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Abstract 

Recently, halide perovskite solar cells have attracted much attention due to their high power 

conversion efficiency (PCE) and low cost. Their efficiency has been sharply improved from 

3.8% to 22.1% in the last six years, making them as the promising next generation solar cells. 

However, the halide perovskite solar cells are facing several serious problems, such as request of 

further improvement efficiency and the lead pollution. These problems hinder the future 

commercialization of halide perovskite solar cells. How to solve these problems is still a 

challenge. The efficiency of perovskite solar cells is strongly affected by the quality of 

perovskite films, such as the crystallization and coverage, while the lead pollution is attributed to 

the halide perovskite absorbing materials. Therefore, this thesis mainly focuses on the 

morphology control of CH3NH3PbI3 to fabricate high-quality perovskite films with good 

crystallization and full coverage to improve the efficiency. We also design and synthesize new 

lead-free absorbing materials to avoid the lead pollution.  

In Chapter 1, the background of solar energy and photovoltaic technologies has been 

introduced. Furthermore, the recent challenges for the halide perovskite solar cells and the 

purpose of this thesis have been described.  

In Chapter 2, the experimental procedures, including general preparation and characterization 

of perovskite materials and electrodes, as well as devices used in this thesis have been 

summarized. 

In Chapter 3, a new method of concentration gradient controlled growth has been developed 

to prepare high-quality CH3NH3PbI3 perovskite films under ambient conditions. The two-step 

reactions were used with the concentration gradient of CH3NH3I (MAI) solutions, yielding the 

perovskite films with different crystallization and surface morphologies. In details, the first-step 

reaction between a low concentration MAI solution and the PbI2 films resulted in the formation 

of large-scale perovskite grains, and in the second-step reaction with a high concentration MAI 

solution we achieved a full coverage of the perovskite films. The large grain sizes of ca. 1.5 μm 

in the CH3NH3PbI3 perovskite films were obtained using the concentration gradient method, 

which means that the grain boundaries can be reduced. Meanwhile, spectral absorption in the 

short- wavelength region was enhanced in the concentration-gradient controlled perovskite films 

due to light scattering, which is considered to benefit the power conversion of solar cells. The 



perovskite solar cells fabricated using the concentration gradient controlled method showed 

higher photovoltaic performance than that by the traditional single solution method. 

In Chapter 4, the Pb-free composites of bismuth triiodide (BiI3) and layered perovskite 

(CH3NH3)3Bi2I9 (MBI) have been prepared by a simple solution method for thin film solar cells. 

It was found that the introduction of MBI significantly enhanced the crystallization and coverage 

of BiI3, meanwhile there was a multi-absorption phenomenon in the composite films. In addition, 

the band bending occurred at the BiI3-MBI interfaces, accompanying with the tuned energy 

levels in the composite films. The band bending was considered to benefit the efficient injection 

of excited electrons from absorbing layers into the electron transport layers. When 10-20% of 

MBI were used, the short circuit current density (Jsc) and open-circuit voltage (Voc) were 

improved in the composite solar cells. An enhancement of 65% of the PCE was achieved in the 

(BiI3)0.8(MBI)0.2 solar cells due to the multi-effects of the composite active layers.   

In Chapter 5, the Pb-free double perovskites La2NiMnO6 have been studied for potential 

application on solar cells. The rhombohedral and the monoclinic La2NiMnO6 were respectively 

formed under different conditions. The monoclinic La2NiMnO6 had an experimental bandgap 

(Eg) of 1.4 eV and valence band (VB) of -5.8 eV. Whereas, the rhombohedral La2NiMnO6 had an 

experimental Eg of 1.2 eV and VB of -5.7 eV. Both of them are suitable as visible light absorbers. 

Furthermore, the density function theory calculation confirmed that the theoretical bandgap of 

the monoclinic La2NiMnO6 was larger than that of the rhombohedral La2NiMnO6, which was 

mainly attributed to the B-site distortion. Simultaneously, the top of the VB of La2NiMnO6 

mainly come from the interaction of Ni 3d orbitals and O 2p orbitals, whereas the bottom of the 

conduction band primarily come from the hybridization between Mn 3d and O 2p orbitals. The 

results of experimental and theoretical studies indicated that the monoclinic double perovskite 

La2NiMnO6 is a better candidate as absorbing material than the rhombohedral La2NiMnO6 for 

solar cells. 

Finally, general conclusions and future prospects have been presented. The investigations of 

Pb-based perovskites and Pb-free perovskites solar cells are still facing big challenges. The 

further studies including architectures designing of devices, recycling of Pb-based perovskites 

and development of new Pb-free perovskites with high performance are needed. 
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Chapter 1. Introduction 

 

1.1  Solar energy 

 

With the development of the world economy, the energy consumption of human activities in 

the world has been sharply increasing. Human collectively consumes the equivalent of a steady 

13 trillion watts of power today, most of which are the fossil fuels. It is expected that the energy 

consumption will reach 30 trillion watts in 2050 [1-2]. Compared with other energy resources, 

the fossil fuels (including coal, natural gas, and petrol) do show many merits, such as a very high 

energy density and flexibility in transportation and storage capacity [2]. They have been widely 

used in in the past century. Nowadays the coal, gas and oil have matched 75% of the world 

energy demand [3]. 

The usage of fossil energy promoted the industrialization and did bring us lots of 

convenience. However, it also showed some serious side effects to human beings. One serious 

problem is the environmental pollution and ecological crisis, such as the acid rain, 

photochemical smog, PM2.5 pollution, global warming and climate change [4-6]. The huge 

consumption of fossil fuel emitted large amount of CO2, toxic SO2, NOx and inorganic particles 

in the past decades. The over-emissions of the CO2 and SO2 et al. have not only changed the 

chemical content of the air, but also threaten the human health in the areas with a large 

population density. For example, in 1940s and 1950s Los Angeles in the United States once 

suffered from the photochemical smog and resulted in many deaths [5]. Nowadays Beijing of 

China in winter are suffering from the PM2.5 pollution due to the excess combustion of fossil 

fuels [4]. Another serious problem is that the fossil fuels are non-renewable and their reserves 

could not sustain such a continuous large consumption. As we know, the fossil coal, natural gas 

and petrol are produced when plant and animal matter decays within the earth-crust, and this 

process takes millions of years to form usable fuels. Therefore, fossil fuels are not renewable in 

the short term. As the increasing energy demand, the development of alternative clean energy 

resources, such as wind power, hydro-power, solar energy, biomass power and nuclear power, is 

very necessary to meet the future society [6]. 
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Fig. 1. Different types of renewable energies. 

 

Generally speaking, as shown in Fig. 1, the available clean energy sources today can be sorted 

into two parts, renewable energy and non-renewable energy. Both of them show different merits 

and disadvantages. The major non-renewable clean energy is the nuclear energy. Even the 

nuclear energy exhibited the merits of high-energy density and non-emission, it is still facing the 

catastrophic threat of the nuclear leakage, for example, tens of thousands of peoples losing their 

houses in 1986 Chernobyl disaster of the nuclear plant in Ukraine [7], and in 2011 the accident 

of Fukushima nuclear plant caused by the earthquake resulted in huge environmental radical 

pollution [8]. Regarding the renewable energy, the wind power seems to be instable supply 

because it is strongly affected by the weather conditions. The hydropower is limited by 

geography locations because huge amount of water resource is necessary to drive the 

hydropower plant. The biomass power is complicated to use and with low energy density as well 

as the potential secondary pollution. Therefore, none of them listed above are suitable for our 

future energy. In addition, most of the renewable energy resources are indirectly formed from the 

solar energy, such as photosynthesis and heat. Consequently, the direct utilization of the solar 

energy seems to be the best choice for the future energy.  

The solar energy demonstrates many more advantages than those discussed above. First, it 

comes from the sun and it is unlimited. The solar energy from the sun will not be changed in the 
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future thousands of years. Second, it is very abundant. The total solar energy illuminated on the 

earth is 50 billion Watts, making it the largest exploitable resource among the renewable energy 

resources. It can provide more energy in 1 hour to the earth than all of the energy consumed by 

humans in an entire year [9]. Third, the solar energy will not give obvious threating to our 

ecological systems because it can directly covert the solar energy into the electric power or heat 

without emissions. Therefore, the utilization of the solar energy will be the most promising 

method to overcome the energy crisis and the environmental pollution. As shown in Table 1, the 

solar energy is going to get more share in the energy market [10]. 

 

Table 1 World renewable energy use by type [10]. 

 2010 2020 2035 

Electricity generation (TWh) 4206 6999 11342 

Bioenergy 331 696 1,487 

Hydro 3431 4513 5,677 

Wind 342 1272 2,681 

Geothermal 68 131 315 

Solar PV 32 332 846 

Concentrating solar power 2 50 278 

Marine 1 5 57 

Share of total generation 20% 25% 31% 

Heat demand (Mtoe) 337 447 604 

Industry 207 263 324 

Buildings and agriculture 131 184 280 

Share of total production 10% 12% 14% 

Biofuels (mboe/d) 1.3 2.4 4.5 

Road transport 1.3 2.4 4.4 

Aviation - - 0.1 

Share of total transport 2% 4% 6% 
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1.2  Photovoltaic technology 

 

Many kinds of methods have been developed on the utilization of the solar energy, such as the 

light-to-heating conversion and the light-to-electricity conversion. In consideration of that the 

electric power is the most commonly used energy in our daily life and factories are supported by 

the electric power, the most acceptable way to utilize the solar energy must be the light-to-

electric power conversion by using solar cells. Solar cells can directly convert the sun light into 

the electric power with the photovoltaic effect of semiconductors. They are very environmental-

friendly without any gas emissions during generating electricity. However, the energy density of 

solar illumination is relative low (the standard irradiance AM1.5G = 1kW/m2), which raises the 

cost of utilization and restraints the large-scale practical application of solar cells. Consequently, 

it is very necessary to improve the photovoltaic output of solar cells and reduce the cost. 

 

1.2.1 History of photovoltaic technology 

 

The photovoltaic effect was first discovered by Alexandre Edmond Becquerel in 1839. When 

the photovoltaic materials are exposed under the illumination, the photo-energy can be 

transferred into the electric power by solar cells, showing electric voltage or current output in the 

external circuit [11]. In 1954 the silicon solar cells were invented based on the P-N junction in 

the Bell Lab [12]. And in 1956 these silicon solar cells were merged into the PV module with 

output of megawatts, making them commercially available. Nowadays the commercialized 

silicon solar cells reached a power conversion efficiency up to 18% and were very common in 

our daily life. However, these solar cells were based on the monocrystalline or polycrystalline 

silicon materials. The preparation of these materials experiences high-temperature procedures, 

consumes huge amount of energy during the fabrication and create the secondary pollution. In 

addition, the silicon is an indirect bandgap semiconductor with a low absorption coefficient of 

104 cm-1 magnitude [13]. As a result, the theoretical thickness of the silicon films should be 

higher than 100 μm for an effective absorption in silicon solar cells [14]. In this case, so far the 

cost of silicon solar cells is not comparable to other clean energy resources. Therefore, many 

kinds of new alternative solar cells aiming at the high power conversion efficiency and the low 

cost to process have been a research hotspot in the recent decades. 
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Fig. 2. Classification of various solar cell technology. 

 

Many new kinds of solar cells have been developed in the recent decades. As shown in Fig. 2, 

depending on the manufacturing process and technologies, these solar cells are sorted as three 

generations. Their certified photovoltaic performance under the global AM1.5 spectrum (1000 

W/m2) at 25 °C are summarized in Table 2 [15]. The first generation solar cells are silicon solar 

cells, including polycrystalline silicon solar cells and monocrystalline silicon solar cells. They 

show the high power conversion efficiency (reaching 20.8% and 25.6%, respectively), high 

stability and commercial-available. However, the cost of the first generation solar cells is very 

high. The second generation solar cells are thin film solar cells, such as copper indium gallium 

selenide (CIGS) solar cells, copper zinc tin sulfide (CZTS) solar cells, gallium arsenide solar 

cells, amorphous silicon solar cells et al. Regarding the amorphous silicon solar cells, even their 

cost is lower than polycrystalline or monocrystalline silicon solar cells, their power conversion 



6 

 

efficiency is limited by the physical maximum and not so comparable to the first generation solar 

cells. Regarding the CIGS solar cells, their power conversion efficiency is comparable to silicon 

solar cells, but the resources of raw materials are not so abundant for large-scale 

commercialization. Gallium arsenide solar cells show higher power conversion efficiency than 

silicon solar cells, but with the much higher cost to process. The third generation solar cells 

include organic thin film/polymer solar cells, dye-sensitized solar cells/perovskite solar cells and 

quantum dot solar cells. Regarding the organic/ polymer and the dye-sensitized solar cells, they 

are low cost to process but the power conversion efficiency is low due to the narrow absorption 

region of the dyes, as well as the stability is not as comparable as silicon solar cells. Regarding 

the quantum dot solar cells and polymer solar cells, even though they are low cost and flexible, it 

is too hard to improve the power conversion efficiency to higher. Luckily, the perovskite solar 

cells developed recently are showing many advantages. As shown in Fig. 3, they have reached a 

high power conversion efficiency in short five years, with low cost and abundant raw materials 

to process. The perovskite solar cells are expected to be the next generation solar cells. 

 

Table 2. Confirmed terrestrial cells and submodule efficiencies measured under the global 

AM1.5 spectrum (1000 W/m2) at 25 °C [15]. 

Classification Efficiency 

(%) 

Area 

(cm2) 

Voc  

(V) 

Jsc 

(mA/cm2) 

Fill factor 

(%) 

Test center 

(date) 

Silicon       

Si (crystalline) 25.6 ± 0.5 143.7 0.740 41.8 82.7 AIST 

(2/14) 

Si (multicrystalline) 20.8 ± 0.6 243.9 0.6626 39.03 80.3 FhG-ISE 

(11/14) 

 

Si (thin transfer 

submodule) 

21.2 ± 0.4 239.7 0.687 38.50 80.3 NREL 

(4/14) 

Si (thin film 

minimodule) 

10.5 ± 0.3 94.0 0.492 29.7 72.1 FhG-ISE 

(8/07) 

 

III-V cells       

GaAs (thin film) 28.8 ± 0.9 0.9927 1.122 29.68 86.5 NREL 

(5/12) 

GaAs 

(multicrystalline) 

18.4 ± 0.5 4.011 0.994 23.2 79.7 NREL 

(11/95) 
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InP (crystalline) 22.1 ± 0.7 4.02 0.878 29.5 85.4  NREL 

(4/90) 

Thin film 

chalcogenide 

      

CIGS (cell) 20.5 ± 0.6 0.9882 0.752 35.3 77.2 NREL 

(3/14) 

CIGS (minimodule) 18.7 ± 0.6 15.892 0.701f 35.29 75.6 FhG-ISE 

(9/13) 

CdTe (cell) 21.0 ± 0.4 1.0623 0.8759 30.25 79.4 Newport 

(8/14) 

Amorphous/ 

microcrystalline Si 

      

Si (amorphous) 10.2 ± 0.3 1.001 0.896 16.36 69.8 AIST 

(7/14) 

Si 

(microcrystalline) 

11.4 ± 0.3l 1.046 0.535 29.07 73.1 AIST 

(7/14) 

Dye sensitised       

Dye 11.9 ± 0.4 1.005 0.744 22.47 71.2 AIST 

(9/12) 

Dye (minimodule) 10.0 ± 0.4 24.19 0.718 20.46 67.7 AIST 

(6/14) 

Dye (submodule) 8.8 ± 0.3 398.8 0.697 18.42 68.7 AIST 

(9/12) 

Organic       

Organic thin-film 11.0 ± 0.3 0.993 0.793 19.40 71.4  AIST 

(9/14) 

Organic 

(minimodule) 

9.5 ± 0.3 25.05 0.789 17.01 70.9 AIST 

(8/14) 

Multijunction 

devices 

      

InGaP/GaAs/InGa

As 

37.9 ± 1.2 1.047 3.065 14.27 86.7 AIST 

(2/13)  

a-Si/nc-Si/nc-Si 

(thin-film) 

13.4 ± 0.4 1.006 1.963 9.52 71.9 NREL 

(7/12) 

a-Si/nc-Si (thin-

film cell) 

12.7 ± 0.4 1.000 1.342 13.45 70.2 AIST 

(10/14) 

FhG-ISE represents Fraunhofer Institut für Solare Energiesysteme of Germany; AIST represents 

Japanese National Institute of Advanced Industrial Science and Technology. NREL represents 

National Renewable Energy Laboratory of the USA. 
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1.2.2 Perovskite materials and solar cells 

 

The organic-inorganic hybrid perovskite solar cells have attracted much attention due to the 

low cost and high efficiency. In 2009 the halide CH3NH3PbI3 perovskite was first applied into 

the solar cells by Miyazaka et al. as the dye, but they only exhibited an efficiency of 3.8% [16]. 

In addition, the solar cells were fabricated using the liquid hole transport materials, very unstable 

and quickly failed in a short time. In 2012 the solid state hole transport materials were introduced 

to fabricate the perovskite solar cells by Gratzel et al. These perovskite solar cells exceeded a 

power conversion efficiency of 9% as well as the improved stability [17]. From that on the 

perovskite solar cells have experienced a fast development. As shown in Fig. 3, by 2015 their 

power conversion efficiency has reached 20% [18,19]. Their development is much faster than the 

other solar cells. Beside the high efficiency, they also have showed other advantages, particularly 

the reduced cost. Perovskite solar cells can be processed via the room-temperature chemical 

solution method, which sharply reduced the processing cost, making them highly promising for 

the next generation solar cells. 

 

 

Fig. 3. Power conversion efficiency of different kind solar cells in the past twenty years [20]. 
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1.2.3 Crystal structure of perovskite materials 

 

Perovskites started from oxides materials. Natural mineral CaTiO3 was first discovered by 

Russian scientist in 1839, and its crystal structure was named as perovskite. At the beginning 

perovskite materials were mainly referred as ABO3 structured oxide materials, such as CaTiO3, 

BaTiO3, PbTixZr1-xO3, and LaNiO3 [21]. Their typical structures were illustrated as Fig. 4. In 

these ABO3 compounds, the 'A' atom sits at cube corner positions (0, 0, 0), the 'B' atom sits at 

body center position (1/2, 1/2, 1/2) and oxygen atoms sit at face-centered positions (1/2, 1/2, 0). 

Six O2- cations form an octahedron structure and 'B' ion locates at the center of the octahedron 

structure. The ‘A’ atom located at the center of space formed by the octahedron. 

 

Fig. 4. Typical crystal structure of ABO3 perovskite. 

 

The structure stability of perovskite materials strongly depended on the parameter of the 

tolerance factor (t), which is determined by the radius of the atoms [22]. The tolerance factor is 

described by the radius of the A, B, O2- ions as following equations. 

                   
2)( OB

OA

RR

RR
t




                                                                                               (1) 

where RA is the radius of A ion, RB is the radius of B ion, and RO is the radius of O2-. When the 

tolerance factor is approaching to 1.0, the crystal structure of perovskite is more likely cubic with 
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the space group of Pm3m. When it is a bit far away from 1.0, the crystal structure of ABO3 would 

change correspondingly. For example, at room temperature SrTiO3 is with t of 1.009 and the 

space group of Pm3m, and CaTiO3 is with t of 0.973 and the space group of Pbnm. For the 

typical stable perovskite materials, such as BiFeO3, SrTiO3, SrRuO3, LaNiO3, BaTiO3, PbTiO3 

and PbTiO3, their tolerance factors were ranged from 0.78-1.05 [23]. 

According to the tolerance factor, the halide organic-inorganic perovskites can also be formed 

stably, where the ‘A’ site is the organic ion, the ‘B’ site is metal ion, and the ‘O’ atom is replaced 

by the halide cation X- (I-, Br- and Cl-). The RA+, RB2+, RI- of the halide perovskite CH3NH3PbI3 

are 2.37, 1.33, 2.06 Å, respectively. Correspondingly, its tolerance factor was calculated as 0.924, 

which make it structural-stable formed [23]. 

 

Fig. 4. Typical crystal structure of CH3NH3PbI3 perovskite. 

 

Apart from the ABO3 and ABX3 structured perovskites, some other perovskite structures were 

also developed, such as layered perovskites, double perovskites AA’BB’O6 or AA’BB’X6, triple 

perovskites [24-28]. Layered perovskites varied with each other based on the chemical makeup 

and they can be defined as following. 1) Aurivillius phase layered perovskite materials, in which 

the intruding layer is composed of an alkali metal (M) every n ABO3 layers, with the chemical 

formula of [Bi2O2]
-A(n−1)B2O7 [24]; 2) Dion-Jacobson phase, in which the intruding layer is 

composed of an alkali metal (M) every n ABO3 layers, giving the overall formula as 

M10
+A(n−1)BnO(3n+1) [25]; 3) Ruddlesden-Popper phase, in which the intruding layer occurs 

between n (n = 1 or 2) layers of the ABO3 or ABX3 lattices, with the formula of 
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(BA)2(MA)n− 1PbnI3n+ 1 [26]; 4) The double perovskites AA’BB’O6 or AA’BB’X6 and triple 

perovskites are derived from single perovskites with the 'A' site or 'B' site atoms half-replaced by 

the second/third atoms, such as La2NiMnO6, Bi2FeCrO6, Cs2BiNaBr6, Cs2BiNaCl6, 

La3Ba3CaxCu6+xOy (0≤ x≤ 3) and Ba3ZnRu2-xIrxO9 (x= 0,1,2) [27,28]. The tolerance factor of 

double perovskites can be calculated from the average radius of the each site, e.g., for the double 

perovskite Bi2FeCrO6, the tolerance factor was evaluated as following. 

2)( OBeffective

OBi

RR

RR
t




                                                                                           (2)                              

     RBeffective = (RCr3+ + RFe3+)/2                                                                                    (3) 

 

1.2.4 Properties of perovskite materials 

 

The structures of perovskite materials vary with each other, resulting in abundant physical 

properties. Particularly, their structures will change with the environmental fields, such as 

electric field, mechanical force, temperature and irradiance et al. accordingly, they exhibit the 

piezoelectric and ferroelectric properties, magnetic properties, pyroelectric properties, and 

electro-elastic properties, insulating properties, semiconductivity and superconductivities et al. 

The abundant physical properties make perovskite materials widely used in our daily life and 

industries. For example, PZT series of perovskites have been widely used as high-performance 

sensors, different kinds of energy converters, detectors, superconductors, insulators, electrodes 

and semiconductors [27]. The formation of double/triple perovskites leads to more abundant 

physical properties. Due to the spin orbital coupling and hybridization, some of double/triple 

perovskite materials processed lower indirect bandgaps than single perovskites, various optical 

properties, catalytic properties and magnetic properties [29]. The complex structures also 

resulted in the formation of oxygen vacancy and high ion mobility, making them excellent 

cathodes for fuel cells or superconductors [28]. 

The bandgap of perovskite is one of the key factors affecting their application on solar cells. 

Most of the ABO3 perovskite oxides, such as SrTiO3 and PZT53/47, have a band gap higher than 

3.0 eV. BiFeO3 was reported with the bandgap of 1.9-2.7 eV, but it is still too high for the visible 

light absorption. Even though doping can reduce the bandgap of perovskite oxides, e.g. Fe-doped 

SrFexTi1-xO3-β, it simultaneously introduces many defects which can perform as trapping centers 
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and seriously do harm to photovoltaic performance of solar cells. Therefore, most of the ABO3 

perovskite reported are not suitable as the absorbing materials for solar cells. Instead, most of 

them are used as insulating sensors et al. Particularly, the valence states of single ABO3 

perovskites are very low, which bring some more problems for energy level matching in solar 

cells.  

Luckily, the organic-inorganic halide perovskites ABX3 are amazing semiconductor materials 

developed recently. As show in Table 3, they have lower bandgaps than ABO3 oxide perovskites. 

Especially, the CH3NH3PbI3 perovskites are direct bandgap semiconductors showing an 

excellent absorption in the visible light region. Their bandgap is 1.5 eV and their absorption 

coefficient reaches 105 cm-1 in the visible light region. 

 

Table 3. Theoretical bandgaps and experimental bandgaps of perovskite materials [22-28]. 

Perovskites Theoretical bandgap (eV) Experimental bandgap (V) 

BiFeO3 1.9-2.7 1.9-2.7 

PbTiO3 2.87 3.2 

SrTiO3 3.57 3.75 

γ-CsSnI3 1.3±0.1 1.3 

CH3NH3PbI3 1.3-1.61 1.50-1.61 

CH3NH3PbBr3 2.3 2.32 

CH3NH3PbI3-xClx - 1.55-1.64 

HC(NH2)2PbI3 1.47 1.47 

 

1.2.5  Preparation of perovskite materials 

 

Perovskite materials are a large family, consequently there are many kinds of methods to 

prepare perovskite materials. Regarding the perovskite oxides, most of them need a high 

temperature sintering procedure to synthesize, but the low temperature solution method is not 

available. Detailed methods to prepare ABO3 perovskite materials include sol-gel method, 

sintering methods, chemical vapor deposition and physical vapor deposition et al. In a long time 

the low-temperature sintering is one important research topic on perovskites oxides to reduce the 

cost because the high temperature processing consumes a lot of energy. Moreover, most of the 
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perovskite oxide solar cells were processed through high temperature, e.g. BiFeO3 Schottky solar 

cells were fabricated at a temperature of 550 centigrade and different atmosphere, which 

consumed much energy. These procedures also brought in some other problems, including the 

formation of defects due to the inhomogeneity of films, which worsen the photovoltaic 

performance of oxide perovskite solar cells. 

 

Fig. 5. Typical procedure to prepare CH3NH3PbI3 perovskite. 

 

Interestingly, the ABX3 and other halide-based perovskites were reported as low temperature 

solution-processable. Fig. 5 showed the main methods to prepare halide perovskite materials. 

Huang et al. prepared the CH3NH3PbI3 singe crystal by a solution method. In this method the 

stoichiometric ratio of Pb(CH3COOH)2•3H2O and CH3NH3I were dissolved into the aqueous HI 

solution, and then heated and stirred. After that the temperature was lowered down to grow a 

black tetragonal single perovskite CH3NH3PbI3 with the size of 10 mm × 10 mm × 8 mm. This 

CH3NH3PbI3 single crystal showed excellent electric and optical properties. As shown in Fig. 6, 

Hui-Seon Kim et al. developed a one-step method by dissolving stoichiometric PbI2 and 

CH3NH3I into the γ-butyrolactone solutions and spin coated it [17]. Nam-Gyu Park et al. 
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developed a two-step method to prepare perovskite thin films via spin coating [29]. The main 

procedures of this method are illustrated in Fig. 7, at the beginning the PbI2 films was deposited 

on the mesoporous TiO2 layers, and then the CH3NH3I solution was loaded to react with PbI2 

films and spin coated to form perovskite layers. 

 

Fig. 6. Typical procedures of one-step preparation of CH3NH3PbI3 perovskite. 

 

Fig. 7. Typical procedures of two-step preparation of CH3NH3PbI3 perovskite. 

 

1.2.6 Architectures of perovskite solar cells 

 

Depending on the architectures, there are two kinds of perovskite solar cells, the mesoporous 

structured perovskite solar cells and the planar structured solar cell [17,18]. The normal 

architecture of mesoporous structured perovskite solar cells can been seen in Fig. 8. In this 

structure the FTO glass was performed as the transparent electrode. It was coated by the electron 
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selective layers (also named as the compact layer or blocking layer), such as the dense TiO2 layer, 

ZnO layer and SnO2 layer et al. [17,18,30,31], the electron selective layers can block the hole 

into the FTO, but let the electron transport to the FTO. In this case, the charge mobility and the 

coverage of the electron selective layer are very important for the high-performance perovskite 

solar cells. After the formation of the electron selective layer, mesoporous TiO2 was coated on 

the dense TiO2 layer to load perovskite layers and for a better charge transportation. Snaith et al. 

also used the meso-Al2O3 as scaffold to fabricate the devices, they showed better stability than 

that with TiO2 [32]. The perovskite layers were prepared on the mesoporous TiO2 layers as the 

dyes by two-step solution method or sequential deposition method et al. And then the hole 

transport layers, such as the lithium and cobalt doped Spiro, P3HT and CuSCN, were spin coated 

on the perovskite layer to transport holes [17,18,33,34]. Finally, the metal electrode, such as gold, 

silver and aluminum was deposited to make devices. Another structure for the mesoporous 

structured perovskite solar cell is the inverted mesoporous structure. In this structure, the device 

was processed from the hole transport layer. ITO glass was performed as the transparent 

electrode, and the hole transport (PEDOT:PSS or NiOx) layer was coated on it, and then the 

perovskite layer, electron transport layer (PCBM and TiO2 et al.), and metal electrodes were 

processed step by step [35]. Some compact layer-free perovskite solar cells and HTM-free 

perovskite solar cells have also been developed, but so far their performances are not so 

comparable to the devices mentioned above. Expect for the metal electrode, carbon was also 

introduce to assemble perovskite solar cells, and they performed well as excellent hole transport 

materials and electrode. E.g., Han et al. applied the carbon paste on the perovskite films as the 

hole absorbing layer and electrode, reaching high-performance stable perovskite solar cells with 

a structure of FTO/CL-TiO2/meso-TiO2/ZrO2 &perovskites/carbon electrode [36]. 
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Fig. 8. Typical normal structure of CH3NH3PbI3 perovskite solar cells. 

The typical architecture of the planar structured perovskite solar cells was illustrated in Fig. 9. 

This kind of solar cells were normally processed by the one-step method, where PbCl2& 

CH3NH3I mixture solutions were spin coated on the compact layer and annealed. They are easier 

to fabricate than mesoporous structured perovskite solar cells, but usually show larger hysteresis 

during the I-V characterization [37]. 

 

 

Fig. 9. Typical structure of planar halide perovskite solar cells. 

 

1.2.7  Energy diagram and working principles of perovskite solar cells 

 

The perovskite solar cells were more likely to be solid state dye-sensitized solar cells. Its 
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working principle was evaluated from the dye-sensitized solar cells. With the energy diagram 

shown in Fig. 10, the working principle of the perovskite solar cells can be described as 

following. When the incident light was applied, the photons were absorbed and generated the 

electron-hole pairs. The photon-excited electrons were moved to the conduction band, while the 

holes were excited to the valence band. Because the conduction band of the perovskite layer was 

higher than that of the electron selective layers (such as TiO2, ZnO) [17,38], the photon-excited 

electron can diffuse into the compact layer. At the same time, the photon-excited hole was 

absorbed by the hole transport layer. According to the energy diagram, the physical maximum of 

the open-circuit voltage (Voc) was mainly determined by the difference between the conduction 

band of electron selective layer and the valence band of the hole transport layer. However, 

sometimes the mechanism seems to be more complicated. For instance, the conduction band of 

SnO2 was -4.5 eV, but the Voc of the device was up to 1.1 V, which was much higher than that 

expected [39]. Therefore, someone argued that it is more likely Voc can be determined by the 

conduction band of the perovskite layer. Unfortunately, so far there were no strong evidences to 

support this idea. 

 

 

Fig. 10. Energy level diagram and working principle of typical halide perovskite solar cells. 

 



18 

 

The mechanism for the high-performance of perovskite solar cells is very complicated. From 

the aspect of the absorbing layer, it can be explained as following. First, the CH3NH3PbI3 

perovskite materials are direct band gap semiconductors with a bandgap of ca. 1.5 eV. They have 

the high absorption (absorption coefficient up to 105 cm-1) in the visible light region (the visible 

region processed 45% energy of the solar irradiance). Second, the perovskite materials show 

small weight of effective electron mass and hole mass, a long effective charge carrier distribution 

length. This can reduce the recombination of the photon-excited electron-hole pairs and benefit 

their separation. Accordingly, the monochromatic incident photon-to-electron conversion 

efficiency can reach 85% [29]. Third, there are multi-excitation phenomenon in the perovskite 

layers of the solar cells, which favored the improvement of power conversion [37]. Forth, as 

shown in Fig. 10, the energy level of each part matches well with each other. Therefore, with 

proper architectures, the perovskite solar cells are expected to comparable with GaAs solar cells 

[37]. 

However, there are still many challenges for perovskite solar cells. First, the halide perovskite 

solar cells are facing the problems of hysteresis and stability. This is believed to strongly depend 

on the quality of the perovskite films, such as crystallization, grain size, coverage and interfaces. 

Well crystallization, large grain and full coverage are considered to benefit the high-performance 

perovskite solar cells. Second, the halide perovskite solar cells are facing the problem of the lead 

pollution because the perovskite layer consists of some lead element. The lead pollution is a 

serious problem which can result in the disaster of the ecological system. To overcome this 

problem, the development of lead-free or lead-less absorbing materials is basically necessary.  

 

1.2.8 Lead-free perovskite materials and solar cells 

 

Lead pollution is a serious problem that might result in the damage of nervous system. As for 

perovskite solar cells, how to dealing the lead pollution is a big challenge. Before the 

development of lead-halide perovskite solar cells, the oxide perovskite solar cells has been 

studied, such as PZT solar cells, BiFeO3 solar cells [38-41]. BiFeO3 has a smaller tolerance 

factor than PZT, with a typical structure of R-3 and the band gap from 2.1-2.7 eV. With BiFeO3 

as absorbing layer, BiFeO3 oxide solar cells were mainly processed as Schottky Solar cells with 

the structure of SrRuO3/ BiFeO3/ITO or ITO/TiO2/BiFeO3/Au. However, the BiFeO3 solar cells 
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exhibited a very low efficiency seldom higher than 1%, mainly due to the large band gap and the 

low absorbing coefficient. Apart from BiFeO3, Bi2FeCrO6 double perovskites have been 

investigated for the solar cells. The theoretical calculation indicated that the introduction of Cr 

into the BiFeO3 can sharply affect the optical properties and electronic structures. Nechache et 

al. have applied the pulsed laser deposition to grow the Bi2FeCrO6 double perovskite films and 

fabricated the solar devices with the structures of Nb-doped SrTiO3 substrate/SrRuO3/ Bi2FeCrO6 

/ITO and Nb-doped SrTiO3 substrate/ Bi2FeCrO6/ITO. By controlling the deposition speed and 

atmosphere, they tuned the band gap and absorption of the Bi2FeCrO6 perovskites, and reached a 

power conversion efficiency (PCE) of 8.1% in small size solar cells [42]. So far the PCE of 8.1% 

is the highest record reported in the lead-free oxide perovskite solar cells. However, the 

preparation of Bi2FeCrO6 is very sensitive to the processing environment, and they have only 

been prepared by the Pulsed laser deposition method with the serious controlled environment. So 

far it is difficult to prepare Bi2FeCrO6 double perovskites from low-cost ways. 

Regarding the halide perovskite solar cells, due to the limitation of tolerance factor, the A site 

atom can only be CH3NH3, (NH2)2CH, Cs et al. Due to the limitation of the chemical balance, 

the B site atom can be Sn, Mg, Sr, Ca et al. The lead-free Sn-based single perovskites do exhibit 

a proper band gap and good absorbing properties. Unfortunately, Sn2+ ions are easy to be 

oxidized and very unstable in the environment with oxygen. Particularly, the Sn-based single 

perovskite materials possessed a high carrier concentration, which sharply reduce the effective 

carrier diffusion length [43]. Regarding the Mg, Sr and Ca et al. based halide single perovskites, 

the theoretical calculation indicated that there would not enough spin orbital coupling between 

B-site atoms and X atoms [44]. In this case their band gaps are too high and no enough effective 

photon-excitation would occur under illumination. So far there are no proper single halide 

perovskite materials reported with excellent optical properties expect the Pb and Sn based 

perovskites. Double perovskite Cs2SnI6 showed a proper band gap and the excellent spectral 

absorption. However, there is a crystal structure defect at the B-site. This internal defects can 

perform as the trapping centers and sharply affected the effective electron-hole excitation and 

extraction properties. So far there was not high efficient Cs2SnI6 based solar cells reported [45]. 

The bismuth/ antimony halide multiple perovskites might be potential lead-free candidates. 

Bismuth halide perovskites, such as (CH3NH3)3Bi2I9, Cs3Bi2I9, (CH3NH3)3Bi2I9-xClx are layer-

structured materials with the hexagonal crystal structure. They can be easily prepared by the 
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chemical solution method. Erik M. J. Johansson et al. used these perovskites to fabricate the 

solar devices with the structure of FTO/CL-TiO2/m-TiO2&Bismuth perovskite/Spiro/Au [46]. 

They reached a power conversion efficiency of 1.07%, but so far it is too hard to improve higher. 

As shown in Table 4, most of the bismuth and antimony halide perovskites have the band gap 

higher than 2.0 eV, which is too large for the effective visible spectral absorption [47-49]. 

 

Table 4. Summarization of the lead-free materials and their physical properties [43-50]. 

Substances 

Carrier 

concentration  

(cm-3) 

Band gap 

(eV) 

With Pb 

(Y/N) 

Stable 

(Y/N) 

Absorption 

efficient 

(cm-1) 

Valence 

band 

(eV) 

Conduction 

band (eV) 

(CH3NH3)3Bi2I9 1016 2.1 N Y low -6.0 -3.9 

CsSnI3 1019 1.3 N N high - - 

SnF2-doped 

CsSnI3 
1017 - N N - - - 

CH3NH3PbI3 109 1.5 Y N 105  -5.4 -3.9 

BiFeO3 
- 2.1-2.5 N Y low -6.1 -3.8/-4.0 

(N represents Not, Y represents Yes.) 

 

1.3 Challenges and Research topic 

 

As discussed above, the halide perovskite solar cells are becoming the promising next 

generation solar cells. However, they are still facing many challenges. First, higher power 

conversion efficiency is necessary to make it more comparable to commercialized silicon solar 

cells. Second, the perovskite solar cells should be stable and hysteresis-less. Third, lead-pollution 

problem should be resolved to make the devices commercial applicable. 

Among these challenges list above, the absorbing layer played the key role on the 

performance of the solar cells. In order to promote the further development of perovskite solar 

cells, in this thesis I tried to investigate them by studying perovskite absorbing layers. First, the 

crystallization, surface morphology and grain size are key points affecting the performance of 

perovskite solar cells. Therefore, first, the high-quality halide perovskite absorbing layers were 

prepared via the controlled growth of thin films for higher performance perovskite solar cells in 
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this thesis. Second, lead-free materials were studied as the absorbing layers. The surface 

morphology modification effect was investigated on the photovoltaic performance of lead-free 

halide materials for perovskite solar cells. And the lead-free stable oxide double perovskite 

materials were also explored for potential application on solar cells. 
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Chapter 2. Experimental section for sample preparation, 

device fabrication and measurement 

 

The thesis was involved with the synthesis of materials from different methods, the 

fabrication of solar devices and the measurement of materials’ optical properties, photovoltaic 

performance of the solar cells. Here the instruments and the methods used in the experiments are 

introduced as following. 

 

2.1 Preparation of materials and fabrication of devices 

2.1.1 Raw materials 

All the chemicals were purchased from commercial available sources. The preparation of 

oxide materials was processed from high temperature furnace. The annealing were processed at 

tube furnace at different atmosphere. 

 

    Table 1 Reagents used in the experiments in this thesis. 

 Reagent Purity Company 

1 Zinc powder 99.99% Sigma-aldrich 

2 Hydrochloric acid 36.5% Wako Pure Chemical Industries 

3 Tetrabutyl titanate AR Sigma-aldrich 

4 Meso-TiO2 18NRD paste Dyesol 

5 FTO glass glass Opvtech 

6 Ethanol Super Dehydrated Wako Pure Chemical Industries 

7 PbI2 98% 
Tokyo Chemical Industry Co., 

LTD. 

8 CH3NH3I 99% Dyesol Co., LTD. 

9 Chlorobenzene 99.9% Sigma-aldrich 

10 LiTFSI 99.99% Macklin Co., LTD. 
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11 Spiro-MeOTAD 99.7% Macklin Co., LTD. 

12 
4-tert-

butylpyridine 
AR Sigma-aldrich 

13 PEDOT:PSS 99% Sigma-aldrich 

14 Ag 99.999% Alfa Aesar 

15 Lanthanum acetate 99.9% Alfa Aesar 

16 Nickel acetate 98.0% Wako Pure Chemical Industries 

17 
Manganese 

Acetate 
99.0% Wako Pure Chemical Industries 

18 BiI3 99.99% Sigma-aldrich 

19 2-Propanol Super Dehydrated Wako Pure Chemical Industries 

20 

N, N-

dimethylformamid

e 

Super Dehydrated Sigma-aldrich 

21 acetone 99% Wako Pure Chemical Industries 

22 Acetonitrile Super Dehydrated Wako Pure Chemical Industries 

23 Acetic acid 99.7% Wako Pure Chemical Industries 

24 Ethylene glycol 99.5% Wako Pure Chemical Industries 

25 

Titanium (IV) 

Tetrabutoxide 

monomer 

95.0% Wako Pure Chemical Industries 

26 
2,2’-

Iminodiethanol 
98.0% Wako Pure Chemical Industries 

 

2.1.2 Preparation of compact TiO2 precursor and mesoporous TiO2 layer 

The compact layer was processed from the sol-gel method assisting with the spin coater [1]. 

First, 68 ml of titanium (IV) tetrabutoxide, 16.5 ml of 2,2’-iminodiethanol and 210 ml of super 

dehydrated ethanol were mixed and stirred for 1 hour for use, labeled as the solution A. Second, 
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3.6 ml of deionized water and 100 ml of super dehydrated ethanol was mixed together to form 

the solution B. Third, the solution B was slowly added into the solution accompanying with 

strong mixing. After that, the solution was stored and annealed in the refrigerator for 24 hour.  

For the preparation of compact TiO2 layer, the annealed precursor was mixed with the super 

hydrated ethanol (volume ratio = 1:1), filtered using PTFE syringe filters (0.22 μm). 0.15 ml of 

the filtered solution was dropped on the substrates and spin coated at 3000 rpm for 30 seconds. 

And then the substrates were sintered at the muffle furnace at 450 oC for 0.5 hour, with a heating 

rate of 7 oC/min to form the TiO2 compact layer. 

The meso-TiO2 layer was processed via spin coating method. First, the meso-TiO2 paste was 

mixed with the super hydrated ethanol (weight ratio = 1:3.5). Second, the mixture was milled 

with beads for 4 hours to obtain a homogenous suspension. Third, 0.2 ml of the suspension was 

loaded at the substrates and spin coated at 5000 rpm for 30 seconds. After that, the substrates 

were sintered at the muffle furnace at 500 oC for 0.5 hour, with a heating rate of 8 oC/min to form 

the mesoporous TiO2 layer.  

 

Table 2. Instruments used in the experiments in this thesis. 

Series Apparatus MODEL Company 

1 Muffle Furnace FO300 Yamato Scientific Co., Ltd., Japan  

2 Spin coater SC-150 Oshigane Co., Ltd., Japan 

3 Hot plate C-MAG HS7 IKA Co., Ltd., Germany 

4 Ohmmeter 
FULL-TECH 

FT-101 
FULL-TECH Co., Ltd., Japan 

5 Digital meter Keithley 2400 Teltronix, INC. Co., Ltd., USA 

6 Solar simulator CEP-2000 Bunkou Keiki Co., Ltd., Japan 

7 Standard solar cell BS-520BK Bunkou Keiki Co., Ltd., Japan 

8 Standard solar cell BS-500BK Bunkoukeiki Co., Ltd., Japan 

9 
Energy dispersive 

X-ray spectrometry 
Genesis XM2 EDAX Co., Ltd., Japan 

10 X-ray diffractometer Rigaku Rigaku Co., Ltd, Japan 

11 
Scanning electron 

microscope 
JCM-6000 JEOL Co., Ltd,  Japan 
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12 
UV-visible 

spectrometer 
V-670 JASSCO Co. Ltd., USA 

13 
ionization energy 

measuring device 
KV205-HK Bunkoukeiki Co., Ltd, Japan 

14 
X-ray photoelectron 

spectroscopy 
AXIS-HS KRATOS Co., Ltd., Japan 

15 Tube Furnace ARF-30KC ASAHI RIKA Co., Ltd., Japan 

16 

Field emission- 

scanning electron 

microscope 

S5200 Hitachi Co., Ltd., Japan 

 

 

2.1.3 General Procedure of perovskite oxide materials synthesis 

The preparation of La2NiMnO6 is referred to Pechini method [2]. The Stoichiometric 

precursors were mixed in citric acid/ ethylene glycol solution. And the solutions were stirred at 

120 oC to form a dry gel. After that, the gel was pyrolized at 400 oC for 5 hours to form 

homogenous oxide powders. And then the powders were synthesized or annealed at different 

temperatures or atmospheres. The general procedure of preparation is illustrated in Fig. 1. 

 

Fig. 1. Schematic of the general procedure to synthesize La2NiMnO6. 
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2.2 Characterization 

2.2.1 UV-vis Spectroscopy 

The UV-vis spectroscopy was performed by the spectrometer (V-670, JASSCO) using the 

deuterium light source and tungsten light source to investigate the optical properties of the 

materials.  Regarding the thin films for measurement, the spectral were applied from the 

wavelength from 300 to 800 nm by the absorbance and the transmittance. The band gap of thin 

films was determined by the absorbance using Tauc Plot as following [3]. 

         αhγ =  β(hγ-Eg)
n                                                                                                       (1) 

where the α is the absorption coefficient, hγ is the photon energy and Eg is the band gap. When 

the materials measured are indirect band gap semiconductors, n is equal to ½. When the 

materials measured are direct band gap semiconductors, n is equal to 2. Transmittance can be 

defined as the ration of the transmitted intensity to the input light intensity, which is related the 

optical performance, coverage and thickness. Reflectance is defined as the logarithm of the 

transmittance. Regarding the measurement of the perovskite oxide powders, the spectrometer 

was integrated with an integrator by using reflectance.  

       Transmittance = It/Io                                                                                               (3) 

       Absorbance =  log[1/ It/Io]                                                                                      (4) 

where the It is the intensity of transmittance light, Io is the intensity of output light. According the 

Beer Lambert’s law [4], 

       Absorbance (A) = absorption coefficient (α) * path length (L)* sample concentration (c). 

 

2.2.2 Photovoltaic performance measurement 

The photovoltaic performance of the solar cells was mainly evaluated by the I-V curves 

measured by the solar simulator. As shown in Fig. 2, the I-V curves measurement of solar cells 

includes the voltage of open circuit (Voc), Current of Short Circuit (Jsc), Fill Factor (FF), Power 

Conversion Efficiency (PCE). Imax and Vmax represent the current and the voltage at maximum 

output, respectively. The FF and PCE can be defined as the following.   

               𝐹𝐹 =
𝐼𝑚𝑎𝑥×𝑉𝑚𝑎𝑥

𝐽𝑠𝑐×𝑉𝑜𝑐
                                                                                        (5) 

            PCE = 
𝐽𝑠𝑐×𝑉𝑜𝑐×𝐹𝐹

P𝑖𝑛
                                                                                          (6) 
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where Pin is the power of incident light. Generally speaking, the standard AM1.5G incident light 

is used for measurement. The power of the AM1.5G incident light is 100 mW/cm2, and its energy 

distribution in visible light region is shown in Fig. 3. For all the devices measurement, the 

scanning speed for all the samples was 0.01V/s. The forward scanning from 0 to 1 V and the 

backward scanning from 1 to 0 V have been applied to evaluate the hysteresis phenomenon of 

the solar devices. 

 

Fig. 2. a typical I-V curve of the solar cells. 

 

The dark current is useful to determine the leakage current in solar cells. It was measured to 

evaluate the photovoltaic performance of solar cells in dark box without light illumination. 
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Fig. 3. Energy distribution of the standard AM1.5G light [5]. 
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Chapter 3. Concentration gradient controlled growth of large-

grain CH3NH3PbI3 films and enhanced photovoltaic 

performance of solar cells in ambient conditions  

 

3.1  Introduction 
 

In the past six years, halide perovskite solar cells have attracted much attention. They showed 

the power conversion efficiency (PCE) rapidly improved from 3.8% to 22.1%, making them a 

great potential for commercial applications [1-4]. It was reported that the performance of the 

perovskite solar cells, e.g. the hysteresis, stability and power conversion efficiency, was strongly 

affected by the quality of the perovskite films [4-10]. During the fabrication of the halide 

perovskite solar cells, the grain size, grain boundary and film coverage strongly affected the 

quality of perovskite films. For instance, the large grain size and fewer grain boundaries reduced 

the recombination centers as well as series resistances of devices, which benefited the separation 

of photo-excited electron-hole pairs [6-9]. Meanwhile, a full coverage of the perovskite films 

reduced the leakage currents and improved the stability of the devices [10,11]. Therefore, the 

preparation of the high-quality perovskite films with large grains and a full coverage is an 

important topic. 

Previous reports indicated that during the formation of perovskite films between PbI2 films 

and CH3NH3I (MAI) solutions, the concentration of MAI solutions deeply influenced the 

microstructures of the perovskite films [6,12,13]. High concentration CH3NH3I solutions created 

a large amount of nucleation centers but the small grains of nano-scales. Whereas, low 

concentration CH3NH3I solutions benefited the growth up of the large perovskite grains but 

worse coverage. Therefore, it was too difficult to balance the MAI concentrations for high-

performance perovskite solar cells. In this case, we tried to develop a new method to prepare 

high-quality perovskite films. According to the theory of crystal nucleation and growth, a method 

of two-step concentration gradient controlled reactions were invented to control the growth of 

perovskite films in high humidity conditions. The high-quality CH3NH3PbI3 perovskite films 

with large grains and full coverage have been achieved, and enhanced photovoltaic performance 



35 

 

was observed in the corresponding perovskite solar cells. 

3.2  Experimental 

 

3.2.1 Preparation of CH3NH3PbI3 perovskite films 

 

 

Fig. 1. Schematic illustration of the procedures for the formation of perovskite film via the two-

step concentration gradient growth. 

 

462 mg of PbI2 was dissolved in 1 mL of N, N-dimethylformamide, heated at 70 oC and 

filtered using PTFE syringe filters (0.22 μm) before further processed. MAI was dissolved in the 

dehydrated isopropanol solvent (6, 10, 20, 30 mg/ml). Fig. 1 showed the detailed preparing 

procedures via the two-step concentration gradient controlled reactions. First, 0.2 ml of the PbI2 

solution was dropped on 2.5 cm × 2.5 cm regular glass substrates covered with mesoporous 

TiO2, and spin coated at a speed of 3000 rpm for 5 seconds and 6000 rpm for 5 seconds. Second, 

the PbI2 films were annealed at 100 oC for 10 minutes under ambient conditions. Third, 0.5 ml of 

the MAI solution (6 mg/ml) was dropped on the PbI2 films and loaded respectively for different 

times (10, 20, 40, 60 seconds) for the first-step growth of the perovskite films, and then spin 

coated at 3000 rpm for 20 seconds for drying. Forth, the films were heated at 100 oC for 10 

minutes for drying. Fifth, 0.5 ml of the high concentration MAI solutions (10, 20, 30 mg/ml) 

were dropped respectively on the films and loaded for 50 seconds, spin coated for drying at 3000 
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rpm for 20 seconds for the second-step growth of CH3NH3PbI3 films. Finally, the films were 

annealed at 100 oC for 10 minutes. To make a comparison, the perovskite films of xm-60s (x = 6, 

7, 8, 10, 20, 30) were also prepared from the traditional single solution method. The detailed 

procedures are shown in Fig. 2. The detailed parameters of the experiments are shown in Table 1, 

Table 2 and Table 3. All the processes were carried out at the ambient conditions with the 

humidity of ca. 60%. 

 

Table 1. Parameters for the MAI concentrations effect on the one-step growth of perovskite films 

(xm-60s). 

Label Solution (mg/ml) Loading time (second) 

6m-60s 6 60 

7m-60s 7 60 

8m-60s 8 60 

10m-60s 10 60 

20m-60s 20 60 

30m-60s 30 60 

 

Table 2. Parameters for the MAI concentration effect on the concentration gradient controlled 

growth of perovskite films (6m-60s-xm-50s). 

Label Solution1 

(mg/ml) 

Loading time 

(second) 

Solution2 

(mg/ml) 

Loading time 

(second) 

6m-60s 6 60 - - 

6m-60s-10m-50s 6 60 10 50 

6m-60s-20m-50s 6 60 20 50 

6m-60s-30m-50s 6 60 30 50 

 

Table 3. Parameters for the MAI loading time effect on the concentration gradient controlled 

growth of perovskite films (6m-xs-30m-50s). 

Label Solution1 

(mg/ml) 

Loading time 

(second) 

Solution2 

(mg/ml) 

Loading time 

(second) 

6m-60s 6 60 - - 

6m-10s-30m-50s 6 10 30 50 
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6m-20s-30m-50s 6 20 30 50 

6m-30s-30m-50s 6 30 30 50 

6m-60s-30m-50s 6 60 30 50 

 

 

Fig. 2. Schematic illustration of the procedures for the formation of perovskite film via the 

traditional single solution growth 

 

3.2.2 Fabrication of devices 

The perovskite solar cells were fabricated in an architecture of FTO/compact-

TiO2/mesoprous-TiO2+absorber /HTM/Au. FTO glass substrates were etched with 2 M HCl and 

zinc powder, washed with IPA, acetone and clean water, and dried for use. And then the FTO 

substrates were treated by the ultraviolet light-induced ozone. A TiO2 precursor was prepared as 

reported in Ref. [19]. It was dropped on the FTO glass, spin coated at 3000 rpm for 30 seconds, 

and then sintered at 450 oC for 1 hour to form a compact TiO2 layer. The mesoporous TiO2 gel 

was spin coated on the compact TiO2 layer at 5000 rpm for 30 seconds, and then sintered at 500 

oC for 30 minutes. When the substrates were cooled down, the perovskite films were prepared on 

them as described above. 72.3 mg of spiro-OMeTAD, 28.8 μL of 4-tert-butylpyridine, 20 μL of a 

stock solution of 300 mg·mL-1 cobalt TFSI acetonitrile solution and 17.5 μL of 520 mg·mL-1 

lithium bis-(trifluoromethyl sulphonyl) imide in acetonitrile were dissolved in 1 mL of 

chlorobenzene as the hole transport material, and then spin coated on the perovskite layers at 
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3000 rpm for 30 seconds.  Finally, 30 nm of gold was evaporated on the samples to form an 

electrode. The whole processes of the fabrication were carried out in ambient conditions with the 

humidity of ca. 75%. 

 

3.2.3 Characterization 

The X-ray diffracting patterns were recorded from 10 ° to 40 ° at a scanning speed of 0.01 °/s 

using a X-ray diffractometer (XRD, RINT2100, Rigaku) with Cu Kα radiation (λ = 1. 54056 Ǻ). 

The microstructures and surface morphologies of the perovskite films were determined be the 

scanning electron microscope (SEM, JCM-6000, JEOL). The cross-section images of the 

perovskite films were measured by the field-emission scanning electron microscope (FE-SEM, 

S5200, Hitachi). The optical properties of the perovskite films were characterized using a UV-

Vis-NIR spectrophotometer (V-670, JASSCO) by the spectral absorption and transmittance from 

300-800 nm. 

The I-V characteristics of the perovskite solar devices were measured by a solar simulator 

(CEP-2000, Bunko Keiki). It was interfaced with a xenon lamp (Bunko Keiki BSOX150LC) at 

100 mW/cm2 under AM 1.5G conditions. In order to avoid discrepancy between the calibrated 

diode and the measured devices, an amorphous Si photodetector (Bunko Keiki BS-520 S/N 353) 

was used to fix the power of the light exposure from the solar simulator. A 0.12 cm2 black metal 

mask was used to control the cell area for the measurement of the photovoltaic performance of 

the devices. 

 

3.3  Results and discussion 

3.3.1 Single solution growth of CH3NH3PbI3 films 

First, the perovskite films were prepared from the one-step reaction method. Fig. 3 showed 

the XRD patterns of the samples prepared via one-step reaction from different MAI solutions (6, 

7, 8, 10, 20, 30 mg/ml) for 60 seconds. It can be clearly seen that there were some peaks of the 

PbI2 residue, demonstrating the incomplete reaction in all of the as-prepared samples. Fig. 4 

showed the SEM images of the surface morphologies of the samples. The sample prepared from 

6 mg/ml solution showed the largest grain size up to 1.5 μm. However, the films haven’t been 

well covered. As the concentration of the MAI solutions increased, the grain sizes of perovskite 
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films decreased as well as the improved coverage. Particularly, when the MAI concentration was 

higher than 10 mg/ml, the perovskite films became nano-scaled with huge amount of grain 

boundaries. As mentioned above, none of these films were qualified enough for high 

performance solar cells. 
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Fig. 3. XRD patterns of the samples of xm-60s. (A) x = 6, 7, 8. (B) x = 10, 20, 30). 

The formation of perovskite films was very sensitive to the concentration of the MAI 

solutions. During the formation of the perovskite films, because the lower concentration MAI 

solutions created less interfacial free energy between the solid and the solution, only a few 

nucleation centers could occur at the PbI2 films [12,13]. After that, they performed as the 

perovskite seeds and grown up to the bigger grains. However, the other parts of the PbI2 films 

could not nucleate due to the low interfacial free energy. Particularly, as the reaction went on, the 

concentration of the MAI solution decreased, which made the PbI2 residue more difficult to 

nucleate. Therefore, for the samples prepared from the low centration MAI solutions, the PbI2 

residue mainly existed at the spaces between the perovskite grains. In the contrary, as the MAI 

concentration increased, the interfacial free energy increased, more and more perovskite seeds 

formed immediately at the surface of the PbI2 films when the MAI solutions were loaded [6]. 

These seeds competed with each other and suppressed the growth up of the grains, resulting in 

smaller grain sizes to 200-300 nm. The small grains created dense perovskite films on the 

surface, simultaneously prohibiting the further reaction between the PbI2 films and the MAI 

solutions [12]. Accordingly, the PbI2 residue remained under the perovskites films in these 
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samples via the high concentration MAI solutions.  

 

  

  

  

Fig. 4. SEM images of the surface morphology of the samples of xm-60s. (A) x = 6. (B) x = 7. 

(C) x = 8. (D) x = 10. (E) x = 20. (F) x = 30. 

 

3.3.2 Concentration gradient controlled Growth of CH3NH3PbI3 films 

(A) (B) 

(C) (D) 

(E) (F) 
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Fig. 5. Comparison of the XRD patterns of the samples of 6m-60s-xm-50s (x = 0, 10, 20, 30). 

 

In order to overcome the disadvantages of the traditional single solution method, a method of 

two-step MAI concentration gradient controlled reactions was developed to prepare CH3NH3PbI3 

perovskite films. Based on the experimental results above, the low concentration MAI solution 

(6 mg/ml) was used to grow large grains at the first-step reaction. More detailed parameters can 

be seen in Table 2. First, the PbI2 films were reacted with the 6 mg/ml MAI solution for 60 

seconds, and then they were treated by the higher concentration MAI solutions (10, 20, 30 

mg/ml) for 50 seconds to investigate the concentration effect. Fig. 5 showed the XRD patterns of 

the samples. Huge amount of PbI2 residue still existed in the sample of 6m-60s. However, after 

the treatment of the higher concentration MAI solution (10 mg/ml), the peaks of PbI2 residue 

were weakened. And as the concentration of the MAI solutions increased, the peaks of the PbI2 

residue disappeared. The samples of 6m-60s-20m-50s and 6m-60s-30m-50s were well 

crystalized with the CH3NH3PbI3 perovskites with little PbI2 residue.  

 



43 

 

  
 

  
Fig. 6. SEM images of the surface morphology of the samples of 6m-60s-xm-50s. (A) x = 0. (B) 

x = 10. (C) x = 20. (D) x = 30. 

 

The SEM images of the surface morphologies of the films were shown in Fig. 6. A gradual 

change of the surface morphologies of the films occurred as the increase of the MAI 

concentrations. The sample of 6m-60s showed large perovskite grains with many spaces between 

them. However, as the concentration of the MAI solutions increased at the second-step reaction, 

the spaces between the grains were gradually narrowed and reduced as well as the coverage of 

the perovskite films was improved. Particularly, the sample of 6m-60s-30m-50 showed a full 

perovskite coverage on the substrates, with the grain size up to 1.4 μm. It is reported that the 

oxygen at TiO2-perovskite interfaces attributed to the degradation of CH3NH3PbI3 perovskite 

films [11]. Therefore, the improved coverage could favor the prevention of TiO2-perovskite 

interfaces from oxygen and improve the stability of perovskite films.  

 

(C) (D) 

(A) (B) 
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Fig. 7. Comparison of the XRD patterns of the samples of 6m-xs-30m-50s (x = 10, 20, 40, 60). 

 

Second, the MAI loading time effect in the first-step reaction on the perovskite formation was 

investigated. As shown in Table 3, the PbI2 films were treated by 6 mg/ml MAI solutions for 

different seconds, and then they were treated by 30 mg/ml MAI solutions for 50 seconds. Fig. 7 

showed the XRD patterns of the as-prepared samples. It revealed that, expect the sample 6m-10s-

30m-50s, all the other samples were well crystalized with little PbI2 residue. The SEM images of 

the surface morphologies of the samples were showed in Fig. 8. The sample 6m-10s-30m-50s 

mainly consisted of the dispersed nano-grains with some big particles. As the loading time 

increased at the first-step reaction, the grain size of the perovskite films sharply increased to 1.5 

μm, as well as a full coverage on the surfaces.  

The detailed statistic information of grain size distribution can be seen in Fig. S1 and Table 4. 

The sample of 6m-60s-30m-50s exhibited a continuous distribution of the grain size, which can 

benefit a full coverage. In contrast, the grain sizes of the samples of 6m-20s-30m-50s, the 6m-

60s-10m-50s and 6m-10s-30m-50s exhibited a relative centralized distribution. 
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Fig. 8. SEM images of the surface morphology of the samples of 6m-xs-30m-50s. (A) x = 10. 

(B) x = 20. (C) x = 40. (D) x = 60. 

Table 4. Statistical analysis on the grain size distribution of the perovskite films. 

 Max./nm Min./nm Mean/nm 

6m-60s 1980.21 585.44 1171.23 

6m-60s-10m-50s 2438.82 594.53 1377.54 

6m-60s-20m-50s 2057.82 617.07 1315.23 

6m-60s-30m-50s 2461.41 713.67 1467.93 

6m-10s-30m-50s 728.63 137.89 313.72 

6m-20s-30m-50s 2359.29 617.39 1367.48 

6m-40s-30m-50s 2607.01 607.13 1339.04 

 

3.3.3 UV-visible absorption behaviors 

Fig. 9 showed the UV-visible absorption behaviors of the films from the traditional single 

MAI solutions. All the samples possessed the same absorption threshold, indicating that the 

(D) 

(B) (A) 

(C) 
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bandgaps of the samples remained the same. However, the absorption strength of the samples are 

different from each other in different regions. For the film 6m-60s prepared from the traditional 

single MAI solution, it showed an absorption without strong peaks. As the concentration of the 

MAI solutions increased, the spectral absorption were enhanced in the short wavelength region 

(350-500 nm) as well as the reduced absorption in the long-wavelength region (600-750 nm). 

 

 

Fig. 9. UV-visible absorption of the samples via single solution method. 

 

The spectral absorptions of the samples prepared via the concentration gradient controlled 

growth are showed in Fig. 10. Fig. 10(a) presented the spectral absorption of the samples 

prepared from different MAI concentrations. After the treatment of the high concentration MAI 

solutions, all the perovskite films demonstrated the enhanced absorption compared with 6m-60s. 

Particularly, the absorption was improved in the short-wavelength region. Additionally, the 

sample 6m-60s-10m-50s also showed a little enhancement in the long wavelength region. 

Regarding the loading time effect on the absorption of perovskite films, as shown in Fig. 10(b), 
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the sample of 6m-10s-30m-50s showed its major absorption located at the wavelength from 350 

to 500 nm, as well as with a lower absorption than 6m-60s in the long wavelength region. In 

contrast, when the MAI loading time was higher than 20 seconds, the absorption of the samples 

of 6m-xs-30m-50s (x = 20, 40, 60) became higher than that of 6m-60s, broadened up to the short 

wavelength of ca. 350 nm. 

 

 

Fig. 10(a). UV-visible spectral absorption of the samples 6m-60s-xm-50s (x = 0, 10, 20, 30) 

via the concentration gradient controlled method. 

b 
d c a 

a 
b 
c 
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Fig. 10(b). UV-visible spectral absorption of the samples 6m-xs-30m-50s (x = 10, 20, 40, 60) via 

the concentration gradient controlled method. 

 

The thickness of the films can be an important factor for spectral absorption. In order to 

evaluate the thickness effect, the cross-section FE-SEM images of the films (6m-60s, 6m-10s-

30m-50s, 6m-60s-10m-50s, 6m-60s-30m-50s.) were shown in Fig. 11. The results indicated that 

all the thickness of the films are almost the same, ca, 450 ± 20nm. Therefore, the difference on 

spectral absorption is more likely to depend on the microstructures and surface morphologies of 

the films.  

b 

b 

c c 

e 
e 
d 

d 

a 

a 



49 

 

 

  

Fig. 11. Cross-section SEM images of the sample. a) 6m-60s, b) 6m-10s-30m-50s, c) 6m-60s-

10m-50s, d) 6m-60s-30m-50s. 

 

 

Fig. 12. Schematic illustration of grain-size-dependent Mie Scattering on the perovskite films. 

(a) (b) 

(c) (d) 
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The absorption strength of the perovskite films were sensitive to the particle sizes, and Mie 

scattering theory can be applied to explain this phenomenon. According to the Mie scattering 

theory, the scattering behavior of the incident light strongly depended on the particle sizes of the 

medium, which affected the absorption [14, 15]. When the wavelength of the incident light was 

comparable with the particle size, the scattering would be enhanced [14-16]. Therefore, as shown 

in Fig. 12(a), small perovskite grains can favor the scattering in the short-wavelength region, 

whereas, large perovskite grains can favor the scattering in the long-wavelength. For the samples 

of 6m-60s prepared via the one-step reaction, it mainly consisted of large perovskite grains with 

few nano-grains. Accordingly, it might have a strong scattering in the long-wavelength region. 

Since there were few nano-grains, the scattering in the short-wavelength could almost be 

ignored. However, the absorption from the contribution of PbI2 residue can be ignored in our 

discussion because there was just a little PbI2 residue in the film 6m-60s. Regarding the 

perovskite films prepared from the two-step concentration gradient reactions, the light scattering 

of the samples strongly depended on the MAI loading time in the first-step reaction and the MAI 

concentration in the second-step reaction. With the treatment of the higher concentration MAI 

solutions, small perovskite grains formed in the films. Accordingly, the scattering of incident 

light was enhanced in the short-wavelength region. Among the films of 6m-60s-xm-50s, the 

sample of 6m-60s-10m-60s showed the biggest grain size due to the low concentration growth. 

Consequently, it exhibited the strongest scattering in the long-wavelength region. Regarding the 

loading time effect on the scattering, the sample of 6m-10s-30m-50s showed its main grains of 

ca. 300 nm, in this case the scattering of incident light existed in the region of 350-500 nm while 

highest transmittance occurred in the long-wave regions (as shown in Fig. S2). As the MAI 

loading time increased, the perovskite films formed large grains of micrometers at the first step. 

Meanwhile, the sequential treatment of the high concentration MAI solution resulted in the dense 

films with some nano-grains. Therefore, compared to the sample of 6m-60s, these perovskite 

films had stronger scattering in the short-wavelength region and lower transmittances. 

Furthermore, the surface roughness also made contributions to the random scattering and re-

absorption, which lead to strong photon-recycling in lead-halide perovskites because of the 

multiple absorption-diffusion-emission [17,18]. As a result, the large-grain perovskite films with 

some nano-grains and rough surfaces in our experiments achieved the enhanced absorptions in 
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the short-wavelength regions.  

 

3.3.4 Photovoltaic performance of the solar devices 

In order to evaluate the photovoltaic performance of the films, the mesoporous structured 

perovskite solar cells was fabricated as shown in Fig. 13. They were all assembled in ambient 

conditions with a high humidity of ca. 75%. And the MAI concentration effect and the loading 

time effect on photovoltaic performance were studied. Fig. 14 showed the MAI concentration 

effect on the I-V characteristics of the devices. The results showed that as the MAI concentration 

increased in the high concentration MAI solution treatment, the Voc, Jsc and PCE of the devices 

increased. The low concentration MAI loading time effect on on the I-V characteristics of the 

devices are showed in Fig. 15. The results also indicated that as the MAI loading time increased 

at the low concentration MAI treatment, the Voc, Jsc and PCE of the devices increased. The 

champion I-V data of each group was listed in Table 5. The champion device of the 6m-60s 

group exhibited a short current (Jsc) of 9.90 mA/cm2, open-circuit voltage (Voc) of 0.87 V and 

PCE of 5.25%. With the perovskite films treated by the high concentration MAI solutions, all the 

devices fabricated from the concentration gradient method obviously possessed higher 

photovoltaic performance than that of 6m-60s. Regarding the concentration effect, the group of 

6m-60s-30m-50s showed the champion performance, with the highest Jsc of 18.09 mA/cm2, Voc 

of 0.98 V and PCE of 11.48%. Regarding the MAI loading time effect, the group of 6m-40s-

30m-50s also showed the improved Jsc of 17.53 mA/cm2, Voc of 0.93V and PCE of 10.30%. As 

showed in the Table S1 and Table S2, there was a general tendency that the devices from the 

concentration gradient method exhibited higher photovoltaic performance than the traditional 

method. Therefore, the concentration gradient controlled growth looked like an effective method 

to prepare the high-quality films for high-performance perovskite solar cells. 
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Fig. 13. Schematic of the mesoporous structured perovskite solar cells. 

 

 

 

Fig. 14. MAI concentration effect on I-V characteristics of the perovskite solar cells under 

illumination of AM1.5G. 

 

a 
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Fig. 15. MAI loading time effect on the I-V characteristics of the perovskite solar cells under 

illumination of AM1.5G. 

 

Table 5. I-V characteristic of the champion solar devices of each group. 

 

Jsc (mA/cm2) Voc (V) FF PCE (%) 

6m-60s 9.89 0.87 0.61 5.25 

6m-10s-30m-50 15.49 0.92 0.55 7.91 

6m-20s-30m-50 14.53 0.89 0.53 6.81 

6m-40s-30m-50 17.54 0.93 0.63 10.30 

6m-60s-30m-50 18.09 0.98 0.65 11.48 

6m-60s-20m-50 15.88 0.91 0.59 8.56 

6m-60s-10m-50 13.85 0.89 0.61 7.52 

 

The high performance of the perovskite solar cells was mainly due to the quality improvement 

of perovskite films. . First, the perovskite films via the concentration gradient method reached 

the better coverage than the sample 6m-60s, which can benefit to reduce the leakage current. At 

the same time, compared with the sample 6m-10s-30m-50s with nano-grains, the perovskite 

films with large grains can effectively reduce the grain boundaries and trapping centers. Second, 

d e 
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e 
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the concentration gradient controlled growth formed the perovskite films with little PbI2 residue. 

The reduced PbI2 residue in the perovskite films was reported to benefit the improvement of the 

photovoltaic performance of the device [19-21]. Moreover, the enhanced light absorption in the 

short-wavelength region can also make some contribution to the photovoltaic performance. Fig. 

16 showed the comparison between the absorption and the AM1.5G solar irradiance.  The energy 

distribution of the AM1.5G solar irradiance mainly located at the region of 450-800 nm [22]. 

Accordingly, it can be clearly seen that the enhanced absorption of the films could benefit the 

power conversion in the short-wavelength region. Compared with the sample 6m-60s, the 

samples of 6m-60s-30m-50s, 6m-40s-30m-20s 6m-60s-20m-50s showed a full coverage of the 

pure perovskite with small amount of nano-grains and significantly enhanced absorption in the 

short-wavelength region. Therefore, they performed as good candidates for the application on 

high-performance perovskite solar cells. In a word, the concentration gradient controlled growth 

of CH3NH3PbI3 films must be a route to the perovskite solar cells with high-output. 

 

Fig. 16. Comparison of the UV-visible absorption of the samples with the AM1.5G solar 

irradiance. (* referred to [22]) 

 

3.3.5 Mechanism of concentration gradient controlled growth 
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Fig. 17. Comparison of the XRD patterns of the samples of 6m-xs (x = 10, 20, 40, 60). 

The two-step concentration gradient controlled growth resulted in the high-quality perovskite 

films. However, the mechanism is not so clear. Hereby the XRD and SEM were introduced to 

investigate the mechanism of the controlled growth. Fig. 17 showed the XRD patterns of the 

samples treated with 6 mg/ml MAI solutions for different times. The resulted revealed that as the 

MAI solution loading time increased, the content of perovskites in the films gradually increased, 

indicating a time-dependent reaction between the low concentration MAI solution and the PbI2 

films to form the CH3NH3PbI3 perovskite. 

 

  
 

(A) (B) 

(C) 
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Fig. 18. SEM images of the surface morphology of the samples of 6m-xs. (A) x = 10. (B) x = 20. 

(C) x = 40. (D) x = 60. 

 

When the MAI solution was loaded on the surface of the PbI2 films, it slowly reacted with the 

PbI2 and formed perovskites. Furthermore, the SEM images of the samples 6m-xs are shown in 

Fig. 18. They clearly demonstrated that small amount of small perovskite particles 

discontinuously distributed on the surface of the PbI2 films after the 6 mg/ml MAI solution 

loaded for 10 seconds, with most of the PbI2 film uncovered. As the MAI loading time increased, 

the particle size became bigger and the coverage of the perovskite films increased. However, 

even the loading time was up to 60 seconds and some particle size grown up to 1.5 μm, there 

were still PbI2 residue and spaces in the films. According to the theory of crystal nucleation and 

growth, the nucleation calls for higher interfacial energy than grain growth [12,13]. During the 

formation of the perovskite films, the lower concentration MAI solutions offered less interfacial 

free energy between the solid surface and the solution. Consequently, only a few nucleation 

centers could occurred at the high-energetic sites at the PbI2 films. After that, they performed as 

the perovskite seeds and grown up to the bigger grains. In contrast, the low-energetic sites at the 

PbI2 films could not nucleate but remained due to the low interfacial free energy. As the reaction 

went on, the concentration of the MAI solution decreased, which made the nucleation of 

perovskite more difficult. Therefore, the sample 6m-60s formed a film with large perovskite 

grains and small amount of PbI2 residue left at the spaces between the perovskite grains. In 

addition, the PbI2 residue at the spaces was uncovered, thus it can be used for further reaction at 

the second step. 

 

(D) 



57 

 

 
Fig. 19. Schematic illustration of the nucleation/crystallization for the formation of perovskite 

film via two-step concentration gradient growth. 

 

According the discussion above, the mechanism of the concentration gradient controlled 

growth can be explained as Fig. 19. First, the PbI2 films was formed at the substrates with some 

high-energetic sites at the surfaces. Second, when the 6 mg/ml MAI solution was loaded on the 

surfaces, the high-energetic sites reacted with the MAI solution and formed discontinuous 

perovskite seeds. Considering that the perovskite nucleation called for a higher interfacial free 

energy than grain growth, the low-energetic PbI2 parts could not react with the low concentration 

MAI solution. Particularly, as the reaction went on, the MAI was consumed as well as the 

interfacial free energy decreased. Therefore, only the perovskite seeds formed at the high-

energetic sites and grew up at this step. Third, when the high concentration MAI solutions were 

loaded on the surface of the films, these pre-formed perovskite grains performed as the seeds for 

the further reaction and continued to grow. At the same time, new nucleation occurred at the 

interface because the interfacial free energy increased. Consequently, new small perovskite 

grains formed and tightly filled the spaces between the former grains. Finally, the CH3NH3PbI3 

perovskite films with large grains and full coverage were formed on the substrates by the two-

step concentration gradient controlled growth.  

Regarding the loading time effect on the 6m-xs-30m-50s films, it mainly affected the growth 

of the perovskite grains at the first step. There were just a few perovskite grains discontinuously 
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left in the sample of 6m-10s after the 10 seconds reaction. Whereas, most of the PbI2 film was 

uncovered, which resulted in too many nucleation centers at the second-step reaction. Therefore, 

the finally-prepared sample of 6m-10s-30m-50s mainly formed small grains of ca. 300 nm. As 

the MAI loading time increased at the first-step reaction, the perovskite grains grew up and 

gradually covered the films with larger perovskite grains, the fewer spaces and the less PbI2 

residue. When the 30 mg/ml MAI solution was loaded at the second-step, it reacted with the 

residue PbI2 and triggered the new nucleation and growth of perovskite. These new grains filled 

the spaces between large grains and formed the perovskite films with large and small grains.  

Regarding the MAI concentration effect on the 6m-60s-xm-50s films, it mainly affected the 

nucleation at the second steps. As mentioned above, the 10 mg/ml MAI solution offered higher 

interfacial energy than 6 mg/ml MAI solution, but lower interfacial free energy for the nucleation 

than 20 and 30 mg/ml MAI solutions at the second-step reaction. Therefore, in the sample of 6m-

60s-10m-50s, the growth of the former perovskite grains dominated, resulting in larger grains but 

with some PbI2 residue still left in the spaces after the reaction. When the higher concentration 

MAI solutions (20, 30 mg/ml) were loaded on the sample of 6m-60s, they offered higher 

interfacial free energy for the new nucleation and growth in the spaces. Consequently, the small 

perovskite grains were formed and filled the spaces, resulting in the complete reaction and the 

improved coverage of the films with the multi-sized perovskite grains [23]. 

 

3.4  Conclusion 

 

In summary, we developed a new method to grow the high-quality CH3NH3PbI3 perovskite 

films via the two-step concentration gradient controlled reactions. We used two concentration 

MAI solutions to prepare perovskite films. First, the MAI solution (6 mg/ml) induced the 

nucleation and the growth of perovskite grains in the first-step reaction, achieving large grains up 

to 1.4 μm with spaces between each other. And then the following treatment of the high 

concentration MAI solutions (10, 20, 30 mg/ml) resulted in the well-covered perovskite films 

with multi-size grains, which reduced grain boundaries and trapping centers. Due to the grain-

size-dependent light scattering, the perovskite films with the large grains showed a significantly-

enhanced absorption in the long-wavelength region, while the absorption of the perovskite films 

with small grains mainly located in the short-wavelength region. The energy distribution of the 
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sunlight indicated that the enhanced spectral absorption in the visible region can favor the power 

conversion of solar cells. Therefore, among the perovskite films prepared via the concentration 

gradient controlled growth, the films of 6m-60s-30m-50s, 6m-40s-30m-50s and 6m-60s-20m-50s 

showed large perovskite grains, well coverage and the strong absorption in the long-wavelength 

region, which can favor the photovoltaic performance of solar cells. Consequently, the 

corresponding solar devices fabricated in ambient conditions with high humidity showed an 

obviously enhanced short current of 18.09 mA/cm2, open circuit voltage of 0.98 V and PCE up 

to 11.48%. Finally, a model of nucleation and growth has been developed to explain the 

mechanism for the concentration gradient controlled growth of the CH3NH3PbI3 perovskite 

films. 
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Chapter 4. Effect of lead-free (CH3NH3)3Bi2I9 perovskite 

addition on spectrum absorption and enhanced photovoltaic 

performance of bismuth triiodide solar cells 

 

4.1  Introduction 

 

Halide perovskites have many excellent optical properties, such as suitable bandgaps and 

small effective mass, making them excellent absorbing materials for solar cells [1-3]. The power 

conversion efficiency (PCE) of halide perovskite solar cells certified by the National Renewable 

Energy Lab has sharply increased to 22.1% in the past six years, making them quite comparable 

with silicon solar cells in the near future [4]. However, there are still several drawbacks for 

halide perovskite solar cells, such as the degradation of perovskite when exposed to air, 

hysteresis and lead pollutions, which hinder their further commercialization [5-8]. Recent work 

pointed out that bismuth compounds can be potential candidates to solve the lead-pollution for 

future perovskite solar cells [9]. 

Lead-free bismuth compounds, such as Bi2CrFeO6, BiI3 and A3Bi2I9 perovskites (A = 

CH3NH3, Cs), have attracted much attention for photovoltaic applications [10-13]. The A3Bi2I9 

perovskites are air-stable and lead-free halide perovskites among these materials. Unfortunately, 

their bandgaps are up to 2.1 eV, too high for efficient visible light absorption. Therefore, the 

A3Bi2I9 solar cells exhibited the PCE not higher than 1.02% [13-15]. BiI3 was reported with the 

bandgaps between 1.43 and 2.2 eV. It was considered as a promising absorber owning to its high 

absorption coefficient (105 cm-1) and electron mobility (260±50 cm2/(V·s)), as well as low carrier 

concentration (1×108 cm-3) [11,16-18]. However, the BiI3 solar cells still exhibited a low power 

conversion efficiency (PCE) and open circuit voltage (Voc). One explanation for this 

phenomenon was attributed to the mismatching alignment of the energy levels between BiI3 and 

TiO2 [11]. Therefore, spectral absorption tuning and energy levels realignment are important 

topics for the development of bismuth compounds for solar cell applications.  

As we know, the co-absorption of two dyes for the active layer is an efficient approach to tune 

spectral absorption for the dye-sensitized solar cells, e.g. mixed organic dyes of PcS15 and D131 
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exhibited a dramatic enhancement of the photocurrent response for the entire visible-light region 

with tuning of the electron-pushing abilities [19]. In addition, the integration of ZnS, CdS and 

Cu2-xS inorganic materials can lead to a staggered gap alignment, full-spectrum solar energy 

absorption and efficient charge separation [20], and the Pb-In binary perovskites cells also 

exhibited a higher PCE than single In-based perovskite solar cells [21]. Therefore, the integration 

of lead-free materials could be a potential method to tune their spectral absorption and realign 

their energy levels. In this article, the composite active layers of BiI3 and (CH3NH3)3Bi2I9 

(abbreviated as MBI) were prepared, and their optical properties were studied for the lead-free 

solar cell applications. 

4.2  Experimental 

4.2.1 Preparation of (BiI3)1-x (MBI)x composite films 

589 mg of BiI3 was dissolved in 1 mL of N, N-dimethyl- at room temperature. It was filtered 

using PTFE syringe filters (0.45 μm) before further processed. MBI can be prepared from the 

solution with BiI3 and CH3NH3I (MAI) (molar ratio = 1:1.5) [15]. Therefore, the precursors of 

BiI3 and MBI mixtures were prepared by adding different contents of MAI into the BiI3 solution 

(stoichiometric (BiI3)1-x (MBI)x, x = 0, 0.10, 0.20, 0.50, 0.75 and 1.0). After mixed by ultrasonic 

mixer for 20 minutes, 0.15 ml of the precursors were dropped on regular glass substrates which 

were covered with the mesoporous TiO2 layer, and then spin coated at a speed of 2000 rpm for 

20 seconds. And then these films were annealed at 100 oC for 30 min under ambient conditions 

to obtain different (BiI3)1-x(MBI)x films of 170 μm for the measurements of X-ray diffraction, 

UV-visible spectrum and surface morphology. For the measurement of the valence band, the 

samples were prepared on fluorine-doped tin oxide glass substrates through the same method. 

 

4.2.2 Fabrication of devices 

FTO glass substrates were etched with 2 M HCl and zinc power, washed with IPA, acetone 

and clean water, and then dried before use. The TiO2 precursor was prepared as reported in Ref. 

[22]. It was spin coated on the substrates, and then sintered at 450 oC for 1 hour to form a 

compact layer. After that, the mesoporous TiO2 gel was spin coated on the compact layer and 

sintered at 500 oC for 30 minutes. When the substrates were cooled down, 0.15 ml of (BiI3)1-

x(MBI)x precursors were dropped on them, and then spin coated at 2000 rpm for 20 seconds. 
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These films were annealed on hotplate at 100 oC for 30 minutes. For the preparation of hole 

transport materials (HTMs), 72.3 mg of Spiro-OMeTAD, 28.8 μl of 4-tert-butylpyridine and 17.5 

μl of a stock solution of 520 mg·ml-1 lithium bis-(trifluoromethyl sulphonyl) imide in 

acetonitrile were dissolved in 1 ml of chlorobenzene. The solution was spin coated on the 

bismuth composite layers to form a hole transport layer.  Finally, 30 nm of silver was evaporated 

on the samples to form an electrode. In our experiment each group consisted of four devices. And 

all the processes were taken out in ambient conditions with the humidity of ca. 55%. 

 

 

Fig. 1. (BiI3)1-x(MBI)x films prepared by the solution method (from left to right, top to bottom:(a) 

x = 0, (b) x = 0.10, (c) x = 0.20, (d) x = 0.50, (e ) x = 0.75, (f) x = 1.0). 

 

4.2.3 Characterization  

The X-ray diffracting diagram was measured from 10 ° to 40 ° at a scanning speed of 0.01 °/s 

using a X-ray diffractometer (XRD, RINT 2100, Rigaku) with Cu Kα radiation (λ = 1. 54056 Ǻ). 

The scanning electron microscope (SEM, JCM-6000, JEOL) was used to characterize the 

microstructures. Energy dispersive X-ray spectrometry (EDX, Genesis XM2, EDAX) was 

(a) (b) (c) 

(d) (e) (f) 
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applied to determine the stoichiometric ratio of the composite films by detecting the molar ratios 

of I: Bi atoms. A UV-VIS-NIR spectrophotometer (V-670, JASSCO) was used to determine the 

optical properties of the products by the absorption spectra, and the bandgaps were calculated 

using the Tauc Plot. An ionization energy measuring device was used to evaluate the valence 

band by photoelectron yield spectroscopy (PYS, KV205-HK, Bunkoukeiki). Photovoltaic 

characteristics of the solar devices were measured by a solar simulator (CEP-2000, Bunkoukeiki) 

interfaced with a xenon lamp (BSOX150LC, Bunkoukeiki) at 100 mW/cm2 under AM 1.5 

conditions. The power of the light exposure from the solar simulator was fixed with an 

amorphous Si photodetector (BS-520 S/N 353, Bunkoukeiki) to avoid any discrepancy between 

the calibrated diode and the measured devices. The cell area was precisely controlled using a 

0.12 cm2 black metal mask to measure the photovoltaic performances. And the I-V characteristic 

was determined by the forward scanning and reserve scanning.  

 

Fig. 2. XRD patterns of the (BiI3)1-x(MBI)x films. 

 

4.3  Results and discussion 
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As shown in Fig. 1, the color of the as-prepared films was significantly affected by the 

addition of MAI. It changed from black to red, implying that certain reaction has occurred after 

the addition of MAI. Fig. 2 showed the XRD patterns of the films. For the film without the MAI 

additive, the XRD pattern demonstrated a pure hexagonal BiI3 phase, consistent with the BiI3 

film diffraction data reported in the literature (JCPDS, 7-269) [20]. With the MAI added into the 

precursors, the intensity of BiI3 peaks changed and the hexagonal MBI was formed as the second 

phase. For x = 0.10 and x = 0.20, the (003) peaks of BiI3 dramatically increased, implying an 

enhanced crystallization. As x increased to 0.50 and 0.75, the MBI phase replaced BiI3 and 

dominated in the samples. Finally, it formed a pure hexagonal MBI phase when x = 1.0, 

matching the MBI diffraction data reported in Ref. [15]. For the films where BiI3 dominated, the 

(003)-orientation of BiI3 was evaluated by the lotgering factor (LF) as following [22,23]. 

                          LF =
𝑃−𝑃0

1−𝑃0
                                                                                                       (1) 

where P is defined as the following equation. 

                          𝑃 =
𝐼(003)

(𝐼(003)+𝐼(113))
                                                                                           (2) 

where I(003) and I(113) are the intensities of peak (001) and (113) respectively. And P0 is 

calculated from the BiI3 with a random particle distribution (PDF#48-1795). The LF varies from 

0 to 1; LF = 0 corresponds to random orientation, and LF = 1 to perfect orientation. As showed in 

Table 1, the LF for the films of x = 0, 0.10 and 0.20 were 0.686, 0.973 and 0.979, respectively, 

indicating higher (003)-orientation with more MBI. However, The MAI phase wasn’t found in 

any films, suggesting that a chemical reaction occurred between MAI and BiI3 as follows: 

           2 BiI3 + 3 CH3NH3I → (CH3NH3)3Bi2I9                                                              (3) 

Table 1. Lotgering factors of BiI3 (003)-orientation calculated by the intensities of the peak (003) 

and (113) from the XRD results. 

 Intensity of peak 

(003) 

Intensity of peak 

(113) 

P LF 

PDF#48-1795 17 100 0.145 0 

x = 0 13110 4790 0.732 0.686 

x = 0.10 91455 2160 0.977 0.973 

x = 0.20 152390 2725 0.982 0.979 
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Fig. 3. FE-SEM images of surface morphology of the (BiI3)1-x(MBI)x films. (a) x = 0, (b) x = 

0.10, (c) x = 0.20, (d) x = 0.50, (e) x = 0.75, (f) x =1.0. 

 

The SEM images in Fig. 3 showed the surface morphologies of the films. We can see that the 

introduction of MBI significantly affected the crystallization and the morphologies of the 

(b) (a) 

(c) (d) 

(e) (f) 
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composite films. Fig. 3(a) revealed that the BiI3 film was a film of small grains and with some 

micro-cracks. Fig. 3(b) revealed that in the composite film of x = 0.10, the BiI3 grains became 

larger with some MBI crystal seeds formed at them. Also, Fig. 3(c) showed that the dense 

composite film (x = 0.20) was formed with larger BiI3 grains, and the MBI sheets still existed in 

the BiI3 grains as nano-sheets. However, as mentioned in the XRD results, when x ≥ 0.5 the MBI 

dominated in the composite films. Correspondingly, the surface morphologies were totally 

changed. As shown in Fig. 3(d, e), the layer-structured MBI grains were mainly grown as (001)-

oriented with the grain size larger than 5 µm. Some gel-like substances and disconnection also 

existed in these films. Finally, as shown in Fig. 3(f), the MBI film displayed a texture-structured 

non-oriented growth. Regarding the composite effect on surface morphologies of the films, even 

though both BiI3 and MBI are hexagonal with Bi3+ and I-, the lattice mismatching made them 

hard to form homogenous alloys but created lots of BiI3-MBI interfaces [15,23]. Regarding the 

enlarged grains in the composite films, the mechanism is not yet to be clarified. One explanation 

is that the MBI nano-sheets performed as nucleation centers for the major BiI3 phase [24]. The 

other explanation is that low concentration benefited the growth up of large BiI3 grains [25]. 

The EDX data is shown in Fig. S1 and Table 2. The molar ratios of I:Bi atoms calculated 

from the EDX results were 3.06, 3.19, 3.40, 3.98, 4.20 and 4.68. Correspondingly, the 

stoichiometric ratios of MBI: BiI3 in the films were in agreement with the precursors. Hence, 

these films were signed as (BiI3)1-x(MBI)x in the following discussion. At last, it should be 

pointed out that the crystallization of the films is not so comparable as that processed by a 

physical method [11,12], which can influence the performance of solar cells. 

 
 

Table 2. Comparison of the molar ratios of I:Bi atoms in precursors and the (BiI3)1-x(MBI)x films. 

 x=0 x=0.10 x=0.20 x=0.50 x=0.75 x=1.0 

molar ratio of I:Bi 

in Precursors 

3 3.15 3.30 3.75 4.125 4.5 

molar ratio of I:Bi 

from EDX results 

3.06 3.19 3.40 3.98 4.20 4.68 
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Fig. 4. UV-visible absorption spectrum of the (BiI3)1-x(MBI)x films. (a) Absorption strength. (b) 

Tauc plot of (hγ)versus (hγ *absorption)1/2. 

As shown in Fig. 4(a), the UV-visible spectral absorption of the (BiI3)1-x(MBI)x films was 

(a) 

(b) 
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investigated in the wavelength range of 300-1200 nm. The absorption onsets of the BiI3 film and 

the MBI film located at ca. 700 nm and 590 nm, respectively. However, the absorption onsets of 

the composite films varied with the content of the MBI, showing a phenomenon of multi-

absorptions. Meanwhile, there was a phenomenon of weakened absorption strength in the 

composite films, especially for the samples of (BiI3)0.5(MBI)0.5 and (BiI3)0.25(MBI)0.75. The 

mechanism for such a phenomenon can be explained by multiple factors. One explanation is that 

the large grains in the composite films reduced the light scattering and harvesting [26]. The other 

could be that the gelatinous substances affected the absorption of the (BiI3)0.5(MBI)0.5 and 

(BiI3)0.25(MBI)0.75 composites films [27]. The detailed bandgaps of the BiI3 and MBI films were 

calculated with the Tauc equation [28]: 

         αhγ =  β(hγ-Eg)
n                                                                                                   (4) 

where α is the absorption coefficient, hγ is the photon energy, β is a constant, and Eg is the 

bandgap. Considering that BiI3 and MBI were reported as indirect bandgap materials, n = ½ is 

used for the evaluation [11,15]. Therefore, as shown in Fig. 4(b), the bandgaps of the BiI3 and 

MBI films were estimated to be 1.77 and 2.15 eV, respectively. However, it is impossible to 

directly evaluate the bandgaps of the composite films because of the multi-absorption effects. 

 
 

Fig. 5. Energy band diagram of the BiI3 and MBI films. * Ref [11]. 
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Table 3. Valance bands of the (BiI3)1-x(MBI)x films (x = 0, 0.1, 0.2, 0.5, 0.75, 1.0). 

x 0 0.10 0.20 0.50 0.75 1.0 

Valance band (eV) -6.11 -6.11 -6.11 -6.06 -6.10 -6.07 

 

 

Fig. 6. Schematic of the (BiI3)1-x(MBI)x solar cells. 

 

Energy level matching is a key point affecting the charge transport in solar cells. In order to 

experimentally estimate the energetic position of the valence band, PYS was performed on the 

(BiI3)1-x(MBI)x films growing on the FTO substrates. As shown in Fig. S2 and Table 3, all the 

valence bands of the (BiI3)1-x(MBI)x films are approximately -6.10 eV, showing little dispersion 

when x varies from 0 to 1.0. This is because the top of the valence band in BiI3 and MBI 

materials is mainly contributed to the antibonding 6s character of the partially oxidized Bi3+ 

cation and I- anion, and both of the materials were reported with a valence band of around -

6.00~-6.10 eV [11,15]. Therefore, there was no obvious dispersion observed in the valence band 

in the (BiI3)1-x (MBI)x composites. In contrast, the spin−orbit coupling along with the large 

atomic weight of the Bi3+ cation can lead to a more disperse conduction band and lower electron 

effective mass [15-17]. Accordingly, a schematic energy band diagram is constructed in Fig. 5, 
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where the conduction band of MBI is higher than TiO2 while that of BiI3 is a bit lower than TiO2. 

However, owing to that the bandgaps of the composites cannot be precisely qualified, it is unable 

to quantitatively determine their conduction bands here. 

The (BiI3)1-x(MBI)x solar cells were fabricated in order to evaluate their potential application 

for solar cells. As illustrated in Fig. 6, the (BiI3)1-x(MBI)x solar cells were with a structure of 

FTO/ compact-TiO2/mesoprous-TiO2&absorber/HTM/Ag. The champion I-V data of each group 

is presented in Table 4, and the I-V curves are shown in Fig. 7. All the (BiI3)1-x(MBI)x devices 

showed photovoltaic outputs in our study, in which the BiI3 solar cell showed the Voc of 0.44 V, 

Jsc of 0.25 mA/cm2 and PCE of 0.045%, and the MBI solar cell showed a Voc of 0.46 V, Jsc of 

0.13 mA/cm2 and PCE of 0.023%. Interestingly, as shown in Fig. S3 and Table S1, there was a 

phenomenon that, with a small amount of the MBI into the BiI3 films, the photovoltaic 

performance was significantly enhanced in the solar cells, in which the (BiI3)0.8(MBI)0.2 solar 

cells reached the optimum performance. Compared with the BiI3 solar cells, they showed the 

champion PCE increased from 0.045% to 0.076% and the Voc obviously improved from 0.44 to 

0.57 V. 
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Fig. 7. I-V characteristics of the (BiI3)1-x(MBI)x solar cells. 

 

Table 4. I-V characteristic of the champion (BiI3)1-x(MBI)x solar cells. 

 0 0.10 0.20 0.50 0.75 1 

Jsc (mA/cm2) 0.245 0.254 0.265 0.197 0.121 0.128 

Voc (V) 0.442 0.507 0.567 0.465 0.366 0.460 

FF 0.417 0.453 0.503 0.385 0.298 0.367 

PCE (%) 0.0451 0.0582 0.0755 0.0354 0.0132 0.0231 

Series resistance (Ω) 3953 3975 3075 2984 9429 8153 

Shunt resistance (Ω) 36938 43781 56962 35790 18777 33303 

 

 

Fig. 8. I-V characteristics of the (BiI3)0.8(MBI)0.2 solar cells. 

 

The photovoltaic performance of the solar cells strongly depended on the (BiI3)1-x(MBI)x 

active layers. For the BiI3 and the MBI solar cells, the energy band diagram suggested that the 

b 

b 

a 

a 

c 

c 
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photo-excited holes from the BiI3 and the MBI films can be injected into the Spiro assuming a 

good separation. However, since the conduction band of BiI3 was quite proximate to that of TiO2, 

there were no enough driving force for the excited electron injection from BiI3 into the TiO2 

layer [18]. And the theoretical PCE of BiI3 solar cells would probably have a relatively low 

maximum. Accordingly, as shown in Table 5, the BiI3 solar cells with PTAA/ PIDT-DFBT as 

HTMs fabricated from a physical method only showed the Voc of 0.22 and 0.42 V [11]. In our 

experiments we obtained a higher Voc of 0.44 V but the PCE of the BiI3 solar cell was still very 

low. For the MBI perovskite solar cells, the low PCE was mainly because the bandgap of MBI is 

too large for effective absorption of visible light.  

Table 5. I-V characteristic of the (BiI3)1-x(MBI)x and the BiI3 solar cells reported. 

 ETM HTM 

HOMO of 

HTM (eV) 

Voc 

(V) 

Jsc 

(mA/cm2) 

PCE 

(%) 

BiI3 TiO2 Spiro -5.15 0.442 0.245 0.0451 

(BiI3)0.8(MBI)0.2 TiO2 Spiro -5.15 0.567 0.265 0.0755 

BiI3 -1 * TiO2 PTAA -5.1 0.22 3.85 0.367 

BiI3-2 * TiO2 PIDT-DFBT -5.5 0.44 2.39 0.0231 

* reported in Ref. [11]. 

Regarding the enhanced photovoltaic performance in the composite solar cells, there are two 

explanations on it. First, it was attributed to the improved crystallization and coverage. As the 

XRD and SEM results mentioned above, the introduction of MBI significantly improved the BiI3 

crystallization of the (BiI3)0.8 (MBI)0.2 films and optimized the film quality, this can effectively 

reduce the recombination and leakage in the devices. Moreover, the series resistance of the 

(BiI3)0.8(MBI)0.2 solar cells was relatively lower than others, indicating a more effective charge 

transport. Second, it was attributed to the band bending in the composite films. As shown in Fig. 

8, the band bending occurred at the MBI-BiI3 interfaces in the (BiI3)1-x(MBI)x composites. When 

two semiconductors are in contact, the electrons of the high conduction band material and that of 

the low conduction band material can migrate to each other, forming a stable space charge region 

at the hetero-interface and an upward band-bending at the interface [29]. Therefore, compared 

with the BiI3, the conduction band of the (BiI3)1-x(MBI)x composite systems became higher. 

Considering that the conduction band of the pure BiI3 is approaching to the TiO2, the band 

bending can make the injection of the photon-excited electrons easier from the composite 
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absorbing layers into the TiO2. Particularly, because the large amount of the MBI nano-sheets in 

the BiI3 grains created lots of BiI3-MBI interfaces, the conduction bands of the whole BiI3-MBI 

systems have been improved compared to that of the pure BiI3 films. Therefore, the obviously 

enhanced Voc and PCE are observed in the (BiI3)0.8(MBI)0.2 solar cells. 

 

Fig. 8. Schematic of the band bending in the (BiI3)1-x(MBI)x composite films. (ECB is the 

conduction band, EVB is the valence band, EF is the Fermi level, and ∆E is the bended energy. 

After connection, EF2-EF1=∆E1 +∆E2) 

 

Regarding the enhanced photovoltaic performance in the composite solar cells, there are two 

explanations for it. First, it was attributed to the enhanced crystallization and coverage. As the 

XRD and SEM results mentioned above, the introduction of MBI significantly improved the BiI3 

crystallization of the (BiI3)0.8 (MBI)0.2 films and optimized the film quality, this can effectively 

reduce the recombination and leakage in the devices. In addition, the series resistance of the 
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(BiI3)0.8(MBI)0.2 solar cells was relatively lower than others, indicating a more effective charge 

transport. Second, this phenomenon was attributed to the conduction band bending. As shown in 

Fig. 8, a conduction band bending occurred at the MBI-BiI3 interfaces in the (BiI3)1-x(MBI)x 

composites. When two semiconductors are in contact, the electrons of the high conduction band 

material and that of the low conduction band material can migrate to each other, forming a stable 

space charge region at the hetero-interface and an upward band-bending at the interface [26]. 

Therefore, compared with the BiI3, the conduction band of the (BiI3)1-x(MBI)x composite systems 

became higher. Considering that the conduction band of the pure BiI3 is approaching to the TiO2, 

the band bending can make it easier for the photon-excited electrons from the composite 

absorbing layers into the TiO2. Particularly, because the large amount of the MBI nano-sheets in 

the BiI3 grains created lots of BiI3-MBI interfaces, the conduction bands of the whole BiI3-MBI 

systems have been improved compared to that of the pure BiI3 films. Therefore, compared with 

that of the pure BiI3 solar cells, the obviously enhanced Voc and PCE are observed in the 

(BiI3)0.8(MBI)0.2 solar cells. 

 

Fig. 9.  Comparison on I-V characteristics between the forward and reverse scanning of the 

(BiI3)0.8(MBI)0.2 

(BiI3)0.9(MBI)0.1 

BiI3 
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(BiI3)1-x(MBI)x solar cells. 

 

Besides the Voc and PCE, the hysteresis properties of the (BiI3)1-x(MBI)x solar cells with the 

champion performance were also investigated. As showed in Fig. 9, the comparison between the 

forward and reverse scanning of the solar cells clearly revealed hysteresis-less properties of the 

(BiI3)0.8(MBI)0.2 composite solar cells. The hysteresis of the perovskite solar cells was thought to 

relate to the ionic or vacuum defects [30]. Therefore, there are few defects in the BiI3)0.8(MBI)0.2 

composite solar cells. And small amount of the MBI performed as the active materials in the 

composite films. In a word, the multiplicative effects between the BiI3 and MBI in the 

composites lead to the enhanced photovoltaic performance of some composite solar devices. 

In our study, we also found that some other composite solar cells performed worse than the 

pure solar cells, such as the low PCE and Voc of devices, or the failure of the devices, e.g. 

the(BiI3)0.5(MBI)0.5 solar cells. Taking the XRD and SEM results into the consideration, some 

failures of the devices in the (BiI3)0.5(MBI)0.5 group are likely due to the amorphous substances 

in the composite films. And the low PCE and Voc of the (BiI3)0.25(MBI)0.75 composite solar cells 

were more likely owing to the disconnection in the composite films. Regarding the MBI solar 

cells, considering that the net-work structure lead to the porous structures in the MBI films, it 

was easy to create some failures of the devices. Moreover, it should also be pointed out that the 

Jsc was low in our study, but the reasons were complicated. One of the reasons can be attributed 

to the HTM used in the (BiI3)1-x (MBI)x devices, because PTAA and PIDT-DFBT have a higher 

hole mobility than Spiro [11,13]. Another reason of low FF and low Voc is due to the high carrier 

density of the MBI (∼1016 cm-3), because the high background carrier densities in the light-

absorber can contribute to the bulk recombination and reduce the FFs and Voc [14,31]. 

 

4.4  Conclusion 

 

In summary, we have developed a new method to tune the optical properties of lead-free 

materials by composite the BiI3 and MBI perovskite for solar cell applications. The active layers 

of (BiI3)1-x(MBI)x showed the gradient in the colors, crystallization and surface morphologies. 

Meanwhile, they had the same valence bands, but with different absorptions and conduction 

bands. The introduction of the MBI into BiI3 resulted in a phenomenon of multi-absorption, 
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which affected their photovoltaic performance. Compared with the BiI3 solar cells and MBI 

perovskite solar cells, some (BiI3)1-x(MBI)x composite solar cells exhibited an optimized 

photovoltaic output. Particularly, compared with the BiI3 solar cells, the Voc and PCE of the 

(BiI3)0.8(MBI)0.2 composite solar cells were significantly improved from 0.44 to 0.57 V and from 

0.045% to 0.076%, respectively. This phenomenon was mainly attributed to two reasons. One is 

the enhanced BiI3 crystallization after the small amount introduction of MBI, which effectively 

reduced the recombination. The other is the band bending at the BiI3-MBI interfaces in the 

composites which optimized the energy level matching between the absorbing layers and TiO2 

and lead to the more efficient electron injection from the absorbing layer to TiO2. Our results 

indicated that the properly-designed composites of lead-free materials with different absorptions 

and energy levels can be an effective strategy to design new solar cells.  
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Chapter 5. Investigation on structures, bandgaps and 

electronic structures of lead-free La2NiMnO6 double 

perovskites for potential application of solar cell 

 

5.1  Introduction 

 

Hybrid organic-inorganic perovskite solar cells (PSCs) have experienced a rapid development 

since perovskite materials were first applied to replace organic dyes in solar cells in 2009 [1]. 

Their power conversion efficiency has reached 22.1% to date, making them comparable to 

traditional silicon solar cells [1-3]. The extraordinary high conversion efficiency of hybrid PSCs 

can be attributed to the excellent optical properties of halide perovskites (ABX3-structured), e.g. 

the typical methylammonium lead iodide perovskite (CH3NH3PbI3) usually has a suitable 

bandgap of 1.5 eV, a large absorption coefficient up to 105 cm-1, a long electron-hole diffusion 

length up to 175 μm [3], as well as the bipolar carrier transport ability [4,5]. However, although 

the halide perovskite materials have exhibited many merits in the current PSCs, they are still 

facing several drawbacks which may block their future practical wide range application. One of 

them is the degradation of the halide perovskite materials as well as the poor long-term stability 

of devices. This comes from the A-site of methylammonium organic group in the ABX3-structure 

of the hybrid perovskites. Another problem is the lead pollution from the B-site ion. As we know, 

lead is a heavy metal element and it will do harm to our environment and human health [4,5]. 

Therefore, the development of environmental-friendly and stable perovskite materials are 

required to overcome these drawbacks. Previous work suggested that multiferroic perovskite 

oxides might be potential alternatives for solar cell application [5]. 

The multiferroic perovskite oxides, such as [KNbO3]1-x[BaNi1/2Nb1/2O3-δ]x, BiFeO3 and 

Bi2CrFeO6, are expected to replace the lead halide perovskites in perovskite solar cells [6-10]. 

However, the bandgap of BiFeO3 is too large to absorb the visible lights [9]. Although the 

bandgap of [KNbO3]1-x [BaNi1/2Nb1/2O3-δ]x has been narrowed, it is still difficult to apply it into 

the solar cells because there are too many defects in it [10]. For Bi2CrFeO6 perovskites, it was 

reported they possessed experimental bandgaps of 1.6 -1.9 eV, very suitable for visible light 
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harvesting. And the solar cells with the structure of ITO/ Bi2CrFeO6/Nb-doped SrTiO3 were also 

fabricated by R. Nechache et al., and they have achieved a high power conversion efficiency of 

8.1%. Unfortunately, the disadvantage of Bi2CrFeO6 perovskites is also apparent. First, the 

preparation of Bi2CrFeO6 perovskites needed an expensive physical vapor deposition (usually 

pulse laser deposition). Second, the experimental condition to deposit the Bi2CrFeO6 films was 

quite complicated. Therefore, it is hard to achieve higher performance solar cells and not suitable 

for mass production process [12,13]. Some other alternatives must be developed to overcome 

these disadvantages. 

Recently, the double perovskites La2NiMnO6 are becoming attractive materials. Kitamura et 

al. reported that these materials have an experimental bandgap of 1.5 eV [14]. Compared with 

Bi2CrFeO6 and [KNbO3]1-x[BaNi1/2Nb1/2O3-δ]x, La2NiMnO6 double perovskites can be easily 

synthesized by a chemical method [15]. At the same time, Dass and Sun et al. reported that 

different synthesis conditions resulted in La2NiMnO6 with different crystal structures, and they 

found that the crystal structures strongly influenced their physical properties, such as dielectric 

properties and magnetic properties [15,16]. However, so far there is little study on the electronic 

properties of different structured La2NiMnO6, such as B-site and phase effects on bandgaps, 

electronic structures, which would be key factors influencing their solar cell application. 

In this work, we tried to synthesize the La2NiMnO6 materials by the Pechini method [16], and 

investigated their crystal structures by X-Ray diffraction and X-ray photoelectron spectroscopy. 

In order to further explore their potential application for perovskite solar cells, we also carried 

out the theoretical investigation of bandgaps and electronic structures based on the density 

functional theory. The results of experimental and theoretical study revealed that the monoclinic 

La2NiMnO6 double perovskite is a better candidate than the rhombohedral La2NiMnO6 for the 

visible light harvesting. 

 

5.2 Experimental procedure 

5.2.1 Preparation of materials  

Stoichiometric lanthanum acetate (99.9%, Alfa Aesar), nickel acetate (98.0%, Wako Pure 

Chemical) and manganese acetate (99.0%, Wako Pure Chemical) were mixed in the citric acid/ 

ethylene glycol solution as the precursor.  The presursor was heated at 120 °C for 4 hours to form 
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a dry-gel. And then, the dry-gel was pyrolized to obtain a homogenous powder at 400 °C for 5 

hours. The powder was ground and heated in a tube furnace under different synthesizing 

conditions. One sample was prepared in the air at 600 °C for 10 hours with a heating rate 

5 °C/min, labeled as LNM600. The other sample was rapidly annealed in a tube furnace under 

oxygen atmosphere at 900 °C for 10 hours, labeled as LNM900.  

 

5.2.2 Characterization of materials 

The X-ray diffracting patterns were measured from 15 ° to 75 ° at a scanning speed of 0.01 °/s 

using a X-ray diffractometer (XRD, RINT 2100, Rigaku) with Cu Kα radiation (λ = 1. 54056 

Ǻ ). The microstructure and chemical composition were characterized by a field-emission 

scanning electron microscope (FE-SEM, S5200, Hitachi) with an energy dispersive X-ray 

spectroscopy (EDX). The valence state of Ni and Mn elements was determined by the X-ray 

photoelectron spectroscopy (XPS, AXIS-HS, KRATOS). The optical properties of the products 

was determined using a UV-VIS-NIR spectrophotometer with an integrator (V-670, JASSCO) by 

diffuse reflectance spectra, and the bandgaps were calculated with Tauc Plot. The valence band 

of the samples was evaluated by an ionization energy measuring device through photoelectron 

yield spectroscopy (PYS, KV205-HK, Bunkoukeiki). 

 

5.2.3 Theoretical calculations  

Quantum ESPRESSO simulation package based on the density functional theory was 

introduced for all calculations using plane-wave basis sets [17,18]. The generalized gradient 

approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional had been considered 

for the exchange-correlation effects [19]. Projector augmented wave (PAW) was used to describe 

the electron-ion interactions and 40 Ry was set for the cutoffs of plane-wave basis sets. The 

ground-state configurations were determined by the 4×4×4 Monkhorst-Pack k-mesh for the self-

consistent calculations and the density of states (DOS) calculations were carried out by a denser 

grid. Before electronic and optical properties calculations, the atomic positions and lattice 

vectors were fully relaxed. The bandgaps were seriously underestimated by the DFT calculation 

with respect to the transition metal oxides because we ignored the strong on-site Coulomb 

interactions between localized electrons in this case. GGA+U method is an effective method to 
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offset this underestimation, because it adds an orbital-dependent term to reflect the exchange and 

correlation potentials. In our calculation, the Ueff = 3 eV for Ni 3d and Mn 3d orbitals was set as 

Ref. [20]. 

 

5.3 Results and discussion 

5.3.1 Structural characterization 

 

Fig. 1. XRD patterns of the samples LNM600 and LNM900. 

 

The samples formed under different conditions showed different appearances. The color of the 

sample LNM600 looked dark black, whereas, the sample LNM900 was gray black. These results 

were in agreement with that reported by Dass [16]. Fig. 1 showed the powder XRD patterns of 

the two samples. It indicated that the sample LNM600 was a rhombohedral phase of La2NiMnO6 

(PDF 01-072-8297) with the space group R-3. For the XRD pattern of LNM900, there was a 

slight location difference of peaks at around 32o and the existence of (111) at 25.65 °, suggesting 
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that it might be orthorhombic phase with the space group Pbnm (PDF 01-075-2899) or 

monoclinic with the space group P21/n (PDF 01-072-7793). Regarding the sample LNM900, it 

was reported that the monoclinic La2NiMnO6 was B-site ordered, whereas the orthorhombic 

La2NiMnO6 was B-site disordered [15,16]. The temperature to synthesize disordered La2NiMnO6 

was lower than that to prepare ordered La2NiMnO6. When rapid high-temperature annealing was 

applied, it could conquer the nucleation of disordered perovskite and benefit the formation of B-

site ordered double perovskites [15]. Hence, our XRD results suggested that the sample LNM900 

was the B-site ordered monoclinic phase with the space group P21/n. In addition, small amount 

of impurity was also found in LNM900. This is attributed to the existence of LaMn2O5 (PDF 00-

052-1095).  

 

 

Fig. 2. FE-SEM images of the La2NiMnO6 powders: a) LNM600; b) LNM900. 
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Fig. 3. EDX patterns and results from the sample LNM900. 

Fig. 2 showed the SEM images of the sample LNM600 and LNM900. Homogeneous nano-

particles have been found both in LNM600 and LNM900. However, the higher synthesizing 

temperature attributed to the larger particle size. The particle size of LNM600 was ca. 50 nm and 

that of LNM900 was ca. 500 nm. The aggregation of particles was also found in LNM900 

because high annealing temperature favored the growth up of particles. Further EDX results from 

the sample LNM900 were presented in Fig. 3. It confirmed that Mn, La and Ni elements existed 

in the sample. And the molar ratio of Mn and Ni in the prepared sample was approximately 1:1. 

 

Fig. 4. XPS patterns of the samples LNM600 and LNM900. (a) Ni 2p→3d XPS spectrum, (b) 
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Mn 2p→3d XPS spectrum. 

 

Valence states of elements are key points influenced the physical properties of perovskites. 

Fig. 4(a) and 4(b) showed the XPS patterns of LNM600 and LNM900 to determine the valence 

state of the B-site elements. It was difficult to distinguish Ni2+ from Ni3+ in the weak peaks at ca. 

870 eV (Ni 2p1/2) of the X-ray absorbing spectrum results [14]. Moreover, the characteristic 

peaks of the La element were close to that of the Ni element. Therefore, it was impossible to 

directly determine the valence state of Ni in our results. Luckily, the sharp structures from 640 

eV to 645 eV of Mn 2p3/2 are reliable benchmarks to identify the Mn state because few other 

elements smeared them [14, 21]. The peak structure in this arrangement strongly depended on 

the multiplet structures related to the hybridization with the O 2p ligands, as well as the Mn 3d-

3d and 2p-3d Coulomb and exchange interactions [14,15]. The split structures of peaks from 640 

eV to 645 eV were thought as a symbol of the Mn4+ state. However, None of them were observed 

in LNM600 nor LNM900. In contrast, the structure was in agreement with that of Mn state in 

LaMnO3 as reported [23]. Therefore, it can be deduced that the Mn3+ state was likely dominant 

in our samples. Meanwhile, in order to maintain a state of neutral charge, it can be concluded 

that both LNM600 and LNM900 were mainly with the B-site element of Ni3+ formal oxidation-

state [21]. To sum up, the XRD and XPS results suggested the sample LNM600 was 

rhombothedral with the B-site of Ni3+/Mn3+ and LNM900 was monoclinic with the B-site of 

Ni3+/Mn3+. 

 

5.3.2 UV-vis optical absorption properties and electronic structure 

Fig. 5 showed the UV-visible diffuse reflectance spectra results of the La2NiMnO6 powders. 

The reflectance of the sample LNM600 was near infrared range, and the bandgap of LNM600 

determined from the Tauc plot is ca. 1.2 eV. Whereas, the the band of the sample LNM900 

deduced was ca. 1.4 eV. The results were very close to that of the La2NiMnO6 film as reported by 

Kitamura [14]. Compared with the single perovksite LaMnO3 whose experimental bandgap of 

1.7 eV and theoretical bandgap of 2.0 eV [22], it can be seen that both LNM600 and LNM900 

showed much narrower bandgaps. This phenomenon can be attributed to the higher octahedrons 

distortion in La2NiMnO6 crystal after the introduction of Ni3+ into the B-site [21]. The bandgap 

difference of 0.2 eV between LNM600 and LNM900 might be attributed to the larger crystal 
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distortion of R-3 phase, which might result in higher local energy [16]. The more detailed 

contributions of Mn and Ni on the bandgap were discussed in the following calculation. 

 
Fig. 5. UV-Vis diffuse reflectance spectra of LNM600 and LNM900 after K-M conversion and 

Tauc Plot treatment. 

 

 

Fig. 6. Energy band diagrams of LNM600, LNM900 and BCFO materials et al. reported. (* 

referred to Ref.[6]) 
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Energy levels of materials is very important to design solar cells. To understand the energy 

level of La2NiMnO6, photoelectron yield spectroscopy was applied to evaluate the valence bands 

of the samples. The results showed that the experimental valence bands of LNM600 and 

LNM900 were -5.7 eV and -5.8 eV, respectively, very close to each other. As discussed above, 

there are little difference of the valence states of B-site ion in the sample LNM600 and LNM900. 

Thus, the difference of valence band might result from the crystal structures of the La2NiMnO6. 

For La2NiMnO6 with B-site of Ni2+/Mn4+, the maximum valence band was considered to be a 

state derived from Mn 3d [14]. However, to date there is no report on this for La2NiMnO6 with 

B-site of Ni3+/Mn3+. We will try to discuss it in the following calculations in our work. Based on 

the bandgaps and valence states, an energy level diagram was drawn as in Fig. 6. The conduction 

bands of LNM600 and LNM900 are higher than that of ITO and SrRuO3 thin films. The energy 

level difference from monoclinic LNM900 to SrRuO3 was 0.8 eV, whereas the difference was 0.7 

eV for that of rhombothedral LNM600 to SrRuO3. Considering that SrRuO3 is a suitable electron 

conductor [24], the photon-excited electron in La2NiMnO6 could be injected into SrRuO3 layer 

and form a Schottky junction. As mentioned above, although there might be lots of defects in 

Bi2CrFeO6 layers, the simple Schottky solar cells with the structure of ITO/Bi2CrFeO6 /SrRuO3 

reached a high power conversion efficiency [6]. Therefore, it is anticipated that the La2NiMnO6 

perovskites could replace Bi2CrFeO6 to fabricate lead-free perovksite solar cells. Furthermore, 

from the views of the energy level matching and bandgaps, it can be deduced that the monoclinic 

La2NiMnO6 would be a better candidate than the rhombothedral La2NiMnO6 for solar cell 

applications.  
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Fig. 7. Projected density of states of La2NiMnO6 with the space group P 21/n and R-3. 
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Fig. 8. Band structures of La2NiMnO6, (a) majority spin of P 21/n state; (b) minority spin of P 

21/n state; (c) majority spin of R -3 state; (d) minority spin of R -3 state. 
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La2NiMnO6 with different structures have showed different optical properties. However, the 

origin for this phenomenon was confused. In order to understand the phase effects on electronic 

properties of La2NiMnO6 perovskites, DFT calculation was introduced to investigate their 

bandgaps and electronic structures. At the beginning, as listed in Table 1, Broyden-Fletcher-

Goldfarb-Shanno algorithm was used to optimize two different geometrical structures of the 

La2NiMnO6. According to the valence states and crystal structures mentioned above, La2NiMnO6 

of two different phases were optimized under PBE-GGA level. Their geometrical structures are 

shown in Fig. 7 [25]. The lattice parameters of ferromagnetic state calculated in P21/n and R-3 

phases agreed well with the experimental results [26]. However, the distance of central Ni atoms 

with the corner O atoms in the octahedron was slightly longer than that of Mn with the O atoms, 

suggesting a higher distortion in crystal structure when Mn was half-replaced by Ni in LaMnO3. 

Meanwhile, the optimized angle of Ni-O-Mn in the monoclinic La2NiMnO6 was larger than that 

of the rhombohedral La2NiMnO6. It indicated that there was a smaller distortion of crystal 

structure in the P21/n La2NiMnO6, which might be an explanation for the larger bandgap of the 

monoclinic. 

Table 1. Parameters for crystal structures of La2NiMnO6 with two different phases. 

 P 21/n R-3 

 Exp.a Cal. Exp.a Cal. 

a 5.467 5.436 5.475 5.359 

b 5.51 5.411   

c 7.751 7.653 60.67 61.48 

distance (Ni-O)     

x-y 2.011 2.019 2.008 2.013 

 1.976 2.017   

z 2.016 2.02   

distance (Mn-O)     

x-y 1.983 1.889 1.927 1.887 

 1.889 1.89   

z 1.908 1.889   

angle (Ni-O-Mn)     
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x-y 168.92 157.55 162.79 158.64 

 157.21 158.09   

z 161.85 156.37   

a reference 26. 

The optimized crystal structures was applied to calculate the band structures and density of 

states of La2NiMnO6. The theoretical band structures near the Fermi energy level along the high 

symmetry k-points are depicted in Fig. 8 for P21/n and R-3 phases, respectively. The general 

band structures at the conduction band minimum (CBM) and valence band maximum (VBM) are 

similar for the P21/n La2NiMnO6 and the R-3 La2NiMnO6 in our calculated results. The bandgap 

of the P21/n La2NiMnO6 is 1.133 eV, whereas the bandgap of the R-3 La2NiMnO6 is slightly 

smaller to 1.109 eV. The calculated bandgaps are corresponding to, but a little lower than the 

experimental results in our study. 
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Fig. 9. Electronic structures of La2NiMnO6, (up): P 21/n; (down): R-3. 

In order to further understand the electronic structures, the total density and partial density of 

the states of La2NiMnO6 double perovskites were calculated, and the results were shown in Fig. 

9. It can be seen that the valence band maximum was mainly attributed to the interaction of Ni 

3d orbitals as well as O 2p orbitals in both P21/n La2NiMnO6 and R-3 La2NiMnO6. Accordingly, 

with a valence band originated from O 2p orbitals, the valence bands of La2NiMnO6 double 

perovskites have increased. Simultaneously, the bottom of the conduction band was primarily 

attributed to the hybridization between O 2p and Mn 3d orbitals. Consequently, compared with 

the single perovskite LaMnO3, the bandgaps of double perovskite La2NiMnO6 were narrowed, 

and this mainly come from the improvement of the valence band [22]. Nevertheless, it is 

worthwhile pointing out that at the top of the valance band and the bottom of the conduction 

band in the minority-spin configuration, there was the hybridization between not only Ni 3d, but 

also Mn 3d orbitals with O 2p orbitals. Therefore, the results of experimental and theoretical 

study revealed that the B-site substitution in single perovskite oxides is actually a feasible 

method to tune the bandgap and electronic structures of perovskite oxides, and the crystal 

structures can strongly influence their optical properties [27]. 

 

5.4  Conclusion 

Homogenous rhombohedral and monoclinic La2NiMnO6 double perovskites were synthesized 

by the Pechini Method under different conditions. XPS analysis reveals that Ni3+ and Mn3+ states 

dominate both in monoclinic and rhombohedral La2NiMnO6. UV-Vis diffuse reflectance spectra 

reveals that the bandgap of the monoclinic La2NiMnO6 is ca. 1.4 eV, and the bandgap of the 

rhombothedral La2NiMnO6 is ca. 1.2 eV from Tauc plot. The experimental valence bands of the 

monoclinic La2NiMnO6 and the rhombothedral La2NiMnO6 are -5.8 eV and -5.7 eV, respectively. 

Further results from the density function theory calculation demonstrate that the theoretical 

bandgap of monoclinic La2NiMnO6 is 1.133 eV and that of rhombothedral La2NiMnO6 

perovskites is 1.109 eV. The small difference of the bandgaps comes from the larger distortion of 

B-site in the rhombothedral crystal structure than in the monoclinic structure. Moreover, the 

calculation demonstrates that the top of valence band of these La2NiMnO6 is mainly attributed to 

the interaction of Ni 3d orbitals and O 2p orbitals, whereas the bottom of the conduction band 
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primarily comes from the hybridization between Mn 3d and O 2p orbitals. The energy level 

diagram drawn from the experimental data suggests that the monoclinic La2NiMnO6 would be a 

better candidate for light harvesting than rhombohedral La2NiMnO6. 
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General conclusions  

The thesis was focused on the development of the absorbing materials for perovskite solar 

cells. In Chapter 1, we introduced the recent process of halide perovskite solar cells. They are 

being developed rapidly. However, so far they are still facing several drawbacks, such as the 

request of higher power conversion efficiency, lead-pollution, hysteresis and instability. These 

are hindering their further commercialization. In order to overcome these drawbacks, first, in this 

thesis we developed a new method to control the growth of high-quality CH3NH3PbI3 perovskite 

films for high-performance perovskite solar cells, and then we developed the composite 

perovskite layers for lead-free solar cell applications from the aspects of microstructure control, 

absorption tuning and energy level realignment. At last, we investigated the structures and 

electronical properties of stable double perovskite La2NiMnO6 oxide materials for their potential 

application on solar cells. 

In Chapter 2, we briefly summarized the experimental procedures, including the general 

preparation and characterization of perovskite materials and electrodes, as well as devices used 

in this thesis. 

In Chapter 3, a new method of two-step concentration gradient controlled reactions has been 

developed to prepare high-quality CH3NH3PbI3 perovskite films. Compared with the traditional 

single solution method, the concentration gradient controlled method lead to the perovskite films 

with large grains and full coverage. Meanwhile, the spectral absorption of the perovskite films 

was enhanced due to the size-dependent light scattering. When the perovskite solar cells were 

fabricated from these films in ambient conditions with high humidity, they exhibited an 

obviously improved photovoltaic performance. Furthermore, the mechanism for the 

concentration gradient controlled growth has also been explored by the XRD and SEM. This 

method offered a new approach to prepare high-quality films. 

In Chapter 4, lead-free composite absorbing materials with (CH3NH3)3Bi2I9 perovskite and 

BiI3 were developed. Enhanced crystallization was found in BiI3-based composite films with the 

introduction of lead-free (CH3NH3)3Bi2I9 perovskite. Multi-absorptions and tuned energy levels 

were observed in the BiI3-based composites due to the addition of (CH3NH3)3Bi2I9. We found 

that the photovoltaic performance of the BiI3-based composite solar cells was significantly 

improved due to the introduction of (CH3NH3)3Bi2I9 perovskite, with the obviously improved Voc 
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from 0.44 to 0.57 V, and the power conversion efficiency from 0.045% to 0.076%. The design of 

composites offered a new route to design the lead-free solar cells. 

In Chapter 5, we tried to develop the lead-free double perovskite oxide absorber for the stable 

solar cells. The perovskites La2NiMnO6 are first studied for application on perovskite solar cells. 

Their structures and optical/electronic properties were studied from the experimental and 

theoretical aspects. The structures and properties of double perovskite La2NiMnO6 materials 

varied with the synthesizing conditions. The monoclinic La2NiMnO6 sample had an experimental 

bandgap of 1.4 eV and the valence band of -5.8 eV. Whereas, the rhombohedral La2NiMnO6 had 

an experimental bandgap of 1.2 eV and the valance band of -5.7 eV. Furthermore, the density 

function theory calculation confirmed that the theoretical bandgap of the monoclinic La2NiMnO6 

was larger than that of the rhombohedral La2NiMnO6, which was mainly attributed to the B-site 

distortion. Simultaneously, the interaction of the Ni 3d, O 2p and Mn 3d orbitals resulted in the 

variation of the top of the VB and the bottom of the CB in La2NiMnO6 perovskites. Our results 

showed that monoclinic La2NiMnO6 is a better candidate of absorbing materials for solar cells 

than the rhombohedral La2NiMnO6.  
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Future Prospects 

The perovskite solar cells based on the CH3NH3PbX3 materials (X = I, Br and Cl) have been 

developing very well in the recent two years. Their efficiency certified by NREL has reached 

22.1% by far and the stability has been sharply improved to 6 months, which make them more 

rival to silicon solar cells. However, the silicon solar cells also developed well. The cost of 

silicon solar cells has been significantly reduced to 1/3 during the past five years. And the power 

conversion efficiency of practical silicon solar module reached a new record above 26% in this 

year. All these created more challenges for the development of perovskite solar cells in the 

future.  

The future prospects of perovskite solar cells might include following fields, the development 

of high-quality perovskite layers, architectures designing of solar cells, sealing and recycling. 

The current research indicated that the performance of perovskite solar cells can be sharply 

affected by the quality of perovskite active layers and the architecture of solar cells. The 

perovskite layers fundamentally influence the light absorption and energy conversion, and the 

architectures will affect the charge transport and the stability of the devices. Therefore, the 

optimizations of perovskite layers and architectures are expected to improve the performance of 

the perovskite solar cells. Besides the photovoltaic performance of the perovskite solar cells, 

their sealing and recycling are becoming the research hotspot. Sealing of the devices will be a 

key point for the long-term stable solar cells, particularly for oxygen and humidity sensitive 

perovskite solar cells. This will affect the cost of manufacturing and using and their 

commercialization. The recycling of degraded perovskite solar cells can not only reduce the risk 

of lead-pollution, but also reduce the practical cost. At last, the lead problem might be wholly 

resolved by developing new lead-free perovskite materials. The investigation of lead-free 

perovskite materials for solar cells will still be a big challenge, because it seems that expect the 

Pb-based materials, other single halide perovskite cannot obtain a high optical performance. 

However, the investigation in this field can be focused on the double perovskite oxides, layered 

perovskite materials or the pseudo-perovskite solar cells. 
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Appendix  

 

For Chapter 3.  

 

 



108 

 

 

Fig. S1. Histogram of the grain sizes of the perovskite films. 

 

 

Fig. S2. Transmission of the perovskite films. 
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Table S1. List of I-V information of the solar devices (MAI concentration effect). 

 Jsc (mA/cm2) Voc (V) FF PCE (%) 

6m-60s     

 9.90 0.87 0.61 5.25 

 10.63 0.80 0.46 3.96 

6m-60s-10m-50s     

 12.52 0.91 0.58 6.59 

 13.93 0.89 0.53 6.50 

 13.85 0.89 0.61 7.52 

6m-60s-20m-50s     

 15.88 0.91 0.59 8.56 

 16.79 0.91 0.62 9.57 

 17.60 0.91 0.62 9.92 

6m-60s-30m-50s     

 18.09 0.98 0.65 11.48 

 17.89 0.98 0.62 10.92 

 17.48 0.97 0.64 10.81 

 

Table S2. List of I-V information of the solar devices (MAI loading time effect) 

  Jsc (mA/cm2) Voc (V) FF PCE (%) 

6m-60s     

 9.90 0.87 0.61 5.25 

 10.63 0.80 0.46 3.96 

6m-10s-30m-50s     

 13.10 0.90 0.60 7.02 

 11.81 1.00 0.67 7.93 

 15.49 0.92 0.55 7.91 

 14.87 0.94 0.68 9.53 

6m-20s-30m-50s     

 11.07 0.97 0.62 6.61 
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 15.87 0.93 0.49 7.29 

 13.18 0.94 0.70 8.60 

 14.53 0.89 0.53 6.81 

6m-40s-30m-50s     

 15.07 0.92 0.63 8.77 

 17.87 0.93 0.63 10.47 

 17.54 0.93 0.63 10.30 

6m-60s-30m-50s     

 18.09 0.98 0.65 11.48 

 17.89 0.98 0.62 10.92 

 17.48 0.97 0.64 10.81 
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For Chapter 4  

EDX results of the films 

The EDX was performed on the (BiI3)1-x(MBI)x films coated with Au and Pd. 
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Fig. S1. EDX results of the (BiI3)1-x(MBI)x films. a) x = 0, b) x = 0.10, c) x = 0.20, d) x =0.50, e) 

x = 0.75, f) x = 1.0. 

 

PYS results for the valence band measurement of the films 
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Fig. S2 PYS results of the (BiI3)1-x(MBI)x films and the Spiro film. a) x = 0, b) x = 0.10, c) x = 

0.20, d) x = 0.50, e) x = 0.75, f) x = 1.0, g) the Spiro film. 

 

I-V characteristic of the (BiI3)1-x(MBI)x solar cells 
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Fig. S3(a). I-V characteristics of the BiI3 solar cells. 

 

 
Fig. S3(b). I-V characteristics of the (BiI3)0.9(MBI)0.1 solar cells. 
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Fig. S3(c). I-V characteristics of the (BiI3)0.8(MBI)0.2 solar cells. 

 

 
Fig. S3(d). I-V characteristics of the (BiI3)0.5(MBI)0.5 solar cells. 
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Fig. S3(e). I-V characteristics of the (BiI3)0.25(MBI)0.75 solar cells. 

 
Fig. S3(f). I-V characteristic of the (BiI3)1-x(MBI)x solar cells. 

 

Table S1. The list of the I-V characteristic of each group (measured by the forward scanning). 

 Jsc 

(mA/cm
2) 

Voc 

(V) 

FF PCE 

(%) 

Series 

resisitance(Ω) 

Shut 

Resistance(Ω) 

BiI3-1 0.17 0.41 0.39 0.027 6454.18 34901.79 
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BiI3-2 0.34 0.35 0.35 0.041 3892.95 15257.20 

BiI3-3 0.24 0.44 0.42 0.045 3952.75 36938.30 

(BiI3)0.9(MBI)0.1-1 0.25 0.51 0.45 0.058 3974.87 43781.80 

(BiI3)0.9(MBI)0.1-2 0.22 0.46 0.45 0.047 4255.23 47002.94 

(BiI3)0.9(MBI)0.1-3 0.22 0.49 0.43 0.048 4609.54 41020.10 

(BiI3)0.9(MBI)0.1-4 0.19 0.49 0.42 0.039 5709.27 5709.27 

(BiI3)0.8(MBI)0.2-1 0.24 0.57 0.51 0.071 3335.20 70945.88 

(BiI3)0.8(MBI)0.2-2 0.23 0.55 0.42 0.053 5241.01 52315.55 

(BiI3)0.8(MBI)0.2-3 0.26 0.57 0.50 0.076 3074.57 56962.07 

(BiI3)0.5(MBI)0.5-1 0.20 0.26 0.39 0.035 2983.52 35790.42 

(BiI3)0.5(MBI)0.5-2 0.47 0.26 0.49 0.034 1658.91 34318.22 

(BiI3)0.25(MBI)0.75-1 0.12 0.37 0.3 0.013 9428.7 18776.96 

(BiI3)0.25(MBI)0.75-2 0.1 0.36 0.27 0.009 12994.67 17504 

(BiI3)0.25(MBI)0.75-3 0.12 0.38 0.26 0.012 12331.8 14643.7 

(BiI3)0.25(MBI)0.75-4 0.11 0.32 0.26 0.009 11270 13645.4 

MBI-1 0.13 0.46 0.39 0.023 1092.87 56841.57 

MBI-2 0.13 0.44 0.37 0.021 1090.58 41871.72 

 

 

 


