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This thesis aims to investigate the performance and the stability of standard n-i-p mesoscopic 

perovskite solar cells (PSCs) that employ novel organic hole transport materials (HTMs) with 

different side chains, such as carbazole (FL01) and triphenylamine (TPA) (FL02), as 

alternative to the commercially available Spiro-OMeTAD. The aim is to reduce the cost of 

the HTM while featuring good hole transport capability which, in turn, results in high 
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performance and enhanced stability of the corresponding HTM-based PSCs. The 

comprehensive experimental characterizations carried out in the thesis reveal that the FL02 

HTM-based PSCs display a high-power conversion efficiency (PCE) of ~18 %, comparable 

to that of  Spiro-OMeTAD HTM-based devices, and a significantly increased photostability 

in air. These results suggest the potential of this novel design to replace the traditional costly 

and poorly stable HTMs. 
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1. INTRODUCTION 

1.1 Solar Energy 

Renewable and clean energy sources are critical to address the compelling energy issues of 

our times in an environmentally friendly way, i.e., by replacing the traditional fossil fuels. 

By 2040, renewables will increase their market share threefold compared to 2015 (Figure 

1.1.a) [1]. The great potential of the sun as a free, clean, and unlimited energy source puts 

solar energy in a key position among the other renewable energy sources [2,3]. Nowadays, 

the world's annual electricity demand reaches up to 20 TW-yr, and the sun can easily meet 

this demand by providing 23,000 TW-yr solar energy per year [4]. As shown in (Figure 1.1. 

b), solar energy significantly outperforms the combination of all other renewable energy 

sources by orders of magnitude.  

 

Figure 1.1. a) Electricity generation by various energy sources including liquids (blue), 

coal (grey), nuclear (pink), natural gas (orange), and world renewables (green). b) 

Comparison of finite and renewable planetary energy reserves in 2015. Reserves for finite 

resources are illustrated as total recoverable reserves [1]. 

Using solar power to produce electricity is an innovative technology that can potentially 

reduce using finite fossil resources while relieving the global climate change [5]. Presently, 

the process of converting solar power into electrical energy can be accomplished using solar 

cells or so-called photovoltaics (PVs) via the photovoltaic effects [2]. The development of 

efficient solar cells is still a great challenge for the photovoltaic community, especially when 
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other factors are considered, such as the device stability, processing costs, and technology 

upscaling from small cells to large modules. 

1.2 Development of photovoltaics 

The solar cell technologies can be categorized into three generations according to their 

developmental stages, as depicted in Figure 1.2. Solar cells made of monocrystalline and 

polycrystalline silicon are often referred to as the first-generation solar cells, which are 

currently dominating the PV market with an average power conversion efficiency (PCE) of 

more than 20 % [6,7].  The second generation of solar cells is the thin film solar cells family 

(including cadmium sulfide, cadmium telluride, copper indium diselenide and amorphous 

silicon), which consist of layers with thicknesses ranging from nanometers to micrometers. 

So far, these thin-film based technologies have led to devices with relatively high PCE ~20 

% [8]. The third-generation solar cells, also called emerging PVs, have shown great promise 

due to their low cost, low energy consumption, abundant raw materials as well as the high 

PCEs achieved [3]. 

 

Figure 1.2. Solar cells technologies overview and their current market shares in percent 

[9]. 
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The emerging PVs generally include polymer solar cell, dye-sensitized solar cell (DSSC), 

quantum dot solar cell (QDSC), organic–inorganic hybrid solar cells, and Perovskite solar 

cells (PSCs) [23–25]. In recent years, dye-sensitized solar cells (DSSC), have accomplished 

the PCE more than 13 % in the laboratory [16]. 

The tremendous current interest in PSCs stems from the research of the DSSC community. 

PSCs sparked global excitement due to their exceptional optoelectronic properties, excellent 

performance in photovoltaics, and low cost of solution-processable fabrication. The first 

study regarding the organic lead halide compounds methylammonium lead bromide 

(MAPbBr3) and methylammonium lead iodide (MAPbI3) as sensitizers in DSSCs was 

disclosed by Kojima et al. [10] They attained a moderate PCE of 3.81 % and 9.7 % with 

MAPbI3- and MAPbBr3-based devices, respectively. So far, the highest PCE of PSCs has 

been 25.6 % in 2021, and this efficiency value was certified by the National Renewable 

Energy Laboratory (NREL) [11]. Figure 1.3 shows the rapid evolution of PSCs’ efficiency 

in the last thirteen years.  

 

Figure 1.3. The best PCE of PSCs [11].  
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The PSCs development has been rapid and led to new frontiers of science and technology. 

Yet, a number of critical factors, such as lead toxicity and device upscaling, could restrict 

their further development and prevent commercialization [12]. Moreover, the primary 

challenge with PSCs is the lead halide perovskite semiconductor stability, which is 

significantly impacted by external environmental factors (e.g., temperature, humidity, and 

UV radiation) as well as intrinsic factors (e.g., ion migration, perovskite stoichiometry, and 

bonds strength between cations and anions in the perovskite structure) [13]. 

Hole transport materials (HTMs) are key constituents of high-performance PSCs and their 

interface with the perovskite layer has a direct influence on the device performance [14]. 

Also, the PSCs stability is strongly related to the HTMs hydrophobicity, as most of HTMs 

are organic materials and need hygroscopic dopants to maximize their charge transport 

capabilities [15].  The main features of ideal HTMs are an intrinsically high hole mobility, 

suitable energy levels (Highest Occupied Molecular Orbital (HOMO) level that match with 

the valence band (VB) of the perovskite layer), long-term stability in air as well as good 

thermal and photochemical stability [16]. 

The highest performance (20 % and above) in PSCs has been reached by employing a small-

molecule HTM, namely 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-

spirobifluorene (Spiro-OMeTAD). However, the synthesis steps and purification process of 

Spiro-OMeTAD are tedious and costly and this limits the promising technology 

commercialization. Importantly, the main reason of the poor stability of PSCs is most 

probably the oxidized Spiro-OMeTAD exitance as well as dopants, which probably speed up 

the degradation leading to the decreasing of the device performance [17]. 

1.3 Aims of the thesis 

The purpose of this work is to investigate the performance and the stability of standard PSC 

structures based on a hybrid triple-cation perovskite (CsFAMA) as the light absorber and 

novel organic small molecules with carbazole side chains (FL01) and triphenylamine (TPA, 

FL02) as alternative HTMs to the commercially available Spiro-OMeTAD. 
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The objectives of this thesis work are  

(i) Establish the structure-property-performance relationship for the new HTMs.  

(ii) Employ the newly designed TPA (FL02)- and carbazole (FL01)-based HTMs, which 

combine low-cost with good hole transport property, in CsFAMA-based PSCs. 

(iii) Optimize the performance (PCE) of the new HTM-based PSCs and enhance the 

device stability. 

The thesis is organized as follows: 

Chapter 2 covers the theoretical background of the research including compositions, crystal 

structures, and metal halide perovskites optoelectronic properties. In addition, the working 

operation of PSCs are included, and their constituents (compact and mesoporous Titanium 

dioxide (TiO2) based on electron transport materials (ETMs), with a major focus on Spiro-

OMeTAD, TPA, and carbazole-based HTMs, and metal electrode (gold)) are introduced. 

Finally, the stability and cost issues of PSCs are discussed. 

Chapter 3 contains the experimental sections explaining in detail the materials used in this 

work, as well as the various fabrications techniques of n-i-p mesoporous PSCs and hole-only 

structures, which were adopted in the thesis. Finally, the chapter demonstrate the methods of 

characterization used in this work. 

Chapter 4 includes the characterization of the hole mobility, the hole trap density.  

Photoluminescence (PL) quenching fore relevant samples are discussed. Furthermore, 

chapter 4 presents the key experimental findings with a detailed discussion on the 

performance and stability of the fabricated PSCs. 

Chapter 5 concludes the thesis and future prospects are outlined. 
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2. BACKGROUND 

2.1 Crystal structure of metal halide perovskites 

Calcium titanate (CaTiO3) is an inorganic mineral with a unique crystal structure, namely 

perovskite. Generally, perovskites are crystalline compounds with a 3D cubic symmetry and 

ABX3 stoichiometry shown in Figure 2.1. The perovskite materials used in the solar cells are 

usually a type of organic-inorganic or fully inorganic metal halides with ABX3 composition. 

In the unit cell, A and B sites correspond to positively charged cations of various sizes. A is 

a large cation, typically a monovalent inorganic/organic cation (Cs+ (Cesium), MA+ 

(methylammonium), or FA+ (formamidinium)), which is positioned in the vertex of the face-

centered cubic lattice enclosed by twelve X-anions. The B cation is a divalent metal ion (Pb2+ 

(Lead), Sn2+ (Tin)), which is positioned at the body center enclosed by six X-anions. The 

halogen anion X (Cl- (Chlorine), Br- (Bromide), or I- (Iodide)) occupies the top of the 

octahedron at the face centers. By using negatively charged X anions, the three-dimensional 

network structure can be stabilized while fulfilling the charge neutrality requirements. The 

cubic arrangement consists of BX6 octahedra sharing the corner edges. 

 

 

Figure 2.1 3D ABX3 perovskite structure with the typical constituents at the various sites 

(A, B, X) of the structure [1]. 

There has been a significant attention and interest in the perovskite structure because its 

compositional flexibility enables diverse combinations at the A-site, B-site, and X-site, or 

even at all three sites simultaneously upon the mixing of different cation or anion, in turn 

leading to various optical and electronic properties. 
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2.2 Photovoltaic effect 

The solar energy is composed of particles called photons. Depending on the wavelength in 

the solar spectrum, these photons contain varying amounts of energy. When a certain 

semiconductor material is exposed to the sunlight, electric current is generated once the 

energy of incident light is high enough to excite the semiconductor. This process is called 

photovoltaic (PV) effect. Thus, the PV effect occurs if there is a match between the photon’s 

energy and the so-called bandgap (𝐸𝑔) of the semiconductor materials. The 𝐸𝑔 of the 

semiconductor is known as the minimum energy amount needed to excite an electron to a 

free state where it can conduct. 𝐸𝑔 corresponds to the energy difference between the lower 

energy level valence band (VB or 𝐸𝑣), or the highest occupied molecular orbital (HOMO) 

gap, and the energy level in which an electron may be regarded as free. i.e., the conduction 

band (CB or 𝐸𝑐) or lowest unoccupied molecular orbital (LUMO). As a result, the bandgap 

is the minimal energy change needed to excite the electron to be able participating in 

conduction.  

When the sunlight hits the solar cell surface, the photons are absorbed, transferring energy 

to the free charge carriers. The electrons are excited from the VB/HOMO to the CB/LUMO 

moving freely in the semiconductor material and participating in conduction. In meanwhile 

the holes are created in the VB/HOMO. The electrical current is generated accordingly due 

to the charge carriers’ movement with the help of an external circuit. 

2.3 Metal halide perovskites optoelectronic properties  

2.3.1 Bandgap Tunability 

A semiconductor material absorbs of photons when the solar radiation hits the material 

surface according on the material electronic properties, such as the bandgap and its 

magnitude. One of the most distinctive merits of the perovskite materials is their tunable 

bandgap. Upon tailoring of the perovskite material composition, its bandgap can be tuned 

widely to cover the entire solar spectrum from ultraviolet (UV) to near infrared (IR). Figure 

2.2 shows energy level diagram for various perovskite materials 
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Organic/inorganic metal halide perovskites have generally direct bandgaps. The valence 

band maximum (VBM) is formed by an antibonding combination of metal s-orbitals and 

alide p-orbitals, while the conduction band minimum (CBM) is formed by a  less anti-

bonding integration and more non-bonding p-orbitals of the metal and halide [18]. The VBM 

energy increases more than the CBM energy when the distance between metal (B-site) and 

halogen (X-site) is reduced (substitution or phase change) [19]. 

CH3NH3PbI3 (MAPbI3) is a standard perovskite absorber in PV cells, exhibiting excellent 

charge carrier mobility, making it a rare intrinsic semiconductor [20]. Although the bandgap 

of MAPbI3 is ~1.55 eV, the absorption wavelength (limited to 800 nm) is not sufficient to 

achieve panchromatic absorption. 

To effectively tune the bandgap of perovskites, mixed halides are commonly used (mostly I 

and Br) at the X site. It has been found that MAPb(I1-xBrx)3 has a bandgap ranging from 1.57 

to 2.29 eV [21].  

For instance, the bandgaps of MAPbX3 show a tunable bandgap from 1.3 eV to 2.3 eV based 

on the density functional theory (DFT) calculations, where the calculated bandgap values are 

in good agreement with the experimental ones (Experimental values can be found in the 

paper [22]). 

 

Figure 2.2. Energy level diagrams of MAPbBr3, MAPbI3, FAPbI3, MAPb1-xSnxI3, and 

MASnI3 with TiO2 [23]. 
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2.3.2 Optical absorption 

Photons striking the surface of a semiconductor might be reflected, absorbed, or 

transmitted. Reflection and transmission are typically regarded as losses in PV devices, since 

the absorption of the photons is necessary for power generation. An absorbed photon can 

stimulate the jump of an electron from the valence band to the conduction band. 

A photon's energy in relation to the semiconductor bandgap can be divided into three cases:(i) 

𝑬𝒑𝒉 > 𝑬𝒈, strong absorption occurs when photons have energies greater than the bandgap; 

(ii) 𝑬𝒑𝒉 = 𝑬𝒈, in order to create an electron-hole pair (EHP), the photons should have 

sufficient energy, at least equal to the bandgap; (iii) 𝑬𝒑𝒉 < 𝑬𝒈, the semiconductor transmits 

photons with low energy compared to the bandgap. 

The charge carriers are generated by the photon’s absorption in the active layer, when 

electrons are excited in the semiconductor from the VB/HOMO to the CB/LUMO. If the 

photon energy is substantially higher than the bandgap, the excited electron is able to release 

the surplus energy to achieve thermal equilibrium, and these electrons quickly cool down to 

the conduction band minimum, as illustrated in Figure 2.3. 𝑬𝑪 indicates the CBM and 

𝑬𝑽 represents the VBM. 

 

Figure 2.3. The thermalization process [19]. 

Figure 2.4. illustrates how first and second-generation, and perovskite-based absorbers 

absorb light optically. 
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Figure 2.4. Si, GaAs, and Perovskite halide optical absorption [24]. 

Due to indirect bandgaps, there are no transitions between the band edges for the first-

generation absorber (silicon) [24]. The second-generation and third-generation absorbers, 

such as GaAs and metal halide perovskites, have direct bandgaps, hence their optical 

absorption is substantially greater compared to silicon.  

MAPbI3 and GaAs possess different electronic structures. The VBM in MAPbI3 has been 

predicted to be mostly made of the s-antibonding states of Pb 6s and I 5p orbitals, whereas 

the CBM is primarily made up of the s-antibonding states of orbitals of Pb 6p and I 5s. The 

VB orbitals are strongly coupled to Pb lone-pair 6s2 and I 5p orbitals in this case. GaAs, on 

the other hand, forms its VB and CB from p and s orbitals [22]. CBs in GaAs and MAPbI3 

have different lower parts, as Ga 4s states dominate the lower conduction bandgap (LCB) in 

GaAs, whereas Pb 6p bands dominate in MAPbI3, which have fewer dispersive states than s 

orbitals. As a result, the perovskites exhibit high optical absorption.  

2.4 Solar cell parameters 

2.4.1 Short-circuit current density 

The short-circuit current 𝐼𝑠𝑐 is the current passing through a solar cell when no voltage is 

applied on it. The 𝐼𝑠𝑐 results from the generation and collection of photo-generated charge 

carriers. There are several factors involved in determining 𝐼𝑠𝑐, such as the photon quantity, 

spectrum of the incident light, and optical properties. 𝐼𝑠𝑐 is dependent on the solar cell area. 
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Typically, the maximum current generated by a solar cell is expressed as the short-circuit 

current density (𝐽𝑠𝑐 in 𝑚𝐴/𝑐𝑚2) to incorporate the dependency on the solar cell area. 

2.4.2 Open-circuit voltage 

The open-circuit voltage, 𝑉𝑜𝑐, is the maximum voltage which could be produced from a solar 

cell, when no current flows through the external circuit. The 𝑉𝑜𝑐 represents how much the 

forward bias amount is required to compensate the photocurrent density for the dark current 

density. 𝑉𝑜𝑐 is reliant on the saturation current density of the solar cell as well as the photo-

generated current. 

2.4.3 Fill Factor 

The fill factor (FF) determines the solar cell maximum power output in incorporation with 

𝑉𝑜𝑐 and 𝐼𝑠𝑐. The FF represents the ratio between the maximum power (𝑃𝑚𝑎𝑥 = 𝐽𝑚𝑝𝑉𝑚𝑝)  

generated by the solar cell and the product of 𝑉𝑜𝑐 and 𝐼𝑠𝑐, and could be represented by the 

following formula: 

𝐹𝐹 =
𝐽𝑚𝑝𝑉𝑚𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
      (1) 

where 𝐽𝑚𝑝 and 𝑉𝑚𝑝 are the current and voltage, respectively, which the solar cell will produce 

when operating at the maximum power point. The FF represents the squareness of the I – V 

curve. The fill factor is expressed as a percentage (%), where higher fill factor means better 

quality of the solar cells. 

2.4.4 Power conversion efficiency (PCE) 

Solar cell's PCE is the primary parameter that is used to estimate its performance.  Solar 

cell’s PCE is a measure of how efficiently the solar cell can convert the light supplied by the 

sun to the electricity. Solar cell's PCE is determined by the wavelength and intensity of 

incident sunlight, as well as the temperature. To fairly evaluate the performance of different 
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devices, the conditions under which the PCE is assessed must be properly uniformized. In 

order to characterize the electrical behavior of solar cells and assess their performance, 

current density-voltage (J-V) characteristics are recorded under simulated solar irradiation of 

air mass 1.5 global (AM1.5G, 100 mW cm−2, T = 25C°). 

 

Figure 2.5. 𝐽– 𝑉 characteristics of solar cells under illumination [25]. 

Figure 2.5. illustrates the current density‒voltage (𝐽– 𝑉) characteristics of a typical solar cell. 

From this curve, it is possible to extract the following parameters: the short-circuit current 

density 𝐽𝑠𝑐, the open-circuit voltage 𝑉𝑜𝑐, the maximum current density 𝐽𝑚𝑝, and the maximum 

voltage 𝑉𝑚𝑝 at the maximum power point. According to Equation (2), a device's PCE (also 

expressed as 𝜂), can be calculated as 

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑚𝑝𝑉𝑚𝑝

𝑃𝑖𝑛
=

𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
    (2) 
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2.5 Types of metal halide perovskites 

2.5.1 Single-cation perovskite 

Metal halide perovskite is the heart of PSCs and acts as the light absorber. The MAPbI3-

based PSCs have achieved a remarkable performance higher than 20 % [26,27]. 

Nevertheless, their stability is significantly affected by their exposure to external factors such 

as oxygen, heat, moisture, and light [28–31].  When switching from a single-halide 

perovskite such as MAPbI3 to a mixed halide composition (i.e., including Br, Cl, I) a more 

substantial moisture stability is achieved rather than for the pure iodide. Even though mixed 

halide perovskites are more stable than iodide-only perovskites, there is a probability that 

segregation will occur when exposed to continuous light. The reason is that, when the 

perovskite is in contact with moisture, the H-I bond has lower formation energy than H-Br 

and H-CI ones, leading to results that Pb-I bonding is broken down in the perovskite crystal 

structure [32]. 

The typical formamidinium (FA)-based perovskite, namely FAPbI3, exhibits a lower 

bandgap (1.47 eV vs. 1.55 eV in MAPbI3) and a red-shifted absorption edge, which are 

beneficial for higher light absorption and PCEs [33,34].  

Using FAPbI3 powder synthesized from less pure lead iodide (PbI2) precursor, Zhang et al. 

reported 21.07 % PCE for FAPbI3 solar cells [34]. By means of the powder technique 

method, the 𝛿 phase formation can be prohibited, leading to enhance the device stability  

Furthermore, all-inorganic perovskites e.g., CsPbI3 are also utilized in the solar cell 

applications in spite of their large bandgap (1.73 eV) because they are very stable and can 

retain the desired photo-active cubic phase even above 300 ℃ [35]. 

2.5.2 Double-cation perovskite 

Mixed A-site occupancy with MA- or FA-cations together with cesium (Cs) results in the 

hybrid perovskites, which have a stable crystal structure and a widened absorption range due 
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to the reduced bandgap [36]. CsFA-based double-cation perovskite, e.g., 

FA0.83Cs0.17PbI0.83Br0.17, has a bandgap of 1.74 eV and good photo-and thermal-stability [37]. 

Yang. J et al. developed the MA-free (only FA and Cs at the A-site) PSCs that breaks a new 

PCE record of 21.30 % with a Voc as high as 1.18 V. This is, to date, one of the double-cation 

PSCs with the highest efficiency [38]. 

2.5.3 Triple-cation perovskite 

The triple-cation system was inspired by the stabilization of α-phase FAPbI3 by MA+ and 

Cs+. The triple-cation perovskite-based PSCs (Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3, 

CsFAMA) was developed by Saliba et al [39]. Because of the inorganic cation present in the 

triple-cation perovskite, its thermal stability and moisture stability are considerably enhanced 

in comparison to the FA/MA perovskite. CsFAMA is also more resistant to environmental 

variations, e.g., various preparation protocols, temperatures, and solvent vapors. The 

environment and stability is crucial for improving the operational durability of PSCs for their 

large-scale deployment [40]. 

The CsFAMA perovskite bandgap ranges from 1.6 to 1.76 eV according to the UV-visible 

and photoluminescence (PL) spectra [41,42].  The CsFAMA film average carrier lifetime is 

is 304.2 ns [43]. The range of the exciton binding energy is 14– 26 meV according to the Cs 

concentrations [44]. 

The CsFAMA-based PSCs exhibit significant improvements in the device stability, as Singh 

and Miyasaka have confirmed an impressive stability (up to 18 weeks) of triple-cation 

perovskites fabricated under environmental conditions at a controlled relative humidity of 

25-35 % exhibiting a stabilized PCE overwhelming 25 % [45,46]. Table 1 demonstrates a 

few instances of A-site cation engineering and its effect on PSc performance. 

 

 

 

 



22 

 

 

Table 1. Reported representative examples of A-site cation engineering in the solar cells. 

Perovskite Tolerance Bandgap 

(eV) 

Phase PCE 

(%) 

References 

MAPbI3 0.91 1.55 Tetragonal 21.6 [47] 

FAPbI3 0.99 1.47 Trigonal 21.07 [34] 

CsPbI3 0.81 1.73 Tetragonal 19.03 [48] 

FA0.1MA0.9PbI3 0.92 1.54 Cubic 20.2 [49] 

(FAPbI3)0.92(MAPbBr3)0

.08 

 

0.98 1.53 Not reported 23.4 [50] 

(FAPb3)0.95(MAPbBr3)0.

05 

0.98 1.51 Trigonal 22.7 [51,52] 

FA0.9Cs0.1PbI3 0.95 1.52 Cubic 18.9 [53] 

Cs0.05(MA0.17FA0.83)0.95P

b(I0.83Br0.17)3 

0.99 1.62 Cubic 21.1 [39] 

2.6 Merits of PSCs 

PSCs are a rising star in PV technology cells. Metal halide perovskite materials demonstrate 

unique electronic and optical properties when organic and inorganic ions are mixed in a 

special composition and crystal structure. These outstanding properties, together with their 

solution processability and low precursor cost, make them superior to first- and second-

generation semiconductors for solar cells.  Some of the main merits of halide perovskite 

materials are summarized as follows: 

1. Perovskites possess high optical absorption coefficients (𝑎 > 104 𝑐𝑚−1). Therefore, the 

halide perovskites have excellent photo-electric properties [54,55]. 

2. These materials have a high dielectric constant, allowing electrons and holes to be 

transported and collected efficiently [56]. 
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3. Electrons and holes could be transferred simultaneously in the length of ~ 100 nm and 

even more than 1 µm [10,57–59]. 

4. Thermal and moisture stability can be improved by incorporating inorganic components 

[32]. 

5. Organic part can add functional versatility and mechanical flexibility to the device 

fabrication with cost-effective processes [55]. 

2.7 Device structures 

There are mainly 2 PSC architectures, namely the mesoporous (Figure 2.6 (a)) and planar. 

The planar can have a standard (n-i-p) or inverted (p-i-n) (Figure 2.6 (b), and (c)) 

configuration, according to the deposition of the perovskite layer on the ETM or HTM, 

respectively.  To achieve high-performance PSCs, a precise control of morphology and 

crystallization of perovskite as well as appropriate charge transporting materials are pivotal.   

 

Figure 2.6. Typical PSC architectures: (a) mesoporous, (b) standard planar, and (c) 

inverted planar. 
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2.7.1 Mesoporous structure 

Numerous studies have been carried out on mesoporous materials (e.g., titanium dioxide, 

TiO2) and frequently utilized due to large specific surface area and high porosity. 

Mesoporous solar cell structure is typically composed of a glass, an electron transport 

material (ETM), a mesoporous layer, a perovskite layer, a hole transport material (HTM), 

and a metal electrode layer (Figure 2.6 (a)). In the mesoporous PSC structure, the main 

function of mesoporous- TiO2 (m-TiO2) is to work as a scaffold layer. The m-TiO2 layer plays 

a major role in controlling the perovskite materials crystallization as well as in the charge 

carrier transport [60], especially in extracting and blocking electrons and holes, and 

preventing recombination EHPs in the Fluorine-doped Tin Oxide (FTO) electrode. As a 

result, the photoelectric conversion efficiency of the device is improved [13]. 

The perovskite devices seem to be more efficient when the mesoporous layer in PSCs with 

an n-i-p structure is thinner than 300 nm [21]. Mesoporous structures are currently the most 

popular and famous structures to fabricate the high-performance PSCs with a PCE above 21 

% [61]. 

Some researchers have also found that the inclusion of a mesoporous layer enhances the 

device stability in PSCs as well as reduces the 𝐽 − 𝑉 hysteresis [12].  

2.7.2 Planar structure 

Planar structures do not have a porous mesoscopic framework, instead just contain a layered 

structure. Hence, planar PSCs require minimal configuration and simple fabrication [2]. 

Depending on the configuration, they are either standard (n-i-p), with an 

‘FTO|ETM|perovskite|HTM|metal electrode’ device configuration, or inverted (p-i-n), with 

an ‘Indium Tin Oxide (ITO)|HTM|perovskite|ETM|metal electrode’ device structure. 
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Among different PSC configurations, the planar structure is relatively simple, particularly 

for studying charge separation and transport between layers because of the large 

heterogeneous phase contact [62]. 

An ETM and an HTM form two interfaces with the perovskites, where the EHP separation 

takes place. Planar structure enables a straightforward understanding of the light absorption 

mechanism and the separation of electron-hole. Furthermore, it offers higher device 

optimization flexibility than the mesoporous counterpart with larger room for developing 

high-efficiency PSCs in the future [52]. 

2.8 Perovskites solar cell operation 

When light hits a PSC, the perovskite layer absorbs the photons to create excitons. Upon the 

excitation, free charge carriers (free electrons and holes) can be generated. The ETM and 

HTM layers collect the dissociated electrons and holes, respectively. The perovskite layer in 

an n-i-p standard device transfers the electrons to the ETM layer (such as TiO2), which are 

then collected by the FTO electrode. Simultaneously, the holes are transferred to the HTM 

layer (such as Spiro-OMeTAD), which are thus collected by the metal electrode (like gold, 

Au). Afterwards, the external circuit between the FTO and the metal electrode enables the 

generation of electricity. 

According to Marchioro et al., in order to achieve good charge transport, EHPs should 

efficiently separate at the TiO2|perovskite and Spiro-OMeTAD|perovskite followed by 

electrons injecting into TiO2 (i) and holes injecting into HTM (ii) [63]. In the meanwhile, a 

series of phenomena that negatively impact the device performance, e.g., exciton annihilation 

(iii), photoluminescence, or nonradiative recombination, as well as reverse transmission of 

electrons and holes ((iv) and (v)) and direct recombination at the TiO2/HTM interface (vi), 

will also happen. The electrons and holes transport operation in a PSC cell is illustrated in 

Figure 2.7. 
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Figure 2.7. Working principle of PSCs [13]. 

2.9 Conventionally doped HTMs & the alternatives 

A key and essential component of PSCs is the HTMs which have gained considerable 

scientific and technological interests. The primary function of HTM layer is extracting and 

transporting holes firstly from the perovskite layer through corporation with the ETM layer 

and then, achieving the separation of the EHPs within the perovskite material. The HTM 

designing for PSCs needs to enable effective energy level tuning for matching the 

perovskite’s VB and CB edges. This guarantees efficient hole extraction from the perovskite 

layer and, at the same time, blocks electrons from getting to the top metal electrode [64]. 

HTMs have a direct influence on the device performance, as they have an important function 

in the recombination reduction [14]. Also, the PSCs stability relies on the morphology and 

hydrophobicity of HTMs, yet most of organic HTMs have an acidic hygroscopic nature [15]. 

A challenge that needs to be addressed urgently is the design of low-cost, efficient, and 

hydrophobic HTMs that lead to stable PCSs [65,66]. 

Most of the proposed HTMs are organic small-molecules and polymers. A small molecule 

has a distinctive weight of structure and molecular, hence it is the best option for industrial 

production when high purity and yield are required. Conversely, the advantages of polymeric 

HTMs are that they normally have high hole mobilities without the need of doping, and have 

a relatively high thermal and mechanical stability [32]. 
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2.9.1 Spiro-OMeTAD 

Spiro-OMeTAD is the most common and popular organic small-molecular HTM for high-

performance PSCs due to simple deposition methods (solution-processable) and good 

conductivity [23], as it effectively penetrates in the nanostructure of perovskites [13] and its 

HOMO is well positioned with respect to the VB of perovskites [13,67].  

However, the device based on pristine Spiro-OMeTAD permanently shows low performance 

due to its intrinsically low hole-mobility (2×10−4 cm2·V−1·s−1 [68]) of this HTM. The Spiro-

OMeTAD layer hole mobility can be enhanced by doping additives, e.g., bis 

(trifluoromethane) sulfonimide lithium salt (Li-TFSI) [68]. Typically, tert-butylpyridine 

(tBP) is also added together with Li-TFSI as tBP enhances its solubility, and thus improves 

the film's homogeneity.  Furthermore, the incorporation of cobalt salts, like tris(2-(1H-

pyrazol-1-yl)-4-tert-butylpyridine) cobalt (III)(bis-trifluoromethylsulfonyl)imide)) (FK209), 

could lead to even higher electrical conductivity. So, the highest PCE of PSCs has been 

accomplished with doped Spiro-OMeTAD HTMs. 

However, the Spiro-OMeTAD synthesis procedures and purification process are tedious and 

costly (91.67 $ g-1 [69]) and this restricts the large-scale application of this material. The 

development of low-cost alternative small molecular HTMs has been intensified in order to 

resolve this issue [70]. The properties of potential HTMs have been systematically linked to 

different factors, such as alkyl chains [71], molecular planarity [72], three-dimensional (3D) 

molecular structure [73], molecular size [74], and methoxy groups [75,76]. Researchers have 

extensively investigated several molecular moieties for HTM designs, including 

triphenylamine (TPA), triazatruxene, butadiene, and carbazole [66]. 

2.9.2 TPA-based HTMs 

TPA is a non-basic organic compound (unlike most amines) with formula (C6H5)3N. The 

central nitrogen atom of TPA is directly linked to three aromatic groups. The lone pair of 

nitrogen can attract electrons from any aromatic group acting as an electron acceptor [77]. A 

partial positive charge will be conferred on nitrogen by the nitrogen lone pair delocalization, 
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counterbalanced by the partial negative charge at the aromatic site. The electrical 

conductivity and electroluminescence of TPA derivatives make them useful as hole-transport 

layers in organic light-emitting diodes (OLEDs) and PVs[78]. 

TPA-based HTMs are thermally and morphologically stable and possess remarkable charge 

transport ability. A variety optoelectronic material, e.g., DSSCs and PSCs, have utilized the 

TPA units as HTMs. The TPA functional moiety exhibits 2 essential characteristics: (i) The 

nitrogen atom of an amine is easily oxidized, (ii) TPA can transport positive charges 

effectively [79,80]. HTMs are found in many aromatic amines, where the electron donating 

amine nitrogen atom plays an important role [80]. Since the nitrogen atoms contain many 

electrons, the organic HTMs are often based on TPA moiety, which minimizes the distance 

of the intermolecular that leads to the non-planarity [32]. 

Wu et al. studied TPA-based compound composing of benzoyl[1,2-b:4,5-b’] bithiophene 

(BDT) derivative (BTPA-2), which was employed in FA0.85MA0.15PbI3-based PSCs as the 

HTM [70]. Their results show that BTPA-1 and BTPA-2-based devices demonstrate the best 

PCEs of 12.76 % and 13.97 %, respectively, and the latter case has a higher environmental 

stability than the former [70]. In addition, Zhang et al. developed two HTMs based on 

Spiro[fluorene-9,9′-xanthene] (SFX)-derived pendant groups, namely X26 and X36. They 

found that the SFX pendant groups presented in TPA-based molecules significantly affect 

the conductivity, energy levels, as well as surface morphology of X26 and X36 thin films. 

X26 HTM in PSCs demonstrates a remarkable PCE of 20.2 %. Moreover, following a period 

of five months in the condition with regulated humidity (20 %), the X26-based devices still 

maintained a relatively high PCE of 18.8 % [66]. 

2.9.3 Carbazole-based HTMs 

Carbazole is a heterocyclic aromatic chemical molecule. The chemical structure is made by 

2 phenyl rings combined together by two various positions, first connected by a nitrogen 

atom and second by a Carbon-Carbon bond forming Carbazole tricyclic configuration [81]. 

This compound has a structure similar to that of an indole, but with a second benzene ring 

bonded at indole's 2–3 position. Moreover, the aromaticity contributes to the formation of a 
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fully conjugated orbital along the entire molecule, which in turn leads to the creation of a 

planar structure along the entire molecule [81]. Therefore, carbazole is typically used as a π-

conjugated bridge to construct electron donor–π–electron acceptor organic dyes (D–π–A) 

[82]. 

A vast range of applications can be found to utilize the carbazole’s electron-rich structure 

and its ability to donate electrons, whereas it is an ideal candidate for p-donors due to its 

application diversity. In the organic electronics, carbazole-derived molecules are used mainly 

as light emitting diodes, dye sensitizers and co-sensitizers in dye-sensitized solar cells, 

molecular rectifiers in organic semiconductors, and HTMs in PSCs. 

There are numerous advantages for carbazole derivatives, including low-cost starting 

materials, excellent environmental and chemical stability, and strategic sites for attaching 

functional groups. For instance, a phenylene-derived central core unit was used in Sung et 

al.'s study of two- or three-arm carbazole-based HTMs [83]. The carbazole-based HTM was 

almost similar Spiro-OMeTAD-based devices in term of the pCE performance (14.79 and 

15.23 %) [83]. An inexpensive carbazole-based conjugated enamine (V950) was synthesized 

by Daskeviciene et al. by achieving the PCEs of around 18 % [84]. Although the HTMs using 

a carbazole base have been effectively incorporated into the PSCs, most of them still need 

doping with lithium and cobalt salts to increase their conductivity, which inhibit stable 

device-level power output [85]. 

Coplanarity and interaction of polymer chains are enhanced by the carbazole side chain, 

while the energy levels and hole mobility are improved. You et al. used carbazole as the 

conjugated side chain of BDT to create the copolymer PBDB-Cz. PBDB-Cz-based PSCs 

have a maximum PCE of 22.06 % [86]. Importantly, the PBDB-Cz molecule greatly 

improved the device stability and, even after 100 days storage at room temperature, the 

devices still retained more than 90 % of their initial PCEs [86]. 
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Figure 2.8. Chemical structures of HTMs. 

2.10 Stability issue 

The low stability of PSCs is one major challenge that limits their practical use. A clear 

understanding of perovskite degradation mechanisms is still lacking, which will aid in 

improving the PSCs long-term stability, as a key prerequisite for commercialization. Thus, 

both intrinsic and extrinsic factors impact on perovskite's long-term stability. It is significant 

and essential to consider both the internal stability as well as stability under ultimate various 

external environmental conditions e.g., heat, light, humidity, and oxygen. 

2.10.1 External factors 

The stability and formability of perovskites can typically be assessed using the Goldschmidt 

tolerance factor (𝑡), which provides an empirical index of crystal structure prediction of 

ABX3. In other words, 𝑡 determines whether the B-site cation can be accommodated within 

the octahedral holes of the X-site anion sublattice, as in Equation (3) 
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𝑡 =
𝑅𝐴+𝑅𝐵

√2(𝑅𝐵+𝑅𝑥)
      (3) 

where 𝑅𝐴, 𝑅𝐵, 𝑅𝑥 are the ionic radii of the A-site, B-site, and X-site, respectively. A typical 

range of organic-nonorganic tolerance is  0.8 < 𝑡 < 1 [87]. 

Perovskite material characteristics are strongly influenced by crystal structure and phase 

transition. MAPbI3 has a tolerance factor of slightly >  0.9 [88]. Perovskites tend to be 

structurally stable when a variety of cations and anion are mixed. 

Temperature, pressure, and ion radius may influence perovskite phase transition. with a 

change in temperature, perovskite materials go through different phases. The orthorhombic 

phase of the perovskite (γ) appears at temperatures lower than 100 K. Temperatures above 

160 K lead to the appearance of tetragonal (β) phases instead of the orthorhombic (γ) phases. 

Higher temperatures around 330 K can induce the formation of another stable cubic phase 

(𝛼) transition from the tetragonal phase (𝛽) [89,90]. 

MAPbI3, for example, can be decomposed into PbI2 and organic iodide (MAI), causing the 

failure of the corresponding device. It has been monitored that, when perovskite gets exposed 

to moisture, it produces hydrate products rather than PbI2 [91]. Another aspect that might 

impact PSC’s function is oxygen. In the presence of oxygen, both charge extraction and 

transport rates in PSCs drastically decline [92]. However, the doping Spiro-OMeTAD needs 

an oxidation process to increase its conductivity [93]. 

UV light possesses a significant impact on the solar cells operation. The photo-generated 

reactive oxygen species (O2
-) can promote quick breakdown of perovskites through the 

deprotonation of MA+ cations, as well as promote the PSC devices degradation as TiO2 is 

also susceptible to UV degradation. 

Actually, PSCs are usually degraded by a variety of factors simultaneously, rather than by 

one particular factor, e.g., oxygen, heat, moisture, and light together. Photo-illumination, 

oxygen, and heat synergistically accelerate the moisture-induced degradation process [94]. 
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Equations (4)‒(7) illustrate the chemical reaction mechanism. When perovskite is in contact 

with moisture, 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3(𝑠) ∙ 𝐻2𝑂 is broadly formed as an intermediate product in 

moisture-induced degradation [95,96]. As moisture dissolves 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3, the inorganic 

halide is left behind. 

𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3(𝑠) ∙ 𝐻2𝑂 ⇔ 𝑃𝑏𝐼2(𝑠) + 𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞. )    (4) 

Water molecules can still be created by oxygen and photons even in dry air without moisture. 

Decomposition of perovskite crystals will be accelerated by this process. 𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞. ) 

resulting from the perovskite decomposition in the existence of 𝐻2𝑂 would continue to 

decompose in ambient to produce 𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞. ) and 𝐻𝐼(𝑎𝑞. ) [97]. In other words, the 

hydrolysis of the organic halide would proceed, releasing HI. As long as moisture exists, 

organic decomposition is irreversible. 

𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞. ) ⇔ 𝐶𝐻3𝑁𝐻3(𝑎𝑞. ) + 𝐻𝐼(𝑎𝑞. )   (5) 

4𝐻𝐼(𝑎𝑞. ) + 𝑂2 ⇔ 2𝐼2(𝑠) + 2𝐻2𝑂(𝑙)    (6) 

2𝐻𝐼(𝑎𝑞. ) ⇔ 𝐻2(𝑔) + 𝐼2(𝑠)     (7) 

Furthermore, continued contact with light causes the perovskite and organic cation to 

decompose (Equations (8)– (11)). 

𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3(𝑠) ⇔ℎ.𝑣 𝑃𝑏𝐼2(𝑠) + 𝐶𝐻3𝑁𝐻2 ↑ +𝐻𝐼 ↑     (8) 

2𝐼− ⇔ 𝐼2 + 2𝑒−        (9) 

3𝐶𝐻3𝑁𝐻3
+ ↑⇔ℎ.𝑣 3𝐶𝐻3𝑁𝐻2 ↑ +3𝐻+      (10) 

𝐼− + 𝐼2 + 3𝐻+ + 2𝑒− ⇔ 3𝐻𝐼 ↑       (11) 

Perovskite generally decomposes more slowly when exposed to oxygen. The oxygen in air, 

on the other hand, has also been shown to cause decomposition in dry and dark conditions 

[98]. PSCs has been also demonstrating better stability under white light without UV [91].  
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2.10.2 Degrading from the doped Spiro-OMeTAD HTM 

The low stability could be also caused by intrinsic factors, the other components of the solar 

cell (e.g., HTMs, electrodes and etc.), which lower the quality of perovskites as well as the 

overall device performance. Because the majority of HTM candidates are organic 

compounds, e.g., the widely adopted Spiro-OMeTAD-based HTM, the control of annealing 

temperature is critical, according to the report of Wu et al. [99]. The traditional spin-coating 

technique enables the formation of Spiro-OMeTAD films with a high macro- and micro-

pinholes density. Several studies have suggested that the pinholes in the layer Spiro-

OMeTAD may contribute to the degradation of PSCs [100]. 

The doping Spiro-OMeTAD with additives, such as Li-TFSI, also has a considerable 

influence on the device performance. Wu et al. [101] demonstrate that low temperature 

annealing can improve the Spiro-OMeTAD formation and crystallization, however the 

transfer to the TiO2 surface and the tBP evaporation, would decrease the voltage potential 

ofthe device by affecting the Fermi level of the TiO2. Particularity Li+ salt could contribute 

significantly for increasing the Spiro-OMeTAD mobility by two orders of magnitude [102]. 

The hygroscopic property of Li-TFSI promote its quick transition from solid to liquid once 

in contact with moisture.  Therefore, the devices using Li-TFSI doped Spiro-OMeTAD are 

quite susceptible to be damaged from the environment with high humidity. In order to 

substitute Li+ salts and improve Spiro-OMeTAD's hydrophobicity, great efforts have been 

made [23,102]. 

2.11  Cost issue 

Although the PSCs efficiencies have increased up to more than 25 % in just a few years, 

another important consideration for large-scale application is the cost as well as the above-

discussed stability (lifetime). PV technologies are evaluated using the golden triangle 

(Figure. 2.9) including efficiency, cost, and lifetime. 

Silicon PVs still accounts for more than 90 % of the present market share of commercialized 

PVs because it provides a bundle of excellent efficiency of module of 21 %, with more than 
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25 years lifetime, and cheap cost of 0.3 $ W-1 that is closing grid parity. Furthermore, 

Perovskite lab-scale cells demonstrate the promise due to their high efficiency and low 

production cost, which is expected to be half that of crystalline Si counterparts [103]. 

 

Figure 2.9. Cost, efficiency, and lifetime for the Golden Triangle of solar cells [104] 

PSCs have shown impressive performance, particularly with Spiro-OMeTAD, as an effective 

small molecule HTM. However, the exorbitant price limits its commercial potential.  

Hence, for commercial purposes, several researchers are attempting to replace Spiro-

OMeTAD with different affordable and effective HTMs that produce devices of PSC with 

remarkable stability and efficiency. Alternatives to Spiro-OMeTAD have received a lot of 

attention, particularly small molecule based HTMs, including side chains e.g., TPA and 

carbazole, which are the main focus of this work.  
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3 Experimental Details 

3.1 Materials 

For chemical etching and cleaning of the FTO substrates, the tools and materials are used: 

big Petri dish, FTO glass (TEC15, 2.2 mm), tape, Zn Powder, HCl, small soft brush, and 

DMM.  For chemical etching and cleaning of the ITO, the tools and materials are used, big 

Petri dish, ITO glass, tape, HCl, HNO₃, MQW, plastic container, and DMM. 

The materials needed for the solar cell fabrication and hole-only device characterization are 

herein listed as follows: methylammonium bromide (MABr), formamidinium iodide (FAI), 

and 30 NRD TiO2 nanoparticle paste. These were obtained from Greatcell Solar Materials. 

Titanium dioxide (TiO2), bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, 99.95 %), 

dimethyl sulfoxide (DMSO, extra dry, 99.7 %), poly(3,4-ethylenedioxythiophene)-poly 

(styrenesulfonate) (PEDOT: PSS, 1.3 wt% dispersion in H2O, conductive grade), 

molybdenum trioxide (MoO3, 99.97 %), N,N-dimethylformamide (DMF, extra dry, 99.8 %), 

acetonitrile (99.9 %), chlorobenzene (extra dry, 99.8 %), and 4-tert-butyilpyridine (4-tBP) 

were obtained from Sigma-Aldrich. Cesium iodide (CsI), PbBr2 (99.999 %) and PbI2 (99.999 

%) were acquired from TCI Europe. Cesium iodide (CsI) was purchased from GmbH. d 2,2

′ ,7,7′ -Tetrakis [N,N-di(4-methoxyphenyl) amino]− 9,9′ -spirobifluorene (Spiro-

OMeTAD, 99 %) were purchased from Lumtec. Tris[2-(1 H-pyrazol-1-yl)− 4-tert-

butylpyridine]cobalt(III)tri[bis-(trifluoromethane) sulfonimide] (FK209 Co(III), > 98 %) 

was obtained from Dyenamo. The materials based on TPA and carbazole are home-made by 

Prof. Haichang Zhang’s group at Qingdao University of Science and Technology (China). 

3.2 Fabrication of n-i-p mesoporous PSCs  

In this work, mesoporous PSCs with standard n-i-p structure, consisting of FTO|c-TiO2|m-

TiO2|CsFAMA|HTM|Au, were fabricated according to an existing protocol [64]. The 

manufacturing of each layer is described in detail in the following sections, with main focus 

on the materials, precursors, fabrication procedures, and characterization. 
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3.2.1 FTO chemical etching 

In the above-mentioned solar cell structure, fluorine-doped tin oxide (FTO) coated glass 

substrates (2 cm × 2 cm) are used as transparent bottom electrodes. The first step is to prepare 

a 2 M HCl solution with 1 part of concentrated hydrochloric acid (HCl) (37 wt %) and 4 parts 

of H2O for etching process. Then, some tape is placed onto one side of the FTO glass to 

protect part of the substrate according to a customized pattern. The FTO glass substrates are 

attached inside a Petri dish and covered with zinc (Zn) powder. An as-prepared 2 M HCl 

solution is poured quickly into the Petri dish, it wets the substrates, and removes the FTO 

layer from the uncovered parts of the substrates. After waiting for 30s, the etched area of the 

substrate is wiped away firmly with a small soft brush. After completely wiping the etched 

area, an excess of sodium bi-carbonate powder is added to stop etching and to neutralize the 

acid residual. After removing the tape and FTO glass from the Petri dish, the FTO glass is 

cleaned with a detergent and rinsed thoroughly with distilled water, and finally dried with a 

nitrogen gun. As a last step, the resistance (expected to be more than 1 M ohm) between the 

etched and unetched FTO areas is checked with a digital multimeter (DMM).  

3.2.2 Substrate cleaning 

The glass substrates cleaning is an important step to make sure that the substrates are very 

pure, dust- and defect-free. The accurate cleaning of the etched FTO substrates should be 

done by following the below procedure: 

1. The substrates are cleaned with 2 % Mucasol solution in water while brushing with a soft 

brush, then they are rinsed thoroughly with distilled water. 

2. The substrates are cleaned by means of ultrasonication with 2 % Mucasol solution in 

water at 30 °C for 15 minutes, then rinsed with distilled water. 

3. Then, they are cleaned by means of ultrasonication with acetone and 2-propanol at 30 °C 

for 15 minutes, successively. 



37 

 

4. Rinse continuously with acetone and 2-propanol, then completely dry the glasses with a 

nitrogen gun. 

5. Finally, conduct the O3 & UV treatment for 15 minutes to remove the organic residuals 

while increasing the hydrophilicity. 

3.2.3 Compact TiO2 layer 

A compact TiO2 (c- TiO2, ETM) layer is deposited using spray pyrolysis as illustrated in 

Figure 3.1, following a reported method [105]. The precursor solution is prepared as follows: 

2-propanol is added into 3.69 g of titanium diisopropoxide bis(acetylacetonate) stock 

solution (75 % in 2-propanol) up to 20 mL in total volume (0.38 M final concentration).  

Under a nitrogen pressure of 0.12 MPa, the precursor solution is sprayed onto the surface of 

the glass for 1 s per cycle at a distance of H=14 cm with an alignmentof 40°. Overall, 10 

cycles contribute to around 25 nm thickness of compact TiO2 layer, with a 30-second pause 

between cycles. After coating, the substrate is heated at 450 °C for one hour. 

 

 

Figure 3.1. An installation diagram for spray pyrolysis. 

As soon as the FTO glasses are sprayed, they are cooled down slowly to room temperature. 

It is possible to store the substrates with c-TiO2 layers for several weeks (recommended 

maximum 4 weeks) before coating the next layer such as m-TiO2. 



38 

 

3.2.4 Mesoporous TiO2 layer 

The mesoporous TiO2  (m- TiO2) suspension is prepared by adding 2 mL of ethanol into 0.3 

g TiO2 paste (150 mg/mL). It is recommended that the diluted paste solution is stirred 

overnight to ensure full dissolution. The FTO|c-TiO2 substrate is placed in the spin coater, 

and 80 µl of the m-TiO2 solution are spread on top of the substrate. The spin coating is carried 

out at 4000 rpm with 2000 rpm/s for 10s acceleration, followed by a drying process at 100 

°C for 10 minutes. Sintering process is the next step, which is essential to calcinate FTO|c-

TO2|m-TiO2 substrates for 30 minutes at 450 °C. As a result, a mesoporous TiO2 layer with 

a thickness of 150-200 nm is obtained. The FTO|c-TO2|m-TiO2 substrates should be swiftly 

transferred into the glovebox after they are cooled down to 150 °C. 

3.2.5 Perovskite layer 

When working with the N2-filled glovebox, it is important to check H2O /O2 levels (ideally 

less than 0.1 ppm), the temperature should be in the range of 24±0.5 ℃, and the spin coater 

vacuum level as well as the programming. Hybrid perovskite films have been fabricated by 

utilizing different processing techniques, including solution process (mainly one-step or two 

step sequential deposition), vacuum deposition, and vapor assisted solution process [106]. 

Deposition of perovskite film via solution process is the most common method since it is 

straightforward to implement and low-cost. In this thesis, one-step solution deposition 

method has been employed for CsFAMA-based PSCs fabrication [64,107]. In general, the 

perovskite precursor solution was prepared comprising both organic and inorganic 

components, which are spin-coated on a substrate, and then the perovskite is formed with the 

utilize of an anti-solvent prior to the annealing treatment. The main procedure of the 

deposition is illustrated in Figure 3.2. 
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Figure 3.2. One-step perovskite deposition procedure. 

First, cesium iodide (CsI) stock solution is prepared by dissolving CsI (116.91 mg) in 

dimethyl sulfoxide (DMSO) (300 µl), which is then heated at 60 ℃ overnight while stirring 

to dissolve completely. The precursor solution of CsFAMA perovskite is prepared by 

dissolving formamidinium iodide (147 mg), methylammonium bromide (19.2 mg), lead 

iodide (456.4 mg), lead bromide (66.1 mg) in 0.9 mL mixed solvent (dimethylformamide 

(DMF): DMSO (4:1 volume ratio)), which is kept under stirring for 30 minutes without 

heating. Then, CsI stock solution (36 µl) is injected into the mixture solution for continuous 

48 h stirring without heating. 50 µl of perovskite solution is dropped on the FTO|c-TiO2|m-

TiO2 substrate and then spin-coated at 1000 rpm for 10s with 200 rpm/s acceleration, 

immediately followed by 6000 rpm for 20s with 2000 rpm/s acceleration. The chlorobenzene 

anti-solvent (100 µl) is swiftly dispensed on the surface of a spinning substrate 5s before the 

end of the spinning. After that, the substrate is directly transferred on a hot plate at 110 °C 

for 1 hour annealing treatment. Note that the lid of the spin coater should be opened during 

the whole process to allow the solvent vapor to escape. 
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3.2.6 Hole-transport layers 

The hole-transport layers used in this work are Spiro-OMeTAD as the reference, with 

carbazole side chain-based HTM (FL01), and TPA-based HTM (FL02). The substrates 

should be cooled down to room temperature before depositing the HTM layers. 

The precursor solution of Spiro-OMeTAD is prepared by dissolving Spiro-OMeTAD powder 

(36.2 mg) in chlorobenzene (1mL), followed by heating at 60 °C for 4 minutes. At this point, 

the dopants, including tBP (14.4 µl), FK209 (14.4 µl), and Li-TFSI (8.8 µl), are added to the 

Spiro-OMeTAD solution. The Li-TFSI and FK209 stock solutions are prepared in 

acetonitrile with concentrations of 520 mg/ml and 300 mg/ml, respectively. 

The precursor solution of FL02 HTM is prepared by dissolving TPA (10 mg) in 

chlorobenzene (1 mL), and by heating at 60 °C for 4 minutes. Finally, the tBP (7.2 µl), FK209 

(7.2 µl), and Li-TFSI (4.4 µl) dopants are added. 

The precursor solution of carbazole side chain HTM (FL01) preparation is same as that of 

TPA-based HTM (FL02). 

The spinning programs of different HTMs are identical. Typically, 80 µl of HTM solution is 

swiftly dropped on the surface of FTO|c-TiO2|m-TiO2|CsFAMA substrate 3s after the 

spinning program starts (step 1: 200 rpm for 1.8 s; step 2: 1800 rpm for 30s). 

After the deposition of HTM layers, the substrates are placed in a dry cabinet (<15 % RH) 

for overnight aging, which can enhance the oxidation of the dopants in the HTMs for a better 

conductivity.  

3.2.7 Metal electrode contact 

Finally, the electrode of gold layer (thickness of ~100 nm) is thermally evaporated under 

high vacuum (~ 5×10-6 mbar) atop the HTM layer. 
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3.3 Hole-only devices’ fabrication 

There are two types of the hole-only devices, whereas the structure (ITO|PEDOT: 

PSS|CsFAMA|HTM|MoO3|Au) with the perovskite layer is for the trap density measurement 

and the structure without the perovskite (ITO|PEDOT: PSS|HTM|MoO3|Au) is for the hole 

mobility measurement. The fabrication operation is almost the same as Mesoporous PSCs 

Device fabrication in term of the cleaning of FTO glasses, Perovskite and HTMs deposition, 

and Au evaporation. The difference is the ITO etching, PEDOT: PSS preparation, and MoO3 

evaporation. 

3.3.1 ITO chemical etching and cleaning 

Indium Tin Oxide (ITO) coated glass substrates (2 cm × 2 cm × 1.1 mm) are used as 

transparent bottom electrodes for hole-only devices. The first step is to prepare a solution of 

milliQ water (MQW) (30 mL), concentrated HCl (37 wt %) (27.6 mL) and concentrated nitric 

acid HNO3 (65 wt %) (2.4 mL). Then, some tape is placed onto one side of of the ITO to 

protect part of the substrate according to a customized pattern from etching after ITO glass 

substrates are attached inside one Petri dish. Subsequently, an as-prepared HCl-HNO3 

solution is poured quickly into the Petri dish for immersing the glass surface for 15 minutes, 

the solution wets the substrates, and removes the ITO layer from the uncovered parts of the 

substrates. After removing the tape and ITO glass from the Petri dish, the ITO glass is cleaned 

with detergent and rinsed completely with distilled water, and then dried with a nitrogen gun. 

Finally, the resistance (expected to be more than 1 M ohm) between the etched and unetched 

FTO areas is checked with digital multimeter. The cleaning process of etched ITO glasses is 

same as the case of FTO glasses in previous Section 3.1.2. 

3.3.2 PEDOT: PSS layer  

First, the ITO substrate is exposed to O3 & UV treatment for 15 minutes. PEDOT: PSS 

precursor solution is prepared by mixing PEDOT: PSS (1 mL) with DMF (1 mL) and the 

solution is well stirred for complete dissolution. The unetched ITO glass edge area is 
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protected by placing the tape on it. 150 µl of as-prepared PEDOT: PSS solution is extended 

on the ITO substrate surface which is spin-coated at 3000 rpm for 40s with 1000 rpm/s 

acceleration, followed by an annealing treatment on a hot plate at 150 °C for 1 hour. 

3.3.3 MoO3 and Ag layers 

Finally, the perovskite on the contact side is removed by using a cotton swab and DMSO 

solvent. The samples are placed on the sample holder of the evaporator. MoO3 (6 nm) and 

Ag (100 nm) are thermally evaporated under high vacuum (~ 6×10-6 mbar) atop the HTM 

film. 

3.4 Characterization 

3.4.1 J-V measurements 

To evaluate the PCE of a solar cell, the J-V curve for a solar cell is recorded under one sun 

illumination (AM 1.5G, 100 mW/cm2). The perovskite solar cell devices are characterized in 

air without encapsulation. Each cell has an aperture (20 mm2) that defines its active area, 

which is accurately confirmed by an optical Dino-Lite AM4113ZTL microscope. The J-V 

characteristics are collected with a Keithley 2450 source-monitor unit. The solar simulator is 

AAA- solar simulator (Sciencetech Inc). The standard one-sun illumination is calibrated by 

using a silicon reference solar cell. 

Figure 3.3 illustrates the typical set-up of the J-V characterization for a perovskite solar cell 

under one-sun condition. The solar cells are first measured in the dark and then under the 

illumination upon the forward and reverse scans. 
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Figure 3.3 Set-up of the J‒V characterization for one solar cell. 

3.4.2 MPPT measurement 

The maximum power point tracking (MPPT) is a method used for extracting maximum 

power from various power sources under specific conditions and the most common 

application used with is with photovoltaic (PV) solar systems. MPPT measurement has 

gained more attention for the characterization of solar cells and has become one of most 

reliable techniques to evaluate the PSCs stability in realistic conditions, i.e. under continuous 

illumination. The setup procedure is the same setup as J-V measurement. Also the MPPT test 

is performed on the unencapsulated cells with a Keithley 2450 SMU in air, under a constant 

illumination of LED white light (100 mW cm−2) for 96 hours. 

3.4.3 Hole mobility 

A space-charge-limited current (SCLC) method is used for hole mobility measurement in an 

HTM film [108]. The typical hole-only device consists of the following structure 

ITO|PEDOT:PSS|HTM|MoO3|Au [109]. In order to characterize the device, the dark current 

is acquired under forward bias and the hole mobility is calculated according to the following 

Equation (12), which is also described by Mott-Gurney [107]: 

𝑱 =
𝟗

𝟖
𝜺𝒓𝜺𝟎𝒖

𝒗𝟐

𝒅𝟑
     (12) 
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where 𝐽 is the current density, 𝜀𝑟 is the relative permittivity, 𝜀0 is the permittivity of the free 

space which is 8.85 × 10−14 F cm−1, 𝑢 is the hole mobility, 𝑑 is the HTM film thickness 

determined by means of cross-sectional SEM image, and  𝑣 is the applied bias. 

3.4.4 Trap density 

The trap density represents when the charge carriers in discrete levels or shallow traps 

happens when the quadratic dependency is just preserved, and as a result the trap density is 

high [110]. To measure the hole trap density, another type of hole-only device is fabricated 

as ITO|PEDOT: PSS|CsFAMA|HTM|MoO3|Au [107]. The applied voltage at the common 

point performs the trap filled limit voltage (𝑽𝑻𝑭𝑳) [111], that is used to evaluate the trap 

density 𝒏𝒕𝒓𝒂𝒑 by using the following Equation (13): 

𝒏𝒕𝒓𝒂𝒑 =
𝟐𝜺𝒓𝜺𝟎𝑽𝑻𝑭𝑳

𝒆𝑳𝟐      (13) 

where 𝑒 is the elementary charge and 𝐿 is the thickness of the perovskite layer. 

3.4.5 Photoluminescence (PL) spectra 

PL refers to the phenomenon in which photons, or light energy, induce an emission of a 

photon from any substance. It is contactless and nondestructive probing materials technique. 

The materials used in PL are fluorescence and phosphorescence. PL is widely used to 

characterize the semiconductor properties to determine the direct bandgap of semiconductors 

or HOMO-LUMO gap in molecules by means of the emitted photon energy, which is direct 

measure the difference of energy between the involved bonds [112]. In this work, the Pico 

Quant Fluotime 300 is used to measure the steady-state PL spectra using a 600 nm excitation 

light. The quenching efficiency, also known as the hole injection yield, may be evaluated by 

comparing the PL spectra amplitude of pure perovskite films before and after HTM 

deposition. 
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4 RESULTS AND DISCUSSION 

The hole trap density of CsFAMA-based n-i-p standard devices and the hole transporting 

properties with different HTMs including Spiro-OMeTAD, FL01, and FL02 have been 

investigated. Moreover, the photoluminescence (PL) quenching measurements have been 

performed to investigate the process of the hole extraction at the perovskite/HTM interface. 

Finally, the performance and stability of the devices have been also studied. 

4.1 Hole transporting property and trap density 

To clarify the hole transporting properties in relation to the different HTM molecular 

structures, the hole mobilities were measured by using conducting SCLC method, on samples 

doped with FL01, and FL02, and Spiro-OMeTAD as reference. Figure 4.1 illustrates the 

comparison of dark 𝐽– 𝑉2 curves of the hole-only devices with structure “ITO|PEDOT: 

PSS|HTM|MoO3|Au”. Their hole mobilities were extracted based on formula (12) 

𝑱 =
𝟗

𝟖
𝜺𝒓𝜺𝟎𝒖

𝒗𝟐

𝒅𝟑     (12)  

The mobility values are summarized in Table 2. FL02 HTM exhibits a much higher hole 

mobility (5.3 × 10-4 cm2 V-1 s-1) than FL01 HTM (9.8 × 10-5 cm2 V-1 s-1). This suggests that 

the twisted side chain of FL02 molecule is rather beneficial for the intermolecular charge 

transport compared to the linear side chain of FL01. Moreover, the hole mobility of doped 

FL02 HTM is in the same order of that of doped Spiro-OMeTAD HTM, possibly suggesting 

that the charge transfer within the FL02 HTM could be efficient from the device point of 

view.  

Furthermore, to assess the hole trap density related to the surface passivation, another type 

of hole-only devices with structure “ITO|PEDOT:PSS|CsFAMA|HTM|MoO3|Au” was 

fabricated. The dark 𝐽– 𝑉 curves of Spiro-OMeTAD, FL01, and FL02-based hole-only 
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devices are illustrated in Figure 4.2. The applied voltage at the kink point performs the trap-

filled limit voltage (VTFL), that allows to calculate the trap density 𝒏𝒕𝒓𝒂𝒑 from equation (13) 

𝒏𝒕𝒓𝒂𝒑 =
𝟐𝜺𝒓𝜺𝟎𝑽𝑻𝑭𝑳

𝒆𝑳𝟐
     (13) 

 The calculated 𝒏𝒕𝒓𝒂𝒑 values are summarized in Table 2. The FL02-based device shows a 

lower trap density than that of FL01-based one, mainly attributed to the reduced surface 

defects of the perovskite upon the passivation of twisted side chain of FL02 that 

functionalizes the perovskite surface. The higher hole mobility and lower trap density of 

FL02 HTM potentially predict a better performance of their corresponding devices compared 

to FL01 HTM.    

 

Figure 4.1. Dark current density-voltage (J-V2) curves for hole-only devices with structure 

“ITO|PEDOT: PSS|HTM|MoO3|Au”. Solid lines show the fitting results with a linear 

function (Equation 12). 
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Table 2. Hole transporting Mobility (𝝁𝒉), trap density (ntrap), and PL quenching efficiency 

of Spiro-OMeTAD, FL01, and FL02 

HTM 𝝁𝒉 (cm2 V-1 s-1) ntrap (𝒄𝒎−𝟑) 

PL Quenching 

efficiency (%) 

Spiro-OMeTAD 7.5 × 10-4 4.48 × 1015  98.2 % 

FL01 9.8 × 10-5 6.95 × 1015  77.0 % 

FL02 5.3 × 10-4 5.56 × 1015  95.8 % 
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Figure 4.2 Dark J–V curves of hole-only devices with structure ‘ITO/PEDOT: 

PSS/perovskite/HTM/MoO3/Au’ with VTFL kink point extraction.  



49 

 

4.2 Photoluminescence (PL) quenching measurements 

The PL quenching experiments were conducted by recording the PL spectra of the 

glass|CsFAMA sample coated with and without the HTMs, as shown in Figure 4.3. By 

comparing with the integrated PL intensity of pure CsFAMA perovskite sample, the PL 

quenching efficiencies can be calculated, as summarized in Table 2. The 

glass|CsFAMA|FL02 sample demonstrates much higher quenching efficiency (95.8 %) 

compared to that (77.0 %) of FL01 case, indicating that the holes can be efficiently extracted 

from the valence band of perovskite to the HOMO level of FL02, thanks to the close 

attachment of the twisted side chain of FL02 on the perovskite surface. It is also noted that 

the glass|CsFAMA|Spiro-OMeTAD sample shows even higher quenching efficiency (98.2 

%) than the corresponding sample with FL02. This is consistent with the higher short-circuit 

current (Jsc) obtained for the reference Spiro-OMeTAD-based devices, as will be discussed 

in detail later. 

 

Figure 4.3. PL spectra of the perovskite films coated with and without HTMs using 600 

nm excitation light. 
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The PL quenching efficiency (as in Table 2) is 77.0 %, 95.8 %, and 98.2 % for FL01, FL02, 

and Spiro-OMeTAD, respectively. 

4.3 Performance of FL01 and FL02 HTMs-based n-i-p devices 

Figure 4.4 illustrates the trend of the photovoltaic (PV) parameters PCE, FF, 𝑉𝑜𝑐 and 𝐽𝑠𝑐 of 

the champion devices employing the different HTMs, i.e., Spiro-OMeTAD, FL01, and FL02. 

Surprisingly, FL02-based devices exhibit more than double PCE (maximum of 17.8 %) 

compared to that (8.6 %) of FL01-based ones, ascribed to the significant enhancement in all 

the PV parameters. We attribute the performance boost to the enlarged hole mobility of FL02 

HTM molecules as well as the improved interfacial hole extraction dynamics at the interface 

between perovskite and FL02 HTM. Both factors (hole mobility and hole extraction 

interfacial dynamics) benefit from a higher twisting level in the side chain of FL02 compared 

with FL01. Interestingly, when comparing the FL02 device performance with that of the 

reference (based on Spiro-OMeTAD), the loss of PCE is only around 1 %. Indeed, FL02-

based devices even show higher FF than that of Spiro-OMeTAD-based ones, indicating that 

the surface defects of CsFAMA perovskite could be more effectively reduced upon the 

passivation from the attachment of the twisted side chain of FL02 on the perovskite surface. 

Table 3 summarizes the performance (best and average values) of as-fabricated PSCs with 

different HTMs, based on 15 cells in each case. Figure 4.5 shows the comparison of the 𝐽 −

𝑉 curves (forward and reverse scans) of the champion devices, measured under one-sun 

illumination (AM 1.5G, 100 mW/cm2). It is noted that the hysteresis (H-index = 1.12) of 

FL02-based devices is reduced compared to that (H-index = 1.24) of FL01-based ones, 

further suggesting that the functionalization of the twisted side chain of FL02 on the 

perovskite surface is indeed favorable for the defect passivation by decreasing the ion 

migration at the interface.  
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Figure 4.4. PV parameters (a) PCE, (b) FF, (c) Voc, and (d) Jsc, derived from the J–V scans 

recorded for 15 different cells. 
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Figure 4.5. 𝐽– 𝑉 curves of the best devices with FL01, FL02, and Spiro-OMeTAD under 

one-sun illumination with reverse (Sweep 1) and forward (Sweep 2) scans. The scan rate is 

20 mV/s. 

Table 3.  PV parameters, PCE, FF, Voc, and  Jsc, derived from the J–V scans recorded for 

15 cells. All PV parameters data are acquired from the reverse scan. 

Sample PCE (%) FF (%) Jsc (mA/cm2) Voc (V) H-Index 

 Best Avg. Best Avg. Best Avg. Best Avg. Best Avg. 

Spiro-

OMeTAD 
18.8 16.6 70.2 64.7 24.0 23.4 1.1 1.1 1.07 1.05 

FL01 8.6 6.9 58.6 46.5 14.1 14.2 1.0 1.0 1.24 1.26 

FL02 17.8 15.3 72.2 65.1 21.8 21.8 1.1 1.1 1.12 1.15 
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4.4 Stability Study 

To investigate the degradation processes taking place in the devices, the stabilities of 

unencapsulated PSCs with different HTMs have been recorded by analyzing the evolution of 

different PV parameters (Figure 4.6) of the champion devices as a function of storage time. 

The samples were measured under ambient conditions (RH ~ 40 %) and stored in dry 

conditions (in darkness, RH < 10 %).   

In Figure 4.6 (a), the FL02-based devices exhibit an impressive stability compared to either 

reference Spiro-OMeTAD- or FL01-based counterparts. The PCE of FL02-based PSC shows 

no obvious drop after reaching the peak value upon the first 5 days storage, while the PCE 

of FL01-based device decreases to around 60 % of its initial value after over 70 days storage, 

which is similar to the degradation trend of Spiro-OMeTAD reference cell. Both FF and Voc 

gradually increase during the long-term storage in the case of FL02 HTM, mainly 

contributing to its high long-term stability. This, in turn, indicates that the passivation 

promoted by the twisted side chain of FL02 can not only improve the interfacial charge 

transfer but also reduce the surface defects (e.g., traps and pin-holes) of the perovskite, which 

can effectively prevent the penetration of moisture and oxygen into the perovskite layer.  
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Figure 4.6. Normalized PV parameters (a) PCE, (b) FF, (c) Voc, and (d) Jsc of the 

PSCs with different HTMs vs. storage time, measured in ambient conditions (RH ~ 

40 %) and stored in dry air (in darkness, RH < 10 %). T80 is the time at which PCE 

parameter drops to 80 % of its initial value. The linear fit in (a) shows stability trend 

to derive the T80 shelf-life (53 and 49 days, respectively) of Spiro-OMeTAD and 

FL01 devices. 
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To further confirm the photostability of the devices, the MPPT tests were conducted for the 

unencapsulated champion devices under the continuous one-sun illumination, as shown in 

Figure 4.7. The FL02-based device shows the highest stability with a T80 lifetime of >98 h 

while that of FL01-based one is limited to 32 h. This trend is consistent with above mentioned 

shelf-lifetimes. 

 

 

Figure 4.7. MPPT tests of the unencapsulated PSCs with different HTMs under continuous 

1-sun illumination (100 mW cm-2). 
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5 CONCLUSIONS 

In this work, the performance and the stability of standard n-i-p mesoscopic PSC devices, 

with a triple-cation CsFAMA perovskite light-harvesting layer, employing a novel organic 

HTM, namely FL02, in alternative to the widely used yet expensive Spiro-OMeTAD, were 

systematically investigated. The cost-effective FL02 HTM features good hole transport 

properties due to the twisted side chain in the molecular design, as evident from the 

comparison with a reference HTM (FL01) containing a planar side chain. 

According to the experimental characterization of PSCs with different HTMs, FL02-based 

devices exhibit high PCEs (17.8 % for the champion device) compared to that (8.6 %) of 

FL01-based devices, due to the high hole extraction efficiency and low trap density at the 

perovskite/HTM interface. This result is based on the strong passivation effect of the twisted 

side chain of FL02 on the perovskite surface. It is noted that the PCE loss is only around 1 

% when comparing the performance of FL02-based devices with that of commercially 

available Spiro-OMeTAD-based ones, suggesting that the newly designed FL02 has good 

potential to replace the traditional Spiro-OMeTAD. Moreover, the hysteresis of the FL02-

based devices is reduced compared to that of FL01-based ones, hinting that FL02 is more 

favorable for the surface passivation by decreasing the ion migration at the perovskite/HTM 

interface. Importantly, the FL02-based devices exhibit an impressive stability by showing no 

obvious drop in PCE after over 70 days of storage in dry air, while the PCE of FL01-based 

devices decrease to around 60 % of its initial value during the same period. This is also 

similar to the degradation trend of Spiro-OMeTAD reference cells, due to the effective 

protection of the perovskite surface by the functionalization of the twisted side chain of FL02 

at the interface. 

We conclude that FL02 can enhance the interfacial charge transfer as well as reduce the 

surface defects of the perovskite, avoiding the penetration of moisture and oxygen into the 

perovskite layer. This has been in turn evidenced by the long T80 lifetime of >98 h of 

unencapsulated FL02-based devices under continuous one-sun illumination (MPPT test), 

which is longer than the commonly reported T80 lifetime (<50 h) under identical test 

conditions. However, the T80 lifetime of FL01 cells is limited to 32 h.  
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The side chain engineering of small molecular HTMs is a promising strategy to functionalize 

the perovskite surface in n-i-p device structures. This work provides molecular design 

guidelines for novel organic HTMs enabling the development of low-cost, efficient, and 

stable PSCs.   
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