modification. The trap density (Nt) was calculated by the equation of the space 

charge-limited model.32, 33  

𝑁𝑡 =
2εε0V𝑇𝐹𝐿

𝑞𝐿2
 

In this equation the VTFL represents the onset voltage of the trap-filled limited 

region, and the L is the thickness of the film, q is the elementary charge, and ε and 

ε0 are the dielectric constant of the perovskite and the vacuum, respectively. The 

electron-only device was fabricated and studied for the dark current-voltage 

characteristics with the curves shown in Figure 4-7. The VTFL for the control device 

with the pure TiO2 ETL is 0.71 V, while the device with the 0.5 M KCl modified 

ETL drops to 0.36 V. Interestingly, the VTFL for the 0.75 M KCl modified ETL is 

higher than that of the 0.5 M KCl modified ETL but still lower than the pristine 

device. The results suggest an effective reduction of the interfacial non-radiative 

recombination with the KCl modified ETL, which is very essential for the 

performance enhancement. 
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Figure 4-8 Absorbance spectra of perovskite films without and with KCl treatment.  

 

Moreover, the absorption spectra of the TiO2 films with or without KCl 

modification treatment were recorded. As shown in Figure 4-8, the KCl modified 

ETL films show slight difference of absorption edge while has no influence on 

absorption range of the perovskite. The ETL’s band gap varies from 3.79 eV at 0 M 

to 3.65 eV at 0.5 M and 3.67 eV at 0.75 M. The bandgap variations further 

confirmed the embedding of KCl inside the TiO2 ETL.  
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Figure 4-9 Steady-state and PL spectra of perovskite films without and with KCl 

modification treatment on TiO2 ETL deposited on glass substrates.  

 

Figure 4-10 Time-resolved PL spectra of perovskite films without and with KCl 

modification treatment on TiO2 ETL deposited on glass substrates. 

 

In addition, the relationship between the charge recombination and film 



100 

 

defects was analysed by the steady-state photoluminescence (PL) and time-resolved 

PL (TRPL) measurements for the device of structure ITO/ETL/Perovskite. As 

shown in Figure 4-9, the PL spectra show that all three samples have one single 

emission peak at around 770 nm. Compared with the pure TiO2 sample (control 

sample), the KCl modified sample shows a lower PL intensity in which stand for 

the separation of quasi Fermi levels. 34 The 0.5 M KCl addition sample shows the 

lowest PL intensity which indicates that it has the best electron extraction ability 

among the three samples. The results are well consistent with the TRPL lifetime as 

shown in Figure 4-10 and Table 4-4). The KCl modified ETL samples show longer 

lifetimes (8 ns for 0.5 M KCl, 10 ns for 0.75 M KCl and 6 ns for 0 M KCl) which 

also confirms that the KCl modification suppresses the charge traps. Though the 0.5 

M KCl modified sample does not exhibits the longest lifetime, it has an enhanced 

fast decay component (τ1, 128.5 ns) which corresponds to the charge trapping 

process. The longer τ1 means that the charge would be trapped slower because of 

the efficient suppression of charge recombination.35 And all these factors contribute 

to the higher Voc for the KCl modified samples compared with the sample without 

the KCl modification. It should be noted that the PL, TRPL results are well matched 

with the calculated trap density, supporting the effective reduce of traps with the 

modification of KCl. 
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Table 4-4. TRPL lifetime of devices with and without KCl modification treatment. 

 

 

 

 

 

 

 

Figure 4-11 Top view atomic force microscopy (AFM) images and SEM images of 

TiO2 films with KCl modification at 0 M (a, d), 0.5 M (b, e), 0.75 M (c, f). 

 

Figure 4-12 SEM images of perovskite films on 0 M KCl addition ETL (a), 0.5 M 

KCl addition ETL (b) and 0.75 M KCl addition ETL (c). 

 

Devices τ1 (ns） τ2 (ns) τ (ns） 

0 M 6.03 80.32 6.07 

0.5 M 7.97 128.51 8.20 

0.75 M 10.05 137.81 10.74 
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Further, the surface morphologies of the TiO2 ETL layers with or without KCl 

were examined by AFM and SEM. As shown in Figure 4-11, the AFM image of the 

pure TiO2 film shows the fluctuation of surface which refers to the different size of 

particles with a roughness of 52.6 nm while the KCl modified TiO2 film shows a 

more smooth surface with a lower roughness of 18.0 nm for 0.5 M KCl and 21.2 

nm for 0.75 M KCl. The SEM images are consistent with the AFM images. As 

shown in Figure 4-11 (d)-(f), the TiO2 nanoparticles are in close-packed for the 

three samples. The pure TiO2 film shows the nanoparticles at different sizes together 

with some giant particles on the film. In comparison, the KCl modified TiO2 film 

shows much more uniform particles with well-distributed sizes. Furthermore, the 

perovskite films on the ETL substrates were also imaged by SEM. As shown in 

Figure 4-12 (a)-(c), the perovskite film appears dense-packed and the surface is 

more smoother and flatter for those KCl modified ETL samples than the control 

sample.     
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Figure 4-13 Voc of devices without and with KCl addition as a function of light 

intensity.  

At the same time, the behaviours of the photogenerated carriers were 

investigated by the light intensity dependent Voc, charge mobility, electrochemical 

impedance spectroscopy (EIS) and ultraviolet photoemission spectroscopy (UPS) 

which are shown in Figure 4-13 to Figure 4-17. First, the dependence of the open-

circuit voltage (Voc) on light intensity was studied as shown in Figure 4-13. The 

relationship between Voc and light density can be defined by the equation below:  

𝑉𝑜𝑐 =
𝑛𝑘𝑇 ln(𝐼)

𝑞
+ 𝑐 

In which k is the Boltzmann constant, T represents absolute temperature and q 

is the elementary charge, n is an ideal factor related to monomolecular 

recombination.36 By linearly fitting Voc versus log-scaled light intensity, the ideal 

factors were calculated for all three samples and labeled in Figure 4-13 which 

represents the charge recombination process. Theoretically, the ideal factor (n) will 

closely approach a unit if the device does not trap the charge carriers. On the other 

hand, the n will approach to 2 as the trap-assisted recombination happens. In this 

case, the n is 1.91 quite close to 2 for the ETL without the KCl modification. This 

means the trap-assisted recombination dominates in the device. In comparison, the 

KCl modified ETL shows a decreased value of n of 1.71 and 1.76 for 0.5 M and 

0.75 M KCl modification, respectively. Though the trap-assisted recombination still 

exists, the KCl modification helps to reduce this trap-assisted recombination. Also, 

the smaller slope for the KCl modified ETL reflects that the KCl modification 

method can also help to suppress the monomolecular recombination and are 
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favourable for the enhancement of Voc.
37  

 

Figure 4-14 Electron mobility for devices without and with KCl modification using 

the SCLC model and the test device structure has been attached in the figure.  

 

Figure 4-15 Nyquist plots of devices without and with KCl modification. 

 

In addition, the electron mobility of the three ETLs were obtained by the space 
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charge-limited current (SCLC) method (Figure 4-14) and calculated by the Mott–

Gurney law equation: 

𝜇𝑒 =
8𝐽𝐿3

9𝜀0𝜀𝑉2
 

In which J is the current density, L is the thickness of the ETLs, 𝜀0  is the 

vacuum permittivity, 𝜀 is the dielectric permittivity of related ETL and V is the 

voltage. The 0.5 M KCl modified ETL shows the highest electron mobility of 

2.76×10-4 cm2 V−1 s−1 which is nearly 2.3 times higher than the pristine TiO2 ETL 

with a value of 1.21×10-4 cm2 V−1 s−1. As for the 0.75 M KCl modified ETL, its 

electron mobility of 1.70×10-4 cm2 V−1 s−1 is same higher than the pristine one, but 

lower than that for the 0.5 M KCl modified ETL. The result indicates the KCl 

modification can help to enhance the electron mobility which match with the 

conclusions from all the other spectroscopy characterizations. Later, the impedance 

spectra were measured in the dark condition under a bias potential which is close 

to the Voc and the derived Nyquist plots are shown in Figure 4-15. It is clear that 

the KCl modified ETL have larger recombination resistances which suggests a 

stronger depression for the charge recombination and further the less recombination 

losses.38  

With the help of Figure 4-7, 4-13 and 4-14, it can be confirmed that the 

addition of KCl can help to reduce the defects. By these results, the trap density has 

been reduced, trap assisted recombination has been reduced and electron mobility 

has been improved. For the addition of KCl, the Cl- can be moved to the voids of 

perovskite layer where there are no sufficient I- in the crystal structure. With the 
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help of this the crystal structure can be improved and defects will be reduced. Also, 

the existence of K+ in the ETL will improve the charge mobility. 

  

 

Figure 4-16 UPS spectra of ETLs without and with KCl modification. 

 

 

Figure 4-17 Schematic energy level diagrams of TiO2 with or without KCl 

modification. 

 

The role of energy gaps of ETLs on the photovoltaic parameters of PSCs is 

analysed based on their energy band alignments. The ultraviolet photoelectron 

spectroscopy (UPS) was used to investigate the influence of KCl modification on 

TiO2 film. And the UPS results of the three TiO2 films are shown in Figure 4-16 
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and their energy levels of the conduction bands, Fermi level and valence bands were 

calculated accordingly and are summarized in Figure 4-17. As shown in Figure 4-

16, the 0.5 M KCl modified TiO2 has the largest energy gap between TiO2 

conduction band and perovskite conduction band. This large energy gap can help to 

enhance the charge transfer from perovskite to TiO2. In addition, the Fermi level of 

the pristine TiO2 film, 0.5 M KCl and 0.75 M KCl modified TiO2 films are 3.91 eV, 

3.94 eV and 3.90 eV, respectively. And the valence band maximum (EV) of 0.5 M 

KCl and 0.75 M KCl modified TiO2 films relative to the Fermi level (EF) were 

shifted down compared with the pristine TiO2 film. The energy distance between 

the conduction band minimum (EC) and Fermi level of pristine TiO2, 0.5 M KCl 

and 0.75 M KCl modified TiO2 films are 1.53 eV, 1.32 eV and 1.56 eV respectively. 

The smallest energy distance of 0.5 M KCl modified TiO2 film suggests a more n-

type character that can enhance the charge transfer ability and further improve the 

PCE.39, 40 As for the 0.75 M KCl modified TiO2 an increased energy distance 

between Fermi level and conduction band minimum was observed, which supports 

that the 0.5 M KCl is the optimal modification amount for TiO2 ETL. 

 

4.5 Conclusion  

In summary, we demonstrated a simple and low-cost modification method for 

the ETL. As a result, the hybrid perovskite solar cells show an enhance device 

performance and reduced hysteresis. This strategy can provide both positive and 

negative charged ionic modification effects. This simple method involves KCl 
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addition during TiO2 preparation procedure, so it could not be washed away during 

the next anti-solvent procedure. As a result, the PSCs based the KCl modified ETL 

afforded an optical PCE of 19.38% with a Voc of 1.104 V in comparison with the 

control sample with a PCE of 17.68% and a Voc of 1.043 V. The detailed 

characterizations confirmed the significant enhancement of the charge mobility and 

effective depression of the charge recombination. Without doubt, the KCl 

modification strategy leads to the inhibition of the interfacial non-radiative charge 

recombination. More importantly, this modification strategy is effective for the 

defect reduction. All these positive effects from the KCl modification definitely 

result in a much-enhanced PSCs performance. It is believed that this simple KCl 

modification method provides another way for the device modification rather than 

the fabrication of another layer between the ETL and perovskite layer. We anticipate 

that this simple strategy can draw much attention for the characteristic of an 

inorganic modification rather than the passivation with complex and expensive 

organic molecules for enhancing the perovskite solar cells performance. 
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Chapter 5 Synthesis and characterization of Perovskite single 

crystals with adjustable band gaps   

 

5.1 Introduction  

As the hybrid organic-inorganic halide perovskite solar cells (PSCs) have 

attracted more and more attention because of the extraordinary optoelectronic 

performance such as high absorption coefficient,1 long charge diffusion distance, 

etc.2, 3 The perovskite solar cell has achieved over 25% power conversion efficiency 

(PCE) which still has potential for the further enhancement.4 Apart from its 

excellent performance in PSCs, perovskite has also been applied in the light 

emitting diode and photodetector. For all these applications the quality of perovskite 

itself plays an extremely important role on their performances. The component, 

defect as well as the grain boundary are the most important factor for the quality.5, 

6 Currently the most common organic electronic application of perovskite is based 

on the polycrystalline films which contains plenty of defects at the grain boundaries 

that will influence the charge transportation.7 Also the polycrystalline perovskite 

film is very sensitive to the moisture as well as the photon irradiation which will 

induce the material degradation.8 Many methods have been carried out to solve 

these issues.9-11 Among them the perovskite single crystal has incomparable 

advantages to the polycrystalline perovskite.  

The perovskite single crystal contains no grain boundaries and therefore less 
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defects to trap the charges and better stability as well as high optoelectronic 

performance.12-14 For instance, the MAPbI3 single crystal was reported to show an 

double enhanced charge mobility as well as diffusion length when compared with 

the polycrystalline type.15 Also, it shows great stability under ambient and thermal 

treatments.8, 13 The perovskite single crystal’s extraordinary performance has drawn 

more and more attention especially in the solar cell application due to its shortage 

of the grain boundaries as well as the defects.16 Till now the best perovskite solar 

cell based on the most traditional single crystal MAPbI3 has achieved an much 

higher PCE of 21.1% than the polycrystalline.17 Due to its great enhancement of the 

efficiency, the single crystal solar cells show much more potential in the future 

commercialization. It is reported that the perovskite single crystal has also been 

applied in photodetectors.18 For example, Liu’s group has applied the perovskite 

single crystal (PEA)2PbI4 in the photodetector with an excellent responsivity of 

139.6 A/W, external quantum efficiency of over 37% as well as response speed of 

21 us at rise time and 37 us at decay time.19  

In this work, we reported the synthesis of high quality perovskite single 

crystals based on PEA (Phenethylamine) series ((PEA)2PbCl4, (PEA)2PbBr4 and 

(BA)2PbI4) and BA (Butylamine) series ((BA)2(MA)2Pb3I10, (BA)2MAPb2I7 and 

(BA)2PbI4) according to a modified methods. These crystals can be defined as 

different type of dimension based on their structures. After obtaining the single 

crystals, various of characterizations have been carried out to confirm and check 

their excellent properties. Then (PEA)2PbCl4, (PEA)2PbBr4, (BA)2PbI4 are selected 
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for the photodetector applications and (BA)2MAPb2I7 and (BA)2PbI4 are selected 

for the LED applications. After the device fabrication some promising results are 

obtained. This perovskite single crystal with excellent optoelectronic properties 

possess great application potentials for future commercialization.    

 

5.2 Superiority of Perovskite single crystal 

Till now, there are more and more groups working on the perovskite single 

crystal with different compositions. All the perovskite single crystals with different 

compositions show excellent properties which include the adjustable band gaps, 

enhanced charge transportation as well as stability.20, 21 The perovskite single 

crystal’s excellent advantages can be summarized in the following three aspects. 

 

5.2.1 Optical advantage 

Due to the larger bulk perovskite single crystal thickness compared with 

polycrystalline, there will be the below-band gap absorption (mainly belongs to 

indirect-band gap absorption) which cannot be negligible for the enhancement of 

the perovskite absorption range.22 Traditional perovskite polycrystalline’s below-

band gap absorption is so weak that was overlooked under the absorption coefficient. 

This phenomenon results from the perovskite material as well as their different 

thickness. For instance, the MAPbI3 perovskite polycrystalline absorption edge is 

780 nm while the bulk single crystal exhibits an absorption edge at 850nm.23 The 
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red sifted absorption range mainly comes from this indirect-band gap absorption 

which will enhance the device short circuit current density (Jsc) as well as the total 

device performance. Setting the charge diffusion length stable for the simulation, a 

theoretical calculation has been done on the relationship between the single crystal 

thickness and solar cell performance.24 Also, the existing absorption loss from the 

ITO substrate leads to the assumption that the maximum external quantum 

efficiency can reach 90%. Accordingly, the short circuit current density is calculated 

to be over 27mA/cm2. It was found that the size increase of the perovskite single 

crystal will broaden the absorption range. On the other hand, the thickness increase 

will result in the increase of bias dark current density due to the greater charge 

recombination which will finally cause the decrease of the open circuit voltage (Voc). 

That is why the PCE of a device based on the traditional three-dimensional single 

crystal with a thickness in micrometre scale will be higher than that in the 

nanometre scale. What should also be mentioned is that this theory works for the 

traditional three-dimensional perovskite single crystal. However, the new two-

dimensional or mixed-dimensional perovskite single crystal exhibits a layer 

structure which represent their growth orientation preference. There will generate 

huge resistance between layers. So as for this kind of perovskite single crystal the 

thinner, the better. Conclusively, the PCEs of the perovskite single crystal solar cells 

would fluctuate with the change of crystal thickness.4  
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5.2.2 Electrical advantage 

In comparison with the polycrystalline perovskite, the bulk perovskite single 

crystal contains much less defects and traps at the grain boundaries as well as the 

surface.25 This is mainly because of the bulk single crystal has relative smaller 

specific surface area, therefore less trap densities.15 Generally, the perovskite single 

crystal contains the trap density in the scale of around 1010 /cm3 which is several 

times smaller than that of the polycrystalline perovskite.26, 27 It is known that the 

traps would induce the charge recombination and influence the perovskite electrical 

properties. Normally the electrical properties include charge mobility, carrier life 

time as well as charge diffusion length.15 For the samples with the same thickness, 

the bulk single crystal with less traps will have higher open circuit voltage.28 At the 

same time, the better electrical properties such as higher charge mobility can further 

improve the material’s charge transportation, collection as well as the fill factor of 

solar cells.27 Due to much less defects and traps of single crystal compared with 

polycrystalline, the device was reported to have a higher PCE. It was reported that 

based on the well trap passivation, the larger crystal size (which means from 

polycrystalline film to single crystal film) would also lead to a higher PCE.28   

 

5.2.3 Stability 

The grain boundaries are believed to be the main obstacle for better 

optoelectronic properties.29 The polycrystalline thin film contains tiny intergranular 
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layers and therefore have many grain boundaries. Since the moisture is more likely 

to diffuse along the grain boundary throughout the whole structure, the 

polycrystalline perovskite is very sensitive to moisture and easily to be degraded 

under moisture.24 Wang’s group have reported the relationship between the 

degradation by moisture and grain size.8 In contrast, the single crystal perovskite is 

stable in an ambient condition for quite a long time without any degradation. On 

the other hand, the ion migration is another reason for the instability issue caused 

by vacancy.30 The ion migration mainly occurs at the grain boundaries with an open 

structure as well as defects.31 The ion migration plays an important role in the solar 

cell hysteresis as well as photon stability. Impressively, the single crystal perovskite 

does not contain such an open structure and its dense structure with less grain 

boundary can prevent the ion migration effectively. Moreover, the single crystal 

with increased thickness can drop the electric field intensity through the layer which 

mainly provides forcing motivation for the ion migration. That is the reason that 

solar cell device based on the single crystal perovskite shows less hysteresis as well 

as ion transportation signals.30 Also, the single crystal can help to decrease the 

thermal caused volatilization for the organic iodine compounds which leads to 

higher thermal stability than the polycrystalline. Therefore, the MAPbI3 single 

crystal shows much higher thermal stability at 240℃ through the TGA test than the 

polycrystalline thin film at150℃.32  
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5.3 Synthesis of Perovskite single crystal 

 Till now there are many methods for the growth of perovskite single crystals 

for different applications. For example, the normal bulk single crystal is too thick 

for solar cell device application due to its improper length for the charge diffusion 

and collection.15 Several methods have been applied for the device fabrication: 

space confined method,23 surface tension cooperated method,33 top down method,34 

vapor phase epitaxial grow method.35 All these methods are suitable for growing 

traditional three-dimensional perovskite materials for solar cell applications. 

However, the giant single crystal is more suitable for applications such as LED and 

photodetector. For this purpose, some different methods have been developed for 

giant single crystal growth such as the invert temperature growth method, 

temperature reduction growth method as well as the anti-solvent growth method.36, 

37 More details were briefly introduced below on those different methods for the 

growth of single crystal perovskite. 

 

5.3.1 Invert temperature growth method 

In some solvents (ie. DMF, DMSO), perovskite shows a reversionary 

dissolving performance within a substantial increase of temperature increase.38 As 

a result, the inverse temperature growth method was developed to synthesis the 

single crystal perovskite by increasing the temperature. It is a very popular and 

worldwide applied simple method for the crystal growth characteristic of fast 
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crystallization speed.39 Afterwards this method was combined with the surface 

tension method for the orientation preference growth of single crystals to control 

the growth rate at the preferred direction.33 

 

5.3.2 Temperature reduction growth method 

For the hydrohalic acid solution conditions, the perovskite single crystal would 

show a decreased solubility as the temperature drops down.40 This phenomenon has 

been used for the perovskite single crystal growth in a way opposite to the invert 

temperature method. This method can be used to prepare a single crystal in inch 

size.41 Also, this method can be combined with the space confined method to 

achieve a desired thickness for the device applications.42 This method can provide 

a simple and easy access procedure for quick growth of various kinds of perovskite 

single crystals. 

  

5.3.3 Space confined method 

To synthesize the single crystal thin film with adjustable thickness, the space 

confined method has been developed. This method applies two glass slides with the 

help of small spacers for the target thickness between two glasses.23 As the reaction 

goes on, the crystals can only grow within the refined area for a target thickness. 

The single crystal can be prepared via this method with an adjustable thickness from 

150 μm to 1440 μm. Also, the crystals’ excellent quality as well as few trap densities 
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were confirmed as well.24, 43 Due to the influence of ion migration from the small 

space, the synthesized irregular crystal’s shape limit its further development. Facing 

to this problem, the growth condition and equipment have been updated for better 

application.44 However, this method for single crystal synthesis cannot control the 

crystallization position and quantities, leading to a random synthesis.45 Though this 

method can synthesis the crystal directly on the desired substrate, which is essential 

for the device fabrication, the growth solution may be harmful to the substrate such 

as conductive oxide layer.23 Disregarding some issues concerned, this method still 

shows a promising prospect in the future device development. 

 

5.3.4 Top down method 

On the basis of the invert temperature growth method, the top down method 

was developed for the thin device applications (ie. photodetectors) of the single 

crystal perovskite with bulk shapes.34 It can help to reduce the size as well as the 

dimension by chemical/physical etching or physical slicing.46 The physical slicing 

can only achieve a thickness of around 50 μm, while the further etching can help to 

achieve 15 μm.47 Compared with the space confirmed method, this method does not 

have the crystal synthesis limitation. However, the free standing single crystal make 

it hard for the device construction and contact improvement with other functional 

layer.34  
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5.3.5 Vapor phase epitaxial grow method 

The vapor phase epitaxial growth method is a type of powerful method for the 

high quality crystal.48 The synthesized crystal shows excellent optoelectronic 

properties as well as perfect crystallinity.35 However, this method requires a very 

particular match for the perovskite crystal and the substrate. It is also highly 

dependent on the equipment which results in high complexity and cost.49   

 

5.3.6 Surface tension cooperated method 

The surface tension cooperated method has been developed and widely applied 

to reduce the nucleation barrier for a better nucleation speed because of the surface 

tension at the growth solution surface helps to decrease the nucleation barrier and 

energy consumption.33 It can be occurred when the perovskite single crystal grows 

and floats at the solution surface by adjusting the solution concentration to proper 

solution density. Via this method quick single crystal synthesis can be achieved with 

good crystal quality as well as better carrier lifetime.50 

5.3.7 Growth method selection 

Since there are so many methods now available for single crystal growth, it’s 

very challenging to select a proper and appropriate one for a typical single crystal 

growth and specific application. Space confined method can only obtain crystals 

with random growth position and quantity in that space which limits its size and 
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quality. Vapor phase epitaxial grow method is highly dependent on the equipment 

which is in low practicability in the perovskite single crystal growth. After the 

evaluation of all the single crystal growth methods mentioned above, it’s obvious 

that the inverted temperature growth method and temperature reduction method are 

the easiest and simplest way to synthesis single crystals. Also, the surface tension 

cooperated method can provide us some new ideas for the single crystal growth.51 

So these two methods were applied first to synthesize single crystal to check the 

suitability. After double checking the experimental details and results, the 

temperature reduction method was applied at last for the single crystal growth in 

this research work. With the inspiration of surface tension issues, the solution 

concentration was adjusted systematically. As the perovskite single crystal is 

preferred to nucleation at the interface between liquid and air, proper concentration 

would enable the single crystal to nucleate and grow on the solution surface with 

high quality. Accordingly, different parameters such as temperature, decrease rate, 

temperature holding points, etc were investigated aiming to obtain single crystals 

with good quality as well as large sizes. At last, a series of suitable parameters were 

determined successfully and applied for the growth of two groups of single crystals. 

The detailed parameters are provided in the experimental section.  
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5.4 Experimental section 

5.4.1 Materials 

Phenethylammonium Iodide (PEAI), Phenethylammonium Bromide (PEABr), 

Phenethylammonium Chloride (PEACl), Butylamine Iodide (BAI), Lead Iodide 

(PbI2), Lead Bromide (PbBr2), Lead Chloride (PbCl2) were purchased from Xi’an 

Polymer Light Technology Corp. The solvent gamma-butyrolactone (GBL) was 

purchased from ACROS. The Hydroiodic Acid (HI) solvent was purchased from 

SIGMA-ALDRICH. All these chemicals were used without any further purification. 

 

5.4.2 Single crystal synthesis  

PEA series  

In a 20 mL Schlenk flask, 5ml GBL was added to a powder mixture of 2 mmol 

phenethylammonium halide salt and 1 mmol lead halide (eg., PbI2, PbBr2, and 

PbCl2). After stirring over the vortex fiercely for 3 minutes, the solution was 

transferred into an oven equipped with a constant decrease temperature program. 

Specifically, when the solution of PEA2PbI4 was first heated to a temperature such 

as 100 ℃, it was kept at this temperature for 20 minutes. Afterwards the temperature 

in the oven was started to decrease to 75 ℃ at a specific rate such as rate of 

−2 ℃/hour, then to room temperature at a decrease rate of −1 ℃/hour. At last, the 

pure and giant single crystals were collected. Similarly, a PEA2PbBr4 solution was 

heated to 120 ℃ at first and decreased to 80 ℃ at −2 ℃/hour and then cooled down 
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to room temperature at −1 ℃/hour. As for PEA2PbCl4, its solution was first heated 

to 140℃ and then decreased to room temperature at −1.5 ℃/hour through the whole 

progress. All the single crystals synthesized according to this method were defined 

as PEA series. 

BA series 

In a 20 mL Schlenk flask, 2 mmol butylamine iodide salt was mixed with 1 

mmol lead iodide with the different amount of methylamine iodide to form the 

different n number (n = 1,2,3…) of the formula BA2MAn-1PbnI3n+1. Then 5 mL HI 

was added into the powder mixture above. After stirring over the vortex fiercely for 

3 minutes, the solution was transferred to the hot plate with oil bath. Firstly, the 

temperature was set at 100℃ for completely dissolving the solid; Next, the 

temperature was decreased at particular rate such as −5 ℃/hour to 65℃. The 

nucleation on the surface of the solution was observed and became bigger and 

bigger, at last, dropped into the bottom of the solution as the surface tension could 

not hold it. All the single crystals synthesized according to this method were defined 

as BA series. 

 

5.5 Characterization and measurements 

Single crystal was characterized by single crystal X-ray diffraction (XRD) 

using a Rigaku (Smartlab-9kW) X-ray diffractometer equipped with a Cu tube (λ = 

0.1542 nm) operated at 40 kV and 30 mA. The normal XRD spectra were obtained 
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by the D8 Advance (Bruker) diffractometer equipped with Cu Kα radiation (λ = 

0.1542 nm). The single crystal morphology was figured out by the Atom force 

microscope (SU-8020, Hitachi). The single crystal UV-visible absorbance spectrum 

was measured by PerkinElmer Lambda 950 UV-Visible spectrophotometers. The 

steady-state and time-resolved photoluminescence (PL) characterizations of the 

single crystals were done by Edinburgh FLS 1000 spectrometer (the steady-state 

PL test is under Xenon light source and time-resolved PL test is under the laser at 

450nm and 375nm). Also, the photoluminescence mapping of single crystals 

temperature dependent PL performance was performed by Edinburgh FLS 1000 

spectrometer. All the PL characterizations are carried out in ambient condition 

without encapsulation. For the thick single crystal, the Scotch Tape was applied to 

split the thick crystals to obtain the thinner one. For the further application attempts, 

the single crystals were embedded with the Au layer for around 50nm with the help 

of the vacuum thermal evaporation method. On the other hand, for the LED device 

application, the stamp method was applied to embed the Ni metal layer to the single 

crystal. Then on the other side the magnetron sputtering was applied by 

ANGSTROM ENGINEERING NEXDEP 030 to sputter the function layer TiO2 

and electrode layer ITO. The device light irrigation response test was measured by 

the Keithley4800 Source Meter. The light source comes from the continuous laser 

equipment with the wavelength of 532nm. For the experiment condition of light on 

or off, the switchable light shutter was applied.   
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Figure 5-1 Image of the PEA series crystals. 

 

Figure 5-2 Image of the BA series crystals. 

 

5.6 Results and discussion 

Based on the two methods, six different kinds of perovskite single crystals are 

obtained, in which (PEA)2PbI4, (PEA)2PbBr4 and (PEA)2PbCl4 belong to the PEA 

series, while (BA)2PbI4, (BA)2MAPb2I7 and (BA)2(MA)2Pb3I10 belong to the BA 

series. All these crystals images are shown in Figure 5-1 and Figure 5-2. 
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Figure 5-3 Perovskite single crystal structure of the PEA series.  

 

 

Figure 5-4 Perovskite single crystal structure of the BA series.  

 

Firstly, their single crystal structures were confirmed by the single crystal 

XRD. Then the calculated crystal structures were figured out in Figure 5-3 and 

Figure 5-4 based on the single crystal XRD data. The comparison between single 

crystal XRD data with the reported data51, 52 (Table 5-1 to Table 5-5) clearly 
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indicates excellent crystallinity and quality of the synthesized crystals. In these 

tables the crystal parameters calculated from real sample have been compared with 

the theorical data. For this kind of comparison, it is clear to see that the crystals 

synthesised can match the theorical parameters which can reflect their good quality. 

Also, the high crystal completeness represents the high quality with only few 

defects. Due to the high complexness of the (BA)2(MA)2Pb3I10, it is very hard to 

figure out its structure, therefore, its single crystal XRD data was not available in 

this work. As there are less difference between analysed and theorical data, it is 

clear to see that the synthesised single crystals are what I decide to synthesis and in 

high quality.    

 

Table 5-1 Data comparison of (PEA)2PbI4. 
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Table 5-2 Data comparison of (PEA)2PbBr4.

 

 

 

Table 5-3 Data comparison of (PEA)2PbCl4.
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Table 5-4 Data comparison of (BA)2PbI4.

 

 

Table 5-5 Data comparison of (BA)2MAPb2I7.
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Figure 5-5 XRD spectra of selected single crystals. 

 

As shown in Figure 5-1 and Figure 5-2, different kinds of crystals with 

various of sizes were synthesized successfully. Then the crystals in large sizes were 

selected for the normal XRD test. The small size crystal is not suitable for this kind 

of planner normal XRD test which can only show mixed peaks. So, the crystals 

(PEA)2PbBr4, (BA)2PbI4, (BA)2MAPb2I7 and (BA)2(MA)2Pb3I10 were selected for 

normal crystal XRD test. The XRD test was carried out directly on the surface with 

growth orientation preference. The XRD spectrum shows strong diffraction peaks 

which represents the single crystals with multi-order diffractions.53 As shown in the 

Figure 5-5 the four crystals all show well-defined diffraction peaks under the 

periodical trends which represent good orientations as well as excellent phase 
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purity.51, 52, 54 So the XRD spectrum can help to confirm the existence of single 

crystals. 

 

Figure 5-6 UV/Visible absorption spectra of the PEA series single crystals (a) and 

BA series single crystals (b). 

 

Afterwards, other optical properties were characterized through UV-visible 

absorption, steady-state and time-resolved photoluminescence. First, the UV-

visible absorption spectra of those single crystals were recorded to figure out their 

band gaps. As shown in Figure 5-6 (a) for the PEA series and Figure 5-6 (b) for 

the BA series, all these single crystals absorption range exhibit an edge cut-off 

sharply which indicates the high purity with ignorable impurities. More importantly, 

these sharp absorption edges also lead to the direct band gaps in these crystals. 

According to their cut-off edge, the band gaps for the (PEA)2PbI4, (PEA)2PbBr4 and 

(PEA)2PbCl4 were calculated to be 2.26 eV, 2.90 eV and 3.27 eV, respectively 

(Table 5-6). Similarly, the band gaps for the single crystals (BA)2PbI4, 

(BA)2MAPb2I7 and (BA)2(MA)2Pb3I10 were calculated to be 2.30 eV, 2.06 eV and 

1.73 eV, respectively (Table 5-6). As for the PEA series, the band gaps decreased 
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as the halide atomic number increase from Cl to I. On the other hand, as the content 

of MA increases in the single crystal, the band gap drops. Also, the crystal structure 

was changed as the MA ligand addition extended the development of crystal to the 

third dimension which lead the single crystal convert from two-dimensional to 

mixed-dimensional type.51 The band gaps as well as the absorption edges for these 

single crystals can help to determine the direction of further applications.  

 

Table 5-6 Optoelectronic parameters of different single crystals. 

Sample (PEA)2PbI4 (PEA)2PbBr4 (PEA)2PbCl4 (BA)2PbI4 (BA)2MAPb2I7 (BA)2(MA)2Pb3I10 

Band gap  2.26eV 2.90eV 3.27eV 2.30eV 2.06eV 1.73eV 

FWHM  13.06nm 10.84nm 11.92nm 15.98nm 21.96nm 43.34nm 

Life-

time 

τ1 2.25ns 6.89ns 2.91ns 6.28ns 29.98ns 8.82ns 

τ2 2.25ns 2.82ns 0.27ns 1.64ns 4.06ns 54.63ns 

 

 

Figure 5-7 Steady-state photoluminescence spectra of the PEA series single 

crystals (a) and BA series single crystals (b). 

 

Next, the steady-state PL and time-resolved PL were recorded for all these 

single crystals. As shown in Figure 5-7 (a), (b), all these samples show excellent 

photoluminescence properties with extinct peaks. For the PEA series, (PEA)2PbI4 

shows an emission peak centred at 526 nm with the full width at half maxima 



135 

 

(FWHM) of 13.06 nm (Table 5-6). And the (PEA)2PbBr4 and (PEA)2PbCl4 have 

the emission peaks at 410 nm and 345 nm, respectively. The latter two samples have 

a narrower FWHM of 10.84 nm and 11.92 nm, respectively. On the other hand, the 

BA series of (BA)2PbI4, (BA)2MAPb2I7 and (BA)2(MA)2Pb3I10 show the peaks at 

522 nm, 578 nm and 720 nm, respectively. As the structure become more complex 

with higher content of MA, the FWHM of (BA)2PbI4, (BA)2MAPb2I7 and 

(BA)2(MA)2Pb3I10 become larger, a tendency that which are 15.98 nm, 21.96 nm 

and 43.34 nm, respectively (Table 5-6). This phenomenon well matched with 

previous study on the single crystal structures that the pure two-dimensional 

crystals with high quality, and simple structure have a small FWHM while the 

complex structures display a larger FWHM.33 Subsequently, the samples for the 

electroluminescence device applications were selected based on their steady-state 

PL spectra.     

 

 

Figure 5-8 Time-resolved photoluminescence spectra of the PEA series single 

crystals (a) and BA series single crystals (b). 

 

At the same time, their time-resolved photoluminescence was recorded to 
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figure out their lifetimes which can directly reflect the crystals quality. As shown in 

Figure 5-8 and Table 5-6, these crystals of the PEA series varied with different 

halide elements show the lifetimes at the same level with small fluctuation due to 

their similar structures. It is well-known that the lifetime of the bulk crystal is 

related to the particle trap density and defects quantity, which would cause charge 

recombination.55 The (PEA)2PbBr4 shows a slight longer lifetime parameters either 

in τ1 and τ2, which means that this sample contains less defects among the three 

samples. On the other hand, the perovskite single crystals of BA series show 

different lifetimes. The (BA)2PbI4, (BA)2MAPb2I7 and (BA)2(MA)2Pb3I10 show a 

substantially increased lifetime along with the increased MA content. Obviously, 

except for the crystal quality and defect, the addition of MA plays an important role 

in influencing lifetimes via changing their crystal structures. Based on these 

parameters, tiny differences of lifetime especially in the PEA series cannot be used 

to compare the crystal quality. It should be noted that the lifetime of these crystals 

has not been reported in literature.  
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Figure 5-9 Comparison of crystals with or without UV light irradiations. 

 

Subsequently, the selection of proper crystals for the device applications was 

investigated. First, the hand-held UV light was applied to irradiate the crystals under 

254 nm and 365 nm. As shown in Figure 5-9, the single crystals of (PEA)2PbBr4 

and (PEA)2PbI4 show strong emission appearance under both irradiation 

wavelengths. However, (PEA)2PbCl4 exhibits emission peak within the UV region 

and its small size limits the further device applications. On the other hand, the 

crystals from BA series especially the (BA)2MAPb2I7 and (BA)2PbI4 show great 

potentials for the photodetector application due to their much higher PL intensities 

compared with the PEA series. The structure of (BA)2MAPb2I7 is still unclear and 

its PL peaks indicates its impurity and therefore not suitable for further LED test. 
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Figure 5-10 SEM images of single crystals (PEA)2PbBr4 and (PEA)2PbI4 at surface 

and cross section.  

 

 
Figure 5-11 SEM images of single crystals (BA)2PbI4 and (BA)2MAPb2I7 at surface 

and cross section.  
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The SEM were imaged to study their physics structures of these selected single 

crystals. As shown in Figure 5-10 and Figure 5-11, all these selected single crystals 

contain a smooth surface for their good crystal quality. Also, the cross-section 

images show clearly a layered structure. The layered structure can help to confirm 

the existence of two-dimensional crystals which match the fact that these crystals 

contain growth orientation preference. For this growth preference, layer structure 

limits the electron motion within the layer and there will be huge resistance between 

layers. And the cross-section images indicate that the crystal mono layer thickness 

is in several hundred nm or even μm scale for the thicker one. The layered structure 

indicates that the growth of the single crystals possesses the orientation preference, 

in other words, extending along the plain surface rather than the vertical thickness 

direction.  

 

 

Figure 5-12 Schematic diagram of single crystals applications device structure in 

LED (a) and photodetector (b).  

 

Then the perovskite single crystals were applied for the fabrication of single 

crystal LEDs with the device structure shown in Figure 5-12 (a). The thick single 
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crystal was split by Scotch Tape or Stamp method. Then the thinned single crystal 

was attached on the MoO3 substrate. Afterwards two layers were sputtered on the 

other side of single crystal. On the other hand, the device structure of photodetector 

is shown in Figure 5-12 (b). The single crystal thinning procedure is also required 

since there have giant block and resistance between the layers in the two-

dimensional structure which can influence the charge transportation dramatically. 

For the usage of single crystals in the device fabrication, their thickness is not clear 

in current progress. In general, they are in μm scale and further analysis will figure 

out the real thickness based on the devices.    

 

 

Figure 5-13 Perovskite single crystal LED device pictures with the connection of 

the test circuit. 

 

 
Figure 5-14 Perovskite single crystal LED device J-V curvature. 
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For the LED applications, (PEA)2PbBr4 and (PEA)2PbI4 were applied in the 

device with the structure shown in Figure 5-12 (a). Due to the split influence, the 

final size with proper thickness drops dramatically which can be seen in Figure 5-

13. Later, the device was set for the luminescence test by applying voltage on two 

side of the whole device. As shown in Figure 5-14, the device was proved to be 

conducted in which the name “Green” represents (PEA)2PbI4 and name “Blue” 

represents (PEA)2PbBr4. These curves can help to confirm that the whole device 

structure connections can be applied into LED devices. However, the LED emission 

is too weak to be observed by naked eyes. In the future, the electroluminescence 

characterizations are required, and the further optimizations will be carried out to 

improve the emission intensity.  

 

 

Figure 5-15 AFM image of perovskite single crystal (BA)2MAPb2I7. 

 

Then it comes to the photodetector section. Firstly, the morphology of the 

single crystal (BA)2MAPb2I7 was analysed by AFM images. As shown in Figure 

5-15, a layered stage structure and quite smooth surface with an average roughness 
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of 2.93 nm were observed. Also, the 3D AFM image confirms this structure which 

can be seen on the right of Figure 5-15. The 3D image shows the layered structure 

of the single crystal which provides possibility of splitting and further trearment. 

 

Figure 5-16 Split dependent PL spectra for the single crystal (BA)2PbI4 and 

(BA)2MAPb2I7. 

 

Due to the structure of single crystal (BA)2MAPb2I7 is different from other 

three selected crystals with the modification of the MA ligand, the splitting 

dependent PL test was carried out to confirm whether its optical property changes 

along with the different thickness of the crystal. As shown in Figure 5-16, the PL 

property is tested at the same position for those different thickness crystals after the 

manual splitting. Obviously, there is no peak shift after the splitting, but the PL 

intensity changes along the splitting. This phenomenon comes from the surface 

erosion and other impurity conjugated at the surface. Also, there is no extra peaks 

appear as the thickness decreases. The result further confirmed the good quality of 

the single crystals and high uniformity inside and out. The fluctuation change of 

around 50% may be caused by the position change before and after the splitting. At 
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the very beginning the outside crystal may be influenced by the ambient condition 

so the peaks intensity will increase as the not so good layers are split out. Then as 

further splitting, the thickness of single crystal decrease and then PL intensity will 

drop. Definitely, the split treatment does not influence the crystal original 

optoelectronic performance.   

 

 
Figure 5-17 Periodic current responses of single crystal (BA)2PbI4 to the light 

irradiation and one detailed on/off circle. 

 

 
Figure 5-18 Periodic current responses of single crystal (BA)2MAPb2I7 to the light 

irradiation and one detailed on/off circle. 

 

Finally, the detection ability of the fabricated photodetectors was confirmed 

by their light response experiments. Two kinds of devices were set under the 405nm 
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light sources and a shutter was applied to control the light on and off. The whole 

device was applied a 1 V bias voltage. As shown in Figure 5-17 and Figure 5-18, 

the current response generated a sharp increase upon the light irradiation with the 

help of the bias voltage. The images indicate that the response peaks are not very 

stable which is mainly influenced by the thickness of the single crystal with huge 

resistance between the layers. The improvement of the thinning method is still 

necessary for further device optimization. Generally, the rise and fall times 

represent the time for the devices to increase the current from 10% to 90% or 

decrease the current from 90% to 10% based on the light on or off, respectively. 

The (BA)2PbI4 response times of 270 ms for rise and 334 ms for fall that are clearly 

shorter than the (BA)2MAPb2I7 with 580 ms for rise and 670 ms for fall. The 

(BA)2PbI4 photodetector shows faster response which represents better charge 

transportation and less defects amount.56 The response times for (BA)2PbI4 and 

(BA)2MAPb2I7 based photodetectors were for the first time reported to date in this 

work. Compared with other similar single crystal photodetectors the response speed 

is in an average position which indicates promising potential for further 

improvement to achieve better performance.57 There is no doubt that the further 

improvement of the thinning method is necessary to improve the performance of 

these photodetectors.      
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5.7 Conclusion 

To sum up, we have synthesized two series of single crystals successfully 

through a modified single crystal growth method. It was found that the synthesized 

PEA series and BA series single crystals all show good optoelectronic properties 

and less defects which represent high crystal quality. Subsequently, these single 

crystals were selected to fabricate different types of devices such as LED and 

photodetector based on their optoelectronic properties. The LED applications based 

on PEA series and photodetector based on BA series were for the first time reported 

to the best of our knowledge. Till now the LED devices have been confirmed to be 

conducted based on the whole structure and the photodetectors have shown good 

photo response ability. Though the single crystal thinning technique is the main 

obstacle to obtain a better device performance, these perovskite single crystals are 

very promising for various organic electronic device applications.   
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Chapter 6 Conclusion Remarks and Future Work 

 

6.1 Conclusion remarks 

In this thesis, the research mainly focused on the perovskite materials as well 

as their electronic applications. First, an addition of a proper amount of perovskite 

OA2PbI4 to the MAPbI3 has been proved to be effective to enhance the performance 

in photocatalytic HI splitting with hydrogen generation. Second, two strategies have 

been developed on engineering the electron extraction layer for the performance 

enhancement of perovskite solar cells. Lastly, the single crystal growth method has 

been applied and modified to synthesize perovskite single crystals for LED and 

photodetector applications. And some of them show great potential for the future 

commercial development. 

In Chapter 2, the mixed-dimensional perovskite nanoparticles were 

synthesised and applied in photocatalytic HI splitting with hydrogen generation. It 

was demonstrated that the MDP had higher charge transfer ability than the 

traditional 3D perovskite and better photocatalytic performance than the 2D 

perovskite. A detailed characterization indicated that the MDP could combine the 

properties of efficient electron-hole separation and charge transfer from 2D 

perovskite and broad UV-visible absorption capability from 3D perovskite. The 

MDP perovskite with a formula of OA0.15MA0.85PbI3 shows the best performance 

together with long-time stability in the photocatalytic hydrogen generation. In detail, 
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the prepared MDP of OA0.15MA0.85PbI3 was studied in visible light driven 

photocatalytic H2 evolution in aqueous HI solution, resulting in a H2 evolution rate 

of 960.2 μmol g−1 h−1. Also, MDP remains high photocatalytic activity within 24 h 

and shows higher stability than the traditional 3D perovskite material MAPbI3. 

In Chapter 3 and chapter 4, we mainly focused on improving the performance 

of perovskite solar cells which has been considered as one of the most promising 

photovoltaic technology. Currently, most solar cell devices are based on TiO2 ETLs 

which was prepared at high temperature. In this research, a new strategy for the 

fabrication of the ETL has been developed at low temperature. The Sn doping could 

improve the charge transportation ability and reduce the defects. The perovskite 

solar cell (PSCs) based on the 1.5 at. % Sn-doping TiO2 shows the highest PCE of 

17.7% which was enhanced by 35.11% compared with PCSs based on the pristine 

TiO2. The improvement was resulted from the reduced energy distance between 

Fermi level and conduction band minimum which could improve the electron 

mobility and the performance of the devices. This work provided a simple method 

to develop low-temperature solution-processed PSCs with flexible plastic 

substrates. 

In Chapter 4, another simple doping strategy has been developed for low 

temperature processing ETL. The KCl modification has been demonstrated 

effective to enhance the performance of perovskite solar cells. The preparation is 

quite simple by adding specific amount of KCl salt into the ETL sources without 

any other extra steps. This inorganic salt could help to reduce the defects and 
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enhance the charge transportations to further improve the open circuit voltage by 

regulate the corresponding energy structures. Consequently, the KCl modified 

device achieved a higher PCE of 19.38% than 17.68% of the control sample. A more 

detailed characterizations indicate that the KCl doping can effectively reduce the 

non-radiative recombination, leading to an enhanced device performance. In 

addition, the addition of KCl modified the energy structure for a more favourable 

charge transportation. As mentioned before, this simple method requires no more 

other treatment for the ETL preparation and would be applied in the roll-to-roll 

device fabrication or flexible device application.  

In the chapter 5, a modified single crystal growth strategy was applied for the 

synthesis of perovskite single crystals. Two groups of single crystals (PEA series 

and BA series) were synthesised successfully. And their morphology, optoelectronic 

properties were characterized, and some were selected for the device fabrication. 

(PEA)2PbCl4 and (PEA)2PbBr4 were applied for the LED application and the J-V 

test confirmed the totally connection of the six-layer structure LED device. On the 

other hand, (BA)2MAPb2I7 and (BA)2PbI4 were applied in the photodetector. Under 

the irradiation at 405nm, the response time of (BA)2PbI4 based device is 270 ms for 

rise and 334 ms for fall which are shorter than the (BA)2MAPb2I7 based device with 

580 ms for rise and 670 ms for fall. Obviously, the (BA)2PbI4 based device shows 

better detection capability. All these primary results indicate the perovskite single 

crystals have excellent properties and great potentials for the various optoelectronic 

devices. 
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6.2 Future work 

As for the photocatalytic hydrogen generation in aqueous HI solution, we will 

collaborate with some industrial companies where a HI treatment is required and 

apply our new photocatalyst for real pollution treatment.  

 On the other hand, the perovskite solar cell has been demonstrated very 

successful with a mature structure. It is not wise for us to change the PSC’s structure, 

but the optimization of the functional layers is a good choice to optimize its 

performances. Till now, we have developed two types of modification methods with 

inorganic addition for an enhanced PSC performance. Next, we will investigate 

another treatment method with an extra layer between the function layer and 

perovskite layer. This method is so called passivation which can help to modify the 

interface for better PSC performance. Specifically, we will try some long chain 

perovskite materials with internal fusion function which can decrease the interface 

traps and defects for better charge transporting ability and further better PSC 

performance. 

We have acuminated some experiences in growing in perovskite single crystal. 

It was found the fragile perovskite single crystal limit their practical applications in 

electronics. Also, the scale-up production of perovskite single crystal is necessary 

to low their cost and potential industrial applications. Based on the current study, 

the splitting method is not ideal for the further application. Next step I will do more 

literature review about the layered materials’ splitting methods. Afterwards device 

fabrication method is another issue for the whole single crystals’ applications. More 
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specific, such as the electrode location and deposition. Finally, the related 

characterizations will be carried. All mentioned is the first part for the perovskite 

single crystals. Based on the current research, I am very good at the single crystals’ 

synthesis method. So, next step I will try other type of perovskite single crystals. 

With the different type of single crystals and their different optoelectronic 

performance. More applications will be tried for further research. I am more 

interested in this part and after the PhD period I will focus on this pert more for 

deeper and better research.   
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