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ABSTRACT 

Organic-inorganic perovskite thin films have drawn significant attention in last several 

years because of the tremendous progress in the development of high efficiency solar 

cells. This impressive progress can be ascribed to the ideal physical properties of these 

cost-effective perovskite materials such as bandgap tunable, high absorption 

coefficients, and long carrier diffusion lengths. High quality perovskite films are the 

key important factor in achieving the high performance of solar cells. The growth 

techniques of perovskite film have strong impact on the quality of perovskite materials 

and now common growth processes for the perovskite materials can be roughly 

classified into solution technique, thermal evaporation (TE) deposition, and solution-

vapor hybrid deposition. 

This thesis covers an overview of recent development of perovskite solar cells (PSCs), 

fundamental knowledge of the solar cells, characterization techniques as well as 

different strategies for achieving high performance and novel PSCs. In this thesis, a 

series of optimized and controllable fabrication techniques for yielding high 

performance devices were systematically investigated. Firstly, a modified TE method 

was introduced to prepare high quality CH3NH3PbI3 (MAPI) layers. A uniform and 

pinhole-free perovskite films can be achieved by using this TE technique. We 

successfully demonstrate a MAPI-based planar PSCs with power conversion 

efficiencies (PCEs) as high as 12.5% through the optimization of the thickness of each 

precursor layer and the number of precursor pairs. To achieve further improvement of 
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device performance, a series of optimized controllable fabrication processes were 

established for yielding devices with PCEs as high as 15.8%. We conducted systematic 

investigations of the underlying mechanism of the improvements in the PCEs due to 

post-deposition oxygen annealing in solution-processed planar MAPI-based PSCs. 

Further investigation is conducted by introducing O2 during the perovskite formation 

stage to enhance the incorporation of oxygen in the perovskite material. Then, we 

designed a highly versatile hybrid chemical vapor deposition (HCVD) process for the 

growth of high quality MAPI layers which were crystallized in a well-controlled 

ambient consisting of N2/O2 mixture resulting in high crystallinity, large grain size, 

good uniformity and low defect density films. We found that a N2/O2 mixture carrier 

gas is effective in passivating traps in the perovskite films. With optimized controllable 

HCVD perovskite growth process, a champion device with power conversion 

efficiency of 17.6% is achieved. 

A proven method to break the S-Q limit of the efficiency of a single junction solar cell 

is to adopt a tandem solar cell structure which is composed of a low bandgap material 

and a high bandgap material. Mechanically stacked four-terminal tandem devices offer 

larger flexibility for different combinations of the top and bottom cells as the two cells 

are mechanically stacked upon each other with independent connections. Here, 

combining Si solar cells with optimized perovskite solar cells is an effective strategy to 

overcome the efficiency bottleneck. To obtain high PCE of four-terminal perovskite/c-

Si tandem solar cells, efficient engineering of the optical and electrical properties of the 

tandem devices are critical. Based on previous optimized fabrication technique of 
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perovskite solar cells, another two effective optical engineering techniques were 

developed to boost the high performance of four-terminal perovskite/c-Si tandem solar 

cells: 1. Optical engineering of the transparent electrode (MoO3/Au/MoO3) to obtain 

high transmission at long wavelength for the tandem solar cell applications. 2. 

Enhancement of light harvesting power achieved by adopting the novel biomimicking 

elastomeric petals as the light trapping layer. An average PCE of 23.5 % was achieved 

for perovskite/c-Si four-terminal tandem device with optimized optical features. 

In addition, we successfully demonstrate a novel tandem structure of co-anode (ca) and 

co-cathode (cc) photovoltachromic cells (PVCCs) by vertically integrating a semi-

transparent perovskite solar cell and electrochromic supercapacitor. The PVCCs exhibit 

a seamless integration of energy harvesting-storage device, automatic and wide color 

tunability and enhanced photo-stability of PSCs. As the colored PVCC blocks off most 

of the illuminated light, it automatically switches off the photo-charging. The 

perovskite solar cell then operates under a low-power operating state, which prevents 

the perovskite solar cell from long-time sunlight-exposure and prolongs its working 

lifetime. These works provide unprecedented advantages over conventional smart 

window design. 
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CHAPTER 1  INTRODUCTION AND 

BACKGROUND 

Energy is the driving force of social operation and the key factor in the development of 

human civilization. The early development of society mainly depended on advances in 

energy type, from heating and cooking with fire to iron-making by using coke, from the 

steam engine to the internal combustion engine. This process has led to exponential 

enhancement in humanity’s ability to transform the world, and as a result, human 

society has been greatly advanced. Today, nuclear energy and renewable energy have 

reached a high level. Currently, the importance of information and bioscience 

technology in the development of civilization is increasing. All of this technology is 

based on the support of energy, and there is a great demand for sustained energy growth. 

In the face of the energy crisis and the environmental hazards caused by historical 

development, the improvement and popularization of renewable energy have attracted 

extensive international attention, especially for the past 10 years, and the support in 

term of both talent and funding has substantially increased.  

The demand for renewable energy (such as solar energy, geothermal energy, wind 

energy, biomass energy, tidal energy) is continuously climbing. Among such energy 

sources, photovoltaics are an important part of renewable energy development and have 

experienced rapid industrial process development in the past 10 years. The popularity 

of photovoltaics is actively supported by both developed and developing countries. 
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1.1  Solar Energy 

1.1.1.  Sun Structure 

 

Figure 1.1. Schematic of the structure of the sun. Reprinted by permission from [1]. 

Figure 1.1 shows a schematic of the structure of the sun. The diameter of the sun is 109 

times that of the earth, and the mass of the sun accounts for approximately 99.86% of 

the entire solar system [2]. Due to the nuclear fusion of hydrogen processes, the sun 

produces an extremely large energy output, and the core of the sun consumes 620 

million tons of hydrogen per second. The temperature of the sun is high enough to 

radiate large amounts of energy into space, and the Earth is located at the right distance, 

to form suitable temperature and humidity. The internal structure of the sun is measured 

using the seismicity of the sun’s internal pressure waves (infrasound) because it cannot 

be directly observed, and there is electromagnetic shielding [3]. 
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1.1.2.  Solar Energy on the Earth 

 

Figure 1.2. Illustration of atmospheric sunshine loss analysis. Reprinted by permission from [4]. 

As show in Figure 1.2, as solar radiation from space to the ground, it is affected by 

multiple losses and uncertain weather, so the solar radiation has weakened substantially 

when it reaches the equatorial sea level. Solar radiation is first reflected from the surface 

of the atmosphere, and within the atmosphere, it undergoes atmospheric scattering and 

absorption (due to O3, water vapor and CO2, among others) and cloud reflection. 

 

Figure 1.3. Distribution of the solar radiation spectrum. Reprinted by permission from [1]. 
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Figure 1.3 shows the spectral energy distribution from the sunlight reaching the Earth’s 

atmosphere, and its spectral distribution at the Earth’s surface. It is suggested that the 

absorption of water vapor is quite strong, while the absorption of CO2 is not significant.  

 

Figure 1.4 Global distribution of solar energy. Reprinted by permission from [5]. 

As shown in Figure 1.4, solar energy is available worldwide, however, latitude and 

geomorphology are important factors affecting the solar radiation distribution. Low 

latitudes, deserts, plateaus and other areas have particularly abundant solar resources, 

but these differences exert a minor influence on the important strategic position of solar 

energy in the country. The sun offers virtually unlimited energy: Earth’s average solar 

power is 120,000TW, while the current average global power consumption is only 

approximately 15TW. Thus, solar radiation is a viable energy source to cover most, if 

not all, of the global energy demand. In addition, in recent years, the cost of electricity 

generated by photovoltaic has undergone a rapid decline and is now close to the overall 

electricity price. Due to the wide area of the oceans, Japan, Australia, Malta and other 

countries are always trying to install arrays of the solar panels over sea water. 
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Improving the operating life of photovoltaic systems at sea and reducing the impact of 

the waves on the system will play a significant role in promoting the development of 

floating photovoltaic systems at sea. 

1.2  Overview of Photovoltaic Cells 

Solar energy is the radiant energy that the Earth receives from the sun. It not only 

provides the majority of energy on Earth but also represents a large amount of 

renewable resources. In addition, solar energy is an environmentally friendly resource, 

which is clean, convenient and worthy of research and development. Generally, the 

capacity for electricity generation converted from the sunlight is 1000 times the current 

energy demand throughout the world [6]. Solar power generation is a renewable and 

environmental friendly way to generate electricity. The photovoltaic solar cell is a 

device that converts sunlight into electricity based on the photovoltaic effect. 

Essentially, the photons in the sunlight are being continuously converted into electric 

current through the photoelectric effect of semiconductor. 

1.2.1.  Background of Solar Cells 

The history of solar cells can be traced back to 1836, when Edmund Becquerel first 

discovered that subjecting silver chloride in an acidic solution to light illumination will 

cause a change in the current voltage curve (photovoltaic effect). This effect was also 

observed and confirmed in 1876 by W. G. Adams and R. E. Day in solidified selenium 

[7]. In 1883, Charles Fritts was able to use a selenium thin film to overlay a very thin 
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gold layer to form a semiconductor metal junction. He thereby fabricated the first solar 

cell, which had only 1% efficiency [8]. The next significant development came fifty 

years later with the work of Grondahl: the study and development of copper-cuprous 

oxide photovoltaic cells have attracted a great number of researchers in this area [9]. In 

the 1950s, Russel S. Ohl developed a “p-n” junction diode by doping the two sides of 

a piece of silicon with electron donor or hole acceptor material and observed an electric 

voltage throughout the whole “p-n” junction. With gradually increasing understanding 

of the physical properties of semiconductors and advances in processing technology, 

Pearson, Fuller and Chapin from Bell Laboratory first reported the successful 

fabrication of a modern silicon cell by doping silicon with impurities and achieved an 

efficiency of 6%, which was approximately 15 times higher than that of earlier devices 

in 1954 [10]. This stimulated the real prospects for power conversion using 

photovoltaics. Many other materials (such as, gallium arsenide and cadmium telluride) 

were selected to develop higher-efficiency solar cells and increase the efficiency limits. 

Satellites launched by the United States made use of solar cells as the energy source in 

the 1960s. However, the oil crisis in 1973 made the world aware of the importance of 

energy development, and people began to develop solar cell applications for general 

use. 

1.2.2.  Basic Principles of Solar Cells  

A semiconductor device that converts sunlight into usable electrical energy, is named 

solar cell. A solar cell is a p-n junction diode with a photovoltaic effect, consisted of n-
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type and p-type semiconductor materials. A voltage and a current can be produced to 

generate electric energy when sunlight shines on the solar cell. This basic process 

requires four steps: 1. the generation of carriers upon the absorption of sunlight by the 

photovoltaic materials, 2. the movement and collection of carriers through the external 

circuit to produce a current, 3. the generation of a voltage within the solar cell, and 4. 

the consumption of the power.   

1.2.2.1.  P-n junction 

P-n junctions consist of n-type and p-type semiconductor materials, as shown in Figure 

1.5. The n-type side and the p-type side has a high electron concentration and a high 

hole concentration, respectively. Electrons diffuse from the n-type material to the p-

type material, and holes diffuse from the p-type material to the n-type material. On the 

n-type material side, positive ions are accumulated near the surface, while negative ions 

are accumulated near the surface of the p-type material side. In addition, an electric 

field can then be formed between the positive ions in the n-type side and the negative 

ions in the p-type side. The electric field sweeps the carriers out very rapidly so that 

this region is depleted of electrons and holes, and is called the “depletion region”. In 

addition, this depletion region gives rise to a “built in” potential Vbi at the junction. A 

bandgap diagram of p-n junction under different bias conditions is shown in Figure 1.6.  
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Figure 1.5. Schematic image of p-n junction. 

Equilibrium condition at zero bias. A p-n junction with no externally applied bias 

represents an equilibrium among the carrier generation, recombination, diffusion and 

drift at the junction. The diffusion current and drift current are zero for carriers because 

the diffusion current is equal and opposite to the drift current for both electrons and 

holes 

Forward bias. When an external forward bias is applied to the p-n junction diode, the 

electric field at the junction is reduced because forward bias in the opposite direction is 

applied across the device. The equilibrium existing at the junction is disturbed by 

reducing the electric field so that the barrier for the diffusion of carriers is decreased 

from one side of the junction to the other, and the diffusion current is increased.  

Reverse bias. When a reverse bias is applied across the device, resulting in an increased 

electric field at the junction, the probability of carrier diffusion is decreased from one 

side of the junction to the other side due to the increased electric field in the depletion 

region, and hence the diffusion current decreased.  
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Figure 1.6. Schematic image of p-n junction band diagram at zero bias, forward bias and reverse bias. 

1.2.2.2.  Solar Cell Parameters 

The current and voltage in an ideal diode can be expressed as follows: 

𝐼 = 𝐼0[𝑒𝑥𝑝 (
𝑞𝑇

𝑘𝑇
) − 1]                           (1.1) 

where I0 is the dark saturation current, q is the absolute value of the electron charge, k 

is the Boltzmann constant, and T is the absolute temperature (K);  

𝑉0 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝑁𝐴𝑁𝐷

𝑛𝑖
2 )                            (1.2) 

where ni is the intrinsic carrier concentration. The solar cell is a typical p-n junction 

diode. Similarly, the solar cell formula can be given as follows: 

𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑇

𝑛𝑘𝑇
) − 1] − 𝐼𝑆𝐶                        (1.3) 

where ISC the short circuit current and 

𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝑆𝐶

𝐼0
+ 1)                          (1.4) 
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where VOC is the open circuit voltage. The IV curve for the solar cell is the superposition 

of the IV curve for the solar cell diode in the dark and the light-generated photocurrent 

[11]. Figure 1.7 shows the J-V curve with and without illumination. Without light 

shining on the device, the current density across the device is relatively small under an 

applied forward bias. In contrast, the device generates photocurrent under illumination 

due to the photovoltaic effect, resulting in the J-V curve shifting downward into the 

fourth quadrant. A maximum power point can be achieved at the point where the current 

density and the voltage are both maximum. There is a maximum current density value, 

termed the short circuit current density (JSC), when the voltage across the device is zero. 

The short circuit current density depends strongly on the collection probability, light 

absorption, the number of photons, and the spectrum of the incident light. The open-

circuit voltage (VOC) is the maximum voltage bias at which the current density is zero. 

JSC and VOC are the maximum current and voltage, respectively, from the solar cell. The 

fill factor (FF) can be determined based on the above parameters and expressed as 

follows: 

𝐹𝐹 =
𝐽𝑀𝑃 ∗ 𝑉𝑀𝑃

𝐽𝑆𝐶 ∗ 𝑉𝑂𝐶
                              (1.5) 

where 𝐽𝑀𝑃  and 𝑉𝑀𝑃  are the maximum current density and maximum voltage, 

respectively.  
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Figure 1.7. Schematic image of J-V curve with and without illumination. Reprinted by permission 

from[12]. 

The PCE is the most commonly used parameter to determine the performance of a solar 

cell device. It can be given by the ratio of the maximum electrical power (PM) to the 

incident power (Pin) [13]: 

𝑃𝐶𝐸 =
𝑃𝑀

𝑃𝑖𝑛
∗ 100% =

𝐽𝑆𝐶 ∗ 𝑉𝑂𝐶∗𝐹𝐹

𝑃𝑖𝑛
∗ 100%             (1.6) 

The measurement of the solar cell PCE is the most basic characterization technique for 

solar cells.  

 

 

Figure 1.8. Schematic image of a basic IV testing system. Reprinted by permission from [14]. 

Figure 1.8 shows the basic structure of the IV testing system. Cell efficiency testing 

should follow a standardized procedure so that devices fabricated by different 
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laboratories and companies with different techniques can be compared. The standards 

for solar cell testing are as follows: 

(1) Air mass 1.5 spectrum 

(2) One sun illumination (100 mW/cm2) 

(3) Operation temperature of 25 ℃ (cell temperature) 

(4) Four-point probe contact. 

 

Quantum Efficiency (QE) 

The QE is given by the ratio of the total number of electrons and holes collected by the 

solar cell device to the total number of incident photons. A QE curve of an ideal solar 

cell device is illustrated in Figure 1.9. 

 

Figure 1.9. Illustration of quantum efficiency curve as a function of wavelength. Reprinted by permission 

from [15]. 

A square-shaped curve represents the ideal quantum efficiency, and the QE is decreased 

for most solar cells due to surface recombination, reflection, diffusion length and carrier 

collection ability. The quantum efficiency is zero where the photon energy falls below 

the band-gap. 
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Absorbance and Absorption Coefficient 

When a semiconductor material (thickness d) is illuminated by an incident light of 

wavelength (λ) and intensity I(λ), it will be reflected (R) by the top surface, absorbed 

(A) within the semiconductor material, or transmitted (T) through the semiconductor 

material. The absorbance [Aabs(λ)] and absorption coefficient [α(λ)] can be defined as 

follows: 

𝐴𝑎𝑏𝑠 (𝜆) = − 𝑙𝑜𝑔10 [
𝑇(𝜆)

𝐼(𝜆)−𝑅(𝜆)
]                       (1.7) 

𝛼(𝜆) =
𝐴𝑎𝑏𝑠(𝜆)

𝑑
                              (1.8) 

Different semiconductor materials have different absorption coefficients, which 

determine how far incident light of a certain wavelength penetrates a material before 

being absorbed. The absorption coefficients for several semiconductor materials are 

depicted in Figure 1.10. A direct band-gap of semiconductor materials corresponds to 

a sharp absorption onset, while a gradual absorption onset corresponds to an indirect 

bandgap. The absorption coefficient is also related to the extinction coefficient (k) and, 

can be given as follows: 

𝛼(𝜆) =
4𝜋𝑘(𝜆)

𝜆
                            (1.9) 

where k is the extinction coefficient, and λ is the wavelength. 

The amount of light absorbed by a material depends on the absorption coefficient and 

the thickness of the semiconductor material if reflection is neglected. Thus, it can be 

expressed in the form of the Beer-Lambert law: 

𝐼 = 𝐼0𝑒−𝛼𝑑                            (1.10) 
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where 𝐼, and 𝐼0 are the light intensity after and before the absorption, respectively. In 

addition, d is the thickness of the material [13].  

 

Figure 1.10. Absorption coefficient curves of different semiconductor materials. Reprinted by permission 

from [16]. 

Recombination, Lifetime and Diffusion Length 

In a solar cell device, there are generally three typical types of recombination: radiative, 

recombination, Auger recombination, and Shockley-Read-Hall (SRH) recombination 

[17-19]. Recombination is a process by which the excited electrons stabilize by 

returning to a lower energy state. In radiative recombination, electrons from the 

conduction band (Ec) directly combine with holes in the valence band (Ev) and release 

photons. SRH recombination occurs in materials with defects, where electrons (or holes) 

are trapped by the defects in the crystal lattice. Auger recombination is when excess 

energy generated by electrons recombining with holes is transferred to a third carrier 

instead of being emitted as heat or photons, and then the third carrier thermalizes back 

to the edge of the band.  

The carrier lifetime (𝜏) can be regarded as an indicator of the performance of the solar 

cell device, and different semiconductor materials have different lifetimes. The carrier 
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lifetime is the average time for which electron remain in the excited state before 

recombination occurs, which can be expressed by the following formula: 

𝜏 =
𝛥𝑛

𝑅
,                             (1.11) 

where 𝛥𝑛 is the excess carrier concentration, and R is the recombination rate. Thus, 

the diffusion length, the average distance by which excess carriers can diffuse during 

their carrier lifetime, can be given by the following expression: 

𝐿 = √𝐷𝜏,                            (1.12) 

where L is the diffusion length in meters and D is the diffusivity in m2/s.  

1.2.2.3.  Shockley-Queisser (SQ) Limit 

The SQ limit is the theoretical maximum efficiency of a single junction solar cell. 

William Shockley and Hans-Joachim Queisser first reported the theoretical 

thermodynamic upper limit of the efficiency of a single-junction solar cell in 1961 [20, 

21]. There are several commonly accepted assumptions for the SQ limit model: 

(1) An incident photon generates an electron-hole pair. 

(2) Photons energy < band gap: do not generate charge carriers;  

photons energy > band gap: completely absorbed. 

(3) The incident photons are unconcentrated 

(4) Radiative recombination is the only recombination loss. 

The detailed SQ balance model describes the maximum efficiency of a single-junction 

solar cell as a function of the bandgap of the light absorbing materials, as shown in 

Figure 1.11. Different bandgap materials with their corresponding record efficiencies 
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are plotted inside the figure. This analysis suggested that these semiconductor materials 

still have room for further improvement with existing technology in the coming years. 

 

Figure 1.11. The SQ limit as a function of the bandgap (black line), 75% and 50% of the limit (gray line), 

and the record efficiency for the bandgaps of different semiconductor materials are plotted. Reprinted by 

permission from [22]. 

1.2.3.  Photovoltaic Materials for Solar Cells 

A wide variety of materials can be adopted to fabricate solar cells, such as single-crystal 

silicon (c-Si); polycrystalline silicon (poly-Si); amorphous silicon (a-Si); gallium 

arsenide (GaAs); cadmium telluride (CdTe); Cu(In,Ga)(Se,S)2 (CIGS); Cu(Zn, Sn)(Se, 

S)2 (CZTS); dye-sensitized, organic and polymer materials; quantum dot materials; and 

perovskite materials. The design of solar cell devices can mainly focus on a variety of 

fabrication procedures and methods, testing the light reaction and light absorption, 

broadening the bandgap combination, and realizing the full absorption of both short and 

long wavelengths, to reduce the material costs. Figure 1.12 illustrates the gradual 

development of solar cells fabricated from different materials and their best efficiencies.  
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Figure 1.12. Evolution of the best cell efficiency for different materials. Reprinted by permission from 

[23]. 

The development time of solar cells can be roughly classified into four generations: 

the first generation (silicon-based substrate); the second generation (thin film); the third 

generation (new concept and nanotechnology); and the fourth generation (hybrid and 

composite thin films). 

1. First-generation solar cells have undergone the longest development and the 

technology is the most mature. These solar cells can be categorized into 

monocrystalline silicon, polycrystalline silicon, and amorphous silicon. For 

practical application, the needs of different materials should meet the requirements 

for different structural designs (such as the absorption of different light 

wavelengths, cost, and area). 

2. Second-generation thin film solar cells are fabricated from thin films of 

semiconductor compounds, including binary compounds (CdTe, GaAs), ternary 

compounds and four-element compounds (CIS, CIGS, CZTS). 
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3. The difference between third-generation solar cells and previous-generation solar 

cells is the introduction of nanotechnology and organic polymers during the 

fabrication process, such as in dye-sensitized solar cells, organic solar cells, 

quantum dot solar cells, and perovskite solar cells.  

4. Fourth-generation solar cells are high-efficiency tandem solar cells with different 

bandgap materials, which can improve light absorption over a wide wavelength 

range. 

A detailed comparison on the performances, structure, fabrication process of different 

solar cell technologies was summarized in Table 1.1. 

Table 1.1. A detailed comparison on the performances, structure, fabrication process of different solar 

cell technologies [22-28]. 
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1.2.3.1.  c-Si, poly-Si, amorphous Si based Solar Cells 

Mono-crystalline silicon cannot directly absorb photons due to its indirect energy gap. 

However, silicon is an abundant source material, easy to obtain and cost effective. 

Today, the global photovoltaic market is still dominated by silicon-based products with 

a total market share >90%. These silicon-based devices can be divided into three 

categories: monocrystalline silicon, polycrystalline silicon and amorphous silicon. 

Commercialized c-Si, poly-Si and a-Si products are presented in Figure 1.13  

 

Figure 1.13. Image of the commercial silicon-based products. 

As shown in Figure 1.14, the orientation of Si atoms is the same and is free of any grain 

boundaries for monocrystalline silicon with a record efficiency of 26.6%. 

Polycrystalline silicon, with a best efficiency of 22.3%, consists of many smaller 

crystals and grains of varied crystallographic orientation, and there is no long-range 

periodic order inside the amorphous silicon with a best efficiency of 14%, which is 

generally used in tandem cell systems. Si PV systems installed outdoors have shown 

high reliability and negligible efficiency degradation over a period longer than 25 years. 
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Figure 1.14. Schematic image of crystal orientation structure for c-Si, poly-Si and a-Si. 

1.2.3.2.  GaAs, CIGS, CdTe 

A schematic image of each layer and its contact geometry (GaAs, CIGS, CdTe) is 

shown in Figure 1.15. 

GaAs (best efficiency 28.8%) 

Gallium arsenide is one of the most widely used III-V semiconductor compounds for 

photovoltaic application because of its high electron mobility, direct bandgap and 

reproducible growth mechanisms. The GaAs heterostructured thin film is epitaxially 

grown using an energy-intensive chemical vapor deposition method. GaAs solar cells 

can produce efficiency levels in the range between 25%-30%. The cost of GaAs solar 

cells is relatively high, resulting in a small area for application of GaAs solar cells, such 

as space technology.  

CIGS (best efficiency 21.7%) 

The PCE of the thin-film CIGS solar cell has steadily improved over the past 20 years, 

with a record value of 21.7%, which is the record value to date for a thin-film 

photovoltaic material. CIGS is a tetrahedrally bonded semiconductor with a 

chalcopyrite crystal structure, and its bandgap can be tuned between 1.04 eV and 2.4 
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eV by adjusting the Se/S and In/Ga ratios. CIGS thin film can be fabricated using a 

sputtering or evaporation process for deposition of the constituent elements. 

CdTe (best efficiency 21.5%) 

Cadmium telluride is a stable crystalline binary semiconductor with a cubic zincblende 

crystal structure, a steep absorption coefficient and a near ideal bandgap of 1.43eV. It 

is usually fabricated in combination with cadmium sulfide (CdS) to produce a 

sandwiched p-n junction solar cell, which can be deposited by a TE method at relatively 

low temperature. CdTe solar cells are typically grown on a transparent electrode with 

CdS thin films deposited by a chemical bath method and CdTe thin films deposited by 

TE method. The highest certified efficiency of CdTe is 21.5%.  

 

Figure 1.15. Schematic image of each layer and contact geometry for GaAs, CIGS, CdTe solar cells. 

Reprinted by permission from [22]. 

1.2.3.3.  Dye-sensitized solar cell (DSSC), organic solar cell (OSC), 

perovskite solar cell (PSC) 

DSSC (best efficiency 11.9%) 

Dye-sensitized solar cells are a special class of thin-film devices due to the 

electrochemical power generation process involved. DSSCs are low-cost solar cells 

based on semiconductor generated from an electrolyte, a photosensitized anode and a 
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photo electrochemical system. The DSSC, also called the Gratzel, was originally co-

invented by Brian O’Regan and Michael Gratzel in 1988 and first reported with high 

efficiency in 1991 [24, 25]. This type of solar cell consists three primary parts: a 

transparent fluoride-doped tin oxide (FTO)-coated glass anode with a highly porous 

nanostructured TiO2 electrode, a photosensitive molecular dye mixture (typically a 

ruthenium organometallic complex dye) and a separate glass plate with counter 

electrode (usually platinum or graphite). A schematic image of the DSSC configuration 

and its operation mechanism is shown in Figure 1.16.  

 

Figure 1.16. Schematic image of DSSC configuration and operation principle. Reprinted by 

permission from [26]. 

 

OSCs (best efficiency 11.5%) 

Organic polymeric photovoltaic technology has emerged as a promising option for 

renewable energy due to its advantages of synthetic variability, low-temperature 

operation, lightweight nature, mechanical flexibility, color variability and low-cost 

fabrication. Organic solar cells can be classified into two varieties: solution process 

polymer-fullerene solar cells and small molecule solar cells. Polymer solar cells are 
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usually fabricated on indium-doped tin oxide (ITO)-coated glass, and the active 

polymeric materials (polymer donor- fullerene acceptor) are sandwiched between a 

hole transport layer and an electron transport layer and finally coated with a contact 

electrode. Figure 1.17 illustrates the device structure of polymer solar cells. 

 

Figure 1.17. Schematic image of the architecture of polymer solar cells. Reprinted by permission 

from [27]. 

PSCs (best efficiency 22.7%) 

Organic-inorganic perovskite thin films have drawn significant attention in last several 

years because of its tremendous progress in the development of high efficiency solar 

cells. A typical configuration of perovskite solar cells with a record efficiency of 22.7% 

is depicted in Figure 1.18. Intensive investigations of perovskite materials revealed 

superior physical properties for this class of materials particularly for applications in 

photovoltaics, such as their widely tunable band gaps, small effective masses for the 

carriers, high absorption coefficients, long carrier diffusion lengths and excellent 

ambipolar carrier transport properties [28-32]. However, critical issues with PSCs that 

remain to be solved are their stability under long-term device operation and the use of 

lead.  
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Figure 1.18. Schematic image of the configuration of the record-efficiency perovskite solar cell. 

Reprinted by permission from [22]. 

1.3  Development of Metal Halide Perovskite Solar 

Cells 

1.3.1.  Evolution of Perovskite Solar Cell 

For over a century, organic-inorganic halide perovskites have been synthesized and 

characterized as new materials. However, the physical and chemical properties of 

perovskites were not thoroughly investigated with sufficient research effort, because of 

lead toxicity and the lack of potential applications [33]. In 2009, Miyasaka and co-

workers were the first to report photovoltaic results for perovskites as a light absorber 

in a dye-sensitized solar cell [34]. Following this pioneering work, the first all solid-

state perovskite-based DSSC with a solid-state small molecule hole transport layer was 

demonstrated by Park and colleagues with a PCE of 9.7% [35]. An optical image of a 

real device, a schematic image and an SEM image of the cross-sectional device 

structure are presented in Figure 1.19. 
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Figure 1.19. (a) Optical image of a real device, (b) schematic image and (c) SEM picture of cross-

sectional device structure. Reprinted by permission from [35] 

Since the architecture of the PSCs evolved from that of the mesoscopic DSSCs, 

intensive research efforts employing perovskite absorbers have been initially focused 

on TiO2 mesoporous scaffolds yielding PCEs as high as 15% for MAPI based 

perovskite devices [36]. Later, a deeper understanding of PSC working mechanisms 

was unveiled by M. M. Lee et al. and J. M. Ball et al [37, 38]: high PCE can also be 

achieved if the mesoporous TiO2 is replaced with an insulating alumina (Al2O3) 

mesoscopic scaffold. Due to the higher conduction band of Al2O3 compared with the 

lowest unoccupied molecular orbital (LUMO) of the perovskite layer, it is not possible 

for electrons to be injected from the perovskite layer into the Al2O3 scaffold indicating 

that the photoexcited electrons are transported through the perovskite layer. This 

discovery raised the question of whether the TiO2 meso-structure is necessary to 

achieve high-efficiency perovskite solar cells. Recently, several research groups have 

demonstrated efficient perovskite solar cells in a planar structure without the 

mesoscopic scaffold [39-44]. This type of architecture allows a much simpler 

fabrication process, minimizing the chance of charge recombination at the interfaces 
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and can be compatible with multijunctions in hybrid tandem solar cells. Figure 1.20 

depicts the architectural evolution of typical PSC devices from a mesoscopic to a planar 

embodiment. From that time to about the end of 2016, different research groups 

reported 15.9%, 16.7%, 19.3%, and 20.1% power conversion efficiency [45-48]. Thus 

far, a certificated PCE as high as 22.1% has been achieved, which has reached an 

encouraging performance stage that is comparable to that of the state-of-the-art CIGS 

solar cells and promise to approach that of the c-Si wafer-based solar cells. 

 

 

Figure 1.20. Evolution from a mesoscopic to a planar structure. (a) All-solid solar cell with 

perovskite dye, (b) n-i-p mesoscopic structure, (c) perovskite solar cell with electron selective layer 

free and (d) n-i-p planar structure. Reprinted by permission from [22]. 

1.3.2.  Structure of Perovskites 

In 1839, the mineral calcium titanate (CaTiO3) was first discovered by Gustav Rose in 

Urla Mountain, Russia and named perovskite to honor the Russian mineralogist L.A. 

Perovski [49]. A material resembling the crystal structure of CaTiO3, can be termed as 

perovskite structure. The perovskite structure, as shown in Figure 1.21, can be defined 

as ABX3, where A (green) is a large organic or inorganic cation (e.g., methylammonium 

[MA+], formamidinium [FA+], Cesium [Cs+], rubidium [Rb+]), B (gray) is a metal 
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cation (e.g., Pb2+, Sn2+, Cu+) and X (purple) is an anion (e.g., I
－
, Br

－
, Cl

－
, SCN

－
). The 

optoelectronic properties of a metal halide perovskite are determined by the A cation 

and B-X bond [50]. Generally, ABX3 has a cubic crystal structure and α phase; however, 

different formation temperatures and different compositions of these A, B, and X 

components can give rise to different perovskite phases, which significantly influence 

the optoelectronic properties. One crucial parameter in maintaining the cubic structure 

of perovskites is the tolerance factor, t =(RA+RX)/√2 (RB+RX), where RA, RX, RB and 

RX are the radius of A+, B2+, and X
－
. For stable perovskite structures, the value of the 

tolerance factor is usually between 0.85 and 1.11. 

 
Figure 1.21. Crystal structure of metal halide perovskite. Reprinted by permission from [51]. 

1.4  Fabrication Techniques for Perovskite Solar 

Cells 

Various thin-film deposition techniques have been studied for the fabrication of high 

performance devices such as the solution technique, vapor-assisted solution techinique, 

spray deposition technique, doctor blading fabrication and TE techniques. Different 

device architectures, including liquid-electrolyte perovskite-sensitized structures, 

meso-superstructures, single heterojunctions and p-i-n or n-i-p planar structures, were 

also the focus of many investigations.  
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These perovskite films can be prepared by solution process and vacuum deposition 

growth techniques, each giving rise to good perovskite crystal and enhanced surface 

coverage and film quality. These fabrication techniques are based on similar recipes, 

where are composed by organic part (e.g., MA+, FA+) and inorganic part (e.g., PbI2, 

PbCl2, PbBr2, PbAc2, Cs+, Rb+). 

1.4.1.  Solution Deposition Process 

1.4.1.1.  One Step Solution Deposition Process 

For the one-step deposition approach [52], as shown in Figure 1.22, FAI and PbI2 in a 

certain ratio are dissolved in a mixed organic solvent, N, N-dimethylformamide (DMF) 

and dimethyl sulfoxide (DMSO). The precursor solution is spin-coated onto the as-

prepared FTO/TiO2-coated substrate, and then the perovskite film is formed through a 

thermal annealing process at approximately 100 ℃ for 60 min. 

 

Figure 1.22. Schematic image of one step solution method for perovskite films. Reprinted by 

permission from [52]. 

1.4.1.2.  Two-step solution deposition  

Burschka et al. first reported that a PCE of 15.3% was achieved using a sequential 

deposition method [36]. This two-step deposition method, as depicted in Figure 1.23, 
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offers an efficient way to achieve a more controlled crystal formation of perovskite. A 

concentrated PbI2 solution is first deposited onto the mesoporous TiO2 layer or directly 

onto the surface of the compact TiO2 (c-TiO2) film and moved onto the hotplate for 

annealing at 70 ℃. After 60 minutes, the PbI2 films are cooled down to room 

temperature and subsequently immersed in a precursor solution (MAI or FAI), or the 

precursor solution can be directly spin-coated on the top of the prepared PbI2 film. The 

films occur a dark brown color immediately and then transferred onto the hotplate for 

thermal annealing, ensuring a total perovskite conversion. 

 

Figure 1.23. Schematic image of two step solution method for perovskite films. Reprinted by 

permission from [53]. 

1.4.2.  Ultrasonic Spray Deposition 

Barrow et al. demonstrated that planar perovskite solar cells can be fabricated by using 

ultrasonic spray-coating under ambient conditions as shown in Figure 1.24. The 

perovskite films were deposited onto the c-TiO2 substrate under ambient conditions 

using a Prism ultrasonic spray-coating system supplied by Ultrasonic Systems, Inc. 

(USI) [54]. An ultrasonic frequency of 35 kHz and a N2-gas carrier pressure of 10 psi 

were fixed and the precursor were sprayed at a height of 45 mm and a lateral speed 

between 20 and 200 mm/s in this Prism ultrasonic spray-coating system. The c-TiO2 
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substrates were held at 75℃ during perovskite precursor spray-coating. After that, the 

substrates are transferred onto the hotplate for thermal annealing. 

 

Figure 1.24. Schematic image of spray deposition method for perovskite films. Reprinted by 

permission from [54]. 

1.4.3.  Vapor-assisted Solution Deposition 

Yang and co-workers demonstrated a vapor-assisted solution processing method 

through exposing an as-prepared PbI2 film to an MAI-vapor-rich environment with a 

certain temperature to fabricate perovskite film [39]. This perovskite deposition 

technique offers a better kinetic control of the MAI reaction with a smooth PbI2 film, 

resulting in a more thermodynamically stable compact perovskite film. Figure 1.25 

shows a typical VASP process for fabricating perovskite films. 

 

Figure 1.25. Schematic image of vapor-assisted solution method for perovskite films. Reprinted by 

permission from [39]. 
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1.4.4.  Hybrid Chemical Vapor Deposition 

Annie Ng and co-workers demonstrate that hybrid chemical vapor deposition growth 

can offer a high level of repeatability and versatility for fabricating perovskite films 

[55]. First, a PbI2-coated FTO glass substrate was loaded into a quartz tube, as shown 

in Figure 1.26, in which MAI powder was maintained at 180℃ to sublimate the material. 

A carrier gas (nitrogen or argon) was passed through the tube, and the sample was 

placed downstream of the vapor. After 120 minutes of growth, the HCVD setup was 

allowed to cool down to room temperature. Finally, mirror-like dark brown perovskite 

films were formed. 

 

Figure 1.26. Schematic image of hybrid chemical vapor deposition method for perovskite films. 

Reprinted by permission from [55]. 

1.4.5.  Thermal Evaporation Deposition 

M. Liu et al. showed that highly uniform perovskite film with good surface coverage 

can be achieved by using a dual-source co-evaporation of MAI and PbCl2 under a high 

vacuum [40]. In detail, MAI and PbCl2 powder were placed in two separate crucibles. 

The device substrates were loaded in a substrate holder above the two precursor sources 

with the TiO2 side facing down. Then, the two precursor sources were heated to deposit 

the material onto the c-TiO2 substrate with a vacuum of below 10-5 mbar, and the 
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substrate holder was constantly rotated to ensure uniform coating during the perovskite 

film deposition. After deposition, a light brown color was observed for the best-

performing samples. Additionally, Annie Ng et al. demonstrated a multilayer 

(PbI2/MAI) thermal evaporation deposition technique to synthesize highly uniform 

perovskite films [56]. MAPI film is obtained from the reaction of evaporated PbI2 and 

MAI film at a molar ratio of 1:1 and an optimized PbI2/MAI multilayer was deposited 

and annealed in N2-filled glovebox at 90℃ for 60 minutes as shown in Figure 1.27. 

 

Figure 1.27. Schematic image of hybrid chemical vapor deposition method for perovskite films. 

Inset: as-prepared HCVD films without (a) and with (b) annealing process. Reprinted by permission 

from [56]. 

1.4.6.  Doctor Blading Fabrication Process 

Yang et al. demonstrated the use of a general Cl-doped MAPI precursor with solvent 

tuning to enable a wide precursor-handling window by adopting the blade coating 

method [57]. The perovskite film thickness was controlled by adjusting the precursor-

ink concentration and the blade-coating speed. The blade-coating process was 

conducted in ambient air with a humidity of 10-20% at approximately 20 ℃. A 14.06% 

PCE for the perovskite module with 11.09 cm2 active area can be achieved by blade-

coating. It is confirmed that the high quality of the perovskite films produced by blade-
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coating can be fabricated over a large substrate area. Figure 1.28 shows the scaling up 

of blade-coating perovskite film fabrication. 

 

Figure 1.28. Optical image of scaling up the fabrication perovskite films by blade coating. Reprinted by 

permission from [57]. 

1.4.7.  Screen-printing Method 

Mei et al. and co-workers reported the fabrication of a perovskite solar cell using a 

bilayer of TiO2 and ZrO2 as a mesoporous layer and a 5-ammoniumvaleric acid (5-

AVA)-based perovskite solution through a fully printable method. Figure 1.29 

illustrates the cross-section structure of a fully printable mesoscopic PSC. The details 

of the fabrication method are as follows: 

1. The patterned FTO substrates were deposited by a c-TiO2 layer by aerosol spray 

pyrolysis.  

2. A 1 µm mesoporous TiO2 layer was coated by screen-printing of a TiO2 slurry 

followed by a 450°C calcination for 30 min. 

3. A 2 µm ZrO2 space layer was printed onto the top of the mesoporous TiO2 layer 

using a ZrO2 slurry.  

4. A 10 µm carbon black/graphite counter electrode was printed onto the top of ZrO2 

mesoporous layer by using a carbon black/graphite composite slurry followed by a 

400°C calcination for 30 min. 
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5. A 40 wt% perovskite precursor solution was infiltrated by drop casting via the top of 

the carbon counter electrode.  

 

Figure 1.29. Schematic drawing of a fully printable mesoscopic solar cell. Reprinted by permission from 

[58]. 

1.5  Device Structure of Perovskite Solar Cell  

Device structures play an important role on the device performance of perovskite solar 

cells. Two common architectures of perovskite solar cells architectures have been 

proposed, namely, mesoscopic and planar structures.  

1.5.1.  Mesoscopic Architecture of Perovskite Solar Cell  

TiO2, ZrO2, and Al2O3 nanoparticles have been commonly used as the scaffold for the 

mesoscopic structure. In detail, a diluted metal oxide particle solution was spin-coated 

on the top surface of the c-TiO2-coated FTO glass. After that, as-prepared films were 

moved into an oven for sintering at approximately 500 ℃. Then, the perovskite 

precursor solution was loaded into the mesoporous metal oxide scaffold at room 

temperature and annealed in N2-filled glovebox at 100℃ for 60 minutes. Compared to 

the planar architecture, the mesoporous layer makes the fabrication process and 

structure of a perovskite solar cell comparatively complex. 
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1.5.2.  Planar Architecture of Perovskite Solar Cell 

There are two different type of device structure for the planar architecture of perovskite 

solar cells. “n-i-p” planar architecture is similar in features to the perovskite devices 

with mesoporous scaffold (FTO/ETL/perovskite/HTL/Au). Another is the “p-i-n” 

planar inverted structure which is evolved from the architecture of conventional 

polymer solar cells. (FTO/HTL/perovskite/ETL/Ag) 

1.6  Tandem Solar Cells 

1.6.1.  Motivation 

A proven method to break the S-Q limit of the PCE of a solar cell is to split the spectrum 

and adopt a so-called tandem device structure that is optimized for each part of the 

separated spectrum. The device structure should be designed with a high bandgap 

material and a low bandgap material as shown in Figure 1.30. 

  

Figure 1.30. Schematic drawing of a typical tandem solar cell. 

Due to the poor use of the full solar spectrum by a single-junction solar cell, 

semiconductor materials with different bandgaps can be used to guide each photon into 
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absorb layers where the photon energy matches the bandgap. Generally, the top cell 

absorbs high-energy photons, and low-energy photons are absorbed by the bottom cell. 

A tandem solar cell is generally designed into two different configurations, as shown 

in Figure 1.31: a monolithic two-terminal (2T) tandem with a tunnel junction 

(recombination layer) [59, 60] or a monolithic three-terminal (3T) tandem cells with 

the middle electrode being shared between the two sub cells [49, 61]; mechanically 

stacked four-terminal (4T) tandem solar cell [62, 63].  

 

Figure 1.31. Schematic design of stacked (left) and monolithic (right) tandem solar cells. Reprinted by 

permission from [64]. 

The maximum PCE without concentration for a 4T tandem solar cell is 47% under the 

AM1.5G as shown in Figure 1.32 (a), in which the top cell has a bandgap of 1.63 eV 

and the bottom cell has a bandgap of 0.96 eV at the peak PCE. The lower peak PCE of 

a 2T tandem solar cell, compared with the 4T tandem structure, is 39% for a top-bottom 

cell bandgap pairing of 1.72/1.14 eV due to the Kurtz modeling of the top cell material 

[65]. Theoretically, as the number of absorbers with different bandgaps increases, the 

potential efficiency of the stack cells also increases [66], as indicated in Figure 1.32 (b). 
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Figure 1.32. (a) The distribution of solar cell efficiency for a double-junction device with two different 

bandgaps. (b) Efficiency of an ideal stack of solar cells as a function of the number of bandgaps. 

Reprinted by permission from [66, 67]. 

The efficiency evolution of recent perovskite single-junction and 2T/4T tandem 

technologies is illustrated in Figure 1.33. The first perovskite tandem structure with a 

2T perovskite- CZTS tandem configuration (efficiency of 4.4%), where the top/bottom 

cells are connected in series, was published in 2014 [68]. In 2015, all-perovskite-

perovskite tandem devices were first fabricated with a 2T configuration [69]. This was 

further improved by Eperon et al. in 2016, who recorded 2T and 4T perovskite-

perovskite tandem structures with 17% and 20.3% efficiency [70]. The current record 

efficiency for a 2T and 4T perovskite-silicon tandem solar cell is 23.6% and 25.2%, 

respectively [71]. 
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Figure 1.33. Efficiency evolution of recent perovskite single junction and 2T/4T tandem technologies. 

Reprinted by permission from [64]. 

1.6.2.  Monolithic Two-Terminal Tandem Structure 

In a monolithic two-terminal tandem device structure, the top cell is directly deposited 

on top of the bottom cell, which allows simplified manufacturing steps and minimizes 

parasitic absorption due to transparent electrodes such as ITO and FTO. Figure 1.34 (a) 

illustrates a typical III-V compound monolithic triple-junction tandem solar cell. The 

materials for this monolithic tandem structure are InGaP for the top sub-cell (1.8-1.9 

eV), InGaAs for the middle sub-cell (1.4 eV), and Ge for the bottom sub-cell (0.67 eV). 

Figure 1.34 (b) shows that maximum conversion efficiency for every junction as a 

function of wavelength, which is mainly related to the number of photons available for 

photocurrent conversion. 
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Figure 1.34. (a) Schematic drawing of a monolithic triple junction III-V compound solar cell. (b) Spectral 

irradiance E as a function of wavelength λ over the AM1.5 solar spectrum and the maximum efficiency 

for each junction as a function of the wavelength. Reprinted by permission from [72]. 

However, the total current of a monolithic two-terminal tandem cell is determined by 

the lowest of the currents generated in either the top cell or the bottom cell, and the 

imbalanced generation of charge carriers in the sub-cells will accumulate lowering the 

open-circuit voltage of the tandem device. Therefore, precise management of the 

current generation in each individual sub-cell is required to avoid current mismatch 

between the top cell and the bottom cell in monolithic two-terminal tandem structures. 

The compatibility of the fabrication processes for the top and bottom cells should also 

be considered. Monolithic three-terminal tandem systems can also be regarded as 

parallel tandem systems in which a mutual interlayer electrode with high electrical 

conductivity and good optical transparency is used to connect sub-cells with 

complementary absorption in parallel. This configuration allows an independent 

optimization of the current of each sub-cell. 

https://en.wikipedia.org/wiki/Air_mass_coefficient
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1.6.3.  Stacked Four-Terminal Tandem Structure 

Mechanically stacked four-terminal tandem devices offer greater flexibility for 

different combinations of the top and bottom cells, as the sub-cells are mechanically 

stacked with independent connections between the top and the bottom cells. Therefore, 

the issues of current matching and fabrication compatibility between sub-cells are not 

key concerns. Four-terminal tandem architecture provides much more freedom for 

engineers to pair up high-performance sub-cells with complementary absorption 

spectra, facilitating the optimization of the module transmissivity of each sub-cell. With 

proper integration of external circuit connections, four-terminal tandem devices can be 

effectively applied in practical applications such as the building-integrated photovoltaic 

(BIPV) system.  

Based on thermodynamic limitations, DeVos et al. reported a limiting efficiency of 42.3% 

for a four-terminal device with bandgaps of 1 eV and 1.9 eV [73]. Assuming the 

material parameters of typical devices, Nell et al. have demonstrated an optimum 

efficiency of 39.1% for a four terminal device with bandgaps of 1.16 and 1.91eV [74]. 

1.6.4.  Perovskite-based Tandem Solar Cell 

1.6.4.1.  Perovskite/ silicon or CIGS Tandem Solar Cell  

Considering that Si solar cells have a strong PV response at long wavelengths, 

combining Si solar cells with other types of solar cells with a strong PV response at 

short wavelengths is an effective strategy to overcome the efficiency bottleneck. High 
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efficiency tandem solar cells have been developed by stacking wide-bandgap 

compound semiconductors such as GaAs and InGaP on top of Si [75, 76]. However, 

this class of solar cells is prohibitively costly for commercial terrestrial applications. 

Perovskite materials with tunable bandgap energies and low fabrication cost are 

promising candidates for the top cell in tandem with a small bandgap c-Si solar cell or 

CIGS. The perovskite/c-Si or CIGS tandem system offers an effective approach to 

broaden the PV response to the solar spectrum and to minimize loss due to 

thermalization by adopting light absorbers with complementary absorption spectra. 

Recently, several groups have successfully demonstrated perovskite/Si or CIGS tandem 

solar cells in different structures with promising PCEs [62, 77-79]. Chen et al. have 

reported that using an efficient copper (Cu)/ gold (Au) semitransparent electrode yields 

a PCE of 16.5% for individual perovskite top solar cells and a PCE of 23.0% for 

perovskite/Si tandem solar cells. Bailie et al. utilized a transparent silver (Ag) nanowire 

electrode on a perovskite solar cell to achieve a PCE of 12.7% for an individual 

perovskite top cell and a PCE of 17.0% for perovskite/Si tandem solar cells (18.6% for 

perovskite/CIGS tandem solar cells). Albrecht et al. and Werner et al. have 

demonstrated perovskite/Si tandem solar cells in a monolithic structure with PCE 

values of 18% and 21.2%, respectively. The high PCE values obtained from different 

groups clearly indicate the huge potential for the tandem configuration.  
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1.6.4.2.  All-perovskite Tandem Solar Cell 

Tandem solar cells using all-perovskite sub-cells are an attractive and promising choice 

for the next-generation high-efficiency solar cells due to their cost-effective fabrication 

and bandgap tunability. Fabricating efficient all-perovskite tandem solar cells requires 

the development of both high- and low-bandgap perovskite solar cell with efficient 

performance and high open-circuit voltages with respect to their absorber layer 

bandgaps. However, the difficulty in making an all-perovskite tandem cell is finding a 

low-bandgap material that absorbs the long-wavelength end of the spectrum because 

the progress in developing high-bandgap PSCs is far ahead of the progress in 

developing low-bandgap PSCs. In recent studies [69, 70, 80, 81], Heo et al. reported a 

CH3NH3PbBr3-CH3NH3PbI3 perovskite-perovskite tandem cell with a high open-

circuit voltage of 2.2 V. Zhao et al. used a low-bandgap (1.25 eV) PSC mechanically 

stacked with a high-bandgap (1.58 eV) PSC to form a four-terminal perovskite with a 

PCE of 21%. McGehee and Snaith et al. have successfully achieved both 2-terminal 

(14.8%) and 4-terminal (20.3%) all-perovskite tandem solar cells consisting of a 1.8 eV 

high-bandgap top cell and a 1.22 eV low-bandgap bottom cell. In terms of tandem 

device fabrication method, Sessolo et al. reported a combination of solution process 

and TE methods to fabricate a monolithic all-perovskite tandem solar cell with a PCE 

of 18%. These studies indicated that all-perovskite/perovskite tandem solar cells are a 

very promising candidate for low-cost but efficient next-generation solar cells. 
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1.7  Challenges and Issues 

Metal halide perovskite materials have received the most attention for developing 

highly efficient solar cells. A record certified PCE of 22.1% has been achieved, 

showing that devices based on perovskite materials are promising competition for their 

photovoltaic thin film-based counterparts. Although the progress of PSCs has 

developed rapidly, many hurdles remain before commercializing this new solar cell 

technology. For example, pursuing a good perovskite crystal growth technique over a 

large-scale area is still an issue in achieving highly efficient and reproducible PSCs. 

Hence, it is necessary to develop reliable tools to control the initial nucleation and 

growth mechanism. Furthermore, the challenge of hysteretic behavior [82, 83] in 

perovskite-based solar cells, as shown in Figure 1.34, still needs to be resolved. The J-

V curve reveals a severe problem in accurate device performance measurement due to 

the hysteresis effect. It has been reported that hysteresis is related to several proposed 

mechanisms including ferroelectricity, charge trapping/detrapping, and ion migration. 

Among these possible causes, ionic migration is the most convincing candidate for the 

dominant factor in the origin of hysteresis. 
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Figure 1.35. A typical J-V curve with hysteretic behavior under forward and reverse scan condition. 

Reprinted by permission from [82] 

Another critical issue for PSCs is stability. It has been observed that the stability of 

PSCs is closely related to heat, moisture, and UV illumination. These factors can 

significantly lower the device performance, which need to be suppressed before 

commercialization. Hence, photostable and humidity-resistant encapsulation 

technology and materials should be developed to achieve efficient PSCs with good 

stability. In addition, the design of low-cost HTM materials via a simple and cost-

effective way is necessary. Last but not the least, it is necessary to develop 

environmentally friendly PSCs by replacing the toxic lead materials in lead-based 

perovskite devices with less toxic materials, such as, Sn, Cu, Ge and Bi. However, the 

development of lead-free perovskite solar cells is relatively far behind that of lead-

based perovskite solar cells. Although the obstacles facing lead-free or environmentally 

friendly PSCs will require time to overcome, environmentally friendly, efficient PSCs 

remain a promising candidate and a convincing market advantage for 

commercialization. 
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Nevertheless, the development of PSCs has improved rapidly. It has been demonstrated 

that PSCs are promising photovoltaic thin film technology candidates for their market 

dominated counterparts. However, more attention focuses on how to improve the 

synthesis method and device performance so that there is a lack of deep understanding 

and in-depth basic physical mechanisms for perovskite solar cells. Hence, in-depth 

study and understanding of the basic working principles and materials properties of 

PSCs is needed, which not only contribute to further improve the performance of PSCs 

but also pave the way for researchers to find a simpler or more efficient new structure. 
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CHAPTER 2  CHARACTERIZATION 

TECHNIQUES 

2.1  X-ray Diffraction 

X-ray diffraction (XRD) is a rapid and non-destructive analytical technique. XRD is 

primarily used for identifying the phase of a crystalline material, different polymorphic 

forms, distinction between amorphous and crystalline material and quantification of the 

percentage crystallinity of a sample [1-3]. 

2.1.1.  Basic Principles of X-ray Diffraction 

XRD analysis measurement is based on the constructive interference of monochromatic 

X-rays and the crystalline sample: the X-rays are produced by a cathode ray tube, 

filtered to generate monochromatic radiation, collimated to concentrate them, and 

directed toward the sample. The interaction of the incident rays with the sample 

produces constructive interference or a diffracted ray under certain condition (Bragg’s 

Law or Bragg equation) as indicated by the following: 

nλ = 2dhkl sin θ，                        (2.1) 

where n is an integer, λ is the incident X-ray wavelength, dhkl is the spacing between 

the planes in the atomic lattice, and θ is the angle between the incident X-ray and the 

scattering planes [4]. This law relates the wavelength of electromagnetic radiation to 
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the diffraction angle and the lattice spacing in a crystalline sample, as shown in Figure 

2.1. 

 

Figure 2.1. Schematic of Bragg reflections from a crystal plane. Reprinted by permission from [5]. 

An XRD system includes four main components: sample holder, X-ray tube, 

monochromator and detector. A schematic of an XRD system and its operation 

principle is shown in Figure 2.2. The X-ray tube and the detector are each attached to 

one of the arms of the goniometer. The monochromator is an optical device that 

transmits a selectable narrow band of wavelengths. The arms always move together and 

follow the specified diffractometer measurement circle (as shown in Figure 2.2) to keep 

a θ/2θ relation.  

 

Figure 2.2. Schematic principle of XRD system. Reprinted by permission from [6]. 
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Generally, three basic X-ray scanning modes, the ω/2θ scan, rocking curve scan and 

phi scan, are used for identifying crystalline material or investigating a high-quality thin 

film. The operating principles of ω/2θ scan and rocking curve scan will be introduced 

in the following sections. 

2.1.2.  Operation Modes of X-ray Diffraction 

2.1.2.1.  ω/2θ Scan Mode 

A ω/2θ scan is used to determine the interplanar distance of the planes parallel to the 

sample surface [7]. A ω/2θ scan mode, as shown in Figure 2.3, not only makes it 

possible to identify the phases of the sample but also to detect the stress and strain inside 

the crystal. Stress or strain results in the deviation of the interplanar distances within a 

crystal from that of a completely relaxed thin film. In a ω/2θ scan measurement, the 

peak positions and the width or full width at half maximum (FWHM) of diffraction 

peaks contain valuable information on the specimen under investigation. In a perfect 

crystal, the width of the interference peak is inversely proportional to the thickness of 

the crystalline layer. 
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Figure 2.3. Schematic image of ω/2θ scan mode. Reprinted by permission from [8]. 

The FWHM of the peak is given by the Scherrer equation [9]: 

𝐹𝑊𝐻𝑀 =
𝐾∗𝜆

 𝑡 ∗ 𝑐𝑜𝑠𝜃
                        (2.2) 

where K is the Scherrer constant related to the shape of grains (a typical value of K is 

0.9), λ is the wavelength of the X-ray, t is the thickness of the layer, and θ is the Bragg 

angle of the reflection. 

2.1.2.2.  θ/ω Rocking Curve Scan Mode 

Information on crystal orientation or crystalline particle size of thin film can be derived 

from the θ/2θ scan measurement, however, this mode is not able to offer the information 

on the quality of thin films. To obtain a rocking curve scan (as shown in Figure 2.4), 

both the X-ray incident angle and the detector are fixed to keep the Bragg angle of the 

corresponding reflection. Then, the sample rotates around the ω axis, which is 

perpendicular to the direction of both the incident and reflection beams. Only when the 

configuration matches Bragg’s law can the detector receive the maximum intensity of 
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the signal and record diffraction intensities from the preferentially oriented lattice 

planes. 

 

Figure 2.4. Schematic image of rocking curve scan mode. Reprinted by permission from [10]. 

2.1.3.  Experimental Details 

An X-ray diffractometer equipped with four circle translational capability, a rotating 

anode Cu Kα radiation source, and a four bounce (2 2 0) monochromator was used for 

the measurements. XRD patterns were recorded by using a Rigaku Smart Lab X-ray 

diffractometer.  
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2.2  Time-Resolved Photoluminescence (TRPL) 

Spectroscopy 

In 1839, A.E. Becquerel, J. Herschel, and G. G. Stokes published their works on 

fluorescent and phosphorescent materials. This work suggests the origin of PL 

mechanism and deliver important insight into fundamental materials properties [11]. 

With the development of advanced fast detectors and ultrafast laser sources, TRPL 

techniques have been adopted to analyze a variety of dynamic processes that include 

charge and energy relaxation recombination and transfer in photovoltaic materials. 

2.2.1.  Basic Mechanisms of TRPL 

The time evolution of luminescence signals can be measured by a wide variety of 

experimental techniques. The fluorophores of the samples are excited with a pulsed- 

and on/off-modulated light source, and the emission is subsequently recorded while the 

excitation source is off. It is inherently easier to measure the ultrafast PL dynamics of 

emitters with a high radiative decay rate because more photons are emitted within a 

given time window. A rather slow but simple and inexpensive TRPL technique with 

microsecond or slower time resolution is based on an on/off-modulated light source 

while more sophisticated TRPL techniques with better time resolution commonly 

produced by femtosecond pulses or picosecond pulses. Most experiments excite the 

sample with a pulsed laser source and detect the PL with a photodiode, streak camera, 

or photomultiplier tube (PMT) set up for up-conversion or single-photon counting. 
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2.2.2.  Time-Correlated Single Photon Counting (TCSPC) 

TCSPC is one of the most widely used methods for TRPL because of its various 

functions, simple procedure, and low cost. TCSPC modules can be used for emission 

lifetime measurement and for fluorescence correlation spectroscopy measurement. In 

TCSPC measurement, a periodic light source (e.g., mode-locked laser, fast diode laser) 

is applied to excite the fluorophores. After each excitation pulse, the time delay between 

a single emitted photon and a reference trigger pulse is collected and recorded, and a 

histogram of the time delays is generated (Figure 2.5). The PL dynamics can be vividly 

shown by the histogram of the number of occurrences versus time delay. 

 
Figure 2.5. A histogram is generated by the time delay of single emitted photons. Reprinted by permission 

from [12]. 

Then, the PL is detected by a fast and sensitive photodetector, such as a PMT or a 

single-photon avalanche photodiode (SPAD). In single-photon counting techniques, 

transit time spread (TTS) is the main parameter that determines the time resolution of 

the detection system. In most TCSPC module operation systems (Figure 2.6), the 

single-photon detector pulse starts a timer that is stopped by a subsequent trigger pulse 

produced by the laser source. Because the electrical noise in both the trigger and the 

single photon signal channel is monitored by a fast discriminator that triggers only when 
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the leading edge of the electrical pulse surpasses a threshold value, a constant fraction 

discriminator (CFD) is applied to obtain better time resolution. The CFD starts a time-

to-amplitude convertor (TAC) that is stopped by the reference trigger pulse.  

 

Figure 2.6. Schematic of the operation of a TCSPC setup. Reprinted by permission from [12]. 

The TAC often consists of a capacitor that is charged during the time between the 

single-photon pulse and the trigger pulse. Then, an analog-to-digital converter (ADC) 

digitizes the analog capacitor voltage and translates it into time delays that are binned 

to create a histogram representing the PL decay dynamics [12]. 

2.2.3.   Experimental Details 

Steady-state PL was recorded by an Edinburgh FLSP920 spectrophotometer system. A 

485-nm picosecond pulsed diode laser was used as an excitation source. TRPL decay 

profile were obtained using an Edinburgh time-correlated single-photon-counting 

system. All samples were prepared on quartz substrate.  

2.3  Scanning Electron Microscopy (SEM) 

2.3.1.  Basic Principle of SEM 

The principle of SEM is shown in Figure 2.7. An electron beam is generated from a 

thermionic, Schottky or field-emission cathode accelerated through a voltage (typically 
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0.1-50 keV) between the cathode and the anode [13]. The electron beam is demagnified 

by an electromagnetic lens system and apertures and then concentrated onto the 

specimen surface.  

 

Figure 2.7. Schematic drawing of a scanning electron microscope. Reprinted by permission from [14]. 

When this electron beam strikes the specimen surface, primary backscattered electrons, 

secondary electrons, Auger electrons and X-rays are released from the sample, as 

shown in Figure 2.8. These electrons and X-rays are collected by detectors and 

converted into signals to produce the final specimen image or data storage. 

 

Figure 2.8. Schematic drawing of electron-specimen interaction. Reprinted by permission from [15]. 
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2.3.2.   Experimental Details 

Scanning electron microscopy of the top view and cross-section of perovskite samples 

was performed using a Hitachi S-4800 field emission scanning electron microscope. 

The setup of the SEM system is shown in Figure 2.9. All samples used for SEM 

measurement were prepared on TiO2-coated FTO glass substrate. 

 

Figure 2.9. Set up of SEM system. Reprinted by permission from [16] 

2.4  Low-Frequency Noise (LFN) 

Noise provides information about traps states and defects. Noise in a semiconductor 

can be characterized by its statistical properties, which often suggest the underlying 

physics. The power spectral density (PSD) of noise is an effective statistical function 

that depicts the noise content in a bandwidth of 1 Hz. For a variable x(t), the PSD [17] 

is given as follows: 

𝑆𝑥(𝑓) = 𝑙𝑖𝑚
𝑇→∞

2|𝑋𝑇(𝑓)|2

𝑇
                       (2.3) 

where XT(f) is the Fourier transform of xT(t), 

𝑋𝑇(𝑡) = { 
𝑥(𝑡), −𝑇/2 ≤ 𝜆 ≤ 𝑇/2,

0,       otherwise.
                  (2.4) 
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For the theoretical analysis of noise, the autocorrelation function, which implies the 

memory of the stochastic process, is defined as follows: 

𝛷𝑥(𝑡) ≡ {𝑥(𝜏)𝑥(𝜏 + 𝑡)} = 𝑙𝑖𝑚
𝑇→∞

1

𝑇
∫ ⅆ

𝑇

2

−
𝑇

2

𝜏𝑥(𝜏𝑥)𝑥(𝜏 + 𝑡),        (2.5) 

where the triangular brackets denote the ensemble average. Where the assumption of 

ergodicity holds, the ensemble average is replaced with a time average. The 

autocorrelation function is connected to the PSD through the Wiener-Khintchine 

theorem: [18] 

𝑆𝑋(𝑓) = 2 ∫ ⅆ𝑡
∞

−∞
𝛷𝑥(𝑡) 𝑒𝑥𝑝(𝑖2𝜋𝑓𝑡) = 4 ∫ ⅆ𝑡

∞

0
𝛷𝑥(𝑡) 𝑐𝑜𝑠(2𝜋𝑓𝑡).      (2.6) 

2.4.1.  Noise in Semiconductors 

Based on different spectral density and physical properties, noise in a semiconductor 

can be categorized into the following four types [19]: 

Thermal noise. It originates from the thermal agitation of carriers, giving rise to a 

fluctuation in velocity [20, 21]. At thermal equilibrium condition, the thermal noise is 

given by Nyquist’s formula, Sv=4kBTR, where R represents the resistance. 

Shot noise. The main origin of shot noise is that carriers transit randomly through a 

device. However, for negligibly short transit times, the noise power spectral density is 

given by a simple formula, SI=2eI, where I is the current. Thermal noise and shot noise 

are typical white noise, because both of them are irrelevant to frequency. 

Generation-recombination (G-R) noise. G-R noise arises from the capture and 

emission of electrons and holes in semiconductors [22-25]. Carrier trapping causes 

fluctuations in current or voltage, and G-R noise is extremely sensitive to the effects of 
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carrier trapping within a heterostructure. The power spectrum of G-R noise can be 

expressed by a Lorentzian function, fc/(fc
2 +f2), where fc represents the corner frequency.  

1/f Noise. This type of noise is also called flicker noise, which is characterized by a 

power-law spectrum, S∝1/fγ, where γ remains constant at approximately 1 over the 

whole observable frequency domain. Some controversial models have been adopted to 

explain the causes of flicker noise. The 1/f noise mainly dominates in the low-frequency 

range. In the following section, 1/f noise will be discussed in detail. 

2.4.2.  1/f Noise Theories 

1/f noise (flicker noise) generally suggests one of the most interesting phenomena [26, 

27] existing in different kinds of systems, such as metals, semiconductors, biological 

systems, music, and geological systems. A number of theories have been proposed to 

explain flicker noise, such as the Hooge model, quantum 1/f noise model, superposition 

of Lorentzians, McWhorter model, and thermal activation model.  

2.4.2.1.  Hooge Model 

A phenomenological formula for 1/f noise was proposed by Hooge et al., as shown in 

Equation (2.7), on the basis of the experimental studies of low-frequency noise in gold 

film and semiconductor samples: 

𝑆𝐼(𝑓)

𝐼2 =
𝛼𝐻

𝑁𝑐𝑓
，                       （2.7） 

where 𝑆𝐼(𝑓) is the PSD of current noise, I represents the value of transit current, Nc is 

the number of free electrons (or holes) in a homogeneous sample and 𝛼𝐻 is the Hooge 
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parameter (2ⅹ10-3). The Nc dependence of 𝑆𝐼 suggests that this type of noise can be 

attributed to free carrier fluctuations, resulting in a bulk effect. The Hooge equation is 

widely used and has had limited success in explaining some experimental results, such 

as sample with different 𝛼𝐻 values, a surface effect instead of a bulk effect, unsuitable 

spectral slopes and incompatible time scales of photon scattering.  

2.4.2.2.  Quantum 1/f noise Model 

The formulation of quantum 1/f noise theories was proposed by Handel et al. to define 

the physical meaning of the Hooge equation, implying that interactions between 

scattered carriers and the electromagnetic field lead to a mobility fluctuation resulting 

in 1/f noise, which in turn modulates the scattering process. Similar to the Hooge model, 

Handel’s theories are applicable only to cases where a strict 1/f dependence is achieved. 

2.4.2.3.  McWhorter Model 

McWhorter claimed that 1/f noise originated from carrier trapping by localized states 

in the form of numerical fluctuations in the metal-oxide-semiconductor (MOS) systems. 

At the semiconductor surface, the local Fermi level can be modulated by fluctuations 

in the charge state of oxide traps. Since the kinetic rates of the oxide traps are spatially 

separated from carriers, in this model, carrier trapping and detrapping process can occur 

through tunneling. Therefore, the fluctuations of the power spectrum in the occupied 

traps in an elemental volume 𝛺 = 𝛥𝑥𝛥𝑦𝛥𝑧 is denoted by [28]: 

𝑠𝛥𝑁
(𝑓) = 4𝑁𝑇𝑇(𝐸, 𝑧)𝑓𝑇(1 − 𝑓𝑇)𝛥𝑥𝛥𝑦𝛥𝑧𝐸

𝜏𝑇

1+4𝜋2𝑓2𝜏𝑇
2,               (2.8) 
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where 𝑁𝑇𝑇(𝐸, 𝑧) is the trap density in cm-3eV-1 and 

𝜏𝑇 =
1

𝑐𝑛[(𝑁𝑇−𝑛𝑇)+𝑛+𝑛𝑠]
𝑒𝑥𝑝(ĸ𝑧) ≡ 𝜏0 𝑒𝑥𝑝(ĸ𝑧),              (2.9) 

where ĸ reprensents the WKB parameter, and z is the distance between the traps and 

the semiconductor surface. The Fermi factor 𝑓𝑇(1 − 𝑓𝑇), as a function of the trap 

energy 𝐸𝜏 ,peaks sharply at 𝐸𝜏 = 𝐸𝐹 . Thus, traps with a strong temperature 

dependence can affect the number of fluctuations. 

2.4.2.4.  Thermal Activation Model 

Based on G-R noise trapping kinetics, the power spectrum of a random process, a single 

relaxation time, is a Lorentzian. If 1/f noise is considered to result from the 

superposition of the Lorentzian spectra of thermally activated processes, a uniform 

distribution of 𝐸𝜏 should lead to a 1/f spectrum within a certain frequency limits (1/fγ). 

Since the spectral slope -γ and the noise magnitude are both influenced by the 

distribution function 𝐷(𝐸𝜏) , a relationship can be derived connecting the two 

parameters. The Lorentzian factor, 𝜏𝑇(𝐸𝜏)/(1 + 4𝜋2𝑓2𝜏𝑇
2(𝐸𝜏)), as a function of 𝐸𝜏, 

peaks sharply at  

 𝐸𝑝 ≡ max(𝐸𝜏) = −𝑘𝐵𝑇𝑙𝑛(2𝜋𝑓𝜏0).             (2.10) 

This behavior implies that traps with different activation energies can be measured by 

1/f noise at different temperatures and frequencies. For a smoothly varying 𝐷(𝐸𝜏) 

around 𝐸𝑝, the power density 𝑆𝐼(𝑓) can be derived as follows: 

𝑆𝐼(𝑓) = 𝐴𝐷(𝐸𝑝)∫ ⅆ𝐸
𝜏𝑇

1+4𝜋2𝑓2𝜏𝑇
2 = 𝐴𝐷(𝐸𝑝)

𝑘𝐵𝑇

4𝑓
,             (2.11) 

In terms of 𝑆𝐼(𝑓), the trap distribution can be expressed by  
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𝐷(𝐸𝑝) =
4𝑓𝑆𝐼(𝑓)

𝑘𝐵𝑇𝐴
                      (2.12) 

Based on Eqs. (2.11) and (2.12), Dutta et al. obtained the temperature dependence of 

the spectral density by using an unchanged 𝐸𝑝, which provides a self-consistency test 

of the thermal activation model. 

2.4.3.  Experimental Details 

Figure 2.10 illustrates the experimental setup of noise measurements. For low-

frequency noise measurement, a passive voltage source was applied to bias the 

perovskite solar cells under measurement. The voltage was varied from 0.65 V to 0.95 

V, and current fluctuation was amplified using an SR570 low-noise current preamplifier, 

while the noise PSD was detected by using a dynamic signal analyzer system (HP 

3561A). All sample and the biasing circuit were placed in a shielded room to reduce 

environmental noise. 

 

Figure 2.10. Schematic image of low-frequency noise measurement setup. 
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2.5  Atomic Force Microscopy (AFM) 

2.5.1.  Basic Principle of AFM 

Atomic force microscopy is a type of scanning probe microscopy (SPM). SPM is a 

large and growing collection of techniques for studying the properties (height, friction, 

magnetism) of a sample, at or near the specimen surface. For surface sensing, a 

cantilever with a very sharp tip is used in an AFM setup to scan over a specimen surface, 

as illustrated in Figure 2.11. When the tip approaches the sample surface within a very 

small distance, the force between the surface and the tip causes the cantilever to deflect 

sensitively. Thus, the force applied by the sharp tip can be measured directly, and the 

signal received by photodetector can be converted into a surface image (2-dimensional 

or 3-dimensional) and then into information on the surface topography of the sample. 

 

Figure 2.11. Schematic image of basic operation principle for AFM set-up. Reprinted by permission 

from [29]. 
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2.5.2.  Operation Modes of AFM 

As the technique of AFM is becoming mature, different AFM modes have different 

experimental purposes. Figure 2.12 shows the dependence of the interaction force on 

the distance between the tip and the sample [30]. There are three commonly used AFM 

operation modes: contact mode, non-contact mode, and tapping mode [31-33]. 

 

Figure 2.12. The force-distance curve in different AFM operation modes. Reprinted by permission from 

[34] 

2.5.2.1.  Contact mode 

In contact mode, the tip is directly in contact with the substrate, the changing cantilever 

deflection can be monitored by the detector, and the force is obtained based on Hooke’s 

law:  

F= - k x                              (2.13)  

where F is the force, k is the spring constant, and x is the cantilever deflection. The 

advantage of AFM contact mode is high speed and easy scanning of rough samples 

with extreme changes in vertical topography. The disadvantage is that the lateral force 

may damage the sample or distort features in the image. 
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2.5.2.2.  Tapping mode 

In tapping mode, the tip is oscillating and taps the surface of the sample. The amplitude 

of oscillation varies from 20 nm to 100 nm. The resonant frequency of the cantilever is 

strongly influenced by the surface separation changes of the tip. The changes in the 

oscillation amplitude can be recorded to obtain the distance between the tip and the 

sample surface. 

The advantage of AFM tapping mode is high lateral resolution and less damage to 

samples while the disadvantage is that the scan speed is much lower than that of contact 

mode. 

2.5.2.3.  Non-contact mode 

Non-contact mode: the tip oscillates near the sample surface and does not touch the 

sample. Van der Waals and other long-range forces reduce the resonant frequency, 

resulting in a decreased amplitude of oscillation. Hence, this process can be easily 

influenced by the contaminant layer, which can interfere with oscillation. Hence, the 

AFM non-contact mode operates best under ultra-high vacuum conditions. The 

advantage of AFM non-contact mode is high resolution under high-vacuum 

environment and gentle measurement of very soft samples, while the disadvantage is 

that the scan speed is much lower, and this mode cannot be used effectively under 

ambient conditions. 
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2.5.3.  Experimental Details 

The morphologies of perovskite films were measured by AFM (Bruker Nano Scope 8) 

in tapping mode. High-resolution topographic information on sample surfaces can be 

obtained via the tapping behavior during the AFM measurement. All samples were 

prepared on TiO2/FTO substrate. 

2.6  Photothermal Deflection Spectroscopy (PDS) 

2.6.1.  Basic Principle of PDS 

In the early 1980s, Boccara et al. first introduced photothermal deflection spectroscopy 

into their works and then used this method widely in optical spectroscopy and the 

measurement of the thermal properties of solids [35]. The photothermal techniques are 

mainly focused on the fundamentals of the formation and detection of thermal waves 

created by a modulated light source illuminating a sample. Through probing, the 

thermal waves, which contain information on the optical and thermal properties of the 

specimen material and on the thermal diffusivity of the specimen material (solid, liquid, 

and gas), can be measured [36-41]. In addition, the precise measurement of thermal 

properties can reveal information about the influence of interfaces, grain boundaries, 

defects, and structural anisotropy. Photothermal deflection spectroscopy is one kind of 

photothermal detection method [42-45], that measures the change in refractive index 

caused by light illumination on a medium. This PDS technique is a non-contact and 

non-destructive technique, because the detection is aimed at recording the deflection of 



69 

 

a probe beam going through the profile of the refractive index produced by heating the 

specimen with a pump beam. 

2.6.2.  Experimental Details 

For photothermal deflection spectroscopy measurement, perovskite films were 

prepared on quartz substrate and immersed in FC-72. A monochromatic light beam 

chopped at 13 Hz was shone onto the sample, and the laser was positioned in the 

perpendicular direction so that it was deflected periodically. In addition, the deflection 

signal was recorded by a position sensor, which was connected with a lock-in amplifier 

and placed on the other side so that the photo thermal deflection signal could be 

recorded. 
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CHAPTER 3  PEROVSKITE SOLAR CELLS 

GROWN BY THERMAL EVAPORATION 

DEPOSITION METHOD 

3.1  Introduction 

It is clear that good film morphology (such as film coverage and grain size) and high 

material quality of perovskite films are beneficial to obtaining high-performance 

perovskite solar cells. Insufficient film coverage gives rise to a reduced light absorption 

capability and a direct contact between the HTL and ETL layers. Hence, effective 

control of the growth of perovskite film is important to achieve high quality films with 

good film coverage. One-step solution deposition technique, two-step solution 

deposition technique, TE deposition technique and the vapor-assisted solution 

deposition technique are four common strategies to fabricate perovskite films. Among 

these commonly used deposition techniques, TE deposition has significant potential for 

the fabrication of large-area device and is also highly compatible with the fabrication 

of perovskite-based tandem solar cells. In 2013, M. Liu et al. reported a thermally 

evaporated perovskite solar cell with PCE up to 15.4%, which was the record PCE value 

at that time by using this technique. In this work, lead chloride (PbCl2) and MAI were 

thermally co-evaporated onto the TiO2 -coated FTO glass with varying the composition 

ratio of these two source materials. However, it is difficult to precisely control the 

composition of perovskite film and reproducibility of device performance by adopting 
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thermal co-evaporation due to the different sublimation parameters of these two source 

materials. This situation would turn out to be more problematic when fabricating 

mixed-cation and -anion halide perovskite solar cell in which a number of precursors 

may be involved. 

In this chapter, we propose a modified TE method to prepare high-quality MAPI 

absorber layers from multilayers of the precursor materials. By utilizing this modified 

TE method, film thickness of each layer is the only parameter which can be precisely 

controlled during the fabrication process. We successfully demonstrated the formation 

of pinhole-free perovskite films with excellent uniformity from multilayers of the 

precursor materials. Furthermore, the impact of O2 treatment on each layer within the 

device structure and its influence on the performance of the PSCs were systematically 

investigated. Through the careful optimization of each procedure, a PCE of 12.5% can 

be achieved with high producibility. 

3.2  Experimental Details 

3.2.1.  Materials 

Patterned FTO glass (7-10 Ω/cm2), titanium (IV) isopropoxide (TTIP), PbI2 (purity 

99%), MAI powder (Dyenamo), lithium bis(trifluoromethylsulfonyl)imide, 4-tert-

butylpyridine, DMF, acetonitrile, spiro-MeOTAD (purity > 99.5%). All chemicals 

without further purification were used as received. 
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3.2.2.  Device Fabrication 

The patterned FTO substrates was cleaned by ultrasonication in acetone, isopropanol 

and DI water for twice. The cleaned FTO substrates were dried with nitrogen gun, 

followed by a 20min UV-ozone exposure. A diluted TTIP solution in ethanol (1.25 

mL/25 mL) with 1.25 mL acetic acid was spin-coated onto the FTO substrates at 3000 

rpm followed by 450 ℃ calcination for 2 hours in the air. MAPI film is achieved from 

the evaporated PbI2 and MAI film at a molar ratio of 1:1 and an optimized PbI2/MAI 

(50 nm/50 nm) multilayer was deposited, followed by annealing in N2-filled glovebox 

at 90℃ for 60 minutes. The thickness of each deposited layer should be approximately 

the same, and the excess MAI can be removed by IPA washing. The HTL was prepared 

by spin-coating a solution of 80 mg spiro-MeOTAD in 1 mL chlorobenzene with 17.5 

μL Li-TFSI (520 mg/mL in acetonitrile) and 29 μL of tBP at 4500 rpm. The as-prepared 

samples with spiro-MeOTAD on top were stored in a N2 or O2 atmosphere for overnight. 

And then all samples were stored in a N2-filled glove box or an O2-filled quartz tube 

for overnight. Systematic optimization of the device structure was conducted, in which 

different pairs of PbI2/MAI bilayers were deposited. Finally, MoO3 (15 nm)/Al (120 

nm) were deposited by TE method through a metal shadow mask, and the active area 

of the device was 0.09 cm2. The devices were encapsulated by the AB epoxy in a N2-

filled glove box before I–V measurement. 
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3.3  Results and Discussion 

3.3.1.  Investigation of the Thickness of PbI2/MAI Precursor 

Multilayer 

The XRD patterns of perovskite film were measured as shown in Figure 3.1a. 

Comparing the experimental results to the purple line in Figure 3.1a, which represents 

the XRD pattern of PbI2, it is clear that the typical diffraction peaks (12.6°, 25.4°, 38.5° 

and 52.3°) for PbI2 were detected in the PbI2/MAI (150 nm/ 150 nm) sample. It suggests 

that a large amount of unreacted PbI2 still remained inside the bilayer structure. To 

remove PbI2 residue, the thickness of each MAI and PbI2 layer was reduced to 50 nm. 

After thermal annealing process, typical diffraction peaks (black line) of MAPI 

perovskite located at 14.0° and 28.4° were observed, as illustrated in Figure 3.1a. Then, 

the thickness of each MAI and PbI2 layer was fixed at 50 nm, and a PbI2/MAI (50 nm/50 

nm) multilayer structure was deposited. It is noteworthy that evaporated precursor 

materials partially reacted with each other during the TE process, particularly at the 

interfaces between PbI2 layer and MAI layer. The as-prepared films were initially 

yellowish light brown color and subsequently changed to dark brown after the samples 

were annealed at 90℃. The color change of as-evaporated film before and after thermal 

annealing process is shown in Figure 3.1b and 3.1c. The XRD peaks for the sample 

composing of 7 pairs of PbI2/MAI (50 nm/50 nm) with and without thermal annealing 

process (green line and red line) as shown in Figure 3.1a, respectively. Diffraction 

peaks of both PbI2 and MAPI can be observed for the samples without annealing. For 
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samples with thermal annealing, typical diffraction peaks of the MAPI perovskite layer 

can be observed. It is noteworthy that no obvious diffraction peaks of PbI2 were 

detected. And the main diffraction peak of MAPI film was located at 14.0°, which was 

in good agreement with other published works [1-3]. The XRD results clearly 

demonstrate that, utilizing the multilayer TE deposition technique, which can 

synthesize thick and PbI2 free MAPI perovskite films through carefully controlling the 

thickness of each precursor layer. It is pointed out that the proposed TE deposition 

technique is different from the work of Liu et al. and Chen et al [4, 5]. The big difference 

is that no extra heat on the substrate during the multilayer TE deposition and slowing 

down the reaction process between the precursor materials. 

 

Figure 3.1. (a) XRD patterns of different materials deposited on glass. Photographs before (b) and after 

(c) thermal annealing of the thermally evaporated sample. 
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3.3.2.  Investigation of the Pairs of PbI2/MAI Precursor 

Multilayer 

Schematic drawing of the architecture of the PSCs is shown in Figure 3.2a and a SEM 

cross-sectional image of an optimized PSC is shown in the Figure 3.3a. Optimization 

of the thickness of the absorber is necessary for achieving high performance of 

perovskite-based devices. The thickness of the perovskite absorber was changed by 

evaporating different numbers of PbI2/MAI pairs. Figure 3.2b shows that 7 pairs of 

PbI2/MAI light absorbers exhibits the highest J-V performance.  

 

Figure 3.2. (a) Schematic of the structure of the perovskite device. (b) J-V curve of the device with 

different numbers of PbI2/MAI pairs. 

Top-view images of PbI2 and MAI single layers are shown in Figure 3.3b and 3.3c, 

respectively. The average grain size (< 200 nm) of evaporated PbI2 layer is smaller than 

that of evaporated MAI layer. a top-view SEM image of the as-deposited multilayer 

film without annealing is shown in Figure 3.3d. Perovskite with clear grain boundaries 

cannot be distinguished, indicating that the reaction of precursor materials is not 

complete. After annealing at 90℃, perovskite crystal with obvious grain boundaries 

can be achieved, which is shown in Figure 3.3e. The perovskite films exhibit good 
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coverage on the TiO2-coated FTO substrate, it is essential for the development of high-

performance perovskite-based devices. It is noteworthy that the grain size of the 

perovskite film prepared by TE method is relatively small compared to the films 

fabricated by the solution technique, suggesting that a compact and uniform film 

prepared by TE technique is obtained. AFM image of an optimized perovskite film is 

shown in Figure 3.3f. The root mean square (RMS) roughness of the perovskite film is 

determined to be 20 nm, which is similar to that of the films fabricated by the vapor-

assisted deposition technique [6, 7].  

 

Figure 3.3. (a) Cross-sectional SEM image of the optimal device. Top-view SEM images for (b) as-

prepared PbI2, (c) as-prepared MAI, and PbI2/MAI sample before (d) and after (e) thermal annealing 

(scale bar: 200 nm). (f) AFM image of perovskite sample. 

3.3.3.  Investigation of O2 Treatment of Each Constituent 

Layer 

Perovskite solar cells prepared by the spin-coating technique implied significant 

improvements in the device performance after O2 treatment technique [8]. Abate et al. 
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reported the adoption of external molecules to passivate the trap sites at the crystal 

surface. Furthermore, the O2 exchange process plays a significant impact on the 

performance of hybrid solar cell [9-11]. O2 treatment was performed at each stage 

during the device fabrication process to systematically investigate the underlying 

mechanism of the enhancement in PCE due to O2 treatment. 

Table 3.1. Device parameters for the PSCs with each fabrication stage conducted in different atmospheres 

(air, O2 or N2). Type-1: c-TiO2 (air)/perovskite (N2)/spiro-MeOTAD (N2); Type-2: c-TiO2 (O2)/perovskite 

(N2)/spiro-MeOTAD (N2); Type-3: c-TiO2 (air)/perovskite (O2)/spiro-MeOTAD (N2); Type-4: c-TiO2 

(air)/perovskite (N2)/spiro-MeOTAD (O2); Type-5: c-TiO2 (air)/perovskite (O2)/spiro-MeOTAD (O2). 

 

The J–V and EQE curves of the five typical devices are presented in Figure 3.4a and 

3.4b, respectively, while the corresponding photovoltaic parameters are summarized in 

Table 3.1. Generally, the trend of the results is in good agreement with the devices 

prepared by the spin-coating process, indicating significant enhancement in PCE with 

O2 annealing of the MAPI and HTL layers (type-3, -4 and -5). The J–V results clearly 

suggests a poor PCE for the type-1 device prepared in N2-filled glove box, in contrast 

to the fabrication of organic devices [12, 13]. For type-2 devices, only the c-TiO2 layer 

was calcinated at 450 ℃ inside O2-filled quartz tube, while the other fabrication 

processes were conducted in an N2 atmosphere. The overall enhancement in the PCE 

of type-2 sample is relatively insignificant. While the PCE of type-3 samples, in which 
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O2 treatment was conducted immediately after the formation of perovskite film, was 

enhanced significantly from 1.9% to 3.8%. The PCEs of type-4 devices were further 

enhanced by O2 treatment performed after the fabrication of the HTL layer. The 

improvement is ascribed to the increase in the conductivity of the HTL layer [8, 14]. It 

should be pointed out that O2 treatment in type 4 samples not only modifies the HTL 

layer but also the HTL layer underneath because O2 can penetrate throughout the HTL 

layers. The JSC of type-4 samples is improved by 12.6 mA/cm2 and 7.5 mA/cm2 

compared to that of type-1 and type-3 samples, respectively. This is ascribed to the 

increased conductivity of the HTL layer and the decreased recombination rate. Type-5 

samples, performed O2 treatment on each fabrication step, exhibit a significant 

enhancement in the average Jsc compare to that of other type. And the overall PCEs of 

both type-4 and type-5 devices are found to be similar. EQE results, shown in Figure 

3.4b, demonstrate a significant improvement, this trend is in consistent with J-V results 

which clearly suggests the positive effect of O2 treatment. It is believed that the 

enhancement in PCE of PSCs by O2 treatment technique due to the enhanced 

conductivity of HTL layer and the reduced trap density within the perovskite absorber 

layer or interfaces [8, 11]. We successfully demonstrated a champion PCE of 12.5% 

with a Voc of 0.96 V, Jsc of 21.8 mA/cm2 and FF of 0.60 through the optimization of 

the thickness of each precursor layer and the number of precursor pairs. 
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Figure 3.4. (a) J-V curves and (b) EQE results of PSC devices fabricated in different atmospheres. (c) 

TRPL of perovskite films on quartz with and without O2 treatment. Inset shows the steady-state PL 

spectrum of perovskite films on quartz. Type-1: c-TiO2 (air)/perovskite (N2)/spiro-MeOTAD (N2); Type-

2: c-TiO2 (O2)/perovskite (N2)/spiro-MeOTAD (N2); Type-3: c-TiO2 (air)/perovskite (O2)/spiro-

MeOTAD (N2); Type-4: c-TiO2 (air)/perovskite (N2)/spiro-MeOTAD (O2); Type-5: c-TiO2 

(air)/perovskite (O2)/spiro-MeOTAD (O2). 

To investigate the underlying mechanism of O2 treatment, a TRPL technique was 

performed to study the carrier lifetimes of perovskite film. The emission peak of the as- 

prepared MAPI film is located at 770 nm, as shown in the inset of Figure 3.4c, which 

is in good agreement with the reported results [15, 16]. The TRPL results of the MAPI 

samples with and without O2 treatment are shown in Figure 3.4c. The TRPL data are 

fitted well by a bi-exponential function, in which two carrier lifetimes (𝜏1 and 𝜏2, 

indicating two independent recombination processes) can be extracted from the 

experimental data, and the results are in the same magnitude as the reported values [1, 

17]. Carrier lifetimes (𝜏1: 0.91 ± 0.08 ns, 𝜏2: 6.6 ± 1.0 ns) of the sample with N2 
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treatment are found to be lower than that of the sample with O2 treatment (𝜏1: 1.85 ± 

0.05 ns, 𝜏 2:11.0 ± 0.7 ns), indicating that O2 treatment of the MAPI films can 

significantly reduce the recombination rate due to the decrease in the trap states of the 

evaporated MAPI films.  

PDS is also conducted to further investigate the influence of O2 treatment. PDS is an 

absorption measurement technique with high sensitivity (the order of 10-4) and the 

change in the thermal state of the samples due to nonradiative relaxation of 

photoexcited carriers. The technique of PDS is commonly used to characterize 

energetic disorder because the exponential decay of the absorption below the bandgap 

with a characteristic Urbach energy [18]. The Urbach energy is substantially decreased 

from 23 meV to 19 meV for the sample without and with O2 treatment are shown in 

Figure 3.4d, indicating that the MAPI film with O2 treatment exhibits a much sharper 

band edge. Moreover, the sub-bandgap absorption of the sample without O2 treatment 

is more obvious than that of the sample with O2 treatment, implying that O2 treatment 

gives rise to the effective passivation of sub-bandgap states within the evaporated 

MAPI film. This result is also in good agreement with the improvements in the PCE 

and the EQE results of the O2-treated devices (types 3, 4 and 5). 

3.4  Conclusion 

High quality MAPI films were successfully fabricated by annealed PbI2/MAI (50 

nm/50 nm) TE multilayers. Furthermore, we systematically investigated the impact of 

O2 treatment on the whole device structure and its influence on the performance of 
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PSCs. The results indicate that O2 treatment is essential for achieving high-performance 

MAPI devices. Through the optimization of the thickness of each precursor layer and 

the number of precursor pairs, the champion device exhibits a PCE of as high as 12.5% 

by adopting the proposed deposition technique with O2 treatment. 
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CHAPTER 4  OXYGEN ANNEALING of 

PEROVSKITE SOLAR CELLS GROWN BY A 

TWO-STEP SOLUTION-PROCESS METHOD  

4.1  Introduction 

PSCs have been attracting increasing attention since their initial reports. Certified 

record PCE of perovskite solar cells have been further boosted to 16.2% at the time of 

writing this paper, however, the group-to-group, or even batch-to-batch, the reported 

PCEs exhibit a substantial variation. It is believed that the performance of perovskite-

based devices is highly sensitive to the fabrication techniques and ambient conditions 

during the formation of the active layers of the devices. Further development in the 

field of perovskite-based photovoltaics demands the establishment of a series of 

optimized and controllable fabrication procedures for yielding highly efficient and 

reproducible devices. In previous chapter 3, we demonstrated an empirical study on the 

performance enhancement by O2 treatment. We found that the perovskite film and 

spiro-MeOTAD film are more sensitive in the device performance by O2 treatment.  

To elucidate on the underlying physical mechanism of the phenomenon, in this chapter, 

systematic experimental investigations were conducted on O2 treatment of two step 

solution-processed planar MAPI PSCs. Detailed characterizations were performed on 

the samples with and without post-deposition oxygen annealing. The results of TRPL, 

PDS, and LFN measurements indicate a substantial reduction in the defect density 
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which distributed in the bulk of perovskite and the perovskite/HTL interface. Under the 

optimized post-deposition O2 annealing process, a champion device with a PCE of 15.8% 

can be achieved. 

4.2  Experimental Details 

4.2.1.  Materials 

Patterned FTO glass (7-10 Ω/cm2), titanium (IV) isopropoxide (TTIP), PbI2 (purity 

99%), MoO3, MAI powder (Dyenamo), lithium bis(trifluoromethylsulfonyl)imide, 4-

tert-butylpyridine, DMF, acetonitrile, spiro-MeOTAD (purity > 99.5%). All chemicals 

without further purification were used as received. 

4.2.2.  Device Fabrication 

The patterned FTO substrates was cleaned by ultrasonication in acetone, isopropanol 

DI water for twice. The cleaned FTO substrates were dried with nitrogen gun. After 

that, the cleaned FTO substrates were exposed to UV-ozone for 20 min before the 

deposition of the c-TiO2 layer. For the formation of the TiO2 film, a diluted TTIP 

solution (1.25 mL) in ethanol (25 mL) with 1.25 mL acetic acid was spin-coated onto 

the FTO substrates at 3000 rpm followed by 450 ℃ calcination for 2 hours in the air. 

MAPI was fabricated by a two-step technique in an N2 filled glove box. PbI2 films were 

deposited by spin-coating a 1M PbI2 (1500 rpm) in DMF followed by annealing on a 

hotplate at 70C for 1 hour before reaction with MAI (30 mg/ml in isopropanol) 

precursor. The HTL solution was prepared by dissolving 80 mg spiro-MeOTAD in 1 
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mL chlorobenzene with the additives 17.5 μL Li-TFSI (520 mg/mL in acetonitrile) and 

29 μL of tBP. Then, the solution was spin-coated on the top of the perovskite layer at 

4500 rpm. The prepared samples were then stored in an N2 ambient at room temperature 

or in an O2 (purity >99.9%) ambient at a flow rate of 2 lit/min at room temperature, 

45C, 65C or 85C for overnight. Finally, MoO3 (15 nm)/Al (120 nm) were deposited 

by thermal evaporation through a metal shadow mask, and the active area of the device 

was 0.1 cm2. 

4.3  Results and Discussion 

A planar structure of FTO/c-TiO2/MAPI/HTL/MoO3/Al, as shown in Figure 4.1a, was 

investigated. The perovskite films were fabricated by a two-step solution deposition 

method [1, 2]. The samples were annealed in a dry O2-filled quartz tube for overnight 

at 4 different temperatures: room temperature (ART), 45℃ (A45), 65℃ (A65), and 85℃ 

(A85). To achieve a cost-effective process, the time for oxygen treatment can be further 

optimized and shortened. The NRT sample were loaded in N2 at RT for overnight before 

electrode deposition. It is observed that the performances of the devices are strongly 

impacted by the post-deposition O2 treatment. A PCE of as high as 12.5% can be 

achieved through an optimized fabrication process.  
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Figure 4.1. (a) The device architecture of a PSC. (b) Absorption spectra of MAPI before and after post-

deposition O2 treatments. 

MAPI-based solar cells were fabricated, and the device architecture is shown in Figure 

4.1a. The absorption spectrum of MAPI is shown in Figure 4.1b, indicating the strong 

photon-harvesting capability of the material over the spectral range of 400 nm to 800 

nm, which is in agreement with the band gap of 1.5 eV for MAPI [3, 4]. The inset of 

Figure 4.1b is a digital image of a MAPI film on a FTO-coated glass substrate. The 

smooth and reflective surface of the prepared film can be clearly observed by naked 

eye, which is believed to be a desirable quality for the development of high-

performance devices [5]. The morphology and cross section of the samples were 

investigated by SEM, and the images of typical films (A65) are presented in Figure 4.2. 

From the top-view image of MAPI formed on a TiO2 compact layer, crystalline 

domains of perovskite with grain sizes in the range of ~100 nm to ~800 nm and with 

good surface coverage are observed. High surface coverage is of key importantance for 

high-performance devices, as undesired shunting paths are minimized, thereby 

maximizing photocarrier collection [6]. Furthermore, crystals with large grain sizes 

have been shown to be favorable for charge transport and may serve as light-scattering 

centers and are, therefore, preferable for the development of high-performance devices 

[7-9]. The cross-sectional SEM image of a typical device without the top electrode is 
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shown in Figure 4.2b. The thicknesses of the solution-processed MAPI and spiro-

MeOTAD layers are approximately 410 nm and 190 nm respectively, which are in the 

range of the reported record values [1, 10, 11]. 

 
Figure 4.2. (a) Top-view and (b) cross-sectional SEM images of the sample of FTO/TiO2/MAPI/spiro-

MeOTAD 

The surface morphologies of PbI2 and MAPI with or without the spiro-MeOTAD layer 

on top were characterized by AFM and the results are shown in Figure 4.3. It was found 

that the root mean square (RMS) roughness significantly increased from 25 nm to 31 

nm after the PbI2 and MAI layers reacted to form MAPI. 

 

Figure 4.3. AFM images of (a) PbI2 (RMS: 25 nm), (b) MAPI (RMS: 31 nm) and (c) MAPI/spiro-

MeOTAD (RMS: 5 nm) 

The samples of MAPI deposited on glass or c-TiO2-coated FTO substrates were further 

characterized by XRD, and the diffraction patterns are shown in Figure 4.4. Strong 

diffraction peaks located at 14.0°, 28.5° and 31.8°were detected, corresponding to (110), 
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(220) and (310) planes, which are consistent with the previous reports, indicating that 

tetragonal perovskite structure was formed [12]. 

 

Figure 4.4. XRD patterns of the samples with different layers on glass or FTO-coated glass. 

MAPI-based planar devices were fabricated in an N2-filled glove box (O2 and H2O < 

0.1 ppm) because perovskite materials are easily decomposed in the presence of 

moisture [13]. However, we found that the devices exhibit poor performance when the 

entire fabrication process was carried out in the glovebox. This is attributed to the poor 

doping conditions for the spiro-MeOTAD layer, as it was noted that O2 may be essential 

in the doping mechanism of spiro-MeOTAD [14-16]. We performed I-V measurements 

on the spiro-MeOTAD film using the Transfer Length Method (TLM). The resistances 

across the electrodes with different separations are shown in Figure 4.5a. In addition, 

Figure 4.5b depicts the I-V characteristics across the electrode with different separations 

on the spiro-MeOTAD film before and after O2 annealing. These results clearly indicate 

a significant reduction in the resistance of the spiro-MeOTAD layer annealed in an O2 

environment. It is suggested that the doping level of the annealed film can be improved. 



91 

 

 

Figure 4.5.（a）The resistance of the spiro-MeOTAD film across the electrodes with and without post-

deposition O2 treatment; (b) the I-V characteristics across the electrode with different separations on the 

spiro-MeOTAD film before and after O2 annealing. 

Similar observations of a reduction in the PCE of solid-state dye-sensitized solar cells 

fabricated in N2 have been reported previously [16]. This situation differs from the 

fabrication of organic devices, such as organic light-emitting devices and organic solar 

cells, for which exposure to O2 should be avoided, as it can lead to severe device 

degradation [17, 18]. Because moisture is highly devastating to the performance of 

perovskite-based devices while O2 is necessary for obtaining high-efficiency devices, 

we deposited all the different layers in the device in an N2-filled glovebox to prevent 

exposure to moisture. After that, the prepared samples were annealed in dry O2 

(purity >99.9%) for 12 hours at different thermal annealing temperatures.  

The photovoltaic parameters of the MAPI-based devices with different post-deposition 

treatments are summarized in Table 4.1, and the J-V curves of the representative devices, 

which are close to the average performance for each post-deposition condition, are 

presented in Figure 4.6a. The experimental data demonstrate a substantial enhancement 

in the PCE (from 6.0% to 8.5%) of ART- devices compared to the control devices 

(NRT-devices). 
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Figure 4.6. The (a) J-V and (b) EQE curves of representative devices with different post-deposition 

treatments 

The device performances were further improved when the samples were annealed in O2 

at an elevated temperature. Under the optimized temperature (65C), the JSC and FF of 

the A65-devices were significantly enhanced, yielding an average PCE of 12.0%. Since 

there is no obvious change in the surface morphology or absorption, as observed via 

SEM (Figure 4.7) and absorption measurement (Figure 4.1b) before and after the O2 

annealing process, the improvement in the device performance may possibly originate 

from the reduced defect density in the perovskite films.  

 

Figure 4.7. Top-view SEM image of the perovskite film before and after O2 annealing. 

It is believed that the thermal annealing process may facilitate the diffusion of O2 into 

perovskite film as well as material interfaces to passivate the under-coordinated cations 

of perovskite leading to a reduction in the density of trap states and thereby reducing 

recombination rate, which is reflected by the trend of the obtained JSC shown in Figure 

4.6a. It was found that the JSC of the device strongly depends on the post-deposition 
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treatment, which is observed to increase from an average of 11.7 mA/cm2 for NRT-

devices to 21.0 mA/cm2 for A65-devices, suggesting that charges can be extracted more 

efficiently, likely due to the inhibition of charge recombination at trap states. Similar 

work for the passivation of halide anions, resulting in improved device performance, 

has been reported previously [19]. However, further increasing the thermal annealing 

temperature to 85C resulted in a drop in JSC, FF and PCE accordingly, which is 

possibly due to the thermally induced degradation of the materials. In addition, a 

decrease in the magnitude of the JSC for the NRT-devices for V < 0.3 V is observed, 

which can be attributed to the low conductivity of spiro-MeOTAD and high density of 

interface states in the absence of O2 annealing, resulting in a poor charge collection 

efficiency. It should be noted that hysteresis effect is generally observed in the I-V 

characteristics of all of our devices, which remains largely unchanged even after the O2 

annealing process. This suggests that the O2 annealing process is not able to eliminate 

the processes/defects responsible for the observed hysteresis effect. The I-V curves 

shown in the figures were obtained from the reverse scan at a scan rate of 0.01 V/s from 

1.2 V to -0.2 V. 

The EQE spectra of MAPI-based devices with different post-deposition treatments are 

shown in Figure 4.6b, which demonstrate a wide spectral response from 400 nm to 800 

nm and are in good agreement with the absorption spectra shown in Fig. 4.1b. The trend 

of the EQE spectra is also consistent with the I-V performance of the devices. There is 

a significant enhancement in the EQE for the ART- and A45-devices compared to the 

NRT-device. The EQE is further enhanced for the samples annealed in dry O2 at 65 C, 
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while further increasing the annealing temperature to 85C in the presence of O2 results 

in a reduction in the EQE. It is interesting to note that a drop in the EQE in the short 

wavelength range is typically attributed to a high concentration of defect states in the 

front heterojunction. Through detailed comparison between the EQE data of the control 

device (NRT) and the annealed device under optimal conditions (A65), we observed a 

significant improvement in the EQE in the short wavelength range. In general, the 

reduction in the EQE of solar cells can be attributed to charge recombination and a short 

charge carrier diffusion length [20], and unequal enhancement in the EQE over the 

spectrum is likely to occur when the post-deposition treatment condition are not 

completely optimized and a considerable amount of traps still exist. It appears that O2 

annealing may lead to an improvement in the carrier collection efficiency across the 

TiO2/perovskite interface [21] and the grain boundaries within the perovskite layer. 

The photothermal deflection spectra (PDS) were utilized to investigate the impact of 

the O2 annealing process on the density of the bandgap states. To avoid absorption by 

the substrate, the MAPI films were deposited on quartz. The experimental results are 

shown in Figure 4.8a in which the data obtained from the control sample is indicated 

by a solid blue line and that obtained from the sample that underwent O2 annealing at 

65C is indicated by a solid red line. The Urbach energies (EU) determined from the 

PDS spectra are 24 meV for the control sample and 22 meV for the O2-annealed sample. 

The smaller Urbach energy and lower sub-bandgap absorption for the sample that 

underwent O2 annealing clearly demonstrate that significant reduction in the bandgap 
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states for MAPI can be achieved by post-deposition thermal annealing of the material 

in dry O2. 

 

Figure 4.8. (a) The PDS spectra of the MAPI films on quartz with and without O2 annealing; (b) the 

TRPL of the bare perovskite film with and without post-deposition O2 treatment; (c)experimental SI(f) 

measured from the PNSN (blue triangle), PNSO (red circle) and POSO (green square) devices; (d) the I-

V characteristics of the O2-annealed champion device that underwent two-step deposition. 

It is important to note that because of the complicated device structure of the PSCs, 

there are a number of different layers and interfaces within the device, and the 

passivation of localized states may potentially occur at various locations, including in 

the bulk of the MAPI layer, at the grain boundaries in the MAPI layer and at the 

MAPI/spiro-MeOTAD interface. Hence, it is important to pinpoint the location of traps 

within the device that are affected by the annealing process to fully understand the 

mechanism for PCE enhancement. 

We conducted detailed investigations into the TRPL decay for three types of samples 

with an MAPI/spiro-MeOTAD configuration: i.) the PNSN structure, which serves as 

the control and no O2 annealing was performed on the sample; ii.) the PNSO structure, 
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in which O2 annealing was performed at 65 C after deposition of the spiro-MeOTAD 

layer; and iii.) the POSO structure, in which two O2 annealing steps were performed 

after deposition of both the MAPI and spiro-MeOTAD layers. The experimental results 

of the PL decay monitored at 775 nm are shown in Figure 4.8b which are fitted with a 

bi-exponential decay, from which the lifetimes of the carriers are extracted. The data 

clearly demonstrate an enhancement in the carrier lifetime of the samples that 

underwent O2 annealing. It is noted that further enhancement in the carrier lifetime of 

the POSO sample over that of the PNSO sample was observed. The results stipulate 

that O2 annealing after deposition of the MAPI layer is effective for the passivation of 

traps in the bulk of the MAPI layer, while additional O2 annealing after deposition of 

the spiro-MeOTAD layer facilitates the passivation of defect states at the MAPI/spiro-

MeOTAD interface. 

The passivation of defect states by O2 annealing in complete devices was also studied 

by systematic characterization of the low-frequency noise power spectra of the devices 

with different fabrication parameters. Low-frequency excess noise measurement is 

useful in the characterization of material defects because it is a non-destructive process 

and can be performed directly on the device. Hence, it is a useful technique for 

characterizing the impact of the fabrication parameters on the defect density of the 

device [22-26]. Low-frequency noise in a semiconductor arises from the modulation of 

the device conductance due to the random capture and emission of carriers by the 

localized states in the device [27]. If current fluctuations in I arise from the capture of 

a single carrier by a defect state, then the noise power spectral density due to the single 
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trap will be in the form of a Lorentzian, 
𝜏

1+𝜏2𝜔2. Assuming an arbitrary spatial and 

energetic distribution of the traps given by N(E,x,y,z) and that each trap basically 

operates independently of the others, the overall current noise power spectral density 

of the device is given by 

𝑆𝐼(𝑓) = 4(∆𝐼0)2 ∫ ∫ ∫ ∫ 𝑁𝑇(𝐸, 𝑥, 𝑦, 𝑧)
𝜏

1+4𝜋2𝑓2𝜏2𝑥𝑦𝑧𝐸
ⅆ𝑥ⅆ𝑦ⅆ𝑧ⅆ𝐸.      (1) 

Here, 𝜏  is the time constant of the fluctuation process and is given by 

𝜏 = 𝜏0𝑒𝑥𝑝(𝐸/𝑘𝐵𝑇), in which 0 is the inverse phonon frequency and is on the order of 

10-14 s, E is the activation energy for the trap, kB is the Boltzmann constant and T is the 

absolute temperature. The Lorentzian is a sharply peaked function at 𝐸𝑝 =

−𝑘𝐵𝑇𝑙𝑛(𝜔𝜏0) , and from Equation 1, if NT is constant in energy, it is found that 

𝑆𝐼(𝑓) ∝ 1/𝑓𝛾 with  =1. On the other hand, if NT (E) changes slowly with energy Ep, 

then  is found to deviate slightly from 1. It is important to note that Eq. 1 stipulates 

that SI(f) is proportional to the trap density within the device. Figure 4.8c shows the 

experimental SI(f) measured from three types of devices. It is observed that a significant 

reduction in SI(f) is achieved in the PNSO device compared to the control device. This 

suggests that a significant reduction in the defect states at the spiro-MeOTAD/MAPI 

interface due to O2 annealing, as it is believed that O2 annealing after deposition of the 

spiro-MeOTAD layer is the most effective for passivating traps at the spiro-

MeOTAD/MAPI interface. Further reduction in the LFN in the POSO device indicates 

that O2 annealing is also effective for the passivation of the localized states in the MAPI 

film which are most likely located at the grain boundaries inside the MAPI layer.  
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It was found that the photovoltaic performance of the MAPI devices is strongly 

sensitive to O2 annealing at different fabrication stages. Through the thermally assisted 

O2 annealing of the deposited films, a champion device with a PCE as high as 15.8% 

can be achieved, and the corresponding I-V curves are shown in Figure 4.8d. It is noted 

that the reproducibility of perovskite-based solar cells can be significantly improved by 

post-deposition treatment, which is reflected by the lower standard deviations in the 

photovoltaic parameters, as indicated in Table 4.1. The proposed fabrication strategy is 

straightforward and controllable for assembling highly efficient and well-reproducible 

perovskite-based solar cells.  

Table 4.1. The average values of photovoltaic parameters obtained from I-V measurements for planar 

CH3NH3PbI3 based solar cells with different post-deposition treatments and integrated photocurrent from 

the EQE spectra are indicated in the bracket. 

 

MAPI-based devices have been fabricated under well controlled fabrication 

procedures. We found that placing the solution-processed films in dry O2 at 65C prior 

to electrode deposition is an essential process for device fabrication, yielding an 

averaged enhanced PCE of 12%. Our results suggest that the improvement in device 

performance by O2 annealing process is due to the enhancement in the conductivity of 

spiro-MeOTAD as well as the reduction in the defect density of the interface of 

HTL/perovskite film. 
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4.4   Conclusion 

We investigated the effects of post-deposition O2 treatment on the performance of 

solution-processed MAPI-based planar solar cells. It was found that annealing in O2 

leads to a substantial enhancement in the PCEs of the devices. The strong dependence 

of the device PCEs on annealing temperature suggests that a thermally activated process 

may underlie the observed phenomenon. The experimental results of TRPL, PDS, and 

LFN measurements indicate that post-deposition O2 annealing conducted after 

deposition of the MAPI and spiro-MeOTAD layers can significantly reduce the defect 

states residing both in the bulk MAPI and at the MAPI/spiro-MeOTAD interface. In 

addition, a substantial reduction in the resistivity of spiro-MeOTAD was also confirmed 

by the I-V measurements on the spiro-MeOTAD film using the TLM. The obtained 

results clearly show the importance of O2 annealing treatment for fabricating highly 

efficient MAPI solar cells. Therefore, the technique of post-deposition O2 treatment 

provides a useful protocol for the photovoltaics community on the fabrication of highly 

efficient and reproducible PSCs. 
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CHAPTER 5  CRYSTAL ENGINEERING 

FOR PEROVSKITE SOLAR CELLS GROWN 

BY HYBRID CHEMICAL VAPOR 

DEPOSITION METHOD 

5.1  Introduction 

Organic−inorganic perovskite thin films have drawn significant attention in recent 

years due to its tremendous progress in the development of high efficiency solar cells. 

Only a few years from the first report of PSCs, they have already surpassed the 22% 

PCE mark [1-7]. It is believed that two key factors responsible for the dramatic 

improvement in the PCEs of devices are: i.) material quality and ii.) device structure. 

Perovskite film growth processes have strong impact on the perovskite material quality 

and now common growth techniques for perovskite materials can be roughly classified 

into solution technique, thermal evaporation deposition, and solution-vapor hybrid 

deposition. Thermally evaporated films exhibit smaller grain size compared to solution-

processed films and consequently lower PCE [8, 9]. Yang et al. prepared high quality 

perovskite films with large grain size by combining solution and vapor techniques [4, 

10]. It is believed that perovskites with larger grain size are desired for photovoltaic 

applications as they exhibit lower trap state density and longer carrier diffusion length. 

A further enhancement in the crystallization through the introduction of appropriate 

amount of moisture during growth, substantial increase in the PCE was achieved [11, 
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12]. However, moisture is widely known to be an agent for device degradation in PSCs 

and hence it may affect the stability of devices. In previous chapter 3 and chapter 4, 

experimental results suggest that a substantial reduction in the bandgap states by post-

deposition O2 annealing [9], which are consistent with the theoretical studies by Yin et 

al. [13]. Their work offers the theoretical basis for our experimental observations on 

the passivation of trap states by oxygen annealing. Moreover, there is no reported work 

on the effectiveness of Cl and O species on the passivation of deep levels which are 

believed to be instrumental in non-radiative recombination processes. This is a 

significant issue in light of the first-principles calculation on the formation of deep 

levels in MAPI performed by Agiorgousis et al [14]. Such deep traps may serve as 

efficient recombination centers, which are detrimental to solar cell performance [15]. 

Therefore, based on the experimental results of previous chapter 3 and chapter 4, large 

grain size of perovskite and well controlled growth ambient are two important factors 

in determining the performance of the solar cells.  

In this chapter, we have designed a HCVD technique for the growth of high quality 

MAPI layers which were crystallized in a well-controlled N2/O2 mixture ambient, 

resulting in large grain size, high crystallinity, good uniformity and low defect density 

films. We present systematic investigations on the optoelectronic properties of MAPI 

thin films and devices deposited by the HCVD technique for both planar and 

mesoporous devices [16-18]. The HCVD process was carried out in a standard quartz 

tube commonly used for Si processing. The proposed technique takes advantage of the 

highly-developed Si-processing equipment that provides excellent control and 
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repeatability of the process parameters and potential for batch processing. In addition, 

the impacts of growth parameters, such as growth temperature, material growth ambient 

and post-deposition cooling rate, on the material and device properties are investigated. 

By careful control of the perovskite growth process, a champion device with power 

conversion efficiency of 17.6% is achieved. 

5.2  Experimental Details 

5.2.1.  Materials 

Patterned FTO glass (7-10 Ω/cm2), titanium (IV) isopropoxide (TTIP), PbI2 (purity 

99%), MoO3, MAI powder (Dyenamo), lithium bis(trifluoromethylsulfonyl)imide, 4-

tert-butylpyridine, DMF, acetonitrile, spiro-MeOTAD (purity > 99.5%). All chemicals 

without further purification were used as received. 

5.2.2.  Device Fabrication 

The patterned FTO substrates was cleaned by ultrasonication in acetone, isopropanol 

for twice. The cleaned FTO substrates were then dried with nitrogen gas flow. After 

that, the cleaned FTO substrates were exposed to UV-ozone for 20 min before the 

deposition of the c-TiO2 layer. For the formation of the TiO2 film, a diluted TTIP 

solution (1.25 mL) in ethanol (25 mL) with 1.25 mL acetic acid was spin-coated onto 

the FTO substrates at 3000 rpm followed by 450 ℃ calcination for 2 hours in the air. 

The mp-TiO2 was deposited by spin-coating, a TiO2 paste dispersed solution in ethanol 
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in a mass ratio of 1:20, on the surface of c-TiO2 substrate at 3500 rpm followed by 450 ℃ 

calcination for 2 hours in air. 

 

Figure 5.1. Experimental setup of HCVD growth of perovskite thin films. 

High quality MAPI layers was fabricated by the HCVD process. Specifically, 1M PbI2 

precursor in DMF was spin-coated onto the substrate at 2000 rpm. After 100C 

annealing, the sample was loaded into the HCVD setup as illustrated in Figure 5.1, in 

which the MAI powder was heated at 180C for sublimation. A carrier gas, composed 

of N2/O2 (purity >99.9%) mixture, was passed through the quartz tube. Five different 

N2/O2 ratios were used (100%/0%, 90%/10%, 85%/15%, 80%/20% and 75%/25%) in 

our experiment. The substrate was loaded downstream to the MAI vapor and the 

temperature was varied at 150C, 165C or 175C. After 2 hours, the HCVD setup was 

allowed to cool at three different rates (8C/min, 4C/min or 0.7C/min). The HTL 

solution was prepared by dissolving 80 mg spiro-MeOTAD in 1 mL chlorobenzene 

with the additives 17.5 μL Li-TFSI (520 mg/mL in acetonitrile) and 29 μL of tBP. Then, 

the solution was spin- coated on the top of the perovskite layer at 4500 rpm. The 

prepared samples were then stored in N2 ambient at room temperature or in O2 

(purity >99.9%) ambient at a flow rate of 2 lit/min at room temperature, 45C, 65C or 

85C for overnight. Finally, gold electrodes with a thickness of 60 nm were deposited 
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by thermal evaporation through a metal shadow mask and the active area of the device 

was 0.06 cm2. 

5.2.3.  Key Factor for HCVD Process 

A three-step process was performed to optimize the growth parameters of the HCVD 

grown perovskite films: 1. Optimization of growth temperature for perovskite materials. 

2. Optimization of the ratio for HCVD carrier gas N2/O2. 3. Optimization of 

postdeposition cooling rate on perovskite film. 

5.2.3.1.  Growth Temperature 

Using pure N2 as carrier gas, MAPI thin films were grown with different substrate 

temperatures. Standard devices were fabricated and the photovoltaic performance of 

the cells are summarized in Table 5.1. 

Table 5.1. The photovoltaic performance of planar devices with the perovskite absorber deposited at 

various growth temperatures. 

 

Based on the data of Table 5.1, the optimal growth temperature is approximately 165C. 

This is substantially higher than the typical reaction temperatures used in the solution 

growth techniques, which are approximately 100C [19, 20]. It is observed that using 

reaction temperatures >100C, for solution processed samples, will lead to the 

decomposition of the MAPI films due to the sublimation of MAI. In this work, the 
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carrier gas is saturated with MAI vapor, which suppresses the sublimation of the MAI 

from the MAPI film, and thus a higher crystallization temperature can be used without 

suffering any film degradation.  

5.2.3.2.  Carrier Gas Ratio 

To determine the optimized oxygen ratio, we have systematically investigated the ratio 

of N2/O2 in the carrier gas from 100%/0% to 75%/25%. Planar devices were fabricated 

using the MAPI films grown under different carrier gas ambient and the photovoltaic 

parameters of the devices are summarized in Table 5.2. 

Table 5.2. Effects of the perovskite growth ambient on the photovoltaic performances of the devices. 

 

Strong dependencies of the device PCEs on the carrier gas composition were observed. 

It is indicated that N2/O2 (85%/15%) is an optimal carrier gas composition leading to a 

substantial enhancement in the PCE. Typical I-V characteristics of the devices for 

different carrier gas compositions are shown in Figure 5.2a. This is in good agreement 

with the experimental results on EQE measurements as shown in Figure 5.2b. The 
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results clearly demonstrate the highest EQE for the device grown in N2/O2 (85%/15%) 

carrier gas. 

 

Figure 5.2. (a) Typical light I-V characteristics and (b) EQE of devices fabricated in different carrier gas 

compositions. 

5.2.3.3.  Postdeposition Cooling Rate 

In this work, we have also examined the impact of post-deposition cooling rate on film 

morphology. SEM pictures of MAPI films grown by HCVD technique under different 

conditions are shown in Figure 5.3. HCVD-grown films with fast cooling rate (8C/min) 

exhibit high concentration of pinholes as shown in Figure 5.3a and 5.3b, while the 

pinholes are substantially decreased when the cooling rate is reduced to 4C/min as 

shown in Figure 5.3c and 5.3d. Furthermore, HCVD-grown films with a slow cooling 

rate of 0.7C/min as shown in Figure 5.3e and 5.3f demonstrate a compact and pinhole-

free film with substantial enlargement of crystal size between approximately 300 nm 

and 1.5 m. It is believed that short circuit throughout a whole device may be caused 

by the pinholes and such pinholes can also act as recombination centers. Figures 5.3g 

and 5.3h show the cross-sectional SEM images of the MAPI films with different 

cooling rates. The results clearly demonstrate the perfect perovskite crystal of the slow-
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cooled MAPI film, in which the entire thickness of the perovskite absorber layer is 

penetrated by only a perovskite single crystal, whilst the fast-cooled perovskite film 

exhibits much smaller crystallites. 

 

Figure 5.3. SEM pictures of perovskite films grown by HCVD: (a) in N2 with a cooling rate of 8C/min; 

(b) in N2/O2 (85%/15%) with a cooling rate of 8C/min; (c) in N2 with a cooling rate of 4C/min; (d) in 

N2/O2 (85%/15%) with a cooling rate of 4C/min; (e) in N2 with a cooling rate of 0.7C/min; (f) in N2/O2 

(85%/15%) with a cooling rate of 0.7C/min; Scale bar(a-f): 500 nm. (g) Cross-sectional SEM picture 

of the MAPI films with a cooling rate of 8C/min; and (h) cross-sectional SEM picture of the MAPI 

films with a cooling rate of 0.7C/min. 

5.3  Results and Discussion 

5.3.1.  The Impact of Carrier Gas and Cooling Rate on the 

Device Performance 

To investigate the effects of growth ambient and post-deposition cooling rate on the 

optoelectronic properties of MAPI materials and PSCs, systematic characterizations on 
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the lifetimes of the fabricated perovskite samples by analyzing the TRPL signals were 

performed. The experimental data are shown in Figure 5.4, there are six different types 

of MAPI films were investigated as follows: 

type I: N2 carrier gas with a cooling rate of 8C/min (open blue triangles);  

type II: N2 carrier gas with a cooling rate of 4C/min (open green squares); 

type III: N2 carrier gas with a cooling rate of 0.7C/min (open red circles); 

type IV optimal carrier gas with a cooling rate of 8C/min (solid blue triangles);  

type V: optimal carrier gas with a cooling rate of 4C/min (solid green squares);  

type VI: optimal carrier gas with a cooling rate of 0.7C/min (solid red circles).  

The absorbance curve of the six different types of samples are shown in the inset of 

Figure 5.4a, MAPI films prepared by different growth parameters exhibit small 

variations. The TRPL data are fitted well by a bi-exponential function, in which two 

carrier lifetimes (𝜏1 and 𝜏2, indicating two independent recombination processes) can 

be extracted from the experimental data as demonstrated in Figure 5.4a. It is clearly 

observed that significant improvements in the lifetimes of MAPI samples grown in the 

N2/O2 ambient compared to the samples grown in pure N2. It is suggested that oxygen 

in the carrier gas may passivate the defects in MAPI and reduce carrier recombination, 

resulting in the improvement in carrier lifetime. Moreover, utilizing a slow cooling rate 

for the growth of perovskite appears to further enhance the carrier lifetime implying 

strong correlation between cooling rate and defect density in perovskite materials. 
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Figure 5.4. (a) TRPL of different types of MAPI films. Inset is the absorbance curve of the corresponding 

samples. (b) PDS of different types device and (c) PDS of solution grown MAPI films with or without 

oxygen. Inset is the SEM image of the solution processed sample. (d) Normalized current noise power 

spectral densities of the devices for different types of HCVD-grown MAPI films. (e) PDS of the HCVD 

sample grown in different gas compositions. 

PDS were utilized to investigate the density of the bandgap states of MAPI films under 

different growth conditions. In this work, PDS can facilitate our understanding on both 

shallow and deep traps in the MAPI film. All samples were prepared on quartz to avoid 

absorption by the substrates. Here 4 different typical samples types I, III, IV and VI 

with their growth conditions were selected and the results are shown in Figure 5.4b. 

From the experimental results, it is observed that the conduction band edge is 

approximately 1.59 eV from the valence band edge which is in excellent agreement 

with existing reports. The shallow traps are classified in the range between EC and EC 

– 15 meV while the deep levels refer to the bandgap states which are at least ~0.15 eV 

from the band edge [14, 15, 21, 22]. The shallow traps are characterized by the 

magnitude of the Urbach energy which reflects the steepness of the band tail states 
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located at the conduction band edge [23]. A small Urbach energy stipulates a lower 

density of shallow traps and is, thus, a useful figure-of-merit for the film. The Urbach 

energies for samples I, III, IV and VI are 22.2 meV, 20.7 meV, 21.9 meV and 20.8 meV 

respectively. The shallow traps appear to be most strongly affected by the post-

deposition cooling rate. The Urbach energy shows significant reduction by 1.5 meV 

and 1.1 meV for slow-cooled samples (type III and type VI) compared to their fast-

cooled counterparts (type I and type IV). Based on the PDS results, consistent trends 

were obtained in good agreement with recent calculations reported by Yin et al. [13], 

which suggests that O can passivate the shallow traps at the MAPI grain boundaries. 

Moreover, it is noteworthy that the effectiveness of oxygen passivation also depends 

on the initial MAPI crystal quality. Comparing the fast-cooled HCVD type I and IV 

samples with high concentration of pinholes and grain boundaries, the presence of 

oxygen in the growth ambient reduces the Urbach energy from 22.2 meV to 21.9 meV. 

The reduction in Urbach energy becomes more significant (from 24 meV to 23.2 meV) 

for the case of solution processed MAPI films with and without oxygen post-deposition 

annealing (Figure 5.4c) respectively, for which the MAPI average grain size is smaller 

than the HCVD films, while the Urbach energy remains practically unchanged when 

comparing the slow-cooled HCVD samples (type III and type VI) for which, both 

samples exhibit excellent crystallization with large grain size and good coverage of 

MAPI. 

The impact on the density of deep traps due to the variations in the growth conditions 

is investigated. Through comparing between type I and type III films, it is observed that 
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adopting a slow cooling rate leads to a substantial reduction in the trap density between 

1.24 eV to 1.45 eV. Through comparing type I film and type IV film, we observed 

significant reduction in the deep traps between 0.8 eV to 1.08 eV. It is noted that deep 

traps over the energy range from 0.8 eV to 1.45 eV exhibit a substantial reduction when 

both the optimal carrier gas and slow cooling rate are performed as shown in type VI 

film. Hence, the results clearly demonstrate that both carrier gas ambient and cooling 

rate have strong impact in the density of deep traps.  

To provide further evidence that oxygen is effective in the passivation of deep traps in 

MAPI. LFN measurements on all six different types of devices has been conducted. 

Figure 5.4d illustrates the normalized room temperature current noise power spectral 

density for all six types of devices. All the devices are identical in their fabrication 

process except for the growth parameters of the MAPI layers. LFN measurement 

enables one to monitor the dependence of deep levels on the MAPI growth parameters. 

Two important trends were observed based on the data: i.) a significant reduction in 

SI(f)/I
2 is observed for the devices with the MAPI layers grown in N2/O2 ambient (types 

IV, V and VI) compared to those grown in pure N2 (types I, II and III); and ii.) SI(f)/I
2 

is lowered more gradually with decreasing cooling rate in the same growth ambient. 

The data show that the concentration of deep traps can be lowered by enhancement in 

crystallization through utilizing a slow cooling rate and particularly by defect 

passivation with O2 carrier gas.  

The obtained results so far are highly consistent with the photovoltaic performance of 

the devices. Standard planar devices with different cooling rates were fabricated by 
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using HCVD technique. It is found that the average PCE of the devices increased from 

11.1% to 12.8% for the MAPI layers grown in N2 with a reduced cooling rate from 

8C/min to 0.7C/min while the average PCE of the devices increased from 14.6% to 

16.7% for the MAPI layers grown in N2 /O2 (85%:15%) with a reduced cooling rate 

from 8C/min to 0.7C/min. On the other hand, the average PCE of the devices 

significantly increased from 12.8% to 16.7% when adjusting the ambient from N2 to N2 

/O2 (85%:15%) at the same cooling rate of 0.7C/min. The optoelectronic properties of 

the devices fabricated in the optimized ambient are summarized in Table 1. The 

characterizations performed on the MAPI material and the corresponding devices show 

that the optimal growth ambient and slow post-deposition cooling rate are the critical 

factors for the HCVD process to fabricated high quality MAPI films. The best planar 

device fabricated utilizing the optimal fabrication parameters is shown to achieve a PCE 

of 17.2%.  

5.3.2.  The Impact of the Device Architecture on the Device 

Performance 

Based on the experimental data presented above, it is clear that the incorporation of 

oxygen in perovskite leads to the passivation of both deep traps and shallow states in 

the material. Besides, device performance can also be boosted through the optimization 

of the device architecture. It is pointed out that the mp-TiO2 layer has strong impacts in 

perovskite crystallization, device operation as well as device stability [24-29]. We first 

examined the effects of the mp-TiO2 layer on properties of the MAPI films. The 
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morphology of the MAPI layer with three different cooling rates and the device 

performance were investigated.  

 

Figure 5.5. (a) HCVD-grown MAPI with fast cooling rate (8 °C/min) on mp-TiO2; (b) HCVD-grown 

MAPI with medium cooling (4 °C/min) on mp-TiO2; (c) HCVD-grown MAPI with slow cooling 

(0.7 °C/min) on mp-TiO2; and (d) cross-section of HCVD-grown MAPI with post-deposition cooling 

rate 0.7 °C/min on mp-TiO2. 

The top-view SEM images of the MAPI films with a cooling rate of 8C/min, 4C/min 

and 0.7C/min are shown in Figure 5.5a, 5.5b and 5.5c, respectively. Pinholes can still 

be observed in Figure 5.5a and 5.5b, albeit with substantial reduction in the density 

compared to Figure 5.3a, 5.3b, 5.3c and 5.3d. The slow-cooled sample exhibits highly 

compact films with excellent coverage. From Figure 5.5c the grain size of the slow-

cooled MAPI layer ranges from 300 nm to 1m, which is similar to the MAPI layers 

deposited on the c-TiO2 layer as shown in Figure 5.3e and 5.3f. Furthermore, Figure 
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5.5d shows the cross section of the perovskite deposited on the FTO/c-TiO2/mp-TiO2 

substrate by HCVD technique which exhibits a single crystal spanning across the entire 

thickness of the perovskite layer. 

Table 5.3. Effects of post-deposition cooling rates on the performance of the planar and mesoscopic 

devices. The values were averaged from seven devices. 

 

Table 5.3 summarizes the photovoltaic parameters of the mp-PSCs. Comparing the 

experimental results obtained of the planar devices, the mp-PSCs demonstrate similar 

average VOC and JSC while the average FF values are significantly higher than that of 

the planar devices. Generally, improved FF of the device is an indication of better 

charge transport properties within the devices [30]. It was pointed out that the presence 

of the mp-TiO2 scaffold may facilitate efficient electron extraction and rapid injection 

[27]. To compare the MAPI films deposited on different substrates, we have performed 

XRD measurements of the perovskite films deposited on the glass/FTO/c-TiO2 and 

glass/FTO/c-TiO2/mp-TiO2 substrates. The diffraction peaks, as indicated in Figure 

4.6a, which are attributed to the perovskite planes (110), (220) and (310) can be clearly 

resolved for the samples. The degree of crystallinity can be evaluated from the XRD 

data by computing the ratio between the integrated intensity under the crystalline peaks 

and the integrated intensity under the complete X-ray diffraction spectrum [31]. It is 

found that perovskites grown by HCVD process on mp-TiO2 substrates exhibit 
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improvement in crystallinity compared to the samples without the mp-TiO2 scaffold. 

Figure 5.6 shows the I-V characteristics of the best devices for: (b) HCVD-grown 

device under optimal processing conditions and with a planar device structure; and (c) 

HCVD-grown device under optimal processing conditions with the incorporation of an 

mp-scaffold. It is clearly shown that the HCVD devices exhibit high FF values with 

little hysteresis, which is believed to arise from an effective control of the defect density 

and enhancement in crystallization by using optimized perovskite growth methods. 

Similar observation in the elimination of hysteresis effect due to the reduction of the 

density of traps states in MAPI was reported by Shao et al [21]. By optimizing the 

growth conditions and introducing mp-layer into device architecture, the champion 

device with VOC = 1.0 V, JSC= 23.0 mA/cm2, FF = 0.77 and a high PCE of 17.6% can 

be achieved (Figure 5.6b). 
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Figure 5.6. (a) XRD patterns for the samples prepared by solution and HCVD processes on different 

substrates. I–V characteristics in forward (open symbol) and reverse scans (close symbol) for the best 

devices for: (b) HCVD-grown MAPI layer in N2/O2 (85%:15%) ambient with a planar device structure 

and (c) HCVD-grown MAPI layer in N2/O2 (85%:15%) ambient with the incorporation of an mp-scaffold. 

(d) The stability of the HCVD-grown devices stored in nitrogen. 

Furthermore, the stability of the devices with the MAPI grown in different conditions 

have been investigated. Figures 5.6d show the evolution of the PCEs of the three types 

of devices as a function of the storage time in N2 and in air: (i) type-A devices, mp-

MAPI layer grown by HCVD technique in N2/O2 (85%:15%) ambient; (ii) type-B 

devices, MAPI layer grown by HCVD technique in N2/O2 (85%:15%) ambient with a 

planar device structure; and (iii) type-C devices, MAPI layer grown by HCVD 

technique in pure N2 ambient. It is found that type-C devices exhibit the fastest 

degradation in the PCE, while type-B devices exhibit intermediate rate of degradation 

and type-A devices demonstrate the best device stability among these three types of 

devices. The results are expected as relatively higher trap density is found for the MAPI 
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films grown in N2 ambient, as confirmed by the TRPL, PDS, and LFN measurements. 

Perovskite film with high trap density not only affects the photovoltaic performance of 

the devices, but also causes the performance of the devices to be unstable. In terms of 

type-A and type-B devices, the enhanced stability of type-A devices is mainly due to 

the presence of mp-TiO2 layer. Because mp-TiO2 acts as an efficient electron acceptor, 

which can boost the interfacial charge extraction between perovskite so that charge 

accumulation within the devices can be reduced. We also believe that mp-TiO2 can 

behave as a buffer layer, enabling an intimate contact between the large perovskite grain 

and the substrates over a long period of time. Further investigations on the devices 

stability will be performed in the future work. 

5.4  Conclusion 

We demonstrate that a HCVD technique conducted in N2/O2 (85%/15%) mixture with 

a slow cooling rate can successfully reduce the density of both shallow traps and deep 

levels in MAPI films. By introducing an mp-TiO2 scaffold in the device can further 

improve the device performance due to further improvement in the crystallinity of the 

MAPI films and enhancement of device stability. With the optimized fabrication 

conditions and device architecture, the champion device with VOC = 1.0 V, JSC = 23.0 

mA/cm2, FF= 0.77 giving a PCE of 17.6% was achieved. 
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CHAPTER 6  PEROVSKITE/CRYSTALLINE 

SILICON FOUR-TERMINAL TANDEM 

SOLAR CELLS 

6.1  Introduction 

Considering the fact that Si solar cells have strong PV response at long wavelengths, 

combining Si solar cells with other types of solar cells with strong PV response at short 

wavelengths is an effective strategy to overcome the efficiency bottleneck. High 

efficiency tandem solar cells have been developed by stacking wide-bandgap 

compound semiconductor such as GaAs and indium gallium phosphide on top of Si [1-

4]. However, these classes of solar cells are prohibitively costly for commercial 

terrestrial applications. Perovskite materials with tunable bandgap energies and low 

fabrication cost are promising candidates for the top cell in tandem with small bandgap 

c-Si solar cell. The perovskite/c-Si tandem system offers an effective approach to 

broaden the PV response to the solar spectrum and to minimize loss due to 

thermalization by adopting light absorbers with complementary absorption spectra.  

Recently, several groups have successfully demonstrated perovskite/Si tandem solar 

cells in different structures with promising PCEs. Chen et al. [5] have reported that 

using an efficient copper (Cu)/ gold (Au) semitransparent electrode yields a PCE of 

16.5 % for individual perovskite top solar cell and a PCE of 23.0% for perovskite/Si 

tandem solar cells. Bailie et al. [6] utilized a transparent silver (Ag) nanowire electrode 
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on perovskite solar cell to achieve a PCE of 12.7 % for individual perovskite top cell 

and a PCE of 17.0 % for perovskite/Si tandem solar cells (18.6 % for perovskite/CIGS 

tandem solar cells). Albrecht et al. and Werner et al. have demonstrated perovskite/Si 

tandem solar cell in monolithic structure with a PCE of 18 % and 21.2 % respectively 

[7, 8]. The high PCE values obtained from different groups clearly indicate the huge 

potential of using the tandem configuration. 

A tandem solar cell is generally designed in three different configurations: 

monolithic two-terminal tandems with a tunnel junction (recombination layer); 

monolithic three-terminal tandems with the middle electrode being shared between the 

two sub cells or mechanically stacked four-terminal tandems [9-14]. In a monolithic 

two-terminal tandem system, the top cell is directly fabricated on the bottom cell, which 

allows simplified manufacturing steps and minimizes parasitic absorption due to the 

transparent conductive oxide (TCO) electrodes such as ITO and FTO. However, the 

total current of a monolithic two-terminal tandem cell is determined by the lowest of 

the currents generated in either the top cell or the bottom cell and the imbalanced 

generation of charge carriers in the sub cells will be accumulated, resulting in the 

lowering of the VOC of the tandem device [15]. Therefore, precise management of 

current generation in each individual sub cell is required to avoid current mismatch 

between the top cell and the bottom cell in monolithic two-terminal tandem structures. 

The compatibility of the fabrication processes for the top and bottom cells have to be 

also considered. Monolithic three-terminal tandem systems can be also regarded as a 

parallel tandem, for which a mutual interlayer electrode with high electrical 
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conductivity and good optical transparency is used to connect the sub cells with 

complementary absorption in parallel. This configuration allows the optimization of the 

current of each sub cell independently. However, compatibility of fabrication processes 

during the monolithic growth is still needed. Mechanically stacked four-terminal 

tandem devices offer larger flexibility for different combinations of the top and bottom 

cells as the sub cells are mechanically stacked with independent connections between 

the top and bottom cells. Therefore, the issues of current matching and fabrication 

compatibility between the sub cells are not key concerns. While extra TCO electrodes 

involved in four-terminal tandem devices will cause additional parasitic absorption, 

leading to current loss in the devices, optical engineering such as different light trapping 

strategies can be employed to compensate for the efficiency loss. Four-terminal tandem 

architecture provides much more freedom for engineers to pair up high-performance 

sub cells having complementary absorption spectra, facilitating the optimization of the 

module transmissivity of each sub cell. With proper integration of external circuit 

connections, four-terminal tandem devices can be effectively applied in practical 

applications such as building-integrated photovoltaic (BIPV) system. 

We have successfully achieved high quality perovskite film with good performance 

which have discussed in previous chapter 3, chapter 4 and chapter 5. Hence, in this 

chapter, we combined the perovskite solar cell with a low bandgap Si solar cell to make 

a four-terminal perovskite/crystalline silicon (c-Si) tandem structure to further boost 

the solar cell efficiency. To obtain a high PCE of four-terminal perovskite/c-Si tandem 

solar cells, careful engineering of the optical and electrical properties of the devices are 
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also critical. In this work, an average PCE of 22.4% (23.5% for champion device) can 

be obtained by utilizing following three effective techniques: 1. Oxygen annealing 

treatment for reducing defect density of perovskite materials; 2. Optical engineering of 

the transparent electrode (MAM) to obtain high transmission at long wavelengths for 

the tandem solar cell applications; 3. Enhancement of light harvesting power achieved 

by using the novel biomimicking elastomeric petals as the light trapping layer. 

6.2  Experimental Details 

6.2.1.  Materials 

Sylgard 184 polydimethylsiloxane (PDMS) pre-polymer and curing agent are 

purchased from Dow Corning. Patterned FTO glass (7-10 Ω/cm2), titanium (IV) 

isopropoxide (TTIP), PbCl2 (purity > 99%), MoO3, MAI powder (Dyenamo), lithium 

bis(trifluoromethylsulfonyl)imide, 4-tert-butylpyridine, DMF, acetonitrile, spiro-

MeOTAD (purity > 99.5%). All chemicals without further purification were used as 

received. 

6.2.2.  BEP Film Fabrication 

The BEP was prepared by replicating the surface texture of yellow rose petal by soft 

lithography. Briefly, PDMS pre-polymer (mixed with 10 wt% curing agent) was poured 

on the rose petal. The sample was then stored under vacuum to remove the air bubbles 

in the pre-polymer. After storing at room temperature for 2 days, the crosslinked PDMS 

was peeled off from the rose petal. Finally, the as-prepared PDMS film was cleaned by 
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acetone and isopropanol under ultra-sonification, and then cut into appropriate size to 

serve as BEP.  

6.2.3.  Perovskite Solar Cell Fabrication  

The perovskite films were deposited from a filtered precursor solution containing 0.9 

M PbCl2 and MAI in DMF (1:3 molar ratio). The mixture solution was stirred at 75℃ 

on the hotplate for 24 h. After that, a brightness yellow perovskite precursor solution 

was obtained by a 500 nm filter. Before spin-coating perovskite layer, the substrates 

and the perovskite precursor were preheated to 75℃ and 90℃, respectively. The 

substrate was transferred quickly to the spin-coater, the precursor solution was 

deposited immediately afterward and the spin coater was started at 3000 rpm for 30 s. 

Subsequently, the substrate was annealed at 65℃ for 15 min and 105℃ for 45min. 

After the substrate cool down to room temperature naturally, the HTL solution was 

prepared by dissolving 80 mg spiro-MeOTAD in 1 mL chlorobenzene with the 

additives 17.5 μL Li-TFSI (520 mg/mL in acetonitrile) and 29 μL of tBP. Then, the 

solution was spin- coated on the top of the perovskite layer at 4500 rpm. The prepared 

samples were then stored in N2 ambient at room temperature or in O2 (purity >99.9%) 

ambient for overnight. The transparent electrode was prepared by thermal evaporation 

of MoO3 and Au sequentially to form a MAM multilayer structure. The transmission 

and resistivity of the transparent MAM electrode were carefully optimized by adjusting 

the thickness of the constituent layers. 
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6.2.4.  Silicon Solar Cell Fabrication  

For the fabrication of c-Si solar cells, boron-doped Cz-mono-Si wafers were used. The 

surface damage of Si wafers caused by cutting was eliminated by 20%wt KOH solution 

at 80℃. Random pyramid texture for light trapping of Si solar cell was achieved in mix 

solution of 5%wt KOH, IPA and additives at 80℃. After SiO2 was etched by HF 

solution, the wafers were loaded into a POCl3 gas diffusion furnace for p-n junction 

formation with the diffusion temperature of 830℃ for 20 min. The entire surface of 

the wafers was covered by phosphorus-doped layer (~70 ohm/sq). HF:HNO3:H2O 

(1:5:4) solution was used to etch the back junction. Passivation of the upper surface of 

the Si solar cell was achieved by ~80 nm of SiNx:H deposited by plasma-enhanced 

chemical vapor deposition (PECVD). Al2O3/SiNx:H double layer passivation was 

adopted for the back surface of Si wafers. After laser opening the Al2O3/SiNx:H layers 

with a certain pattern to expose part of the back surface of the Si wafers, the uniform 

Al paste and Ag paste were printed on the back and top surface of Si wafers by screen 

printing technology, respectively. The Al paste and Ag paste were co-fired with the 

peak temperature of 780℃.  

6.3  Results and Discussion 

The perovskite/c-Si four-terminal devices were fabricated based on the configuration 

shown in Figure 6.1. As this type of device architecture is not subject to current 

matching, we aim to generate the largest photocurrent in each sub cell by maximizing 

the light harvesting power of perovskite top cell in short wavelengths with the aid of a 
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novel light trapping technique and using highly transparent rear electrode for perovskite 

top cell to ensure effective infrared photons absorption by c-Si bottom cell.  

 

Figure 6.1. The device architecture of the four-terminal perovskite/c-Si tandem solar cell. 

6.3.1.  Peak Transmittance Tunable Transparent Electrode 

The transparent electrode consists of a thermally evaporated trilayer with an ultrathin 

Au film embedded between two layers of molybdenum trioxide (MoO3). The electrical 

and optical properties of the MoO3/Au/MoO3 (MAM) electrode can be tuned by 

adjusting the thickness of the constituent layers. The first MoO3 layer in contact with 

the spiro-MeOTAD is fixed at 15 nm which is in similar range of thickness used in the 

common metal oxide-metal-metal oxide electrode [16, 17]. The resistivity of the Au 

layer reduces with increasing thickness. However, thick Au layer leads to poor 

transmissivity of the electrode as indicated in Figure 6.2a. Therefore, optimization of 

the transparency as well as the resistivity of the transparent MAM electrode is crucial 

to the overall performance of the device. The samples of MoO3 (15 nm)/Au (x nm) 

were prepared and the sheet resistance of samples with different thicknesses of Au were 

characterized. Figure 6.2a clearly shows the dependence of the sheet resistance of the 
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sample on the thickness of Au. It is found that the value of the sheet resistance drops 

significantly from ~460 ohm/sq to ~40 ohm/sq when the thickness of Au increases from 

6 nm to 10 nm. The sheet resistance further reduces to 15 ohm/sq when the Au layer 

increases to 12 nm while further increase of Au thickness does not lead to obvious 

reduction in sheet resistance. In order to achieve high transmissivity as well as good 

conductivity of the transparent MAM electrode, the thickness of Au was fixed at 12 nm, 

then, the thickness of the MoO3 capping layer was varied and the sheet resistance of the 

layer underneath was recorded was shown in Figure 6.2b.  

 

Figure 6.2. The experimental data of the sheet resistance and transmission of (a) MoO3 (15 nm)/Au (x 

nm); (b) the experimental data of the sheet resistance and transmission at 900 nm of MoO3 (15 nm)/Au 

(12 nm)/MoO3 (x nm); (c) the simulated transmission data of MAM electrode with different thickness of 

capping MoO3 layer and (d) the experimental transmission data of MAM electrode with different 

thickness of MoO3 capping layer (The average values of transmission from 800 nm to 1200 nm are also 

indicated). 

It is found that the thickness of the MoO3 capping layer does not affect the sheet 

resistance of its underlying MoO3/Au layer. However, calculated results in Figure 6.2c 
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show that the MAM electrode with different thicknesses of the MoO3 capping layer 

strongly affect the peak position of the transmission spectrum of the electrode which 

was also characterized experimentally as shown in Figure 6.2d. For four-terminal 

tandem device, the MAM electrode has to be highly transparent at the long wavelength 

range for infrared photons to enter the bottom silicon layer located below the perovskite 

top cell. Therefore, the transmission of the MAM electrode at long wavelengths, 

particularly between 800 nm to 1200 nm, should be maximized. Our experimental 

results in Figure 6.2d show that the MoO3 (15 nm)/Au (12 nm)/MoO3 (60 nm) trilayer 

exhibits the highest average transmission of ~73 % between 800 nm and 1200 nm 

compared to other combinations, which agree with the simulation results shown in 

Figure 6.2c. It is noteworthy that the sheet resistance of the MAM electrode prepared 

by the proposed method is an order lower in magnitude compared to the common 

transparent graphene electrode with a similar transmission [18]. Furthermore, the 

application of MAM as the transparent electrode has significant advantages for future 

large-scale industrial fabrication as the deposition process can be precisely controlled 

by the evaporation system with an accurate thickness monitor. The real color of the 

MAM electrode with different thicknesses of MoO3 capping layer deposited on the 

quartz as shown in the inset of Figure 6.3a. Different degrees of transparency of the 

MAM trilayers can be observed with naked eye by varying the thickness of MoO3 

capping layer. We then fabricate perovskite devices using the optimized transparent 

MAM (15 nm/12 nm/60 nm) electrode. The transmission spectra of the samples with 

different incremental layer stack structures are shown in Figure 6.3b. The transmission 
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of the sample with the complete perovskite device structure is ~50 % at long 

wavelengths. Further enhancement of the transmission of the top PSC can be obtained 

if larger band gap perovskite materials and hole transport materials with lower 

absorption are used. The cross-sectional image of the device with MAM electrode is 

shown in Figure 6.3a. The thicknesses for perovskite absorber and spiro-MeOTAD 

layers are around 350 nm and 200 nm respectively. Figure 6.3c and 6.3d shows the 

image of topography of the MAM electrode obtained from the AFM. The RMS 

roughness of the sample MoO3 (15 nm)/Au (12nm) is 1.08 nm while the value reduces 

to 0.54 nm after depositing a 60 nm MoO3 capping layer. 

 

Figure 6.3. (a) Cross sectional SEM image of the perovskite device with MAM electrode. Inset: the 

photograph of the MAM electrode with different thickness of MoO3 capping layer deposited on quartz 

(the thickness of each layer is indicated in the bracket in form of MoO3/Au/MoO3 unit: nm) (b) The 

transmission spectra of MAM based perovskite solar cell with different incremental layer stack structures: 

FTO/TiO2 layer (square), FTO/TiO2/Perovskite stack layer (circle), FTO/TiO2/Perovskite/Spiro-

MeOTAD stack layer (triangle), and the whole perovskite solar cell stack layer (star). The AFM 

topography image of (c) MoO3 (15 nm)/Au (12nm) layer (roughness (RMS): 1.08 nm) and (d) MoO3 (15 

nm)/Au (12nm)/ MoO3 (60 nm) layer (roughness (RMS): 0.54 nm) 
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6.3.2.  Post-deposition Oxygen Treatment Process 

Post-deposition oxygen treatment is applied for the perovskite devices before electrode 

deposition to enhance PCE. The comparisons of the photovoltaic parameters between 

the devices with or without post-deposition oxygen treatment are shown in Table 6.1. 

It is observed that the performance of the perovskite device is sensitive to post-

deposition oxygen treatment. The VOC, JSC and FF of the devices are dramatically 

improved after post-deposition oxygen treatment. An average PCE of 17.3 % for the 

PSCs with post-deposition oxygen treatment can be obtained compared to the average 

PCE of 14.6% of the control devices without post-deposition oxygen treatment. The 

typical steady-state current density and PCE measured at the maximum power point for 

the optimized device is shown in Figure 6.4a. A stable output with the stabilized PCE 

of 17.2 % is obtained for the device, which is largely in agreement with the results of 

I-V measurement as shown in Table 6.1.  

Table 6.1 The comparison of perovskite devices with and without post-deposition oxygen annealing. (i. 

Devices without O2 annealing. ii. Devices with O2 annealing) 

 

The substantial reduction in the trap density of perovskite material is the major reason 

for the enhancement in device performance. The spectra of PDS for the perovskite films 
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deposited on quartz with and without post-deposition oxygen treatment are shown in 

Figure 6.4c.  

 

Figure 6.4. (a) The steady-state current density and PCE measured at the maximum power point for the 

device with oxygen annealing. (b) The degradation of the devices (average of 8 devices) with and without 

oxygen annealing under 1 sun illumination. The results obtained from (c) the photothermal deflection 

spectroscopy and (d) TRPL for the perovskite films with and without oxygen treatment. 

The technique of PDS is commonly used to characterize the energetic disorder as the 

exponential decay of the absorption below the bandgap with a characteristic Urbach 

energy. The Urbach energies, as determined from the PDS spectra are 20.1 meV for the 

control sample and 18.9 meV for the sample with post-deposition oxygen treatment. 

The smaller Urbach energy and lower sub-bandgap absorption for the sample with 

oxygen treatment clearly indicate that the introduction of oxygen can reduce the density 

of bandgap states in the perovskite layer. To further confirm the effect of the post-

deposition oxygen treatment, TRPL signals were recorded for perovskite films with and 
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without oxygen treatment. The experimental results are shown in Figure 6.4d. The data 

are fitted with the bi-exponential decay function, in which two individual lifetimes can 

be extracted from the decay curves. Substantial enhancement in the carrier lifetimes 

from t1=2.5 ns and t2= 34.4 ns to t1=2.8 ns and t2= 101.5 ns are observed for the 

perovskite sample after post-deposition oxygen treatment. It is most likely due to the 

passivation of the traps in the perovskite during oxygen post-deposition process and 

hence reduces the chance of carrier recombination, leading to longer carrier lifetimes. 

The TRPL results are highly consistent with the PDS data. It is noteworthy that the 

degradation rate of the encapsulated devices with post-deposition oxygen treatment 

under 1 sun illumination is substantially smaller compared to the devices without post-

deposition oxygen treatment as shown in Figure 6.4b. It is indicated that post-deposition 

oxygen treatment also has positive impact on the lifetime of perovskite devices due to 

the reduction of trap density of perovskite materials. Further investigations on the 

lifetime of PSCs are in progress. 

6.3.3.  Biomimicking Elastomeric Petals (BEP) Light 

Trapping Film 

A BEP is applied at the top of perovskite solar cell for more efficient light absorption. 

The BEP is fabricated by replicating the surface texture of rose petal with PDMS 

through soft lithography process as shown in Figure 6.5a. The SEM top view of the 

BEP (inset: the digital image of the rose petal mold and the BEP film) is presented in 

Figure 6.5b and its 3D morphology (Figure 6.5c) is also simulated and demonstrated 
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by professional image-process software. It is found that the simulated 3D regular 

microstructures, replicated from the surface texture of rose petal, are similar to micro-

lens array. These regular micro structures serve as mirco-lens array, which scatters the 

incident light and thus prolongs the optical path of the active material underneath 

(Figure 6.5d and Figure 6.5e). 

 

Figure 6.5. (a) Schematic illustration of the fabrication of BEP film. (b)The SEM top view of the 

biomimicking elastomeric petals. Inset is the digital image of rose petal mold and the BEP replicated 

from the mold. (c) 3D morphology simulated model of the SEM top view. (d) Optical paths of the 

substrate with light trapping layer and (e) the optical paths of the substrate without light trapping layer. 

The BEP significantly improves the JSC of the perovskite devices and hence significant 

improvement in PCE can be achieved. The obtained photovoltaic parameters are 

summarized in Table 6.2. With the application of light trapping layer, the JSC and PCE 

of the conventional Au electrode device are increased from 21.8 mA/cm2 to 24.5 
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mA/cm2 and from 17.8% to 20.0% while the JSC and PCE of a typical MAM transparent 

device are increased from 22.1 mA/cm2 to 24.7 mA/cm2 and from 17.2% to 19.2% as 

shown in Table 6.2. It is noted that the BHF causes marginal reduction in PCE (0.04%) 

for the c-Si bottom cell in the tandem system while significantly enhancing the 

efficiency of the perovskite top cell, because the scattering effect of the BHF reduces 

the total number of the photons passing through the semi-transparent perovskite top cell. 

Since the PCE enhancement in the top perovskite cell outweighs the PCE reduction in 

the bottom c-Si cell, the overall performance of the perovskite/c-Si tandem solar cell 

can be significantly improved by application of the BEP. The hysteresis effect of the I-

V measurement is observed for our perovskite solar cells, which are in planar structure. 

The I-V curves of forward and reverse scan of the perovskite top cell with and without 

light trapping are shown in Figure 6.7a. There is a 1.9 % difference between the reverse 

and forward scan. Further enhancement in charge extraction efficiency by optimizing 

the material interfaces, particularly for the TiO2/perovskite interface can minimize the 

hysteresis effect in the perovskite device [19]. 
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Table 6.2 The average Photovoltaic parameters of different type of solar cells with or without light 

trapping layer under reverse scan condition. The highest values are indicated in the brackets. (i. c-Si; ii. 

c-Si filtered without light trapping; iii. c-Si filtered with light trapping; iv. Semi-transparent perovskite; 

v. Semi-transparent perovskite with light trapping; vi. Perovskite/c-Si tandem with light trapping) 

 

 

 

Figure 6.6. The I-V characterization diagram of Si solar cell filtered by perovskite solar cell filter. a) 

overall view, b) top view, c) left view and d) front view. 

6.3.4.  Four-Terminal Perovskite/Silicon Tandem Solar Cell 

The top perovskite cell and the bottom c-Si cell are integrated in proper electric 

connection as shown in Figure 6.6. The corresponding I-V characteristics and EQE 
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results are summarized in Figure 6.7b. The tandem device without light trapping 

technique yields an average PCE of 21.8 %, compared to 16.4% and 19.1% of 

perovskite solar cell and c-Si solar cell operated individually. It is noted that there is a 

8-13 % discrepancy between the integrated Jsc from the EQE results and the Jsc obtained 

from the I-V measurement for the PSC. This phenomenon can be attributed to the barrier 

to the photocurrent of MAM-perovskite solar cell which becomes dominant under 

momochromatic illumination with low light intensity during EQE measurement while 

the barrier will be alleviated by photodoping of the perovskite under the 1 sun 

illumination [19]. After incorporating BHF as the light trapping layer, the performance 

of the tandem device can be significantly enhanced to an average PCE of 23.5% as 

shown in the Table 6.2. 

 

Figure 6.6. (a) The I-V characteristics of the c-Si solar cell with and without perovskite filter and 

perovskite solar cell with and without light trapping. (b) The EQE of the perovskite solar cell and filtered 

c-Si solar cell with and without light trapping (integrated JSC for c-Si, c-Si with light trapping, perovskite, 

perovskite with light trapping are 13.2 mA/cm2, 12.9 mA/cm2, 20.4 mA/cm2 and 21.3 mA/cm2). 
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6.4  Conclusion 

We successfully demonstrated a high-efficiency perovskite/c-Si solar cells by 

incorporating high-quality transparent MAM electrode for the perovskite top cell, 

reducing trap density of perovskite films by post-deposition oxygen treatment and 

applying effective BEP as the light trapping layer. It is found that the resistivity of 

MAM multilayer electrode can be controlled by the thickness of Au while the 

transmission peak of electrode can be obtained at long wavelengths by varying the 

thickness of the MoO3 capping layer, which is an effective strategy for maximizing the 

light passing from the perovskite top cell to the bottom c-Si sub cell. The BEP attached 

on the light incident surface of the tandem device can dramatically enhance the optical 

paths by scattering effect and hence improve the light harvesting power of the tandem 

system. An average PCE of 23.5 % was obtained for perovskite/c-Si four-terminal 

tandem device with optimized optical features. The proposed tandem devices can be 

used in future practical applications such as the development of building-integrated 

photovoltaic (BIPV) system. 
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CHAPTER 7  SELF-POWERED 

PEROVSKITE PHOTOVOLTACHROMIC 

CELLS 

7.1  Introduction 

Photovoltachromic cells (PVCCs) are of great interest for self-powered smart windows 

of architectures and vehicles, which require widely tunable transmittance and automatic 

color change under photo-stimuli [1-10]. In conventional PVCC, patterned WO3/Pt 

electrochromic electrode is used which can be colored under short-circuit condition, 

and realize tunable transmittance states and fast response. However, the energy 

harvested from the solar cell in these kind of devices is the only used to trigger the 

change of optical transmittance, and the device lack the ability of storing the harvested 

solar energy because of the limited capacity of the counter electrode (e.g., ITO) of the 

capacitor. Therefore, the integration of photovoltaic and energy storage/electrochromic 

device together make it possible to provide sustainable power source and retain the 

PVCC in a desired colored state.  

Many research works reported that by integrating energy harvesting devices and energy 

storage devices together to realize a self-powered energy storage device. In 2015, Xu 

et al. reported the integration of PSCs and lithium ion batteries, and demonstrated a 

high total photoelectric and energy conversion efficiency (∼7.8%) and excellent 

cycling stability [11]. And at the same year, Wang et al. reported an integrated 
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organometallic PSC and polypyrrole-based supercapacitor, and realized a high output 

voltage of 1.45 V and high energy conversion efficiency of 10% [12]. Integrated smart 

electrochromic windows for energy storage application have also been investigated 

recently. However, these prototypes are connected by two separated energy harvesting 

and storage devices through external electrical wires. This configuration causes 

additional Ohmic loss and lacks dynamic solar light control. Subsequently, many efforts 

have been made by researchers to combine energy harvesting and storage functions into 

one device and improve the integration level. Wee et al. demonstrated a stacked 

photosupercapacitor, in which the organic solar cells and carbon nanotube (CNT) 

supercapacitor share a common electrode, and the internal resistance of the device is 

reduced by 43%, as well as power loss [13]. And also the integration of dye-sensitized 

solar cell and the CNT supercapacitors have been also investigated [14, 15]. However, 

there are still few works on the integration of electrochromic supercapacitor and 

semitransparent solar cell into one device, which possesses higher integration level and 

allows dynamic solar light control.  

Organic-inorganic metal halide perovskite possesses excellent light absorption 

coefficient and enables thin and semitransparent photovoltaic device. In this chapter, 

we demonstrate co-anode (ca) and co-cathode (cc) photovoltachromic supercapacitors 

(PVCSs) by vertically integrating a semitransparent PSC and electrochromic 

supercapacitor. The PVCSs provide a seamless integration of energy harvesting-storage 

device, automatic wide color tunability and enhanced photo-stability of PSCs. The color 

states of PVCSs not only indicate the amount of energy stored and energy consumed in 
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real time, but also enhance the photo-stability of photovoltaic component by preventing 

its long-time photo-exposure under fully charged state of PVCSs. This work designs a 

new type PVCS for multifunctional smart window applications commonly made of 

glass. 

7.2  Experimental Details 

7.2.1.  Device Fabrication 

7.2.1.1.  Fabrication of Semitransparent Perovskite Solar Cell. 

The patterned FTO substrates was cleaned by ultrasonication in acetone, isopropanol 

and DI water for twice. The cleaned FTO substrates were then dried with nitrogen gun, 

followed by a 20 min UV-ozone exposure. A diluted TTIP solution in ethanol (1.25 

mL/25 mL) with 1.25 mL acetic acid was spin-coated onto the FTO substrates at 3000 

rpm followed by 450 ℃ calcination for 2 hours in the air. A one-step spin-coating 

process was applied to the deposition of perovskite layer (CH3NH3PbI3-xClx) in this 

work. The spin-coating solution for the perovskite layer was prepared by mixing 2.4 M 

MAI and 0.8 M PbCl2 in DMF. The spin-coated perovskite thin film was then dried at 

65 ℃ for 15 min and annealed at 105 ℃ for 45 min until the color turned to dark brown. 

The HTL layer was prepared by spin-coating a solution of 80 mg spiro-MeOTAD in 1 

mL chlorobenzene with 17.5 μL Li-TFSI (520 mg/mL in acetonitrile) and 29 μL of tBP 

at 4500 rpm. The prepared FTO/c-TiO2/CH3NH3PbI3-xClx/HTL films were loaded into 

a O2-filled quartz tube to enhance the cell performance. Finally, MoO3/Au/MoO3 
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electrodes (15 nm/ 12 nm/ 20 nm) were evaporated onto the devices, through which the 

active area of the device was defined as 0.06 cm2.  

7.2.1.2.  Fabrication of Electrochromic Supercapacitor.  

A 300 nm-thick WO3 thin film was thermally evaporated onto the FTO substrate as 

supercapacitor electrode. The deposition was carried out with a background pressure of 

5×10-6 Torr and the chamber pressure during the deposition was maintained at 3×10-5 

Torr. The symmetric electrochromic supercapacitor was assembled by two identical 

WO3 electrodes coated with the mixture of polyvinyl alcohol (PVA) and 1M H2SO4. 

7.3  Results and Discussion 

7.3.1.  Co-anode and Co-cathode PVCSs Integration 

Schematic diagram and digital image of a PSC device with a MAM transparent 

electrode as shown in Figure 7.1a, which is a part of PVCS structure. The structure of 

the other PSC parts are similar to our previous works [16]. Figure 7.1c shows the 

absorption spectra and SEM image (inset) of a perovskite thin film. A typical PSC 

device with Au electrode exhibits a PCE of 16.4%, as shown in Figure 7.1f. Here the 

top electrode is replaced by a stacked transparent structure, MoO3 (15 nm)/Au (12 

nm)/MoO3 (20 nm), which was also selected as transparent electrodes in organic 

photovoltaic cells (OPV) and light emitting diodes (LED) [17-19]. The transparent 

MAM structure exhibits a peak transmission of 77.1% at the wavelength of 600 nm and 

the average visible transmission (AVT) of 70.6% between 380nm and 780nm (Figure 
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7.1b). The as-prepared PSC device with the MAM top electrode has a higher 

transmission (>40%) at a longer wavelength above 650 nm (Figure 7.1d). We 

demonstrate a typical PSC with the transparent MAM top electrodes, showing good 

PCEs of 12.54 % and 9.35 % with the light illuminated from both FTO side and MAM 

side, respectively, as shown in Figure 7.1e. This all-transparent-electrode PSC provides 

photo voltage for the electrochromic part, and solar light was allowed to be illuminated 

from both sides. 

 

Figure 7.1 (a) Schametic drawing of a PSC device with MAM transparent electrode. (b) Transmittance 

for MAM transparent electrode. (c) Absorbance for perovskite films on quartz. Inset is the SEM top view 

of perovskite films. (d) Transmittance for the whole semitransparent PSC. (e) J-V curve for 

semitransparent PSC illumination from MAM and FTO side. (f) J-V curve for champion device with Au 

electrode. 

An all-transparent-electrode PSC with electrochromic supercapacitor (ECS) was 

integrated in a vertically stacked configuration to form a PVCS device. Three-

dimensional schematic (Figure 7.2 a), cross-section (Figure 7.2b) and digital image 

(Figure 7.2c) of ca- PVCS, three-dimensional schematic (Figure 7.2d) and digital image 

(Figure 7.2e) of cc- PVCS are illustrated in Figure 7.2. Figure 7.3a and 7.3d show the 

schematic drawings of the two stacked PVCS structures, namely ca- structure and cc- 
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structure. 

 

Figure 7.2. (a) Three-dimensional schematic, (b) cross-section and (c) digital image of ca- PVCS. (d) 

Three-dimensional schematic and (e) digital image of cc- PVCS. The red dashed areas represent the 

active area of PSCs. 

A transparent ECS device is integrated and shares an electrode with the semitransparent 

PSC within the ca-structure (Figure 7.3a). Light is illuminated from the rear side and 

transmitted through the ECS cathode to PSC. Both PSC part and ECS anode can be 

fabricated on one common glass. The transparent MAM electrode (15 nm/12 nm/20 nm) 

serves as a co-anode for both PSC and ECS. Then another 200 nm MoO3 thin film was 

deposited in the ECS part as the ECS anode to obtain a better capacity. The top WO3 

electrode of the ECS was assembled with the PSC and the ECS anode through the gel-

like PVA/H2SO4 electrolyte, and works as both the “electrochromic shelter” of the PSC 

and the cathode of the ECS. The advantage of this type of PVCS structure is that 

electrical wires connection is totally removed during photo-charging. 

For the cc- structure (Figure 7.3d), a symmetric WO3 ECS is mechanically stacked on 

the PSC. The PSC and ECS share a glass with both sides coated with FTO, where both 

sides are electrically connected and the FTO serves as the cathodes for both PSC and 
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ECS. The WO3 thin film was first deposited on one side of FTO, and the PSC part was 

fabricated on the other side of the FTO. The WO3 anode on single-side FTO was then 

assembled with the above parts through the PVA/H2SO4 electrolyte. 

 

Figure 7.3. Schematics of ca- and cc-PVCS operation mechanism. (a) Original states, (b) initial charged 

states, (c) fully charged states of ca- PVCS. (d) Original states, (e) initial charged states, (f) fully charged 

states of cc- PVCS. 

7.3.2.  Optical Transmittance Tunable of Photovoltachromic 

Supercapacitors 

For the integrated ca- and cc- PVCSs, solar light was illuminated from the ECS side, 

and then transmitted through the ECS device to the PSC device. Figure 7.3 

schematically demonstrates the operation mechanisms of the ca- and cc- devices, where 

the initial charged state, fully charged state and bleached state are illustrated, 

respectively. For both ca- and cc- PVCSs, the devices were photo-charged under AM 
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1.5 illumination under short-circuit condition through connecting terminal A and C. 

Discharging process was performed through the external circuit by connecting terminal 

A and B of the two ECS electrodes, in which the discharged current density was 

controlled as 0.1 mA/cm2. For the ca- device operation, the electrons and holes are 

generated in the perovskite layer, and are transported to the electron conducting layer 

TiO2 and the HTL, respectively, during the photo-charging process. The 

semitransparent MAM electrode collects holes, which serves as the anode of both ECS 

and PSC at terminal B. For the cc- device operation, the two FTO cathodes of the PSC 

and ECS are connected to each other at the terminal B during the whole charging 

process to collect the photo-generated electrons. The photovoltaic potential drives the 

re-distribution of ions in the electrolytes, and electricity is stored at the WO3 electrode 

of the ECS in the form electrochemical energy. Then the charged PVCSs can be 

discharged through an external circuit through connecting terminal A and B. During the 

photo-charging process of the two integrated PVCSs, electrons are injected into the 

WO3 cathode and H+ moves towards the ECS anode driven by electric-field 

(WO3+H++e →HWO3). Charges are stored at the WO3 cathode during the oxidation 

reaction, and the color changes from transparent to blue, which is accompanied by the 

chemical state of W changing from 6+ (bleached state) to 5+ (colored state) [20, 21]. 

The other ECS anode works as a charge balancing counter electrode. During the 

discharging stage, the reversible reduction process releases the charge 

(HWO3→WO3+H++e), and the WO3 thin film recovers to be transparent, which allows 

a new working cycle of the integrated device. 
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Tunable color states can be easily achieved in this kind of PVCS devices. Figure 7.4a 

and 7.4b show the photos of the ca- and cc- PVCSs under bleached, half charged and 

fully charged states. The color of the ECS parts turn to deep blue during the photo-

charging and recovers to transparent after discharging. Here a ‘PSC shelter’ was defined 

to demonstrate the PVCS working states. The light transmitted from the PSC shelter to 

the PSC. In the ca- device, the PSC shelter is FTO/WO3/PVA electrolyte; and in the co- 

cathode device, the PSC shelter is FTO/WO3/PVA electrolyte/WO3/FTO/glass.  

 

Figure 7.4. Digital images of (a) ca- and (b) cc- PVCS color states under bleached state, half charged 

state and fully charged state. The V-t curves of (c) the ca- and (d) cc- devices for the photo-charging 

process within 100 s and discharging process at a current density of 0.1mA/cm2. 

7.3.3.  In-situ Energy Storage of Photovoltachromic 

Supercapacitors. 

The tunable color state of the PVCS is also an indicator of the amount of energy stored 

in the cell, which allows us to estimate the stored energy in PVCS by differentiating its 

colored state. Figure 7.4c and 7.4d show the voltages of the two PVCSs as a function 

of time evolution during the photo-charging and discharging processes, and the color 
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states corresponding to the charging and discharging processes. The discharging 

process was performed at a constant current density of 0.1 mA/cm2 by disconnecting 

terminals A and C (shown in Figure 7.3) and no additional solar input charge the 

supercapacitor during the discharging process. The ca- PVCS was charged to 0.61 V 

within 60 s, and the cc-PVCS was charged to 0.68 V within 85 s. For the color change 

response, the ca- (cc-) PVCS started to change its color at a voltage of 0.55 (0.50) V, 

corresponding to a 10 s (13 s) charging time, and reached a saturated color state until 

the charging continued for 40 s (56 s). The energy density, average power density and 

specific areal capacitance of PVCS through photo-charging are calculated as 13.4 (24.5) 

mWh/m2, 187.6 (377.0) mW/m2 and 286.8 (430.7) F/m2, respectively, as documented 

in Table 7.1.  

Table 7.1. Internal resistance, energy density, average power density and areal capacitance for two types 

of PVCSs. 

 

The energy density for this kind of PVCS is much larger than other types of self-

powered energy storage systems, such as pizeo-supercapacitor and triboelectric 

nanogenerator [22, 23]. The specific areal capacitances of our PVCSs are much larger 

than those of the graphene-based photo-supercapacitor [24, 25], the integrated energy 

fiber based on CNT fiber and Ti wire [26], and other energy fiber integrating DSSC and 

electrochemical supercapacitor based on TiO2 nanotube-modified Ti wire [27]. This is 



151 

 

also higher than the self-powered smart electrochromic window based on WO3 

supercapacitor [28]. 

7.3.4.  Photo-Stability Enhancement of Perovskite Solar Cells. 

Figure 7.5a and 7.5b illustrate the J-V curves of the two PSCs utilized in the ca- and cc- 

PVCSs with different states. The performance of the PSCs utilized in the two-integrated 

ca- and cc- PVCSs was characterized, respectively. The PSC 

(PDMS/MAM/HTL/perovskite/TiO2/FTO/Glass) for the ca- PVCS with light 

illumination from the MAM side demonstrates the Voc of 0.983 V, Jsc of 12.46 mA/cm2, 

FF of 65.4%, and PCE of 8.25% while the PSC (Glass/FTO/TiO2/perovskite/ 

HTL/MAM) for the cc- PVCS with light illumination from the FTO side exhibits the 

Voc (1 V), Jsc (18.17 mA/cm2), FF (65.4%) and PCE (11.89%), as shown in Table 7.2.  

Table 7.2 Voc, Jsc, FF and PCE for ca- and cc- PVCS under different operation states. 

 

After integration with the transparent ECS device, both Jsc and PCE of the two PVCSs 

decreased to approximately 68% of PSCs original state due to the parasitic absorption 

of the ECS device. With the color change of the ECS device through photo-charging, 

Jsc is further reduced by nearly half. The PCE of the ca- and cc- PVCSs dropped to 3.73% 
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and 2.26%, respectively. It is indicated that the PSCs within the PVCSs power the ECS 

part in a small current density and are at a low-power working state under the colored 

state of PVCSs. 

 

Figure 7.5. J-V curves at different operation stages of (a) ca- PVCS and (b) cc- PVCS, respectively. 

Normalized J-V degradation parameters: (c) Voc, (d) Jsc, (e) FF and (f) PCE for the as-fabricated PSC and 

the bleached/colored cc- PVCS with continuous illumination.  

The low-power working state of PSC under the colored state of PVCSs also suggests 

an advantage of energy conservation in our device to prolong PSCs working lifetime. 

The color change of the ECS automatically switches off the solar light harvesting of the 

PSC and the photo-charging of the ECS, preventing the PSC from long-time exposure 

under sunlight radiation, and decreasing the degradation of PSC by blocking part of the 

solar light. Currently, the practical applications of PSC are hindered by its stability due 
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to the ambient moisture or photo-degradation [29-32]. In view of this point, the 

degradation of the as-prepared PSC and the integrated cc- PVCS were conducted under 

AM 1.5 G illumination. Figure 7.5c-f shows the normalized J-V parameters (Voc, Jsc, 

FF and PCE) as a function of illumination time. The photovoltaic performances of the 

original state, bleached state and colored state for PVCS were investigated, which were 

continuously exposed to AM 1.5 G illumination. The PSC without the integration of 

ECS exhibited the most significant degradation, which is indicated by its severe 

decreased Jsc and PCE to approximately 20% of their initial values. The bleached PVCS 

exhibits a relatively slighter degradation, where the PCE is reduced to nearly 70% of 

the original value after degradation following a continuous 5-hour sunlight-exposure. 

The photo-stability enhancement can be due to the reason that the bleached ECS 

selectively absorbs the part of the light and reflects the thermal radiation [8, 9, 18]. 

When the ECS is fully charged and turns to deep blue in the PVCSs, the PSC part can 

be under a low-power working state, resulting in a prolonged lifetime. Once the ECS 

part is discharged and the color of the ECS turns to be transparent, the PSC recovers to 

a working mode again. 

7.4  Conclusion 

In summary, we demonstrated ca- and cc- PVCSs integrating both semitransparent PSC 

and ECS. The PVCSs provide a seamless integration of energy harvesting and storage 

device, automatic and wide color tunability, and enhanced photo-stability of PSCs. The 

PCE of the PSC component in the ca- (cc-) PVCS is 8.25 (11.89) %. The energy density, 
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power density and areal capacitance of the ca- (cc-) PVCS are 13.4 (24.5) mWh/m2, 

187.6 (377.0) mW/m2 and 286.8 (430.7) F/m2, respectively. As the colored PVCS 

blocks off most of the illuminated light, it automatically switches off the photo-charging 

process. The PSC then operates under a low-power operating state, which prevents the 

PSC from long-time sunlight-exposure and prolongs its working lifetime. These works 

provide unprecedented advantages over conventional smart window design. 
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CHAPTER 8  CONCLUSION 

Organic-inorganic perovskite thin films have drawn significant attention in last several 

years because of its tremendous progress in the development of high-efficiency solar 

cells. It is clear that good film morphology (such as film coverage and grain size) and 

high material quality of perovskite films are beneficial to obtain high-performance 

perovskite solar cells. Insufficient film coverage gives rise to a reduced light absorption 

capability and a direct contact between the HTL and ETL layers. In addition, the traps 

in the perovskite bulks and material interfaces have a significant influence on the 

performence of perovskite solar cells. In this thesis, a series of optimized and 

controllable fabrication techniques for yielding high-performance devices were 

systematically investigated.  

Firstly, a modified TE method was introduced to prepare high-quality MAPI absorber 

layers. It is demonstrated that a uniform and pinhole-free perovskite film can be 

achieved by using this TE technique. We successfully demonstrated a MAPI-based 

planar PSCs with PCEs as high as 12.5% through the optimization of the thickness of 

each evaporated precursor layer and the number of evaporated precursor pairs. To 

achieve further improvement of device performance, a series of optimized controllable 

fabrication processes were established for yielding devices with PCEs as high as 15.8%. 

We successfully conducted systematic investigations of the underlying mechanism of 

the improvements in the PCEs due to post-deposition oxygen annealing in solution-

processed planar MAPI-based PSCs. Detailed characterizations were performed on 



158 

 

devices with oxygen annealing process conducted in different stages of the fabrication 

process. The results of TRPL, PDS, and LFN measurements indicate a substantial 

reduction of defect density in the bulk of perovskite and the perovskite/spiro-MeOTAD 

interface. It is indicated that the technique of post-deposition O2 treatment provides a 

useful protocol for the photovoltaics community on the fabrication of high-efficiency 

PSCs. Further investigation was conducted by introducing O2 during the perovskite 

formation stage to enhance the incorporation of oxygen in perovskite material. Then, 

we designed a highly versatile hybrid chemical vapor deposition (HCVD) process for 

the growth of high-quality MAPI layers which were crystallized in a well-controlled 

ambient consisting of N2/O2 mixture resulting in high crystallinity, large grain size, 

good uniformity and low defect density films. We found that a N2/O2 mixture carrier 

gas is effective in passivating traps in perovskite films. With optimized controllable 

HCVD perovskite growth process, a champion device with a PCE of 17.6% is achieved. 

A detailed comparation of above three different fabrication techniques on the device 

performance, device structure, carrier lifetime of perovskite film and material bandgap 

was summarized as shown in the Table 8.1.  

Table 8.1. Comparation of different fabrication technique on the device performance, device structure, 

carrier lifetime of perovskite film and material bandgap. 

 

Among these three techniques, we adopted a typical perovskite material (CH3NH3PbI3) 

with a n-i-p device structure. Accordingly, the bandgap of perovskite film fabricated by 
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these three different growth techniques demonstrate a similar value of approximately 

1.58 eV. It is noted that sample prepared by HCVD technique exhibit a long carrier 

lifetime and smallest Urbach energy resulting in a highest PCE of 17.6% which is 

comparable to the best reported PCE value of CH3NH3PbI3-based device in 2016. This 

is ascribed to large grain size, high crystallinity, good uniformity and low defect density 

of perovskite films prepared by HCVD technique a well-controlled ambient. While for 

the sample prepared by TE method exhibit a smallest carrier lifetime with a champion 

PCE of 12.5% which is quite close to the best reported value by using similar technique 

in 2015, this could be mainly due to the poor crystallinity and small crystal size 

compared to other techniques we used. The poor crystallinity and small crystal size of 

TE sample give rise to the formation of defects which improve the chance for carrier 

recombination resulting in a reduced carrier lifetime. Besides, sample prepared by 2-

step solution process demonstrate a champion PCE of 15.4%. This value is comparable 

to the best certified one with similar active area size in 2014. 

A proven method to break the S-Q limit of the efficiency of a single-junction solar cell 

is to adopt a tandem solar cell structure which is composed of a low bandgap material 

and a high bandgap material. Mechanically stacked four-terminal tandem devices offer 

larger flexibility for different combinations of the top and bottom cells as the two cells 

are mechanically stacked each other with independent connections. Here, combining Si 

solar cells with optimized perovskite solar cells is an effective strategy to overcome the 

efficiency bottleneck. To obtain high PCE of four-terminal perovskite/c-Si tandem 

solar cells, efficient engineering of the optical and electrical properties of tandem 
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devices are critical. Based on previous optimized fabrication technique of perovskite 

solar cells, another two effective optical engineering techniques were developed to 

boost the performance of four-terminal perovskite/c-Si tandem solar cells: 1. Optical 

engineering of transparent electrode (MoO3/Au/MoO3) to obtain high transmission at 

long wavelength for tandem solar cell applications. 2. Enhancement of light harvesting 

power achieved by adopting the novel biomimicking elastomeric petals as light 

trapping layer. An average PCE of 23.5 % was achieved for perovskite/c-Si four-

terminal tandem device with optimized optical features. 

In addition, we successfully demonstrated a novel tandem structure of ca- and cc- 

photovoltachromic cells (PVCCs) by vertically integrating a semi-transparent 

perovskite solar cell and electrochromic supercapacitor. The PVCCs exhibit a seamless 

integration of energy harvesting-storage device, automatic and wide color tunability 

and enhanced photo-stability of PSCs. As the colored PVCC blocks off most of the 

illuminated light, it automatically switches off the photo-charging process, after which 

the perovskite solar cell then operates under a low-power operating state, which 

prevents the perovskite solar cell from long-time sunlight-exposure and prolongs its 

working lifetime. These works provide unprecedented advantages over conventional 

smart window design. 




