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Abstract 

Perovskites are promising alternative materials to the silicon counterparts for making solar 

cells. Photovoltaic community has been focused on improving the power conversion 

efficiency and stability of perovskite solar cells (PSCs) over a decade. On the way from lab 

to market, highly efficient and stable of perovskite solar cells is not enough for PSCs to be 

realized. Reliability and scalability are important factors to be improved to bring a mature 

technology to the market. Interfaces of PSCs multilayer stack are one of problematic issues 

that can reduce the performance and durability of PSCs. The interfacial reliability of PSCs 

will be discussed with the results of adhesion interactions in nanoscale and interfacial 

fracture toughness in macroscale, and its associated toughening mechanisms as the effect of 

different processing of perovskite active layers. 

In terms of scalability, PSCs have potentials to be commercially grown using spray 

fabrication method that involves various parameters: nozzle speed, head-substrate spacing 

distance, substrate temperature, and applied pressure after spraying to produce a compact 

structure of perovskite active layer. Those various parameters are suitable for a data science 

framework for enabling process optimization with purpose of PSCs manufacturing with 

shorter timescale and lower experimental cost that was previously made. The results of 

optimization of spray-deposited perovskites conditions, interfacial properties, and 

toughening mechanism at interfaces of perovskite and charge transport layers, as well as 

machine learning model development of spray parameters optimization will be discussed as 

they relate to spray-assisted PSCs performances. 
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Chapter 1  

 

Introduction 

1.1 Motivation and Unresolved Issues 

1.1.1 Global Energy Demand 

The energy consumption worldwide is anticipated to increase to 25 TW by 2040. Increasing 

the population and the industrial growth has contributed to this increment in energy 

demand. All different countries strategize different plans, policies, and controls to provide 

accessible energies that are sufficient for people which is one the most casual issues of the 

21st century [1]. The dependency on fossil fuel is also a huge challenge as the fossil fuels 

deplete over time and the environmental impacts caused by the fossil fuel exploitation [2]. 

This has stimulated efforts in research, development and commercialization of technology 

that can utilize renewable and eco-friendly energies such as solar, wind, biomass, geothermal 

and hydropower to compete with fossil fuels [3].  

Solar is the most abundant energy source in universe. It provides approximately 1.7 x 

105 TW of energy reaching the surface of earth each second. If only 600 TW of this solar 

energy is practically harvestable at around 10% efficiency, this could provide 60 TW of 

energy that can be used to provide more than enough energy to meet global energy needs 

with no cost [4]. Solar energy is also not exhaustible as it produces solid and increasing 

output efficiencies compared to the other energy sources as long as the area have good solar 

radiation [5]. It is obviously seen in Figure 1-1 that a three-quarter of the world has sufficient 

intensity of solar intensity. Moreover, as an affordable and applicable energy sources, solar 

systems can be effectively utilized for many sectors such as villages, industrial operations, 
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and homes [6]. This suggests that a sustained effort on solar energy research could pave the 

way to a renewable energy future in which solar energy could address many of the global 

energy needs. 

 

 

Figure 1-1 Global horizontal irradiation maps, Adapted from Ref [1] 

 

1.1.2 Reliability of Multilayer Electronic Devices 

Electronic devices such as solar cells [7], batteries [8], micro-electro-mechanical system 

(MEMS) micro-switches [9], and printed circuit boards consist of sophisticated stacks of 

different functional materials in their structures. Features such as thermal expansion 

mismatch of materials and weakly bonded interfaces often induces deformation or 

delamination in the device structures, impacting the viability and long term-processability 

of the technologies [10]. Other stresses such as deformation-induced by in-service thermal 

excursions for those devices operating various weather conditions, fractures during 

manufacturing, installation, maintenance, and services, an additional stress of stretchable 

and flexible technology also impact the reliability of the multilayer devices, attracting the 
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manufacturer’s concerns [11]. The mechanisms related to the failure of multilayer electronic 

devices must be understood towards their commercialization.  

Some of observed deformations caused by build-up stresses in multilayer electronic 

devices are shown in Figure 1-2. In energy harvesting devices, silicon solar cells often have 

an encapsulant as a protection layer. Delamination could occur around the interconnect 

ribbons and metallization during services with high possibility of current leakage and 

fluxing cycle issue (Figure 1-2 (a)) [12]. Delamination failures was also observed on the 

silicon PV modules during service. The infrared thermal images of minimodules that 

experienced corrosion, bubbles, and delamination under thermal cycles are shown in Figure 

1-2 (b).  

In the next generation of perovskite solar cells (PSCs), stress at interfaces can be 

developed between bulk absorber layer and the adjacent transporting layer during thermal 

cycling. The delamination (Figure 1-2 (c)) between absorber layer to the neighboring 

transport layers can induce a barrier of electron/hole transfer to the electrode. Furthermore, 

robust and reliable flexible transparent electrode materials have been actively reported, to 

realize PSCs with balanced excellency in mechanical flexibility and high efficiency. 

Additional stresses from high bending cycles produces linear cracks on the metal electrodes 

due to the weak adhesion between graphene and the metal surfaces illustrated in Figure 1-2 

(d)). Moreover, the deformation-induced stresses are also observed in solid-state lithium-ion 

batteries due to the intensive volumetric expansion during operation. Solid electrolyte in the 

structures is required to resist diffusion of Li dendrites during ion transports, resulting a 

build-up stress towards an interfacial cracking and a catastrophic short-circuit failure in the 

structures (Figure 1-2 (e)). 
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Figure 1-2 The deformation phenomena from in electronic devices: (a) Delamination between 

silicon solar cells and the encapsulants. Adapted from Ref. [12], (b) Failures in silicon 

minimodules.  Adapted from Ref [13], (c) Layer detachment in perovskite solar cells, 

Adapted from Ref [14]. (d) cracks generated during bending in flexible solar cells, Adapted 

from Ref [15]. and (e) Evolution of dendritic deformation in multilayer stack lithium 

batteries, Adapted from Ref [16]. 
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Determination of adhesion and fracture energy, Gc, in multilayer devices is perhaps 

the most crucial indicator to evaluate the weakest interface in the systems that can link to the 

mechanical reliability of electronic devices. Particularly in PSCs, an understanding of devices 

stability, scalability and reliability together is very crucial to have an efficient operation of 

PCSs. To date, most of PSC research has focused on pursuing efficiency increases and 

prolonged stability period, but PSCs will also need to mechanically reliable to efficiently 

operate under harsh condition of air and sun exposure. Thus, a critical need exists for better 

understanding of the interfacial adhesion and the fracture toughness to elucidate the 

reliability of multilayer stack of perovskite solar cells. 

 

1.1.3 Scalability of Solar Cells Technologies 

Perovskite materials are potential to be absorbers in the next-generation solar cells due to 

their excellent intrinsic electro-optical properties, namely broad optical absorption 

coefficients [17,18], long electron-hole diffusion lengths [17-19], high charge carrier 

mobilities [20,21], and low-cost solution processable costs [22,23]. The combination works on 

the structural design, material chemistry, process engineering and device physics contributes 

to the fast evolution in PSCs performances [24]. Improvement in PSCs performances has been 

progressively made starting from 3.8% of photoconversion efficiencies (PCEs) in 2009 [25], 

to above 25.1% in 2020 [26], which is a game-changer in a photovoltaic performance race.  

Solution processability of PSCs at low temperature has been an attractive feature of 

PSC photovoltaic (PV) technology. It enables devices to be fabricated quickly with cheaper 

cost unlike the traditional silicon PV devices. However, challenges for transitioning from the 

laboratory scale to the factory scale of PSCs are remained. Developing scalable deposition 

technologies for the uniform coating, achieving better control of film formation across the 

device stack at large scale, and understanding the impact of device architectures on the 

reliability, stability and performances of perovskites modules, are factors that would need to 
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be addressed towards PSC commercialization [27]. Currently, spin-coating is the widely 

used solution-based method to develop lab-scale PSCs. While this method can produce high 

efficiency of devices, spin-coating technique suffers from low nonuniformity in thickness, 

poor reproducibility, and small coating area [28,29].  

A remarkable progress on large-scale fabrication technique has been rapidly seen over 

years in Figure 1-3 (a), showing that there is an improvement over years in the PSCs 

performances with the area increasing. The plot shows PSCs with small-area cells (~0.1 cm2), 

large-area cells (~1 cm2) and modules (>10 cm2). However, losses in efficiency are inevitable 

as the area increases for most types of solar cells (Figure 1-3 (b)), because of non-uniform 

coating over large area, higher series resistance, the presence of dead area of interconnections 

and bus bars, and so on. PSCs performances are notably lag behind those other solar cells 

when the device area increases [27]. This suggests that the existing efforts in scaling up the 

solution-based PSCs needs to be thoroughly investigated from the microstructures, 

processability and interfacial reliability to limit the losses of their efficiency over areas. 

 

 

Figure 1-3 The improvements of the photoconversion efficiency (PCE) of PSCs in few years 

for small-area cells (orange), large-area cells (blue) and modules (grey)(a). The plot between 

PCE and the areas for different types of solar cells, including crystalline silicone (c-Si), 
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cadmium telluride (CdTe), copper indium gallium selenide (CIGS, dye-sensitized solar cells 

(DSSC), organic photovoltaic (OPV). Adapted from Ref [27]. 

 

1.2 Research Objectives  

The objectives of this work are:  

(i) To study the mechanical reliability of multilayer stack perovskite solar cells at different 

processing, including solution (spin-coating, spray-coating) and vapor deposition.   

(ii) To elucidate the toughening mechanisms at interfaces of perovskite solar cells 

(iii) To optimize the scalable spray fabrication technique of perovskite solar cells 

(iv) To develop machine learning guided framework in finding the optimum configurations 

of spray deposition technique for shorter timescale and cheaper experimental budget. 

 

1.3 Scope of the Dissertation 

A brief description of the preceding chapter of this dissertation is given below: 

Chapter 2 will provide the background information of the progress in PSCs developments. 

First, the photovoltaic technology is briefly reviewed. Second, the PSCs are introduced 

including the physics behind the operating principles and the efficiency measurement in 

solar cells. Third, the mechanical testing adopted in this study is explained including 

adhesion and interfacial fracture toughness in multilayer stack electronic structures. Finally, 

the scalable processing in PSCs technology is introduced, and spray coating for scalable 

option for PSCs manufacturing are contrasted to other methods, and machine learning for 

spray process optimization in photovoltaic area is also reviewed. 

Chapter 3 and 4 will provide the reliability aspect of PSCs. Chapter 3 will include the 

nanoscale study of adhesion between layers in the multilayer stack PSCs using atomic force 

microscopy technique. This study includes the correlation of interfacial adhesions, 

perovskite fabrication method, and the charge carrier dynamics in PSCs. The results will be 
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useful in designing PSCs, not only for yielding high photovoltaic performances, but also for 

having high interfacial reliability of multilayer structures. The resulted adhesions are then 

ranked, and these rankings are crucial in the selection of appropriate functional layers and 

processing techniques for the fabrication of layers in PSCs.  

After the study of interfacial interactions in nanoscale, Chapter 4 will subsequently 

capture the interfacial micro-scale examination through a fracture test called Brazilian disk 

test that is allow us to quantify the interfacial fracture energy between bi-materials in vapor 

and solution-processed PSCs with different loading conditions. The combination of 

processing and microstructure of PSCs will also relate to engineer the solar cell 

performances. The fracture energy is also predicted using theoretical zone model and 

compare it to the experimental results. The toughening mechanism that contributes to the 

crack-tip shielding is also characterized. The measured interfacial fracture energies will also 

provide useful measurements that can be incorporated into simulations of crack growth 

along the interfaces of model PSCs structures.  

Chapter 5 and 6 will provide an insight of scalability of PSCs.  Chapter 5 will optimize 

the perovskite fabrication using spray coating. Some parameters of spray systems such as 

substrate temperature, automated nozzle speed and height between spray and substrate, are 

selected to search the optimum conditions of perovskite absorber layers. This study will also 

explore the interfacial reliability of perovskites and the neighboring transport layers and 

compare those interfaces integrity to the widely used spin coating processes. The effects of 

external applied pressure after spraying will also be discussed to further optimize the spray-

assisted PSCs. 

Chapter 6 will describe the machine learning approach to identify the hidden 

relationships and analyze the impact on the efficiency of the solar cells of functional 

parameters such as temperature, speed, distance of the nozzle, and pressure added after 

spraying. Two regression model- multivariate linear and polynomial regression will be 

compared. This study will offer an insight of the use of machine learning techniques, 
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allowing us to collect a much-reduced dataset that can be augmented to provide insights and 

generalize the relationship between functional parameters and PSCs efficiency. The 

optimization of the resulted model will provide a guidance in a new design of experiment 

(DOE) for future experiments.   
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Chapter 2  

 

Literature Review 

2.1 Solar Cells 

In 1839, Alexandre Edmond Becquerel found the photovoltaic (PV) effect via a brass 

electrodes immersed in a conductive solution exposed in light. C.E. Fritts, in few years later, 

discovered a continuous and constant current with sunlight exposure when a placed of 

amorphous selenium on a metal backing and covered the selenium with a gold leaf film with 

photoconversion efficiency (PCE) less than 1% confirmed by Siemens at that time. After 

quantum mechanics was discovered around 75 years passed, the use of single-crystal 

semiconductor and p/n junction behavior was first recognized. Chapin et al. [1] invented the 

silicon single-crystal solar cell with 6% of PCE and the progress of silicon as solar cells has 

been improved until today [2]. Silicon has been a favored PV material with high efficiency 

that made it difficult to displace in PV community. However, a new generation of halide 

perovskites have attracted intense attention in the photovoltaic community owing to their 

efficiency and low-cost fabrication, compared to silicon counterparts [3]. 

 

2.1.1 Perovskite Solar Cells (PSCs)  

Perovskite is basically a crystal structures named after a Russian mineralogist, L. A. Perovski, 

described with general ABX3 structures (Figure 2-1 (a)), in which A is a monovalent cation 

(such as methylammonium (MA+), formamidium (FA+) or Cesium (Cs+)), B is divalent 

metallic cation (such as Pb2+, Sn2+, Ge2+), and X is a halogen (I-, Br-, Cl-) [4]. Perovskite materials 

has a strong optical absorption which reduce the required thickness for solar cells and solves 

challenges of collecting photogenerated carriers. Absorption measurements of perovskites 
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(Figure 2-1 (b)) are compared to other solar cells and shows an outstanding optical 

absorption that is one order of magnitude greater than that of GaAs) [5]. Perovskites also 

have a small effective mass for both carriers, low exciton binding energy, long carrier 

diffusion lengths (>1 µm), and long carrier lifetimes (273 ns) [6]. Perovskite materials have 

been widely for decades, but the use for sensitizers in solar cells, called perovskite solar cells, 

was first realized by Kojima et al. [7] in 2009 with PCE of 3.8%. An impressive progress has 

been made to achieve high performances PSCs such as controlling perovskite crystallization, 

compositional engineering, additive engineering, resulted of power conversion efficiencies 

of 25% in a decade [8]. 

 

Figure 2-1. (a). ABX3 perovskite structure. Adapted from Ref. [4], (b). Absorption Coefficient 

of CH3NH3PbI3 perovskites compared to other solar cell materials. Adapted from Ref. [5], 

and (c). A working principle of PSCs and the associated energy alignment. Adapted from 

Ref. [9]. 
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2.1.2 Operating Principles of PSCs 

The structure of PSCs is a multilayered structure that consists of perovskite as the active 

layers sandwiched between a n-type electron transport layer (ETL) and a p-type electron 

transport layer (HTL) with the top electrode contacts on both sides [5].  (b) shows the general 

operating principle of PSCs. There are several processes occurred when light illuminated 

from the transparent conductive substrate. First, pairs of electron and hole are generated in 

perovskite layers once incident light is absorbed. Second, it produces a splitting of the 

electrons and holes called the charge separation. A driving force from energy level difference 

pushes electron to the ETL and holes to HTL. Third, the ETL collect the photogenerated 

electrons and transport it to the anode which is a transparent conductive oxide (TCO), while 

the HTL collect the photogenerated holes and transport it to the cathode (usually Au or Ag). 

Fourth, the electrons migrate to the external circuit via TCO, and the electric current is finally 

collected at the Au or Ag electrodes to complete photocurrent conversion process. Energy 

alignment among all functional layers in PSCs should carefully engineered to guarantee an 

efficiency charge separation and process completion [10,11]. 

 

2.1.3 Efficiency Measurements of PSCs 

The current-voltage (J-V) characteristics is a main characterization to assess the performance 

of solar cells. Bias voltage is applied, and the corresponding photocurrent is measured. 

Figure 2-2 represents the resulted dark and illuminated J-V curves from a typical solar cell. 
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Figure 2-2. Dark and illuminated typical J-V characteristics of solar cells. (a) The difference 

between dark and illuminated J-V curve with output power density as a function of voltage. 

(b). The curve with detail label of the short-circuit point (0, Jsc), the open-circuit point (Voc, 0), 

and the maximum power point (Vmp, Jmp). Adapted from Ref [12]. 

 

Through this test, there are some key parameters of solar cells that can be evaluated, 

including short-circuit current (Isc), current density (Jsc), open-circuit voltage (Voc), fill factor 

(FF), and photoconversion efficiency (PCE). The formula of the relationship given by 

𝑃𝐶𝐸, 𝜂 (%) =
𝑃𝑚

𝑃𝑖𝑛
=

𝐼𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛𝐴𝑎𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
=  

𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
           (2.1) 

where 𝑃𝑖𝑛 is the irradiance of the incident light, and 𝑃𝑚 is the maximum power output from 

the cells, and 𝐴𝑎𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒is the area of the PSCs. Fill factor (FF) often explains the degree of 

internal losses of PSCs to see how realistically achieved performances compared to the 

ideally achievable performances. 

    𝐹𝐹 =
𝑉𝑚𝑝𝐽𝑚𝑝

𝑉𝑜𝑐𝐽𝑠𝑐
                                              (2.2) 
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2.2 Mechanical Reliability of Multilayered Electronic Devices 

Once an electronic device technology (e.g., perovskite solar cells) is established, some 

strategies to control force of adhesion between materials in multilayer stack structures are 

important to enable the functionality of the devices and to ensure that the devices can 

withstand the mechanical wear and tear for long time service. A mechanical integrity can be 

thought as the best predictor of the overall robustness of multilayer electronic devices. The 

reliability of multilayer devices can be evaluated on the macro and nanoscale level because 

physical separation in multilayer stack structures is strongly related to the electrical contact 

of devices. At this level, voids, cracks, and delamination due to internal and external 

stressors dictate the root of causes of failure in the multilayer devices. There are number of 

theories and techniques that can be used to quantify the interfacial adhesion and resistance 

for fracture at macro and nanoscale. 

 

2.2.1 Adhesion in Electronic Structures 

All surfaces have different level of roughness. A contact between surfaces is carried by 

different asperities on the surfaces. Due to the inter-atomic attractions, the asperities contact 

results in the adhesive contact. Surfaces that have a multitude of asperities are difficult to 

form a very flat contact to other surfaces. A much smaller of the real contact is always 

observed compared to the apparent contact area [10]. Adhesion is common phenomena in 

miniaturized devices, not limited to micro/nano-mechanical systems (MEMS) and magnetic 

storage devices. Adhesion can critically influence the efficiency or power output of those 

devices[11]. 

 Atomic Force microscope (AFM) has been used to study the adhesion forces and 

surface structures over many of materials. AFM utilizes the sharp tip to make interactions 

with sample surfaces at a distance of atomic dimensions. The tip will sense the interaction 

forces over a surface and capture it as surface images. The interaction will be affected by the 

morphology and the roughness of the surfaces, tip materials, the environment when the 
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AFM testing being done. The forces made between tip and the surfaces are mainly due to the 

van der Walls and capillary interactions because of water meniscus formed the end of the tip. 

Therefore, a controlled humidity environment is important in conducting any experiments 

using AFM. 

 Prior works by Wolf et al.[12] has been evaluated the adhesion between the constituent 

layer of coating, and between coating and the substrates in a drug-eluting stent (DES). by 

using AFM. Coated AFM tips and two-dimensional coupons acting as surrogates to the 

substrate were interacted to evaluate the adhesion between all possible interfaces. Similar 

AFM work has also been done by Obayemi et al.[13] for interaction between conjugated 

magnetite nanoparticle systems and the specific targeting of triple negative breast cancer to 

improve the selectivity in cancer detection and treatments. In the cases of electronic devices, 

AFM has also been used by Tong et al. [14] to quantify the adhesion between different 

functional layers in organic photovoltaic (OPV) systems and incorporated the surface 

parameter to analytically calculated the adhesion energy for designing robust structures of 

OPVs. Therefore, adhesion is a very useful predictor to understanding the nanoscale 

interfacial interaction between two dissimilar surfaces in many systems. 

 

2.2.2 Contact Theories 

Theory of Hertz has been modelled for elastic adhesion, while theory such as JKR and DMT 

model has been modelled adhesion with taking account the surface energy[15] and cohesive 

forces at the contact periphery[16], respectively. The model of Johnson-Kendal-Roberts (JKR) 

describes adhesion in “soft” elastic materials, strong adhesion forces, and large tip radii, 

where adhesion forces outside the contact area are neglected. In contrast, the Derjaguin-

Muller-Toporov (DMT) approximation is valid for “hard” materials, weak adhesion forces, 

and small tip radii. The Maugis-Dugdale (MD) model has developed for molecular smooth 

surfaces for any materials with high and low adhesions, which was being regime between 

the limitations of JKR and DMT model)[17]. 
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Contact mechanics can be used to extract the value of the adhesion energy from the 

measured pull-off forces. This can be done using adhesion models that have been developed 

for different ranges of attractive forces and surface geometries[18]. The relationship of JKR 

model between the adhesion energy (γ) and the adhesive force (F) is given by [19]: 

 

𝐹 =
3

2
𝜋𝛾𝑅        (2.3) 

 

For DMT approximation, the equation is given by: 

 𝐹 = 2𝜋𝛾𝑅        (2.4) 

 

 where R is the effective radius of curvature that is given by 

          𝑅 = (
1

𝑅𝑡𝑖𝑝
+  

1

𝑅𝑟𝑚𝑠
)

−1

     (2.5)  

 

where Rrms and Rtip are the average roughness of the coated surface and radius of coated 

probing tip[14,20]. 

 For MD model, an analytical method must be used to approximate the relationship 

between adhesion force and energy. However, the model has been simplified through 

iteration approach by Carpick et al.[21] and further generalized by Pietrement and Troyon 

[22]. A non-dimensionalized parameter (λ) was used to determine the applicable models in 

the specific cases. The DMT model is applied when λ < 0.1, the JKR applied is when λ > 5, 

and MD model is between those two-limiting cases. The calculation of λ can be done using 

the knowledge of material and geometric properties of surfaces, given by: 

 

𝜆 = 2𝜎𝑜 (
𝑅

𝜋𝐾2𝛾
)

1

3
 = −0.913ln (1 − 1.018𝛼)   (2.6) 

where the K constant can be calculated from: 
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=
4

3
(

𝑅

𝜋𝐾2𝛾
)

1

3
 = −0.913ln (1 − 1.018𝛼)   (2.7) 

where 𝑣𝑖 is the Poisson’s ration for layer i=1,2 and 𝐸𝑖 is the elastic modulus of those layers. 

 

2.2.3 Interfacial Fracture Testing 

Fracture energy, G, is an important predictor in preserving the functionality of devices.  Once 

fracture is induced in multilayer electronic devices, surface separation is induced, and 

electron transfer will be disturbed due to the lack of physical pathway for the charge 

transportation. The critical energy release rate, G, required to develop interfacial crack 

growth between materials can be determined by fracture mechanics measurements. G 

defines as the rate of potential energy changes with the respect to the crack area for a linear 

elastic material [23]. Fracture will be induced when G reaches the critical threshold Gc (G=Gc). 

In atomic level, this is equivalent when external forces reach the cohesive bonding between 

two atoms.  

 

Brazilian Disk 

Brazilian test is a technique in fracture mechanics used to evaluate the mechanical properties 

of brittle materials such as concrete or rocks[24], dental cement composites [25,26], 

marble/adhesive interfaces [27], and organic electronic structures [28]. The Brazil disk 

experiment consists of compressing a circular disk that can be oriented over ranges of mode 

mixity to initiate fracture along the deposited samples. The loading phase was controlled by 

varying the inclination angle, θ. The stress intensity factors for modes I and II are given by 

Equations (2.8-2.9)[28]. 

 

 𝐾𝐼 =  𝑓𝐼𝜎(𝜋𝑙)−1/2 (2.8) 

 𝐾𝐼𝐼 =  𝑓𝐼𝐼𝜎(𝜋𝑙)−1/2 (2.9) 
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In Equations (2.8-2.9), l is the crack length, 𝑓𝐼 and 𝑓𝐼 are the non-dimensional 

calibration factors which a function of the loading angle, θ, and relative crack length, l/a. 

Equation (2.10) yields the stress, σ, where 𝐹max is the maximum applied load to induce 

fracture from the compressive testing, a is the disk radius and t is the disk thickness.  

 

 𝜎 =  
𝐹max

𝜋𝑎𝑡
 (2.10) 

 

The overall energy release rate can be calculated as in Equation (2.11) where E* is the plane 

strain Young’s modulus for bi-material pairs[26]. 

 

 𝐺 =  𝐺𝐼 + 𝐺𝐼𝐼 =
1

𝐸∗ (𝐾𝐼
2 + 𝐾𝐼𝐼

2) (2.11) 

 

The mode mixities can be expressed as in Equation (2.12). 

 

 𝜓 =  𝑡𝑎𝑛−1 (
𝐾𝐼

𝐾𝐼𝐼
) +  𝜔 + 𝜀 𝑙𝑛 (

�̂�

ℎ
) (2.12) 

 

In Equation (2.11), �̂� is a fixed length to define the loading phase and h is the layer thickness.  

 

Toughening mechanism 

Toughening is the improvement of the fracture resistance of a given material. Evans and 

Hutchinson [29] introduced the dependence of interfacial fracture toughness using a simple 

model of connecting facets along the crack surface. Mixed mode, mode I (crack opening) and 

mode II (in-plane shear), and non-planarity of the interface are involved in the interfacial 

fracture problems. Figure 2-3Error! Reference source not found. (a) shows the G trend with 

the phase angle of loading toughened by crack/kink mechanism, consisting of kinks along 
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the crack surface. The stress intensity at the crack front differs from the applied stress due to 

the kink angle, kink amplitude and the friction coefficient. In contrast, the zone model stress 

intensity is simulated by a continuous linear spring model ((b)). Zone model (Figure 2-3 (b)) 

model idealizes the bridged crack as a distribution of equivalent microcracks or equivalent 

bridges.  

 

Figure 2-3.The illustration of crack/kink model used to analyze crack surface contact effect 

(a), and the zone model used to determine G with phase angle of loading (b). Adapted from 

Ref[29]. 

 

The crack-tip shielding associated with the zone model of Evans and Hutchinson that 

can be determined from Ref. [30] to be: 

 

 
∆𝐺

𝐺
=  

𝑡𝑎𝑛2𝜓{1−𝑘[𝛼𝑜(1+𝑡𝑎𝑛2𝜓)(
∆𝐺

𝐺
+1)]}

1+ 𝑡𝑎𝑛2𝜓
 (2.13) 
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where the function k(α) is given in Table 1 (as 1/λ) in Ref. [30]  and 𝛼𝑜 is a material parameter 

that can be calculated from Equation (2.14), which gives: 

 

 𝛼𝑜 =  
𝜋𝐸𝐻2 𝑙𝐺𝑜⁄

32(1−𝑣2)ln (1 sin
𝜋𝐷

2𝑙
⁄ )

 (2.14) 

As defined in Equation (2.14), a parameter χ contains basic information of contact 

zone dimension where large value of 𝜒 (~10) associates to maximum contact and small value 

of 𝜒 (~0.10) associates to lack of contact. 

 

𝜒 =  
𝐸𝐻

𝐺𝑜 
        (2.15) 

 

In the case of large 𝜒 values, the contact forces have maximum level of crack tip shielding 

and KII ~ 0. Hence, the toughening can be simplified based on the pure mode I energy release 

rate, Go, as in Equation (2.16). 

 

 𝐺 = 𝐺𝑜 (1 + 𝑡𝑎𝑛2𝜓)              (2.16) 

 

 

2.3 Scalability of Perovskite Solar Cells 

2.3.1 Scalable Processing for PSCs technology 

The progress towards the scalable perovskites has been impressive in the past few years. A 

widely used spin-coating technique has only limited to the 10x10 cm area substrates where 

the large portion of the solution is being wasted during spinning. However, the resulted 

10x10 cm spin-coated PSCs show a significant loss in PCE compared to the small area 

devices, due to the difficulty to obtain smooth and thin wet-solution through the continuous 

centrifugal force for large-scale cells. Fabricating uniform coverage and pinhole-free 

perovskite films on large scales remained a challenge in PSCs scalability. Therefore, PV 
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community has explored some possible scalable fabrication techniques, including doctor-

blade coating, slot-die coating, spray coating, inkjet and screen printing (Figure 2-4) [31–33]. 

The state-of-art development of all techniques are compared in Table 2.1. 

 

 

Figure 2-4. Common scalable method for perovskite deposition, namely blade coating (a), 

slot-die coating (b), spray coating (c), inkjet printing (d), and screen printing (e). Adapted 

from Ref.[32] 

 

Table 2.1 The progress of scalable PSCs fabrication techniques [32] 

Fabrication Method 
Demonstration in 

device stack 

State-of-the-art PCE 

cells (%) 

Single Module 
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(a) Blade coating 

A technique to spread precursor solution 

on substrate to form wet thin films 

Perovskite 

ETL and HTL 
19.5 [34] 14.1 [35] 

(b) Slot-die coating 

A similar technique as blade coating that 

uses an ink reservoir with a thin slit to 

apply ink over the substrate 

Perovskite 

ETL and HTL 
14.7 [36] - 

(c) Spray coating 

A technique includes the dispersion of 

tiny liquid droplets onto substrates 

Perovskite, ETL, HTL 18.3 [37] 15.5 [37] 

(d) Inkjet printing 

A technique that uses a nozzle to disperse 

the ink with fine control of the droplet size 

and trajectory 

Perovskite 12.3 [38] - 

(e) Screen printing 

A technique that utilizes a patterned mesh 

screen to hold and transfer ink to the 

substrates 

ETL 

HTL 
15.6 [39] 10.8[40] 

 

2.3.2 Spray Coating 

Spray coating has been extensively explored for thin film PV technology such as organic and 

perovskite solar cells. Spray coating is solution-based coating technique that utilizes the 

nozzle to disperse liquid microdroplet onto a substrate. There are some types of spray 

coating depending on the method use for droplet generation, namely pneumatic spray using 

the fast gas flow, ultrasonic spray using ultrasonic vibration on the nozzle, and electro 

spraying using electrical repulsion [32].  
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 Spray coating has some advantages such as a fast deposition time where a spray head 

can move across the substrate at 5 m/s which is twice than the speeds for slot-die coating.  

Another benefit is that spray coating is able to coat nonplanar substrates as spray head is not 

in close contact to the substrates [41]. However, new droplets in spray processing can 

dissolved the already formed films. Some treatments such keeping the substrate at elevated 

temperature, tuning the solvent composition are useful to limit the material dissolution [37]. 

In the perovskites case, controlling the substrate temperature is very important during spray 

because of the fast growth of perovskite, forming thin film with dendritic structures (Figure 

2-5).   

 

Figure 2-5. Perovskite morphology via spray-assisted technique with uncontrolled drying 

process 

 

2.3.3 Machine Learning for Process Optimization 

Machine learning (ML) is an approach which allows computers to learn from data. ML 

approach is very applicable in domains of studies such as face recognition, image processing, 

manufacturing, medical and other areas [45]. ML is found to be useful in improvement of 

quality control optimization and extracting implicit relationship from of high-dimensional 

variables data [46], predicting material properties [47], and speeding material discovery [48], 

which have drawn attention in photovoltaic community. 
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 In this fast-faced era, the ease of large amount of data processing provided by data 

science tool should help scientist in designing more systematic experiments, data collection 

and methodology analysis. ML can guide scientists in experimental planning, which 

leverage a comprehensive in data analysis or crating new ideas, rather than going through 

tedious and poorly reproducible laboratory experiments[49].  

 Spray coating is potentially used to enable scalable production of PSCs, though the 

system has a high-dimensional space for optimization which adds more complexity to the 

process. Optimization of variables in spray coating systems is often challenging as it is not 

economically friendly in time and budget. Paulson et al. [50] has been implemented statistical 

methods such as Latin hypercube design of experiments, machine learning surrogate 

modeling, and Bayesian optimization to optimize input variables in the flame spray 

pyrolysis, enabling a desirable particle size distribution.  

 P-type transparent conducting materials (p-TCMs) such as Cu-Zn-S film is a crucial 

component in solar cells that has also been explored using machine learning (ML) approach. 

A regression model was used to strategize design of experiments (DOE) of multidimensional 

p-TCMs synthesis conditions via chemical bath deposition (CBD) that relies on precursor 

depositions, temperature, pH, complexing agents. Wei, et al. [51] used a vector regression-

based model with a radial basis function. After the first-round experiment, the predicted 

ranges in the parameter space with optimum figure of merit (FOM) related to the film 

conductivity and optical transmission as a target variable were suggested to have better DOE 

for the next-round of experiments. These examples suggest that machine learning allows us 

to stimulate different scenarios and adjust the control parameter of a fabrication method in 

leveraging the improvement of spray-assisted PSCs.  
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Chapter 3  

 

Adhesion in Perovskite Solar Cell Multilayer 

Structures 

3.1 Introduction 

Lead-based halide perovskite solar cells (PSCs) have received considerable attention in 

recent years due to their attractive combinations of high power conversion efficiencies (up 

to 25%) and the potential for low cost manufacturing[1–5]. To date, most of photoactive 

active layers in PSCs have been fabricated through solution processing method. Although 

efficient cells have been made, some challenges are related to large area film formation, poor 

reproducibility of film morphology, stability and difficulties of constructing patterned 

multilayer devices, which are hindering the future commercialization of perovskite solar 

cells [6]. Therefore, vapor deposition of perovskite films has attracted significant interest to 

overcome some of the problems. Vapor deposition are expected to grow perovskite with high 

chemical purity due to the control of deposition parameters and vacuum environment, as 

well as with large area devices [7,8]. 

Lead-based halide perovskites such as MAPbI3, have moderate mechanical properties 

measured by nanoindentation of the single crystals. These include: Young’s moduli of ~17.8 

GPa, hardness values of ~0.58 GPa, and toughness values of ~2.7 J/m-2 [9–11]. Brittle interfaces 

between perovskite films and the adjacent layer in planar PSCs have also been reported with 

interfacial toughness (Gc) of less than 1.5 J/m-2 [12]. Since perovskite solar cells consist of 

multiple functional layers, interfacial robustness at each interface can have a significant effect 

on charge carrier transport across the interfaces. Prior work on the interfacial robustness of 
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perovskite solar cells has explored the mode mixity dependence of interfacial fracture 

toughness[13]. The studies showed that the interfacial fracture toughness values vary 

significantly with surface chemistry and the underlying toughening mechanisms. However, 

these authors are unaware of prior measurements of the adhesion between layers that are 

relevant to PSCs. Therefore, there is a need for fundamental understanding of the adhesion 

at interfaces of layered PSC structures. 

Thus, in this work, we explore the adhesion between layers that are relevant to PSCs 

which are produced using different deposition techniques (Figure 1a). Interfacial adhesive 

forces between layers that are associated with the different PSC structures are measured 

using atomic force microscopy (AFM) technique. This study utilizes methylammonium lead 

iodide (MAPbI3) that are crystallized through vapor and solution methods, as well as 

solution-processed mixed-cations mixed-halides (FA-MA-Br-I) photoactive absorbers (FA-

rich perovskite). The charge carrier dynamics and photoconversion characteristics of all PSC 

cells are characterized and correlated to the measured interfacial adhesive forces. The 

implications of results are discussed for improved fabrication of robust PSC structures. 

 

3.2 Theory  

To determine the pull-off forces between two adjacent surfaces that are relevant to PSC, the 

adhesion forces were measured between coated AFM tips and the relevant surfaces that were 

deposited on similar substrates to those of the PSC structures (Figure 3-1 (a)). Figure 3-1 (b) 

shows cross-sectional SEM images of PSCs with colors associated to the functional layer of 

the cell in Figure 3-1 (a). 
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Figure 3-1 (a) Mesoscopic Architecture of Perovskite Solar Cells, and (b) Representative 

cross-sectional SEM image of perovskite solar cells used in this study 

 

A schematic of a typical force-displacement curve obtained via force microscopy is 

presented in Figure 3-2. Figure 3-2 (a) corresponds to the initial position, where the cantilever 

is placed above the substrate. The AFM tip approaches the surface but has not yet reached 

the surface. However, as the tip approaches the surfaces, it jumps to contact, because of 

adhesive interactions. The contact is followed by cantilever bending, as shown in Figure 3-2 

(b). Figure 3-2 (c) corresponds to the regime in which the cantilever is in contact with the 

substrate and AFM scanner continues to move down vertically. If the cantilever is 

sufficiently stiff and the material is soft, the tip will indent the surface as the tip bends 

elastically. Subsequently, the cantilever is withdrawn (Figure 3-2 (d)). However, due to the 

effects of adhesion, the tip does not detach from the substrate at zero force. Thus, the 

retraction continues until the tip pulls off from the substrate at a negative force (Figure 3-2 

(e)) that corresponds to the adhesion force (F). The cantilever then returns back the initial 

position at A [14,15]. 
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Figure 3-2 Schematic of a typical force-displacement plot with corresponding steps of force-

displacement behavior (a-e) 

 

The adhesion/pull-off force can be calculated using Hooke’s law (Equation (3.1)) if the 

spring constant of coated cantilever is known/measured. This gives: 

𝐹 =  −𝑘𝑥     (3.1) 

where F is adhesion (pull-off) force, k is the spring constant of the AFM tip and x is the tip 

displacement. It is important to note that the stiffnesses, k, of coated and uncoated tips were 

determined experimentally using a thermal tuning method [15–17]. 

 

3.3 Experimental Section 

3.3.1 Device Fabrication 

Organic-inorganic perovskite solar cells were fabricated using mesoscopic structure 

(glass/FTO/cTiO2/mTiO2/Perovskites/SpiroOMeTAD/Au), as presented in Figure 3-1 (a-b). 

The chemicals that were used in this work were purchased from Sigma-Aldrich (St. Louis, 

MO). To remove residuals, pre-etched FTO-coated (~7 Ω/sq) glass slides (MSE Supplies, AZ) 

were cleaned successively in Decon-90, deionized water, acetone, and isopropyl alcohol for 
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15 min each and treated under UV-ozone exposure (Novascan, IA, USA). A compact TiO2 

(cTiO2) electron transport layer (ETL, thickness of ~100nm) was formed using 0.15 M and 0.3 

M TiO2 solutions as described elsewhere [13,18]. A mesoporous TiO2 (mTiO2) layer was 

subsequently spin coated at 4000 rpm for 30 s with titania paste in ethanol (1:5, v/v) and 

calcined at 500 °C for 30 min [19].  

PbI2 (99.999% trace metal basis) was thermally evaporated onto as-fabricated 

glass/FTO/TiO2 substrates using a thermal evaporator (Edward, E306A, Easton PA, USA). 

This was done under 10-4 Torr of vacuum pressure with a deposition rate of 0.1 nm/s. The 

PbI2 film was homogeneously transformed to MAPbI3 inside low vacuum oven at 160 °C 

with the PbI2-coated glass/FTO/TiO2 placed on underlying methylammonium iodide (MAI) 

for 8h. The MAPbI3 films were further annealed at 150oC for 10 min. For the solution-

processed PSCs, a mixture of 599.3 mg PbI2 in 1 ml of DMF:DMSO (9.5:0.5 of volume ratio) 

was spun on as-fabricated glass/FTO/TiO2 substrates at 1500 rpm for 30s and was dried at 

70 °C for 1 min. To obtain MAPbI3 active layer, a solution of methylammonium iodide (MAI) 

(40 mg in 1ml of IPA) was spin coated onto PbI2 layer at 1300 rpm for 30 s before annealing 

at 100 °C for 20 min. For FA-rich PSC, on the other hand, a formamidium (FA)-rich mixed 

organic cation precursor solution was prepared by mixing 60 mg FAI, 6 mg of MABr and 6 

mg of MACl in 1ml of IPA. The solution was then spin coated onto on the PbI2 layer at 1300 

rpm, followed by annealing at 130 °C for 15 min to form FA-rich perovskite layer. 

For all devices, hole transport layer (HTL) (SpiroOMeTAD) was prepared by 

dissolving 72 mg of SpiroOMeTAD, 17.5 µl of lithium bis (trifluoromethylsulphony) imide 

(Li-FTSI) (500mg in 1ml of acetonitrile) and 28.2 µl of 4-tert-butylpyridine (TBP) in 1 ml of 

chlorobenzene. The solution of SpiroOMeTAD was then spun at 4000 rpm at 30 s.[20] Finally, 

an 80 nm-thick gold (Au) (99.999%, Lesker) back contact was thermally evaporated using a 

thermal evaporator (Edward, E306A, Easton PA, USA) under ~10-6 Torr vacuum pressure at 

0.1 nm/s deposition rate. 
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3.3.2 AFM Pull-off Force Measurements 

A graphic of an AFM set-up is displayed in Figure 3-3 (a). Pull-off forces between two 

materials were acquired using atomic force microscope (Park systems NX 20, Santa Clara, 

CA). The tip approached and contacted the surface; subsequently an attractive force was 

measured during the retraction phase for adhesion force between tip and substrates. This 

contact AFM experiments was performed in ambient environment with relative humidity of 

~20-30%. 

 

 

Figure 3-3 (a) Schematic for-displacement curve of AFM measurements at interest interfaces, 

and (b) The configurations of coatings on the AFM tips and substrates. 

 

The contact AFM probing tips (PPP-CONTSCR 10M Park systems, Santa Clara, CA) 

were used in this study and these were coated with the materials that make direct contact 

with surfaces following the different configurations of interfaces in perovskite solar cell 



 42 

structures as shown in Figure 3-3 (b). The tip were coated using a simple dip-coating 

technique described in prior studies [16,17] with the solution of cTiO2, mTiO2, and 

SpiroOMeTAD. The substrates were coated using the same deposition techniques that were 

used in device fabrication as described in section 3.3.1 Device Fabrication. Prior to force 

measurements, the cantilever spring constants were determined using the thermal tuning 

method [16].  This was used to obtain accurate measurements of the coated and uncoated 

AFM tips.  The actual AFM tip geometries were also checked before and after the AFM 

measurements. This was done by observing the tips under Scanning Electron Microscopy 

(SEM, JEOL JSM-700F, Hollingsworth & Vose, MA, USA), operating at an accelerating 

voltage of 10 kV. The chemical compositions on coated tips were characterized using Energy-

dispersive X-ray spectroscopy (EDS, Oxford Instruments, UK). 

 

3.3.3 Surface Characterization 

The surface topographies of the individual layers were characterized using AFM tapping 

mode. This was done using AFM tips (PPP-NCHR, Park systems, Santa Clara, CA) with 

nominal radii of less than 10 nm. Scanning areas of 5x5 µm2 were used with a resolution of 

256 x 256 pixels. All the measurements were carried out in air at room temperature (25 °C).  

 

3.3.4 Device Characterization 

To estimate photovoltaic performance, the PSCs were illuminated with a solar simulator 

(Oriel, Newport Corporation, Irvine, CA) that was instrumented with a source meter unit 

2400 (Keithley, Tektronix, Newark, NJ). The devices were exposed to AM 1.5G illumination 

of 90 mW cm-2 during the current density-voltage measurements. The solar simulator was 

calibrated using a calibrated silicon cell (91150 V, Newport, Irvine, CA). The current density-

voltage (J–V) curves were obtained by scanning in the range of -0.4-1.2V, with device exposed 

area of 0.1 cm2. The electrochemical impedance spectroscopy (EIS) characteristics of PSCs 
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were also studied using a potentiostat (SP-300, BioLogic Instrument) at the frequency range 

of 1 MHz-100 mHz. 

 

3.4. Results and Discussion 

3.4.1 Surface and Tip Characterization 

Figure 3-4 (a-h) show typical topographic AFM 2D images, while Figure 3-4 (a1-h1) present 

3D images of the bare substrate FTO-coated glass, electron transport layers of TiO2, 

SpiroOMeTAD, solution-deposited MAPbI3 perovskite, solution deposited mixed-cation and 

mixed-anion FA-rich perovskite, vapor deposited MAPbI3 perovskite, and the gold top 

electrode. The root-mean-squared roughness values (Rrms) obtained for the layers are 

summarized in Table 3.1.  

 

Table 3.1 Root-mean-square roughness (Rrms) values of layers in PSC structures 

Layer Rrms (nm) 

FTO-coated glass 29.30 ± 2.25 

Compact TiO2 19.82 ± 0.34 

Mesoporous TiO2 23.65 ± 3.26 

FA-rich perovskite 

solution 

62.08 ± 8.38 

MAPbI3 solution 49.99 ± 4.21 

MAPbI3 vapor 27.47 ± 1.21 

SpiroOMeTAD 0.56 ± 0.14 

Au 10.99 ± 2.08 
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Figure 3-4 (a-h) AFM 2D topography images and (A1-H1) 3D views of the FTO, compact 

TiO2, mesoporous TiO2, SpiroOMeTAD, solution deposited mixed-cation and mixed anion 

FA-rich perovskite, solution deposited MAPbI3 perovskite, thermally deposited MAPbI3 

perovskite and gold 

 

AFM images of the perovskite films are presented in Figure 3-4 (e-g). The results show 

dense and closely packed grains with size of a few hundred nanometers and the grain sizes 

are affected by the perovskite fabrication method. The results of the vapor deposited 

perovskite films exhibits smaller grain sizes compared to those deposited through solution 

processing. 3D AFM images (Figure 3-4 (e1-g1)) suggest that the solution processed MAPbI3, 
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and FA-rich perovskite films have rougher surfaces with respective average Rrms values of 

49.99 ± 4.21 nm and 62.08 ± 8.38 nm, compared to vapor deposited MAPbI3 films with Rrms of 

27.47 ± 1.21 nm. We also observed that the surface roughness values of the films increased 

with increasing grain size (Figure 3-5).  

 

 

 

Figure 3-5 Average grain size and surface roughness (Rrms) of perovskite films 

 

Figure 3-6 (a) presents an SEM image of a bare AFM tip, while Figure 3-6 (b-c) show 

the surface morphologies of AFM tips that are coated with charge transport layers of 

mesoporous TiO2 before and after adhesion measurement. We observed that the coatings are 

still attached to the AFM probe tip surfaces (Figure 3-6 (c)) after pull-off force experiments. 

This confirms measurements of adhesive interactions between the AFM tip and substrate. 

Further evidence of the presence of the materials on the AFM tips is shown in Figure 3-6 (d). 

This shows the semi-quantitative EDS mapping results of a coated tip with hole transporting 

material, SpiroOMeTAD. The chemical compositions are also presented in Figure 3-6 (e) with 

compositions of C (49.5 %), S (44.6 %), O (1.9%) and F (0.5 %). The presence of C and F 
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elements are revealed the coating of SpiroOMeTAD on the AFM tips, while Si elements are 

from the tip itself (Figure 3-6 (f-h)). 

 

 

Figure 3-6 Representative profiles of tips: (a) bare tip and mesoporous TiO2-coated tip before 

(b) and (c) after measurement. (d) Representative EDS elemental mapping of SpiroOMeTAD 

coated-AFM tip, (e) EDS spectrum of detected elements on the tip. Elemental mapping of (c) 

Fluorine, (d) Carbon, and (e) Silicon elements. 
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3.4.2 Adhesion Forces 

A typical AFM force-displacement plot obtained for adhesive interaction between layers in 

organic-inorganic perovskite solar cells is presented in Figure 3-7. This force-displacement 

curve has similar characteristics to that pull-off schematic presented in Figure 3-2. The 

measured pull-off forces are presented in Figure 3-8. Relatively low adhesion forces were 

determined between FTO-coated glass and compact TiO2; and SpiroOMeTAD-coated tip and 

gold electrode with 9.83 ± 2.63 and 24.45 ± 2.90 nN, respectively. A low adhesion force of 

22.21 ± 4.81 nN was also obtained between the electron transport layer comprising compact 

TiO2 as a blocking layer and mesoporous TiO2 as a scaffold to support infiltration of 

perovskites.  

 

 

Figure 3-7 Typical AFM force-displacement behavior for SpiroOMeTAD coated tip 

 

Charge-carrier transport layers in PSC consist of an electron transport layer (ETL) that 

facilitates electrons extraction and transfer from perovskite to the cathode and hole transport 

layer (HTL) that facilitates holes extraction and transfer from perovskites to anode [21]. Since 

the transport of charges across the interfaces between the perovskite and charge transport 
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layers are critical to collection of charges, it is important to explore the interfacial adhesion 

between the transport layers and the perovskite films that are processed using different 

processing routes. Figure 3-8 shows that the adhesive forces are higher between perovskites 

and adjacent mesoporous TiO2 electron transport layer (ETL), for both solution-deposited 

perovskites (MAPbI3 and FA-rich perovskite), compared to the vapor-processed perovskite. 

The adhesion forces between the ETL and solution-processed perovskite films are 354.30 ± 

129.26 nN (FA-rich perovskites) and 268.36 ± 86.56 nN (MAPbI3), while the interface between 

ETL and vapor-processed MAPbI3 adhere only with 82.32 ± 10.05 nN. Similar trends were 

also observed at interfaces between perovskite thin films with the adjacent hole transport 

layer (HTL). The interfaces between solution-deposited perovskites and SpiroOMeTAD 

exhibit higher adhesive forces compared to those of vapor-deposited 

MAPbI3/SpiroOMeTAD.  

The above results suggest that the surface roughness of perovskites influences the 

force interactions at perovskite/ETL and perovskite/HTL interfaces. The perovskite films 

with rougher surfaces adhering more to the transporting layers. Also, the smoother films of 

MAPbI3 (average grain size of ~476 nm) obtained via vapor deposition adhere less to the ETL 

and HTL layers, compared to the coarser films of perovskites obtained via solution 

deposition. It is important to note here that prior work has shown that higher surface 

roughness increases contact area at interface and thus improve the charge carrier collection, 

while producing less pronounced hysteresis within the structures [22].  
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Figure 3-8 Measured adhesion forces of PSC interfaces 

3.4.3 Correlating Adhesion Forces with Charge Transport Resistances 

Electrochemical impedance spectroscopy (EIS) [23–25] was used to obtain insights into the 

charge carrier dynamics across the interfaces of the PSCs in this study. A semicircle from 

high to low frequency regions are observed for all PSC and are fitted to the appropriate 

equivalent circuit shown in Figure 3-9 (a) (inset). The equivalent circuit consist of series 

resistance Rs (including the resistances from FTO and metal electrode), Rcharge transfer (Rct) 

representing the resistance due to the interfaces between perovskites and transporting 

layers, and recombination resistance Rrec.[23,26] The resulting Nyquist plot (imaginary vs real 

part of the impedance) in Figure 3-9 (a) shows that the arc corresponding to the solution-

processed perovskite devices is smaller in diameter than those of the solution-based 

perovskite devices. The calculated series resistance Rs obtained for solution processed FA-

rich and MAPbI3 devices were 28.72 and 57.85 Ω, that were much lower than vapor-

deposited device with 105.42 Ω. Low series resistance is highly desirable to improve the 

ability of charge transport to electrodes[21]. The Rct also exhibited the same trend, indicating 

lower loss of charge carrier in solution-processed PSC. This result links the lower internal 

resistance that comes from lower series resistance (Rs) to the improved charge injection that 

occurs at the mesoporous TiO2/solution-processed perovskite interfaces. Efficient charge 
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transfer from perovskites to ETL results ultimately in improved solar cell performance.[27–

29]. 

A summary of the measured adhesive forces of the interfaces in the solar cells and the 

fitted resistances is presented in Table 3.2. This shows that, when the adhesion forces of the 

solution-deposited perovskites/charge transport materials are high, then Rs and Rct values 

were low. Conversely, when adhesion forces of the interfaces between the vapor deposited 

perovskite and charge transport layers were low, Rs and Rct of the vapor-deposited PSC were 

high. Thus, the higher adhesion forces of the solution-processed perovskites and charge 

transporting layers give rise to more efficient charge transport in these devices, leading to an 

increased power conversion efficiency of solar cells. Figure 3-9 (b) presents the adhesion 

forces between perovskites and charge transport layers of the devices as a function of power 

conversion efficiency (PCE) of PSC. Consistent with the resistance of the solar cells, the 

vapor-deposited PSC had low PCEs of 4.77 ± 1.73 %, compared to those of solution deposited 

PSC with PCEs of 15.91 ± 0.92 and 12.11 ± 1.75 % for the FA-rich and MAPbI3 devices. The 

relatively low PCE of the vapor-deposited PSC is associated with the lower adhesion forces 

of the perovskite/charge transport layer interfaces and the highest Rs and Rct compared to 

solution processed PSC. 
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Figure 3-9 (a). Nyquist plots of impedance spectra at 0.1V of FA-rich, MAPbI3 solution and 

MAPbI3 vapor perovskite solar cells and circuit (inset); (b). Comparison of adhesion between 

perovskite and charge transport layers towards power conversion energy of solar devices 

 

Table 3.2 Summary of adhesion forces at perovskite/charge transport layers and fitted data 

of representative impedance spectra 

Perovskites Adhesion Forces (nN) Rseries, 

 

Rs (Ω) 

Rcharge transfer, 

 

Rct (kΩ) 

mTiO2/ 

Perovskite 

Perovskite/ 

SpiroOMeTAD 

FA-rich solution 354.30 ± 129.26 105.92 ± 18.32 
 

28.72 8.76 

MAPbI3 solution 268.36 ± 86.56 65.99 ± 24.04 
 

57.85 11.25 

MAPbI3 vapor 82.32 ± 10.05 38.36 ± 4.84 
 

105.40 2080.00 
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3.4.4 Implications 

The implications of the results are significant for the design of robust interfaces of multilayer 

perovskite solar cells. The adhesion measurements can be used to rank the most robust 

interfaces in PSCs. These rankings are crucial in the selection of appropriate functional layers 

and processing techniques for the fabrication of layers in PSCs. They can lead to 

improvements, not only in photovoltaic performance, but also in the reliability of multilayer 

perovskite solar cells. 

This study also shows that the different methods that are used for the fabrication of 

layers in perovskite solar cells affect their surface morphologies and the adhesion of 

perovskite layers to adjacent layers. Strong adhesion between layers in PSCs improves the 

interfacial contacts that enhance the charge transport from the perovskite layer to the 

electrodes. Such adhesion also reduces the likelihood of interfacial cracking during solar cell 

operation. Thus, further improvements in interlayer adhesion could lead to production of 

more efficient and mechanically reliable perovskite solar cells in future. Further work is 

clearly needed to fabricate perovskite absorber layers using different solution processing 

other than spin-coating (such as spray coating, dip coating, roll-to-roll deposition) that could 

improve the interfacial robustness and scalability of PSCs. 

 

3.5 Conclusion 

This paper presents AFM technique in measuring adhesive forces of interfaces in PSC 

structures that are crystallized through vapor and solution routes. The interfaces that are 

present in model solution-processed perovskite solar cells generally exhibit higher levels of 

adhesion that are associated with larger perovskite grains and rougher surfaces. In general, 

adhesion forces at the interfaces in perovskite solar cells were below ~105 nN, except 

interfaces of scaffold mesoporous TiO2/perovskites via solution deposition that are strongly 

related to perovskite infiltration into porous structures of TiO2. This study also reveals the 

strong correlation between the adhesion of perovskites/charge transport layers and the 
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resistances (Rs and Rct) of PSCs. When the adhesion between the perovskite and the charge 

transport layers is high, Rs and Rct of cells were found to be low. Conversely, Rs and Rct were 

high when the adhesion levels between the perovskite and the charge transport layers were 

low. These results suggest that considerations of interfacial adhesion are needed in the 

development of PSCs with improved efficiencies and stability.  The current study also shows 

that AFM technique provides a simple approach for the measurement of   pull-off forces that 

can be used to rank the robustness of interfaces between layers in PSCs.  
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Chapter 4  

 

Interfacial Fracture of Hybrid Organic-Inorganic 

Perovskite Solar Cells 

4.1 Introduction 

Hybrid organic-inorganic perovskite materials have promising electro-optical properties 

such as broad optical absorption coefficients [1,2], long electron-hole diffusion lengths [1–3], 

high charge carrier mobilities [4,5], and potentially low fabrication costs [6]. They are also 

relatively easy to process [7].  These properties have contributed to making hybrid organic-

inorganic perovskites promising candidates for next-generation, low-cost solar cell 

absorbers. Among organic-inorganic perovskite solar cell (PSC) materials, methyl 

ammonium lead iodide (CH3NH3PbI3 or MAPbI3), is used as light harvester [8–10]. It has an 

ABX3 structure (A is organic cation, B is divalent metal cation and X is halogen ion), and can 

be vapor and solution processed into perovskite solar cells (PSCs)[6,11] with early 3.8% 

photoconversion efficiencies (PCEs) in 2009 [12], to above 25.1% in 2020 [13], which favorably 

compares to established photovoltaic (PV) technologies. However, their stability and 

durability are limited, especially when exposed to air and moisture. 

In an effort to improve the stability and durability of MAPbI3 perovskite solar cells, 

new materials compositions have emerged [14] by tuning the A-site cation of the ABX3 

structure with larger-ionic-radius cations, such as formamidium (FA) [CH(NH2)2+][15,16]. 

Such cation substitution has improved the optoelectronic properties of perovskite films with 

band gaps that are closer to the optimal bandgap of a single junction cell, longer charge-

carrier lifetime and diffusion length [10]. Cation substitution further enabled PSCs with 
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improved thermal/phase stabilities, and device performance [17,18]. Moreover, perovskites 

with mixed halide compositions demonstrate attractive optical properties as the bandgap is 

tuned by varying the halide ion ratio (Cl:Br and Br:I)[19].  

Perovskite solar cells with mixed-cations and mixed halides have attractive 

combinations of film quality, enhanced carrier charge transport and stability, as well as lower 

level of scanning electrochemical hysteresis, with PCE exceeding 25% [10,13,20]. Conversely, 

many multi-cation and multi-anion devices may be subjected to significant stresses such as 

residual stress induced crack growth device fabrication, installation, and sustained service 

[21], in-service thermal excursions [22], and interfacial cracking due to coefficient of thermal 

expansion (CTE) mismatch between layers [23]. Thus, a critical need exists for better 

understanding the interfacial fracture toughness as an important indicator of robust and 

reliable multilayer PSCs.  

The stability of PSCs has been reported to be strongly related to interfacial adhesion 

between perovskite photoactive films and the adjacent hole and electron transporting layers 

[24]. Interfacial defects (in perovskite solar cells) are also detrimental to the performance of 

perovskite solar cells, and can lead to Ohmic contact losses and defect-induced degradation 

that can provide pathways for volatile compound diffusion [25]. Recent double-cantilever-

beam (DCB) delamination experiments revealed the fracture resistance behavior of arrays of 

solution-processed MAPbI3 solar cell with Gc below 1.5 J/m2. Although the fracture initiates 

at a layer between perovskite and hole-transport-layer (HTL) interfaces due to micro-defects 

such as voids and cracks at the interfaces [26,27], few studies have investigated the interfacial 

reliability of each interfaces in perovskite multilayer devices. Therefore, a need exists for 

fundamental studies of interfacial fracture at each interface of the interfaces that are present 

in model PSCs layered structures, and such studies motivate the present work. 

In this paper, Brazil-disk specimens are used to study of the mode-mixity dependence 

of interfacial fracture toughness, as well as the fracture/toughening mechanisms associated 

with interfacial fracture along the interfaces of perovskite solar cells.  This study utilizes 
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perovskite materials that are based on solution-processed methylammonium lead iodide 

(MAPbI3) and mixed-cations mixed-halides (FA-MA-Br-I) photoactive absorbers (FA-rich 

perovskite). The interfacial fracture toughness of vapor processed perovskite solar cells is 

also studied and compared with those of solution-processed organic-inorganic perovskite 

interfaces. The implications of the results are discussed for the design of robust organic-

inorganic perovskite solar cells with improved resistance to interfacial fracture.   

 

4.2 Experimental Section 

4.2.1 Processing of PSCs 

This study utilized mesoscopic architectures of solution- and vapor-processed organic-

inorganic perovskite solar cells as illustrated in Figure 4-1  (a–c). The electron transporting 

layer (ETL), hole transporting layer (HTL) and the top contact electrode are identical for all 

the organic-inorganic perovskite solar cells, while the photoactive organic-inorganic 

perovskite layers were processed using different techniques/materials.  

For the ETL, a compact titanium dioxide (TiO2) (cTiO2) layer was prepared from the 

solutions of 0.15 M and 0.3 M titanium diisopropoxide bis(acetylacetone) solution (Sigma 

Aldrich) in n-butanol. The 0.15 M solution was spin-coated onto FTO-coated glass slides that 

were cleaned successively in Decon-90, deionized water, acetone, and isopropyl alcohol, at 

2000 rpm for 30 s. This was followed by annealing on a hot plate at 125 °C for 5 min before 

spin-costing the 0.3 M solution at 2000 rpm for 30 s. The films were then annealed at 500 °C 

for 30 min [28,29]. The mesoporous solution of titanium dioxide was prepared from titania 

paste (Sigma Aldrich) that was dissolved in ethanol (1:5, v/v). The solution was spin-coated 

at 4000 rpm for 30 s and sintered in a furnace (Lindberg Blue M, Thermo Fisher Scientific) at 

500 °C for 30 min. 
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Figure 4-1 Device schematics of :(a) solution-processed organic-inorganic perovskite solar 

cells based on mixed-cations mixed-halides FA-rich perovskite, (b) MAPbI3, and (c) vapor-

processed MAPbI3 

 

Organic-inorganic perovskite layer was deposited using vapor and solution 

processing techniques. For the solution-processed MAPbI3 and mixed-cations mixed-halides 

FA-rich perovskite, a two-step sequential deposition technique was used. A mixture of 599.3 

mg PbI2 (> 98.9% purity, Sigma Aldrich) in 1 ml of DMF:DMSO (9.5:0.5 of volume ratio) was 

spin-coated onto the ETL at 1500 rpm for 30s and then dried at 70 °C for 1 min before spin-

coating the organic components. In the case of MAPbI3, a solution of methylammonium 

iodide (MAI) (40 mg in 1ml of IPA) was spin coated onto PbI2 layer at 1300 rpm for 30 s 

before annealing at 100oC for 20 min. 

Formamidium (FA)-rich mixed organic cation precursor solution was prepared from 

a mixture of 60 mg FAI, 6 mg of MABr and 6 mg of MACl in 1ml of IPA. This was then spin 

coated onto on the PbI2 layer at 1300 rpm to obtain FA-rich organic-inorganic perovskite 

before annealing at 130 °C for 15 min. In the case of vapor-deposited MAPbI3, solid PbI2 

(Sigma Aldrich, 99.999% trace metal basis) was evaporated onto the ETL under a vacuum 

pressure of ~104 torr at deposition rate of 0.1 nm s–1. The coated PbI2 film was subsequently 

converted to methylammonium lead iodide inside low vacuum oven at 160 °C using 
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methylammonium iodide (MAI) (Sigma Aldrich). The films were further annealed on hot 

plate for 10 min at 150 °C to remove excess MAI on the film.  

HTL was deposited by spin coating SpiroOMeTAD solution onto the perovskite film 

at 4000 rpm at 30 s. The SpiroOMeTAD solution was prepared by dissolving 72 mg of 

SpiroOMeTAD was dissolved in 1 ml of chlorobenzene before adding 30 µL of 4-tert-

butylpyridine (tBP) solution and 35 µL of lithium bis(trifluoromethylsulphony) imide (Li-

TFSI) solution (260 mg of Li-TFSI in 1 ml of acetonitrile). Finally, 80 nm thick gold was 

thermally evaporated using a thermal evaporator (Edwards E306A, Easton PA, USA) under 

a vacuum pressure of 10–6 Torr at a deposition rate of 0.1 nm s–1, forming the back contact of 

the device. 

 

4.2.2 Interfacial Fracture Toughness Measurements  

The interfacial fracture toughness of each interface of the organic-inorganic perovskite solar 

cells (Figure 4-1 (a–c)) was measured using circular quartz Brazil disk specimens (Machined 

Ceramics, Bowling Green, KY). The Brazil disk specimen geometry was chosen because it 

enabled the measurement of interfacial fracture toughness over a very wide range of mode 

mixities between pure mode I and pure mode II. The Brazil disk geometry that we used also 

enabled us to introduce thin film thicknesses that mimic the actual film thicknesses in real 

perovskite solar cells. The circular disks had radii of 5.5 mm in radius and thicknesses of 5 

mm. They also had notch radii of 1 mm radius within the specimens. One of the specimens 

was notched, while the other was flat as shown in Figure 4-2 (a).  

To measure the interfacial fracture toughness between layers, the two layers (of two 

materials 1 and 2) of interest were deposited onto the notched half of the disk using the 

processing techniques described in Section 2.1. The second half of the was then glued to 

material 2 using epoxy (Epoxy Technology, Inc. Billerica, MA) and allowed to cure overnight 

at room-temperature (25 °C) to form a specimen in Figure 4-2 (a). It is important to note that 

excess epoxy was cleaned from the Brazil disk. 
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Brazil disks were compressed using a servo-hydraulic Instron testing machine 

(Instron 8872, Instron, Norwood, MA) (Figure 4-3 (a)) to measure the load-displacement 

curves associated with the interfacial fracture behavior of the interfaces between the layers 

in the Brazil disk specimens. The Instron machine was equipped with a 5 kN load cell and 

operated under displacement control at a cross head speed of 0.001 mm s–1.  

Loading was applied at loading angles (θ) that were varied between 0° and 12°. The 

maximum loads corresponding to material failure were used to calculate fracture toughness 

value (strain energy release rate, G) and mode mixities using Equations (4) – (5). Figure 4-3 

(a) presents images of the interfacial fracture toughness specimen before and after loading. 

Representative of load-displacement curves are presented in Figure 4-3 (b) – (d). 

 

4.2.3 Characterization 

The interfacial fracture surfaces of the layers were observed in a field-emission scanning 

electron microscope (SEM JEOL JSM-700F, Hollingsworth & Vose, MA) that was operated at 

an accelerating voltage of 10 kV. The chemical compositions associated with the fractured 

surfaces were characterized using Energy-dispersive X-Ray spectroscopy (EDS) (Oxford 

Instruments, UK). A survey of x-ray photo spectroscopy (PHI 5600 XPS system, RBD 

Instruments, Bend, OR) was also done for fractured interface between perovskites and 

SpiroOMeTAD HTL layers to further elucidate the fracture path. 

The current density-voltage (J–V) characteristics of photovoltaic devices were also 

measured using a Keithley SMU 2400 source meter (Keithley, Tektronix, Newark, NJ, USA) 

that was illuminated under simulated air mass 1.5 global (AM 1.5G) solar illumination of 90 

mW cm–2 from Oriel solar simulator (Oriel, Newport Corporation, Irvine, CA). The effective 

exposed area of the masked cell was 0.125 cm2. Also, the light intensity was calibrated using 

918D high performance calibrated photodiode sensor (Newport Corporation, Irvine, CA). 
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Figure 4-2 Schematics of: (a) Brazil disk specimen, (b) Crack growth in zone model, (c) 

Equivalent microcrack model, and (d) Idealization of crack bridging (Adapted from 

reference [30]) 

 

4.3 Theory 

4.3.1 Crack Driving Forces and Mode Mixity 

This section presents the expressions for crack driving forces, loading phases, and mode 

mixities associated with the Brazil disk specimens that were used in this study. The loading 

phase was controlled by varying the inclination angle, θ (Figure 4-2 (a)). This angle was also 

used to control the mode mixity, 𝜓, of the Brazil disk specimen geometry (between pure 

mode I and pure mode II). The stress intensity factors for modes I and II are given by 

Equations (4.1) and (4.2) [31]. 

 𝐾𝐼 =  𝑓𝐼𝜎(𝜋𝑙)−1/2 (4.1) 

 𝐾𝐼𝐼 =  𝑓𝐼𝐼𝜎(𝜋𝑙)−1/2 (4.2) 

 

In Equations (4.1)–(4.2), l is the crack length, 𝑓𝐼 and 𝑓𝐼 are the non-dimensional calibration 

factors which a function of the loading angle, θ, and relative crack length, l/a. Equation (4.3) 
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yields the stress, σ, where 𝐹max is the maximum applied load to induce fracture from the 

compressive testing, a is the disk radius and t is the disk thickness.  

 

 𝜎 =  
𝐹max

𝜋𝑎𝑡
 (4.3) 

 

The overall energy release rate can be calculated as in Equation (4.4) where E* is the plane 

strain Young’s modulus for bi-material pairs [32]. 

 

 𝐺 =  𝐺𝐼 + 𝐺𝐼𝐼 =
1

𝐸∗ (𝐾𝐼
2 + 𝐾𝐼𝐼

2) (4.4) 

 

The mode mixities can be expressed as in Equation (4.5). 

 

 𝜓 =  𝑡𝑎𝑛−1 (
𝐾𝐼

𝐾𝐼𝐼
) +  𝜔 + 𝜀 𝑙𝑛 (

�̂�

ℎ
) (4.5) 

 

In Equation (4.5), �̂� is a fixed length to define the loading phase and h is the layer thickness. 

As reported by Suo et al.,[33] ω is the shift due to a bimaterial’s elastic modulus mismatch 

and Dundurs Parameters, which are given by Equations (4.6)–(4.8). 

 

 𝛼 =  
(1−𝑣2)/µ2−(1−𝑣1)/µ1

(1−𝑣2)/µ2−(1−𝑣1)/µ1
 (4.6) 

 𝛽 =  
1

2

(1−2𝑣2)/µ2−(1−2𝑣1)/µ1

(1−𝑣2)/µ2−(1−𝑣1)/µ1
 (4.7) 

 𝜀 =  
1

2
𝑙𝑛

(1−𝛽)

(1+𝛽)
 (4.8) 
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4.3.2 Toughening Mechanisms 

Zone Shielding Model 

Evans and Hutchinson [30] introduced the dependence of interfacial fracture toughness 

using asperity contact models. Mixed mode, mode I (crack opening) and mode II (in-plane 

shear), and non-planarity of the interface are involved in the interfacial fracture problems. 

To estimate the interfacial fracture toughness, zone model is used in this study. This idealizes 

the bridged crack (Figure 4-2 (b)) as a distribution of equivalent microcracks (Figure 4-2 (c)) 

or equivalent bridges (Figure 4-2 (d)). As illustrated in Figure 4-2 (b), L is the zone length, H 

is the height of the interface step, D is the facet length and l are the facet (microcrack) center 

spacing. The toughening mechanism is associated with the zone that can be estimated from 

expressions that consider the effects of distributed microcracks and ligament bridges. 

  

Prediction of Critical Energy Release Rate 

The crack-tip shielding associated with the zone model of Evans and Hutchinson that can be 

determined from Ref. [30] to be: 

 

 
∆𝐺

𝐺
=  

𝑡𝑎𝑛2𝜓{1−𝑘[𝛼𝑜(1+𝑡𝑎𝑛2𝜓)(
∆𝐺

𝐺
+1)]}

1+ 𝑡𝑎𝑛2𝜓
 (4.9) 

 

where the function k(α) in Equation (4.9) is given in Table 1 (as 1/λ) in Ref. [34]  and 𝛼𝑜 is a 

material parameter that can be calculated from Equation (4.10), which gives: 

 

 𝛼𝑜 =  
𝜋𝐸𝐻2 𝑙𝐺𝑜⁄

32(1−𝑣2)ln (1 sin
𝜋𝐷

2𝑙
⁄ )

 (4.10) 

 

As defined in Equation (4.11), a parameter χ contains basic information of contact zone 

dimension where large value of 𝜒 (~10) associates to maximum contact and small value of 𝜒 

(~0.10) associates to lack of contact. 
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𝜒 =  
𝐸𝐻

𝐺𝑜 
          (4.11) 

 

In the case of large 𝜒 values, the contact forces have maximum level of crack tip shielding 

and KII ~ 0. Hence, the toughening can be simplified based on the pure mode I energy release 

rate, Go, as in Equation (4.12). 

 

 𝐺 = 𝐺𝑜 (1 + 𝑡𝑎𝑛2𝜓) (4.12) 

 

4.4 Results and Discussions 

4.4.1 Interfacial Fracture Toughness  

The Brazil disk specimen were placed under compression in a servo hydraulic Instron testing 

machine at loading angles (θ) that were varied between 0° and 12° presented in Figure 4-3 

(a). Figure 4-3 also included the details of specimens before and after loading. The load-

displacement curves associated with the interfacial fracture behavior of the interfaces was 

produced and typical curves are presented in Figure 4-3 (b-d). The maximum force obtained 

from the load-displacement curves were then plugged into the Equation (4.1)-(4.5) to 

calculate the interfacial fracture toughness. 

The mode mixity dependence of interfacial fracture toughness values of the interfaces 

that were examined in this study is presented in Figure 4-4 (a-c). Figure 4-4 (a) shows the 

interfacial fracture toughness values of the interfaces that are relevant to the organic-

inorganic perovskite solar cell with solution-processed mixed-cations mixed-halides FA-rich 

perovskite as the absorber layers. These include interfaces between compact TiO2 and 

mesoporous TiO2 (cTiO2/mTiO2); mesoporous TiO2 and solution-processed FA-rich 

(mTiO2/FA-rich PVK); solution-processed FA-rich and SpiroOMeTAD (FA-rich 

PVK/SpiroOMeTAD); and SpiroOMeTAD/gold top electrodes. The results are presented for 
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three different loading angles (0°, 7° and 12°). They show that the interfacial toughness 

generally increases with increasing mode mixity.  

Similar trends were observed for the interfaces in perovskite solar cells with solution-

processed MAPbI3 (Figure 4-4 (b)), and vapor-deposited MAPbI3 (Figure 4-4 (c)) photoactive 

layers in which the average interfacial fracture toughness values increase with increasing 

mode mixity. The increase in the fracture energy, G, with increasing mode mixity was also 

associated with more tortuous crack paths, as shown schematically in Figure 4-4 (a–c). 

 

Figure 4-3 (a) The photograph of testing set up loaded in Instron Machine, Brazil disk 

specimen before and after loading and the representative load-displacement curves at 

interface between mesoporous TiO2 and (a) FA-rich perovskite solution, (c) MAPbI3 solution 

and (d) MAPbI3 vapor. 
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Figure 4-4 The measured average interfacial fracture toughness, G, as function of mode 

mixity for organic-inorganic perovskite solar cells structures: solution-processed FA-rich 

PVK (a), solution-processed MAPbI3 (b), and vapor-deposited MAPbI3 (c). The insets in (a–

c) are the proposed interfacial mechanisms of failure path along the interfaces. 

  

Figure 4-5 presents the effects of layer deposition methods on layer microstructure 

and interfacial fracture toughness. The SEM images of the top surfaces of all the hybrid 

organic-inorganic perovskite films in this study (Figure 4-5 (a–c)) are very uniform and 
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compact. As shown in Figure 4-5, solution-deposited mixed-cations mixed-halides FA-rich 

perovskite films (Figure 4-5 (a)) have larger grains than the both vapor and solution 

deposited MAPbI3 organic-inorganic perovskite films (Figure 4-5 (b–c)). Solution-processed 

deposition promoted the formation of organic-inorganic perovskite layers with 

moderate/coarser grain sizes, while vapor deposition resulted in organic-inorganic 

perovskite layers with moderate grain sizes. The inset in Figure 4-5 (a–c) presents cross-

sectional scanning electron microscopy (SEM) images of complete solar cells that comprise 

of glass/FTO/cTiO2/mTiO2/perovskites/SpiroOMeTAD/gold structures.  

At a mode mixity, ψ = –10.5, the interfacial fracture toughness values of 

ETL/Perovskite interface of the solution-processed MAPbI3 PSCs were much greater than 

those of the MAPbI3 vapor processed PSCs and the FA-rich solution processed PSCs (Figure 

4-5 (d)). The increase in the interfacial fracture toughness of the solution-processed PSCs 

associates with the infiltration of MAPbI3 perovskite within the mesoporous TiO2 scaffold 

film during the two-step sequential deposition technique [35]. Moreover, similar trend has 

also been observed for the interface of Perovskite/HTL at mode mixity ψ = –1.  

The solution processed MAPbI3 PSCs had higher interfacial fracture toughness values 

at both of ETL/perovskite and perovskite/HTL interfaces (Figure 4-5 (d–e)). These had 

interfacial fracture energies of 2.99 ± 1.03 J/m2 and 1.75 ± 0.54 J/m2, respectively. The latter 

value is similar to the reported interfacial fracture energy of 1.61 ± 0.54 J/m2 for solution 

processed MAPbI3/SpiroOMeTAD by Lee et al. [36] In the case of perovskite/HTL interface, 

vapor-deposited MAPbI3 had the weakest interface with an interfacial fracture toughness, G 

of 0.65 ± 0.06 J/m2 that was about half of the fracture energy of the MAPbI3 

solution/SpiroOMeTAD interface.  

The interfacial fracture toughness is influenced by bigger grain sizes and rougher 

surfaces of solution-processed perovskites compared to that of vapor-deposited perovskite. 

The comparison of AFM images the perovskite films are shown in Figure 4-5 while the 

roughness values are summarized in Table 4.1. Roughness is associated to the mechanism 
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that prevents separation from occurring completely along the interface line. Adjacent layers 

tend to fill up the rough and pointed surfaces of perovskite, leading to higher interfacial 

fracture toughness due to mechanical interlocking that make the adjacent layers difficult to 

fully delaminate from the perovskite layer. Other reports also been observed that rough 

surfaces lead to cohesive failure that contributes to enhanced interfacial adhesion [36,37]. 

 

 

Figure 4-5 AFM images of perovskite active layers: (a). FA-rich perovskite, (b) MAPbI3 

solution, and (c) MAPbI3 vapor 

 

Table 4.1 Surface roughness of perovskite active layers 

Perovskites Roughness (nm) 

FA-rich solution 62.08 ± 8.38 

MAPbI3 solution 49.99 ± 4.21 

MAPbI3 vapor 23.65 ± 3.26 

 

 

4.4.2 Solar Cell Performance and Interfacial Fracture Toughness 

We measured the current density-voltage J-V characteristics of the solar cells under AM 1.5G 

solar irradiation. Figure 4-6 (f) shows the best J-V curves measured for PSCs with active 
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layers of FA-rich perovskites solution processing, MAPbI3 solution-processing, and MAPbI3 

vapor deposition. Mixed-cations mixed-halides FA-rich organic-inorganic perovskite solar 

cells had higher current densities than MAPbI3 solution- and vapor-processed solar cells. 

This was associated with larger grain sizes in the FA-rich organic-inorganic perovskite solar 

cell that had a power conversion efficiency of FA-rich PSCs, yielding ~16.18 ± 0.28 %.  

The results (Figure 4-6 (a-f)) suggests that there is a trade-off between the measured 

interfacial fracture resistance and photovoltaic performances. Hence, although the mixed-

cation and mixed-halides FA-rich organic-inorganic perovskite PSCs yielded the highest 

power conversion efficiency (PCE) among the PSCs examined in this study, the fracture 

resistance at interfaces between perovskite photoactive films and the adjacent hole and 

electron transporting layers were lower than those obtained from the solution-processed 

MAPbI3 solar cell structures.  

Conversely, the average PCEs of the solar cells with solution processed MAPbI3 active 

layers was ~10.03 ± 1.64 %. The improved performance of the solution-processed MAPbI3 

solar cell was also associated with the higher interfacial fracture toughness between the 

organic-inorganic perovskite films and the adjacent hole and electron transport layers 

(HTLs/ETLs). Vapor-deposited MAPbI3 solar cells had relatively low average PCE of ~4.19 ± 

0.20 %. These are associated with the small grain sizes ad low interfacial fracture toughness 

between absorber layer to the transporting layer. 



 73 

 

Figure 4-6 (a–c) Top surface morphology and cross-section view (inset) of FA-rich solution, 

MAPbI3 solution, and MAPbI3 vapor organic-inorganic perovskites active layer. (d) Average 

G of ETL/Perovskite interfaces at ψ = –10.5 for all PSCs. (e) Average G of Perovskite/HTL 

interfaces at ψ = –1 for all PSCs. (f) The best J–V characteristics of all perovskites solar cells. 

 

4.4.3. Fracture and Toughening Mechanisms 

Figure 4-7 (a) shows the schematic of Brazil disk testing for SpiroOMeTAD/gold interface. 

SEM images and EDS elemental analysis of the representative fracture surfaces of the 

SpiroOMeTAD/gold interface are presented in Figure 4-7 (b-c). The SEM images of the 

surface of upper surface (side 1) (Figure 4-7 (b)) revealed a matching morphology with the 

bottom surface (side 2) (Figure 4-7 (c)). The EDS results also show that a region of the gold 

layer was delaminated onto upper disk, leaving SpiroOMeTAD on the notched disk. The 

cross-sectional EDS maps of the fractured disk also provide additional insights into the 
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fracture and toughening mechanisms (Figure 4-8). These include the evidence of crack 

kinking in-and-out of the SpiroOMeTAD/gold interfaces during the initial stages of cracking.  

 

 

 

Figure 4-7 (a) Schematic of SpiroOMeTAD/gold Brazil disk specimen. Representative of 

associated EDS elemental maps of the pairing fractured disk in the same area; (b) Upper half 

disk (Side 1), (c) bottom half disk (Side 2). 

X-ray photoelectron spectroscopy (XPS) and energy-dispersive spectroscopy (EDS) 

confirmed the chemical compositions on either side of the Brazil disks. They also further 

elucidate the failure mechanisms along the interfaces between the perovskites and the HTL. 

Figure 4-9 presents high-resolution N 1s and Pb 4f regions of the XP spectra as respective 

proxies for the SpiroOMeTAD and for the perovskite itself, with wide-area survey scans of 

each surface available in Figure 4-10. 
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Figure 4-8 Cross-sectional EDS maps of SpiroOMeTAD/gold interface, indicating failure 

kinking in-and-out of SpiroOMeTAD/gold interface. 

 

 

Figure 4-9 XP spectra of pairing fractured surfaces of perovskite/HTL in the same area for 

solution-processed FA-rich PVK (a), solution-processed MAPbI3 (b), and vapor-deposited 

MAPbI3 (c) 
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Figure 4-10 XP spectra survey scans of pairing fractured surfaces of perovskite/HTL in the 

same area for solution-processed FA-rich PVK (a), solution-processed MAPbI3 (b), and 

vapor-deposited MAPbI3 (c) 
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Figure 4-9 (a–c) presents the XP spectra of the two halves for solution FA-rich 

perovskite (Figure 4-9 (a)), solution MAPbI3 (Figure 4-9 (b)) and vapor MAPbI3 (Figure 4-9 

(c)). We interpret the presence of both N 1s and Pb 4f on the two halves is evidence of kinks 

in and out of the interfacial crack along the interface. The results show that the intensity of 

N 1s in the XP spectra of vapor deposited MAPbI3 solar cells (Figure 4-9 (a)) dominates Pb 

4f, which may be associated with dominant kinking of cracks towards the SpiroOMeTAD 

film. A representative survey of the scanned fractured surface is presented in Figure 4-10, 

while Figure 4-11 shows further detailed of EDS elemental scanning at interface of vapor 

deposited MAPbI3/HTL. Traces of I and Pb elements in EDS images correspond to fractured 

specimens on both sides, which demonstrate crack kinking in-and-out mechanism at 

interfaces. In the case of solution processed MAPbI3 and FA-rich perovskite (Figure 4-9 (b-

c)), Pb 4f relatively dominated the fractured surfaces. The dominance of Pb 4f demonstrates 

that the fractures mostly occur along perovskite layers. It is due to the deeply penetrated 

SpiroOMeTAD on rough and pointed perovskite surfaces resulting in enhanced fracture 

toughness [36]. 
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Figure 4-11 (a) Schematic of MAPbI3 vapor/spiroOMeTAD Brazil disk specimen. 

Representative of SEM images and associated EDS elemental maps of the pairing fractured 

disk in the same area; (b) Upper half disk (Side 1), (c) bottom half disk (Side 2). 

 

In the case interface between perovskite and electron transport layer, the 

representative EDS images that characterized the pairing fracture modes of 

perovskite/charge transport layers are also presented in Figure 4-12. The overall 

characterized fractured surfaces correspond to the failure path at perovskite/HTL interfaces. 

The kinking in-and-out mechanism is typically observed along the interfaces of most of the 

bi-material. 
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Figure 4-12 (a) Schematic of mTiO2/MAPbI3 vapor Brazil disk specimen. Representative of 

SEM images and associated EDS elemental maps of the pairing fractured disk in the same 

area; (b) Upper half disk (Side 1), (c) bottom half disk (Side 2) 

 

 

Cross-sectional SEM images of the crack profiles along the different interfaces 

revealed the toughening. Figure 4-13 (a–d) demonstrates the cross-sectional SEM images of 

the crack profiles for interfaces between: (a) mTiO2 and solution-processed MAPbI3 

perovskite; (b) SpiroOMeTAD and Gold; (c) mTiO2 and vapor-processed MAPbI3 perovskite, 

and (d) solution-processed mixed-cations mixed-halides FA-rich perovskite and 

SpiroOMeTAD. All the images reveal evidence of kinking in-and-out of interfaces, with 

evidence of bridging by uncracked ligaments. These result in crack-tip shielding and 

toughening by crack bridging. The observed shielding was modeled using the zone model 

[12] and parameters summarized in Table 4.2. 
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Table 4.2 Basic material properties used in zone model predictions.[28] 

Materials Young’s Modulus 

(GPa) 

Poisson Ratio Shear Modulus 

(GPa)a 

TiO2 210 0.3 80.76 

Perovskites 19.77 0.33 22.55 

SpiroOMeTAD 15 0.36 5.51 

Au 78 0.48 26.35 

aShear modulus is obtained from G=0.5[E/(1+v)] 
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Figure 4-13 Representative cross-sectional SEM images of fractured Brazil disks for interfaces 

between: (a) mTiO2 and solution processed MAPbI3 solution; (b) SpiroOMeTAD and Gold; 

(c) mTiO2 and vapor processed MAPbI3, (d) solution processed FA-rich perovskite and 

SpiroOMeTAD, and (e) Bridging in interfaces of SpiroOMeTAD and Gold 
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The predicted interfacial fracture toughness vales obtained from the zone shielding 

model are compared with the measured interfacial fracture toughness values in Figure 4-14 

(a–c). These show clearly that the zone shielding model predict the trends in the measured 

interfacial toughness values over the range of mode mixities that was examined in this study. 

This was in agreement for ETL/Perovskite (Figure 4-14 (a)), HTL/Perovskite (Figure 4-14 (b)), 

cTiO2/mTiO2 and SpiroOMeTAD/gold (Figure 4-14 (c)). This suggests that the observed 

toughening due to crack bridging and kinking in-and-out of interfaces can be used to 

estimate the overall toughening along the different interfaces that are relevant to the organic-

inorganic perovskite solar cells that were examined in this study. The overall fracture 

toughness at a given mode mixity was also estimated from the sum of the initiation 

toughness and the predicted toughening at that mode mixity.   

 

 

Figure 4-14 Comparison of measured and predicted interfacial fracture toughness of 

ETL/Perovskite (a), HTL/Perovskite (b), cTiO2/mTiO2 and SpiroOMeTAD/gold (c) interfaces. 
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4.4.4 Implications 

The implications of the current results are significant for the design of robust interfaces in 

hybrid organic-inorganic perovskite solar cells.  First, the current results show that the 

processing methods have a significant effect on layer microstructures and surface 

morphologies, which in turn affect the initiation fracture toughness values and the overall 

crack-tip shielding levels that can occur during interfacial crack growth across interfaces that 

are relevant to hybrid organic-inorganic perovskite solar cells.   

Trade-offs were also observed with larger perovskite grains resulting in lower 

interfacial fracture toughness and improved solar cell performance and vice-versa. Thus, 

higher solar cell PCEs were observed in PSCs with solution-processed perovskites active 

layer, while PSCs with vapor-deposited organic-inorganic perovskite layers with smaller 

grain sizes had the lower solar cell performance and interfacial fracture toughness values, 

for the interfaces between the organic-inorganic perovskite and the ETL/HTL layers.  

Thus, a combination of processing and microstructure control can be used to engineer 

the solar cell performance characteristics (photoconversion efficiencies, short circuit currents 

and open circuit voltages) of hybrid organic-inorganic perovskite solar cells.  Furthermore, 

the kinking in-and-out of the interfaces between the different layers has a significant effect 

on the crack-tip shielding that can occur due to crack bridging and microcracking within the 

context of the zone shielding model developed by Evans and Hutchinson [31].  This was 

found to predict the trends in the measured interfacial fracture toughness values over the 

range of mode mixities that was examined in this study.   

Finally, it is important to note that this study provides useful quantitative 

measurements of interfacial fracture toughness measurements for the ranking of interfacial 

robustness. The measured interfacial fracture toughness values also provide useful 

measurements that can be incorporated into simulations of crack growth along the interfaces 

of model perovskite solar cell structures. These are being developed for potential 

applications in rigid or flexible solar cells in which the layers and interfaces (within the solar 
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cells may) be subjected to axial and/or in-plane shear stresses under the mixed-mode loading 

conditions that were considered in this study. However, there is a need to consider the 

possible effects of sub-critical interfacial cracking that can occur at crack driving forces that 

are below those required for failure under monotonic loading. These are clearly some of the 

challenges for future work.   

 

4.5. Conclusion 

This paper presents the results of a study of the effects of processing on the microstructure 

and mode mixity-dependence of the interfacial resistance of organic-inorganic perovskite 

solar cells. Salient conclusions arising from this study are presented below. First, vapor 

deposition results in organic-inorganic perovskite layers with smaller grain sizes, while solid 

solution processing is shown to promote the formation of organic-inorganic perovskite 

layers with moderate/coarser grain sizes. Second, the vapor-deposited perovskite layers 

result in lower interfacial fracture toughness, while the coarser solution-processed organic-

inorganic perovskite layers are shown to result in improved interfacial fracture toughness 

values, for interfaces between perovskite and the ETL/HTL layers. Third, in the case of the 

solution processed perovskites, larger grain sizes of perovskite layers results in lower 

interfacial fracture toughness and improve solar cell performance. Finally, the mechanism of 

interfacial fracture is associated with kinking in-and-out of interfaces in all cases. This results 

in crack-tip shielding by crack bridging, which was modeled using a zone shielding model 

that predicted the measured interfacial fracture toughness over the range of mode mixities 

that was explored in this study. The measured interfacial fracture toughness values can be 

used to evaluate the interfacial robustness of organic-inorganic perovskite solar cells. They 

may also be used in fracture mechanics simulations of interfacial cracking in organic-

inorganic perovskite solar cells with flexible or rigid substrates.   
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Chapter 5  

 

Optimization and Mechanical Integrity of Spray-

Assisted Perovskite Solar Cells 

5.1 Introduction 

Hybrid perovskite solar cells (PSCs) have emerged as a promising photovoltaic (PV) light-

harvester candidate for more a decade [1]. These materials exhibit excellent characteristics 

that are suitable for efficient light-absorbers, including long carrier diffusion length, high 

defect tolerance, tunable bandgap, and strong optical absorption [2,3]. Perovskite films are 

also desirable due to its earth-abundancy of raw materials, compatibility with flexible 

substrates and its ability to be formed in low-temperature processing [4]. The solution 

processing of perovskites enables solar cells to be fabricated quickly which helps to reduce 

manufacturing cost compared to the traditional silicon PV counterparts. 

Perovskite solar cells are yet to become commercially available in the market. One 

obstacles of this technology is upscaling PSC to commercial PV module size (more > 1m2)[5]. 

Spin-coating is widely used technique for lab-scale perovskite fabrication which involves the 

precursor solution spreading on a substrate by centrifugal force. While this method is 

capable of producing highly uniform perovskites with up to 25% of photoconversion 

efficiency (PCE) of PSC, the vast reported research and development of PSC by spin-coating 

still remained the devices with small area (<1cm2)[6]. Spin-coating also experienced large loss 

of precursor solution that wasted during deposition [7]. As a result, photovoltaic community 

urgently seek an alternative scalable deposition technique with a general aim to scale up 
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perovskite materials with comparable efficiency as those prepared via spin-coating 

technique for allowing PSC commercial manufacturing.  

Research efforts on scalable solution-based technique of perovskites such as blade-

coating [8], slot-die coating [9], inkjet printing [10], dip coating, and spray coating [11], has 

been explored. Among of those techniques, spray coating has better compatibility to coat 

nonplanar surfaces and it has been widely used in many industries such as painting of 

automotive parts [12], pigments and catalysts production, and battery materials [13]. The 

spray coating involves processes such as atomized microdroplets transportation onto 

substrate carried by compressed gas and substrate heating which helps to control the 

nucleation rate of perovskite crystals [7]. Although spray-coating is potentially deposited 

materials in big scale, high speed and minimal precursor ink loss, the physics behind this 

technique are multiscale and complex which various variables affect the properties of 

resulted materials [13,14].  

Two-step sequential processes comprising the deposition of PbI2 and organic 

precursor solution have been widely used to produce compact and void-less structures of 

perovskites. Various two step processes such as two-step spin coating [15], two-step thermal 

evaporation [16], spin coating of PbI2 followed by dip coating of organic precursors [17], and 

spin coating of PbI2 followed by thermal evaporation of organic precursors [18] has been 

reported as effort to produce pinhole free structures of perovskite film. However, problem 

of PbI2 peeling and dissolving are remained once the organic precursor being deposited on 

top of PbI2 film. Therefore, sequential technique combining spin and spray coating has been 

introduced for pinhole free film formation [19]. 

In the present work, perovskite absorber layers were fabricated via sequential two-

steps of spin and spray-assisted coating combination in open air. As PSC performances are 

inextricably linked to properties of the formed perovskites absorber films, including their 

morphology, coverage and conformity to the underlying substrate [20], the spray parameters 

(substrate temperature, spray head height, and automated nozzle speed) was tuned to 
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fabricate pinhole free of spray-assisted perovskite film. The optimized 500 nm-perovskite 

film was produced with an excellent crystallinity. Higher mechanical reliability at interfaces 

of perovskite/adjacent CTLS and lower charge transfer resistances compared to the PSC via 

spin coating, spray-assisted PSCs achieves the best PCE of 9.98%. The fracture toughness of 

Perovskite/CTLs interfaces is also subjected to different loading positions and its associated 

toughening mechanism are investigated. We relate the interfacial contact of spray-assisted 

PSC to the application of pressure to further close the remained voids in the structures. This 

work illustrates that spray-assisted method of PSC is promising to push the scalability of 

efficient and reliable perovskite solar cells. 

 

5.2 Experimental Sections 

5.2.1 Device Fabrication 

Mesoscopic architectures of hybrid organic–inorganic perovskite solar cells with structures 

of FTO/TiO2/Perovskite/SpiroOMeTAD/Au were used in this study (Figure 5-1 inset). 

Prepatterned FTO-coated glass (12.5 x 25 mm2) were sequentially cleaned vis sonication in 

Decon-90, deionized water, acetone, and IPA and treated under UV Ozone for 20 minutes. 

To prepare electron transporting layer, 0.15 and 0.3 M solution of titanium 

diisopropoxide bis(acetylacetone) (Sigma) was diluted in n-butanol. The 0.15 M solution 

spun at 2000 rpm for 30 s and heated at 125 °C for 5 min. It is followed by spin coating of 0.3 

M solution at the same speed and annealing at 500 °C for 30 min [21,22]. Mesoporous TiO2 

was prepared from titania paste diluted at 1:5 in ethanol and spin coated at 4000 rpm for 30 

s onto compact TiO2 and sintered at 500 °C for 30 min. 

Two-step sequential deposition technique was used to fabricate the perovskite layer. 

For each 1 ml of precursor solution, a mixture of 599.3 mg PbI2 (> 98.9% purity, Sigma) 

dissolved in a mixture of DMF and DMSO at a ratio 9.5:0.5. First, the PbI2 solution was spin-

coated onto the ETL at 1500 rpm for 30 s and then dried at 70 °C for 1 min.  Second, 

formamidium-rich organic precursor with following quantities: 60 mg FAI, 6 mg of MABr 

https://www.sciencedirect.com/topics/materials-science/perovskites
https://www.sciencedirect.com/topics/engineering/deionized-water
https://www.sciencedirect.com/topics/engineering/acetone
https://www.sciencedirect.com/topics/engineering/isopropyl-alcohol
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and 6 mg of MACl (Sigma) were used for each 1 ml of IPA and sonicated for 1 hour. The 

precursor was spray casted using automated spray coating (MTI Corporation, Richmond, 

CA) illustrated in Figure 5-1. The atomizer nozzle was 40 kHz. The precursor solution was 

initially fed to the ink chamber and the spray system was programmed to move across the 

substrate in single pass at a speed of 100-300 mm/s, head-substrate height of 50-80 mm, and 

flow rate of 1 µm/min via compressed air. The spray pattern and spray velocity of solution 

at the nozzle was controlled by the compressed air where the pressure of 10 psi was 

maintained. The FTO/TIO2/PbI2 substrate was put on hot plate and heated at desired 

temperature for 1 min before spraying the organic precursor onto PbI2 film in air. The spray 

coating was done in a single pass for 8 samples at once. The substrate temperature (Tsub) was 

also varied from 50-90°C. As-sprayed films were left for 30s for even solution distribution 

and heated at 130 °C for 30 min to promote complete conversion from PbI2 to FA-rich 

perovskite crystal. The yellow layer of PbI2 will be completely changed to black film of 

perovskite in this step. 

 

 

Figure 5-1 The schematic of spray coating method on perovskite film and the structure of 

complete devices stack used in the study (inset). 
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Hole transport layer (HTL), SpiroOMeTAD, was prepared by dissolving 72 mg of 

SpiroOMeTAD, 30 μL of 4-tert-butylpyridine (tBP) and 35 μL of 

lithium bis(trifluoromethylsulphony) imide (Li-TFSI) (260 mg of Li-TFSI in 1 ml of 

acetonitrile) dopants in 1 ml of chlorobenzene. Finally, 80 nm thick gold back contact 

electrode was thermally evaporated using a thermal evaporator (Edwards E306 A, Easton, 

PA) under a vacuum pressure of 10−6 Torr at a deposition rate of 0.1 nm s−1. 

 

5.2.2 Pressure Application 

Full stack perovskite solar cells were subjected to external pressure ranging from 0-10 MPa. 

This was done using 5848 Instron MicroTester (Instron, Norwood, MA, USA) with cured 

PDMS anvil layer placed between device and the fixture. PDMS was made using a mixture 

ratio (10:1) by weight of Sylgard 184 silicon elastomer base and curing agent (Dow Corning 

Corporation, Midland, MI). The mixture was cured at 65 °C for 2h in a mold. The PDMS anvil 

was cut into desired dimension based on the size of solar cells. The Instron was set to 

compress the perovskite solar cells at a displacement rate of -1.0 mm min-1 and hold for 10 

minutes [23]. 

 

5.2.3 Interfacial Properties 

Adhesion 

To mimic the interfacial condition of perovskite solar cells, adhesion between perovskite and 

charge transporting layers (CTLs) were measured by interacting bi-materials at the interest 

interfaces using an atomic force microscopy (Park systems NX20, Santa Clara, CA) in 

ambient environment as described earlier [24,25]. The perovskite was coated on a substrate 

using the same procedure as mentioned in section 5.2.1 Device Fabrication, while the tips 

were coated by dip coating method. The contact tips (PPP-CONTSCR 10 M Par Systems) 

were used in this study and the cantilever spring constant of coated tips were measured 

before conducting each experiment.  

https://www.sciencedirect.com/topics/engineering/imide
https://www.sciencedirect.com/topics/engineering/evaporators
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Interfacial Fracture Toughness  

Fracture toughness at interfaces between perovskites and CTLs were carried out using 

circular Brazil Disk specimen (Machined Ceramics, Bowling Green, KY). The configuration 

of the disk was explained in Reference [21]. The Brazil disk specimen geometries were chosen 

to enable the measurement of wide range of mode mixities between fracture mode I and II. 

It also allowed us to mimic the actual film in perovskite solar cells. The interest layers were 

deposited on the first half of the disk using method described in section 5.2.1 Device 

Fabrication. Epoxy (Epoxy Technology, Inc. Billerica, MA) was used to glue the first half disk 

to the second half disk to complete the Brazil disk. As shown in Figure 4-3 (a), complete 

Brazil disks were compressed using Instron testing machine (Instron 8872, Instron, 

Norwood, MA) to measure load-displacement curves that associated to interfacial facture 

behavior. A load cell of 1 kN at rates of 0.001 mm/s were used in the testing setup. The details 

of the fracture energy calculation are presented in section 4.3 Theory (Equations 4.1-4.8). 

 

5.2.4 Characterization 

Surface topographies were acquired with atomic force microscopy (Park systems NX 20, 

Santa Clara, CA) operating in tapping mode using AFM tip (PPP-NCHR, Park systems, Santa 

Clara, CA) with radius of less than 10 nm. The scanning areas were 5x5 µm2, with resolution 

of 256 x 256 pixels performed in ambient environment with relative humidity of ~30-40%. 

Top Scanning Electron Microscope (SEM) were also done for each prepared perovskite film 

and cross-sectional view was for complete PSC devices. To estimate photovoltaic 

performance, perovskite solar cells were measured using a solar simulator (Oriel, Newport 

Corporation, Irvine, CA) with a source meter (Keithley, Tektronix, Newark, NJ) of 90 mW 

cm–2 under illumination at AM 1.5G that were calibrated using 918D high performance 

calibrated photodiode sensor (Newport Corporation, Irvine, CA). The current density-

voltage (J–V) curves were obtained by scanning in the range of -0.4 to 1.2V, with device 

exposed area of 0.1 cm2. The electrochemical impedance spectroscopy (EIS) characteristics of 
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PSC devices were studied using a potentiostat (SP-300, BioLogic Instrument) performed in 

the frequency range 1 MHz-100 mHz. For toughening mechanism characterization, the top 

and cross-sectional of underlying fractured Brazil disks were observed under SEM/EDS 

system to elucidate the fracture path between the interest interfaces. 

 

5.3 Results and Discussion 

5.3.1 Device Fabrication 

Sequential two-step processes (Figure 5-1) were used to deposit formamidium-rich (FA-rich) 

perovskite PSC devices. In perovskite film formation, the PbI2 precursor was spin coated onto 

the FTO/TiO2, followed by the spray-coating of FA-rich organic agents. The underlying PbI2 

thin film reacted with sprayed FA-rich organic precursor to form perovskite films. The spray 

system allows independent control of dispensing rate of solution, speed of spray head 

movement, substrate temperature, spray movement through the software interfaces, except 

the distance of substrate and spray head that was adjusted manually. Experimental 

optimizations were done to determine optimum substrate temperature, spray head-substrate 

distance, and drive speed of spray movement for fabricating pinhole free semitransparent 

perovskite films. 

Substrate temperature (Tsub)  is a key parameter to optimize a spray deposition 

technique [12]. In this study, the duration of heating the substrate was fixed at 1 min for 

every Tsub to allow even heating on PbI2 substrates before the formamidium-rich organic 

precursor being sprayed. There were interdiffusion of FA-rich organic droplets into PbI2 

identified from the gradual color changes upon contact between PbI2 and FA-rich precursor, 

from yellow to black thin films [19,26]. The post annealing temperature and time were also 

fixed at 130°C for 30 min for all formed perovskite films. In Figure 5-2 (a-f), we present a 

series of SEM top and cross-sectional SEM images that show the effect of the Tsub during 

deposition on quality of formed spray-assisted perovskite films. Voids in perovskites were 

not identified from the top view of SEM images (Figure 5-2 (a-c)). The perovskites had dense 
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and compact grain structures, while the grains show irregulars shape as Tsub increasing. 

However, increasing the Tsub resulted the formation of defects in perovskite structures and at 

interfaces to the neighboring transport layer (Figure 5-2 (d-f)). Non-compact and non-

continuous films were reported when the applied Tsub during processing were too high, 

resulting a rapid solvent evaporation even before the precursor ink being evenly spread and 

merge on substrates [27]. Therefore, Tsub of 50°C was fixed to further optimization. 

 

 

 

Figure 5-2 Top-view SEM images of deposited perovskite film and cross-sectional view 

images of complete PSC devices via spray-assisted technique at range of substrate 

temperatures, Tsub: 50°C (a and d), 70°C (b and e), and 90°C (c and f). 

  

Next, keeping Tsub fixed at 50°C and increasing velocity of the head as it passes across 

the substrate surfaces formed perovskite films with different grain sizes (Figure 5-3 (b-f)). 

Even though throughput speed in perovskite deposition process potentially reduced future 

manufacturing cost [28], increasing speed of spray movement caused the growth of smaller 

grain sizes. It shows that fabrication with moving speed of 150 mm/s (Figure 5-3 (c)) resulted 

in similar grains shape and size compared to the spray-coated film (Figure 5-3 (a)). Very 

small grain of perovskite films with more grain boundaries were not favorable as they may 
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induce charge recombination with their high defect density [29]. Finally, we also found that 

controlling head height played important role to maintain pinhole free films. Increasing head 

height did not give significant changes in perovskite grains (Figure 5-4). However, voids in 

film structures were identified in cross-sectional SEM images (Figure 5-5) as the head was 

closer to the surfaces. As the spray head moved closer to the surfaces and the spray velocity 

of solution at the nozzle was high, the sprayed droplets may bounce off from the target 

substates.  Thus, Tsub of 50°C, speed of 150 mm/s, and height of 7 mm were kept as the 

optimum conditions of spray-assisted PSC. 

 

 

 

Figure 5-3 Top-view SEM images of deposited perovskite film via spin coating (a) and via 

spray-assisted technique at range of moving spray speed: (b) 100, (c) 125, (d) 150, (e) 200, and 

(f) 300 mm/s. 
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Figure 5-4 Top-view SEM images of spray-assisted perovskite film at range of spray head-

substrate distance: (a) 5, (b) 6, (c) 7, and (d) 8 cm. 
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Figure 5-5 Cross-sectional view of SEM images of spray-assisted perovskite film at range of 

spray head-substrate distance: (a) 5, (b) 6, (c) 7, and (d) 8 cm. 

 

 

5.3.2 Performances of the optimized Spray-Assisted PSCs 

Through optimization of spray parameters, the morphology of optimum spray-assisted 

perovskite film had smoother surfaces confirmed by AFM characterization (Figure 5-6 (a-b)) 

with 40.46 ± 6.73 nm, compared to the spin coated film of 62.08 ± 8.38 nm. The final thickness 

of perovskites fabricated by both routes was equal of approximately 500-nm as illustrated in 

the SEM images of associated devices (Figure 5-6 (c-d)), substantiating the merit of spray 

coating. 

A series of photovoltaic PSCs were fabricated based on the preceding optimization 

experiments and their performances were evaluated (Figure 5-7). In Figure 5-7 (a), 

comparable crystallinities were identified using X-Ray diffraction (XRD) as the diffraction 

intensity of sprayed and spin-coated perovskites had identical peaks. FA-rich perovskites 
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showed characteristic peak at 14.08°, while small peak of PbI2 at 12.7° were remaining. 

Organic precursors were reported to hardly penetrate into PbI2 seed layers, resulting some 

of PbI2 was not completely reacted in solution processed PSCs [30]. Figure 5-7 (b) compares 

the absorption spectra of perovskites films by spray-assisted coating and spin coating. The 

absorbance of the spin coated perovskite is observed to be slightly higher than that of spray-

assisted method. This is likely originated from the nature of greater roughness of the spin-

coated perovskite films [31], compared to spray-assisted perovskite film as presented by 

AFM images in Figure 5-6 (a-b). 

 

 

 

Figure 5-6 AFM images of perovskites films via spray-assisted coating (a) and spin-coating 

(b). Cross sectional images of SEM for spray-assisted PSC (c), and spin-coated PSC (d). 

 

The J-V characteristics of optimum spray-assisted versus spray-coated PSCs are 

compared in Figure 5-7 (c). The champion device of spray-assisted PSC demonstrates the 

photoconversion efficiency of 8.58% at AM 1.5G one sun illumination, which was about half 

of the reference of spin-coated PSC of 16.49%. The difference in resulted performances were 

highly associated to the different mechanism of perovskite film formation as it were 
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fabricated with different processing. Even though the PbI2 seed layer were identical for both 

devices, the deposition technique of FA-rich organic onto the PbI2 were different. Spin-coated 

perovskites were crystallized through spreading precursor solution on the substrate by 

centrifugal forces, while spray coating relied on the transfer of the atomized microdroplets 

onto substrate [7]. Higher roughness of spin-coated perovskite films could also explain the 

higher Jsc in the associated PSCs[31]. 

The external quantum efficiency (EQE) spectra for both spray-assisted and spin-

coated PSCs is presented in Figure 5-7 (d). The EQE of spray-assisted PSC reached over 71% 

at the wavelength as short as 400 nm, maximized its value at 80% at 510 nm. However, the 

IPCE decreased to 73% at long wavelength region (73% up to 720 nm), indicating that the 

carrier diffusion length need to be further optimized [32]. The maximum Jsc obtained from 

the champion device via spray coating was 16.85 mA/cm2, that was relatively behind than 

the calculated integration Jsc of 19.90 mA/cm2 from IPCE data. Though the resulted 

performances of spray-assisted PSCs were still below the spin-coating PSC performances, 

spray-assisted PSCs is still worth to be further optimized as an effort to produce scalable 

devices in fast manner, which can be addressed in future work. 
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Figure 5-7 X-Ray diffraction pattern (a) and absorption Spectra (b) for spin-coated and spray-

assisted perovskite films. The current density-voltage J-V curves (c) and the EQE spectra (d) 

for both associated PSCs. The integrated current density of spray-assisted PSC is also plotted 

in (d). 

 

 

5.3.3 Mechanical Reliability of Spray-Assisted PSCs 

For long operational lifetime, mechanical reliability towards delamination failure of PSC via 

spray-assisted fabrication is essential to be evaluated. Interfaces of perovskites and the 

adjacent charge transport layers (CTLs) are very critical PSC structures which facilitates 
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hole/electron extraction and hole/electron transfer [33]. Thus, this study combined nano-

scale AFM experimental measurements of adhesion at interfaces between perovskite film to 

the adjacent CTLs (TiO2 and SpiroOMeTAD). Figure 5-8 (a) shows the schematic of 

displacement curve of AFM measurements that consisting of some steps. The process is 

started with the initial approach of AFM cantilever to a coated substrate (step A). As the 

coated tip begins to move closer towards the substrate, it will jump to contact with the 

substrate (step B). The tip undergoes a deflection associated with the elastic bending (step C) 

before retraction (Step D). Due to the adhesive interactions, the tip does not detach from the 

coated substrate at zero force. The difference force is referred to adhesion forces [24,25]. 

For both routes, interfacial interactions between electron transport layer 

(ETL)/perovskite and perovskite/hole transport layer (HTL) were measured in Figure 5-8 (b). 

Interfaces of spray-assisted perovskites and both CTLs had a comparable adhesion 

interaction with that of spin-coated perovskites/both CTLs. The obtained adhesion was 

445.63 ± 50.49 nN and 130.99 ± 34.48 nN for interfaces of spray-assisted perovskites /ETL and 

HTL, respectively. A small difference in adhesion at interfaces of perovskites/CTLs for both 

spray and spin coating technique were expected as both perovskite films had the identical 

chemistry characteristics confirmed by the associated XRD peaks (Figure 5-7 (a)). However, 

the roughness of perovskite films play role in the difference of interface interactions to the 

adjacent CTLs.  

The nanoscale adhesion forces were further correlated with the charge carrier 

dynamics of perovskite solar cells. In Figure 5-8 (c), we performed electronic impedance 

spectroscopy (EIS) from 1 MHz-100 mHz and fitted the resulted curve to the appropriate 

equivalent circuit (Figure 5-8 (c), inset). Series resistance (Rs) represents resistance from FTO 

to metal electrode, charge transfer resistance (Rct) represents resistance between perovskite 

and CTLs, and recombination resistance (Rrec) are included in the associated circuit [34]. The 

semicircle from high and low frequency regions were observed for both PSCs, in which the 

spray-assisted PSC had smaller diameter arc compared to spray-coated PSCs. The calculated 
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series resistance (Rs) of spray-assisted PSC was 20.85 Ω, slightly lower than that of spray-

coated PSC of 28.72 Ω. The lower barrier of charge transport was also observed in spray-

assisted PSC with Rct of 2.89 kΩ, compared to Rct of 8.76 kΩ for spin-coated PSC. The decrease 

in charge transfer resistances in spray-assisted PSCs is associated with the higher adhesion 

contact at interfaces of bulk sprayed perovskites/CTLs. The same phenomena was also 

reported earlier by Lee et al. that intimate contact in electronic structures lowered barrier to 

the charge injection in the devices [35]. Through lower performances of spray-assisted PSCs 

are observed, their adhesion and the charge transfer contact between layers were comparable 

as the high-efficiency spin-coated devices. 
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Figure 5-8 The schematic of displacement curve of AFM measurement (a). Comparison of 

measured adhesion forces between perovskites and CTLs for spray-assisted and spray 

coated techniques (b). Nyquist plot of impedance spectra at 0.1 V for both PSCs (c). 

 

Fracture resistance of PSCs is crucial in preserving the electrical and mechanical 

reliability of device, preventing the perovskites decomposition [36]. To further investigate 

the robustness of interfaces in spray-assisted PSC, the interfacial fracture toughness in 

macroscale was carried out using Brazil disk fracture specimen presented in Figure 5-9 (a). 

It is semicircular specimens that is potentially oriented over ranges of mode mixities from 

pure mode I (opening) and mode II (in-plane shear)[21]. This study is relevant to the progress 

of flexible or stretchable PSC where integrity of PSC structures should be engineered over 
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range of loading condition [37]. As oriented in 3 different loading angles (0°, 7°, and 12°), the 

interfacial fracture energy increases with higher mode mixity (Figure 5-9 (b)). The interfacial 

fracture toughness was also further predicted by the zone shielding model to explore the on-

going toughening mechanism. The predicted values were well agreeing with the measured 

values shown in Figure 5-9 (b). 

Figure 5-9 (c) is the zone model schematic used to predict the fracture energy values 

using Equation 4.12 in section 4.3.2 Toughening Mechanisms. The toughening mechanism is 

attributed to the zone in which it considers the effects of presented microcracks and ligament 

bridges along the interfaces [21]. In order to explore the enhancement on fracture energy in 

spray-assisted PSC, the fractured Brazil disks were characterized cross sectionally by SEM 

after loading. As crack bridging can be simulated as a series of connected springs [38], the 

evidences of zone mechanism were obviously captured in Figure 5-9 (d-e) for 

perovskite/HTL interfaces. There were bridge ligaments connecting the crack faces along the 

interfaces of perovskite/HTL. Moreover, for the interfaces of ETL/perovskite, the similar 

bridging phenomena were also obviously seen at interfaces of perovskite/ETL, where 

perovskite kinked to the mesoporous TiO2 ETL layer, contributing to enhance fracture 

energy in that interface. 
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Figure 5-9 The schematic work using Brazil disk specimen (a). The measured and predicted 

average interfacial fracture toughness, G, as a function of mode mixity (b). Crack growth in 

zone model with spring idealization of crack bridging. Adapted from Ref.[39] (c). 

Representative of captured toughening mechanism between spray-assisted perovskites/HTL 

(d-e) and ETL/perovskites (f-g).  

 

5.3.4 The effects of pressure application on Spray-Assisted PSC Performances 

A notable increase on performances has been reported as the application of physical 

compressive pressure on electronic devices [23,35,40,41]. We performed an investigation on 

the effects of pressure on the spray-assisted PSC performances. Figure 5-10 (a) shows the 

schematic of compressive pressure on complete PSC devices. To protect the PSC device, we 

put an anvil (PDMS in this case) on device’s surface before pressure being applied. Various 

pressure from 2-10 MPa was applied to the devices using Instron machine.  
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The detailed of PSC performances were shown in Table 5.1. We observed there was 

an increase on Jsc, Voc, and the resultant photoconversion efficiency (PCE) of spray-assisted 

PSCs (Figure 5-10 (b)) by physical pressure application up to 7 MPa. The results shows that 

the optimum efficiency of PSC increased from 8.58% to 9.98% with 7 MPa pressure. This 

phenomenon was largely due to the contact evaluation between functional layers (Figure 

5-10 (c-e)), in which the crack length was significantly reduced as reported earlier in spin-

coated devices [23].  

 

 

Table 5.1 Device performance parameters of spray-assisted PSC with different applied 

pressure 

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

No 

Pressure 

0.89 ± 0.02 16.59 ± 0.26 8.58 (8.31± 0.19)  0.53 ± 0.01 

3 MPa 0.91 ± 0.01 17.41 ± 0.91 8.83 (8.51± 0.37) 0.53 ± 0.03 

7 MPa 0.93 ± 0.01 18.01 ± 0.45 9.98 (9.03 ± 0.74)  0.56 ± 0.03 

10 MPa      0.92 ± 0.01  16.03 ± 2.47 8.10 (7.01 ± 1.53) 0.48 ± 0.11  

 

 

Figure 5-10 (c) shows the remained defects in the spray-assisted PSC structures upon 

fabrication. By applying external pressure of 7 MPa, evidence of an intimate contact between 

functional layers in PSCs was seen in cross-sectional images of PSC (Figure 5-10 (d)), where 

the remained voids were compacted. As described in Section 5.3.3, high adhesion/contact 

between layers in spray-assisted PSC structures was favorable for improving the 

performances of devices. The strong adhesion caused by the intimate contact could facilitate 
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an efficient charge transfer within the structures and reduce charge transfer resistances, 

leading to an improvement of spray-assisted device efficiency. However, crack was initiated 

at higher compressive pressure (10 MPa) as seen in Figure 5-10 (e). Physical applied pressure 

of 10 MPa opened up the initial interfacial cracks and created a failure in the bulk perovskite 

film (annotated by arrow in Figure 5-10 (e)). Thus, a decrease in PSC performances were 

demonstrated to 8.10% from the associated J-V characteristics. 

 

5.3.5 Implications 

The implications of the current results are significant for the scalability of reliable perovskite 

solar cells using spray coating techniques. First, this study provides an insight in which wide 

space of variables in spray coating system offers an opportunity to further optimize the spray 

conditions to achieve voids-free and highly efficient PSCs. Second, it also shows that the 

mechanical reliability of spray-assisted PSC is comparable to the high efficiency of spray-

coated devices. It shows that replacement small-area coating via spin coating can be 

transformed to scalable spray deposition technique towards large-scale manufacturing of 

PSCs. Higher adhesion/contact between spray-assisted perovskites and the adjacent charge 

transporting layers (CTLs) leads to the lower barrier of charge transportation within the 

structures. Third, interfacial fracture toughness improves as the mode mixity increasing. It 

is relevant to the progress of flexible or stretchable PSC where integrity of PSC should be 

engineered for range of loading conditions. Crack bridging or interlocking phenomena 

between perovskite and the neighboring CTLs have a significant effect in the initiation 

fracture along the interfaces. Finally, this study gives an insight that the use of external 

physical pressure can also contribute to fabricate pinhole/defect free structures of spray-

assisted perovskite, without focusing only on adjustment of internal variables of spray 

coating system itself. 

 



 111 

 

Figure 5-10 The schematic of compressive pressure-assisted fabrication of sprayed PSCs (a). 

The J-V characteristics of PSCs as applied pressure increasing (b). Cross-sectional SEM 

images of PSC with voids at the interfaces (c), void and crack closure with moderate applied 

pressure of 7 MPa (d), and cracking with 10 MPa applied pressure. 

 

 

5.4 Conclusion 

In summary, we have optimized the formation of perovskite films via spray-assisted 

method. The perovskite films are prepared by a sequential two-step combining of spin of 

PbI2 and spray coating of FA-rich precursor in air. Compared to the spin-coated PSCs, the 

optimized spray-assisted perovskites exhibit an excellent crystallinity, and the resulted PSCs 

demonstrate a comparable efficiency of 8.58 (8.31± 0.19) %, low charge transfer barrier within 

the structures, and higher mechanical reliability at interfaces of bulk perovskite/neighboring 
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charge transporting layers (CTLs). The interfacial integrity of perovskite/CTLs interfaces was 

also subjected to different loading positions, showing an increment of fracture energy as the 

mode mixity increasing. The increment was attributed to the interfaces interlocking by the 

presented crack bridging ligaments along interfaces upon fracture test. Finally, interfacial 

contact between perovskites/CTLs provide an insight to pressure application of spray-

assisted PSCs, contributing to the improved PSC performances to 9.98 (9.03 ± 0.74) % with 

pressure of 7 MPa. Through various characterizations, we recognize that the high-efficiency 

of spray-assisted PSCs can be further achieved by the optimization of spray conditions, 

which can be addressed in the future. Through this work, we highlight that this combination 

of techniques provides an efficient route for fabrication of low-temperature processing of 

scalable perovskite solar cells. 
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Chapter 6  

 

Machine Learning for Optimization of Spray 

Processed Perovskite Solar Cells 

6.1 Introduction  

Solution processability of hybrid perovskite absorbers at low temperature is an attractive 

feature of perovskite photovoltaic (PV) technology [1]. It enables solar cell devices to be 

fabricated quickly at lower costs unlike traditional silicon PV counterparts. In the current 

state, spin coating is the most widely used technique to develop perovskite solar cells in 

laboratory scale that spreads precursor solution on a substrate by centrifugal force [2]. While 

this method is capable of producing highly efficient devices up to 25% of photoconversion 

efficiency, the spin coating technique suffers from low nonuniformity in film thickness, poor 

process reproducibility, and poor suited to large-area coating. As a result, the photovoltaic 

community seeks alternative scalable deposition techniques with the general aim of 

producing devices with high efficiencies that are comparable to those of solar cells prepared 

via spin-coating technique [3,4].  

Some alternatives of scalable solution techniques of perovskites production have been 

investigated, e.g., blade-coating [5], slot-die coating [6], inkjet printing [7], and spray coating 

[3]. Among those, spray coating has improved the capacity for the coating of nonplanar 

surfaces, and it is also used widely in many industries for the painting of automotive parts 

[3,8], pigments and catalysts production, and battery materials [9]. Although spray-coating 

can be used to deposit materials on a large scale, the physics behind this technique are 

multiscale and complex. Many variables impact the properties of resulting materials [9]. In 
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the case of PSCs, spray coating of perovskites relies on the precursor ink that is formulated 

at relatively low solution concentrations, resulting in the dewetting of the film during drying 

process and voids in the perovskite structures [4]. Thus, adjustable variables in spray-

processing and post-treatments are required to be optimized in fabricating efficient 

perovskite layers. The variables include spray nozzle speed, substrate temperature, flow 

rates, nozzle head to substrate height, annealing time, and external applied pressure. 

Optimization of the spray processing of perovskites has traditionally relied on a 

combination of domain knowledge as well as the trial-and-error approach. Approach of One 

factor in a time or optimizing a variable and the optimum variable held constant for another 

variable optimization has been often used in most prior studies in process optimization [10], 

including our own experiment. Exploring sets of possible parameters of process 

optimization, particularly spray deposition, is often challenging and time consuming to 

optimize, due to the high-dimensional of parameter spaces of processing and time needed 

to perform the experiments [11].   

Significant attention, recently, has been given to machine learning (ML) approaches 

to identify the effects of key variables on the desired properties using a much-reduced 

dataset. The resulted combination of parameters and properties outcome can be generalized 

to the larger set of all combinations of variable ranges [12]. It turns out that ML approaches 

such as regression models could help to strategically guide the design of experiments (DOE) 

[10]. This DOE is based on the choice of the most efficient parameter spaces with minimal 

number of experiments to create an appropriate model. ML based strategies have been used 

in some deposition techniques to optimize processing parameters, such as direct ink printing 

[13] and flame spray pyrolysis [9]. Therefore, the searching process of the best configurations 

of PSC via spray coating is suitable for ML-guided approach with purpose of manufacturing 

perovskite solar cells with shorter timescale and cheaper in budget that was previously 

possible. 
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In this work, we develop ML-guided framework for the spray processing of perovskite solar 

cells with the improved power conversion efficiency (PCE) as the target variable. The general 

framework is divided into 4 steps illustrated in Figure 6-1.  

1. The initial step consists of processing perovskite solar cells using spray coating.  

2. The PCE of resulting PSCs are then measured under the solar simulator. The 

resulting current-voltage (I-V) curves are used to extract PV parameters such as PCE.  

3. With the known spray PSC fabrication variables and PCEs, a regression model is 

trained to learn the variables-device efficiency correlation. The trained model is used to 

predict the optimal PCE relative to the experimentally measured PCE. The results 

subsequently suggest a dataset design for the next round that is balanced in 

experimental feasibility and broadness of parameter space to achieve optimal 

efficiency of perovskite solar cells.  

4. The new design of experiments was selected to efficiently optimize the resulted 

perovskite absorbing layer via spray coating for the next-round experiments. 

Finally, the implications of the results will be used to guide the experimental process of 

designing efficient spray-assisted PSCs.  
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Figure 6-1. The framework for spray processed perovskite optimization 

 

6.2 Theory 

6.2.1 Regression Models 

There are many choices for ML regression modeling and there is no algorithm that is suitable 

for every problem and every dataset [10]. Here, we compare different regression algorithms 

on spray-coated perovskites as an absorber in perovskite solar cells, including multivariate 

linear and polynomial regression. 
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Linear Regression 

One-dimensional linear regression is the most commonly analysis method for predicting 

relationship between a quantitative variable outcome and a quantitative explanatory 

variable [14]. The linear relationship is shown as 

𝑦𝑖 =  𝛽0  + 𝛽1𝑥𝑖 + 𝜖𝑖          (6.1) 

 

In Equation 6.1, 𝛽0 and 𝛽1 are two unknown constants representing the intercept and 

slope in linear model, and 𝜖𝑖 is the error term. For this study, we use a powerful version of 

the basic one-dimensional linear regression model called multiple linear regression model as 

we have four selected variables in spray processing to predict the resulted device efficiencies. 

Instead of fitting separated simple linear regression models, multiple linear regression can 

be used to directly accommodate multiple predictors. Equation 6.2 describes the form of the 

typical multiple linear regression model [15,16]. 

𝑦𝑖 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + ⋯ +   𝛽𝑖𝑥𝑖  + 𝜖𝑖       (6.2)  

 

where y is the dependent variable and X1 and X2… Xn are the independent variables. Once 

fitted, the coefficients for the individual variables can be extracted and used as an indication 

of the importance of individual variables.  

 

Polynomial Regression 

Simple linear regression is suitable for fitting straight-line trends. However, for more general 

trends such as quadratics trends, an extended multilinear regression called polynomial 

regression can add extra predictors by raising each of the original predictors to the power 𝑥𝑖 ,

𝑥𝑖
2, 𝑥𝑖

3, … 𝑥𝑖
𝑑 ,  as regressors. Polynomial regression provides a way to identify the non-linear 

relationship between independent and dependent variables shown in Equation 6.3. 

Polynomial regression allows to produce a very non-linear curve with large degree, d. It is 
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uncommon to use polynomial regression with d more than 3 or 4, as there is a risk of 

overfitting the data points and the curve takes a very strange shapes [16].  

𝑦𝑖 =  𝛽𝑜  + 𝛽1𝑥𝑖 +  𝛽2𝑥𝑖
2 + 𝛽3𝑥𝑖

3 + ⋯ +  𝛽𝑑𝑥𝑖
𝑑 + 𝜖𝑖     (6.3)  

 

 

Error Metrics 

To evaluate the quality of the fitted model on the dataset, we need to measure the accuracy 

of the model prediction that is obtained when we apply our model on the dataset. We use 

three error metrics to quantify how well a model fits the preliminary dataset, including R-

Squared, MSE (mean squared error), and RMSE (root means squared error). MSE is the most 

common error metrics which produces lower values when the predicted responses are closer 

to the actual responses. RMSE is the square root of MSE that measures the standard deviation 

of residuals. The lower MSE and MSE, the better a model fits the dataset. R-squared or 

coefficient of determination is used to determine the size of the proportion of the variance in 

the dependent variable which is explained by the regression model. R-Squared of 0 means 

that the dependent variable cannot be predicted by the independent variable, while R-

Squared close to 1 indicates that the model explains the large portion of the variance in the 

response variables [14,16].  

 

 

6.3 Experimental Section 

6.3.1 Perovskite Solar Cells 

Device Fabrication 

Mesoscopic architectures of hybrid organic–inorganic perovskite solar cells is used as shown 

in Error! Reference source not found. (a), consisting of 

FTO/TiO2/Perovskite/SpiroOMeTAD/Au. Error! Reference source not found. (b) captures a 

representative scanning electron microscope (SEM) image of complete PSC device. 

https://www.sciencedirect.com/topics/materials-science/perovskites
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Prepatterned FTO-coated glass were sequentially cleaned in Decon-90, deionized water, 

acetone, and isopropyl alcohol. An electron transporting layer (ETL), compact titanium 

dioxide (cTiO2), was prepared from the solutions of 0.15 M and 0.3 M titanium 

diisopropoxide bis(acetylacetone) solution (Sigma Aldrich) in n-butanol. The 0.15 M solution 

was spin-coated onto FTO at 2000 rpm for 30 s with annealing at 125 °C for 5 min before 

spin-costing the 0.3 M solution at 2000 rpm for 30 s. The films were then annealed at 500 °C 

for 30 min [17,18]. The mesoporous TiO2 (mTiO2) was prepared from titania paste (Sigma 

Aldrich) dissolved in ethanol (1:5, v/v). It was spin-coated at 4000 rpm for 30 s and sintered 

in a furnace (Lindberg Blue M, Thermo Fisher Scientific) at 500 °C for 30 min. 

To prepare perovskite thin film, two-step sequential deposition technique was used. 

In step one, a mixture of 599.3 mg PbI2 (> 98.9% purity, Sigma Aldrich) in 1 ml of DMF:DMSO 

(9.5:0.5 of volume ratio) was spin-coated onto the ETL at 1500 rpm for 30 s and then dried at 

70 °C for 1 min before spray-coating the organic components. In step two, Automated 

ultrasonic spray coating (MTI Corporation, Richmond, CA) is used to spray the organic 

solution (Error! Reference source not found. (c)). The organic solution of formamidium 

(FA)-rich mixed organic cation precursor was prepared from a mixture of 60 mg FAI, 6 mg 

of MABr and 6 mg of MACl (All chemicals are purchased in Sigma-Aldrich) in 1 ml of IPA 

and was fed to the ink chamber. The FTO/TIO2/PbI2 substrate was put on hot plate and heated 

at desired temperature for 1 min before spraying the FA-rich precursor onto PbI2 film. The 

details of spray parameters are in Table 6.1. As-prepared film was heated at 130 °C for 25 

min to promote complete conversion from PbI2 to FA-rich perovskite crystal. 

The hole transporting layer (HTL), SpiroOMeTAD, was spin-coated on the perovskite 

film at 4000 rpm at 30s. The SpiroOMeTAD solution was prepared by dissolving 72 mg of 

SpiroOMeTAD was dissolved in 1 ml of chlorobenzene before adding 30 μL of 4-tert-

butylpyridine (tBP) solution and 35 μL of lithium bis (trifluoromethyl sulphony) imide (Li-

TFSI) solution (260 mg of Li-TFSI in 1 ml of acetonitrile). Finally, 80 nm thick gold back 
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contact electrode was thermally evaporated using a thermal evaporator (Edwards E306 A, 

Easton, PA) under a vacuum pressure of 10−6 Torr at a deposition rate of 0.1 nm s−1. 

 

Pressure Application 

A full stack perovskite solar cells were subjected to external pressure ranging from 0-10 MPa. 

This was done using 5848 Instron MicroTester (Instron, Norwood, MA, USA) with cured 

PDMS anvil layer placed between device and the fixture. PDMS was made using a mixture 

ratio (10:1) by weight of Sylgard 184 silicon elastomer base and curing agent (Dow Corning 

Corporation, Midland, MI). The mixture was cured at 65 °C for 2h in a mold. The PDMS anvil 

was cut into desired dimension based on the size of solar cells. The Instron was set to 

compress the perovskite solar cells at a displacement rate of -1.0 mm min-1 and hold for 10 

minutes [19]. 

 

 

Figure 6-2. (a) The structure of perovskite solar cell used in this study, (b) Representative of 

SEM image of complete devices (color represents different functional layers in (a), and (c) 

Schematic of spray processing on perovskite absorber layer 
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6.3.2 Data Collection 

Efficiency or PCE, is a key metric in the development of photovoltaic system. PCE obtained 

from J-V characteristic curve was collected as the target variable in this study. The typical J-

V curve is shown in Error! Reference source not found. (a). This current-voltage (J-V) 

characteristics of PSC were measured using standard solar simulator Keithley SMU 2400 

source meter (Keithley Tektronix, Newark, NJ) under AM 1.5G illumination of 90 mW 

cm −2 (Oriel Solar Simulator, Newport Corporation, Irvine, CA). The effective exposed area 

of the masked cell was 0.125 cm2 with a voltage scan range of -0.4 to 1.2 V. PCE was calculated 

using Equations (6.4) and (6.5).  

 

𝑃𝐶𝐸 =  
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=  

𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝑖𝑛 𝑥 𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎
        (6.4) 

𝐹𝐹 =
𝑉𝑚𝑝𝐽𝑚𝑝

𝑉𝑜𝑐𝐽𝑠𝑐
          (6.5) 

𝑃𝑚𝑎𝑥 =  𝐽𝑚𝑝𝑉𝑚𝑝 is the maximum of output power from solar cell (Error! Reference source not 

found. (b)) [20].  

 

 

 

Figure 6-3. (a) Typical J-V characteristic of perovskite solar cell, and (b) the associated 

maximum power obtained from graph (a) 
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6.3.3 Analyzing the Correlation of Parameters from the Preliminary Dataset 

The preliminary dataset consists of 106 devices with experimental process conditions and 

the solar cell device efficiencies presented in Table S 1 (Appendix). This dataset contains 

parameters that are considered important in achieving the most efficient perovskite solar 

cells. All parameter units are standardized before training to ensure that the values lie 

between the specified range. The selected independent variables are substrate temperature 

(°C), speed of the spray nozzle (mm/s), height between spray heat to the substrates (mm), 

and external applied pressure on complete devices (MPa), while the resulted PCE devices 

(%) is a dependent variable. To analyze the relationship between spray variables and the 

resulted device efficiency of the preliminary dataset, the distribution of individual variable 

was visualized through histograms to observe and evaluate the continuity and uniformity of 

data.  

 

6.3.4 Model prediction and Evaluation 

In order to guarantee the success of the model, the dataset has to be pre-processed by being 

split into two subsets, training, and testing sets. In this study, a training set with the size of 

0.75 (75%) is used, while the remainder percentage 0.25 (25%) is assigned to the testing data. 

Two types of regression model, including multivariate linear regression and polynomial 

regression are used for the prediction of results. The evaluation of the model is then 

calculated using three error metrics, namely R-Squared, MSE, and RMSE values.  

The following systematic approach was chosen to optimize the chosen model. After 

an iterative script was run to generate all possible distinct combinations of selected variables, 

the resulted combinations will be fed to the fitted regression model to guarantee that those 

combinations are accepted by the model. The prediction scores for efficiency will be 

generated and sorted to find the combinations that predicts the highest efficiency of 

perovskite solar cells. 
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6.3.5 Generating a Dataset for the Next-Round Collection 

Ranges of variables in spray processing have been limited based on the resulted perovskite 

film microstructures investigated in Chapter 5. The details of the variable values are shown 

in Table 6.1. 

 

Table 6.1 Ranges of process variables for optimization (variable inputs) 

Process Variables Total Range (Interval) Total Configurations 

Substrate Temperature 50-80 (5 °C) 7 

Automated Nozzle Speed 125-200 (5 mm/s) 16 

Head-substrate distance 5-8 (1 cm) 4 

Applied Pressure 0-10 (1 MPa) 11 

 

 

Based on the total ranges of variable values and its interval in Table 6.1, the total 

distinct configurations can be up to 4928 different conditions to optimize the conditions of 

spray-coated perovskite solar cells. Running these exhaustive conditions for experimental 

executions for only one functional layer in perovskite solar cell structures would incur 

significant costs both in time and materials. Thus, a script was used to generate a dataset for 

next-round experiments that is equally distributed, unbiased, and encompasses all variable 

ranges. The ranges of values for each variable were divided into four quadrants representing 

very low, low, high, and very high quality. 

A script iteratively generates each new dataset consisting of random values in the 

given ranges through each variable and each quadrant. Randomization is a method of 

experimental control that has been used to prevent the selection bias and the accidental bias 

[14,21]. Therefore, variables in the new dataset contain 256 (4x4x4x4) district parameters 
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because the four selected variables are separated into four quadrants. Three subsections will 

create 81 (3x3x3x3) parameters which would not be enough for experiments, while five 

subsections will have 625 (5x5x5x5) parameters which would take too long to execute for 

only one absorber layer in perovskite solar cells. To analyze the relationship between varying 

spray variables and the resulted device efficiency of the new dataset, the distribution of 

individual variable was visualized in histograms as done for the preliminary dataset. 

 

6.4 Results and Discussion 

6.4.1 The First-Round Statistics 

Trial-and-error experiments were performed at given parameters to produce a compact 

perovskite absorber layer that results in high PCE of perovskite solar cells. The optimum 

perovskite layer via spray coating were observed to have approximately 500 nm of thickness 

as seen in Error! Reference source not found. (b). Based on the first-round dataset, Figure 

6-4Error! Reference source not found. illustrates the variances of individual parameters of 

spray processing to view the statistical distributions and the count of how frequent they 

occur in dataset. It clearly shows that the histogram of each variable originally had poor 

distributions. Temperature data, in Error! Reference source not found. (a), encompassed all 

ranges of temperature, but only concentrated between 50-60 °C and 70-80 °C. This also 

occurred for speed, distance, and pressure data, where high frequency data was only covered 

25% sub-ranges of variables. Therefore, a model built from this imbalanced dataset would 

be unreliable to predict the remaining unseen data. 
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Figure 6-4. Overview of statistics in the first-round dataset for (a) temperature, (b) speed, (c) 

distance, and (d) pressure. The x-axis is the feature in spray processing parameters. The y-

axis is the count of the given feature.  

 

The nature of the imbalanced dataset is due to the traditional “one factor at a time” 

approach that has been used in most prior studies in the process optimization of perovskite 

solar cells [10], including our own. After varying the substrates temperature, for example, an 

optimum temperature that produced the compact perovskite structures and high efficiency 

of PSC devices was used in the next-round experiment of varying the automated moving 

speed of spray head. A single optimum temperature and nozzle speed were then chosen for 

the rest of values of the variable that was being investigated. This approach resulted in higher 

frequency in some range of process variables compared to the other ranges. Moreover, some 

set of experiments with the same configurations were often repeated to make sure the 
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reproducibility of PSC efficiency values. However, this time-consuming repetitions in the 

design of experiment also contributed to the imbalanced frequency of the dataset [22]. 

Therefore, we can conclude that more representative experiments should be performed to 

fill the missing gaps of variable ranges. 

 

 

 

Figure 6-5 The correlation matrix of variables based on the preliminary dataset 

Further analysis was carried out using a correlation matrix to analyze the collinearity 

between independent (x) and dependent variables (y) using the first-round experimental 

dataset. Collinearity means that one variable in the regression model is highly correlated to 

another feature variable. This causes problems as the trained regression model is not 

uniquely determined and in turn reduces the interpretation of the regression model [23]. 

Figure 6-5 depicts the correlation heatmap of the linear one-to-one correlation between 

variables based on the preliminary collected data that was normalized between -1 and 1. The 

heatmap shows that substrate temperature and external applied pressure had a strong 

correlation (r) to PCE of -0.71 and 0.49, respectively. This suggests that the PCE of perovskite 

solar cells increases as the substrate temperature decreases and the applied pressure 

increases. The automated nozzle speed had a moderate correlation (r) with r of -0.19 
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indicating a slight effect of nozzle spray speed in device’s PCE, while the effect of nozzle 

head-substrate distance was almost negligible. The diagonals were 1 as they represent the 

correlation between and a variable and itself. It is obvious that the dataset collinearity was 

impacted by exploratory nature in which data was collected, and it was not necessarily 

reflective of a true relationship between variables. 

 

6.4.2 Model Prediction 

Linear Regression 

Even though the preliminary dataset was imbalanced, it was worth to test the prediction 

capabilities of the functioned model. Linear regression is the simplest version of regression 

model used for predicting the results in this study. As four variables were selected for spray-

coated PSC optimization, we evaluated the preliminary dataset using the multiple linear 

regression with the train/test split of 0.75/0.25 out of 106 data points. Figure 6-6 shows the 

comparison of the measured PCE by experimental versus the predicted PCE by the linear 

regression. The obtained evaluation metrics are shown in Table 6.2. As mentioned, that R-

Squared is preferably lying close to 1; R-squared of 0.58 was obtained from the imbalanced 

dataset, showing that only 58% of data points were represented by the trained regression 

line. The data imbalance seen in Error! Reference source not found. could cause the model 

to fit to correlations between independent variables based on the collection process, not the 

actual data. 
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Figure 6-6. Comparison plot of measured vs predicted PCE by linear regression model 

 

Table 6.2 Evaluation metrics for multivariate linear regression 

Evaluation Metrics Value 

R-Squared 0.58 

MSE 3.46 

RMSE 1.86 

Standard Deviation 0.09 

 

 

Polynomial Regression 

Assuming the dataset has a non-linear data pattern, polynomial regression has also been 

explored to capture more data points in the dataset. The polynomial functions with different 

degrees in Figure 6-7 show that the polynomial model tries to fit every datapoint as the 

polynomial degrees increase. The polynomial model with lower degree is often underfitting 

the data points, while higher degrees tend to overfit the data points and become an obstacle 

in achieving best performance of testing data [14,16].  
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Figure 6-7. Polynomial regression of degrees 0 to 5 [24]. 

 

Figure 6-8 displays the comparison of the experimental and predicted PCE using the 

polynomial regression model. We evaluated error metrics on the trained polynomial 

regression from degree 1 to 5 and the associated values were tabulated in Table 6.3. Despite 

the imbalanced nature of the preliminary dataset, the trained polynomial regression model 

was getting very closed to actual values as the higher degree functions were used. R-Squared 

of trained polynomials varied from 0.44 to 0.83, while MSE and RMSE values decreased. 

Third-degree polynomial achieved R-squared of 0.81 and remained flat at the higher degrees. 

This is a promising result as the model still achieved high accuracy within with the ranges 

of trained values. However, further evaluation is needed to see if the polynomial functions 

overfit the dataset. 

 



 135 

 

Figure 6-8 Comparison of measured vs predicted PCE by polynomial regression model from 

degree (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5 
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Table 6.3 Evaluation metrics and the highest predicted efficiency based on polynomial 

regression 

Degree R-Squared Value MSE RMSE Highest Predicted Efficiency 

(%) 

1 0.44 3.65 1.91 7.94 

2 0.69 1.97 1.40 14.41 

3 0.81 1.20 1.09 29.00 

4 0.84 1.00 1.00 90.01 

5 0.83 1.00 1.00 114.94 

 

6.4.3 Optimization 

Linear Regression 

To optimize the multiple linear regression model, all 4928 potential parameter combinations 

based on the selected interval in parameter ranges were plugged to the trained model to see 

if all combinations are acceptable in the trained model. The model predicts the efficiency of 

solar devices for all conditions ranging from 2.1 to 7.49 % seen in Figure 6-9. The 20 top-

performer of efficiency are depicted in Table S 2 (Appendix). The highest efficiency of 

perovskite devices based on this model was 7.49% with conditions: temperature of 50 °C, 

speed of 125 mm/s, distance of 5 cm, and pressure of 10 MPa. It is obviously not a great 

efficiency, but it is promising because this efficiency can be obtained from an imbalanced 

dataset. With a balanced dataset, the highest predicted efficiency is expected to be much 

higher than 7.49%. 
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Figure 6-9 Distribution of predicted PCE by linear regression model 

 

Polynomial Regression 

The same systematic approach was also done for polynomial regression optimization. The 

predicted efficiency for 20 top-performer by polynomial model with different degree 

functions are depicted in Table S 3-Table S 6 (Appendix), while the highest value of predicted 

efficiency is listed in Table 6.3. The error metrics of R-Squared increased as polynomial 

degrees increasing, and the predicted efficiency has also been improved from 7.94 to 114.94 

%. However, the users need to check and ensure that the model was not overfitting on the 

training set.  

Figure 6-10 (a-e) shows the distribution of predicted efficiency of all possible 

conditions of spray processing based on the polynomial model degree 1 to 5. Slight 

overfitting was observed in the second-degree polynomial model represented by negative 

values of efficiency of solar cells were predicted by the model presented in Figure 6-10 (b). 

Those negative efficiency values were also being predicted for polynomials model with 

degree 3 to 5 attributed to under representative data in the preliminary collected dataset. 

Moreover, the overfitting phenomena can also be confirmed by the highest efficiency 

obtained from the training polynomial model. As the degree gets higher, the predicted 

efficiency of perovskite solar cells has exceeded beyond the theoretical Shockley-Quisser 
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limit of ~33% of photoconversion efficiencies for single-junction solar cells [25]. This 

overfitting obstacles was expected as the result of model inaccuracy caused by the 

imbalanced collected data which some ranges of independent variable values were under 

representative. Therefore, a new design of experiment of solar cell is needed to represent the 

whole search space with a reduced number of experiments to predict the optimal condition 

of spray-coated PSCs. 

After generating prediction scores of efficiencies and sorting the highest predicted 

efficiency, the results of regression model optimization can be used to further guide a new 

design of experiments. A reduced number of data points (~50-100) out of 4928 all distinct 

combinations can be strategically used to predict the optimal conditions that yields high-

efficiency perovskite solar devices. 
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Figure 6-10 Distribution of predicted PCE by polynomial regression model of degree 1 to 5 

(a-e). 

 

6.4.4 Data Design for Second-Round Collection 

Machine learning algorithms tend to produce unsatisfactory results when faced with 

imbalanced datasets, thus a successful ML model really relies on the use of balanced datasets 
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[12,26]. To improve the performance of perovskite solar cells via spray coating, researchers 

can strategically design of experiments with new balanced datasets, instead of exploring all 

4928 possible parameter conditions of spray processing. The second-round dataset for 

laboratory collection should be balanced and cover a bigger space of parameters to achieve 

optimum optimization results. In this study, the range of parameter values were further 

narrowed based on the results from the first-round optimization. Table 6.1 shows the details 

of the selected space and its interval ranges. From 4928 possible conditions, 256 data points 

were iteratively collected (Table S 7) (Appendix). 

 

 

Figure 6-11 Overview of data statistics new dataset for the second-round experiment 

 

Figure 6-11 visualizes the distribution of the new generated dataset. The new dataset 

optimally encompassed all ranges of parameter combinations and free of user bias. The 
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imbalanced frequency of the new dataset was still observed due to the nature of the total 

number of the selected configurations. Total configurations of each independent variables 

are: 7 for temperature, 16 for automated nozzle speed, 4 for head-substrate height, and 11 for 

applied external pressure. Substrate temperature, for instance, has 7 configurations and 

cannot be divided equivalently to 4 quadrants. However, this is not seen as a problem as the 

new dataset has fully encompassed all space of parameters. Furthermore, the new dataset 

was also further analyzed using a correlation matrix in Figure 6-12 that is normalized from -

1 to 1. This shows that collinearity is very limited as the relationship between variables scale 

is close to 0. Therefore, this dataset for second-round experiments is more representative and 

expected to yield high accuracy in the interpretation of regression model. 

 

 

 

Figure 6-12 The correlation heatmap depicting the linear one-to-one correlation between 

variable in new dataset for second-round collection 

 

4.5 Conclusion and Future Work 

 

Regression models can help to identify the hidden relationships and analyze the impact of 

variables on the photoconversion efficiency of spray-assisted perovskite solar cells. With 
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current machine capability to fabricate 16 distinct parameters of PSCs in a day, it takes 

approximately a year to completely analyze every combination for only a layer of PSCs stack. 

ML-guided design of experiments (DOE) allows us to collect much reduced experiments that 

can provides us an accurate model of relationship between parameters and PSCs efficiencies. 

It leads to a better strategy in optimizing another deposition technique of PSC functional 

layers. Moreover, future work is needed to complete the work by fabricating new devices 

based on the new synthetic dataset and compare the predicted efficiency to actual efficiency 

through experiments.  
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Chapter 7  

 

Conclusions and Outlook 

7.1 Summary of key results 

This dissertation has been focused on the viability of perovskites as the commercialized solar 

technology. Perovskite PV technology that is solution-processed material at low temperature 

holds promise in dramatically reducing cost of solar cell technology compared the previous 

generation of solar technologies. However, high-efficiency PSCs have not necessarily being 

paired with viable stability and scalability, limiting the path of this technology towards 

market commercialization.  

 Th fundamental interfacial properties such as adhesion and fracture energy are very 

important to investigate the mechanical integrity of each interface in multilayer stack PSCs. 

This dissertation investigated that the adhesion of the constituent layers in the multilayer 

structures are strongly related to the roughness of perovskite surface, processing conditions, 

as well as series and charge transfer resistances in PSCs. The results of the study inform a 

design criteria of robust PSCs with a balance between device efficiencies and mechanical 

reliability of perovskite PV technology. The dissertation also presents that atomic force 

microscopy technique can be used as a simple approach to understand the interfacial 

interactions to rank the robustness of interfaces between layers in PSCs. These rankings 

provide insights in the selection of appropriate functional layers and processing techniques 

for the PSCs improvement in future. 

 The dissertation also investigated the robustness of interfaces of PSCs using Brazilian 

disk fracture specimen that can be easily oriented to measure the interfacial fracture 

toughness over ranges of mode mixities. Towards perovskite PV technology industries that 
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is applicable to wearable and portable devices, this study is relevant to the stretchable and 

flexible PSCs, in which there is a need of fracture mechanics approaches to predict failure 

conditions over ranges of loading conditions. Similar with adhesion, the interfacial fracture 

energy is also strongly related the condition of perovskite surfaces and its fabrication routes. 

Kinking in-and-out and crack bridging are considered as the main toughening mechanism 

in each interface based on the zone model prediction and the underlying specimens 

characterized by SEM and XPS. 

 After understanding of fundamental properties of multilayer structures PSCs, this 

dissertation has focused with the development of scalable and manufacturable spray coating. 

An optimization towards compact and pinhole free structures of perovskites has been done 

together with the interfacial properties to establish the connections between scalable 

technique and the improved charge transfer to the electrodes. The study also continues to 

learn the effect of pressure application in the photoconversion efficiencies of PSCs. This was 

attributed to the closure of interfacial defects and compaction of PSCs mesoscopic structures 

with moderate pressure of 7 MPa.  

 Finally, this dissertation introduces the use of machine learning (ML) approach to 

leverage the understanding between high-dimensional variables of spray systems and the 

perovskite solar cells performances. ML-model help to identify the hidden relationship and 

analyze the impact on the photoconversion efficiency of perovskite solar cells via spray 

coating of functional parameters such as substrate temperature, nozzle moving speed, spray 

distance, and pressure added on spray-assisted PSCs. This study provides a ML-guided 

design of experiment (DOE) with balanced data design and no repetitions as an effort to 

exceed the obtained PSCs performances, leading to a better strategy in optimizing not only 

perovskite fabrication, but also the processing of other functional layers in PSCs.  
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7.2 Future Work for PSCs 

Future works can be done in several ways: 

1.  First, efforts in enhancing the fracture energy at interfaces of PSCs multilayers 

structures can be done based on the resulted rank of adhesion and fracture energy. 

This enhancement can be achieved in a sense of gluing one interfaces to other 

interfaces by adding interfacial layers, scaffolding, adding additives, providing 

molecular glues at interfaces. 

2. Since this dissertation is limited to the design of experiment (DOE) of spray-assisted 

PSCs, in the future it will be interesting to the see an effort moving forward to the 

realization of this ML-guided DOE to the real experiments. The study would prove 

whether ML-guided design is successfully applicable in PSCs optimization as the 

lifetime of perovskites absorbers are strongly affected by the integral effects of 

environmental factors such as humidity, light, bias, temperature that is very hard to 

be quantified in different seasons. 

3. Another approach of machine learning technique, such as computer vision, can also 

be integrated in the spray-assisted perovskite PSCs. To fully exploit the potentials of 

perovskite PV technology, identifying and classifying the present structural 

deformations in the spray-assisted PSCs could leverage our understanding towards 

the correlation between defects and device performances. We have initiated a 

convolutional neural network (CNN) model (Figure 7-1) which enable us to identify 

and classify the deformations within the PSCs structures though cross-sectional SEM 

images. This identification of multi-types of defects in PSCs structures can be 

incorporated as an intermediary step into regression model to further guide us in 

designing the experiments. Therefore, this effort will ultimately lead us to increase the 

robustness and the performances of PSCs at the same time.  
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Figure 7-1 The comparison of the multi-deformation detections in the cross-sectional SEM 

images annotated by human (ground truth, left) and CNN model prediction (right)  
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Appendix 

Table S 1 All experimental condition and the resulted efficiency of perovskite solar cells 

Devices 
Substrate 

Temperature (°C) 

Speed 

(mm/s) 

Head-substrate 

distance (cm) 

Pressure 

(MPa) 

Efficiency 

(%) 

1 70 100 7 0 1.34 

2 70 100 7 0 1.8 

3 70 100 7 0 1.86 

4 70 100 7 0 1.58 

5 70 100 7 0 1.01 

6 70 100 7 0 1.86 

7 70 125 7 0 1.54 

8 70 125 7 0 1.82 

9 70 125 7 0 1.43 

10 70 125 7 0 1.09 

11 70 125 7 0 1.54 

12 70 150 7 0 5.28 

13 70 150 7 0 5.43 

14 70 150 7 0 5.93 

15 70 150 7 0 5.61 

16 70 150 7 0 5.45 

17 70 150 7 0 3.59 

18 70 150 7 0 5.34 

19 70 150 7 0 4.83 

20 70 150 7 0 3.37 

21 70 150 7 0 4.56 
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22 70 200 7 0 3.76 

23 70 200 7 0 2.37 

24 70 200 7 0 2.09 

25 70 200 7 0 1.51 

26 70 200 7 0 1.38 

27 70 200 7 0 3.23 

28 70 200 7 0 4.20 

29 70 200 7 0 3.89 

30 70 300 7 0 0.93 

31 70 300 7 0 0.58 

32 70 300 7 0 1.03 

33 70 300 7 0 1.31 

34 70 300 7 0 1.28 

35 50 150 7 0 6.00 

36 50 150 7 0 4.94 

37 50 150 7 0 6.11 

38 50 150 7 0 6.85 

39 50 150 7 0 5.24 

40 50 150 7 0 6.70 

41 50 150 7 0 6.71 

42 50 150 7 0 6.92 

43 50 150 7 0 6.90 

44 50 150 7 0 6.91 

45 50 150 7 3 6.90 

46 50 150 7 3 7.66 

47 50 150 7 3 7.69 
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48 50 150 7 3 6.65 

49 50 150 7 3 7.15 

50 50 150 7 3 6.44 

51 50 150 7 3 6.30 

52 50 150 7 3 6.48 

53 50 150 7 3 6.50 

54 50 150 7 3 7.00 

55 50 150 7 3 6.87 

56 60 150 7 0 5.62 

57 60 150 7 0 1.24 

58 60 150 7 0 5.57 

59 60 150 7 0 2.88 

60 60 150 7 0 1.33 

61 80 150 7 0 3.47 

62 80 150 7 0 3.02 

63 80 150 7 0 3.48 

64 80 150 7 0 2.81 

65 80 150 7 0 5.35 

66 90 150 7 0 1.56 

67 90 150 7 0 1.41 

68 90 150 7 0 1.01 

69 90 150 7 0 1.36 

70 90 150 7 0 1.73 

71 50 150 7 7 9.61 

72 50 150 7 7 9.27 

73 50 150 7 7 9.31 
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74 50 150 7 7 9.07 

75 50 150 7 7 9.01 

76 50 150 7 7 8.96 

77 50 150 7 7 9.86 

78 50 150 7 7 9.73 

79 50 150 7 7 9.66 

80 50 150 7 7 8.84 

81 50 150 7 7 9.23 

82 50 150 7 10 5.47 

83 50 150 7 10 3.05 

84 50 150 7 10 3.24 

85 50 150 7 10 3.16 

86 50 150 7 10 4.29 

87 50 150 7 10 5.46 

88 50 150 7 10 4.94 

89 50 150 7 10 5.07 

90 50 150 7 10 4.8 

91 50 150 7 10 4.62 

92 70 150 5 0 4.03 

93 70 150 5 0 3.67 

94 70 150 5 0 0.73 

95 70 150 5 0 1.73 

96 70 150 5 0 4.17 

97 70 150 6 0 7 

98 70 150 6 0 2.87 

99 70 150 6 0 5.4 
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100 70 150 6 0 1.77 

101 70 150 6 0 1.33 

102 70 150 8 0 1.36 

103 70 150 8 0 3.23 

104 70 150 8 0 1.13 

105 70 150 8 0 1.04 

106 70 150 8 0 1.37 

 

 

Table S 2 The listing of top 20 parameter combinations by linear regression 
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Table S 3 The listing of top 20 parameter combinations by polynomial regression degree 1 

 
 

 

 

Table S 4 The listing of top 20 parameter combinations by polynomial regression degree 2 
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Table S 5 The listing of top 20 parameter combinations by polynomial regression degree 3 

 
 

 

Table S 6 The listing of top 20 parameter combinations by polynomial regression degree 4 
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Table S 7 Random dataset generated from the selected ranges of variables in spray processed 

perovskite solar cells 

Trial 
Substrate 

Temperature (°C) 

Speed 

(mm/s) 

Head-substrate 

distance (cm) 

Pressure 

(MPa) 
Efficiency (%) 

0 55 140 5 1 0 

1 50 145 5 3 0 

2 50 145 5 8 0 

3 55 140 5 9 0 

4 55 135 6 0 0 

5 50 135 6 3 0 

6 55 130 6 7 0 

7 55 135 6 9 0 

8 50 125 7 2 0 

9 50 140 7 4 0 

10 50 125 7 7 0 

11 55 135 7 10 0 

12 55 125 8 0 0 

13 55 130 8 4 0 

14 50 130 8 8 0 

15 55 125 8 9 0 

16 50 145 5 0 0 

17 50 150 5 5 0 

18 55 145 5 5 0 

19 50 150 5 10 0 
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20 50 155 6 0 0 

21 55 150 6 4 0 

22 55 155 6 7 0 

23 55 160 6 9 0 

24 55 145 7 1 0 

25 55 155 7 5 0 

26 55 150 7 5 0 

27 50 145 7 9 0 

28 50 150 8 2 0 

29 55 155 8 3 0 

30 50 160 8 6 0 

31 50 150 8 9 0 

32 50 180 5 1 0 

33 55 175 5 3 0 

34 55 160 5 6 0 

35 55 170 5 9 0 

36 50 170 6 0 0 

37 50 175 6 3 0 

38 50 165 6 7 0 

39 50 165 6 10 0 

40 50 165 7 2 0 

41 50 175 7 3 0 

42 55 165 7 6 0 

43 50 170 7 9 0 

44 50 165 8 0 0 

45 50 160 8 3 0 
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46 50 165 8 6 0 

47 50 170 8 9 0 

48 50 195 5 1 0 

49 50 190 5 3 0 

50 50 185 5 8 0 

51 55 190 5 8 0 

52 50 180 6 2 0 

53 50 185 6 4 0 

54 55 195 6 5 0 

55 50 180 6 8 0 

56 50 195 7 2 0 

57 50 180 7 4 0 

58 50 195 7 6 0 

59 55 195 7 9 0 

60 55 180 8 2 0 

61 50 185 8 4 0 

62 50 190 8 6 0 

63 50 180 8 9 0 

64 60 125 5 1 0 

65 60 140 5 4 0 

66 60 125 5 7 0 

67 60 135 5 8 0 

68 65 130 6 0 0 

69 60 130 6 3 0 

70 65 135 6 5 0 

71 60 140 6 10 0 
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72 65 125 7 1 0 

73 60 135 7 3 0 

74 60 135 7 6 0 

75 60 125 7 8 0 

76 60 135 8 0 0 

77 60 130 8 3 0 

78 65 125 8 6 0 

79 60 135 8 9 0 

80 60 150 5 0 0 

81 60 145 5 4 0 

82 60 140 5 7 0 

83 60 150 5 9 0 

84 60 145 6 0 0 

85 65 145 6 5 0 

86 60 150 6 6 0 

87 60 145 6 8 0 

88 60 140 7 2 0 

89 60 145 7 2 0 

90 60 160 7 6 0 

91 60 145 7 9 0 

92 55 145 8 0 0 

93 60 160 8 4 0 

94 60 145 8 7 0 

95 55 160 8 8 0 

96 55 160 5 1 0 

97 55 170 5 4 0 
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98 60 175 5 6 0 

99 60 170 5 9 0 

100 65 175 6 1 0 

101 65 165 6 3 0 

102 60 165 6 6 0 

103 55 175 6 9 0 

104 60 165 7 1 0 

105 60 170 7 3 0 

106 55 175 7 5 0 

107 55 165 7 8 0 

108 60 165 8 2 0 

109 60 175 8 3 0 

110 55 175 8 8 0 

111 60 175 8 8 0 

112 60 180 5 0 0 

113 60 185 5 3 0 

114 60 180 5 7 0 

115 65 190 5 8 0 

116 60 185 6 1 0 

117 60 190 6 4 0 

118 55 185 6 5 0 

119 55 180 6 9 0 

120 60 195 7 1 0 

121 55 195 7 2 0 

122 60 190 7 7 0 

123 60 185 7 10 0 
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124 60 185 8 0 0 

125 60 180 8 3 0 

126 55 180 8 7 0 

127 60 180 8 10 0 

128 65 140 5 0 0 

129 65 130 5 5 0 

130 70 135 5 7 0 

131 65 130 5 9 0 

132 70 135 6 0 0 

133 65 140 6 4 0 

134 70 135 6 6 0 

135 65 125 6 9 0 

136 65 135 7 0 0 

137 70 140 7 3 0 

138 70 135 7 5 0 

139 70 135 7 9 0 

140 70 140 8 0 0 

141 65 130 8 2 0 

142 65 125 8 7 0 

143 65 130 8 9 0 

144 65 150 5 0 0 

145 65 155 5 3 0 

146 65 145 5 5 0 

147 70 150 5 9 0 

148 65 145 6 1 0 

149 65 155 6 3 0 
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150 65 150 6 7 0 

151 70 150 6 10 0 

152 70 160 7 0 0 

153 70 150 7 3 0 

154 65 145 7 7 0 

155 65 155 7 9 0 

156 65 145 8 2 0 

157 70 150 8 3 0 

158 65 155 8 7 0 

159 70 150 8 8 0 

160 65 165 5 2 0 

161 65 175 5 4 0 

162 65 170 5 6 0 

163 65 160 5 9 0 

164 65 165 6 0 0 

165 65 170 6 5 0 

166 65 170 6 7 0 

167 70 175 6 8 0 

168 65 165 7 2 0 

169 65 165 7 5 0 

170 65 175 7 6 0 

171 70 165 7 10 0 

172 65 170 8 1 0 

173 65 165 8 3 0 

174 65 165 8 6 0 

175 65 175 8 9 0 
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176 70 185 5 0 0 

177 70 180 5 3 0 

178 70 180 5 8 0 

179 70 185 5 9 0 

180 70 185 6 0 0 

181 70 180 6 5 0 

182 75 185 6 6 0 

183 70 190 6 9 0 

184 75 180 7 2 0 

185 70 190 7 3 0 

186 65 190 7 6 0 

187 70 180 7 10 0 

188 65 195 8 2 0 

189 65 195 8 3 0 

190 65 180 8 5 0 

191 65 190 8 9 0 

192 80 130 5 1 0 

193 70 125 5 4 0 

194 75 125 5 8 0 

195 75 140 5 8 0 

196 70 130 6 0 0 

197 70 125 6 4 0 

198 75 135 6 6 0 

199 75 135 6 8 0 

200 70 140 7 1 0 

201 75 130 7 4 0 
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202 70 140 7 5 0 

203 75 125 7 9 0 

204 70 125 8 1 0 

205 75 140 8 5 0 

206 70 130 8 6 0 

207 75 125 8 9 0 

208 75 155 5 0 0 

209 75 150 5 4 0 

210 75 155 5 6 0 

211 75 150 5 10 0 

212 75 150 6 2 0 

213 70 145 6 4 0 

214 75 150 6 8 0 

215 70 145 6 10 0 

216 75 145 7 2 0 

217 70 150 7 4 0 

218 75 150 7 7 0 

219 75 140 7 9 0 

220 75 155 8 1 0 

221 75 140 8 5 0 

222 75 145 8 7 0 

223 75 145 8 9 0 

224 75 170 5 1 0 

225 75 165 5 3 0 

226 75 160 5 7 0 

227 80 170 5 8 0 
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228 75 160 6 0 0 

229 80 180 6 3 0 

230 75 170 6 6 0 

231 70 175 6 9 0 

232 75 175 7 2 0 

233 70 175 7 4 0 

234 75 170 7 7 0 

235 80 175 7 10 0 

236 75 175 8 1 0 

237 75 170 8 3 0 

238 75 175 8 6 0 

239 80 160 8 10 0 

240 75 190 5 0 0 

241 80 195 5 4 0 

242 75 185 5 7 0 

243 80 180 5 9 0 

244 75 180 6 0 0 

245 75 190 6 5 0 

246 75 185 6 6 0 

247 80 185 6 10 0 

248 75 185 7 1 0 

249 70 185 7 4 0 

250 75 190 7 7 0 

251 75 190 7 8 0 

252 70 190 8 0 0 

253 70 185 8 4 0 
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254 80 195 8 8 0 

255 75 195 8 8 0 

 

 


