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ABSTRACT OF THE DISSERTATION 

 

Function of Hole Transport Layer Components in Perovskite Solar Cells 

by 

 

Shen Wang 

Doctor of Philosophy in NanoEngineering 

University of California, San Diego, 2018 

 

Professor Ying Shirley Meng, Chair 

 

 

The perovskite solar cell (PSC) is a photovoltaic device. With the tunable bandgap, long 

carrier diffusion length, and low exciton binding energy of various perovskite materials, power 

conversion efficiency (PCE) of 22.7% has been achieved. Though PSCs have high energy 

conversion efficiencies and low manufacturing cost, low device stability limits its further 

application and commercialization. 
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One of the major bottlenecks hindering the improvement of device stability is the 

interaction of components in the hole transport layer: lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) and 4-tert-butylpyridine (tBP). LiTFSI is hygroscopic and accelerates perovskite 

decomposition. tBP, which evaporates easily, is corrosive to perovskite materials. Previous 

research has assumed that tBP and LiTFSI have similar working mechanisms in perovskite solar 

cells as what they performed in solid-state dye-sensitized solar cells (ss-DSSCs). However, due 

to the different device configurations and functional layers, it is necessary to understand the 

actual functions of these hole transport layer components in PSCs in order to further improve 

device stability and efficiency. 

In our study,  a spectrum-dependent mechanism for the oxidation of hole transport material 

2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD) with 

LiTFSI in PSCs was proposed. The perovskite layer plays different roles in the Spiro-OMeTAD 

oxidization for various spectral ranges. Regarding tBP, we confirmed its role as a HTL 

morphology controller in PSCs for the first time. Our observations suggest that tBP significantly 

improves the uniformity of the HTL and avoids accumulation of LiTFSI. We also observed the 

formation of tBP-LiTFSI complexes in PSCs. These complexes in PSCs can alleviate the 

negative effects of tBP and LiTFSI while maintaining their positive effects on perovskite 

materials. Consequently, a minor change of tBP:LiTFSI ratio displays huge influences on the 

stability of perovskite. As a result, the PSCs fabricated with our suggested tBP:LiTFSI ratio have 

decreased efficiency variation with enhanced device stability. Our understanding of the functions 

of these hole transport layer components and perovskite on a molecular level paves the way for 

further improvements to PSCs performance. 
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Chapter 1. Motivation and Outline 

Human and social development is strongly reliant on energy. Fossil fuels, the primary 

energy resource, exhaust much faster than renewables. On the other hand, pollution due to the 

usage of fossil fuels is still unavoidable. Combustion of fossil fuels can generate sulfur dioxides, 

nitrogen oxides, harmful organics, heavy metals, and even radioactive materials.
1
 Carbon dioxide, 

the main product from combustion of fossil fuels, has a net increase of 10.65 billion tons per 

year.
2
 Though under debate in US government nowadays, global attention has been drawn to 

eliminate this greenhouse gas to protect the earth. 

 Solar energy, the light and heat radiant from the sun, is considered as one of the 

candidates to substitute fossil fuel energy. It is clean, renewable and abundant. The total solar 

energy which is adsorbed by earth within 1 hour can support the energy usage cross the entire 

world for 1 year.
3
 However, due to the light intensity variation and low energy density across the 

globe, new techniques need to be developed to apply solar energy efficiently. Solar cells are a 

series of photovoltaic devices which can convert solar power into electricity. China and India, 

two of the largest developing countries in the world, claim that by 2040 the share of all 

renewables in total power generation will reach 40%.
4
  

 There are three generations of solar cells that have been developed since the first silicon-

based solar cell demonstrated at Bell Laboratory in 1954.
5
 The first generation of solar cells is 

based on mono/poly crystalline silicon materials which combine the n-doped and p-doped silicon 

to form a p-n junction. The abundance of silicon in the earth’s crust and the high stability of Si-

based device enable the first generation of solar cells to still be the dominant photovoltaic device 

in the market.
6
 However, the high purity requirement of the materials and high manufacturing 
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temperature which increases its cost, limits the further application for silicon solar cell to 

compete with other novel energy conversion devices. 
6
 

The second generation of solar cells were then designed and developed to overcome the 

shortcomings of traditional Si-based photovoltaic devices. This generation of solar cells is based 

on thin film devices. Semiconductor materials such as CdTe, CuInGaSe2, and amorphous silicon 

have been applied in this generation of devices, bringing down the manufacturing cost. Moreover, 

the low device manufacturing temperature enables these materials to be applied on various 

substrates such as glass, polymers, and metal foils. This enables photovoltaic devices to be used 

for multiple purposes: such as power grid, soft electronics and even wearable devices.
7
 But the 

toxicity of the elements in thin film solar cell drew public concern although recycling of the 

device materials is under fast development. On the other hand, the scarcity of materials in these 

devices limits its further marketing.
8
 

The third generation of solar cells is based on nano, polymeric, or organic materials. 

Organic photovoltaic devices, dye-sensitized solar cells, quantum-dot solar cells, perovskite solar 

cells and other recently developed photovoltaic devices all belong to this generation. Some 

fabrication methods such as doctor-blading, chemical bath deposition, and roll-to-roll technology 

have been applied for the fabrication of these devices. These methods can further reduce the 

manufacturing cost compared with the first two generations of solar cells. The abundance of 

carbon element guarantees that an even cheaper price of the third generation solar cells is 

achievable. The low fabrication temperature for these devices ensures the third generation solar 

cells can be applied on flexible and stretchable substrates. However, comparing with the first two 

generations of solar cells, the efficiency and stability of third generation solar cells is relatively 

low.
9
 Majority of the third generation solar cells’ energy conversion efficiency is around 10% 
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while the first two generation devices are over 20%.
10

 The commercialization of the third 

generation of solar cells is still under development. Figure 1.1 displayed different solar cells and 

their best efficiency: 

 

Figure 1.1 Best Research-Cell Efficiencies
10

 

A perovskite solar cell is an emerging photovoltaic device that has been developed since 

2009.
11

 In past 9 years, the efficiency has improved from 3.8% to 22.7%.
10

 The devices are based 

on halide perovskite with a p-i-n configuration. The high energy conversion efficiency can 

compete with the first two generation devices.  Unlike a traditional dye-sensitized solar cell 

based on a solid-liquid junction, the perovskite solar cell is all solid state which can reduce the 

encapsulation cost. The major issue which limits the commercialization of perovskite solar cell is 

its stability.
12

 Light, oxygen and moisture are all factors that influence the stability of perovskite 

materials. On the other hand, majority of the hole transport materials used have lower stability 

than perovskite materials which can be considered as the bottleneck to further limit the device 
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stability. Moreover, moisture and oxygen can diffuse through the hole transport layer and then 

interact with perovskite layer, that means it is crucial to improve the device stability by 

enhancing the hole transport layer stability.
13

 My research focuses on understanding the function 

and working mechanisms of the hole transport layer components in the perovskite solar cells. 

The understanding of these components can point out the clear direction to further enhance the 

device performance. 

In the first part of my thesis, the objectives are to develop perovskite solar cells with high 

performance. Different configurations of perovskite solar cells were designed and fabricated in 

past few years in our laboratory to finally achieve near 20% light-to-electricity conversion 

efficiency. The objectives in the second part of my thesis are to understand the function and 

working mechanisms of hole transport layer components in perovskite solar cells. Actually these 

two parts  mutually influence each other: the understanding of functions for the hole transport 

layer components helped with the development of high performance perovskite solar cells, and 

vice versa. Chapter 2 gives a brief introduction on perovskite solar cells and all its functional 

layers in devices. The advanced characterization techniques I applied in my thesis are introduced 

in Chapter 3. It includes focused ion beam and transmission electron microscope. Chapter 4 

focuses on the rational design and fabrication of high performance perovskite solar cells in our 

laboratory. Two configurations of perovskite solar cells were fabricated: One is with mesoporous 

TiO2 as the electron transport layer while another one is based on the planar SnOx. Chapter 5 

mainly discuss the functions of LiTFSI in the hole transport layer of perovskite solar cells and 

how it oxidize the hole transport materials to influence the device performance. Chapter 6 aims 

at the roles of tBP in perovskite solar cells. As the only liquid components in device, it greatly 

impacts the hole transport layer morphology and device stability. Chapter 7 shows that 
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complexes are formed between tBP and LiTFSI. The formation of tBP-LiTFSI complexes 

alleviates the negative effects of these materials in perovskite solar cells while maintains their 

positive effects. Based on the understanding of tBP-LiTFSI complexes, a new tBP:LiTFSI ratio 

was suggested to substitute the empirical ratio which is applied by most laboratories in this field. 

Chapter 8 is the summary for these studies. Future work is also discussed in this chapter. 
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Chapter 2. Introduction  

2.1. Introduction of Perovskite Solar Cells (PSCs) 

The first perovskite solar cells (PSCs) research was inspired by the dye-sensitized solar 

cells- a solid-liquid junction photovoltaic device which was had been studied since 1991.
14

 The 

perovskite materials was defined as the sensitizer and loaded on meso-porous TiO2. This 

sensitized-photoanode was immersed in iodide-based liquid electrolyte with a 3.8% efficiency.
11

 

This work was reported in 2009 by Professor Miyasaka group which applied CH3NH3PbI3 and 

CH3NH3PbBr3 perovskite materials. The main reason for the relatively low efficiency could be 

attributed to the instability of perovskite solar cell in iodide electrolyte. Later then, the first solid-

state perovskite solar cell was reported in 2012 with 10.2% efficiency.
15

 Though it was termed as 

a solid-state hole transport layer materials in dye-sensitized solar cells from this work, it actually 

functioned as both a photo absorber and a hole transport layer. The actual all-solid-state 

perovskite solar cell was reported in late 2012. Professor Henry Snaith from University of 

Oxford introduced the solid-state organic molecule 2,2',7,7'-Tetrakis-(N,N-di-4-

methoxyphenylamino)-9,9'-spirobifluorene (Spiro-OMeTAD) as the hole transport layer 

materials, which can prevent the dissolution of perovskite absorber to improve the device 

stability.
16

 Near 10% efficiency was achieved by applying meso-porous TiO2 as the photoanode 

in the perovskite device. Further experiments show that 12% efficiency for the perovskite solar 

cells which applied porous Al2O3 scaffold. In 2013, planar structure perovskite solar cell was 

developed with a 15% efficiency.
17

 Unlike previous publication the perovskite absorber layer 

was prepared based on solution-process such as spin-coating, the perovskite film in this work 

was made by co-evaporation method. Another breakthrough method was reported by Professor 
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Michael Gratzel’s lab, sequential deposition method was applied to prepare much denser 

perovskite film which also achieved over 15% efficiency in meso-porous structure devices.
18

 The 

structures for all the devices mentioned before, can be termed as ‘n-i-p’ structure, which electron 

transport layer was on conductive glass side while hole transport layer was connected with metal 

contacts. In the same year, the ‘inverted’ or ‘p-i-n’ structure PSCs was reported with 10% 

efficiency. The hole transport layer was on conductive glass side, while the electron transport 

layer was contacted with metal.
19

 Later, the performance was further improved to compete with 

the ‘n-i-p’ PSCs.
20

 In following years, more new architectures of PSCs had been reported, such 

as hole-transport layer-free PSCs, electron-transport layer-free PSCs and tandem PSCs.
21–23

  The 

performance was increased from 3.8% in 2009 to 22.7% in late 2017.
10

  Typical structures of 

PSCs were shown in Figure 2.1: 

 

Figure 2.1 Different structures of perovskite solar cells 
24
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There are three different layers in perovskite solar cells: The perovskite layer acts as the 

intrinsic layer in the device which generates electron-hole pairs after absorb photon from sun 

light. The electrons can be captured by the conduct band of electron transport layer, then the 

electrons will go to the external circuit. Later, the electrons can be recaptured by the hole 

transport layer to regenerate the excited perovskite layer to finish the entire cycle. Ideally, there 

is no compositional change during the entire cycle which can guarantee the long-term stability of 

the device.
25

 On the other hand, these are several recombination process to limit the device 

performance: The injected electrons in the conduct band of electron transport layer can be either 

captured by the valence band of perovskite or hole transport layer. Also, the excited electrons in 

perovskite materials be captured by the valence band of hole transport layer. Some general 

radiation recombination processes in silicon solar cells exist in PSCs as well. To limit these 

charge recombination processes can be the pathway to enhance the performance of perovskite 

solar cells. The entire charge transfer/recombination processes were shown in Figure 2.2: 

 

Figure 2.2 Charge transfer/recombination processes in PSCs 
24
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The photocurrent hysteresis had been reported in PSCs. The photo-currents were different 

in the forward and reverse scanning directions during the device measurements. The reverse scan 

always has higher photocurrent then the forward scan as shown in Figure 2.3. This phenomenon 

enables the report of the device performance parameters more difficult: Either scan direction can 

not reflect the actual device performance.
26

 There are several reasons to cause the hysteresis: The 

ion migration in perovskite film
27

, the ferroelectricity in perovskite materials
28

 and the ion 

diffusion cross hole transport layer and perovskite films
29

. Since there are multiple factors to 

cause the photocurrent hysteresis, nowadays, the main reason for the photocurrent hysteresis still 

under debate in perovskite solar cells. 

 

Figure 2.3 Hysteresis in PSCs: the J-V curves of the same PSC are different for the 

forward and reverse scan direction
26
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Following sessions will discuss about the different layers in perovskite solar cells. 

2.2. Perovskite Intrinsic Layer 

2.2.1 Structures and Physical Properties 

Halide perovskite layer is the ‘heart’ in PSCs since it is the material to generate electron-

hole pairs in devices. It can be considered as the intrinsic layer in PSCs, although it can be 

synthesized as a weakly p-type or n-type semiconductor (depending on its precursor 

composition).
30

 

Perovskite was discovered in 1839, Russia and named by Lev Perovski. The material was 

orthorhombic CaTiO3.The general chemical formula for perovskite is ABX3. ‘A’ and ‘B’ are 

two different cations while X is an anion. The crystal structure for perovskite materials is shown 

in Figure 2.4.  

 

Figure 2.4 Perovskite Crystal Structure (CH3NH3PbI3, Methylammonium cation occupies 

the central A site surrounded by 12 nearest-neighbor iodide ions in corner-sharing 

PbI6 octahedral.)
31
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Both A and B sites are coordinated with X: The A site is in 12-fold coordination and the 

B site is in 6-fold coordination. To maintain a perovskite structure, the atomic radius for A, B 

and C ions are crucial. It can be evaluated by the tolerance factor t:  

                                           (eq 2.1) 

In the equation, rA, rB and rx are the radius for A, B, and X respectively. The perovskite crystal 

structure is stable if the tolerance factor is within the range of 0.75 ~ 1. 

The perovskite materials applied in PSCs are halide-based. The X site is halide such as I, 

Br or Cl. A site is methylammonium (MA), formamidinium (FA), or Cs. B site is Pb, Sn or Ge.
13

 

The halide perovskite materials is one of the best light absorbers since it has a direct bandgap 

near 1.33 eV- the bandgap of visible light.
32

 The changeable composition is relevant with a 

tunable bandgap from 1.2 eV to 3.1 eV.
33

 This tunable bandgap is decided by the size of ions in 

perovskite materials. Generally, a larger A or and X ion can reduce the band gap while a larger B 

ion can increase the bandgap. The exciton binding energy for halide perovskite materials is only 

between 4-53 meV. It ensures the charge extraction for these carriers is by drifting and diffusion 

which is more effective. On the other hand, perovskite materials also have long carrier diffusion 

lengths. Through perovskite single crystal measurements, its carrier diffusion length was 

calculated to be from 10-175 um, which is much longer than the film thickness in actual PSCs 

device.
34

 Hence the carrier recombination is the limiting step. Temperature dependent phase 

changes was observed in perovskite, for example, there are three phases for MAPbI3 perovskite 

at different temperatures: orthorhombic (<270K), tetragonal (270K-420K), and cubic phases 

(>420K).
35
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Ion Migration was observed in perovskite solar cells either under bias voltage, light or 

thermal conditions. Both halide ion and A site have been shown to migrate.
27,29

 This ion 

migration triggers at least two impacts: 1 It helps with the self-doping of perovskite materials, 

which improves the carrier mobility. 2 Some migrations are irreversible, which finally impacts 

the devices stability.
36

 The ion migration in perovskite film can even cross the hole 

transport  layer to react with metal contacts to generate non-conductive barrier layer.
37

  

2.2.2 Synthesis Methods and Additives 

The halide perovskite materials is easy to synthesis: Unlike the Si-based semiconductor, 

or materials in the thin film solar cells which need high vacuum or high temperature conditions, 

majority of perovskite materials can be made by solution-based method at low temperature 

(<150 ℃ ). Spin-coating, sequential deposition, and doctor blading all can be applied for 

perovskite film preparation.
17,18,38

 This is because of the low crystallization activation energy of 

perovskite (around 56.6-97.3 kJ/mol).
39

   Figure 2.5 lists the general methods for preparing 

perovskite films. 

 

Figure 2.5 Different methods for preparing perovskite films 
40
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The most frequently applied method is spin-coating. It consists of two different 

approaches: Single-step or one-step spin-coating method, which normally dissolves all 

components in one solvent (or mixed solvents). At the very end during the spin-coating of the 

solution, an anti-solvent which has low solubility to perovskite is poured onto the substrate to 

help with the crystallization of the perovskite from its intermediate state.
41

 Another procedure is 

called ‘sequential deposition’ method: One of the precursors such as lead halide can be spin-

coated onto the substrate first, then the entire substrate can be immersed in the solution of 

another precursor to convert into perovskite.
18

 Solvents play a significant role in both methods 

since it can control the crystal growth process. The crystal growth rate is among the highest in 

DMF-based solution which results in poor surface coverage.
42

 In this case, small amount of 

DMSO mixed with DMF to suppress the crystal growth lead to dense and uniform film coverage.  

Some Lewis bases were added into perovskite solutions as shown in Figure 2.6 to either 

generate meta-stable intermediate state to improve film uniformity or passivate the surface 

defects of the device.
43

 

 

Figure 2.6 Lewis bases with oxygen donor (O-donor), sulfur donor (S-donor), and 

nitrogen donor (N-donor) in perovskite materials 
43
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Actually, DMSO, the solvent in perovskite solution can also be considered as the Lewis 

base to play the similar role. With additional amount of Methylamine as the additive in DMF-

based solution, better film coverage is achievable as well.
44

 Methylamine gas was also applied as 

a post-treatment material to heal the defects in perovskite films.
45

 With Lewis base tri-iodide in 

perovskite precursor solution, 22.1% efficiency was achieved in PSCs, the tri-iodide can reduce 

the deep defects in perovskite materials. 
46

 

Some groups also introduced polymers to improve the film quality, such as polyethylene 

glycol (PEG)
47

 or polyvinyl pyridine(PVP)
48

. These polymers can improve the hydrophobicity of 

perovskite films and also act as a Lewis base to reduce the defects in perovskite materials. 

2.2.3 Stability for Perovskite materials 

The stability of perovskite materials is the main issue to limit the commercialization of 

PSCs. Moisture, oxygen, and light are all factors that can cause the degradation of perovskite. 

Though according to previous reports, a small amount of moisture can be beneficial 

to  device performance
49

, water is still the main reason to degrade perovskite. Take CH3NH3PbI3 

perovskite as an example, the degradation involves several steps: Firstly, water can form an 

intermediate state with perovskite materials; this intermediate state is easy to decompose into 

PbI2 and CH3NH3I. Water functions as the catalyst for the first two steps.
50

 After that, CH3NH3I 

can further decomposed to CH3NH2 and HI while PbI2 will react with moisture to form PbO.
51

 

The degradation from perovskite to PbI2 and CH3NH3I is sort of ‘acceptable’ since the PbI2 can 

be recycled by polar aprotic solvent to re-synthesize the perovskite materials, however, the 

formation of PbO can further enhance recycling difficulty. 
52
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Oxygen can form free radicals in light condition together with TiO2, the free radical is 

detrimental to perovskite materials, especially for the organic components.
53

 On the other hand, 

Oxygen is also crucial in some hole transport materials such as Spiro-OMeTAD.
54–56

 The 

existence of oxygen can improve the hole conductivity of Spiro-OMeTAD which can finally 

improve the device performance.  

The light-induced degradation can be divided by two parts: firstly, light generates multi-

carriers in perovskite materials, the high density of carriers in perovskite materials can trigger the 

further degradation.
57

 The second part is the light-induced thermal effects, which can also 

degrade perovskite materials.
58

 Surprisingly, a recent work shows that, light can also be the key 

factor to improve the stability of device. A perovskite which contains FA, MA and Cs as the 

cation, shows that the exposure of light can trigger the crystal expansion effect to reduce the 

structural defects, as a result, the performance reached over 20.5% with over 1500 hours aging 

test under 1 sun.
59

 

Other factors such as I2 vapor,
57

 components in hole transporting layer,
60

 and ion 

migration
36

 can also be the factors to influence the stability of perovskite materials. 

2.3 Electron Transport Layer 

Electron transport layer (ETL) is the layer which transfers the electrons generated from 

perovskite intrinsic layer. According to their functions, there are three different types of electron 

transport layers: the first type of electron transport layer is the n-type materials which only has 

the function to transfer electrons. For instance, the mesoporous TiO2 normally plays this role in 

PSCs. In conventional PSCs, a blocking layer normally in-between of the electron transport layer 

and conductive glass is also used. It functions to block the electrons from being recaptured by the 
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hole transport layer. Materials with nano-structures are normally applied in this type of electron 

transport layer, such as nanotube, nanorod, nanowire, or nanocrystalline mesoporous layer.
18,61,62

 

The second type of electron transport layer still has the same function, however, it is for the 

inverted-structure PSCs. A blocking layer is normally in-between of this layer and the metal 

back contact. According to morphology, this layer normally prepared as a dense-thin film. The 

reason is because the perovskite has been deposited beneath this layer, thus a planar structure 

already can have the maximum contact area on the perovskite/electron transport layer interface. 

Organic hole electron transport layer such as organic [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM) can be attributed to this type of electron transport layer.
63,64

 The third type of electron 

transport layer is bifunctional layer, which functions both as the electron transport layer and 

blocking layer. It is normally a thin film in between of perovskite layer and conducting glass. For 

instance, SnOx in planar PSCs functioned in this way.
65

 It requires that the layer should be dense 

enough to maximize the shunt resistance of the device and also thin enough to bring down the 

series resistance. Materials in the electron transport layer also have three different types: 

inorganic materials, organic materials, and polymers. An ideal electron transport material has a 

conduction band that aligns with the conduction band edge of perovskite materials, with faster 

electron transfer time than its recombination speed with the hole transport layer, and also a 

uniform contact with perovskite materials. Moreover, in conventional PSCs, the ETL should be 

transparent in order to maximize the incident photons captured by perovskite materials.
66

 

One of the most frequently applied ETL materials is the anatase mesoporous TiO2. Its 

application in PSCs was inspired by dye-sensitized solar cells, which normally uses this material. 

The size of the nanocrystal TiO2 is around 20-30 nm and the pore size is above 50 nm. The 

perovskite band edge aligns with the conduction band of anatase TiO2. The nanocrystal and 
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mesoporous structure of the film, ensure high loading amount of perovskite materials.
18

 However, 

the necessity of the high perovskite loading amount is questionable due to the ultra-high 

absorption coefficient of perovskite materials.
40

 Several previous world records efficiency of 

PSCs applied meso-porous TiO2 as the ETL.
18,42,46

 To further improve the electron conductivity, 

Li doping in TiO2 had been applied in several groups which improve the conductivity of the 

ETL and reached over 20% efficiency.
67

 At the same time, there are several problems for 

mesoporous TiO2 in PSCs. It has a high annealing temperature (from 450 ℃ to 500 ℃), which 

limits its application to flexible substrates, also with more input energy the fabrication cost 

increases. On the other hand, the perovskite/TiO2 interface is unstable under intense light 

condition. The TiO2 can act as a catalyst to decompose the organic components in perovskite 

materials. 
53

 

Meso-porous Al2O3 ETL had been applied to substitute TiO2, with higher stability and 

comparable efficiency even though its band edge does not align with perovskite materials. The 

authors proposed a mechanism that the electrons of perovskite do not need to cross the bulk of 

the ETL, the electrons can be transferred on the surface state of Al2O3.
16

 SnOx and ZnO have 

also been applied in PSCs. Both of them can be prepared in conventional device and inverted 

device with improved stability and lower fabrication temperature.
68,69

  Figure 2.7 listed several 

materials for the ETL in PSCs. 
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Figure 2.7 Materials for ETL in PSCs showing conduct band minimum/LUMO levels
24

 

2.4 Hole Transport Layer 

The ideal hole transport layer (HTL) should have high hole mobility (at least >10
-4

 (cm
2
 

V
−1

 s
−1

)), close alignment with valence band of perovskite, good conductivity, and higher 

stability. Organic, inorganic and polymeric materials are all applied as the hole transport layer in 

PSCs. Figure 2.8 displayed the band diagram of HTL with their highest efficiency in perovskite 

solar cells. 
70

 

 

Figure 2.8 Schematic energy-level diagrams for representative HTMs used in PSCs 

including the most efficient perovskite light absorbers
70
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2.4.1 Organic Hole Transport Materials 

Small organics can be easily dissolved in an organic solvent and because of its small size, 

it is good to contact with perovskite layer no matter which morphology the perovskite layer will 

be in. All of its physical properties can be adjusted by modifying its functional groups. Moreover, 

it has low price potentially, since majority of the elements in these type of HTL is abundant 

elements such as carbon, hydrogen and nitrogen. 

One of the most frequently applied small organic hole transport materials in PSCs is 

2,2,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene  (Spiro-OMeTAD). This 

material had been applied in dye-sensitized solar cell prior to its use in PSCs. It had been 

introduced in PSCs to substitute the liquid electrolyte which not only improves the device 

stability, but also enhances the efficiency.
16,71

 The triarylamine and spiro structure prevent the 

crystallization of this layer. However, its pristine state has relatively lower hole mobility (<10
−4

 

cm
2
 V

−1
 s

−1
) and conductivity (10

−5
 S cm

−1
). Additives are necessary to improve these properties. 

In this case, lithium bistrifluoromethanesulfonimidate (LiTFSI) and 4-tert pyridine (tBP) had 

been applied together with Spiro-OMeTAD to get better performance. In dye-sensitized solar 

cells (DSSCs), LiTFSI functioned as the dopant to improve the conductivity and mobility by 

oxidizing the Spiro-OMeTAD. tBP is the charge recombination inhibitor, it can adsorb on the 

TiO2 to limit the contact between the hole transport layer and electron transport layer. When 

applied the combination of Spiro-OMeTAD, LiTFSI and tBP in PSCs, functions for tBP and 

LiTFSI had been reported as the same as that in DSSCs. However, due to the existence of 

perovskite capping layer, the electron transport layer/hole transport layer interface is limited, 

which means the function of tBP in PSCs may not be the same as DSSCs. Same with LiTFSI, 
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how it generates oxidized Spiro-OMeTAD in PSCs was unclear. More detailed discussion 

regarding the functions for tBP and LiTFSI in Spiro-OMeTAD will be shown in later chapters.  

Though introducing tBP and LiTFSI improve the performance of PSCs with Spiro-

OMeTAD, the stability of PSCs is also influenced. tBP is corrosive to perovskite materials and 

LiTFSI is hygroscopic and leads to water accumulation in the HTL. Both of these effects are 

detrimental to perovskite materials. As a result, several new small organic hole transport 

materials have been introduced, such as Pyrene derivatives, Thiophene derivatives, Triptycene 

derivatives, Triazine derivatives, and Triphenylamines derivatives. Some of them can display 

compatible efficiency with Spiro-OMeTAD.
72

 Recently, EH44, a small organic molecule hole 

transport layer material had been introduced in PSCs. Without adding additive, the device can 

work effectively over 1000 hours with close to initial efficiency compared with Spiro-OMeTAD 

devices.
73

  

2.4.2 Polymer Hole Transport Materials 

Polymer hole transport materials have high mobility and conductivity. Compare with the 

organic hole transport materials, finding the proper organic solvent to dissolve polymers without 

dissolving perovskite materials is relatively difficult. That is why many polymer hole transport 

materials has alkyl side chain in order to get better solubility in conventionally used solvents. On 

the other hand, due to the larger size, the contact area between perovskite and polymer is limited, 

especially in the PSCs which has a meso-porous electrode.
42,74

 However, the polymer hole 

transport materials normally have better stability than small organic materials, especially thermal 

stability. The band structure can be tuned not only by changing the units’ functional group, but 

also by changing the degree of polymerization.  
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The most frequently applied polymer hole transport materials are Poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and Poly(3-hexylthiophene-2,5-diyl) (P3HT). 

Several world record efficiency PSCs had been fabricated with PTAA, the highest performance 

that PTAA-based PSCs is 22.1% efficiency.
46

 On the other hand, both PTAA and P3HT need 

dopants such as LiTFSI and tBP to further improve the device performance. The stability for 

these polymer materials still need to be improved. As shown in Figure 2.9, the perovskite with 

polymer HTL PTAA, has lower stability than the perovskite with doped Spiro-OMeTAD.
75

 

 

Figure 2.9 Stability of perovskite materials with different HTL
75

 

2.4.3 Inorganic Hole Transport Materials 

Inorganic hole transport materials are normally amorphous semiconductors because the 

crystallization of the HTL can reduce the contact at the perovskite/HTL interface. Some of the 

inorganic materials need sintering after deposition on substrate. Since the high temperature 

process can degrade perovskite, as a result, some of the inorganic hole transport materials can 

only be applied in the inverted configuration PSCs. The advantage for inorganic hole transport 
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materials in PSCs, is its higher stability than polymer/organic materials HTL. Majority of 

inorganic hole transport materials can be applied in PSCs without doping.
76

 

NiOx and CuSCN are the two inorganic hole transport materials applied in PSCs with 

high performance and stability. NiOx, normally applied in the inverted configuration PSCs which 

need 600 ℃ annealing temperature. When combining with the ZnO as the electron transport 

layer in PSCs, the devices maintain its original efficiency for 60 days in light ambient 

condition.
68

 The previous challenge for CuSCN was its reactivity with metal contacts. Professor 

Michael Grätzel group introduced the graphene barrier layer in between of the CuSCN and Au, 

which dramatically improved the stability on the CuSCN/Au interface. Together with the 

dynamic spin coating method for the hole transport layer, an over 20% efficiency had been 

achieved with >95% of initial efficiency at a maximum power point for 1000 hours at 60 ℃.
76
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Chapter 3. Advanced Characterization Tools 

3.1. Focused Ion Beam (FIB) 

Focused ion beam (FIB) is a technique which combines imaging with micro-machining 

functions. The ion beam is accelerated under the application of a bias and focused from 1-30 kV, 

it then scans the sample surface under high vacuum conditions. As a result, several species will 

be generated: the secondary electrons which can be applied for imaging, the escaped secondary 

ions and neutral atoms will be removed during micro-machining. Figure 3.1 displays the 

principle of FIB: 

 

Figure 3.1 Principle of FIB (A) imaging, (B) milling and (C) deposition
77
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The core component in FIB is the ion beam column which is consists of an ion beam 

source and focusing lenses. There are three different types of the ion sources in FIB: (1) Liquid 

ion metal source; (2) Inductively coupled plasma source; and (3) Gas field ionization source. The 

liquid ion metal source is the most frequently applied one for its stability, long life time and good 

resolution. Due to the low vapor pressure in its liquid state, low boiling point (30℃) and low 

reactivity with the instrument, Ga
+
 is the main source for this type of FIB. The molten Ga

+
 flows 

to the tip of a Tungsten needle. With a strong electric field (~10V/nm), a Taylor cone is formed 

on the order of 5 nm because of the combined effects of surface tension and electrostatic force. 

Ga
+
 is emitted when the metal loses electrons in the electric field and the ejected ions are focused 

by the electrostatic lenses. As shown in Figure 3.2: 

 

Figure 3.2 Schematic of the liquid metal ion source operation (LMIS): (A) tip applied 

voltage is below critical threshold voltage, Vs; (B) tip applied voltage exceeds extraction voltage 

Vs; the Taylor cone and ion emission appear.
78

 



 

25 

 

The imaging function for FIB is more like a scanning electron microscope (SEM), only 

difference is the source is changed from electrons (SEM) into ions (FIB). This change can supply 

more information about the materials: the ion-induced secondary electrons can show better 

contrast than the electron-induced secondary electrons. This is because the ion-induced 

secondary electrons rely on the crystal orientation, atomic composition, and surface morphology 

of the sample’s surface. 

As a destructive technique, materials can be milled away by FIB, so several micro-

machining processes such as etching, lithography, patterning, and thinning is achievable. The 

sample can be thinned to less than 100 nm by FIB, which enables the observation of the full 

PSCs structure in transmission electron microscope (TEM) at high magnification. Figure 3.3 

displays the entire processes for the preparing of the TEM PSCs specimen in FIB: 

 

Figure 3.3 Entire processes for the preparing of the TEM PSCs specimen in FIB 

3.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) was applied in our project to characterize the 

materials and devices in nm or sub-nm scale. A beam of electrons is focused and transmitted 

through the specimen that is within 100 nm thickness. In some cases, particles which are thicker 

than 100 nm still can be observed in TEM by focusing on the edge of the materials. However, the 
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thickness of the samples in TEM is still one of the crucial factors to influence the quality of the 

image.
79

 

The resolution of TEM is much higher than Scanning Electron Microscopy (SEM) and 

Optical Microscopy (OM). It is because the resolution of imaging techniques is determined by 

the wavenumber of imaging particles which can be evaluated by the Equation 3.1: 

 

                                   (eq 3.1) 

Where, h is Planck’s constant, E is the energy of the accelerated electron, c is the speed 

of light and m0 is the rest mass of an electron. The wavelength of OM is from 400-800 nm, 

according to Equation (1), in 200 kV TEM, the wavenumber which can be achieved is 0.00251 

nm, to ensure the observation of samples at higher magnification. Due to the lower accelerating 

voltage, SEM has at least one magnitude lower resolution than TEM. The working mechanism 

for TEM is shown in Figure 3.4: 
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Figure 3.4 The schematic outline of a TEM
80

 

The high resolution of TEM enables it not only to supply the morphological information 

of materials/devices, but also can show the structural information. Diffraction and crystal lattice 

can be observed in TEM in both image mode and diffraction mode. Moreover, electron energy 

loss spectroscopy and energy dispersive x-ray spectroscopy can be observed in TEM as well 

which can supply the compositional information about the specimen. 
81

 

In our study, TEM was applied for observing the full device structure of PSCs. The 

specimen was made by FIB as discussed in last session. In FIB, the specimen was lifted-up from 

a PSCs and thinned within 100 nm on an omni-probe grid for observing in TEM. Bright-field 

mode was applied in TEM for observing our device. The images will be shown and discussed in 

later chapters. 



 

28 

 

One special issue need to be stated that, the electron beam stability for halide perovskite 

materials in TEM is weak. Samples can be destroyed in seconds due to the instability of the 

organic components in perovskite materials. However, in PSCs specimen, this problem have not 

been observed yet, which can be attributed to the good thermal conductivity of HTL which may 

help with the improvement of the stability of perovskite materials in PSCs specimen for TEM. 
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Chapter 4. Chapter 4 Design and Fabrication Perovskite Solar Cells 

 

 

In our research, two different configurations of PSCs have been designed and fabricated: 

one is mesoporous PSCs, and the other one is planar PSCs. Both of them are conventional 

structure with photoanode located on the conductive glass side.  

 
4.1 PSCs with Meso-Porous Electrode 

The meso-porous PSCs in our research, is based on TiO2 mesoporous photoanode layer. 

This structure was inspired by the solid-state dye-sensitized solar cell.
71

 It consists of compact 

TiO2, mesoporous TiO2, perovskite, hole transport layer and gold metal back contact. Figure 4.1 

displays the morphology of the PSCs we fabricated: 

 
Figure 4.1 Morphology of the PSC (Bright Field-TEM Image) with meso-porous 

electrode fabricated in the Laboratory of Energy Storage and Conversion, UCSD 
56
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The device fabrication recipe was based on reference
18

 with some modifications. The 

preparation of TiO2 compact layer was changed from spray pyrolysis to spin-coating method in 

order to adapt to our lab facility. As a result, this layer has a more flat morphology compare with 

the FTO substrate. This may influence the non-uniform series resistance due to the varying film 

thickness of the compact layer. On the other hand, the spin-coated compact layer (80-100 nm) 

has to be thicker than the spray-pyrolysis compact layer (~30 nm) to avoid the pin-hole-induced 

short circuit. As a result, it has higher series resistance than spray-pyrolysis compact layer. This 

‘compromised’ method leads to a slightly lower efficiency in the final device. 

The compact layer was annealed at 500 ℃ to form TiO2 from its precursor. After that, 

TiCl4 treatment was applied to further limit the short circuit current between hole transport layer 

and compact layer. The TiCl4 treatment can help with the formation of some amorphous TiO2 on 

the compact layer in order to reduce the pin-holes after annealing. 

On top of the compact layer, the mesoporous TiO2 layer was prepared by spin-coating. 

The commercial TiO2 paste (Dyesol 18NR-T) is a mixture of 30 nm TiO2 anatase nanocrystal, 

hydroxyethyl cellulose (EC) and terpineol. Terpineol functions as the solvent to disperse TiO2 

particles since it has high viscosity to ensure particle suspension and low boiling point (220 ℃) 

which is easy to be evaporated during the film annealing. The EC was applied as the pore-

making agent, during the film annealing process. This polymer can be burned to generate pores. 

The pores were easy for the filtration of perovskite materials which guarantees a larger contact 

area between TiO2 and perovskite.  

The perovskite layer was prepared by sequential deposition method: PbI2 was spin-coated 

on top of mesoporous TiO2 layer, and then the film was immersed in a methyl ammonium iodide 

solution to form perovskite. We added an air-spray step after the perovskite formation: Dry air 
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was introduced to blow the film after the dipping step to avoid the ‘coffee ring’ effect. This 

measure greatly improves the reproductively of our devices. As shown in Figure 4.2. 

 

Figure 4.2 PSCs fabricated (A) without N2 spray after perovskite sequential deposition; 

(B) with N2 spray after perovskite sequential deposition 

On the other hand, we also slowed down the spin-coating speed of PbI2 (in the literature 

the speed is 6500 r.p.m. while in our recipe we use 3000 r.p.m.). It is because the lower r.p.m. 

shows better film coverage, and the better perovskite film coverage helped with the enhancement 

of the shunt resistance. 

The hole transport layer was prepared by Spiro-OMeTAD, LiTFSI and tBP with spin-

coating, and 80 nm of gold layer was prepared by e-beam evaporation. The reason that we 

applied e-beam evaporation instead of thermal evaporation in the reference, is because of the e-

beam evaporation has lower temperature during deposition which has a less damaging effect on 

perovskite film. 

The device performance of the PSC was shown in Figure 4.3 with over 12% efficiency.  
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Figure 4.3 J-V curve of the PSC with meso-porous photoanode fabricated in the 

Laboratory of Energy Storage and Conversion, UCSD 

4.2 Planar PSCs 

The main reason for us to substitute the meso-porous PSCs to planar PSCs, is to lower 

the fabrication timeline with lower input energy during the device manufacturing: the 

mesoporous TiO2 based PSCs need three annealing steps for the device fabrication (TiO2 

compact layer, TiCl4 post treatment and meso-porous TiO2) and the annealing temperature is 

450 ℃ to 500 ℃. Regarding the planar PSCs, it just involves one annealing step and the SnOx 

compact layer only need 180 ℃ annealing temperature. It includes compact SnOx, perovskite, 

hole transport layer and gold back contact. The main recipe was based on reference
44

 with some 

revisions. Figure 4.4 displayed the morphology of the PSCs we fabricated: 
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Figure 4.4 Morphology of the planar PSC (Bright Field-TEM Image) fabricated in the 

Laboratory of Energy Storage and Conversion, UCSD 

The compact/electron transport layer was made with SnOx by spin-coating method. SnOx 

has higher electron conductivity and lower annealing temperature than TiO2. On the other hand, 

for the low annealing temperature of SnOx, ITO instead of FTO conduct glass can be applied as 

the substrate. Although ITO glass has lower sheet resistance than FTO glass, the TiO2 device can 

only be prepared on FTO glass as ITO cannot withstand such high temperatures. On the contrary, 

SnOx-based devices can use ITO glass for it only needs 180 ℃ annealing temperature. Moreover, 

the ITO has less roughness than FTO, which can ensure a uniform layer thickness of spin-coated 

SnOx. 

The perovskite layer was made with single-step method. The precursor solution contains 

equal molar ratios of PbI2 and methyl ammonium iodide. Small amount of methyl amine was 
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added to the solution to reduce the defects in perovskite film.
44

 The solvent is DMF according to 

the reference. 10 vol% of DMSO was added to the solution to slow down the crystallization of 

perovskite, which ensures better film coverage. 

The hole transport layer also consists of Spiro-OMeTAD, tBP and LiTFSI. The LiTFSI 

was dissolved in acetonitrile which can dissolve perovskite. On the other hand, tBP is corrosive 

to perovskite. To reduce the corrosive effect from tBP and acetonitrile, dynamic spin-coating 

method was applied in our device: the hole transport layer solution was loaded while the film 

was spinning. This method can minimize the direct interaction between the perovskite film and 

the corrosive HTL components. 

Same as the meso-porous PSCs, the Au layer was prepared by e-beam evaporation. To 

further reduce the heat during the deposition, a cooling stage was applied to control the 

temperature during the evaporation, which can further reduce the degradation due to the beam-

induced thermal effect. The efficiency of the planar PSCs we fabricated was reached over 19% 

as shown in Figure 4.5: 
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Figure 4.5 J-V curve of the planar structure PSC fabricated in the Laboratory of Energy 

Storage and Conversion, UCSD 
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Chapter 5. Spectrum-Dependent Spiro-OMeTAD Oxidization Mechanism in 

Perovskite Solar Cells 

5.1. Introduction 

Hybrid organic-inorganic perovskite solar cells (PSCs) have gained increasing attention 

as intriguing candidates for next-generation photovoltaic devices since 2009.
11

 Recently, 20.1% 

power conversion efficiency has been achieved through intramolecular exchange reaction.
74

 In 

addition to high efficiencies, PSCs are all-solid-state devices with low cost, a tunable band gap, 

and a scalable fabrication process, indicating its tremendous commercial prospects.
16–18,82–84

 The 

key components of PSCs (which contains meso-porous TiO2) include the blocking layer, metal 

oxide photoelectrode, perovskite layer, hole-transport material (HTM), and top electrode.
85

 

When photons excite the electrons from the valence band (VB) to the conduction band (CB) of 

the perovskite layer, excitons are generated. The excited electrons are injected into the CB of the 

metal oxide photoelectrode, and the holes are captured by the HTM in this charge separation 

process. The photogenerated electrons in the metal oxide are collected by a transparent 

conductive oxide and go to the external circuit. Electrons will recombine with holes at the top 

electrode to complete the circuit.
32

 The photovoltage of the PSC is equal to the difference 

between the quasi-Fermi level of the metal oxide photoanode and the redox potential of the 

HTM.
25

 The high hole collection efficiency at the perovskite/ HTM interface is one of the key 

factors needed to achieve better efficiency in PSCs.
86

 

One of the major developments for PSCs in recent years is the substitution of the liquid 

electrolyte to the solid-state HTM 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-

spirobifluorene (Spiro-OMeTAD). This substitution dramatically improves the stability and the 

efficiency of PSCs.
16,87

 Unlike the liquid-based electrolyte, which can dissolve the perovskite 
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layer, the small organic molecule Spiro-OMeTAD, shown in Figure 5.1(A), is nonreactive to 

perovskite and is less volatile. The matched band gap with perovskite, amorphous nature, good 

conductivity with dopants, and high melting point for Spiro-OMeTAD make it one of the most 

adaptable HTMs in PSCs.
88–91

 Recent research demonstrates that a >400 nm thickness of Spiro-

OMeTAD HTM layer can guarantee a higher open-circuit voltage and hinder the charge 

recombination at the TiO2/HTM interface. 
92

 

Surprisingly, the pristine uncharged form of Spiro-OMeTAD has a relatively low hole 

mobility and low conductivity before adding a p-dopant.
55

 Additives play a key role in 

improving the hole conductivity of the Spiro-OMeTAD layer and ultimately increase the 

efficiency of PSCs. Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) has been reported as 

a p-dopant to enhance the conductivity and hole mobility of the Spiro-OMeTAD.
54,90,93–96

 The 

function of LiTFSI in PSCs is quite similar to that in solid-state dye-sensitized solar cells (ss-

DSSCs). Some of the lithium ions can intercalate into TiO2 to downshift its conduction band, 

resulting in a higher photocurrent.
97–99

 The rest of the lithium ions can react with oxygen and 

Spiro-OMeTAD to facilitate the generation of oxidized Spiro-OMeTAD. While the large anion 

TFSI
-
, as shown in Figure 5.1(B), can stabilize the oxidized Spiro-OMeTAD as the counter-ion. 

54,93,94,100–102
 

There are two different proposed mechanisms in the literature on the generation of 

oxidized Spiro-OMeTAD with the assistance of LiTFSI in DSSCs. Ute B. Cappel et al. proposed 

a three-step mechanism where sensitizers are excited by photons and then the excited electrons 

are captured by oxygen. The oxidized Spiro-OMeTAD is created by regeneration of oxidized 

sensitizer. In the reactions, LiTFSI functions either as a catalyst or a stabilizer of the oxidized 

Spiro-OMeTAD.
54

 The mechanism is written as:  
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Later, Antonio Abate et al. proposed a two-step mechanism: first, equilibrium between Spiro-

OMeTAD with oxygen and oxidized Spiro-OMeTAD (Spiro-OMeTAD
.+

O2
.-
) exists; the 

equilibrium is moved forward by adding LiTFSI, because the superoxide radical O2
-
 reacts with 

Li
+
 to form Li2O and Li2O2, and finally Spiro-OMeTAD

.+
TFSI

- 
is generated.

100
 The mechanism 

is written as: 

 

The major difference between these two mechanisms is whether photons and sensitizers 

participate in the reactions. In the three-step mechanism, photons trigger the following reactions 

while the oxidized Spiro-OMeTAD is produced from the regeneration of sensitizers. In the two-

step mechanism, neither photons nor sensitizers facilitated the formation of oxidized Spiro-

OMeTAD. Moreover, initial illuminating treatment, which means to illuminate a solar cell for a 

while before testing its efficiency, also plays a key role on enhancing solar cell performance. It 

can be attributed to the Li
+
 migration and Spiro-OMeTAD oxidization,

94
 which supports the 

photons participating in the generation of the oxidized Spiro-OMeTAD.  

Due to the similar device structure between DSSC and PSCs, the above mechanisms can 

be adapted to PSCs. Only few studies are focusing on the function of LiTFSI in the PSCs up to 

now. Exploring the relations between these mechanisms and PSCs can help understanding the 

function of photons, LiTFSI, and perovskite on the formation of oxidized Spiro-OMeTAD. It 

would allow us to find rational ways to further improve the efficiency of PSCs.  
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Herein, we report a systematic study of the origination of oxidized Spiro-OMeTAD in 

PSCs. With the combination of UV-Vis, a solar simulator equipped with longpass filters, four-

point probe conductivity measurement and electrochemical impedance spectroscopy, a spectrum-

dependent mechanism is proposed based on the wide absorption range of perovskite. This 

mechanism that reconciles the difference in previously proposed mechanisms is applicable for 

various visible spectrum ranges to increase the amount of oxidized Spiro-OMeTAD and finally, 

improve the efficiency of PSCs.  

 

Figure 5.1 Molecular Structures of (A) Spiro-OMeTAD and (B) LiTFSI; (C) BF-TEM image 

from cross section view of full Perovskite Solar Cell 

5.2 Experimental Methods 

5.2.1 Reagents and Materials  

All materials, unless stated otherwise, were purchased from Sigma Aldrich and used as 

received. Spiro-OMeTAD was purchased from Merck KGaA.  
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5.2.2 Synthesis of CH3NH3I  

CH3NH3I was synthesized according to the reported procedure.
103

 14 ml Methylamine 

(40% in methanol, TCI) and 15 ml hydroiodic acid were mixed at 0 C̊ and stirred for an hour. 

The solution was evaporated at 90 ̊C for an hour to obtain the deep-brown primary product. The 

product was re-dissolved in ethanol at 70 ̊C, precipitated and washed with diethyl ether several 

times until the product turned to white color. Finally, the product was dried at 60 ̊C in a vacuum 

oven for 24 h. 

5.2.3 Device Fabrication 

Perovskite solar cells were fabricated using the sequential deposition method.
18

 FTO 

glasses (Pilkington, TEC-15) were cleaned by an ultrasonic bath with detergent water, alkaline 

ethanol solution, and deionized water, sequentially; each cleaning step lasted for 15 min. Then, 

the oxygen plasma cleaning step was applied for 10 min to remove the last traces of organic 

residues on the slides.  

The TiO2 blocking layer (BL) was spin-coated on the FTO substrates at 800 r.p.m. for 

one minute using 0.24 M titanium isopropoxide in 5 ml ethanol solution. The films were 

annealed at 500 ̊C for 30 min. After cooling down to room temperature, the films were immersed 

in 0.03 M aqueous TiCl4 solution at 70 ̊C for 40 min and then gradually heated at 500 ̊C for 40 

min after washing with deionized water. Commercial TiO2 paste (Dyesol 18NRT, Dyesol) 

diluted in ethanol (2:7, weight ratio) was spin-coated on the films at 5,000 r.p.m for 30 sec and 

the film was annealed at 450 ̊C for 40 min to form the mesoporous TiO2 layer.  

PbI2 solution (1 M) was prepared by 462 mg PbI2 dissolved in 1 mL N,N-

dimethylformamide (DMF) stirring at 80 ̊C. The solution was spin coated on the films at 5000 
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r.p.m. for 90 sec. After spinning, the films were dried at 80 ̊C for 30 min and dipped in 2-

propanol for 2 sec. Then the pre-wetted films were dipped in a solution of CH3NH3I in 2-

propanol (10 mg ml
-1

) for 2 min and dried at 80 ̊C for 30 min. 

The 2,2’,7,7’-teterakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (Spiro-

OMeTAD) solution was prepared by 100 mg of Spiro-OMeTAD, 28.8 µl 4-tert-butyl pyridine 

(tBP) and 17.7 µl lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) solution (520 mg LiTFSI 

in 1 ml acetonitrile) in 1 ml of chlorobenzene. The solution was spin-coated on the CH3NH3PbI3 

layers at 3,000 r.p.m. for 1 min. Finally, 80 nm of gold was e-beam evaporated on the Spiro-

OMeTAD-coated film.  

The full perovskite solar cell structure is displayed in Figure 5.1(C). The image was taken 

by the bright field transmission electron microscope (BF-TEM). The sample was thinned within 

100 nm by focusing ion beam before taking the TEM image. 

Devices for measuring the resistance of the hole conductor were fabricated as follows 

with the Spiro-OMeTAD solution identical to that used for the PSC fabrication, the solution 

spin-coated on glass substrates with/without perovskite CH3NH3PbI3 layer (the perovskite 

CH3NH3PbI3 layer was prepared as the same procedure as the PSC) at 3,000 r.p.m. for 1 min, the 

Spiro-OMeTAD coated films covered with a 100 µm width spacer, and finally 80 nm of gold e-

beam evaporated on the sample. 

5.2.4 Device Characterization 

Photocurrent density and voltage (J-V) were measured with a solar simulator with a 150 

W xenon lamp (Solar Light SL07265, equipped with an AM1.5G filter, calibrated with a 

standard Si solar cell to simulate AM1.5 illumination (100 mW cm
-2

)) and a Keithley 2400 

source meter. Before the J-V test, the solar simulator was marked with a 450 nm longpass filter 
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to illuminate the perovskite solar cell for one hour and test its efficiency at 0 min, 10 min, 30 min, 

and 1 h. 

Electrochemical Impedance Spectra (EIS) were conducted using a Solartron 1287 

electrochemical interface coupled with a Solartron 1455A frequency response analyzer. A 10 

mV perturbation was applied, and the frequency was from 1 MHz to 1 Hz. The solar cell was 

illuminated by the solar simulator which was integrated with the 450 nm longpass filter for 1 h, 

and the solar cell was tested by the EIS at 0 min, 10 min, 30 min, and 1 h, respectively.  Final 

results for EIS were fit with Z-View (The equivalent circuit of EIS fitting is shown in Figure 5.2. 

The fitting results are shown in Table 5.1). 

 

 

Figure 5.2. EIS equivalent circuit for the PSCs. Rs represents the series resistance, while R1 and 

R2 correspond to the charge transfer resistance at the Au/HTL and HTL/TiO2 interfaces, 

respectively. 
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Table 5.1  EIS fitting results of the perovskite solar cell with > 450 nm illumination from 0 min 

to 60 min 

 

Rs 

(ohm) 

R1 

(ohm) 

R2 

(ohm) 

0 min 34.81 13.69 312.1 

10 min 33.87 7.01 357.2 

30 min 34.56 4.59 363.6 

60 min 34.29 4.42 365.1 

 

Resistance of the hole conductor was tested by four-point probe (Jandel Four-Point Probe 

with RM3000 Test Unit) measurement with the devices mentioned before in dark condition. The 

curves on the devices, which were created by the 100 µm spacer, were set between the second 

and third probe during the test. Before testing, the devices were illuminated on solar simulator 

with full light, 380 nm longpass filter and 450 nm longpass filter for 0 min, 10 min, 20 min, 30 

min, 40 min and 1 h, respectively. 

5.2.5 UV-Vis Spectroscopy 

UV−Vis spectra were carried out in an absorption mode on a Lambda 1050 UV−Vis 

spectrometer. Measurements of the solutions were taken in a 10 mm quartz cuvette placed in a 

cuvette holder was integrated within the setup. The concentration of Spiro-OMeTAD for the UV-

Vis test was 8 µM in chlorobenzene. 
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5.3 Results and Discussion 

The first aim of this study is to understand the function of photons on the generation of 

oxidized Spiro-OMeTAD. According to the literature, the major UV-Vis peak for Spiro-

OMeTAD is a sharp peak at 395 nm, while oxidized Spiro-OMeTAD is a sharp peak at 400 nm 

and an additional broad peak around 500 nm.
104

 However, as the signal of Spiro-OMeTAD 

around 395 nm often shields the oxidized Spiro-OMeTAD 400 nm peak, the broad peak around 

500 nm is usually considered as the indicator for the generation of oxidized Spiro-

OMeTAD.
100,101

 

Figure 5.3(A) and (B) show the influence of illumination time on Spiro-OMeTAD with 

LiTFSI in ambient condition at AM1.5 illumination (100 mW cm
-2

). The increasing absorption 

from 600-800 nm also implies the generation of oxidized Spiro-OMeTAD as well, for the broad 

peak can extend to 800 nm.
101

 This illumination time-dependent signal illustrates that photons 

are participating in the generation of the oxidized Spiro-OMeTAD in ambient condition. 

Figure 5.3(C) and (D) show the effect of the LiTFSI concentration on the generation of 

oxidized Spiro-OMeTAD with the same illumination time; the samples are exposed to AM1.5 

illumination (100 mW cm
-2

) for 1 h. According to Figure 5.3(D), even without adding lithium 

salt, after 1 h of illumination the broad 500 nm peak appears which means that LiTFSI is 

unnecessary for the generation of oxidized Spiro-OMeTAD.  With only O2 and light, Spiro-

OMeTAD oxidation can occur. However, with an increasing amount of LiTFSI, the amount of 

oxidized Spiro-OMeTAD also increased. This phenomenon indicates that although LiTFSI does 

not function in the generation of oxidized Spiro-OMeTAD, it can facilitate the Spiro-OMeTAD 

oxidation reaction to move forward. Therefore, LiTFSI acts as a ‘secondary reactant’ to move 

forward the primary Spiro-OMeTAD oxidation reaction.  
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Figure 5.3 UV-Vis spectra of Spiro-OMeTAD: different illumination time with 0.4 

LiTFSI/Spiro-OMeTAD molar ratio at: (A) full spectral range; (B) 450-600 nm range; and 1 h 

illumination with different LiTFSI amount (0 to 1 LiTFSI/Spiro-OMeTAD molar ratio) at: (C) 

full spectral range; (D) 450-600 nm range 

 

We then investigated the effect of the incident light wavelength on the oxidation reaction. 

Two different types of longpass filters are separately equipped to the solar simulator to detect 

whether the reactions are spectrum-dependent. The function of the longpass filter is to control 

the spectral range. It only allows the photons which have longer wavelength to pass through and 

illuminate on sample. For instance, the 380 nm longpass filter only allows the light with 

wavelength longer than 380 nm to pass.  
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The Spiro-OMeTAD samples, as previously tested, are kept in ambient dark condition for 

30 min as the reference sample. According to Figure 5.4, no peak appears around 500 nm after 

30 min when the sample was kept in ambient dark condition. This supports our conclusion that 

Spiro-OMeTAD oxidization is optically activated. 

 

Figure 5.4 UV-Vis spectra of Spiro-OMeTAD/LiTFSI (0.4 molar ratio) with/without perovskite 

after 30 min illumination with 380 nm longpass filter at: (A) full spectral (b) 450 nm-600 nm; 

and 450 nm longpass filter at (C) full spectral (D) 450 -600 nm 

 

As mentioned previously, the major absorption peak for Spiro-OMeTAD in UV-Vis 

spectrum is 395 nm, so it is possible that lower-wavelength light can trigger the following Spiro-

OMeTAD oxidization. In contrast, at wavelength longer than 450 nm, no absorption peak 
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appears. The photons in this range (>450 nm) may not be energetic enough to overcome the 

activation energy for the oxidization reaction. Meanwhile, perovskite has a wide absorption 

range; the absorption spectrum for CH3NH3PbI3 extends to 800 nm while CH3NH3Sn0.5Pb0.5I3 

extends up to 1050 nm.
105

 The wide absorption range indicates that in a long wavelength range (> 

450 nm), it is possible that Spiro-OMeTAD oxidization reaction can proceed with the assistance 

of perovskite. Based on these assumptions, the solar simulator was equipped with 380 nm and 

450 nm longpass filters to investigate the spectrum-dependent roles of perovskite in the Spiro-

OMeTAD
 
oxidization.  

As shown in Figure 5.4(A) and 5.4(B), when the wavelength is longer than 380 nm, after 

30 min of illumination treatment, the oxidized Spiro-OMeTAD peak will appear regardless of 

the presence of a perovskite layer. This shows that in this spectrum range, it is unnecessary for 

perovskite to participate in the Spiro-OMeTAD oxidization. When using the 450 nm longpass 

filter to illuminate the sample for 30 min, as shown in Figure 5.4(C) and 5.4(D), the oxidized 

Spiro-OMeTAD
 
peak (around 500 nm) only appears in the sample which has perovskite. This 

result proves that in long wavelength range, the perovskite sensitizer participates in oxidization. 

As a result, two mechanisms exist in the formation of the oxidized Spiro-OMeTAD: In 380 to 

450 nm spectral range, perovskite is unnecessary for Spiro-OMeTAD oxidization. While in >450 

nm spectral range, Spiro-OMeTAD needs the assistance of the perovskite to be oxidized. 

We used liquid samples for UV-Vis because UV-Vis cannot rule out the spectral 

disturbance of the perovskite layer in the solid state. To further prove the spectrum-dependent 

hypothesis in solid state Spiro-OMeTAD, the conductivity of the hole transport layer was 

characterized by four-point probe measurement.  
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Figure 5.5 Effective conductivity of the HTL (0.4 LiTFSI/Spiro-OMeTAD molar ratio) at 

various illumination times/spectral ranges measured by a four-point probe, testing device 

structure (A) with/(B) without a perovskite layer, effective hole conductivity (C) with/(D) 

without a perovskite layer 

 

The device structure for the four-point probe measurements is shown in Figure 5.5(A) 

and (B). A 100 µm space is set between the second and third probes on each device to ensure the 

measurement of the hole transport layer conductivity. After the devices were illuminated by the 

solar simulator equipped with longpass filters for a specific period of time (from 0 min to 60 

min), the conductivity was tested by four-point probe in dark condition in case less current 
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flowed through the perovskite layer. If the Spiro-OMeTAD oxidization occurs, the total amount 

of ions in the hole transport increases, enhancing the conductivity of the devices. 

As shown in Figure 5.5(C), when the perovskite layer exists, the conductivity of all 

devices increased. The only difference in Figure 5.5(C) is that the device which was illuminated 

with the 450 nm longpass filter light has a conductivity that improves slower than the other two. 

This can be attributed to the low illumination intensity compared to the full spectral illumination. 

It indicates that with the assistance of a perovskite layer, at a long wavelength range (>450 nm), 

Spiro-OMeTAD oxidization occurs. However, in the perovskite-free device, according to Figure 

5.5(D), even after 60 min of illumination, the 450 nm longpass illumination treatment does not 

change the device conductivity, which means little or no oxidized Spiro-OMeTAD is generated. 

The results of the conductivity test are in excellent agreement with the UV-Vis characterization: 

oxidized Spiro-OMeTAD is generated in the short wavelength range without perovskite, while in 

the long wavelength range, the generation of oxidized Spiro-OMeTAD is only possible with the 

assistance of the perovskite. 
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Figure 5.6 J-V curves of the perovskite solar cells after >450 nm illumination initial treatment 

 

Table 5.2. Cell parameters of the perovskite solar cells after an initial treatment of  > 450 nm 

illumination  

  VOC (V) JSC (mA/cm
2
) Fill Factor 

Efficiency 

(%) 

0min 0.867 20.52 0.56 10.0 

10min 0.870 19.68 0.66 11.3 

30min 0.862 19.51 0.71 11.9 

60min 0.860 18.72 0.71 11.5 

 



 

51 

 

In order to understand the effect of long wavelength illumination on device performance, 

we fabricated perovskite solar cells and tested the efficiency after >450 nm illumination initial 

treatment. As we stated before, in long-wavelength range, photons cannot trigger the Spiro-

OMeTAD oxidization without perovskite. If perovskite did not participate in the reaction, no J-V 

curve change should be observed as the exposure time increases. As shown in Figure 5.6 and 

Table 5.2 however, as the illumination time gets longer, the short circuit current density, fill 

factor, and cell efficiency improve within 30 min from 10% to 11.9%. This can be attributed to 

the increasing amount of oxidized Spiro-OMeTAD. The oxidized Spiro-OMeTAD is generated 

after the long wavelength illumination treatment, and with the assistance of perovskite, more 

photo-induced electrons can be captured by oxidized Spiro-OMeTAD. As a result, the charge 

recombination of the solar cell rises at the Spiro-OMeTAD/TiO2 interface. At the same time, the 

oxidized Spiro-OMeTAD improves the conductivity and mobility of the hole transport layer. The 

balance of the negative effect (charge recombination) and positive effect (conductivity 

improvement) increases the solar cell efficiency in the first 30 min. 

After 30 minutes of long wavelength initial illumination treatment, the efficiency of the 

solar cell slightly decreases. This phenomenon might be more attributed to charge recombination 

caused by the higher concentration of oxidized Spiro-OMeTAD. The short-term stability issues 

such as the migration/accumulation of LiTFSI in the hole transport layer,
93

 the moisture 

sensitivity, or the degradation of the perovskite layer
106

 may cause the slightly decrease of the 

efficiency as well. In general, the oxidized Spiro-OMeTAD will enhance the efficiency in a short 

term (< 30 minutes), with a minor decrease in the efficiency afterwards. As shown in Figure 5.7, 

all the PSCs we fabricated are displaying the same behavior after >450 nm illumination initial 

treatment.  
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Figure 5.7 Solar cell parameters of the perovskite solar cells after >450 nm illumination initial 

treatment 

 

We also tested the PSCs after full light illumination initial treatment (Figure 5.8 and 

Table 5.3). Quite similar behavior compared to the >450 nm illumination initial treatment was 

observed through the solar cell parameters. The only difference is that the full light treatment cell 

reaches the maximum fill factor and the efficiency within 10 minutes instead of 30 minutes. This 

phenomena can be attributed to the oxidized Spiro-OMeTAD can generate faster with the full 

light illumination treatment than with the >450 nm illumination treatment. 
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Figure 5.8 J-V curves of the perovskite solar cells after >450 nm illumination initial 

treatment 

 

Table 5.3 Cell parameters of the perovskite solar cells after an initial treatment of full 

light illumination 

  VOC (V) 
JSC 

(mA/cm
2
) 

Fill 

Factor 

Efficiency 

(%) 

0min 0.870 20.63 0.54 9.75 

10min 0.865 19.27 0.70 11.7 

30min 0.868 17.7 0.71 11.1 

60min 0.864 17.2 0.66 9.87 
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To further investigate the long wavelength light illumination influence on the PSC, 

electrochemical impedance spectroscopy (EIS) is applied to characterize the interfacial charge 

transfer and charge recombination of PSCs at various long wavelength illumination times. 

The equivalent circuit of this model for PSC (Figure 5.2) has been reported.
107,108

 Rs 

represents the series resistance, while R1 and R2 correspond to the charge transfer resistance at 

the Au/Spiro-OMeTAD and Spiro-OMeTAD/TiO2 interfaces respectively. According to the 

Nyquist plot of Figure 5.9(A) and the fitting results (Table 5.1), in the first semi-cycle, which 

corresponds to R1, R1 will decrease with increasing illumination time. It is attributed to the 

increasing amount of the oxidized Spiro-OMeTAD that reduces the resistance at the Au/Spiro-

OMeTAD interface. By reducing R1, the oxidized Spiro-OMeTAD improves on cell 

performance. Electrons are easier to transfer from the Au to the hole transport layer with more 

oxidized Spiro-OMeTAD. 

 

Figure 5.9 Nyquist plots of the perovskite solar cell with > 450 nm illumination from 0 min to 60 

min at a  (A) high frequency range and (B) full frequency range. Inset (B) is the equivalent 

circuit of the PSC 
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On the other hand, as Figure 5.9 (B) displays, the second semicircle corresponding to R2 

increases with longer illumination time. It is attributed to the higher amount of oxidized Spiro-

OMeTAD which leads to more charge recombination at the Spiro-OMeTAD/TiO2 interface. 

Some of the photo-generated electrons in the conduction band of TiO2 can be trapped by the 

increasing amount of the oxidized Spiro-OMeTAD. The increasing R2 means that the oxidized 

Spiro-OMeTAD also negatively affects the cell performance. Since both the positive and 

negative effects co-exist for the oxidized Spiro-OMeTAD in the interfaces, the solar cell 

performance might increase in the first 30 min followed by a minor decrease. 

According to EIS, after the long wavelength light treatment, the Spiro-OMeTAD 

oxidization reaction proceeds with the presence of perovskite. With the results shown, we 

propose a spectrum-dependent mechanism for the generation of oxidized Spiro-OMeTAD. Both 

the three-step mechanism
54

 and the two-step mechanism
100

 are applicable at different spectral 

ranges for the perovskite solar cells. In a short wavelength range (380-450 nm), our proposed 

mechanism is similar to the two-step mechanism, and reactions can be written as:  

 

While in a long wavelength range (> 450 nm), the three-step mechanism is more suitable 

with perovskite participating in the oxidization. The reaction is described as follows: 
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It is important to point out that we have not ruled out the possibility that both of the 

mechanisms co-exist in a short wavelength range (380-450 nm), for perovskite is active in this 

range as well. Future work will focus on whether these mechanisms co-exist in a short 

wavelength range, and the percentage of Li2O2 and/or Li2O in these reactions will be 

characterized. Whether or not the presence of the lithium oxide species has any effect on 

degradation of PSC is of also our interest.  

 

5.4 Conclusion 

We demonstrated a spectrum-dependent mechanism for the generation of oxidized Spiro-

OMeTAD in a perovskite solar cell and observed its influence on the solar cell performance. 

Photons are participating in the reaction. In a short wavelength range (from 380 to 450 nm), 

perovskite is unnecessary for the Spiro-OMeTAD oxidization while in a long wavelength range (> 

450 nm), the oxidization reaction can only proceed with the assistance of perovskite. The product, 

oxidized Spiro-OMeTAD, can improve the conductivity of the hole transport layer, and enhance 

the charge transfer at the Au/Spiro-OMeTAD interface. However, it also increases charge 

recombination at the TiO2/Spiro-OMeTAD interface. As a result, the initial illumination of a 

perovskite solar cell can enhance the efficiency, however longer illumination times can reduce 

the efficiency of PSC. A better interfacial engineering method to hinder charge recombination at 

the TiO2/Spiro-OMeTAD interface, while allowing increased generation of oxidized Spiro-

OMeTAD would ensure better perovskite solar cell performance. 

This work, in full, is a reprint of the material “Spectrum-dependent Spiro-OMeTAD 

Oxidization Mechanism in Perovskite Solar Cells” as it appears in the ACS Applied Materials & 

Interfaces, Wang, S., Yuan, W., Meng, Y. S., 2015, 7(44), 24791. The dissertation author was 
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the primary investigator and first author of this paper. All of the tests were performed and 

analyzed by the author. 
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Chapter 6. Role of 4-tert-Butylpyridine as a Hole Transport Layer Morphological 

Controller in Perovskite Solar Cells 

 

6.1 Introduction 

As an emerging photovoltaic technology with significant potential for commercialization, 

hybrid organic-inorganic perovskite solar cells (PSCs) have developed rapidly in recent 

years.
11,17,18,74

 With a certified 22.1% power conversion efficiency,
10

 compatibility with flexible 

substrates,
109,110

 and low fabrication energy consumption,
63,71,111

 PSCs are attracting enormous 

interest in both the academic and industrial field. As a p-i-n junction solar cell, a typical PSC has 

multiple layers and interfaces.
25,112

 Understanding the function of these components in PSCs can 

facilitate improvements in device efficiency and stability.
101

 Currently, a large number of 

researchers are focused on understanding the working mechanisms of the perovskite intrinsic 

layer and electron transport layer. 
82,108,112,113

  However, investigations into the role of additives 

in the hole transport layer (HTL) remain relatively limited.
68,114,115

 

Traditionally, the HTL for PSCs consists of 2,2′,7,7′-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD), bis(trifluoromethane)sulfonimide 

lithium salt (LiTFSI) and 4-tert-Butylpyridine (tBP) (For molecular structures of the HTL 

components see Figure 5.1).
2
 This combination was first applied in solid state dye-sensitized 

solar cells (ss-DSSC).
96,116

 In ss-DSSC, Spiro-OMeTAD is the hole transport material, LiTFSI is 

the p-dopant, and tBP is the additive that acts as a recombination blocking agent.
117

  The function 

of tBP in ss-DSSC is the same as in liquid-based DSSC: tBP can adsorb on the surface of 

mesoporous TiO2, which is the photoanode for DSSC. The adsorption of tBP on TiO2: (1) 

suppresses direct contact between TiO2 and electrolytes/hole transport materials to reduce charge 

recombination; and (2) negatively shifts the TiO2 conduction band to increase the Voc of 
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DSSC.
118,119

 Due to the similarity in the device architecture for ss-DSSC and PSC, tBP is 

assumed to fulfill the same role in PSCs as in liquid based DSSC or ss-DSSC.120  

However, in DSSC, dyes are discrete organic molecules which are difficult to organize 

into a continuous layer, whereas in PSCs, the intrinsic perovskite layer penetrates into the pores 

of the TiO2 layer and also tops it as a capping layer. This suppresses the possibility of direct 

contact between tBP and TiO2.  Moreover, in ss-DSSC, LiTFSI triggers the oxidation of Spiro-

OMeTAD.
54,55

 In PSCs, despite the LiTFSI trigger, the oxidation reaction can only proceed if the 

perovskite layer also contributes to this process in a certain spectral range (>450nm).56
  The 

combined effect of the perovskite capping layer and the spectral dependence of the oxidation 

reaction, would allow new interactions among the components in HTL (specifically tBP) and 

between the HTL and intrinsic perovskite layer. This calls for a re-evaluation of the role of tBP 

as a charge recombination inhibitor and investigations into new interactions between the 

perovskite capping layer and tBP.  Such detailed studies will ultimately help researchers clearly 

understand how PSCs works, and provide effective solutions to the stability issue ensuring better 

success of this technology towards commercialization. 

 Recent reports have observed pin-holes in the HTL of PSCs.
93

  These are considered to 

contribute to the poor stability of PSCs; oxygen and moisture in ambient environment can 

permeate through these pin-holes and cause degradation of the perovskite intrinsic layer, but the 

reason for the generation of pin-holes in HTL is still unclear.
121

   

In this work, tBP is found to function as a morphology controller in the HTL of PSCs. 

Our observations suggest that, tBP reduces phase separation in the stock solution prior to spin-

coating. This effect improves the film quality of the HTL by decreasing inhomogeneous regions. 

Using Scanning Electron Microscopy (SEM) we prove that the presence of tBP significantly 
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influences the HTL surface, by reducing the number of ‘pits’ (also reported as pinholes 
30,31

). On 

the other hand, high resolution cross-section Transmission Electron Microscopy (TEM) images 

show that the HTL undergoes morphological changes after long term (>1000 hours) storage of 

PSC. With the help of Atom Probe Tomography (APT), 3D visualization of the water 

distribution at HTL/perovskite interface is possible. By combining the phenomena we observe in 

TEM and APT, a PSC failure process mechanism is proposed, along with the morphological 

change of the HTL due to the evaporation of tBP. Our results indicate that tBP not only fulfills 

its function as previously reported for ss-DSSC, but also acts as a morphology controller directly 

affecting device stability. 

6.2 Experimental Methods 

All reagents, unless otherwise stated, were purchased from Sigma-Aldrich.  

6.2.1 Methylammonium iodide (MAI) synthesis  

15 mL of 33 wt% methylamine solution in anhydrous methanol was reacted with 15 mL 

of 57 wt% hydroiodic acid in a flask for 1 hour. After evaporating all solvents, the mixture was 

dissolved in anhydrous ethanol. Ethyl ether was used to precipitate MAI from the solution. The 

MAI was dried overnight in a vacuum oven, and a white crystalline powder was obtained as the 

final product.  

6.2.2 Perovskite solar cells (PSCs) fabrication 

PSC fabrication was based on the sequential deposition method.
18

   A TiO2 compact layer 

was spin-coated on cleaned FTO glass. After sintering, a mesoporous TiO2 layer was spin-coated 

onto the TiO2 compact layer and sintered again. PbI2 (Alfa Aesar) was dissolved in dimethyl 

formamide and spin-coated onto mesoporous TiO2. Then the films were dipped in MAI solution 

(isopropanol as the solvent). After thermal annealing, the films were spin-coated with a solution 
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containing Spiro-OMeTAD (Merck), tBP, and LiTFSI which were dissolved in chlorobenzene. 

Finally 80 nm of gold was evaporated onto the films. For more detailed information (spin-

coating speed/time, solution concentration, and annealing condition) see reference.
96

  

6.2.3 Characterization:  

Scanning Electronic Microscopy (SEM) images were taken with a FEI SFEG UHR SEM 

operated at 10kV. Samples were coated with iridium before taking SEM images to avoid beam 

drift for semiconducting and insulating materials. 

Transmission electron microscopy (TEM) images were taken with a FEI 200kV Sphera 

Microscope. Samples for TEM were prepared by focused ion beam (FEI Scios DualBeam 

FIB/SEM). Regions of interest were deposited with 2 um thick Pt for protection during ion 

etching. After etching from the substrate, the samples were lifted by a tungsten needle (FEI 

EasyLift LT NanoManipulator). Before disconnecting the sample from the needle, samples were 

attached onto the FIB lift-out grid (Copper PELCO FIB Lift-Out Grid).  Subsequently samples 

attached onto the lift-out grid were thinned to within 100 nm by a Ga
2+

 ion beam. In addition, the 

EFTEM images and EELS spectra were acquired using a Gatan Enfina spectrometer with a 

collection angle of 52 mrad and convergence angle of 30 mrad. 

Samples for atom probe tomography (APT) were prepared and analyzed at the 

Environmental and Molecular Sciences Laboratory at PNNL.  

In brief samples were prepared from fabricated PSC devices, in the form of tips, using 

FEI Helios dual-beam focused ion beam/scanning electron microscope (FIB/SEM) equipped 

with an Omniprobe. A wedge shaped lift-out section was prepared by milling at 22 degrees. The 

liftout section was controlled using an in-situ micromanipulator (Omniprobe) and 2 μm sections 

were cut and affixed on a Si microtip array followed by Pt deposition on either side to hold the 

wedge in place. An annular milling pattern with progressively smaller diameter was used to get 
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the shape of a tip. A final low beam energy (~ 2kV) exposure was used to give the tip its final 

shape as well as remove surface regions, which are prone to maximum Ga damage. The end 

radius at the tip was less than 100 nm. 

As prepared sample tips were then analyzed using a LEAP (local electrode atom probe) 

4000XHR with a detector efficiency of ~40%. A temperature of 60 K and laser energy (~ 100 pJ) 

was used to ensure field evaporation of ions in a regular manner. The laser energy, detection rate 

and temperature were optimized for our samples. The reconstruction to obtain the 3-D maps and 

the analysis were done using the IVAS® software. 

Fourier transform infrared spectroscopy (FTIR) with attenuated total reflectance (ATR) 

attachment (Nicolet 6700 with Smart-iTR) was applied for the FTIR test. Samples for FTIR were 

spin-coated on CaF2 substrates at 2000 r.p.m. and 30 s as thin films. 

6.3 Results and Discussion 

6.3.1 HTL Infiltration Behavior in PSCs 

Majority of our samples in this study, are prepared by focused ion beam (FIB) which 

were utilized for high quality Scanning Electron Microscopy (SEM) and TEM imaging
122–125

: 

The FIB milling/polishing process ensured that the sample had a smooth surface. Furthermore, 

using a FIB-based milling process allowed the sample to be thinned to 100 nm required for TEM 

characterization. As shown in Figure 6.1(A), the morphological contrast for every layer in PSC is 

distinguishable in BF-TEM. Based on FIB-prepared PSC samples for cross-section TEM 

imaging, we progress towards understanding the infiltration extent of HTL in PSCs. In ss-DSSC, 

the pore filling percentage of the HTL in a mesoporous TiO2 photoanode is around 60% - 85% 

(the thickness of mesoporous TiO2 is ~2.8um).
126,127

 These reports also demonstrate that 

reducing mesoporous TiO2 layer thickness can increase the pore filling percentage. In 

https://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy
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mesoporous TiO2-based PSCs, the optimized thickness of mesoporous TiO2 is around 300 - 400 

nm. If the HTL infiltrates into  mesoporous TiO2 to the same extent as it does in ss-DSSCs, the 

pore filling percentage in PSCs should be higher than 60 - 85% because of the thinner TiO2. 

However, our observations show that the pore filling percentage of the HTL in TiO2 is much 

lower than 60% due to the presence of the perovskite layer that has infiltrated the mesoporous 

TiO2 layer.  

In PSC, the majority of the TiO2 surface is covered with a perovskite capping layer, 

although some regions have poor coverage. Here, three components cross-section Energy 

Filtered TEM (EF-TEM) mapping is applied to display the infiltration behavior of HTL under 

the competing effect of the perovskite infiltration in mesoporous TiO2. Two PSC samples were 

prepared by FIB for EF-TEM, one with poor perovskite capping layer coverage on top of the 

mesoporous TiO2, the other one with rich perovskite capping layer coverage. As shown in Figure 

6.1(B), even in perovskite poor coverage regions, the infiltration of the HTL into mesoporous 

TiO2 is limited. Most of the pores within the TiO2 layer are filled with perovskite instead of HTL 

(Figure 6.1 (B) green regions). In TiO2 with pores deeper than 150 nm from the surface, no HTL 

is observed. However, when the perovskite coverage is better, as shown in Figure 6.1(C), the 

area of TiO2 infiltrated by the HTL is even smaller. The EF-TEM mapping indicated that under 

the competition of the perovskite, the infiltration of the HTL to mesoporous TiO2 is limited. The 

more perovskite capping layer cover on top of TiO2 the less the HTL can infiltrate into the 

mesoporous TiO2.  
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Figure 6.1 Correlation between perovskite coverage and HTL infiltration. (A) Bright Field TEM 

cross-section image of PSC prepared by focused ion beam (FIB). Energy Filtered-TEM mapping 

of a PSC cross-section with (B) poor / (C) Rich perovskite coverage. 

 

In previous reports, a penetration depth of ~ 100 nm for the HTL is observed, which 

show strong agreement with our experimental observations.
124

 Since then, several groups have 

adopted superior fabrication procedures. A denser perovskite capping layer can further limit the 

pore-filling of the HTL in TiO2. Moreover, in planar heterojunction PSCs, which are devoid of 

mesoporous TiO2, the TiO2/HTL interface is further reduced. However, tBP is still used in 

majority of PSCs architectures and device configurations. Hence, it should function differently in 

PSCs than in DSSCs.  

 

6.3.2 tBP HTL Morphology Control Effect  

Due to the limited penetration depth and low pore filling percentage, the TiO2/HTL 

interface in PSCs is much smaller than in ss-DSSCs. As a result, tBP acts only minimally to 
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prevent direct contact between Spiro-OMeTAD and TiO2. However, as we observe, tBP does 

control the morphology of the HTL.  

 

Figure 6.2 HTL solution used for spin coating (A) Before/ (B) After adding tBP. Top-view SEM 

of the HTL (C) without/(D) with tBP, and (E) with tBP after vacuum treatment (10
-4

 Pa). Cross-

section BF-TEM images of the freshly prepared HTL (F) without/ (G) with tBP, and (H) with 

tBP after vacuum treatment (10
-4

 Pa). 
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Before adding tBP, as shown in Figure 6.2(A), the HTL solution used for spin-coating is 

phase separated: the LiTFSI/acetonitrile solution (acetonitrile is the solvent to dissolve LiTFSI 

before adding to Spiro-OMeTAD solution) is immiscible with the Spiro-

OMeTAD/chlorobenzene solution (chlorobenzene is the solvent for spin-coating of HTL). 

Majority of the LiTFSI/acetonitrile solution tends to accumulate at the bottom of the Spiro-

OMeTAD/chlorobenzene solution as small liquid droplets. After adding tBP, as shown in Figure 

6.2 (B), all liquid droplets disappear, which indicates that tBP improves the solubility of LiTFSI 

in the Spiro-OMeTAD solution. It is possible that some complexes are formed by tBP and 

LiTFSI to reduce the phase separation in HTL solution and further influence the morphology of 

the HTL after spin-coating. 

Because the existence of tBP guarantees the uniformity of HTL solution, as a result, it 

can affect the morphology of the spin-coated films.  Several freshly prepared HTL samples were 

characterized by SEM/TEM as shown in Figure 6.2(C) to (H). In Figure 6.2(C), a top-view SEM 

image show that pits form on the surface of the HTL in the absence of tBP. After adding tBP, as 

Figure 6.2(D) displays, both the size and number of the pits are significantly reduced. The 

homogeneous nature of the solution facilitates formation of a uniform film with a limited number 

of pits. 

In order to prove that these pits in the HTL are indeed formed due to a lack of tBP, 

overnight vacuum treatment (10
-4 

Pa) was applied to a HTL with tBP. It is reported that tBP 

evaporates under vacuum environment and no XPS signals are observed related to tBP 

elements.
93

 As shown in Figure 6.2(E), the number and the size of the pits on the surface of the 

HTL increase after overnight vacuum treatment. The morphological change from Figure 6.2(D) 

to (E) can be attributed to the evaporation of tBP. Its disappearance/reduction causes the HTL 
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film to revert back to an inhomogeneous state, thereby resulting in the reappearance of more pits. 

Moreover, a few pits are located in the HTL even with tBP (Figure 6.2(D)), which we ascribe to 

the volatile nature of tBP on the surface. tBP can partially evaporate at the surface of the HTL, 

allowing a small portion of LiTFSI to regather and form pits.  

To further study the morphological control of tBP on the HTL, FIB was used to prepare 

cross-section HTL samples with and without tBP. This enabled us to observe the morphology of 

the bulk of the film via BF-TEM at high resolution. Figures 6.2(F) to Figure 6.2(H) are BF-TEM 

images of the HTL cross-section without tBP, with tBP and with tBP after over night treatment, 

respectively. In Figure 6.2(F), without tBP, the HTL has an inhomogeneous morphology. Several 

bubble-like structures appear in the HTL. When the HTL contains tBP, as shown in Figure 

6.2(G), the bulk of the film is homogeneous. After overnight vacuum treatment of the tBP-

contained film, Figure 6.2(H), inhomogeneous regions appear again. For the various treatment 

histories, the morphology of the inhomogeneous regions in the tBP-free sample and that of the 

vacuum treatment tBP sample are slightly different, but the size and the distribution of the 

inhomogeneous regions for these two samples are in the same range. 
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Figure 6.3 (A) Top-view SEM images of the freshly prepared HTL with tBP after thermal 

annealing treatment. (B) Cross-section BF-TEM images of the freshly prepared HTL with tBP 

after thermal annealing treatment. 

In addition, we also characterized the tBP-contained film after thermal annealing. 200 ̊C 

was selected as the heat treatment temperature, as this temperature is above the boiling point of 

tBP and below the melting points for LiTFSI and Spiro-OMeTAD. The morphology of the top 

view (Figure 6.3 (A)) and the cross-section view (Figure 6.3 (B)) of the thermal annealing film is 

characterized. In Figure 6.3(A), the number and size of the pits on the surface of the HTL 

increase after heat treatment. However, the morphology and location of the inhomogeneous 

regions in cross-section image of the annealed tBP sample is different compare with the vacuum 
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treatment sample and the tBP-free sample. The inhomogeneous regions of the tBP-free and 

vacuum treatment samples show more small bubble-like regions that are mainly located at bulk 

of the film. These inhomogeneous regions show brighter contrast compared with the rest of the 

film. While in Figure 6.3 (B), the annealed sample’s inhomogeneous regions are on top of the 

film, they show darker contrast compared with the rest of the film. These differences can be 

attributed to the melting of LiTFSI on 200 ̊C homogenizes bulk of the thermal annealing film, 

however, it still can not prevent the surface morphological change due to the evaporation of tBP. 

In conjunction with the top view SEM and cross-section TEM results (Figure 6.2 (C) to (H), 

6.3(A) to (B)), it is obvious that tBP can affect both the surface and bulk morphology of HTL. 

Previous reports described the non-uniform structure of the HTL as ‘pinholes’: the 

authors proposed that the pinholes pass through the entire HTL layer, which put moisture and air 

in direct contact with the surface of perovskite layer and trigger further degradation.
93,121

 If 

pinholes did indeed exist in the HTL, a cross-section TEM image of a PSC would reveal this 

specific morphology. However, the cross-section TEM images (Figures 6.1 and 6.2) prove that 

the HTL is uniform (in presence of tBP). In Figure 6.4, a cross-section BF-TEM image of a PSC 

showing a larger region for the HTL also indicates that the bulk of the HTL is homogeneous and 

contains no pinholes.  
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Figure 6.4 Cross-section BF-TEM image of a PSC, which indicates that the HTL has a 

homogeneous morphology. The sample was intentionally prepared with less perovskite coverage 

in order to display more HTL area. 

 

On the other hand, the metal (top electrode)/HTL interface is not flat, which suggests that 

the surface morphology has shallow pits instead of pinholes (Figure 6.5).  
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Figure 6.5 Cross-section BF-TEM image of the HTL with a metal capping layer. It reveals the 

curved structure of the HTL/metal interface. The red line marks the curved portions of the 

interface. The sample was prepared by FIB. 

 

To demonstrate the difference between a ‘pit’ and ‘pinhole’ in the HTL, a picture is 

shown in Figure 6.6: although the morphology of the HTL looks similar from a top view, in the 

cross-section the ‘pinholes’ and ‘pits’ are easy to distinguish. To get the accurate morphological 

information of HTL and to prevent the FIB process from damaging the sample, two measures 

were taken into our experiment: (1) Before FIB process, all samples were pre-deposited with a 

metal protecting layer (Pt or Ir 200 nm and then 2um Pt), which can prevent the beam from 

damaging the top of the HTL. (2) During FIB thinning process, only 5kV voltage and 7pA 

current were applied to the sample when the sample thickness is smaller than 200 nm. This 

measure can minimize the beam-induced damage to only 10 nm. 
128
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Figure 6.6 Schematic of the HTL with a perovskite capping layer (A) pin-hole model; (B) pit 

model. They have similar top-view morphology, but the cross-section morphology is clearly 

distinguishable. 

 

6.3.3 HTL morphological change in PSCs 

Apart from our observation of pits on the surface of the HTL (in the absence of tBP), its 

effect on the stability still needed further investigation.  Since the evaporation of tBP can also 

lead to morphological change of the HTL as mentioned earlier, we suspect this effect exists in a 

real device and finally influences the device performance. To study this mechanism, we observe 

the long-term morphological change of the HTL in an unsealed full PSC. We store the PSC 

samples under ambient dark conditions with 10% moisture for 1000 hours. Four samples for BF-

TEM were prepared by FIB on the same cell after different storage time (0, 200, 500, and 1000 

hours).  

As shown in Figure 6.1 (A), at the start, the HTL is homogeneous. As discussed before, 

that is because tBP promotes miscibility of LiTFSI and Spiro-OMeTAD. After 200 hours, as 

Figure 6.7(A) displays, inhomogeneous dark regions appear on the HTL. These regions are due 
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to the accumulation of Li salt which occurs due to the loss of tBP by evaporation. Figure 6.7(B) 

shows the morphology of the HTL after 500 hours. The majority of the dark regions disappear, 

even as bubble-like structures are generated. This likely occurs because of the hygroscopicity of 

LiTFSI: moisture can easily react with the accumulated LiTFSI seen in Figure 6.7(A). The 

hydration of LiTFSI therefore leads to the bubble structures in the HTL. Finally, in Figure 6.7(C), 

after 1000 hours, the perovskite has decomposed. These images display that the morphological 

change, in other words, the failure process of PSCs, is initiated from the HTL instead of the 

perovskite layer followed by eventual degradation of perovskite. The related photo current 

density-voltage curves (J-V curves) and device parameters for the stored cells are shown in 

Figure 6.7(D) and Table 6.1. Compare with the freshly prepared PSCs (12.6%), the performance 

decay of the 250 hours (10.9%) and 500 hours (7.51%) PSCs are not as obviously as the 1000 

hours PSCs. It is consistent with the TEM results since the decomposition of the perovskite layer 

at the first 500 hours is limited while at 1000 hours, perovskite layer has decomposed. 
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Figure 6.7 BF-TEM cross-section images of the long-term stored PSC after (A) 200 hours, (B) 

500 hours, and (C) 1000 hours. (D) J-V curves of the stored perovskite solar cells. Each curve is 

the average of 10 cells prepared at the same batch of the TEM sample. 
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Table 6.1 Cell parameters of the perovskite solar cells stored for 1000 hours at 10% humidity 

ambient dark condition  

  VOC (V) JSC (mA/cm
2
) Fill Factor 

Efficiency 

(%) 

0 hour 0.987 20.38 0.63 12.6 

250 hour 0.886 19.97 0.62 10.9 

500 hour 0.799 16.16 0.58 7.51 

1000 hour 0.331 3.90 0.29 0.38 

 

 

Based on the morphology control effect of tBP on HTL and the failure process of the 

PSCs, a mechanism regarding the long-term morphological change in a perovskite solar cell is 

presented now. As displayed in Figure 6.8, at the start (right after device fabrication), the 

existence of tBP guarantees a uniform HTL, with minimal shallow pits located on the surface the 

of the HTL. After tBP evaporates, the Li salt accumulates, shown as dark circular regions. These 

regions are further hydrated to create void structures in the HTL which finally lead to 

decomposition of the perovskite layer. It should be noted that these events may not strictly 

proceed one after the other, but may instead occur at the same time. During the LiTFSI hydration 

process, for instance, the decomposition of the perovskite may have already begun since water is 

already in the HTL.  
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Figure 6.8 Schematic of the morphological change of the HTL/perovskite layers as they are 

stored in dark conditions. 

6.3.3 Humidity Accumulation Characterizations in PSCs 

To further confirm that the lack of tBP can lead to the increasing amount of water in HTL, 

four fresh-prepared Spiro-OMeTAD films with various components combinations were 

characterized by Fourier transform infrared spectroscopy (FTIR). As shown in Figure 6.9, films 

of pure Spiro-OMeTAD (black line), Spiro-OMeTAD/tBP (red line), and Spiro-

OMeTAD/tBP/LiTFSI (dark green line) all display similar peaks. That is because the primary 

component of the HTL film is Spiro-OMeTAD (in accordance with the weight percentage of the 

HTL spin-coating solution). However, a water peak is observed in the Spiro-OMeTAD/LiTFSI 

sample (blue line). This broad peak at ~3600 cm
-1

 corresponds to the O-H stretching mode of 

water in FTIR. In contrast, no water peak appears in the Spiro-OMeTAD/ tBP/LiTFSI sample 
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(dark green line). This indicates that tBP prevents the accumulation of LiTFSI in Spiro-

OMeTAD films, thereby reducing the possibility of LiTFSI hydration since the material is well 

dispersed throughout the Spiro-OMeTAD and shielded by tBP. The mechanism of how tBP 

prevents LiTFSI hydration at a chemical level will be the scope of our future work.  

 

Figure 6.9 FTIR spectra of Spiro-OMeTAD films with various component combinations 

 

The FTIR study confirmed the presence of moisture in films without tBP, but in order to 

visualize that moisture truly exists in the HTL for a full cell device structure, we utilized laser-

assisted atom probe tomography (APT). With the unique ability of APT to obtain three 

dimensional (3D) position information and compositional mapping of energy materials,
129,130

 we 

constructed a map of the water accumulated in PSCs at the HTL/ perovskite interface. The PSC 

devices were stored for over 500 hours prior to sample preparation for APT analysis. This 
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corresponds to the morphology of Figure 6.7 (B). In this state, as mentioned before, tBP would 

evaporate allowing the accumulation of LiTFSI and its possible hydration.  

 

 

Figure 6.10 3D APT maps of HTL/perovskite layers after > 500 hours storage (A) SEM of an 

APT sample section (Scale bar is 1 um). (B) 3D elemental maps of Pb (blue dots) and F (red 

dots). (C) APT map of H2O showing its distribution in 3D. (Scale bar in (B) and (C) are 10 nm.) 

 

Figure 6.10(A) displays a perovskite solar cell cross section wedge lifted out for 

preparing an atom probe needle specimen. Various layers in the device architecture are clearly 

visible. The annular milling process during final stages of the needle specimen preparation was 

controlled to retain the HTL layer on the specimen apex and then proceed to the perovskite layer 

below, with the interface in between. In Figure 6.10 (B), the APT maps show the clear boundary 

between F (red) and Pb (blue), corresponding to the perovskite/HTL interface. Pb and F maps are 

used since they are the sole indicators for perovskite and LiTFSI respectively, not present in any 

other layers. Although fluorine signatures can be obtained from the FTO (fluorine doped tin 

oxide) layer, atomic positions of F above the Pb region do not conform to the position of the 

FTO layer. Another caveat is the low analysis temperature used for APT analysis (60 K) which is 
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below the phase transition temperature for the intrinsic perovskite layer. We do not expect that 

the phase transition would affect the ordering of the layers and the interfaces.  

As shown in Figure 6.10 (C), the chemical map for water indicates a strong concentration 

at the specimen apex region as opposed to the entire region of analysis. To the best of our 

knowledge, such a strong concentration could not possibly occur from a background signal (see 

Figure 6.11 for a more quantitative analysis). This region of water accumulation is concurrent 

with regions of high F concentration. Thus we conclude that water accumulates in the HTL 

rather than the perovskite layer.  

 

Figure 6.11 Additional analysis for atom probe tomography performed on perovskite solar cells. 

 

In comparison to similar chemical maps for F and H2O, using freshly prepared samples 

(see Figure 6.12 for more details) with no ageing, the total counts for H2O and F ions are 5 times 

higher. These observations are also consistent with our TEM results and FT-IR data. In PSCs 
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samples stored in ambient under dark conditions, the amount of tBP in the HTL is reduced due to 

its relatively low boiling point and volatile nature. As a result, the HTL prefers to adsorb water 

due to the hygroscopicity of LiTFSI.  

 

 

Figure 6.12 Analysis for APT on freshly prepared PSC (A) the SEM image for the perovskite 

layer. (B) APT map of F (fluorine) (C) APT map of H2O. (Scale bar in (B) and (C) are 8 nm) (D) 

the mass spectrum for the analysis region shown in (A).  (E) Zoom in of the mass spectrum 

6.4 Conclusion 

In Conclusion, the function of tBP in PSCs was re-evaluated to understand its influence 

on device stability. Due to the limited penetration depth of HTL into mesoporous TiO2, it is 

unlikely that the additive serves only to prevent contact between the Spiro-OMeTAD and TiO2 
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layers as traditionally assumed. Based on our observations, tBP functions as a morphological 

controller for the HTL. It prevents phase separation of LiTFSI and Spiro-OMeTAD during spin-

coating of the solution, resulting in a uniform HTL film. The absence of tBP leads to 

inhomogeneous films and also causes the appearance of large pits on the surface of the HTL. 

tBP-free HTL easily absorbs water due to the hygroscopicity of accumulated LiTFSI and further 

lowers the stability of PSCs. In PSCs stored in ambient dark conditions for 1000 hours, the slow 

evaporation of tBP (as it is the only liquid component in PSCs), leads to all of the above 

discussed phenomena. Li salt accumulates and generates ‘dark regions’ in the HTL. These dark 

regions then turn into void bubble structures due to the hydration of Li salt. Finally, the water 

contained in the HTL contributes to perovskite degradation. Since the evaporation of tBP is a 

primary contributor to the poor stability of PSCs, we suggest that the performance of PSCs can 

be enhanced by utilizing other pyridine derivatives that can fulfill the same functions as tBP but 

have much higher boiling points. 

 

This Chapter, in full, is a reprint of the material “Role of 4-tert-Butylpyridine as a Hole 

Transport Layer Morphological Controller in Perovskite Solar Cells”, Nano Letters, Wang, S., 

Sina, M., Parikh, P., Uekert, T., Shahbazian, B., Devaraj, A., Meng, Y. S., 2016, 16(9), 5594. 

The dissertation author was the primary investigator and co-first author of this paper. All of the 

experiment parts were performed and analyzed by the author except for the energy-filtered 

transmission electron microscope and atom probe tomography. 
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Chapter 7. tBP-LiTFSI Complexes in Perovskite Solar Cells 

7.1. Introduction 

 Lead halide based perovskite materials have been widely applied as core components for 

different types of energy conversion devices such as next-generation solar cells, X-ray detectors, 

light-emitting diodes, and laser generators.
11,131–133

 For the next-generation solar cells, power 

conversion efficiency (PCE) of 22.7% has been achieved using single-junction perovskite solar 

cells (PSCs).
10

 This can be attributed to the tunable bandgap, long carrier diffusion length, and 

low exciton binding energy of various perovskite materials.
6-8

 A PSC is a p-i-n junction device, 

which consists of electron-transport layer (ETL), intrinsic layer, and hole transport layer (HTL). 

The lead halide perovskite materials function as an intrinsic layer that can absorb photons and 

generate free electron-hole pairs. The electrons are transferred to the ETL while the holes are 

extracted by the HTL to finish regenerating the perovskite layer. 
13

 

For the HTLs, organic molecules,
101,115,135–137

 polymers,
42,138

 and inorganic 

semiconductors
68,76,139,140

 have all been applied for PSCs. Though some recent publications show 

that inorganic HTLs can achieve over 20% efficiency with better device stability,
76

 the highest 

device performance is still based on the doped organic/polymeric HTL.
46

 

The most commonly used organic and polymeric hole-transport materials in PSCs are 

2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD) or 

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).
18,46,74

 

Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 4-tert-Butylpyridine (tBP) are added 

to Spiro-OMeTAD or PTAA in the HTL as additives. Though LiTFSI and tBP were termed as 
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‘additives’ indicating that they are not the major components, on a molecular level, tBP and 

LiTFSI are the dominant components in HTL. Despite in Spiro-OMeTAD based HTL, Spiro-

OMeTAD accounts for ~70% (weight percentage), the molar ratio of Spiro-

OMeTAD:LiTFSI:tBP is ~1:0.5:3. It means that the composition of HTL is dominated by 

LiTFSI and tBP while these additives could play a significant role in the chemical environment 

of HTL. This evaluation is based on the commonly reported  concentration condition of Spiro-

OMeTAD based HTL solution that is made up of 80 mg Spiro-OMeTAD, 17.7μL LiTFSI-

acetonitrile solution (520mg/mL LiTFSI in acetonitrile) and 28.8uL tBP in 1mL 

chlorobenzene.
18

 In HTL, LiTFSI normally functions as the p-dopant, which improves the hole 

conductivity of this layer;
56,96

 whereas tBP enhances the hole extraction on perovskite/HTL 

interface.
60,141,142

 

Though PSCs have high energy conversion efficiency and low manufacture cost, the low 

device stability limits its further application and commercialization. Firstly, the perovskite 

intrinsic layer is moisture sensitive. The perovskite materials can degrade their precursors under 

exposure to moisture.
50,57,143

 On the other hand, the ETL and HTL in PSCs reduce the device 

stability: In ETL, TiO2 may cause the perovskite to decompose in exposure to UV light and 

oxygen.
122,144

 Other organic electron-transport materials such as Phenyl-C61-Butyric-Acid-

Methyl Ester (PCBM) are also oxygen sensitive.
64

 As shown in our previous work, in HTL, the 

negative effects for the device stability are mainly from the additives LiTFSI and tBP. The 

LiTFSI is hygroscopic which can adsorb water and turns into liquid in seconds. tBP, as the only 

liquid components in PSCs, can gradually evaporate at room-temperature though its boiling point 

is 197°C.
60

 Moreover, tBP is corrosive to the intrinsic layer by dissolving perovskite materials.
145

 

These additives in HTL further reduce the stability of PSCs. Several alternative additives with 
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improved stability in PSCs had been reported.
146,147

 However, either with the lower power 

conversion efficiency or higher price, these additives are not suitable to substitute LiTFSI and 

tBP. 

On the other hand, when LiTFSI and tBP co-exist in PSCs, their individual negative 

effects on PSCs are limited. Previous studies show that the hygroscopicity of HTL induced by 

LiTFSI decreases when tBP exists.
60

 Also, tBP controls the morphology of HTL by assisting in 

uniform distribution of LiTFSI in the bulk HTL solution.
56,142

 Both positive and negative effects 

among the HTL components and perovskite are shown in Figure 7.1 (A). The mechanism on 

why tBP improves the LiTFSI distribution in HTL has not been clarified yet. The most 

commonly applied tBP:LiTFSI molar ratio in PSCs HTL is around 6:1 (More detailed 

information see Table 7.1). To our knowledge, the 6:1 tBP:LiTFSI ratio in Spiro-OMeTAD HTL 

was first utilized in solid-state dye-sensitized solar cells (ss-DSSCs) since 2011.
89

 Since then, 

this combination of HTL from ss-DSSCs with fixed molar ratio and components was introduced 

to PSCs in 2012, the year when PSCs started to develop as a new type of solar cells.
16,18

 These 

first several PSCs works greatly influenced the following studies. As a result, the 6:1 tBP:LiTFSI 

was applied as the default ratio in PSCs field.  
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Figure 7.1 HTL components and optical images of tBP-LiTFSI mixtures at different molar ratios. 

(A) HTL components interactions between the components and perovskite  (B) tBP-LiTFSI 

mixtures in vials placed upside down (stir bars in the vials were marked), and (C) after 10min. 

 

Table 7.1 Summary on the tBP:LiTFSI ratio for perovskite solar cells in some reports 

Perovskite Solar 

Cell Efficiency 

(%) 

HTL Components 

Molar ratio 

of tBP to 

LiTFSI 

Reference 

19.2% 
Polytriarylamine 

(PTAA)/LiTFSI/tBP 
6.15 

Science. 2015. 348, 

6240, 1234-1237. 

19.7% Spiro-OMeTAD/LiTFSI/tBP 6.20 

J. Am. Chem. Soc. 

2015. 137, 27, 8696-

8699. 

20.4% Spiro-OMeTAD/LiTFSI/tBP 6.20 
Nature Energy. 2016. 

1, 16081.  
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Table 7.1 Summary on the tBP:LiTFSI ratio for perovskite solar cells in some reports 

( continued ) 

21.6% Spiro-OMeTAD/LiTFSI/tBP 6.67 
Nature Energy. 2016. 

1, 16142. 

21.6% 
Spiro-OMeTAD/LiTFSI/tBP/ 

FK209 
6.60 

Science. 2016. 354, 

6309, 206-209. 

18.1% 
Spiro-OMeTAD/LiTFSI/tBP/ 

FK209 
6.60 

Adv. Mat. 2017. 29, 15, 

1606258. 

18.15% 
Spiro-OMeTAD/LiTFSI/tBP/ 

FK209 
6.20 

Nano Energy. 2017. 

32, 414-421. 

18.7% Spiro-OMeTAD/LiTFSI/tBP 6.47 
ACS Energy Lett. 2017. 

2, 3, 622-628. 

19% 
Spiro-OMeTAD/LiTFSI/tBP/ 

FK209/acetic acid 
6.74 

Adv. Energy Mat. 

2017. 7, 4, 1601451. 

20.5% 
Spiro-OMeTAD/LiTFSI/tBP/ 

FK209 
6.60 

Science. 2017. 

eaam5655 

21.4% Spiro-OMeTAD/LiTFSI/tBP 3.29 
Science. 2017. 355, 

6326, 722-726. 

22.1% PTAA/LiTFSI/tBP 6.15 
Science. 2017. 356, 

6345, 1376-1379. 

18.5% Spiro-OMeTAD/LiTFSI/tBP 6.05 
J. Phys. Chem. B. 

2018. 122, 2, 511-520. 

19.12% 
Spiro-OMeTAD/LiTFSI/tBP/ 

FK209 
6.20 

Journ. of Power 

Sources. 2018. 378, 

483-490. 

20.3% 
Spiro-OMeTAD/LiTFSI/tBP/ 

FK209 
6.60 

Energy Environ. Sci. 

2018. 11, 78-86. 

 

Despite the prevalence of the 6:1 tBP:LiTFSI, it is unclear of whether or why this ratio is 

ideal in PSCs. Thus, understanding the reason that the negative effects of additives in HTL are 
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reduced when LiTFSI and tBP co-exist, can lead to an optimized tBP:LiTFSI ratio to improve 

the PSCs performance. 

In this study, the formation of tBP-LiTFSI complexes at different molar ratios have been 

identified and characterized for the first time. On molecular level, the formation of tBP-LiTFSI 

complexes is based on the pyridine ring in tBP coordinates with lithium ion in LiTFSI. These 

complexes are more stable than individual LiTFSI and tBP in HTL. In these complexes, the 

evaporation speed of tBP has been slowed down and the corrosive effect of tBP on perovskite 

has been restricted. The hygroscopicity of LiTFSI in these complexes is limited compared to the 

individual LiTFSI. Moreover, the degradation speed of perovskite to its precursors and other 

products is hindered as well. Based on this study, in PSCs, the optimized tBP-LiTFSI molar ratio 

is 4:1, which shows better device stability, less hysteresis, and less variation in power conversion 

efficiency. The understanding of interactions between tBP and LiTFSI shows pathways to further 

enhance the PSCs performances. 

7.2 Experimental Methods 

All reagents, unless otherwise specified, were purchased from Sigma-Aldrich.  

7.2.1 Synthesis of tBP-LiTFSI Complexes  

The LiTFSI and tBP were mixed and sealed in vials at different molar ratios under inert 

gas condition. The tBP:LiTFSI molar ratios were 6:1, 4:1, and 2:1, respectively. All sealed 

samples were heated at 100°C until they were homogenized and then cooled down to room 

temperature. 

7.2.2 Preparation of Perovskite/tBP-LiTFSI Complex Films 

Glass slides (1 cm
2
) were cleaned by ultra-sonication in detergent water, deionized water, 

acetone, and isopropanol, sequentially for 15 min. Then the slides were treated with air plasma 
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for 10 min. The CH3NH3PbI3 precursor was composed of equimolar (1.5 M) of CH3NH3I and 

PbI2 in DMSO-DMF (1:9 volume ratio) solvent. Then the 1:30 volume ratio of CH3NH2-EtOH 

solution was added to the CH3NH3PbI3 precursor solution. The solution was heated at 70 °C 

overnight before spin-coating. The films were spun with the precursor solutions on glass slides at 

2000 r.p.m. for 25 s followed by 1 mL of ethyl ether drop-casted as the anti-solvent within 7s at 

3000 r.p.m.
65

 The films were annealed at 100 °C for 10 min. 0.032 M tBP-LiTFSI complexes in 

chlorobenzene at different molar ratios were spun on perovskite film at 3000 rpm for 30 s 

separately. This step was repeated three times on each sample to guarantee enough sample 

loading. 

7.2.3 Perovskite Solar Cells (PSCs) Fabrication  

The configuration of PSC was ITO Glass/SnO2 compact layer/ perovskite layer/ Spiro-

based HTL/Au. The perovskite precursor solution is the same as mentioned in the previous 

section which includes excessive about of methyl amine (1:30 volume ratio to DMF). More 

detailed information for other layers can be found in the reference. 
65

 The devices were 

fabricated in fume hood at ambient condition. 

7.2.4 Characterization  

Fourier transform infrared spectroscopy (FTIR) with attenuated total reflectance (ATR) 

attachment (Nicolet 6700 with Smart-iTR) was applied for the FTIR test. Samples for FTIR were 

tested at ambient condition.  

Environmental Scanning Electronic Microscopy (ESEM) images were taken with a 

FEI/Philips XL30 ESEM operated at 15 kV. Water vapor (with a pressure of 1.1 Torr) was 

purged in the chamber to characterize the morphological evolutions of the samples in-situ. To 
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minimize the beam-induced effect, the beam was only turned on while the images were taken. 

Images were taken every 10 min.  

Optical Micrographs were taken with a VHX-1000 microscope at ambient condition 

every 5 min.  

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS Supra with 

Al Kα anode source operated at 15 kV and 10
-8

 Torr chamber pressure. Spectra data were 

calibrated with the hydrocarbon C1s peak (284.8 eV) and processed by CasaXPS. 

Transmission electron microscopy (TEM) images were taken with a JEOL 2100 200 kV 

Microscope. Samples for TEM were prepared by focused ion beam (FEI Scios DualBeam 

FIB/SEM). The FIB-TEM sample preparation procedure is the same as the reference.
60

 

The performances of PSCs were tested with a solar simulator with a 150 W xenon lamp 

(Solar Light SL07265, equipped with an AM1.5G filter, calibrated with a standard Si solar cell to 

simulate AM1.5 illumination (100 mW cm
-2

)) and a Keithley 2400 source meter. 

 

7.3 Results and Discussion 

7.3.1 Formation of tPB-LiTFSI Complexes 

To identify the formation of tBP-LiTFSI complexes, tBP and LiTFSI at various molar 

ratios were mixed together (For the molecular structures of tBP and LiTFSI, see Figure 7.1(A)). 

At room temperature, tBP is liquid while LiTFSI is solid state. It was observed that 2:1 is the 

lowest tBP to LiTFSI molar ratio at which a homogenized mixture can be obtained. In 1:1 tBP-

LiTFSI mixture, LiTFSI cannot be fully dissolved in tBP. Most publications that used tBP-

LiTFSI as the HTL additives, 6:1 was adopted as the tBP: LiTFSI ratio. Thus, the molar ratio for 
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tBP: LiTFSI in this work focuses on the range from 6:1 to 2:1. As shown below, the 6:1, 4:1 and 

2:1 mixtures have some distinguishable physical properties.  

 

The three tBP-LiTFSI mixtures have distinguishable appearances: the 6:1 mixture forms 

a gel (with extra liquid), the 4:1 mixture is wax-like (without excess amount of “free” liquid) 

while the 2:1 mixture forms a viscous liquid. Figure 7.1(B) displays these tBP-LiTFSI mixtures 

synthesized in black-lid glass vials with stir bars. All of the mixtures can be placed upside down 

to hold the stir bars. After 10 min, in Figure 7.1(C), no change had been observed for the 6:1 and 

4:1 mixtures. However, the shape of 2:1 mixture changed which indicated a viscous flow-like 

behavior of tBP-LiTFSI mixture at the molar ratio of 2:1. Intuitively, if the solid salt and liquid 

organics can be homogenously mixed with little intermolecular interactions, it would either form 

a solution or quasi-solid state gel. However, only the 6:1 mixture meets this expectation. By 

decreasing the tBP-LiTFSI ratio to 4:1, the wax-like material was obtained. This sample can be 

placed on weighing paper without wetting the paper as shown in Figure 7.2 (A). A further 

decrease in the tBP content to 2:1 (tBP-LiTFSI mixture) displayed a flow-like behavior, which 

was confirmed in Figure 7.2 (B). The mixture was loaded on a metal tip and a continuous stream 

is seen between the tip and stage. Among these mixtures, the 2:1 sample has the highest LiTFSI 

content which inherits its solid-state like behavior. However, unlike the 6:1 and 4:1 samples, it 

appears to be transparent liquid. This abnormal phenomenon was observed in urea-LiTFSI 

mixtures as well,
148

 which can be attributed to the molar ratio of 2:1 is the eutectic ratio of the 

tBP-LiTFSI mixtures at room temperature. 
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Figure7.2 Optical Images of tBP-LiTFSI mixtures at different molar ratios. (A) Wax-like 4:1 

molar ratio tBP-LiTFSI mixtures on weighing paper. (B) Viscous liquid-like 2:1 molar ratio tBP-

LiTFSI mixture flows between the tip and stage. 

 

Fourier-transform infrared spectroscopy (FTIR) was also applied to characterize the 

formation of tBP-LiTFSI complexes since all of the mixtures are amorphous organics. Figure 7.3 

(A) is the full-range tBP FTIR. The pyridine ring stretching mode peak at ~1596 cm
-1

 in Figure 

7.3 (A) was labelled and selected to conduct the further data analysis. The reason for focusing on 

this ring mode peak was that it is very sensitive to changes of conjugated π electronic orbitals of 

tBP upon formation of different complexes.  
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Figure 7.3 FTIR of (A) tBP with ring stretching mode peak at 1596 cm
-1

 labelled in the figure, (B) 

the ring stretching mode peaks for tBP and tBP-LiTFSI mixtures at different molar ratios, (C) the 

fitting for the FTIR peaks of (B), and (D) the normalized peak area ratio derived from (C). 

Furthermore, the ring mode is strong and far away from vibrational modes of LiTFSI and 

other modes of tBP, which provides the best observation window for this study (for the tBP 

FTIR with all labelled peaks see Figure 7.4). 
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Figure 7.4 Fourier-transform infrared spectroscopy (FTIR) of tBP with all labelled peaks, the 

peaks labelling is according to reference
149

 

As shown in Figure 7.3(B), the ring stretching mode peaks for tBP and tBP-LiTFSI 

mixtures at different molar ratios displayed different peak shapes and positions. Pure tBP only 

has a single peak in this region so does the 4:1 and 2:1 tBP-LiTFSI mixtures. However, both of 

the 4:1 and 2:1 peaks have a blue shift. On the other hand, the spectrum of the 6:1 tBP-LiTFSI 

mixture shows two peaks, one close to the blue-shifted peak observed in the 4:1 and 2:1 ratio 

mixtures, whereas a shoulder peak appears near the peak of pure tBP liquid. (More FTIR results 

were collected for the tBP-LiTFSI mixtures which molar ratios are between 1:1 and 1:10, see 

Figure 7.5.) 
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Figure 7.5 FTIR of the pyridine ring stretching peaks for tBP and tBP-LiTFSI mixtures at 

different molar ratios (with more mixtures besides the tBP:LiTFSI at 6:1, 4:1 and 2:1 mole ratio). 

 Compared with pure tBP, a clear trend was observed: With more LiTFSI added into tBP, 

the peak at 1596 cm
-1

 was reduced. At the same time, the peak on blue-shift region gradually 

converted into a single peak without any shoulder signal. 

Previous literature shows that the nitrogen of pyridine ring can coordinate with metal ions. 

After donating the lone electron pair, the electronegativity of nitrogen in the pyridine ring is 

impaired and the aromatic property of pyridine ring is enhanced. As a result, the bond strength of 

pyridine ring is enhanced and thus the blue-shift in FTIR is observed.
149

 Since tBP has a pyridine 

ring, which can coordinate with Li
 
ion of LiTFSI, the blue-shift of the mixtures in Figure 7.3(B) 

can be explained by the formation of tBP-LiTFSI complex.  
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In Figure 7.3(B), the position of the shoulder of the 6:1 mixture matches to the peak 

position of pure tBP while the major peak position of the 6:1 mixture is close to the peak of the 

4:1 mixture. This result explains why in Figure 7.1(B) and (C) the 6:1 mixture has a gel-like 

appearance: The extra liquid component is the tBP that does not form complex while the solid 

component forms the tBP-LiTFSI complex. In this case, a dash line was drawn to separate Figure 

7.3 (B) into two parts: The right side of the dash line is the un-complexed tBP region and the left 

side is the complexed tBP region.  

To further identify which complexes exist in these mixtures, the FTIR in Figure 7.3(B) 

was fitted as displayed in Figure 7.3(C). Three Gaussian peaks (1596 cm
-1

, 1606 cm
-1

 and 1610 

cm
-1

) were applied for fitting. The fitting results are corroborated by the experimental data. The 

ratio of the mixtures in the fitting peaks area is shown in Figure 7.3(D). The 1596 cm
-1

 peak 

corresponds to the un-complexed tBP since it coincides with the pure tBP peak. The 1606 cm
-1

 

and 1610 cm
-1

 peaks reflect two tBP-LiTFSI complexes. The 1606cm
-1

 peak is termed as 

Complex A and the 1610 cm
-1

 peak is termed as Complex B and their compositions are discussed 

in the following paragraph. In Figure 7.3(C), Complex A, Complex B and un-complexed tBP co-

exist in the 6:1 mixture. There is only complexed tBP in the 4:1 mixture. Complex A is the 

dominant part in this mixture with small amount of Complex B. For the 2:1 mixture, only 

complex B was observed.  

The tBP:LiTFSI mole ratios in complex A and B were calculated based on the peak area 

ratio as shown in Figure 7.3(D). It was found that in complex A, the molar ratio of tBP:LiTFSI is 

close to 4:1 (the calculated result is 3.7:1) while in complex B is 2:1. However, pure complex A 

cannot be obtained in the 4:1 mixture, although it is the dominant part in the sample. This can be 

attributed to chemical equilibrium exists within a series of tBP-LiTFSI intermediate complex in 
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the 4:1 mixture. Thus, spectroscopic study suggests that tBP and LiTFSI form different chemical 

complex at different mixing ratio. The next question is how complexation is related to alleviating 

the negative effect of tBP-LiTFSI in PSCs.  

7.3.2 Evaporation and Hygroscopicity of tPB-LiTFSI Complexes 

Our previous research demonstrated that the tBP evaporation and LiTFSI hygroscopicity 

further reduces the stability of PSCs
60

: Several bubble-like voids were seen across the HTL due 

to the tBP evaporation, which enables new sites to accumulate moisture. Meanwhile, the 

hygroscopicity of LiTFSI also increases the moisture level in HTL. The accumulated water in 

HTL due to the combined effects of tBP evaporation and LiTFSI hygroscopicity causes the 

perovskite intrinsic layer degradation. 

The weight changes of tBP-LiTFSI mixtures were measured to evaluate their evaporation 

behavior and hygroscopicity. Each sample was weighed at intervals of 10 min for 180 min in a 

glovebox (argon gas environment) and an ambient fume hood separately. The results are shown 

in Figure 7.6(A) and (B). 
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Figure 7.6 Evaporation and hygroscopicity of tBP, LiTFSI, and tBP-LiTFSI mixtures: 

Normalized Weight percentage change within 180 min in (A) glove box (argon gas environment) 

and (B) ambient fume hood. FTIR of samples in an ambient condition within 60 min at: (C) –OH 

association peak region; (D) pyridine ring stretching region. 

 

The hygroscopicity from LiTFSI can increase the average weight while the tBP 

evaporation can decrease it. Figure 7.6 (A) displays the normalized weight percentage change of 

the samples in the glove box. In the inert gas environment, the water level is low enough 

(<0.1ppm) to limit the hygroscopicity effect. Since no obvious weight change was observed for 

the LiTFSI sample for three hours according to Figure 7.6(A), the tBP evaporation should be the 

dominant reason to cause the sample weights to change in the glove box. A significant weight 
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loss is seen in the tBP sample (black curve Figure 7.6(A)). In the meantime, there is no weight 

loss for the 4:1 and 2:1 mixtures, which indicates that the formation of tBP-LiTFSI complex (A 

and B) can prevent tBP from evaporating. On the contrary, a weight loss in the 6:1 mixture was 

observed, albeit lower than tBP itself. This agrees with the FITR result that the 6:1 mixture has 

un-complexed tBP, which can evaporate.  

As shown in Figure 7.6(B), both of the pure tBP evaporation (weight loss) and LiTFSI 

hygroscopicity (weight gain) co-exist in an ambient condition. It is noted that the pure tBP 

evaporates faster in ambient condition than in glove box, which could be attributed to the higher 

gas flow rate in a fume hood. The weight percentage of pure LiTFSI increased over 35% for 3 

hours due to its hygroscopicity. The weight gain of the tBP-LiTFSI mixtures did not increase as 

much as pure LiTFSI.  

It could be the tBP components that decreased the molar percentage of un-complexed 

LiTFSI. However, even after considering this factor as shown in Table 7.2, the hygroscopicity of 

LiTFSI in these mixtures are still limited. Hence we propose that the formation of tBP-LiTFSI 

complexes reduced the hygroscopicity of LiTFSI.  

 

Table 7.2 Weight Percentage Changes of tBP, LiTFSI and tBP-LiTFSI Mixtures after 3 Hours 

tBP-LiTFSI 

Molar 

Ratio 

LiTFSI Weight 

Percentage  

Weight 

Percentage 

after 

3hours  

 Weight 

Percentage 

Difference 

 LiTFSI  

Component 

Hygroscopicity 

** 

6 to 1 26.14% 92.05% -7.95% 0% 

4 to 1 34.67% 101.73% 1.73% 4.99% 

2 to 1 51.49% 111.10% 11.10% 21.56% 

LiTFSI 100.00% 135.20% 35.20% 35.20% 
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* Weight Percentage Difference: The difference between the weight after 3 hours and 

the weight of the very beginning.  

** LiTFSI Component Hygroscopicity = [(Weight Percentage Difference) / (LiTFSI 

Weight Percentage)] * 100% 

 

To investigate the evaporation and hygroscopicity of tBP-LiTFSI mixtures, FTIR was 

measured for all mixtures at various exposure times (within 1 hour) in an ambient condition as 

shown in Figure 7.6(C) and (D). Figure 7.6 (C) displays the -OH stretch peak region (~3000 cm
-1

 

to 3700 cm
-1

), which indicates that the samples absorbed water. There is a huge difference for 

LiTFSI in this region before and after the exposure for 1 hour in an ambient condition. It shows 

that LiTFSI has strong hygroscopicity as discussed before. Two –OH stretching peaks appear at 

the first 10 min LiTFSI FTIR in Figure 7.6(C): 3678cm
-1

 is corresponding to LiOH while 

3574cm
-1

 is LiOH·H2O.
150

 Then these two peaks were covered by a broaden peak from water 

later. Previous literature
151

 shows that HTFSI, the conjugate acid of LiTFSI has super 

hygroscopicity and deliquescence. It means that the hydration of LiTFSI involves two steps: The 

Li
+
 reacts with water to form LiOH first and then the formation of HTFSI leads to more water 

adsorption. In contrast, for tBP and all three tBP-LiTFSI mixtures in Figure 7.6(C), there is no 

obvious OH stretch peak here. This proves that the tBP-LiTFSI complexes mitigate the 

hygroscopicity of LiTFSI. According to Figure 7.3 and Figure 7.6, in molecular level, it is clear 

to conclude that the coordination of pyridine ring (tBP) with lithium ion (LiTFSI) prohibits the 

formation of LiOH and HTFSI which mitigates the LiTFSI hygroscopicity. 
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Unlike the transmission mode FTIR where samples need to be dispersed in KBr, no pre-

treatment was done for the Attenuated Total Reflectance FTIR sample. As a result, the 

concentration of tBP is 100% no matter how much it evaporates. There is no obvious change of 

the FTIR for the 4:1 and 2:1 samples in this range either. The unchanged peaks for the 4:1 and 

2:1 mixtures agree with the weight loss measurements that LiTFSI prevents the tBP from 

evaporating, because there is no un-complexed tBP in these two samples. The limited tBP 

evaporation in tBP-LiTFSI can also be attributed to the coordination of pyridine ring with 

lithium ion. Thus, a synergistic effect occurs when LiTFSI and tBP are mixed and allow each 

other to mitigate the negative effect.   

This conclusion is supported by the FTIR ring modes of the 6:1 mixture in which a peak 

change was observed. The ‘shoulder’ of the 6:1 mixture FTIR peak at 1596 cm
-1

 wavenumber 

gradually decreased. In an hour, this peak changed from a shoulder peak to a single peak. As 

discussed in Figure 7.3, the ‘shoulder’ for this peak is attributed to the un-complexed tBP. 

Therefore, the disappearance of the ‘shoulder’ in the 6:1 mixture pyridine ring stretching peak 

reflects the evaporation of un-complexed tBP. Interestingly, an increase of the peak intensity at 

~1606 cm
-1

 wavenumber was observed. This is because after the tBP evaporated, the 

concentration of tBP-LiTFSI complex in the 6:1 mixture improved. The coordination of pyridine 

ring with lithium ion shows huge impacts on the properties of the tBP-LiTFSI mixtures. As a 

result, the formation of tBP-LiTFSI complexes limits the tBP evaporation and LiTFSI 

hygroscopicity. It is important to characterize whether this phenomenon can enhance the stability 

of perovskite layer.  
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7.3.3 Interaction of tBP-LiTFSI Complexes to Perovskite 

 

Figure 7.7 Optical micrographs of perovskite films exposed for 4 h in an ambient condition, 

which were spun with (A) Nothing, (B) LiTFSI, (C) 6:1 tBP-LiTFSI, (D) 4:1 tBP-LiTFSI, and (E) 

2:1 tBP-LiTFSI. Some of the blue-colored regions were marked with red circles. 

To investigate the influences of tBP-LiTFSI complexes on a perovskite layer, LiTFSI and 

the tBP-LiTFSI mixtures at different molar ratios were spun on perovskite films separately. Each 

sample was observed by optical microscope in an ambient condition for 240 min. Figure 7.7 

displays the optical micrographs for CH3NH3PbI3 films with/without HTL additives. Three 

representative rows are shown in Figure 7.7. Row 1 was the starting time for all freshly prepared 

samples. Row 2 was the time when all the dark brown regions (indicative of perovskite) 

disappear from the samples. It can be considered as the complete degradation from perovskite to 

PbI2.
75

 Row 3 was the images for all the samples at 240 min.  

As shown in Figure 7.7(A), no obvious morphological change was observed within 240 

min for the perovskite sample without any HTL additives. However, in Figure 7.7(B), after 



 

102 

 

depositing LiTFSI, the perovskite started to degrade right after finishing spin-coating (0 min) as 

shown in Figure 7.7(B). After 30 min, the perovskite film was degraded completely. Moreover, 

further degradation was observed which was colorless and dendrite morphology after 240 min. 

The dendrite morphology for Figure 7.7(B) was observed when zoomed at a larger scale. (See 

Figure 7.8.) 

 

Figure 7.8 Large scale optical micrograph of CH3NH3PbI3 perovskite film exposure for 4 hours 

in ambient condition spun with LiTFSI 

 

According to Row 2 in Figure 7.7(C) to (E), when the perovskite layer is coated with 

tBP-LiTFSI mixtures, its degradation slowed down compared with the layer that was coated with 

only LiTFSI. The perovskite degradation time window for samples coated with the 6:1 and 4:1 

tBP-LiTFSI mixtures were 65 min. The same time window for the 2:1 tBP-LiTFSI mixture 

sample was 45 min. Compared with the LiTFSI coated sample where the time window was 30 
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min, introduction of tBP improved the stability of perovskite. Moreover, samples which were 

coated with the 6:1 and 4:1 mixtures have longer time window than the 2:1 sample. This 

indicates that the hygroscopicity of Complex A is less than Complex B. The hygroscopicity 

difference between Complex A and B was not observed in spectroscopy measurement (Figure 

7.6), but was elucidated from optical micrographs (Figure 7.7). This can be attributed to the fact 

that perovskite can react to a little amount of water and lead to degrade.  

It is also seen that further degradation existed in Row 3 of Figure 7.7 (C) to (E). After the 

perovskite film (dark brown) has converted to PbI2 (yellow), colorless dendrites were formed. 

According to Figure 7.7(B) (perovskite with LiTFSI), the dendrite is too large for the existing 

magnification of the electron microscope, hence a lower magnification is used. The size of 

dendrites in this sample is over 100 um (Figure 7.8). In Figure 4(E), with the 2:1 mixture, the 

dendrites were reduced to ~30 um. With the 6:1 and 4:1 mixtures, as shown in Figure 7.7(C) and 

(D), the dendrite size was more reduced to 10 um. This trend indicates that the formation of tBP-

LiTFSI complexes not only slows down the degradation from perovskite to PbI2, but also 

restricts the formation of degradation product(s).  

Moreover, from Figure 7.7 (C) to (E), some blue-colored regions showed up which were 

from the substrate (marked by red circles in Figure 7.7 (C) to (E)). The samples with less 

coverage on the substrate showed clear evidence that the blue regions were from the substrate 

(see Figure 7.9).  
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Figure 7.9 Optical micrograph of degraded perovskite film with less sample coverage shows 

more substrate area 

This can be attributed to the corrosive effect of tBP to perovskite and the degradation 

products.
145

 In Figure 7.7 Row 3, more blue regions were observed in Figure 7.7(C) than (D) and 

(E), which supports that the existence of un-complexed tBP in the 6:1 mixture has a more 

corrosive effect compared with the pure tBP-LiTFSI complexes. The optical micrograph results 

indicate that the 4:1 mixture maintains an optimal complex composition. This ratio prevents tBP 

from evaporating to induce corrosive effect, and on the other hand, such ratio mixture reduces 

water uptake because Li
+
 has been tightly surrounded by tBP to limit the formation of HTFSI to 

adsorb water. 
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Figure 7.10 Environmental Scanning Electron Microscope (ESEM) Image of CH3NH3PbI3 

perovskite films with LiTFSI under 1.1Torr water vapor pressure for 240 min at (A) large scale 

and (B) small scale 

Light, moisture or oxygen can be the possible factor(s) to cause the dendrite structures to 

form in an ambient condition. To understand which one was the main factor for the dendrite 

formation, Environmental Scanning Electron Microscope (ESEM) was applied. In ESEM, 

sample was placed in a high vacuum chamber in the dark condition, thus the influences of 

oxygen and light were ruled out. As shown in Figure 7.10(A), the dendrite formation still can be 

observed in the perovskite film with LiTFSI for 240 min. It means that the moisture can be the 

primary reason to cause the degradation of the perovskite. It is also possible that electron beam 

in ESEM may cause the dendrite formation. However, at a higher magnification as shown in 

Figure 7.10(B), the dendrites start to disappear. This means that the electron beam could not have 

caused the dendrite formation, but the beam actually hindered the dendrite from growing. Based 

on these phenomena, moisture could be the only reason to cause the perovskite to degrade more.  
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Figure 7.11 XPS of perovskite in an ambient condition over night which was spun with nothing, 

LiTFSI, 6:1, 4:1 and 2:1 molar ratio tBP-LiTFSI mixtures, separately. (A)Pb 4f; (B) the peak 

area ratio for PbO to MAPbI3/PbI2; and (C) Atomic ratio of Si to Pb and I to Pb derived from 

XPS (For full XPS, see Figure 7.12). 

X-Ray Photoelectron Spectroscopy (XPS) was applied to investigate the degradation 

product(s) (For full XPS spectra, see Figure 7.12). The chemical analysis from XPS could further 

support the dual-effect of tBP-LiTFSI on reducing both water uptake and corrosion. Figure 

7.11(A) displays the Pb 4f peaks for the perovskite samples spun with HTL additives, which are 

kept in an ambient condition overnight. Previous study shows that the Pb 4f peaks for PbI2 and 

CH3NH3PbI3 are too close to distinguish. 
51

 There are two pairs of peaks which are considered to 

get the good fitting results: 138.5 eV and 143.4 eV; corresponding to the 4f7/2 and 4f5/2 peaks of 

CH3NH3PbI3/PbI2, respectively. Another pair is the 137.8eV and 142.7 eV peaks, which are the 

4f7/2 and 4f5/2 peaks for PbO, respectively.
51
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Figure 7.12 X-Ray Photoelectron Spectra (XPS) of CH3NH3PbI3 perovskite films in ambient 

condition over night which were spun with nothing, LiTFSI, 6:1, 4:1 and 2:1 molar ratio tBP-

LiTFSI mixtures, separately. 

It is likely that the dendrites in Figure 7.7 and 7.10 were from PbO. Figure 7.11(B) shows 

the ratio of PbO to CH3NH3PbI3/PbI2 according to Figure 7.11(A). In this Figure, the perovskite 

film with LiTFSI has the highest amount of PbO. By introducing tBP, the amount of PbO 

reduced. The film with LiTFSI has 64% PbO, which reduced to 39% for the sample with the 2:1 
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tBP-LiTFSI mixture. It was further reduced to 10% and 16% for the 4:1 and 6:1 tBP-LiTFSI 

samples, respectively. Interestingly, the sample with the 6:1 tBP-LiTFSI mixture has higher PbO 

than the one with the 4:1 mixture even though the 6:1 has more tBP. This can be attributed to the 

un-complexed tBP in 6:1 sample, which dissolves CH3NH3PbI3/PbI2 that reduces the ratio of this 

component. These subsequent degradation products can make the recycling of perovskite 

materials more difficult: Both PbI2 and CH3NH3PbI3 can be recycled by polar aprotic solvents 

such as DMF
52

 while PbO cannot be recycled as easily. The formation of tBP-LiTFSI complexes 

can slow down the formation of PbO, which makes the recycling of perovskite easier. According 

to XPS spectra, as shown in Figure 7.11(C), the samples’ atomic ratio of Si:Pb and I:Pb can be 

obtained. The ratio of I:Pb is considered as the index for the perovskite degradation, because for 

perovskite, this ratio is 3, 2 for PbI2 while for PbO its 0. It shows that with the increased amount 

of tBP, the samples have higher I:Pb ratio than the perovskite film coated with pure LiTFSI. On 

the other hand, a silicon signal occurs in the substrate, therefore the Si:Pb ratio can be considered 

as the index for corrosive effects. It is either attributed to the tBP dissolving perovskite/PbI2 or 

degradation. In this case, among the perovskite samples, which were spun with different ratio of 

HTL additives, the 4:1 tBP-LiTFSI sample shows the lowest Si:Pb ratio. It is because this ratio 

does not contain the un-complexed tBP compared with the 6:1 tBP-LiTFSI mixture. At the same 

time, it has less hygroscopicity compared with the 2:1 tBP-LiTFSI mixture.  
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7.3.4 Influences of tBP-LiTFSI Complexes on Perovskite Solar Cell Performance 

 

Figure 7.13 PSC Performance Results for 54 devices (18 devices for each condition) fabricated 

with different tBP:LiTFSI ratio: (A) BF-TEM Cross-Section Image of the PSC; (B) Reverse scan 

J-V curves (C) Non-Hysteresis Index distribution; (D) Distribution of individual device 

performance; (E) Aging curves of the devices for 1000 hours in ambient condition 

All physical and chemical analyses suggest the complex formation improves PSCs 

stability. The planar PSCs
65

 were fabricated to test and understand the impact of these complexes 

on devices. In Figure 7.13(A), the Bright-Field Transmission Electron Microscopy (BF-TEM) 

image displays the device we fabricated. The PSCs consist of amorphous SnO2 as a compact 

electron transport layer, the planer CH3NH3PbI3 intrinsic layer, Spiro-OMeTAD, tBP and LiTFSI 

HTL, and gold back contact. Over 54 solar cells were fabricated in order to get statistically 

significant results. As shown in Figure 7.13(B), the devices fabricated with the 4:1 tBP-LiTFSI 

mixture shows a slightly higher performance based on the average J-V curve. On the other hand, 
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the 4:1 tBP-LiTFSI displayed less hysteresis from Figure 7.13(C). The devices’ hysteresis was 

evaluated according to the Non-Hysteresis Index, which is the ratio of area under the J-V curve 

for forward scan versus reverse scan. The closer the index is to 1, the less hysteresis exists in the 

device. Moreover, the devices which were fabricated with the 4:1 tBP-LiTFSI mixture have less 

performance variation than the other two conditions. All device efficiency is shown in Figure 

7.13 (D). Although in Figure 7.13 (B), the 4:1 tBP-LiTFSI mixture devices show a slightly 

higher average performance, champion cells for all three conditions reach over 19.5% efficiency 

in Figure 7.13 (D). It means that all the best devices have the capability to reach the same level 

no matter which tBP:LiTFSI ratio is applied. However, their variations in the performance are 

completely different: The 4:1 tBP-LiTFSI PSCs shows much less efficiency variation than the 

other two devices in both forward and reverse scans. Together with the less variation of 

hysteresis in Figure 7.13(C), the 4:1 tBP-LiTFSI PSCs have much higher reproducibility than the 

other two conditions. It can be attributed to the fact that the 4:1 ratio reaches the condition for 

reducing both corrosive and hyperactivity effect: it has less corrosivity to perovskite compared 

with the 6:1 samples since it does not contain un-complexed tBP and it has lower hygroscopicity 

compared with the 2:1 samples for the less LiTFSI component.  

To evaluate the impact of devices stability for the tBP:LiTFSI complexes, all devices 

which had over 16% efficiency at the initial test were stored in a light ambient condition and 

tested over 1000 hours. The devices, which were fabricated with the 4:1 tBP-LiTFSI mixtures, 

displayed the highest stability. For the 4:1 tBP-LiTFSI devices, the final efficiency dropped to 70% 

compared with the initial test, while the 2:1 tBP-LiTFSI devices dropped to 15% and the 6:1 

tBP-LiTFSI devices dropped to 44%. This result agrees with physical and chemical properties of 

the 4:1 mixture: In a device, the 4:1 tBP-LiTFSI mixture minimized the corrossivity to 
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perovskite and has less hygroscopicity than the other two conditions. It indicates that the 6:1 

tBP-LiTFSI, which is always applied in PSCs may not be the optimized ratio, instead, the 4:1 

tBP-LiTFSI shows better results with less hysteresis, higher stability, and more consistent device 

performances. All the differences in device performance can be correlated to how the pyridine 

ring coordinates with lithium ion in molecular level.  

 

7.4 Conclusion 

Three tBP-LiTFSI mixtures (tBP: LiTFSI molar ratio is 2:1, 4:1, and 6:1, respectively) 

were synthesized, which displayed different physical, chemical, and spectroscopic properties. 

The formation of tBP-LiTFSI complexes can be attributed to pyridine ring (tBP) coordinated 

with lithium ion (LiTFSI). Upon formation of tBP-LiTFSI complex (A and B), both LiTFSI 

hygroscopicity and tBP evaporation are alleviated, which result in less water uptake, corrosion, 

and formation of PbO in perovskite solar cells. Our observation explains why each of the two 

components makes PSCs unstable, but when they are mixed at the certain ratio, the negative 

effects are mitigated. FTIR indicates the 4:1 tBP-LiTFSI mixture only contains complexed tBP, 

without un-complexed tBP. In principle, it is a better ratio than the empirical 6:1 ratio, which is 

prevalent in PSC device fabrication. In practice, the 4:1 tBP-LiTFSI devices show higher 

stability, less hysteresis, and less performance variations. Therefore, the 4:1 tBP-LiTFSI mixture 

is suggested as the “golden ratio” for PSCs: It forms a correct chemical complex to limit the 

negative effects of tBP and LiTFSI while maintaining the positive aspects of these materials in 

PSCs. It is surprising that the intermolecular behavior between pyridine ring (tBP) and lithium 

ion (LiTFSI) can result in such a significant difference in perovskite/HTL interface, finally 

reflected in device performance. Understanding the formation of tBP-LiTFSI complexes and 
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their influences in perovskite solar cells can help the rational design of suitable HTL additives, 

which will further improve the PSCs performance. 

 

This Chapter, in full, is a reprint of the material “tBP-LiTFSI Complexes in Perovskite 

Solar Cells”, Wang, S., Huang, Z., Wang, X., Li, Y., Günther, M., Valenzuela, S., Parikh, P., 

Xiong, W., Meng, Y. S., 2018 (in prepration). The dissertation author was the primary 

investigator and first author of this paper. All of the experiment parts were performed by the 

author except for the XPS.  
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Chapter 8. Summary and Outlook 

With the dramatic increase of energy conversion efficiency over 22%, PSCs have been 

one of the most promising new-generation photovoltaic devices. Current issue for the 

commercialization of PSCs is the device stability instead of efficiency. According to our research, 

it is the hole transport layer instead of the perovskite intrinsic layer that is the bottleneck to limit 

the device stability: The hole transport layer is on top of the perovskite layer in a regular 

configuration and interacts with the moisture and oxygen first. If the stability of this layer is 

enhanced, the potential unstable factors can be prevented before they contact/interact with the 

perovskite layer. That is why it is crucial to understand the functions and working mechanisms of 

the hole transport layer components in PSCs which can help with the development of stable 

PSCs without sacrificing the efficiency. 

 
In Chapter 5, we mainly focused on the interactions between LiTFSI, Spiro-OMeTAD 

and perovskite layer. We demonstrated a spectrum-dependent mechanism for the generation of 

oxidized Spiro-OMeTAD in a perovskite solar cell and observed its influence on the solar cell 

performance. Photons are participating in the reaction. In a short wavelength range (from 380 to 

450 nm), perovskite is unnecessary for the Spiro-OMeTAD oxidation while in a long wavelength 

range (> 450 nm), the oxidation reaction can only proceed with the assistance of perovskite. The 

product, oxidized Spiro-OMeTAD, can improve the conductivity of the hole transport layer, and 

enhance the charge transfer at the Au/Spiro-OMeTAD interface. On the other hand, it also 

increases the charge recombination at TiO2/Spiro-OMeTAD interface. As a result, the initial 

illumination of a perovskite solar cell can enhance the efficiency; however the longer 

illumination times can reduce the efficiency of PSC. A better interfacial engineering method to 
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hinder the charge recombination at TiO2/Spiro-OMeTAD interface, while allowing increased 

generation of oxidized Spiro-OMeTAD would ensure higher perovskite solar cell efficiency. 

In Chapter 6, we discussed the influence of tBP on Spiro-OMeTAD and LiTFSI in PSCs. 

The function of tBP in PSCs was re-evaluated compared to DSSCs to understand its influence on 

device stability. Due to the limited penetration depth of HTL into mesoporous TiO2, it is unlikely 

that the additive serves only to prevent contact between the Spiro-OMeTAD and TiO2 layers as 

traditionally assumed. Based on our observations, tBP functions as a morphological controller 

for the HTL. It prevents phase separation of LiTFSI and Spiro-OMeTAD during spin-coating of 

the solution, resulting in a uniform HTL film. The absence of tBP leads to inhomogeneous films 

and also causes the appearance of large pits on the surface of the HTL. tBP-free HTL easily 

absorbs water due to the hygroscopicity of accumulated LiTFSI and further lowers the stability 

of PSCs. In PSCs stored in ambient dark conditions for 1000 hours, the slow evaporation of tBP 

(as it is the only liquid component in PSCs), leads to all of the above discussed phenomena. Li 

salt accumulates and generates ‘dark regions’ in the HTL. These dark regions then turn into void 

bubble structures due to the hydration of Li salt. Finally, the water contained in the HTL 

contributes to perovskite degradation. Since the evaporation of tBP is a primary contributor to 

the poor stability of PSCs, we suggest that the performance of PSCs can be enhanced by utilizing 

new additives that can fulfill the same functions as tBP but have much higher boiling points. 

In Chapter 7, we are mainly focusing on the combined effect of tBP-LiTFSI complexes in 

PSCs. Three tBP-LiTFSI mixtures (tBP: LiTFSI molar ratio is 2:1, 4:1, and 6:1, respectively) 

were synthesized, which displayed different physical, chemical, and spectroscopic properties. 

The formation of tBP-LiTFSI complexes can be attributed to pyridine ring (tBP) coordinated 

with lithium ion (LiTFSI). Upon formation of tBP-LiTFSI complex (A and B), both LiTFSI 
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hygroscopicity and tBP evaporation are alleviated, which result in less water uptake, corrosion, 

and formation of PbO in perovskite solar cells. Our observation explains why each of the two 

components makes PSCs unstable, but when they are mixed at the certain ratio, the negative 

effects are mitigated. FTIR indicates the 4:1 tBP-LiTFSI mixture only contains complexed tBP, 

without uncomplexed tBP. In principle, it is a better ratio than the empirical 6:1 ratio, which is 

prevalent in PSC device fabrication. In practice, the 4:1 tBP-LiTFSI devices show higher 

stability, less hysteresis, and less performance variations. Therefore, the 4:1 tBP-LiTFSI mixture 

is suggested as the “golden ratio” for PSCs: It forms the correct chemical complex to limit the 

negative effects of tBP and LiTFSI while maintaining the positive aspects of these materials in 

PSCs. It is surprising that the intermolecular behavior between pyridine ring (tBP) and lithium 

ion (LiTFSI) can result in such a significant difference in perovskite/HTL interface, finally 

reflected in device performance. Understanding the formation of tBP-LiTFSI complexes and 

their influences in perovskite solar cells can help the rational design of suitable HTL additives, 

which will further improve the PSCs performance.  

According to the above mentioned researches, it is clear to state that the PSCs stability is 

much relevant to the components in HTL. By understanding the functions for these components 

in HTL, the future study to enhancing the stability of PSCs by tuning the HTL components can 

be focused on several different aspects: 

For the hole transport materials, inorganic materials generally have better stability than 

organic materials. By substitute the organic materials to inorganics, the higher stability PSCs is 

achievable. Recently, inorganic materials such as CuSCN, NiOx, and CuI have been applied as 

the HTL show better stability and comparable efficiency to the organic HTL-based PSCs. How 

to further improve the interfacial contact between the inorganic HTL/perovskite interface is 



 

116 

 

crucial to get the PSCs with higher efficiency. On the other hand, some of the inorganic HTL 

such as NiOx requires high annealing temperature (600 ℃), to seek low temperature synthesis 

for these type of HTL is significant. It can extend the application of these type of materials in 

different PSCs configurations. 

For organic-based HTL, there are two different procedures to improve the stability. The 

first procedure is to develop the dopant-free organic based HTL. It requires the rational design of 

new organic molecules to meet all requirements. Cost could be one of the major issues for this 

procedure due to the multiple synthesis and purification steps. Several new doppant-free organic 

HTL PSCs have shown high efficiency, but still, have a long way to go to reduce the cost of the 

materials. Another procedure for the organic-based HTL is to seek new HTL additives to 

substitute tBP and LiTFSI. This can be considered as the relative simple procedure. Pyridine-

based polymers could be the perfect candidates to substitute tBP for the similar functional group. 

With higher boiling point and non-corrosive effect to perovskite, polymer pyridine materials 

could help with the enhancement of the stability of PSCs. On LiTFSI part, it is rational to design 

some organic ligands to coordinate with Li ion in order to prevent the hydration of LiTFSI. The 

new Lewis acid-base pairs to substitute tBP and LiTFSI will maintain the devices performance 

while increasing the performance. 

Generally, higher stability of PSCs is achievable by introducing rationally designed HTL 

components. The high stability HTL can be considered as both the HTL to conduct holes from 

perovskite and the encapsulation layer to protect the contact of oxygen/moisture from the 

ambient to perovskite layer. With the improved device stability, high performance，and cheap 

manufacturing cost, the PSCs have a bright future to go to market to finally substitute fossil fuel 

and change the world, and our life.  
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