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C. ABSTRACT 

RAPID ANNEALING OF PEROVSKITE SOLAR CELL THIN FILM MATERIALS 

THROUGH INTENSE PULSE LIGHT 

Amir Hossein Ghahremani 

June 03, 2021 

 

      Perovskite solar cells (PSCs) have garnered a great attention due to their rapid 

efficiency improvement using cheap and solution processable materials that can be adapted 

for scalable high-speed automated manufacturing. Thin film perovskite photovoltaics 

(PVs) are typically fabricated in an inert environment, such as nitrogen glovebox, through 

a set of deposition and annealing steps, each playing a significant role on the power 

conversion efficiency (PCE), reproducibility, and stability of devices. However, 

atmospheric processing of PSCs would achieve lucrative commercialization. Therefore, it 

is necessary to utilize materials and methods that enable successful fabrication of efficient 

PSCs in the ambient environment. The lab scale experiments have been dominated using 

deposition methods, such as spin-coating or thermal evaporation in vacuum, which are not 

adaptable for automation; hence, taking advantage of scalable deposition methods, such as 

inkjet printing, is necessary for automation. Besides deposition, post process annealing is 

a pivotal aspect which crystallizes the thin film materials and determines the performance 

and stability of PSCs. Therefore, it is necessary to further investigate this step and develop 

new methods and utilize potential materials 
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that are amenable for scalable, high-throughput, and cost-effective automated 

manufacturing of PSCs. Conventional methods have successfully resulted in efficient lab-

scale PSCs using prolong and high temperature annealing; however, industrialization 

requires rapid annealing methods that allow for scalable, high-speed, and cost-effective 

manufacturing of efficient PSCs in the ambient environment. Intense pulse light is a rapid 

annealing method (IPL) that allows for the lucrative, scalable, and high throughput 

atmospheric processing of PSCs; thus, it is necessary to study the photothermal impact on 

the morphology and phase evolution of the thin film materials and develop ambient 

processable precursors that yield efficient perovskite modules. IPL exerts intermittent 

millisecond(s) duration flashes carrying energetic photons to anneal the material, and the 

parameters of flash energy, duration, count, and interval time between flashes determine 

the annealing extent and affect the PV performance of PSCs. This dissertation investigates 

the impact of these parameters on the morphology, phase change, and conductivity of the 

potential PSC thin films using various material characterization techniques of scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction 

(XRD), photoluminescence (PL), impedance spectroscopy (IS), X-ray photoelectron 

spectroscopy (XPS), UV-Vis, as well as voltammetry, by introducing a novel additive and 

annealing approaches which allow for rapid fabrication of PSCs, and is applicable for rapid, 

cost-effective, and scalable automated fabrication of PSCs.  
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1. CHAPTER I:                                                                                                       

INTRODUCTION 

1.1. Global Energy Overview 

      Rapid industrialization and the need to supply enough energy to satisfy the growth has 

led to the increasing consumption of energy, particularly the high energy producing 

resources such as gas and coal. Despite having high energy efficiency, these fuels are not 

renewable and generate a large quantity of noxious products such as CO2, and NOx. The 

release of such greenhouse gases has increased the global temperature about 1°C [1]. The 

world energy outlook 2019 reported steady growth of oil demand in 2018 which would rise 

by about 1 million barrel per day annually until 2025 [2] with the highest demand by China 

and US, respectively [3]. Based on the stated policies scenario, the energy demand would 

rise by 1% annually until 2040; hence, taking advantage of renewable energy resources 

would play a vital role on offsetting the great demand for the non-renewable resources to 

manage the global warming, alleviate the serious human and environmental health 

consequences, and supply the need for the growing demand. Hydro, geo, wind, and solar 

are promising renewable resources; however, the more abundance of solar energy as well 

as rapid growth in photovoltaic (PV) technology and fabrication of more efficient and 

cheaper modules has made it a more promising support for thermal and electrical energy 

demands. In 2018, the solar PV generation indicated the largest growth among all
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renewables, representing a 31% increase, and is expected to account for 60% growth of the 

50% renewable power capacity expansion between 2019-2024 [4]. Despite these 

astonishing growths, the fabricated solar modules have yet less energy efficiency and, thus, 

require fabrication of efficient devices using cheap materials through cost-effective 

manufacturing processes to make the technology more lucrative, and accessible for various 

industrial and residential applications.  

1.2. Conventional Solar Cell Challenges 

      Conventional PV devices consist of wafer-based semiconductors, such as 

monocrystalline and polycrystalline silicon, which are still the most dominating PVs to 

date due to being efficient and having a nominal life span around 30 years [5]. Despite 

these advantages, the wafer PV modules are typically made in a clean room environment 

using complex and expensive time-consuming processes which result in expensive 

modules. Recently, processing developments have increased the PCE of silicon-based PVs 

to over 27%, and 47% for single and multi-junction structures, respectively [6]. In addition, 

the indirect bandgap of silicon requires wafers with at least 100 µm thickness to sufficiently 

harvest irradiation, generate charge carriers, and result in efficient modules [7]. 

Furthermore, the silicon PVs require rigid transparent glass shields and frames to protect 

the modules against any damages which makes them bulky, less convenient for shipping 

and handling, and expensive. Therefore, it is necessary to develop more lucrative modules 

utilizing cheap, abundant, and more environmentally friendly materials through cost-

effective, scalable, and high throughput automated manufacturing.   
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1.3. Thin Film Solar Cells and Challenges 

      Thin film solar cells were introduced after conventional silicon solar cells; hence, they 

are next generation photovoltaics and have undergone rapid development due to their facile 

and cost-effective fabrication. These PVs are fabricated by depositing micron thick films 

of the semiconducting material on metallic, glass, or plastic substrates, and the deposition 

of different layers would accomplish thin film solar cell fabrication. GaAS [8], CIGS [9, 

10], and CdTe [11] are the common thin films which have been successfully fabricated and 

used to produce efficient solar cells. Recently, comprehensive research and development 

has made these photovoltaics exceed 29% [12], 23% [13], and 22% [14] in efficiency, 

respectively. The direct bandgap of these semiconducting composites would allow for 

efficient devices using thinner films, thus, less material consumption which, in turn, would 

enable fabricating flexible and less bulky modules. This is because the direct bandgap 

would allow for more charge production due to direct transition of the excited electrons 

from VBM to CBM. However, despite these advantages, the toxicity of materials and the 

costly fabrication using high energy consuming complex processes have remained 

challenging. For instance, despite attaining efficient GaAs solar cells, the preparation 

requires complex, slow, high energy consuming, and expensive methods such as vertical 

gradient freeze, and Bridgman-Stockbarger [15]. In addition, the carcinogenic nature of 

GaAs would impose environmental and human health and safety issues. Similarly, CIGS 

films can be produced through evaporation techniques that make the fabricated modules 

less lucrative. CdTe solar cells have low fabrication processing cost; however, the need for 

rare earth elements, the toxicity of Cd, and the need for sputtering processes are the major 

concerns for these PVs.  
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      Dye sensitized solar cells (DSSC) are another type of thin film solar cells which have, 

so far, exceeded 13% efficiency [16] since their introduction [17]; however, instability of 

the liquid electrolyte undergoing contraction and expansion at different ambient 

environment temperatures as well as the high cost of dyes are major challenges for 

commercialization of DSSC. Therefore, research and development for alternative efficient 

thin film photovoltaics that can be fabricated from more environmentally friendly materials 

through simple cost-effective automation processes is necessary to make the solar PV 

modules more lucrative and affordable. Recently, Perovskite solar cells (PSCs) have 

emerged as the potential next generation thin film PVs which can be fabricated from cheap 

and abundant materials that are solution processable. These staggering advantages have 

focused the research on these rapid growing PVs towards high throughput, cost effective, 

and scalable automated fabrication. However, the processing has yet remained challenging 

which should be investigated thoroughly to achieve cheap efficient PSCs. 

1.4. Proposed Work   

      PSCs are the most recent type of thin film PVs which has undergone intensive research 

and development towards commercialization. Processing of these PVs is a significant 

parameter determining the overall cost and performance; hence, it is necessary to 

investigate methods and approaches that maximize the production speed and minimize the 

cost and energy payback time of the fabricated modules. The processing of these solar cells 

spans material deposition followed by post-process annealing. Despite rapid efficiency and 

stability improvement, crucial parameters have impeded fabrication of these PVs entirely 

through automation. For instance, some of the films require an inert nitrogen environment 

to develop the desired morphology and phase purity which would increase the production 
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cost and complexity; hence, it is necessary to develop precursors that would result in 

superior perovskite films when fabricated in an uncontrolled humid ambient environment. 

PSC thin films have been mainly deposited using spin coating in an average period of 30 

seconds and have also been successfully developed instantly using scalable depositions 

that are compatible for high-speed automated manufacturing. However, the postprocess 

annealing has yet remained challenging as they have been carried out using conductive and 

convective methods up to an hour time frame at high temperatures, up to 500°C, which are 

not lucrative for commercialization nor applicable for scalable flexible plastic substrates. 

Therefore, it is necessary to take advantage of methods that allow for instant post-

processing of various PSC thin films, making them fabricable through automation such as 

roll-to-roll and robotic systems. In this regard, intense pulse light (IPL) has been introduced 

as a favorable method to rapidly anneal different PSC thin films. However, the studies have 

briefly spanned the impact of one or two parameters of flash duration, applied flash energy 

and counts, as well as the interval time between flashes on the performance of PSCs; yet 

an expansive study determining the photothermal interaction with the morphology and 

phase change of the materials with respect to all the individual IPL parameters have not 

been conducted. Furthermore, the back-contact electrodes used in PSCs have been 

developed from pure elements of gold and silver through vacuum thermal evaporation by 

heating the elements around their melting point. However, despite obtaining high quality 

films, it is not adaptable for automation and is accompanied with high energy consumption. 

This dissertation exhaustively studies the photothermal interaction from IPL with different 

thin film materials used in the electron transport layer (ETL), perovskite absorber, as well 

as back contact layer of PSCs. The use of carbon as the back contact film eliminates the 
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need for expensive organic charge transport films as well as vacuum thermal evaporation 

to develop back-contact electrodes. The successful IPL annealing of all the thin films  

establishes the pioneering work, attaining the fastest route for PSC processing, and is 

directly applicable for high-throughput, cost-effective, and scalable automated fabrication 

of PSCs.  

1.5. Objectives 

      Based on the mentioned criteria in the previous section, this dissertation will discuss 

the following objectives which achieve the fabrication of PSCs through scalable automated 

manufacturing. 

1) Applying IPL to rapidly anneal the SnO2 electron transport layer (ETL) in PSCs. This 

study investigates the impact of IPL annealing parameters of applied energy and flash 

(pulse) counts on the crystallization of SnO2 and PSCs performance. 

2) Enabling rapid fabrication of perovskite films by introducing a gradient flashing 

approach through IPL on CH3NH3PbI3 perovskite films, eliminating the need for any 

short-term or long-term conductive or convective annealing. This study investigates the 

impact of all the individual IPL parameters of applied energy per flash, flash duration, 

count, and interval time between flashes on the extent of morphology and phase 

evolution of CH3NH3PbI3 perovskite films.   

3) Developing PSC films using an inkjet printing system followed by IPL annealing 

through an integrated robotic setup. This study investigates replacing the expensive 

organic Spiro-MeOTAD hole transport layer and vacuum thermal evaporated gold (Au) 

back-contact with carbon. 
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1.6. Organization of Contents 

Chapter 1 provides an overview of energy consumption and explains the significance 

of research and development for renewable energy resources, particularly solar. This 

chapter introduces the conventional and thin film solar cells and explains the associated 

challenges to each type. The requirements for thicker films in silicon solar cells as well as 

the associated high cost and high energy consumption to fabricate these necessitates 

development of thin film photovoltaics (PVs), such as perovskite solar cells (PSCs). 

However, challenges, such as prolonged high temperature annealing of the thin film 

materials, are a hurdle for upscaling of these PVs. This chapter introduces the proposed 

work and objectives to be studied throughout this dissertation to address the issue.   

      Chapter 2 introduces the theory of solar cells, describes the perovskite material and its 

structure in a solar cell, and introduces utilized materials enabling the development of 

solution derived perovskite solar cells (PSCs). Various deposition techniques of spin, slot-

die, spray, and inkjet printing are introduced with documented achievements yielding high 

performance PSCs. The chapter introduces annealing as the most important post-deposition 

process for PSC fabrication, and various annealing methods from conduction and radiation 

are reviewed. Finally, this chapter introduces radiative annealing through intense pulse 

light (IPL), allowing for rapid cost-effective processing of PSCs thin films, and will be 

investigated exhaustively throughout this dissertation. The discussion of the IPL includes 

the modelling equations for establishing the thermal response of the perovskite films. 

      Chapter 3 explains the utilized materials, fabrication, and characterization of processed 

thin films in PSCs. This chapter also describes the temperature measurement setup to 

measure the photothermal impact from IPL on perovskite films and explains the finite 
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element analysis (FEA) simulation procedure to verify the measured temperatures using 

ANSYS.   

      Chapter 4 investigates the role of  IPL on the annealing of SnO2 ETL and perovskite 

films. Successful IPL annealing of SnO2 paves a promising pathway towards eliminating 

the conventional expensive and energy consuming TiO2 and takes a step towards faster 

fabrication of PSCs. In this work, CH2I2 is introduced into a mixed triple cation perovskite 

precursor, allowing the fabrication of perovskite films in a humid ambient environment 

(>60%). The SnO2 ETL is directly annealed through IPL; however, the mixed triple cation 

perovskite precursor is annealed through IPL after a short-term conductive pre-annealing. 

This study introduces a faster route of fabricating PSCs in the ambient environment; hence, 

putting a further step towards achieving rapid and cost-effective atmospheric fabrication 

of PSCs with compatibility for automated manufacturing.  

      Chapter 5 investigates the crystallization kinetics of CH3NH3PbI3 perovskite films by 

directly annealing the perovskite films through IPL without intermediate short-term 

conductive annealing. In this work, a gradient flash annealing (GFA) approach is 

developed which anneals the entire PSC films in about 10 seconds. The maximum surface 

temperature rise at the perovskite film during IPL annealing is measured and a finite 

element analysis (FEA) modeling is developed to verify the measurements and aid 

determining the impact of IPL annealing parameters of flash count, duration, energy, and 

interval time between flashes on the crystallization kinetics of perovskite film. This study 

establishes the pioneering work where the rapid fabrication of PSCs entirely through IPL 

is introduced and is applicable for swift atmospheric processing of PSCs through 

automation. 
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      Chapter 6 details how the charge transport films are processed using an integrated 

robotic setup utilizing an inkjet printhead and IPL for annealing. This chapter utilizes and 

processes the SnO2 ETL as introduced in chapter four; however, carbon film serving as 

both the hole transport and metal back-contact films is utilized as the back-contact in PSCs. 

This study particularly spans deposition optimization of the charge transport films and 

investigates the phase purity, morphology, and conductivity of IPL annealed carbon films 

on the performance of PSCs which exemplifies automated fabrication of PSCs in an 

uncontrolled ambient environment using a non-roll-to-roll setup.  

Chapter 7 is a conclusion and Chapter 8 details recommendations for further work 

aligned with this study. 
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2. CHAPTER II:                                                                                                      

BACKGROUND 

2.1. Solar Irradiation Properties 

      The PV technology spans the development of solar cells which constitute solar modules 

that produce electricity upon harvesting the sun light; hence, understanding the properties 

of sun light and the kinetics of photo absorption-power generation are the key parameters 

in fabricating functional and efficient PVs. The sun is a profound source of energy that 

emits light and heat, and the spectrum spans electromagnetic irradiation consisted of 

ultraviolet (UV), visible, and infrared (IR) light and is close to a black body [18] as shown 

in Fig. 2.1. Despite atmospheric absorption, the visible spectrum between 400-700 nm 

constitutes the largest irradiation with the maximum around 500 nm. Therefore, the 

fabricated solar cells should utilize materials that can harvest the irradiation at this range.  

 

Figure 2.1. Solar irradiance spectrum before and after atmospheric absorption.
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2.2. Theory of Solar Cells 

      As mentioned, PV cells are empowered by exposure to light. Therefore, the 

performance of all solar PV devices is depended on irradiation and the target material 

utilizing the irradiation. PV devices utilize a light harvesting semiconductor or a composite 

of semiconducting materials which harvest the light and generate charge carriers upon 

irradiation. The extent of charge carrier production is highly dependent on the photo 

absorptivity and bandgap energy of material which should fall below the irradiation energy. 

The bandgap properties of a semiconductor are, perhaps, the most significant parameters 

affecting the functionality of a solar cell. Semiconductors have generally two types of 

direct and indirect bandgaps. As shown in Fig. 2.2(A), direct bandgap semiconductors 

enable better conduction of electrons due to the similar crystal momentum of the electrons 

and holes in the conduction and valence bands, respectively, whereas the semiconductors 

with indirect bandgap (Fig. 2.2(B)) should undergo an intermediate state of crystal 

momentum change. Therefore, the semiconductor properties such as bandgap, valence 

band maximum (VBM) and conduction band minimum (CBM) energies determine the 

charge carrier flow and solar cell PV performance. The working principle of a solar cell is 

shown in Fig. 2.3 where the absorbed irradiation excites the electrons (1) and make them 

conductive by exciting them through the bandgap (2) with fixed valence and conduction 

energies. The excited electrons leave holes behind upon conduction, flow to the external 

circuit (3), generate power, and finally recombine with them upon returning to the cell; 

hence, irradiation and properties of the semiconducting materials determine the 

performance of PV cells. As shown in Fig. 2.4, practical solar cells are made as p-n junction 

devices consisted of two separate zones, each doped with materials that induce higher 
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mobility of negative (n) and positive (p) charges to attain higher performance solar cells 

upon irradiation. Solar cells can also be made of different semiconducting materials to form 

a multi-junction structure consisted of several p-n junctions, each harvesting different 

spectrum of light [19], thus resulting in better PV performance, and the parallel or series 

connection of multiple cells would produce a module with desired voltage and current. The 

sun irradiation reaching the earth’s surface has a limited intensity and lasts for a couple of 

hours throughout the day; hence, it is necessary to develop semiconducting composites that 

enable maximum photo-absorption and power generation. 

 

Figure 2.2. Schematic showing the A) direct bandgap, indicating direct excitation (green 

arrow) of electrons to conduct electricity due to similar crystal momentum in CBM and 

VBM; and B) indirect bandgap, showing the excitation of electrons to conduct electricity 

after phonon transition (red arrow) due to momentum mismatch between CBM and VBM. 
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Figure 2.3. Schematic indicating the working principle of solar cells where the photon 

striking the semiconductor (1), excites the electrons (•) from VBM to CBM and leaves 

holes (◦) (2), which travel to the external circuit to conduct electricity (3). 

 

Figure 2.4. p-n junction structure in solar cells, where the solar irradiation generates 

electron (•) - hole (◦) pairs that diffuse to the n and p zones to conduct electricity. 

2.3. Progress in Photovoltaics 

      The history of PV devices goes back to the 18th century when Alexander Edmond 

Becquerel observed the PV effect by exposing AgCl and AgBr electrodes placed in a 

conductive acidic solution to light [20, 21]. A few decades after the observation of PV 
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effect in Selenium [22], Charles Fritts fabricated the first solar cell with 1% efficiency 

using selenium on a thin layer of gold [23]. In 1904, Wilhelm Hallwachs fabricated 

semiconductor junction solar cells utilizing Cu and Cu2O [24]. In 1932, Audobert and Stora 

discovered the PV effect in CdSe [25]. Bell Labs invented the first practical silicon solar 

cell with almost 6% efficiency in early 1954 [26], and further technical advances, such as 

surface passivation through thermal oxidation, enhanced the efficiency of solar cells [27]. 

In 1970, the first heterojunction GaAs solar cells were fabricated in USSR [28]. Two years 

later, Bonnet and Rabenhorst fabricated 6% efficient heterojunction CdTe-CdS solar cells 

which resulted in the introduction of the first CdTe solar cells [29]. The invention of 

photoelectrochemical dye sensitized solar cells (DSSC) utilizing organic dyes in 1988 [17] 

opened a new realm in fabricating cheaper solar cells compared to silicon PVs, and further 

development using copper complexes increased their efficiency to over 13% in 2018 [16]. 

Thereafter, extensive research has paved the pathway towards higher performance PVs, 

such as perovskite solar cells (PSCs), utilizing cheap and abundant materials which can be 

processed through scalable, high throughput, and cost-effective automated manufacturing 

and has been the focus of PV research over the past few years.  

2.4. Perovskite  

      In 1839, CaTiO3 was found in the Ural Mountains of Russia [30]. This mineral has the 

ABX3 atomic formulation and is known as the perovskite structure as shown in Fig. 2.5, 

where B and A represent the Ti2+ and Ca+ cations with different ionic radius surrounded by 

an octahedral of 6-fold and cubo-octahedral of 12-fold oxygen atoms, respectively. 

Perovskites possess unique properties such as superconductivity [31], ferroelectricity [32], 

charge ordering, and colossal magnetoresistance [33]. These favorable characteristics have 
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enabled a broad application of perovskites, particularly for electronics such as light 

emitting diodes [34], transistors [35], scintillators [36], lasers [37], and PVs. Among these, 

successful application of perovskites to produce cheap and efficient PVs has resulted in the 

introduction of PSCs which have opened a new realm in next generation PVs and have 

been the focus of PVs research over the past few years. 

 

Figure 2.5. Schematic showing A) perovskite unit structure; B) CaTiO3 crystal structure. 

2.5. Perovskite Solar Cell (PSC) 

      Perovskite solar cells (PSCs) are thin film PVs that utilize a light absorbing film 

capable of producing charge carriers upon illumination. The light harvesting film has the 

ABX3 perovskite structure, where, A is the inorganic compound, typically 

methylammonium (MA=CH3NH3
+), formamidinium (FA=CH3(NH2)2

+) [38], as well as 

cesium (Cs+) [39, 40], and rubidium (Rb+) [41]; B is the divalent metal cation such as Pb2+, 

Sn2+ [42-44], and Ge2+ [45]; and X is Cl- [46, 47], Br- [48], and I- [49] halides or mixture 

thereof, as well as non-halide compounds such as acetates (Ac) [50]. Therefore, perovskite 

films can be made from a variety of cheap and abundant organic and inorganic compounds 

which would allow bandgap tuning [51] and enable unique properties such as broad photo 

absorption range between ultraviolet (UV) to infrared (IR) [52], high charge mobility [53], 

long carrier diffusion length [54], exciton low binding energy [55], acute optical band edge 
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[56], and bipolar semi-conductivity [57]. In addition, unlike the common silicon PVs which 

require complex and expensive fabrication methods in a clean room environment, the 

mentioned potential materials are cheap, abundant, and solution processable and can be 

processed using simple and cost-effective fabrication processes. The use of cheap abundant 

materials would make the PSCs more lucrative and affordable, whereas solution 

processability would allow for the modules to be made through cost-effective automated 

manufacturing, such as roll to roll and robotic systems; hence, they enable minimization of 

the cost and energy payback time of PSCs. These exclusive properties have opened a broad 

realm for research and development towards making more efficient and stable PSCs, 

resulting in dramatic power conversion efficiency (PCE) improvement from 3.8% [58] to 

over 25% [6], rivaling the conventional silicon PVs. Despite these favorable advantages, 

PSCs yet undergo power decay as the result of material degradation by heat [59, 60], 

moisture [61, 62], and light soaking [63, 64], which requires special fabrication 

environments, such a nitrogen glovebox, and proper encapsulation of the fabricated 

modules to prolong the stability of PSCs [65, 66]. In addition, processes such as prolong 

high temperature annealing has yet remained challenging. Therefore, lucrative 

manufacturing requires further research and development towards rapid, cost-effective, 

and scalable atmospheric processing to achieve stable efficient PSCs. 

2.6. PSC Working Principle 

      As stated earlier, solar cells are made as p-n junction devices, where the 

semiconducting material, typically Si, is heavily doped with n-type and p-type materials to 

produce efficient modules. The next generation thin film PSCs have a simple structure 

which resembles to that of conventional p-n junction PVs. However, instead of doping, the 
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direct bandgap perovskite film (i), serving the role of indirect bandgap Si, is sandwiched 

between an n-type (n) electron transport layer (ETL) and a p-type (p) hole transport layer 

(HTL), and the location of charge transport layers can be swapped to form the inverted p-

i-n or the regular n-i-p structures [67]. PSCs have the similar working principle to other 

PVs. As mentioned, the solar irradiation reaching the earth surface resembles to that of a 

black body at almost 5800K. These photons have a greater energy than the perovskite 

bandgap of about 1.6 eV which allows them to be sufficiently absorbed by this film. Based 

on the working principle of a conventional p-n junction solar cell, as shown in Fig. 2.6, the 

absorbed solar irradiation by the perovskite film excites the electrons, exciting them 

through the bandgap. The moving of electrons in this stage causes current generation 

through the drift of electrons, which pushes the electrons towards the ETL and the holes 

towards the HTL, as well as the charge carrier concentration induced diffusion which 

diffuses the electrons through the perovskite and charge transport films and shuttles them 

to the external circuit via contact electrodes. However, the charge carriers face series and 

shunt resistances which impede maximum charge transport throughout the cell and affect 

the PV parameters of PSCs such as the open circuit voltage (VOC), short circuit current 

(JSC), efficiency, and fill factor (FF). These parameters can be determined by the equivalent 

circuit of solar cells consisted of a solar cell placed parallel to a diode which reflects one 

direction charge transfer behavior of a solar cell, a series resistance (RS), and a shunt 

resistance (RSH) as shown in Fig. 2.7, all which affect the output current (I) and voltage (V) 

of solar cell as indicated in Eqn. 2.1 and 2.2, respectively. 



 

17 
 

 

 

Figure 2.6. Schematic showing the working principle of PSCs, where the solar irradiation 

creates electron (•) - hole (◦) pairs that diffuse to the ETL and HTL, respectively, where 

they travel to the external circuit to conduct electricity. 

 

Figure 2.7. Equivalent circuit diagram determining the output current (I) and voltage (V) 

of solar cells based on series (Rs), and shunt resistance (Rsh) as well as photoproduced 

(IL), diode (ID), and shunt (RSH) current. 

𝐼 = 𝐼𝐿 −  𝐼0 [𝑒
(

𝑉′

𝑛𝑉𝑇
)

− 1] −  
𝑉′

𝑅𝑆𝐻
                                                   (2.1) 
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In Eqn. 2.1, IL is the photoproduced current by solar cell, I0 is the reverse saturation current, 

n=1 is the ideality factor, VT≈25°C = 0.0259 Volt is the thermal voltage, and V′ is the voltage 

across both the diode and shunt resistor and can be expressed as: 

𝑉′ = 𝑉 + 𝐼𝑅𝑆                                                                  (2.2) 

Eqn. 2.1 indicates that the series and shunt resistances impact the generated current by 

PSCs and minimizing the series resistance and maximizing the shunt resistance maximize 

the generated current and voltage and, in turn, the PSC performance. These impedances 

are dependent on the chemistry of materials used for each layer as well as the processing 

of individual films. The former includes precursor development from potential materials 

that are cheap and solution processable, whereas the latter spans precursor deposition 

followed by post-process annealing. These parameters affect the morphology and 

crystallinity of individual films; hence, determine the performance and stability of PSCs. 

In this regard, it is important to understand the science behind engineering associated to 

the processing of PSCs. The deposition and post process annealing are discussed in the 

following sections of this chapter and novel approaches will be utilized and exhaustively 

studied in the other chapters of this dissertation.  

2.7. Perovskite Materials 

      The incorporation of organics into the perovskite structure was initially introduced in 

1987 when Poglitsch and Weber replaced the cesium with MA in the cesium lead halide 

perovskites [68]. Later in 2009, metal cations of PbBr2 and PbI2 along with the ammonium 

halide salts of MABr and MAI were used to synthesize two different single cation 

perovskite chemistries of MAPbBr3 and MAPbI3 which resulted in the introduction of first 
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PSCs with 3.13% and 3.81% efficiency, respectively [58]. Later, extensive research 

unraveled higher performance PSCs utilizing materials such as Br- which improved the 

stability [69, 70] as well as Cl- which improved the charge carrier diffusion length, 

morphology, and crystallinity of the perovskite films and enhanced the PV performance of 

PSCs [71]. For instance, Jeon et. al [72] fabricated efficient MAPb(I1−xBrx)3 solar cells 

surpassing 16% efficiency and reported enhanced atmospheric stability of the devices 

containing bromine. Colella et. al [73] investigated the role of Cl- by fabricating PSCs 

utilizing PbCl2, PbI2, MACl, and MAI, and their PSCs exhibited more than 16% efficiency 

using the chemistry obtained from PbCl2 and MAI compounds compared to the more than 

11% efficiency devices fabricated from PbI2 and MACl compounds. They attributed the 

enhancement to the difference between ionic radii of the two perovskite chemistries. Yang 

et. al [74] investigated different quantities of MACl, in which, lower or higher 

concentrations of MACl affected the morphology, optoelectronic, and PV performance of 

MAPbI3 solar cells. They reported an average PV performance of 16.77% for 30% of the 

additive and attributed the improvement to the enhanced crystallinity of perovskite films 

by the optimal quantity of additive. Besides the halogen section, other organic compounds 

have also been investigated in PSCs. For instance, FAPbI3 and FAPbBr3 [75, 76] 

perovskites have been introduced by replacing MA+ with the FA+. Recently, FAPbI3 based 

PSCs have exceeded 21% efficiency [77] which is credited to the development of more 

complex chemistries, achieving higher PV performance. For instance, Yang et. al [78] 

developed a double cation MAxFA(1-x)Pb(IyBr1-y)3 chemistry containing different quantities 

of MA+ (x=0-1) and FA+ (y=0-0.2) cations. Their results indicated over 17% efficiency for 

MA0.7FA0.3Pb(I0.9Br0.1)3 devices, where the substitution of 30% MA+ ions with FA+ ions 
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in MAPbI3 improved the crystallinity, absorption, and carrier lifetime of the perovskite 

film, and other stoichiometries decreased the PV performance as the result of increased 

bandgap, affecting the charge extraction and transport. Recently, triple cation perovskites 

incorporating Cs+ and Ru+ cations into the perovskite chemistries containing MA+, and 

FA+ have further resulted in more efficient and stable PSCs. For instance, Saliba et al. [79] 

fabricated PSCs from Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3 perovskite chemistry and 

indicated that the substitution of 5% MA+ and FA+ with Cs+ cations increased the thermal 

and ambient environment stability of devices and increased the efficiency of PSCs from 

16% to over 20%. In another study, Rb+ has been investigated in PSCs. For instance, Zhang 

et. al [80] incorporated 5% Rb+ in FAPbI3 and FAxRb(1-x)PbI3 perovskite films. Their 

results indicated that unlike Cs, the Ru based films did not convert to perovskite black 

unless at elevated temperatures as high as 150°C. However, Rb0.05FA0.95PbI3 perovskites 

with 5% Ru incorporation indicated 16.2% efficiency and kept over 90% of their initial 

efficiency after 4 weeks. Similarly, FA0.80MA0.15Cs0.05PbI2.55Br0.45 and 

FA0.80MA0.15Rb0.05PbI2.55Br0.45 chemistries incorporating 5% Cs+ and Ru+ exhibited 19.4% 

and 19.6% efficiency, respectively, whereas the (FAPbI3)0.85(MAPbBr3)0.15 chemistry 

showed 17.1% efficiency which was attributed to better optical and electrical properties of 

the triple cation perovskite chemistries.  

      The mentioned studies introduced perovskite composite development to achieve PSCs 

with higher PV performance and enhanced moisture and thermal stability. However, the 

developed perovskite chemistries should be solution processable to allow for the 

industrialization of PSCs using scalable and high-speed automated manufacturing. 

Therefore, it is necessary to dissolve the perovskite chemistries into potential solvents that 
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yield thin films with superior morphology and optoelectronic properties. N,N-

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and γ-butyrolactone (GBL), N-

methyl-2-pyrrolidone (NMP), and dimethylacetamide (DMAC) are the common polar 

aprotic solvents used for the dissolution of lead and ammonium halides, and a mixture of 

these has shown to produce more efficient PSCs [81, 82]. For instance, the sole application 

of DMF has resulted in less PV performance as the result of poor morphology and 

optoelectronic performance caused by the rapid solvent evaporation, whereas a mixture of 

DMSO:DMF has resulted in high performance PSCs exceeding 19% which was attributed 

to the adduct of PbI2-DMSO [83] and the formation of superior perovskite black 

morphology caused by the retarded crystallization as the result of increased boiling point 

of the mixed solvent [84]. Similarly, unlike GBL-DMSO mixture which produced better 

morphology and efficient PSCs [81], the sole use of GBL produced less efficient PSCs as 

the result of inadequate crystallization caused by the PbI2-solvent coordination and 

solubility difference between the metal halides and ammonium salts [83, 85]. Therefore, 

solvent engineering plays a significant factor on the crystallization and performance of 

PSCs. The polar solvents, particularly DMF:DMSO mixture, have been widely used to 

fabricate efficient PSCs. However, DMF and NMP are carcinogenic; hence, are not 

favorable for upscaling purposes. PSC industrialization requires cheap and more 

environment friendly solvents that can produce efficient and stable cells in the shortest 

period. In this regard, substitution of a large portion of the common polar solvents with 

non-toxic solvents, such as acids and alcohols, have put a further step towards more 

environmentally friendly PSCs. For instance, PSCs with 13.5%, and 12% have been 

successfully fabricated using 60:20:20 V% GBL:ethanol:acetic acid and GBL:1-
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propanol:acetic acid, respectively [86]. Ramadan et. al [87] reported efficient PSCs using 

acetonitrile and its mixture with methylamine and achieved over 18.5% efficiency 

compared to only 8% using DMF. In addition, Hendriks et. al [88] dissolved the 

CH3NH3PbI3 perovskite chemistry in 2-Methoxyethanol (2-ME) solvent and reported 

improved power conversion efficiency (PCE) of PSCs to 15.3% from 14.1% for DMF 

based devices. 

      Besides the significance of solute and solvent engineering, additives incorporated into 

the perovskite precursors have shown to considerably boost the perovskite crystallinity and 

morphology, resulting in higher PCE. For instance, Yang et al. [89] reported 30% and 58% 

performance improvement, exhibiting 12.2% and 14.8% average efficiency for PSCs 

utilizing 2.5 V% HI and HCl additives into the CH3NH3PbI3 perovskite chemistry. Wu et 

al. [90] investigated the role of NaAc and NH4Ac additives on PSCs performance. Upon 

processing, the films without additive indicated a discontinuous morphology with pinhole 

defects. Unlike NaAc based PSCs which resulted in PCE of 13.78%, 10 wt% incorporation 

of NH4Ac exhibited 17.02% efficiency which was attributed to the smoother morphology 

and enhanced crystallization. The use of Ac based additive eliminated the pinhole defects 

which was attributed to the possible formation of the intermediate methylamine acetate 

salt, providing higher nucleation density, thus, large quantity of small crystals as the result 

of lower decomposition temperature of the salt. Other similar works have also reported 

enhanced PSC performance as the result of morphology enhancement utilizing other 

potential additives such as MAAc and a molecular additive of thiosemicarbazone [91], and 

various alkyl halides [92, 93]. 

2.8. Electron Transport Layer  
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      Electron transport layer (ETL) has the similar functionality to n-doped zone in 

conventional solar cells. However, instead of inclusion into the light harvesting 

semiconductor, PSCs utilize a thin film consisted of a potential electron transporting 

material coated underneath (n-i-p structure) or above (p-i-n structure) the perovskite photo-

absorber. Similar to perovskites, the ETL materials should be solution processable using 

perovskite friendly solvents that enable scalable deposition using potential automated 

methods and achieve long-term device stability, provide suitable band alignment with the 

perovskite layer to facilitate electron extraction, have high electron mobility to enable 

maximum charge extraction from the perovskite film, and have good structural stability for 

long-term durability of PSCs. ETLs have been successfully fabricated using both organic 

and inorganic complexes. Phenyl-C61-butyric acid methyl ester (PCBM) is the most 

potential organic material used for both regular and inverted PSCs [94, 95]. However, the 

high cost of the material and requiring an inert deposition environment, such as nitrogen 

glovebox, would make this material unfavorable for commercialization of PSCs. In this 

regard, metal oxides were successfully developed to fabricate efficient PSCs. TiO2 is the 

pioneering material and has been successfully used to fabricate efficient PSCs through two 

different structures of compact and mesoporous. PSCs fabricated using the former TiO2 

ETL utilize a mixture of Titanium di-isopropoxide bis (acetylacetonate) and 1-butanol, 

whereas the latter can be obtained from a TiO2 paste diluted in ethanol and deposited on 

the compact TiO2 ETL to yield higher PCE as the result of more interfacial area, aiding 

better charge extraction at the TiO2/perovskite interface [96]. Despite achieving efficient 

PSCs using TiO2, it is not favorable for upscale manufacturing of PSCs due to the current-

voltage hysteresis caused by the inefficient TiO2/perovskite interface [97] as well as its 
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structural instability under UV illumination [98]. In addition, the mesoporous TiO2 films 

require a specific coating method, particularly spin coating, to obtain the desired 

mesoporous structure and may not be obtained through scalable deposition methods. 

Furthermore, the material requires prolong and high temperature post-processing, such as 

30 minutes to an hour period annealing in a furnace set to 500°C, which is not lucrative nor 

applicable for favorable plastic substrates for industrial scale manufacturing. Therefore, 

other metal oxides such as ZnO [99, 100], Al2O3 [101, 102], WO3 [103, 104], and CeO2 

[105, 106] have been successfully utilized to fabricate PSCs. However, the structural 

instability, lower electron mobility, and unsuitable band alignment of these compounds to 

the perovskite film has impeded producing efficient PSCs.  

      Recently, SnO2 has been introduced as a potential replacement to TiO2, allowing for 

cost-effective and scalable manufacturing of PSCs. This metal oxide has a higher electron 

mobility and stability compared to TiO2 [107] and possesses a wider bandgap of 3.7 eV 

compared to 3.2 eV for TiO2. In addition, the better VBM and CBM energy alignment with 

the perovskite film has improved charge extraction at the SnO2/perovskite interface [108] 

and enabled high efficiency PSCs exceeding 20% [109, 110]. Recently, doping with 

various elements such as Ta5+ [111], Mo5+ [112], Li+ [113], Sb3+ [114], as well as La3+, 

Sc3+, and Y3+ [115] have shown to increase the conductivity of SnO2 films by altering the 

Fermi energy position and providing better band energy alignment to the perovskite film. 

SnO2 films can be fabricated from aqueous solutions containing the colloidal dispersion of 

the material [116, 117] as well as the dissolution of other Sn based compounds, such as 

SnCl2, in water or alcohols followed by short-term medium temperature annealing to obtain 

the desired SnO2 phase [118, 119]; hence, the metal dopants can be added to the SnO2 
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precursor using soluble halogenated compounds of the elements. Therefore, it is necessary 

to further investigate SnO2 towards successful commercialization using cost-effective and 

scalable processes that are amenable for high-throughput automated manufacturing. A brief 

performance summary of the utilized metal oxide ETL materials is provided in Table 2.1. 

Table 2.1. A Summary of PSCs utilizing inorganic ETL materials. 

Reference ETL VOC (V) JSC (mA/cm2) PCE (%) FF (%) 

[96] TiO2 1.06 22.03 17.51 75.00 

[99] 

[100] 

NH4Cl:ZnO 

ZnO 

1.27 

1.09 

11.52 

22.86 

10.16 

18.31 

69.17 

73.52 

[101] 

[102] 

[103] 

[104] 

[105] 

[106] 

[109] 

[111] 

[112] 

[113] 

[115] 

[115] 

[115] 

Al2O3 

Al2O3 

TiO2:WO3 

WO3 

CeO2 

CeO2 

SnO2 

Ta:SnO2 

Mo:SnO2 

Li:SnO2 

La:SnO2 

Sc:SnO2 

Y:SnO2  

0.92 

1.03 

1.09 

0.87 

1.036 

1.045 

1.125 

1.16 

0.972 

0.76 

1.111 

1.116 

1.117 

21.56 

20.92 

23.54 

18.00 

21.44 

19.90 

23.26 

22.79 

15.20 

22.18 

23.21 

23.36 

23.61 

12.79 

13.07 

20.14 

10.30 

13.77 

16.10 

20.39 

20.80 

10.52 

10.01 

19.49 

20.03 

20.63 

64.00 

62.00 

78.55 

65.00 

61.92 

76.00 

77.92 

78.60 

71.10 

59.00 

75.57 

76.80 

78.16 

 

2.9. Hole Transport Layer 

      Hole transport layer is another significant layer in PSCs with the same functionality to 

the P-doped region in conventional Si solar cells. Similar to ETL, the HTL can be 

fabricated using potential organic or inorganic complexes that enable high hole mobility 

and result in efficient PSCs through adequate band energy positioning to the perovskite 

film [120]. Successful commercialization of PSCs requires the HTL to be deposited from 
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solution-based precursors utilizing perovskite friendly solvents that allow for highly stable 

PSCs, and the ambient processing of these materials are favorable for upscaling to 

minimize the complexity and additional costs associated with providing an inert 

environment, such as nitrogen. However, unlike ETL, the HTL in PSCs have been 

dominated using expensive complex polymers such as Spiro-MeOTAD, PEDOT:PSS, 

PTAA, and P3HT, which require deposition in an inert nitrogen environment. Spiro-

MeOTAD is the most common polymer used for PSC research and development which has 

produced the most efficient devices to date. However, this material requires other additives 

such as 4-tert butyl pyridine, Li+, and Co3+ dopants to increase the hole conductivity.  

PEDOT:PSS has also resulted in efficient PSCs; however, its acidic nature would affect 

the stability of PSCs [121, 122]. Similar to other mentioned thin films in PSCs, 

commercialization requires successful application of abundant and cheap materials and 

processes that allow for efficient and stable PSCs. In this regard, CuO [123], Cu2O [123, 

124], CuI [125-127], CuSCN [128, 129], and NiO [130-133] have been introduced as 

potential alternatives to polymer materials. CuO has a narrow bandgap of 1.4 eV which 

provides less ideal band energy alignment with the perovskite layer and, in turn, less 

conductivity. CuI has produced relatively efficient solar cells; however, the material is 

solution processable using NH4OH and propyl sulfide solvents that would degrade the 

perovskite film, hence affect the performance and stability of PSCs [134]. In addition, 

despite low temperature processability and obtaining efficient devices as the result of high 

hole mobility of CuSCN falling between 0.01-0.1 cm2.V-1.s-1 [135-137], its toxicity would 

make it unfavorable for commercialization of PSCs. NiO has a wide bandgap around 5.4 

eV and is the preferred material due to its high hole mobility, suitable energy alignment to 
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the perovskite film, and allowing for higher stability PSCs than polymer hole transport 

materials. However, besides the toxicity of Ni, NiO is not solution processable and can be 

obtained from other compounds, such as aqueous derivatives of nitrate and acetate 

complexes of nickel followed by a prolong annealing, up to an hour, at temperatures as 

high as 500°C [138, 139]. Recently, the use of solution combustion and near IR (NIR) 

radiative annealing methods have decreased the annealing temperature to 150°C and the 

annealing time to 50 seconds, respectively, taking a step towards faster and more cost-

effective fabrication of NiO films [130, 140, 141]. A performance summary of these non-

polymer HTL materials is tabulated in Table 2.2.  

Table 2.2. A Summary of PSCs utilizing inorganic HTL materials. 

Reference HTL VOC (V) JSC (mA/cm2) PCE (%) FF (%) 

[123] Cu2O 1.07 16.52 13.35 75.51 

[123] 

[124] 

[126] 

[127] 

[128] 

[129] 

[130] 

[131] 

[132] 

[133] 

CuO 

Cu2O 

CuI 

CuI 

CuSCN 

CuSCN 

Cu:NiO 

NiO 

Y:NiO 

Cs:NiO 

1.06 

0.92 

0.99 

0.66 

1.09 

1.13 

1.05 

1.06 

1.00 

1.083 

15.82 

15.96 

19.39 

22.60 

22.65 

21.26 

22.23 

20.20 

23.82 

21.62 

12.16 

8.30 

14.21 

16.00 

19.22 

18.03 

17.74 

17.30 

16.31 

17.44 

72.54 

58.00 

74.00 

71.30 

75.00 

75.30 

76.00 

81.30 

68.00 

74.40 

2.10.  Contact Electrodes 

      PSCs utilize two electrodes which collect and transfer the charge carriers from the ETL 

and HTL. PSCs are typically illuminated from the substrate side; hence, the substrate, 

charge carrier film, and the front contact electrode should be transparent to enable the light 

to reach the perovskite film without being absorbed by these layers. Fluorine doped tin 

oxide (FTO) and indium doped tin oxide (ITO) are transparent conductive metal oxides 
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used as the front contact electrodes in PSCs. A thin film of these materials can be deposited 

on rigid substrates such as glass, or flexible substrates such as PET and PEN. Upon 

illumination of an n-i-p structure PSC, the front contact electrode collects and transfers the 

electrons to the external circuit, whereas in the p-i-n structure, this electrode serves as the 

pathway for conducting the holes. The back-contact electrode has the similar functionality 

to the front contact electrode and is typically fabricated from silver (Ag), gold (Au), copper 

(Cu), or platinum (Pt) [142-144], and a thickness of 60-100 nm has been shown to 

sufficiently collect and transfer charge carriers. The better functionality of Au has made it 

the most dominating back-contact material for PSCs; however, besides requiring vacuum 

thermal evaporation or sputtering for deposition, the PV performance degradation 

associated to the migration of gold into the charge transport layer [145] and high cost of 

the material would make it unfavorable for industrialization. The incorporation of buffer 

layers, such as Cr [145], VOx [146], carbon and C60 [147] at the interface of the contact 

electrodes and the charge transport films have shown to increase the stability and PV 

performance of PSCs as the result of conductivity enhancement. Copper is the cheapest 

material; however, it has shown lower performance compared to silver and gold with 

almost identical PV performance [144]. Recently, carbon back-contacts have been 

successfully used to make efficient PSCs with higher stability which can eliminate the use 

of HTL and metal back contacts [148]. Nevertheless, the superconductivity and cheaper 

cost of silver has made it the dominating back-contact electrode material for PV 

applications. The metal back-contact electrodes for lab scale fabricated PSCs have been 

dominated by vacuum thermal evaporation which is not compatible for automated 

manufacturing. In this process, pure pellets of the element melt in a high vacuum, deposit 
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on PSCs, and complete the fabrication process in a few minutes. In addition, the high 

melting point of the elements would increase the cost and energy payback time of the 

fabricated modules. Therefore, it is necessary to utilize other potential cheap materials that 

are processable using cost-effective scalable depositions and annealing in the ambient 

environment.  

      Carbon (C) films have recently been introduced as potential replacement to the 

expensive organic charge transport films and metallic electrodes in PSCs. Conventional 

HTLs utilize Spiro-MeOTAD which is expensive, has long-term structural instability, and 

requires inert nitrogen environment for fabrication. On the other hand, the inapplicability 

of high temperature vacuum deposition of metal back-contacts hinders high-throughput 

cost-effective automation, and their interaction with the halide phase migration from the 

perovskite film would impact device stability and deteriorate PSCs performance [149, 

150], necessitating the use of alternative materials. Carbon films are hydrophobic, thus, 

repel moisture, impeding the formation of perovskite (CH3NH3)4PbI6-2H2O and 

CH3NH3PbI3-H2O hydrate phases which establish pathways for perovskite degradation 

[151, 152]. In addition, carbon composite films possess the VBM of -5 eV, closely aligned 

to that of Spiro-MeOTAD (-5.2 eV) and gold (-5.1 eV)  [153, 154]. These films can be 

directly deposited on top of the perovskite absorber layer; hence, they can be potential 

charge transport and back contact substitutes, allowing for faster processing of PSCs and 

decreasing the cost of fabricated modules. Carbon films are typically obtained from a 

mixture of carbon black (CB), produced from the incomplete combustion of carbonous 

materials [155], as well as graphite, and other carbonous materials, such as carbon 

nanotubes, which have shown to improve the performance of PSCs [156-158]. These are 
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typically added to a solvent-binder mixture, and the quantity and ratio of these materials 

determine the viscosity and quality of the carbon films, affecting the electrical conductivity 

and adhesion to the perovskite surface, thus, PSC performance. For instance, Phillips et. al 

investigated the graphite to carbon black ratios between 0.5-3.2 and unraveled maximum 

electrical conductivity for the 29.4 wt.% ink with optimal ratio of 2.6 [159]. A study by 

Hatala et. al. also obtained the lowest resistance of carbon films for the 3:1 weight ratio of 

CB:graphite which was reduced to 32.4 Ω.sq-1 by increasing the concentration between 15-

35 wt%. They also reported enhanced conductivity in case of increasing the amount of 

ethyl cellulose (EC) binder which was reduced when polyvinylpyrrolidone (PVP) was 

used. In a similar attempt, Kartikay et. al [160] investigated the role of PVP, EC, and 

polymethyl methacrylate (PMMA) and different solvents of chlorobenzene, toluene, and 

terpineol on the performance of PSCs and obtained the maximum PCE of 10.74% for 

PMMA-chlorobenzene mixture and lowest PCE of 7.89% for PVP-terpineol devices which 

was attributed to the weak adhesion of carbon to perovskite as the result of incomplete 

removal of high boiling point terpineol during annealing. Recently, Chu et. al [161] 

investigated the impact of propylene glycol monomethyl ether acetate (PGMEA), 

propylene glycol monomethyl ether (PGME), diethylene glycol butyl ether acetate 

(EBAC), ethylene glycol monomethyl ether (EGME), isopropanol, terpineol, isophorone, 

cyclohexanone, cyclohexane, and hexane solvents on the stability and performance of 

PSCs and achieved the highest stability and performance for PGMEA based devices with 

13.5% efficiency, whereas, PGME, EGME, isophorone, and cyclohexane severely 

degraded the perovskite film. In another study, Chu et. al [162] fabricated PSCs through 

two-step deposition of the carbon paste by initially screen printing the CB paste followed 



 

31 
 

 

by screen printing the CB/graphite paste with 1.5% carbon fiber in PGMEA-polyacrylic 

resin binder solution and annealing at 100°C. The segregation resulted in PSCs with better 

performance, surpassing 14% efficiency, as the result of better charge extraction at the 

perovskite/carbon interface. A brief performance summary of these studies is shown in 

Table. 2.3.  

Table 2.3. A Summary of back-contact electrode materials used in PSCs. 

Reference Buffer/Electrode VOC (V) JSC (mA/cm2) PCE (%) FF (%) 

[142] Cu 1.03 23.00 18.30 77.00 

[143] 

[144] 

[144] 

Cu 

Cu 

Ag 

1.034 

0.942 

1.023 

20.00 

20.32 

20.60 

16.38 

9.17 

16.51 

79.20 

47.89 

78.32 

[144] 

[144] 

[144] 

[144] 

[145] 

[146] 

[147] 

[147] 

[160] 

[161] 

[162] 

Au 

Pt 

Ni 

Cr 

Cr/Au 

VOx/Au 

C60/Ag 

Carbon/Ag 

CB/Graphite 

CB/Graphite 

CB/Fiber/Graphite 

1.0091 

1.006 

0.834 

0.04 

1.105 

1.07 

0.97 

0.96 

0.92 

1.05 

1.01 

20.99 

20.58 

18.21 

0.47 

23.30 

18.90 

22.47 

23.69 

17.61 

20.25 

19.90 

16.44 

14.72 

7.83 

0.04 

17.70 

14.20 

14.00 

16.20 

10.74 

13.50 

14.10 

77.60 

71.07 

51.61 

18.41 

69.00 

71.00 

64.00 

71.00 

66.30 

63.00 

69.00 

 

2.11.  Deposition Methods 

      As mentioned, compositional engineering of individual PSC thin films plays a 

significant factor on PV performance by influencing the photo absorption, as well as the 

bandgap, VBM, and CBM energy levels, determining the charge transport fluency in the 

thin films and at their interfaces. Material deposition is another significant parameter which 

affects the performance of PSCs by defining the morphology of individual thin films. The 
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morphology spans the quality and uniformity of deposited thin films, and high efficiency 

PSCs necessitate successful deposition of the precursors to achieve thin films with 

optimum thickness, high uniformity, and continuous morphology without any surface 

defects such as pinholes and cracks [163-165]. PSCs were shown to be susceptible for 

scalable automated manufacturing; hence, development of compatible deposition methods 

is a requisite to achieve this goal. The deposition of PSC thin films has been successfully 

conducted through vacuum and non-vacuum atmospheric environments, with the latter 

being the preferred method due to incompatibility of the former for rapid automated 

manufacturing. Vacuum deposition has enabled successful fabrication of PSCs. For 

instance, Liu et al. [166] utilized dual source thermal evaporation under vacuum by placing 

the organic MAI and inorganic PbCl2 in two separate sources and evaporated the 

substances simultaneously to fabricate CH3NH3PbI(3-x)CLx perovskite films. Their results 

indicated an average PCE of 15.4% for the vapor deposited PSCs compared to solution-

based devices with 8.6% efficiency which was attributed to the enhanced morphology and 

uniformity of films obtained from vapor deposition. In a similar attempt, Borchert et al. 

[167] reported 14.2% efficiency PSCs when fabricated through dual source evaporation 

under vacuum utilizing co-evaporation of FAI and PbI2 complexes to form highly uniform 

8 cm × 8 cm large area perovskite thin films with superior morphology. Similarly, Ma et 

al. [168] reported 4.7% PSCs utilizing all inorganic CsPbIBr2 perovskite thin films 

fabricated through dual source evaporation of CsI and PbBr2. In a similar attempt, Leyden 

et al. [169] fabricated PSCs, as high as 11.8% efficiency, through hybrid chemical vapor 

deposition by vapor deposition of MAI onto the thermally evaporated PbCl2 films produced 

under high vacuum. These results exemplified successful fabrication of large-scale PSCs; 
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however, they are not amenable for cost-effective high-speed automated manufacturing as 

the materials should undergo a prolong and high temperature evaporation process in 

vacuum to develop the films. Therefore, it is necessary to take advantage of atmospheric 

compatible methods that enable cost-effective, high throughput, and scalable processing of 

efficient PSCs. Non-vacuum thin film development includes single and multi-step coating 

of the precursors using various potential methods of spin, blade, and gravure coating as 

well as inkjet printing. Fig. 2.8 shows the different potential deposition methods for 

depositing PSC films, and the following sections span some of the significant achievements 

pertinent to these methods. 

 

Figure 2.8. Various deposition methods showing A) Spin; B) Spray; C) Slot-die; D) 

Gravure coating; and E) Inkjet printing. 

2.11.1. Spin Coating 
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      Spin coating is the most dominating coating method used for lab-scale thin film 

development, and the highest performance PSCs have yet been produced using this 

method. In this technique, the spinning speed determines the morphology and thickness, 

and higher speeds produce thinner films [170]. The development of various techniques, 

such as sequential step coating, have produced higher performance PSCs as the result of 

obtaining better film morphology and material crystallinity, aiding better charge generation 

and transport, particularly for the perovskite film. For instance, Ko et al. [171] fabricated 

15.76% PSCs by spin coating a solution of PbI2 in DMF followed by a short-term drying 

process and spin coating a solution of MAI in 2-propanol to form the perovskite film. Yuan 

et al. [172] introduced higher efficiency PSCs when the MAI solution was dropped on the 

wet perovskite film consisted of a mixture of PbI2 and PbCl2. They fabricated 14.2% 

efficiency PSCs by drying the spin coated Pb-based films followed by spin coating the 

MAI solution on the top. However, when the drying process was removed, PSCs surpassing 

17% efficiency was formed which was attributed to the penetration of MAI in the wet Pb-

based films, resulting in enhanced morphology and crystallinity. Yang et al. [173] 

introduced 22.1% for small size and 19.7% efficiency for 1 cm2 PSCs using two-step spin 

coating by dissolving 95:5 molar ratio of PbI2:PbBr2 is 80:20 V/V DMF:DMSO and spin 

coating the solution on the substrates followed by spin coating a solution of FAI and MABr 

in isopropyl alcohol (IPA) to form the perovskite black phase. Besides these achievements, 

other techniques were also utilized to successfully fabricate PSCs. For instance, Liu et. al 

[174] reported PSCs exceeding 10% efficiency by immersing the spin-coated PbI2 films 

into a solution of MAI in 2-propanol for 40 seconds to form the perovskite film. In another 

attempt, MAI powder was spread on the spin-coated PbI2 films and was heated for 13 hours 
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to form the perovskite film, resulting in PSCs with 8.72% efficiency [175]. All these studies 

utilized spin coating to achieve efficient PSCs; however, this method has a high material 

waste and is unable to maintain the high uniformity for large area coatings. In addition, 

spin coating is not adaptable for automated manufacturing which demands investigating 

for scalable deposition methods that are amenable for low cost high-throughput automated 

manufacturing.  

2.11.2. Spray Coating 

      Spray coating is a scalable method that is adaptable for high-speed automated 

manufacturing. In this method, the atomized solution forms the desired thin film and the 

instrument parameters such as the flow rate, nozzle to substrate distance, and deposition 

speed can develop thin films with the desired morphology and thickness. For instance, Bi 

et al. [176] fabricated 13.54% efficiency PSCs using a 10 wt% CH3NH3PbI3 perovskite 

precursor in DMF through a spray gun placed 7 cm from the substrate at the horizontal 

angle of 30°. Recently, ultrasonic nozzles have enabled fabricating smoother and more 

uniform thin films and has been successfully used to fabricate various PSCs films, such as 

the TiO2 ETL [177], as well as different perovskite chemistries such as CH3NH3PbI(3-x)Clx 

[178], CsxFA(3-x)PbI3 [179], and CsPbIBr2 [180]. In these devices, the ultrafast oscillation 

of a piezoelectric transducer dispenses highly uniform micron size droplets that can form 

thin films with superior morphology and high uniformity, and an air or nitrogen stream is 

typically used to guide the atomized solution to the target. However, besides the mentioned 

parameters, the film quality is also dependent on the oscillation frequency [181]. To date, 

several studies have been conducted to testify the applicability of spray coating on PSCs 

fabrication. For instance, Das et al. [182] utilized a 120 kHz nozzle to deposit 
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CH3NH3PbI(3-x)Clx films and reported 13% PSCs. Chai et al. [70] fabricated PSCs 

exceeding 13% efficiency through a two-step ultrasonic spray deposition by spray coating 

the solutions of MAI and MAI+MABr on the spin coated PbI2 + 0.15 MABr and 0.85PbI2 

+ 0.15PbBr2 films, respectively, at the rate of 150 µl/min using a 36 kHz ultrasonic nozzle 

placed 12 cm apart from the substrates. In another attempt, Huang et al. [183] utilized two-

step spray coating by spray casting a solution of PbI2 in DMSO followed by spraying the 

MAI solution in IPA and achieved PSCs with over 16% efficiency. Tait et al. [184] reported 

efficient PSCs as high as 15.7% utilizing concurrent spray coating method which mixed 

two different perovskite precursors of PbCl2/MAI and PbAc2/MAI right before entering 

the nozzle. Recently, Yu et al. [185] spray coated FAI and FABr mixed solution on 

thermally evaporated CsI and PbI2 films to obtain CsxFA(1−x)PbIyBr(3−y) perovskite films 

and obtained 18.21% and 14.71% efficiency for 0.16 and 25 cm2 area PSCs. All these 

results indicated successful application of spray coating in PSCs fabrication. However, 

spray coating may require other post-processes, such as the use of masks to form the desired 

pattern, which can also make the process less lucrative due to material waste and 

complexity. In addition, the morphology and uniformity is sensitive to the mentioned 

spraying parameters and inadequate adjustments would negatively influence the quality of 

films, such as imposing Marangoni effect, or forming poor morphologies as the result of 

droplet drying before reaching the surface, leaving an unwetted thin film that can form a 

rough morphology with surface defects such as discontinuities [186]. In addition, the 

system and its maintenance are expensive which requires the application of other scalable 

deposition methods. Therefore, despite successful application to fabricate efficient PSCs, 

it is less favorable for commercialization of PSCs.   
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2.11.3. Slot-die Coating 

      Slot-dies are scalable coating devices that enable continuous deposition of highly 

uniform thin films with desired size and thickness and are amenable for high-speed 

automated manufacturing. A slot-die is consisted of a manifold which distributes the ink, 

typically using precision flow control syringe pumps, as well as shims that seal the 

manifold and bottom blocks and act as a conduit to transfer and spread the meniscus on the 

substrate. Therefore, the flow rate, substrate speed, distance of the shim tip to the substrate, 

and the thickness of shims determine the thickness of thin films, and the shim design 

enables continuous deposition of thin films with desired width. Slot-die coating provides a 

highly favorable processing window for automation through roll to roll [187, 188] as well 

as sheet to sheet manufacturing [189], and has provided a great interest among researchers 

towards commercialization of PSCs. Recently, efficient PSCs fabricated entirely through 

slot-die have been successfully introduced [188, 190] and the impact of different coating 

parameters on the performance of PSCs have been studied. For instance, Ciro et al. [191] 

slot-die coated the PEDOT:PSS, MAPbI(3-x)Clx, and PCBM layers in a 65% humid ambient 

environment and reported PSCs with the average maximum efficiency of 2.39%. They 

attributed different performance results to the thickness variation, particularly the PCBM 

layer, by the change in the pumping rate of precursors. Except for the roughness of PCBM 

which remained constant, its thickness as well as the thickness and roughness of 

PEDOT:PSS and perovskite films increased as the flow rate was increased between 0.01-

0.1 mL/min which indicates the significance of flow rate on the performance of PSCs. 

Whitaker et al. [192] investigated the impact of different perovskite precursor 

concentrations of 20, 23, 25, 30, and 40 wt% as well as the slot-die to substrate gaps of 40, 
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50, and 60 μm on PSCs performance. The films made from 23 wt% indicated the maximum 

performance as the result of obtaining high quality films, whereas the lower concentrations 

made very thin films with poor morphology containing cracks and pinholes, and higher 

concentrations resulted in films with over 1 µm thickness. Similarly, the higher gaps 

increased the thickness of films from 457 ± 7 nm to 563 ± 5 nm to 647 ± 5 nm, resulting 

in 15.7%, 12.5%, and 9.4% efficiency, respectively. The lower cost and less complexity 

have made slot-dies the most favorable scalable deposition method for automated 

manufacturing of thin films in PSCs. Recently, Dou et. al [188] reported 19.6% efficiency 

large area PSCs with 22.5 cm width by slot-die coating the ETL, perovskite, and HTL 

through roll-to-roll, which indicates the plausibility of this deposition method for high-

throughput fabrication of large area PSCs.  

2.11.4. Gravure Coating 

      Gravure printing is a versatile coating method which was initially introduced in 1860 

[193]. The system includes an engraved cylinder, an impression roller, a doctor-blade, and 

an ink reservoir or fountain. In gravure printing, the impression cylinder stamps the patterns 

from the engraved cylinder to the passing flexible substrates and the resolution of engraved 

patterns play a significant role on the printing quality. Over the past few years, several 

works have utilized gravure printing towards automated fabrication of PSCs [194, 195]. In 

addition, various deposition techniques have been utilized to achieve full roll-to-roll 

fabrication of PSCs through gravure printing. For instance, Kim et al. [196] studied high 

speed 18 m/min gravure coating of PSCs using one and two-step processing. For the single 

step processing, all the SnO2, MAPbI3, Spiro-MeOTAD, and P3HT thin films were printed 

from their mixed precursors. In the two-step coating, the PbI2 precursor in 9:1 DMF:DMSO 
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was gravure printed and dip coated in a MAI:IPA bath to form the perovskite film. The 

PSCs fabricated from single and two-step printing using Spiro-MeOTAD as the HTL 

indicated 17.2% and 10.9% efficiency, respectively. Therefore, gravures enable high-speed 

and high-resolution printing of desired patterns and are amenable for scalable automated 

fabrication of PSCs. However, unlike slot-die coating, the high cost of the system, 

particularly the engraved cylinders, as well as the need for a large quantity of precursors 

for printing, and large printing volume to make the process profitable, has made gravure 

printing less favorable for research towards automated manufacturing of PSCs.  

2.11.5. Inkjet Printing 

      Inkjet printing has the history back in 18th century. It is the most common printing 

method which drives the ink droplets on the target substrate and is applicable for high-

speed automated manufacturing. Continuous inkjet printing is the most primary form of 

inkjet printing where the ink is converted into droplets by being passed through a 

piezoelectric transducer using a high-pressure pump. Upon dispensing, the droplets pass 

through charging electrodes, enabling them to undergo deflection when passed through a 

deflector, and deposit on the passing substrate. The undeflected droplets are accumulated 

in a gutter. The high-pressure impingement allows for far nozzle to substrate distances, 

enabling printing on rough and sensitive to pressure surfaces.  However, the high waste of 

material and reusing of the gutter ink, which might have been contaminated, are the major 

challenges for this mechanism [197, 198]. Later expansive technological achievements 

developed drop on demand (DOD) printing approaches, allowing for uniform and precise 

injection when required, thus, enabling printing of extremely small features with high 

resolution. Thermal DOD is the most common technology used in conventional inkjet 
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printers, where a heat pulse rapidly vaporizes the ink and forms a bubble in the ink which, 

in turn, produces and dispenses an ink drop; hence, a heat frequency would allow for 

continuous droplet dispensing. However, the ink drying which can clog the nozzle heads, 

the need for volatiles to facilitate vaporization, as well as the impact of heat on altering the 

viscosity and chemical properties of the ink are the major challenges which necessitates 

the application of other potential technologies, such as piezoelectric. In the piezoelectric 

DOD, rapid oscillation of a piezoelectric material enables uniform size and distribution of 

the droplets, thus, it does not impose the clogging challenges by the thermal approach and 

eliminates the need for volatiles in the precursor, allowing for the application of a broad 

range of inks. Various studies have utilized inkjet printing to fabricate efficient PSCs. 

Notably, inkjet printers have shown to produce more efficient PSCs compared to other 

coating methods which has been indebted to better morphology and uniformity of 

deposited thin films [199]. Therefore, optimum compositional engineering and processing 

parameters are necessary to form highly uniform films with superior morphology and 

achieve high performance PSCs [200, 201]. Li et al. [202] investigated different quantities 

of MACl additive in the MAPbI3 perovskites and observed darkening of the perovskite 

films upon inkjet printing of the precursor which underwent a slower pace with higher 

MACl quantities. At the 60% MACl concentration, a continuous and uniform perovskite 

film was formed which resulted in over 12% efficiency, whereas the pristine precursor 

exhibited about 7% efficiency and was attributed to the poor morphology of the printed 

film. Besides composition, understanding the optimum precursor properties, such as 

solvent-substrate interaction, play a significant role on the morphology, thickness, and 

uniformity of thin films. For instance, Oh et al. [203] eliminated the detrimental coffee 
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stain effect of the inkjet-printed Al2O3 films and formed a uniform morphology by 

incorporating DMF in the water based precursor. Similarly, Gao et al. [204] indicated that 

60:40 vol% of high boiling point dodecane and low boiling point toluene solvent mixture 

could eliminate the coffee stain effect in CsPbBr3 perovskite films. In these experiments, 

the low boiling point solvent induced a capillary effect, thus accumulating the solutes at 

the edge of the droplets. The incorporation of higher boiling point solvent with lower 

surface tension induced Marangoni flow which contradicted the capillary flow and enabled 

uniform thin films upon evaporation.  

      The mentioned studies determined the significance of precursor engineering on the 

morphology of thin films. However, the uniformity and thickness of the thin films is 

another significant parameter affecting the performance of PSCs and is achieved by 

controlling the number of dispensing droplets, number of printing passes, and drop spacing 

defined as the center-to-center distance of two dispensed droplets. For instance, Huckaba 

et al. [205] obtained 55, 90, and 130 nm thick TiO2 thin films after a single printing pass 

with drop spacings of 20, 25, 30, and 35 µm, and reported PSCs with 11.24%, 11.01%, 

11.13%, and 11.84% efficiency, respectively. Later, they investigated the impact of the 

number of passes on PSC efficiency for the TiO2 films printed at 25, and 30 µm spacing. 

It was found that the PCE of PSCs decreased from 13.91% to 11.07% and from 12.62% to 

6.63% for the 25 and 30 µm spacings when the number of passes was increased from 1 to 

6, respectively. Similarly, FA0.15MA0.85PbI2.55Br0.45 perovskite films printed between 25-

45 µm spacing range indicated higher photo absorption at shorter spacings which was 

attributed to the increased thickness of the perovskite film. However, the performance was 

decreased from over 12.15% to below 4.64%.  In another work, Eggers et al. [206] used 
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the same strategy and fabricated the Cs0.1FA0.75MA0.15Pb(Br0.15I0.85)3 perovskite films with 

different thicknesses ranging between 400-4000 nm and reported a stabilized efficiency of 

18%. Their results indicated enhanced charge carrier lifetime with increased thickness; 

however, the Cs:Pb ratio decreased at the surface for the films exceeding 1100 nm which, 

in turn, decreased the efficiency to about 4.5%. Mathies et al. [207] carried out inkjet 

printing of Cs0.1(FA0.83MA0.17)0.9Pb(Br0.17I0.83)3 triple cation perovskite films at different 

drop spacings of 25, 35, 45, and 60 µm and obtained 780, 520, 380, and 175 nm thick films, 

respectively. The smaller drop spacings also increased the grain sizes and exhibited higher 

photo absorption. However, the 520 nm thick films exhibited the maximum PCE of 15.3%.   

      Previous studies utilized DOD printing techniques which developed superior 

perovskite films with high quality, resulting in efficient PSCs. Recent technological 

advances have enabled aerosol jet printing systems which have enabled 3D printing of 

high-resolution features such as electronic components. In these printing systems an 

atomizer creates an aerosol mist with micron size droplets and a sheath gas passes the mist 

through the nozzle and focuses the mist on the substrate. The sheath gas also eliminates 

clogging of the ink at the nozzle. Therefore, besides the printing speed, and the distance 

between adjacent printed lines, the sheath gas flow rate (SGFR), carrier gas flow rate 

(CGFR), as well as the nozzle diameter determine the thickness and morphology of the 

deposited films. Mahajan et al. [208] carried out a comprehensive study to determine the 

impact of these parameters on silver traces. Their results indicated that unlike increased 

and decreased line width and thickness with increased nozzle diameter size, they were 

found to decrease and increase by increasing the focus ratio, defined as the ratio of the 

SGFR to CGFR, respectively. However, the line width remained the same when CGFR 



 

43 
 

 

was increased. In addition, higher stage speeds decreased both the width and thickness of 

the silver lines. Tarabella et al. [209] conducted a comprehensive study to determine the 

impact of these parameters on the thickness and width of PEDOT:PSS thin film. Dalal et 

al. [210] investigated the impact of CGFR and SGFR on the quality and conductivity of 

printed silver traces. They observed that CGFR had a higher impact than SGFR and the 

conductivity of the traces were increased by increasing CGFR. Similar to DOD printing, 

aerosol inkjet printing systems enable scalable deposition of desired patterns, but through 

an extremely high resolution deposition within micron size scale which can develop 

patterns with superior morphology and uniformity; however, the high cost and complexity 

of the system compared to piezoelectric DOD technology, as well as the considerable lower 

deposition speed compared to spray, slot-die, and gravure printing systems would make it 

less favorable for industrial scale deposition of the larger area PSC thin films, such as the 

ETL, perovskite, and HTL. However, similar to DOD inkjet printing, they can be a 

potential candidate to deposit PSCs back-contact electrodes.  

2.12.  Crystallization 

      As mentioned, conventional solar cells are consisted of wafers developed through 

prolong, delicate, and complex high energy consuming processes which yield expensive 

manufacturing. The crystallization process is at the heart of these processes which 

determines the PV performance of solar cells. The potential next generation PVs, such as 

PSCs, are consisted of stacked layers of charge carrier and photo-absorber films which 

should undergo crystallization upon deposition to achieve high performance devices. The 

crystallization process is consisted of two sub-processes of nucleation and growth which 

are influenced by the solid-liquid interactions. Therefore, understanding and developing 
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the kinetics of crystallization is the core of PV processing and play a significant role on the 

stability and PV performance of solar cells.  

 

2.12.1. Nucleation 

      Nucleation is the primary process where the material atoms and molecules are highly 

organized and form crystals which constitute the structure of thin films. The PV thin films 

should be constructed of a large array of crystals enabling facile diffusion and extraction 

of charge carriers throughout the films and at their interface. Therefore, the structure and 

properties of crystal lattice play a significant role on the PV parameters of PSCs. PSC thin 

films are solution processable which may require a nucleation process to form the desired 

array of crystals and can be provided depending on the coating method used for developing 

the thin films. For instance, spin-coating has been the most widely used method in PSC 

research and development. However, merely spin coating the perovskite film would exhibit 

a poor surface coverage due to the difference between low soluble PbI2 and high soluble 

MAI. This will result in poor PV performance due to short circuiting as the result of direct 

contact between the ETL and HTL as well as minimized recombination resistance. 

Therefore, a nucleating step is required to obtain the desired perovskite film. In this step, 

an antisolvent with a poor solubility and polarity to the perovskite solvents is dripped on 

the spinning perovskite precursor a few seconds before the end of the spinning process. 

The antisolvent nucleation during spin coating has been introduced with aid of the LaMer 

curve [211, 212] and contains three regions, each playing a significant factor on perovskite 

nucleation as shown in Fig. 2.9. In the first region, the antisolvent should be dropped right 
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before T1 where the solution concentration undergoes a critical state as the result of solvent 

evaporation during spinning. The antisolvent addition at this stage induces rapid stochastic 

intermolecular fluctuations of the atoms, resulting in the generation, distribution, and 

development of stable crystals across the surface during the remaining spinning process 

(T3-T1). The antisolvent nucleation in this stage takes place through a primary nucleation 

where the first crystal is formed, as well as a secondary nucleation where the nucleation 

proliferates throughout the surface as the result of producing other crystals from the 

preexisting crystal [213]. In this regard, the adequate selection and on-time dropping of the 

antisolvent plays a significant factor on the morphology, structure, and performance of 

PSCs. Selection of the adequate antisolvent for the perovskite film plays a significant role 

on the morphology and structure of the films by defining the extent of supersaturation. 

Therefore, various antisolvents have been investigated on the nucleation of perovskite 

films and PSCs performance. For instance, Lee et al. [214] investigated toluene (TL), 

chloroform (CF), chlorobenzene (CB), dichlorobenzene (DCB), and IPA on the nucleation 

of 20 wt% MAPbI3 perovskite precursor in 1:1 DMSO:GBL solvent mixture. When TL 

was used, a metastable and stable intermediate perovskite phase was formed, which 

resulted in films with high photo absorption capability. However, the CF, CB, and DCB 

antisolvents, which have slightly higher dielectric and dipole moment constants, separated 

out the perovskite crystals and bypassed the supersaturation state, and the IPA changed the 

stoichiometry by dissolving and removing the MAI phase of the perovskite as the result of 

its much higher dielectric constant and slightly higher dipole moment. The average PCE of 

8 PSCs indicated 0.33%, 7%, 9.11%, 10.88%, 11.12%, and 12.85% efficiency when 

fabricated without any antisolvents, IPA, CF, CB, DCB, and TL, respectively. In addition, 
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they investigated the volume of the dropped TL antisolvent and achieved maximum 

average PCE of 13.12% for 75 µL of the antisolvent. In another work, Xiao et al. [215] 

investigated IPA, ethyl acetate (EA), TL, CB, and diethyl ether (DEE) on 

Cs5(FA0.83MA0.17)95Pb(I0.83Br0.17)3 precursor in 4:1 DMF:DMSO and achieved 12.62%, 

12.82%, 13.18%, 14.05%, and 15.04% efficiency, respectively. They attributed the higher 

performance of DEE treated devices to the low dielectric constant, low polarity, and low 

boiling point of antisolvent, driving the perovskite into metastable mode than 

supersaturation. The mechanism of perovskite intermediate phase formation was 

exhaustively studies by Ahn et al. [83], where DEE treatment of MAPbI3 perovskite in 

DMF:DMSO formed a transparent film. The IR spectroscopy unraveled the stretching 

vibration of S=O to decrease from 1045 cm-1 for DMSO to 1020, and 1015 cm-1 for 

PbI2.DMSO, and MAI. PbI2.DMSO complexes, respectively, which indicated more 

interaction as the result of more adducts by the Lewis acids of MA+ and Pb2+ ions with 

DMSO.  

 

Figure 2.9. LaMer curve showing the nucleation of perovskite during spin coating. 
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2.12.2. Crystal Growth 

      Besides high organization, the crystals should have the optimal size and desired 

chemical properties to achieve maximum power generation. Therefore, a crystal growth 

process should be carried out right after nucleation to accomplish crystallization. This 

process enlarges the crystals, and is typically carried out using thermal treatment 

techniques, such as annealing, which will be fundamentally studied and developed in this 

dissertation. 

2.13.  Annealing 

      Annealing is the driving force of grain growth, affecting the physical and chemical 

properties of thin film materials. The annealing process increases the internal energy of 

crystals, making them grow through an exothermic process which progresses them towards 

the thermodynamic equilibrium state. Annealing increases the crystal sizes by enhancing 

the diffusion rate of atoms and can be explained using the Fick’s law of diffusion [216] 

described in the following: 

𝐽 =  −𝐷
𝑑𝜑

𝑑𝑥
                                                              (2.1)   

Where, J is the diffusion flux indicating the amount of substance in unit area per time, D is 

the diffusion constant, and the last term is the concentration change per unit volume at a 

specific location. The annealing dissociates the crystal atom bonds formed in the nucleation 

step, allowing them to redistribute. The redistribution performs the recrystallization and 

growth by diminishing the dislocations and crystal defects and can be explained using the 

Arrhenius equation [217] as stated in the following: 
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𝑀 =  𝑀0. 𝑒(
−𝐸𝑎
𝑅.𝑇

)                                                          (2.2) 

𝑀 =  
∅ 

1
𝑛 −  ∅0

 
1
𝑛

𝑡
                                                          (2.3) 

Where, M is the thermal diffusivity (nm2/s) determining the grain boundary mobility, M0 

is the pre-exponential value, Ea is the activation energy for grain boundary mobility 

(kJ/mol), R=8.314 J/(mol.K) is the gas constant, Ø and Ø0 are the average grain diameters 

after and before annealing, respectively, t is the annealing time, and n is the grain growth 

exponent. The synergy of above equations indicate that the annealing temperature 

determines the atomic diffusion rate, and recrystallization is temperature driven. Therefore, 

achieving the critical temperature is necessary to occur recrystallization, and the 

combination of annealing time and temperature determine the extent of recrystallization. 

Grain growth can be accompanied by recrystallization and is a stochastic and discontinuous 

process similar to nucleation. The grain growth and consumption can take place at the same 

time and the direction of the movement can abruptly change during annealing. The larger 

crystals are more energetic due to more piled-up dislocations and the grains would grow 

faster as they grow, thus, controlling the annealing time and temperature play a significant 

role on crystallization and recrystallization. The quantity and size of grains would decrease 

and increase upon annealing, respectively, which decrease the grain boundary mobility. 

Grain boundaries are defect states within the semiconducting thin films and are more 

energetic in larger crystals [218] which consume the smaller grains and diminish the grain 

boundary density. Grain boundaries are potential charge recombination centers which 

determine the density of extracted charge carriers and PV performance of PSCs. Therefore, 

optimum annealing is necessary to obtain maximum PV performance of PSCs by 
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minimizing the grain boundary density and improving the physical and chemical properties 

of the material. The spin coating process nucleates the perovskite precursor, forming a 

transparent intermediate phase containing numerous infinitesimal crystals which should be 

recrystallized to obtain the perovskite black phase with different crystal structure capable 

to produce charge carriers upon irradiation. Increasing the annealing temperature increases 

the grain sizes; however, optimum annealing temperature and time is necessary to avoid 

degrading the chemical and physical properties of the thin film material. Excess annealing 

would overgrow the crystals resulting in less grain boundary density; however, the 

chemical properties of the crystals change with annealing and can degrade the crystal 

lattice. As mentioned earlier, the crystallinity of the films affects the series and shunt 

resistances, thus, the PV parameters of PSCs. The generated defects by Pb2+ and I- 

vacancies, interstitial Pb2+ and I3-, Pb-I substitution, grain boundary lattice mismatch, and 

surface dangling bonds are the major defects which increase the non-radiative charge 

recombination by increasing the series and decreasing the shunt resistances, thus, affecting 

the performance of PSCs [219, 220]. In this regard, besides the chemical composition of 

deposited films, the obtained phase and morphology upon annealing plays a significant 

factor on minimizing the series resistance, charge recombination, and performance of 

PSCs.  

      Various studies have so far studied the impact of annealing on the performance of 

PSCs. These studies utilized conductive, convective, and radiative annealing methods by 

investigating the impact of annealing time and temperature on the morphology and 

chemical properties of the PSCs thin films, particularly the perovskite photo-absorber 

layer. In conductive annealing, the developed thin films are subsequently put into contact 
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with a hotplate or placed in furnaces to perform annealing, whereas a hot stream of air 

passed on a heating element anneals the material through convective annealing [221-223]. 

Conductive annealing is the most dominating method used for annealing the PSC thin 

films. For instance, Mehdi et al. [224] investigated the impact of annealing temperature 

and time ranging between 80-110°C and 20-40 min on the performance of PSCs, 

respectively. The maximum PCE of 10.64% was obtained when the perovskite films were 

annealed at that 100°C which was attributed to maximized crystallinity of the perovskite 

films which, in turn, minimized and maximized the series and recombination resistances, 

respectively. However, further temperature increase reduced the efficiency to 9.43% as the 

result of perovskite film decomposition which increased the series and decreased the 

recombination resistances. Shargaieva et al. [225] investigated the impact of annealing 

temperature on the crystal size of the perovskite films annealed at high temperatures for a 

short period. The substrates heated to 200, 300, and 400°C exhibited surface temperatures 

of 125, 158, and 193°C after 15 seconds and remained constant afterwards. The two former 

temperatures indicated well-bound grains where the average sizes increased from 271 to 

469 nm, respectively. However, 200°C temperature exhibited the maximum crystallinity 

of the perovskite film and the latter temperature indicated cracks which was conformed 

with the decomposition of the perovskite films at this level. After 5, 35, and 60 seconds, 

the surface temperature of the heated substrates at 200°C reached to 61, 170, and 176°C, 

respectively, and progressive annealing increased the grain sizes to over 1 µm. Further 

similar results have also indicated the interdependency of annealing temperature and time 

and its impact on the phase purity, morphology, and performance of PSCs [226-228]. 

Therefore, it is necessary to develop more precise annealing methods that better control the 
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crystallization dynamics and yield PSCs with higher efficiency. In this regard, various 

methods have been utilized to enhance the performance of PSCs. For instance, Wang et al. 

[229] utilized two-step conductive method to anneal the CsPbIBr2 perovskite films. The 

perovskite films were annealed through different annealing conditions of 50/280°C, 

80/280°C, 100/280°C, 150/280°C, and 180/280°C for 10 minutes, where the values 

represent annealing temperatures used for the first and second annealing steps, 

respectively. Progressive primary annealing temperature increase up to 150°C enhanced 

the performance of PSCs from 5.84% to 8.31%, and further increase to 180°C decreased 

the performance to 6.86% which was attributed to the thermal degradation of perovskite 

film. Notably, compared to two-step method, the performance of PSCs annealed only at 

280°C was 4.31% which was attributed to the better crystallinity and morphology of 

perovskite films annealed through the two-step method. In addition, the two-step favored 

the charge extraction at the perovskite and back-contact electrode interface which, in turn, 

enhanced the PV parameters of the PSCs. In another similar work, Kim et al. [230] 

annealed (FAPbI3)0.85(MAPbBr3)0.15 perovskite films at 100°C, and 200°C, for 30, and 2 

minutes, and at 300°C, and 400°C for 8, and 2 seconds, respectively. The highest 

temperature condition indicated a high-quality morphology with the largest perovskite 

crystal size of 1 μm which increased the PCE to 20.75%. This indicates that short-time 

high-temperature annealing is a favorable method which is applicable for rapid annealing 

of PSCs, making it compatible for high throughput manufacturing. Therefore, utilizing 

other scalable methods which can further shorten the annealing time would be a promising 

pathway towards industrialization of PSCs through rapid automated manufacturing. 
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2.14.  Photonic Annealing 

      Previous conductive and convective methods were able to anneal the films in a few 

minutes to an hour time frame using medium to high temperature hotplates and furnaces 

and achieved efficient devices surpassing 20% efficiency. However, prolong annealing 

necessitates long ovens, batched ovens, or lowered web speeds which are not lucrative for 

high-speed automated manufacturing. In addition, roll-to-roll favorable flexible plastic 

substrates, such as PET, PEN, and PI would undergo severe deformation at temperatures 

greater than 120 °C. Therefore, it is necessary to take advantage of other methods, such as 

photonic annealing, and develop approaches that enable instant annealing of thin film 

composites. Photonic annealing is a radiative method; hence, unlike conventional methods, 

the extent of material annealing through photonic methods is dependent on the capability 

of the thin film material composite to harvest the irradiation. In these techniques, the 

irradiation spectrum plays a significant role on the annealing. Therefore, photonic 

annealing should be carried out based on the irradiation spectrum falling within the 

absorption range of the target composite. In this regard, various photonic methods such as 

intense pulse light (IPL) can be successfully utilized to anneal the PSC thin films.  

2.15.  Intense Pulse Light (IPL) 

      Intense pulse light (IPL) is a radiative method which allows for rapid cost-effective 

annealing of large area thin film composites (Fig. 2.10). The main components of the 

system include a voltage control box, set of capacitors, and lamps filled with a noble gas, 

typically Xenon. The voltage control box stores the required electrical energy in the 

capacitors and allows for the energy to be released to the lamps when executed.  
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Figure 2.10. Images showing A) An IPL machine; and B) Xenon filled lamps. 

      This technology has the similar working principle to gas discharge lamps where the 

exertion of a high voltage to the lamp paralyzes the gas atoms near the anode into anion 

and cations which accelerate towards the anode and cathode, respectively. The cations 

collide with the neutral atoms during travelling where they transfer their electrons and 

subsequently accelerate towards the cathode, and the anions gained the electron go to a 

lower energy state while imparting energetic photons lasting for millisecond(s) which can 

be absorbed by the thin film material based on the Beer-Lambert equation as stated in the 

following equation: 

𝛼 =
1

𝑑
𝐿𝑛 (

𝑃0

𝑃
)                                                              (2.4) 

Where, α is the absorbance coefficient, d is the film thickness, P0 is the applied, and P is 

the transmitted photon intensity. The annealing process is accompanied by rapid elevation 

of the intermolecular activity of material species as the result of photon absorption. Eqn. 
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2.4 indicates that darker or thicker films would harvest more photons at a fixed irradiation; 

hence, better absorption play a significant factor on the extent of annealing. The absorbed 

energetic photons carry out the annealing based on the one-dimensional steady state 

transient thermal equation as stated in the following: 

𝜕

𝜕𝑧
(𝐾.

𝜕𝑇

𝜕𝑧
) + 𝑄𝑎𝑏𝑠 =  𝜌. 𝐶𝑝.

𝜕𝑇

𝜕𝑡
                                             (2.5) 

Where, K is the thermal conductivity, ρ is the density, and Cp is the specific heat transfer 

capacity of the material, respectively. 𝑄𝑎𝑏𝑠 is the absorbed heat flux of the thin film 

material at a specific depth (z) and can be defined as stated in the following: 

𝑄𝑎𝑏𝑠 = 𝐴. ∬ 𝑃0(𝜆) 𝑒−𝛼𝑧𝑑(𝜆)𝑑(𝑧)                                          (2.6) 

Where, A is the irradiating source area. Eqn. 2.6 can be generalized into the following 

equation:  

𝑄𝑎𝑏𝑠 = 𝐸𝑙𝑖𝑔ℎ𝑡. 𝐶𝑑 . (𝐴𝑏𝑠(𝜆). 𝑃0(𝜆))
𝑚𝑎𝑥

                                      (2.7) 

Eqn. 2.7 indicates that Qabs can be computed from the product of the maximum interception 

of the thin film absorbance (Abs(λ)) and gaussian fit of the Xenon flash lamp irradiation 

spectrum (P0(λ)), and distance coefficient (Cd) expressing the light attenuation reaching to 

the substrate, as well as the photon flux released from the lamp (Elight) which can be 

determined from the following equation: 

𝐸𝑙𝑖𝑔ℎ𝑡 = (
𝑉. 𝐼

𝐴
) . 𝜂𝑒𝑙𝑒𝑐                                                  (2.8) 
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In which, V and I are the applied voltage and current to the lamp, respectively, ηelec is the 

electrical to photon conversion efficiency. Eqn. 2.5 indicates that, besides heat flux, the 

annealing is also time (t) depended; hence, longer exposure can further anneal the material 

for a specific heat flux. In this regard, the compromised time and heat flux during IPL 

annealing would impact the maximum PSC performance and is determined by the flash 

duration, number of flashes, applied energy per flash, and interval time between flashes. 

Therefore, it is necessary to investigate the impact of all these parameters on the phase and 

structural evolution of PSC thin film materials to attain the maximum stability and PV 

performance. It is noteworthy that the use of IPL has superiority to lasers used in annealing 

of thin films [231-234] as it allows for large area annealing unlike the pinpoint processing 

area in lasers. In addition, unlike lasers that utilize a monochromatic light, materials 

annealed using IPL would take advantage of a broad spectrum between UV-IR. Various 

studies have, so far, utilized IPL to anneal polymer, metallic, and semiconducting thin films 

for electronics [235-237] and PVs [238-241]. Among these, successful application for PVs 

have instigated the researchers to investigate IPL towards achieving cost-effective and high 

throughput automated fabrication of large area perovskite PVs. These studies have been 

briefly conducted merely on the ETL and perovskite films. For instance, Lavery et. al 

fabricated CH3NH3PbI3 perovskite films through two steps of spin-coating the PbI2 film 

followed by immersing in an IPA solution of MAI to form the initial black phase and 

annealed them using a hotplate and IPL. The hotplate annealing was performed for 30 

minutes at 70°C, and IPL annealing was conducted by applying a 2 ms duration flash 

carrying various energies between 1000-2000 with 250 J interval. Unlike hotplate annealed 

cells which resulted in an average efficiency of 8.21%, IPL annealed PSCs at 2000 J energy 



 

56 
 

 

exhibited 11.5% average efficiency which was attributed to the enlarged and well-

developed grains as the result of better annealing by flash annealing [242]. Troughton et. 

al investigated the impact of different flash durations between 750-1500 µs on perovskite 

film morphology and degradation, and indicated 1150 µs to be sufficient to form the 

perovskite black phase free of PbI2 phase, and fabricated PSCs with 11.3% and 15.2% 

efficiency when annealed through photonic flash annealing and 90 min conventional 

hotplate, respectively [243]. Recently, Singh et. al [244] IPL annealed all inorganic 

Cu2ZnSnS4 perovskite films by applying three different energies of 0.32, 1.11, and 2.23 

J/cm2. At 2.23 J/cm2, the perovskite grains were enlarged and PSCs with 1.9% efficiency 

were obtained, and higher energies cracked the films which indicated material degradation. 

Besides the perovskite film, IPL has been successfully used to rapidly anneal the TiO2 and 

SnO2 ETL materials. For instance, Feleki et al. [245] investigated the impact of flash counts 

on the optoelectrical properties of mesoporous TiO2 ETL spin-coated on compact TiO2 

films fabricated through evaporation. Their results indicated average PV efficiency of 

15.3%, 15%, and 16.2% for three samples when annealed using 2 ms flashes, each with 

12.3 J/cm2 energy density. Das et al. [246] applied 25 flashes, with 7 ms duration and 500 

ms delay time between flashes on TiO2 films, and each flash reflected the associated energy 

to that of the applied 200 V to the lamps. The IPL annealing of TiO2 films resulted in an 

average and maximum PCE of 12.6% and 15% for the photonic cured, as well as 13.3% 

and 15.1% for the PSCs utilizing TiO2 films annealed in furnace for 30 minutes at 500°C, 

respectively. Since the introduction of SnO2 as a potential replacement to TiO2 ETL, IPL 

has been investigated to anneal this potential metal oxide. For instance, Zhu et. al. [247] 

applied IPL on 0.1 M solution of SnCL4 films and derived pure SnO2 phase upon annealing. 



 

57 
 

 

They exposed the SnCl4 films to various flash durations ranging between 5-40 ms and 

reported the maximum efficiency of 15.3% when the films were annealed through 20 ms 

light exposure at 46 J/cm2 energy density.  

      In addition to the ETL and perovskite films, IPL has been used to anneal the potential 

materials used as the back-contact electrode in PVs, such as carbonous composites and 

silver. Chung et al. [248] IPL annealed the gravure coated 30 mm × 3 mm silver patterns 

on PET substrates after drying for 2-3 minutes. They investigated up to 10 flashes with 

various flash duration ranging between 1.5-6 ms, and the applied energy per flash and delay 

time between flashes were varied between 0.75-3.5 J/cm2, and 0-20 ms, respectively. The 

silver grain sizes increased with more flash counts and necking connections were formed 

upon flash annealing which became denser after more flashes and decreased the sheet 

resistance. Notably, the sheet resistance increased as the delay time between flashes was 

increased from 0 to 20 ms and decreased at shorter flash durations. At the optimal IPL 

condition of a single flash with 1.5 ms duration and 3 J/cm2 energy density, sheet resistance 

as low as 0.95 Ω/□ was obtained which was lower compared to the sheet resistances of 2, 

2.5, and 8.3 Ω/□ obtained from silver patterns thermally annealed for an hour between 80-

150°C. Gokhale et al. [249] investigated the impact of different pulse counts of 1-20, 

different energy densities between 0.955-1.574 J/cm2, and the fixed duration of 1 ms on 

silver patterns printed on glass, PET, and PEN substrates. The patterns had a fixed length 

of 5 mm but different width of 1, 2, and 3 mm, and were made from two different 

commercially available silver inks of SW1012 (15-20 nm particle size) forming a 2500 nm 

thickness, and UTD AgIJ1 (10 nm particle size) forming a 330 nm thick layer. The 

minimum sheet resistances of 0.06 and 0.29 Ω/□ were obtained for the first and second ink, 
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respectively. Several other studies have also followed the same pathway to investigate the 

impact of printed silver traces made from different silver precursor chemistries on other 

substrates, such as polyimide (PI) and polyurethane (PU) [250-252]. These studies 

unraveled the conductivity change and the applicability of IPL to anneal another PSC thin 

film material and enhance the processing time of PSCs. Recently, Secor et al. [253] 

investigated the impact of 25 and 50 wt% ink concentrations and flash energy ranging 

between 5-10 J/cm2 on the conductivity of graphene films inkjet printed on glass, PEN, PI, 

and PET substrates. Their results indicated the minimum sheet resistance happening for the 

films deposited on PI substrates, and the sheet resistance was progressively decreased at 

higher pulse energy and ink concentration. Therefore, IPL is a promising means to anneal 

other potential materials, such as carbon-based films, shown to serve the role of both charge 

transport and metal back-contact films. The impact of IPL on the conductivity of carbon 

films and performance of PSCs will be discussed in the last chapter of this dissertation.  

2.16.  Conclusion 

      This chapter introduced PSCs and reviewed some of the staggering compositional 

engineering achievements that promoted the PSCs performance and stability. In addition, 

the deposition and annealing were shown to determine the stability and performance of 

PSCs. Unlike deposition, the annealing of PSCs was shown to take place for a long period 

through high temperature conductive annealing, and rapid cost-effective annealing 

methods, such as IPL, were shown to dramatically increase the processing pace. Various 

successful studies were presented where the ETL, perovskite films, and back contacts were 

annealed through IPL. It was shown that IPL is a promising candidate; however, novel 
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materials and annealing approaches should be utilized to achieve fully automated 

fabrication of PSCs.   
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3. CHAPTER III:                                                                                                             

METHODS 

3.1. Materials 

      Lead (II) Iodide (99.99%, trace metals basis) was purchased from TCI. di-iodomethane 

(CH2I2, 99%) and SnO2 solution (15% in H2O colloidal dispersion) were purchased from 

Alfa Aesar. Methylammonium iodide (MAI) and Cobalt dopant FK209 were purchased 

from Greatcell solar. The 2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-

spirobifluorene (99.8%, Spiro-MeOTAD) was acquired from Lumtec. FTO glass slides (< 

20 Ω/sq., 2 cm × 2 cm × 3 mm), and gold pellets (99.999%) were purchased Hartford glass, 

and Kurt J. Lesker, respectively. Graphite powder (spherical, <20 µm) and ITO coated PET 

sheets (60 Ω/sq.) were purchased from Sigma Aldrich. Carbon black (Vulcan-XC72R, 50 

nm) was purchased from Cabot. All other materials were purchased from Sigma Aldrich 

without further purification. 

3.2. Electron Transport Layer (ETL) Fabrication 

      For spin coated SnO2 ETL, the SnO2 solution is made by diluting the SnO2 colloidal 

dispersion in DI water (1:4 V/V) to obtain a concentration of 3.75%. For inkjet printing, a 

1% (1:15 V/V) diluted solution of SnO2 containing 0.0005 µL Triton X-100 surfactant is 

used after 3 hours of mixing. The SnO2 solution is spin coated at 2000 rpm for 20 s
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followed by IPL annealing (Sinteron S-2210, Xenon Corp.) as introduced and optimized 

in chapter 4.  

For inkjet printing, the SnO2 solution is fabricated using a robotic setup as shown in Fig. 

3.1 by dispensing the solution using a Nordson Picopulse inkjet printing system equipped 

with 50 µm size nozzle in a serpentine pathway using a programmable stepper motor driven 

linear stage with 7 µm resolution per step. The SnO2 films were formed at the optimal 

stroke and frequency of 50% and 40 Hz, respectively, and the line distancing was set 350 

µm to optimally merge the lines and form a continuous wet film. The open and close times 

of the valve were set to 0.35 and 0.3 ms, respectively, and a constant 10 psi pressure was 

applied to the syringe reservoir to push the precursor to the nozzle during actuation. Upon 

inkjet printing, the SnO2 ETL was transferred to the IPL station located 1000 mm apart by 

passing under a suction hood at the linear speed of 50 mm/s. Upon reaching to IPL station, 

the wet SnO2 films were annealed using the optimized IPL annealing condition as described 

in chapter 4 to evaporate the water content and obtain a 40 nm thick crystallized film.  

 

Figure 3.1. Schematic showing the robotic setup used to fabricate the PSC films. 

 

 

3.3. Perovskite Film Fabrication 
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      The CH3NH3PbI3 perovskite precursor was made similar to the previous work [254] by 

dissolving 0.6454 gr PbI2 and 0.2226 gr CH3NH3I in 1 mL DMF and 0.125 mL DMSO. 

The Cs0.05(MA0.85FA0.15)0.95PbI3 triple cation perovskite ink was made by mixing 0.013 gr 

CsI, 0.6454 gr PbI2, 0.0343 gr FAI, and 0.18 gr MAI in the similar solvent system. Upon 

complete dissolution and formation of the transparent yellow precursor, di-iodomethane 

was added to the solutions and stirred for two hours. Both precursors were fabricated in 

nitrogen glovebox. The perovskite precursors were spin coated on the ETL at 1000 rpm for 

10 s followed by 3000 rpm for 30 s, where 100 and 200 µL chlorobenzene was dripped on 

the substrate 12 seconds before the end of the spinning process to nucleate the single and 

triple cation precursors, respectively. During spinning, the spin coater chamber was purged 

with dry air to keep the humidity below 10%. Upon deposition, the perovskite films were 

immediately annealed in the humid ambient environment (>60%) to obtain a 450 nm thick 

film. For the perovskite films annealed with aid of a pre-annealing step, the wet adduct 

film was pre-heated on a hotplate set to 110°C for 30 seconds followed by optimized IPL 

annealing (Sinteron S-2210, Xenon Corp.) using 5 flashes, each with 400 J (1.72 J/cm2) 

energy, 2 ms duration, and 1 second delay time between flashes as studied in another work 

[254]. For PSCs annealed directly through IPL, the slides were immediately transferred to 

the IPL machine to be annealed through a uniform and gradient approach as described and 

optimized in chapter 5. For flexible substrates with triple cation perovskite, the spin coated 

films were pre-heated at 75 °C for 10 s on the hotplate and were subsequently annealed 

through a single flash of IPL carrying 400 J (1.72 J/cm2) energy, an optimal condition 

where perovskite film damage was observed at higher energy quantities.    

3.4. Hole Transport Layer (HTL) Fabrication 
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      The Spiro-MeOTAD hole transport solution was made by mixing 72.3 mg of Spiro-

MeOTAD, 28.8 µL 4-tert-butyl-pyridine, 17.5 µL of a stock solution of 520 mg/ml lithium 

bis (trifluoromethylsulphonyl) imide in anhydrous acetonitrile, and 29 µL of the cobalt 

dopant FK209 TFSI salt (300 mg/ml in anhydrous acetonitrile) in 1 mL anhydrous 

chlorobenzene. The Spiro-MeOTAD film is made by spin-coating 70 µL of the prepared 

solution at 1700 rpm for 30 seconds to obtain 200 nm thickness. 

3.5. Back-contact Electrode Fabrication 

      For conventional PSCs, the gold metal back-contacts were made by thermally 

evaporating pure pellets of Au to obtain 60 nm thickness.  

      For inkjet printing, the carbon inks were made in the humid ambient environment 

(>60%) by adding 1:3 w/w ratio of carbon black to graphite (<20 µm, spherical) into a 5 

wt% solution of PMMA (15000 Mw) in chlorobenzene (CB) for a concentration of 10 wt%. 

For carbon PSCs, the custom developed carbon ink was directly deposited on the 

perovskite film through the similar setup showed in Fig. 3.1 using the Nordson Pico Pulse 

inkjet printing system equipped with 100 µm diameter size nozzle. Similar to SnO2 

deposition, the open and close times of the valve were set to 0.35 and 0.3 ms, respectively, 

and a constant 10 psi pressure was applied to the syringe reservoir to push the carbon ink 

to the nozzle during actuation. Upon deposition, the wet carbon films were transferred to 

the IPL station by passing under the suction hood at the speed of 25 mm/s to evaporate the 

solvent system. Upon reaching to IPL, the dry carbon films were annealed as described and 

optimized in chapter 6.  

3.6. PSC Fabrication 
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      ITO-PET or FTO glass slides are first cleaned through 10 min individual sonication in 

a 1:10 V/V diluted solution of Hellmanex detergent in DI water, DI water, ethanol, and DI 

water, respectively. After blowing with nitrogen to remove the remainder water, plasma 

treatment is conducted to enhance the hydrophilicity of the slides. The TiO2 and SnO2 ETL 

is then coated on slides and annealed as described. Before annealing, the electrode locations 

covered with SnO2 are wiped using cotton swabs dipped in DI water. Thereafter, the 

perovskite film is developed on the ETL and annealed as introduced. Right after perovskite 

annealing, the substrates are transferred to a nitrogen filled glovebox for Spiro-MeOTAD 

HTL coating, followed by back-contact electrode deposition to accomplish PSC 

fabrication, as described.   

3.7. Temperature Measurement 

      The estimated maximum temperature occurring at the perovskite film surface during 

IPL annealing was measured using a K-type thermocouple consisted of a Chromel and an 

Alumel wire (0.08 mm, Omega engineering) joint together through a hot junction and was 

kept tangent to the thin film surface to measure the photon temperature occurring at the 

perovskite film as shown in Fig. 3.2. The thermocouple was connected to a 300 MHz, 2.5 

GSa/s high-speed oscilloscope (DS 8302, Owon smart) via a low noise amplifier (SR560, 

Stanford research systems) with a gain of 100X to measure the generated voltage during 

flashing. The obtained voltage was then converted to reflect the temperature rise during 

flash annealing. 
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Figure 3.2. A) Schematic; and B) Wiring diagram of the experimental setup used for 

temperature measurement at the film surface. 

3.8. Finite Element Analysis (FEA) Modeling 

      To verify the measured temperatures occurring at the surface of perovskite film, a 

transient thermal finite element analysis (FEA) simulation was conducted using ANSYS. 

The simulation was conducted by modeling the IPL annealing on perovskite films 

deposited on glass slides placed on the IPL Aluminum stage with 450 nm, 3 mm, and 6.35 

mm thickness, respectively, and considering an ambient temperature as well as natural 

convection coefficient of T∞ = 22°C and h = 5 W/m2.K, respectively. The model was 

considered insulated (Q=0 W) on the sides to carry out one dimensional heat transfer 

towards the depth direction of the thin film, and a contact resistance of Rc = 20% between 



 

66 
 

 

glass and aluminum stage was used when placing the slides on the IPL stage for annealing. 

The application of the contact resistance is due to the rougher interface between substrate 

and IPL stage unlike the high adhesion of the processed perovskite on glass. The schematic 

showing the assigned boundary conditions is shown in Fig. 3.3. The designed model had 

the actual thicknesses, but a smaller surface with 2 µm side length was chosen to speed up 

the calculations. The model was meshed uniformly using square elements, each with 5×10-

7 m size. The slides were raised to be located at d=75 mm from the lamp during IPL 

annealing. The thermal response equations governing the IPL annealing were discussed in 

chapter 2 which was shown to be dependent on the absorbed photons by the perovskite 

film as well as thermal conductivity, density, and specific heat transfer capacity of the 

perovskite film which was considered 1.1 W/m.K, 4.2864 g/cm3, and 190 J/mol.K, 

respectively, based on values reported in other studies [255-257]. Upon flashing, the useful 

energetic photons reach the perovskite film, where they can be absorbed based on the 

absorptivity of the layer. Considering almost an entire absorption of the incoming useful 

energetic photons by the thermocouple located on top of the perovskite film, as shown in 

Fig. 3.4, the yellow adduct perovskite absorbed nearly 63% of the useful photons and 

increased to 85% as the IPL annealing progressed which can be attributed to the darkening 

of perovskite film. The calculated useful power density absorbed by the thermocouple 

located on top of the perovskite film surface within a single flash of IPL released from four 

Xenon lamps powered by two capacitors during optimum annealing of perovskite films is 

tabulated in Table A-1 and Table A-2 of appendix A. In addition, the step-by-step 

procedures with screenshots showing the simulation processes in ANSYS is provided in 

Appendix B.  
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Figure 3.3. Schematic showing the boundary conditions used for FEA. 

 

Figure 3.4. Maximum absorbance of the useful energetic photons by the perovskite film 

during IPL annealing using UFA and GFA. 

3.9. Characterization 
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      Surface morphology inspections are done through a FEI Nova NanoSEM 600 machine 

with an accelerating voltage of 10 kV and a working distance of 5 mm. XRD measurements 

are obtained at the 2θ range between 10°-60° using a Bruker AXS D8 X-ray Diffractometer 

equipped with a position sensitive detector (PCD) and an X-ray source of CuKα (λ= 0.1548 

nm) with the scanning speed of 1 second/step and the step size of 0.02°. X-ray 

photoelectron spectroscopy (XPS) is carried out using VG scientific MultiLab 3000 at high 

vacuum pressure range of 10-8 Torr using an Mgkα radiation X-ray source (hν > 1253.6 

eV) with respect to the carbon C1S peak position. The IS and voltammetry are conducted 

using an Autolab PGSTAT128-N potentiostat with the scanning rate of 0.1 V/Sec. Each 

cell is illuminated from the back side with an active area of 0.24 cm2 (Chapter 4) and 0.45 

cm2 (Chapter 5 and 6) using an AM 1.5 simulated light from a Newport LCS-100 solar 

simulator. The transmission and absorption spectra are obtained using PerkinElmer 

Lambda 950 UV-Vis spectrometer between 250-800 nm wavelengths. PL analysis is 

carried out using a Renishaw inVia Raman microscope with a CCD detector and a 632 nm 

He−Ne laser source.  
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4. CHAPTER IV:                                                                                                                         

IPL ANNEALING OF SnO2 

4.1. Introduction 

      Electron transport layer (ETL) plays a significant role in PSCs by facilitating the 

extraction of electrons from the perovskite photo-absorber film to the contact electrode. 

Therefore, the optimum chemistry and processing of ETL plays a significant role not only 

on the performance of PSCs, but on the overall cost and energy payback time of the 

fabricated modules. The utilized materials in ETL should enable superior morphology 

without pinhole surface defects to impede shunting as the result of the direct contact 

between the perovskite film and the contact electrode. In addition, they should yield high 

optical transmittance and possess an adequate refractive index to maximize photo 

absorption by the perovskite film, particularly in the n-i-p structure where the solar 

irradiation should pass through the substrate, transparent conductive oxide, as well as the 

ETL before being absorbed by the perovskite film. ETLs are typically deposited on rigid 

substrates, such as FTO coated glass, or ITO coated flexible substrates, such as 

polyethylene terephthalate (PET), in the n-i-p device structure, or on top of the perovskite 

film in the p-i-n structure. However, n-i-p structure is typically used to fabricate PSCs due 

to a more versatile chemistry engineering as the deposition of ETL on perovskite film 

requires perovskite friendly solvents to achieve efficient and stable PSCs upon deposition 

and processing. Besides these criteria, the band energy alignment is perhaps the most
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important parameter affecting the selection of materials to be used in ETL. The CBM of 

the electron transport material (ETM) should be well aligned to the perovskite layer to 

facilitate charge extraction and avoid interfacial contact resistance, affecting the PV 

parameters of PSCs.  

      The Electron transport materials (ETMs) used in PSCs span organic and inorganic 

compounds. The organic ETLs utilize polymer materials containing fullerene derivatives 

[258-260], naphthalene di-imides (NDIs) [261], perylene di-imides (PDIs) [262-264], 

azaacene-based molecules [265, 266], and other n-type polymers. Among these, the use of 

fullerene based materials, particularly C60 and C70, has developed phenyl-C61-butyric acid 

methyl ester (PCBM) as a potential organic ETM in PSCs due to its Lewis acid, acting as 

a good n-type material as well as it passivation capability by interacting with under-

coordinated halide or Pb–I anti-site defect PbI3− [267, 268]. Since the pioneering work 

utilizing PCBM [269], the PCE of PSCs utilizing this organic compound has improved 

from 3.9% to over 20% [95, 270]. However, they lack thermal and long-term stability. In 

addition, the deposition requires inert environments, such as a nitrogen glovebox, to 

impede moisture penetration and degradation of the material, downgrading the 

functionality of PSCs. In addition, polymer-based materials are expensive, thus, not 

favorable for large-scale manufacturing. Therefore, it is necessary to develop and 

investigate for alternative materials that yield efficient PSCs with long-term stability 

through low-cost scalable manufacturing.  

      Recently, inorganic materials have garnered a great attention as potential candidates 

for ETL in PSCs. These materials include various metal oxide compounds such as TiO2, 

SnO2, ZnO [99], WO3 [103, 271], In2O3 [272, 273], Nb2O5 [274, 275], CeOx [106], and 
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BaSnO3 [276, 277]. Among these, TiO2 is the most commonly used ETM due to its suitable 

bandgap and band alignment to the perovskite film [278], and PSCs with the state of the 

art efficiencies have been produce using TiO2 [71]. However, several factors would impede 

achieving scalable low-cost manufacturing of PSCs using this compound. TiO2 based PSCs 

require an additional mesoporous TiO2 layer to be deposited on top of a compact TiO2 layer 

to maximize charge extraction from the perovskite film due to low electron mobility, 

typically less than 1 cm2V−1s−1 [278]. In addition, UV induced degradation of TiO2 can 

affect the stability and performance of PSCs [279]. Furthermore, TiO2 requires a high 

temperature and prolong annealing, around 500°C up to an hour, to remove the organics 

and crystallize the material which is not favorable for low-cost scalable manufacturing and 

is not applicable for favorable plastic substrates that typically degrade at 120-150°C. ZnO 

is another favorable ETM used besides TiO2. This compound has the bulk electron mobility 

of up to 300 cm2V−1s−1, and over 0.06 cm2V−1s−1 for the thin films [280]. However, despite 

low temperature processing advantage, the interfacial degradation caused by the hydroxyl 

groups have been reported to diminish PSCs stability [281] although passivation strategies 

have yielded efficient PSCs with more stability [282].   

      Recently SnO2 has been introduced as the most potential ETM in PSCs due to its 

astonishing properties excelling other ETMs. This compound has a tetragonal rutile 

structure with lattice parameters of α = β = γ = 90°, a = b = 0.473 nm, and c = 0.318 nm 

[283], and has a direct bandgap ranging between 3.5-4.4 eV [284]. Unlike TiO2, SnO2 has 

a high electron mobility and a deeper CBM which better aligns to the perovskite film, 

making it a more suitable ETM for PSCs [107]. In addition, SnO2 has been shown to have 

high transmittance, exceeding 95% [285] with a refractive index of less than 2 [286]. SnO2 
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ETL have been fabricated using various methods such as chemical bath deposition (CBD) 

[287], atomic layer deposition (ALD) [108], electrochemical deposition [288], and 

sputtering [289]. However, they are not susceptible for a low-cost high-speed scalable 

manufacturing due to the high temperature and prolong processing time as well as requiring 

vacuum for deposition. In this case, SnO2 ETL has been fabricated using solution processed 

precursors through annealing methods at lower temperatures between 150-180°C for 30 

min. For instance, Fang et. al  developed the SnO2 ETL by spin coating a solution of 

SnCl2.2H2O in ethanol at room temperature followed by annealing at 180°C for an hour 

and reported 17.21% efficiency PSCs. In a similar attempt, Song et. al [290] fabricated 

21.35% efficient PSCs using emulsion‐based bottom‐up self‐assembly strategy by heating 

the spin-coated SnO2 films for 30 min at 150°C. Similar annealing protocol has also been 

implemented on pristine and doped SnO2 ETLs developed from colloidal based solutions 

[112, 291]. These advances unraveled the possibility of fabricating SnO2 ETLs from 

precursors at lower temperatures; however, the processing time is yet challenging. In this 

case, various annealing methods have been conducted to develop efficient PSCs in a short 

span of time. Recently, rapid thermal annealing methods have been successfully shown to 

anneal SnO2 films, resulting in efficient PSCs. For instance, Dou et. al. [188] successfully 

produced roll-to-roll printed PSCs, achieving 19.6% efficiency PSCs. However, the SnO2 

ETLs were annealed at 220°C through two ovens, each having one-meter length which is 

not favorable for rapid cost-effective manufacturing and the annealing temperature is not 

applicable for flexible plastic substrates. Zhu et. al. [247] reported rapid formation of SnO2 

ETL from a solution of SnCl4 in ultra-pure water using IPL and reported 15.3% efficiency 

after 20 ms light exposure with the total energy of 46 J/cm2. Despite such improvements, 
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none of these investigations managed high throughput processing of both the ETL and 

perovskite films which would take a closer step towards rapid scalable fabrication of PSCs. 

      Besides the significance of ETL material and processing, the functionality of PSCs is 

highly dependent on the crystallinity and morphology of the perovskite absorber layer 

obtained by processing the film in an inert environment, particularly nitrogen glovebox. 

However, the use of special environments is not favorable for scalable manufacturing of 

PSCs. Recently, alky halide additives have been introduced into PSC thin films, 

particularly in the perovskite absorber chemistry. These compounds are cheap, and their 

incorporation enables developing precursors from more environmentally friendly solvents 

by offsetting the need for toxic polar solvents and achieving efficient PSCs. 1,8-Di-

iodooctane (DIO), C8H16I2, is the pioneering alkyl halide that, once added to a perovskite 

chemistry, forms a momentary coordination with Pb2+ and occupies two I- positions of the 

perovskite lattice and can be explained based on the hard and soft acid and base theory, 

where, I- and Pb2+ with almost similar chemical hardness of 3.69 and 3.53 eV react with 

each other, respectively [292]. Tsai et. al [293] increased the efficiency of PSCs from 

10.77% to 12.86% utilizing 1% DIO which was attributed to the optimum crystallization 

retardation by the additive, in which, the occupied iodine phases in perovskite lattice were 

replaced with the iodine phase of MAI and removed from the thin film during annealing. 

In another study, Chueh et. al [93] studied the role of different alkyl halides of 1,4-

diiodobutane (DIB), 1,4-dibromobutane (DBrB), 1,4-dichlorobutane (DClB), DIO, and 

1,10-diiododecane (DID) on the performance of PSCs and achieved 13.09%, 12.88%, 

11.76%, 11.62%, and 10.01%, respectively, which was higher than pristine PSCs with 

9.79% efficiency. Notably, the lower performance of DID devices was attributed to the low 
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solubility of the alkyl halide in the polar perovskite solvents. Xu et. al [294] indicated that 

the addition of low boiling point iodomethane (CH3I) alkyl halide into CH3NH3PbI3−xClx 

perovskite chemistry increased the number of excitons, diffusion length of generated 

charge carriers, and photoluminescent life time to over 4 µs through improved film 

morphology and diminished trap states which, in turn, enhanced the PV performance from 

13.07% to 15.06%. Recently, the incorporation of a novel alkyl halide, di-iodomethane 

(CH2I2), enabled ambient environment processing of perovskite films for the first time 

[254]. The CH2I2-CH3NH3PbI3 perovskite precursor resulted in a continuous morphology 

with larger grains, increasing the efficiency of PSCs to 16.5% upon IPL annealing. This 

staggering achievement was attributed to the crystallization retardation as the result of 

higher boiling point of CH2I2, decreasing the evaporation temperature of the perovskite 

precursor as well as the dissociation of the C-I bonds, supplying the annealing film with 

excess iodine, thus avoiding the formation of perovskite black phase with defected lattice 

as the result of iodine deficiency.  

      The mentioned studies exemplified how various alkyl halides could aid fabricating 

PSCs from cheap, more environmentally friendly materials, and achieve higher PV 

performance. However, all these studies annealed the developed films up to 30 minutes at 

90-100°C which is not applicable for high throughput fabrication. In addition, the 

incorporation of these alkyl halides required the perovskite films to be deposited in the 

nitrogen glovebox to avoid being affected by the ambient humidity, resulting in low 

performance PSCs due to forming poor perovskite film morphologies with low crystallinity 

and optical absorption. Scalability of PSCs requires rapid ambient environment processing 

of PSCs through cost-effective automation to minimization the cost and energy payback 
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time of fabricated modules [295, 296]. This chapter investigates phase, morphology, 

crystallization, and spectrophotometry evolution of CH3NH3PbI3 perovskite films 

containing a novel alkyl halide, di-iodomethane (CH2I2), which allows for ambient 

environment processing of perovskite films for the first time. In addition, it is shown that 

IPL annealing of CH2I2-CH3NH3PbI3 perovskite precursor results in a considerably higher 

PSC efficiency than neat devices without the additive and is applicable for scalable high-

throughput automated manufacturing, such as roll-to-roll. 

      This chapter investigates IPL annealing of amorphous SnO2 on glass-FTO and flexible 

PET-ITO substrates in a high humid ambient environment (>60%). The perovskite film is 

developed from a mixed triple cation precursor containing CH2I2 alkyl-halide which 

indicates its compatibility with another perovskite chemistry. The study is conducted by 

initially finding the suitable flash (pulse) energy and counts for the optimum annealing of 

SnO2 ETL on rigid glass-FTO slides, studying CH2I2 in the triple cation perovskite 

chemistry and, finally, applying the optimized conditions to make PSCs on both the rigid 

FTO coated glass and PET-ITO flexible substrates. The morphological inspections are 

carried out using SEM, the structural properties are investigated using XPS and XRD 

techniques, PL and IS are used to examine the interfacial charge transport capability, and 

voltammetry is used to measure the device performance. This study introduces a faster 

processing through shortening the annealing time of SnO2 films, which can be implemented 

for scalable fabrication of PSCs through low-cost automated manufacturing. 

4.2. Morphology Inspections of SnO2 

      In this work, planar n-i-p PSCs with ITO-PET and FTO-glass/SnO2/Perovskite/Spiro-

MeOTAD/Au structure are fabricated, where the SnO2 ETL is developed through a single 
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step spin coating followed by IPL annealing [297]. To determine the surface coverage and 

film quality of SnO2, SEM images of FTO and SnO2 thin films on glass-FTO substrates 

were taken. The image of FTO, shown in Fig. 4.1(A), displays distinct grain boundaries 

under 200 nm magnification. In comparison, images of the SnO2 film coated on glass-FTO 

(Fig. 4.1(B)) appear hazy and the distinct grain boundaries shown in Fig. 4.1(A) are less 

apparent. This indicates that glass-FTO surface is covered with SnO2, and the 

disappearance of grain boundaries determines successful uniform deposition of the SnO2 

film which should diminish shunting as the result of the direct contact between perovskite 

and FTO. 

 

Figure 4.1. Top surface SEM images of A) FTO; and B) SnO2 film coated on FTO showing 

SnO2 coverage. 

 

4.3. Chemical State Evolution of SnO2 

      To understand the feasibility of IPL annealing on SnO2 ETL, FTO glass slides carrying 

the wet spin coated SnO2 films were immediately transferred to the IPL machine and 
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different flash counts carrying various energy quantities were applied. During the IPL 

process, the water content evaporates from the wet film and the SnO2 nanoparticles 

crystallize and become capable for charge carrier transportation. It is expected for the 

charge carrier transportation capability to be dependent on the degree of SnO2 crystallinity 

which, in turn, is dependent on the heat flux per flash, as well as the duration and number 

of applied flashes. This study was carried out by merely varying the flash energy and count. 

The applied flash energies were 1.4 kJ (6 J/cm2) and 2.1 kJ (9 J/cm2), and five different 

pulse (flash) counts of 1, 3, 5, 10, and 15 were selected to anneal the SnO2 films.    

      A previous study on the utilized SnO2 material further exhibited the compositional 

fraction of the material elements, and TEM images verified the 1-3 nm size of the SnO2 

particles. In addition, the XRD peaks at 26.5°, 33.7°, and 51.6° corresponding to 110, 101 

and 211 crystal planes of tetragonal SnO2 structure with space group P42/mnm (JCPDS 

no. 41-1445) confirmed the formation of pure SnO2 phase, respectively [116]. To further 

study SnO2, XPS was used to interpret the crystallization through chemical state change of 

the material at different IPL processing parameters. Fig. 4.2 (A) indicates the full XPS 

spectrum of SnO2 films fabricated through the optimal annealing condition of 5 pulses at 

2.1 kJ energy. It can be clearly observed that XPS indicated a neat pattern demonstrating 

intense peaks of tin and oxygen without any other chemical species and functional groups 

which can suggest the formation of uncontaminated samples containing high concentration 

of tin and oxygen elements. The two small peaks at 293 and 295.5 eV are attributed to 

K2P3/2 and K2P1/2 orbitals of potassium ions used as the stabilizer in making the 

commercial product of the SnO2 colloidal dispersion solution [298]. It is assumed that the 

bonding nature of surface level Sn-O observed in XPS spectra will be indicative of the bulk 
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material given that the film is about 25-40 nm thick. The O1s peak can be deconstructed 

into two components indicative of O-Sn4+ and O-Sn2+, as shown in Fig. 4.2(B) [299]. The 

O-Sn4+ peak is higher in binding energy than the O-Sn2+ peak; hence, the IPL processing 

condition that maximizes the O1s binding energy will maximize the surface concentration 

of SnO2. The O1s peak intensity for all the IPL annealing conditions remained similar 

which can be an indicator of unchanged oxygen concentration change. However, the 

binding energy of O1s peak was maximized when processed through 5 pulses at 2.1 kJ IPL 

condition, which can indicate enhanced Sn-O interaction and, thus, strengthened bonding 

that can better facilitate charge carrier transportation. Similar to O1s peak, the 3d5/2 peak 

is a combination of the Sn4+ and Sn2+ oxidation states [299]. The Sn2+ oxidation state arises 

from oxygen vacancies formed during the spin-coating process and is lower in binding 

energy than the Sn4+ oxidation state [300]. The presence of Sn4+ oxidation state indicates 

SnO2 formation; therefore, the IPL processing condition that maximizes the binding energy 

of Sn 3d5/2 peak is the optimal SnO2 processing condition. Fig. 4.2(C) shows that the 

binding energy of Sn 3d5/2 peak is maximized for SnO2 thin films processed through 5 

pulses at 2.1 kJ compared to other processing conditions, which, in addition to the obtained 

results from O1s peak, suggests that this condition would yield the optimal crystallization 

of the deposited SnO2 films and is consistent with other reports [301]. The peak intensity 

for all IPL conditions were almost identical, suggesting that the relative change in tin 

concentration was negligible. Table 4.1 contains tin and oxygen core level binding energies 

from the XPS surveys for SnO2 films annealed through different IPL conditions. 
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Figure 4.2. A) XPS survey of the SnO2 ETL annealed through 5 pulses at 2.1 kJ IPL 

condition; XPS patterns of B) O1s; and C) Sn states of the SnO2 ETL annealed at various 

IPL conditions. 

Table 4.1. Core level binding energies for Sn and O1S states at different IPL conditions. 

  IPL condition               Sn3d5/2
  (eV)               Sn3d3/2

  (eV)               O1s (eV) 

  1.4 kJ_5 Pulse                   494.25                   485.85             529.85 

  1.4 kJ_10 Pulse                   494.20                   485.70             529.55 

  2.1 kJ_5 Pulse                   495.15                   486.70             531.25 

  2.1 kJ_10 Pulse                   494.45                   486.00             530.25 

4.4. Spectrophotometry of SnO2 Upon Annealing 

      Fig. 4.3(A) shows the Tauc plot of SnO2 used to measure the bandgap of material. As 

indicated, SnO2 films annealed through 5 pulses at 1.4 kJ and 2.1 kJ IPL conditions had 
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the lowest and highest bandgap of 3.72 eV and 3.74 eV, respectively. Fig. 4.3(B) shows 

the PL spectra for SnO2 thin films annealed through different IPL conditions. The peak 

intensity is minimized when SnO2 films are fabricated through 5 pulses at 2.1 kJ IPL 

condition. A reduction in PL intensity indicates less charge recombination at the 

SnO2/perovskite interface [302]. Therefore, it can be suggested that the annealing of film 

through 5 pulses at 2.1 kJ condition would yield the maximum charge transport. In addition, 

it can be observed that the PL peaks were slightly shifted for the SnO2 films annealed 

through different IPL conditions, indicating a blue shift at higher heat fluxes. This blueshift 

is in accordance with about 0.02 eV bandgap difference shown in Fig. 4.3(A) which can 

indicate diminished trap emissions and, thus, stronger exciton emissions at elevated flash 

heat fluxes and conforms with other reports [303, 304].           

 

Figure 4.3. A) Tauc plot; and B) PL spectra indicating charge transfer capability at 

SnO2/perovskite interface at different IPL conditions. 

4.5. Morphology of CH2I2-Cs0.05(MA0.85FA0.15)0.95PbI3 Perovskite Films 

As studied earlier, the incorporation CH2I2 into CH3NH3PbI3 chemistry enabled 

atmospheric fabrication of efficient PSCs. Herein, CH2I2 is added into 
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Cs0.05(MA0.85FA0.15)0.95PbI3 triple cation perovskite precursor to investigate the possibility 

of fabricating the perovskite film obtained from another chemistry in the high humid 

ambient environment (>60%). To discern whether CH2I2 improved the perovskite film 

quality and surface coverage, top-down SEM images of the annealed perovskite film, with 

and without CH2I2 after IPL annealing, is shown in Fig. 4.4. Fig. 4.4(A) suggests that a fine 

perovskite film without observable pinholes was formed when CH2I2 was incorporated into 

the precursor solution. In comparison, Fig. 4.4(B) contains a top-down SEM image of the 

IPL annealed perovskite without additive. The image indicates the formation of smaller 

grain sizes with dendrite structures within the perovskite film, which can be attributed to 

rapid natural crystallization during spin coating prior to annealing. Formation of dendrite 

structures can reduce the quality of thin film, while smaller grain sizes can enhance charge 

recombination at the grain boundaries due to the formation of more grain boundary density 

within the film, thus, decreasing the photovoltaic performance. To find out the average 

grain sizes, ImageJ was used to obtain the size and area of individual grains in the 

perovskite films after IPL annealing. The results indicated average crystal size and area of 

201 nm, and 0.031 µm2 for the CH2I2 containing perovskite films, and 138 nm, and 0.015 

µm2 for the films made from the solution without additive, delineating almost 1.45 times 

crystal growth for the devices made from the additive containing precursor. The histograms 

of grain size and area are shown in Fig. 4.5. The SEM images suggest that CH2I2 additive 

improved surface coverage, grain growth, and quality of the triple cation perovskite film 

with a slight difference to that of CH2I2-CH3NH3PbI3 perovskite films [254], by 

implementing two significant roles. First, the addition of diiodomethane could potentially 

increase the solution boiling point and delay the unfavorable natural crystallization of the 
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as-spinning solution, thus, hindering the formation of dendrites and insufficient grain 

growth upon annealing. Second, CH2I2 could improve the crystallinity of perovskite layer 

due to its role as an iodide source. When exposed to IPL, the C-I bond is broken, yielding 

equal parts of CH2I
+ and I-. The I- ions are then incorporated into the perovskite material 

by filling iodine vacancies. The released iodine from alkyl halide could replace the lost 

iodine through evaporation during the annealing processes, thus, avoiding the formation of 

defected perovskite black phase upon the completion of annealing. Therefore, it is expected 

that di-iodomethane addition would improve the device performance through enhanced 

charge carrier production and extraction to the transport films, thus decreasing and 

increasing the series and shunt resistances, respectively.  

 

Figure 4.4. Top surface SEM image of the perovskite layer A) with; and B) without CH2I2 

additive deposited on optimally IPL annealed SnO2 films. 
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Figure 4.5. Histograms indicating the A,B) grain sizes; and C,D) grain areas of perovskite 

films with and without diiodomethane additive. 

4.6. Spectrophotometry of CH2I2-Cs0.05(MA0.85FA0.15)0.95PbI3 Perovskite Films 

      Fig. 4.6 shows the absorbance spectra for the FTO/SnO2/perovskite and FTO/SnO2 

structures after optimum IPL annealing. The FTO/SnO2/perovskite structure demonstrated 

high absorption between 400-800 nm wavelengths range, whereas, the FTO/SnO2 structure 

indicated little to no absorption. This indicates that the solar irradiation reaches the 

perovskite absorber without being consumed by the ETL. The final device will be 
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constructed in a manner where light travels through glass, FTO, SnO2, then strikes 

perovskite where it can be absorbed to produce charge carriers. 

 

Figure 4.6. Absorbance spectra of FTO/SnO2/perovskite and FTO/SnO2 after optimum 

IPL annealing. 

4.7. Crystallography of CH2I2-Cs0.05(MA0.85FA0.15)0.95PbI3 Perovskite Films 

      XRD patterns shown in Fig. 4.7 reveal information about crystallinity of the perovskite 

layer after IPL annealing. The intense 2θ peaks around 26.5°, 33.75°, 37.5°, 51.2°, and 

54.5° are indicative of FTO/SnO2, and the strong peaks around 14.06°, 20°, 

24.4°, 28.4°, 31.8°, 34.9°, 40.5°, 43°, and 50.5° are associated to (110), (112), (202), (220), 

(310), (312), (224), (314), and (404) crystal planes indicating the formation of perovskite 

tetragonal black phase. The perovskite tetragonal black phase is the preferred 

conformation for PSCs. Fortunately, the patterns did not reveal the PbI2 peak around 12.4° 

which indicates formation of a pure perovskite black phase, promoting higher PCE due to 

fewer series and higher recombination resistances within the perovskite absorber layer. 

Therefore, the applied IPL annealing condition of 5 pulses, each carrying 400 J (1.72 J/cm2) 
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in 2 ms duration and 1 second delay time in between, for the perovskite film could 

sufficiently crystallize the layer without causing post degradation of the film nor being 

insufficient to leave the perovskite yellow phase unconverted to black phase.   

 

Figure 4.7. XRD pattern of the FTO/SnO2/perovskite structure demonstrating FTO/SnO2 

(marked with *) and perovskite (marked with •) peaks after IPL annealing. 

4.8. Voltammetry of Rigid CH2I2-Cs0.05(MA0.85FA0.15)0.95PbI3 Solar Cells 

      To verify the observed characterization results, voltammetry was used to measure the 

performance and study the functionality of PSCs. The overall performance summary of 

PSCs fabricated using four different IPL conditions on SnO2 ETL is shown in Table 4.2, 

and the current J-V curves of champion cell for each IPL condition is shown in Fig. 4.8. 

The results indicate that exposing the SnO2 thin films to higher pulse energy flux of 2.1 kJ 

can provide better device performance than the lower pulse energy of 1.4 kJ for all the 



 

86 
 

 

range of applied pulse counts which implies the significance of heat flux intensity on 

material crystallization. On the other hand, lower pulse counts for the higher pulse energy 

provides the maximum device performance, determining the 5 pulse at 2.1 kJ as the optimal 

IPL annealing condition which resulted in the highest device performance. As shown by 

the results, varying the IPL annealing conditions for SnO2 ETL considerably affected the 

current flow for all fabricated cells while maintaining the voltage and fill factor. This 

observation can indicate the significance of IPL annealing conditions on the crystallization 

of SnO2, playing a vital role on facilitating charge extraction at the thin film interface and 

throughout the film. It was found after several experiments that pulse counts higher than 

10 could not enhance the current flow, while pulse counts lower than five resulted in dead 

cells, demonstrating a resistor behavior. Therefore, thermal annealing is required to 

crystallize the material and there is an existing optimal annealing condition, where 

exceeding the limit would not result in an operative or economical fabrication of PSCs.  

 

Figure 4.8. J-V curves of PSCs fabricated using four different IPL conditions on SnO2. 
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Table 4.2. Overall performance of PSCs with SnO2 annealed through different IPL 

conditions (5 samples for each condition). 

 

      To further investigate the functionality of PSCs, the interfacial and in-layer charge 

transportation capability of IPL processed PSCs is studies through impedance spectroscopy 

(IS) as shown in Fig. 4.9. Operating at open-circuit voltage under low light intensity has 

been shown to isolate the hole accumulation zone built up between perovskite absorber and 

ETL [305]. A reduction in overall impedance of the PSCs at open-circuit voltage indicates 

that charge carriers were more efficiently extracted from the perovskite absorber layer. The 

impedance was minimized for PSCs with the SnO2 layer annealed through the 5 pulses at 

PSCs CH2I2 VOC (V) JSC 

(mA/cm2) 

PCE (%) FF (%) 

1.4 kJ – 5 pulses Yes 0.92 ± 0.045 11.80 ± 0.60 6.78 ± 0.39 67.40 

±3.71 

1.4 kJ – 10 pulses 

2.1 kJ – 5 pulses 

2.1 kJ – 10 pulses 

2.1 kJ – 5 pulses 

Yes 

Yes 

Yes 

No 

0.976 ± 

0.019 

0.995 ± 

0.014 

0.989 ± 

0.015 

0.811 ± 

0.024 

12.67 ± 0.56 

15.85 ± 0.54 

14.22 ± 0.11 

14.95 ± 0.00 

9.27 ± 0.49 

11.98 ± 

0.35 

9.56 ± 0.98 

6.38 ± 0.74 

74.98 

±0.49 

76.30 

±1.28 

67.78 

±6.18 

53.80 

±2.16 
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2.1 kJ IPL condition. These results are consistent with the PL and voltammetry results 

showed in Fig. 4.3(B) and 4.8, respectively, suggesting that annealing through 5 pulses at 

2.1 kJ would be the optimum IPL annealing condition for SnO2. 

 

Figure 4.9. Impedance spectra of PSCs at four different IPL conditions on SnO2. 

4.9.  Voltammetry of Flexible CH2I2-Cs0.05(MA0.85FA0.15)0.95PbI3 Solar Cells 

      To further investigate the scalability and applicability of rapid thermal annealing 

through IPL on SnO2, PSCs were also fabricated on flexible PET-ITO substrates. Fig. 4.10 

shows J-V curves indicating the forward and reverse scan of champion rigid and flexible 

substrates annealed through the optimum IPL annealing condition of 5 pulses at 2.1 kJ for 

SnO2. The J-V curves of rigid and flexible PSCs indicated the maximum reverse scan 

efficiency of 12.56% and 7.6%, open circuit voltage (Voc) of 1.02 and 0.993 volts, short-

circuit current density (JSC) of 15.78 and 11.87 mA/cm2, and the fill factor of 78.3% and 

64.75%, as well as the maximum forward scan efficiency of 11.33% and 6.16%, Voc of 

0.992 and 0.979 volts, short-circuit current density of 14.92 and 11.06 mA/cm2, and the fill 
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factor of 76.7% and 56.95%, demonstrating relatively low J-V hysteresis for both rigid and 

flexible PSCs. It can be observed from the experimental results that the flexible PSCs had 

a lower performance compared to rigid cells which can be attributed to the higher resistance 

of ITO coated sheets compared to FTO slides, handling of the flexible substrates during 

fabrication processes, as well as unsuitable nature of spin-coating method to form highly 

uniform films with superior quality, particularly for coating water based SnO2 films on 

smooth ITO coated sheets compared to rough FTO substrates.  

 

Figure 4.10. Illustration of the fabricated PSCs on A) Rigid glass-FTO; and B) PET-ITO 

flexible substrates. C) Reverse and forward J-V curves of the champion rigid and flexible 

PSCs. 

4.10. Conclusion 

      This chapter investigated IPL annealing of spin-coated SnO2 films which was shown 

to be applicable on both rigid FTO-glass and flexible PET-ITO substrates, yet the 
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perovskite film was annealed through IPL after short-term conductive annealing. The 

addition of CH2I2 resulted in perovskite films with superior morphology and larger grains 

upon annealing which was attributed to iodine release during annealing processes and 

crystallization retardation, eliminating dendrite structures by increasing the precursor 

boiling point. As the result, PSCs with efficiency and fill factor as high as 12.56% and 

78.3% for rigid FTO-glass substrates, and 7.6% and 64.75% for flexible ITO-PET sheets 

were obtained, respectively, when the SnO2 ETL was optimally annealed through 5 flashes, 

each with 2 ms duration, carrying 2.1 kJ energy, and 1 second delay time in between. This 

study took a further step towards faster fabrication of PSCs through IPL annealing of the 

ETL layer which is amenable for high-throughput and cost-effective fabrication of PSCs 

through automation. 
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5. CHAPTER V:                                                                                                                          

IPL ANNEALING OF PEROVSKITE 

5.1.  Introduction 

      The carried-out study in the previous chapter allowed processing of PSCs in an 

uncontrolled high humid ambient environment (>60%), and the use of IPL indicated faster 

processing which is a step towards high- throughput fabrication of PSCs. However, like 

other conventional annealing processes, the perovskite film yet necessitated a short-term 

conductive annealing for 30 seconds to evaporate the solvents and initiate crystallization 

since the ultrashort duration was not providing sufficient time to convert the intermediate 

adduct into the pure perovskite black phase. Therefore, it is necessary to develop 

approaches that yield rapid formation of the perovskite black phase without short-term 

conductive pre-annealing upon IPL annealing. In this case, various studies have determined 

the plausibility of multistep conductive annealing methods on boosting the performance of 

PSCs. For instance, a pioneering work by Fan et. al [306] utilized a gradient approach by 

annealing the perovskite films at 80, 85, and 90°C for 20 minutes each, and compared the 

results to a constant annealing where the perovskite films were merely annealed at 90°C 

for 20 min. Their PSCs indicated improved PCE from 12.6% to 14% which was credited 

to better surface coverage and morphology of the perovskite films annealed through 

gradient annealing. Hao et. al [307] have recently shown to increase the efficiency of PSCs 

from 16.14% using a uniform annealing (UA) to 20.16% 
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using a gradient annealing (GA) approach. The UA interacted the as-deposited perovskite 

films with methylamine alcohol atmosphere for 2 seconds followed by annealing for 30 

min at 100°C in a glovebox, whereas the gradient approach included a pre-annealing at 

60°C before CA which induced a bottom-up growth of the perovskite film, regulating the 

growth direction of CH3NH3PbI3 perovskite films, thus, improved the performance as the 

result of diminished defect states and improved charge transport at TiO2/perovskite 

interface. The application of GA by Xi et. al [308] also improved the performance of PSCs 

from 18.64% to 20.04% which was attributed to the better crystallinity of perovskite films. 

Xiao et. al [309] investigated the impact of temperature fall-off gradient on the quality of 

perovskite films and PV performance upon annealing. Their results indicated 31% 

performance improvement, reaching as high as 17.37% when the fall-off temperature 

gradient was minimized. This enhancement was attributed to the obtained superior 

morphology and increase of grain size to 1.2 µm. In another work, Chen et. al [310] 

annealed the CsPbI2Br perovskite films through a three-step gradated method consisted of 

50°C for 1 min, 100°C for 1 min, and 160°C for 10 min annealing, and reported 16.07% 

efficiency PSCs. These studies introduced successful fabrication of efficient PSCs through 

gradient conductive annealing in a considerably shorter period than conventional methods; 

however, they are not amenable for rapid manufacturing, and the utilized higher than 120°C 

temperatures are not applicable for favorable plastic substrates. Therefore, it is necessary 

to develop gradated approaches using IPL that allows for the fabrication of PSCs in an 

extremely short period; hence, meeting the required speed for high-throughput 

manufacturing.  
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In this chapter, rapid fabrication of planar PSCs with glass/FTO/SnO2/perovskite/Spiro-

MeOTAD/Au architecture is introduced by directly annealing the spin-coated CH3NH3PbI3 

perovskite films through IPL without short or long-term conductive annealing as was 

utilized in the previous chapter. The perovskite films are annealed entirely through IPL 

using a gradated approach which forms good morphology with high crystallinity. The study 

is conducted by characterizing the perovskite films through SEM, PL, UV-Vis, XRD, and 

voltammetry. In addition, an experimental setup as well as a 2D ANSYS finite element 

analysis (FEA) is established to measure and model the maximum temperature at the 

surface of the perovskite thin film during IPL annealing, respectively. Finally, Arrhenius 

plots are introduced to help explaining the PSCs performance enhancement after GFA.  

5.2. Nucleation of CH2I2-CH3NH3PbI3 Perovskite Films Upon Annealing 

      The as-prepared perovskite precursors are yellow, and an annealing process turns it into 

a dark brown phase. As mentioned, crystallization affects morphology and determines the 

performance of PSCs; hence, the applied annealing parameters should result in highly 

crystalline perovskite black phase with superb morphology to maximize charge carrier 

generation upon illumination. Perovskite photo-absorber crystallization includes 

nucleation of the as-deposited solution followed by grain growth that typically occurs 

during annealing. Nucleation kinetics of the perovskite film during spin coating explained 

with aid of the LaMer curve [211, 212] was introduced earlier in chapter 2 and is again 

shown in Fig. 5.1(A) to describe the nucleation of CH2I2-CH3NH3PbI3 perovskite. 

Continuous spinning of the perovskite precursor precipitates the solute after exceeding the 

maximum supersaturation level, agglomerates the solute species, and forms a rough opaque 

film with dense dendrite structures as shown in Fig. 5.1(B). Post-process annealing of this 
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film would result in poor photovoltaic performance due to incomplete surface coverage 

and weak optical absorption. Therefore, a nucleation process through supersaturation of 

the precursor is necessary prior to annealing. In this process, chlorobenzene antisolvent 

with weak polarity and solubility to the perovskite polar solvents was dropped on the 

spinning perovskite precursor at the 10th second (T1) prior to the end of spinning process. 

Upon spin-coating (T3-T1), a transparent film was obtained and as shown in Fig. 5.1(C), 

numerous infinitesimal crystals arranging into smaller size dendrites were formed and 

covered the entire surface which could indicate the formation of 

CH3NH3I·PbI2·DMSO.DMF.CH2I2 adduct, thus, successful formation of the perovskite 

yellow intermediate. This nucleation can be attributed to antisolvent dripping which 

resulted in rapid stochastic intermolecular fluctuations of the atoms to form nuclei and, in 

turn, crystals, as well as the nuclei shear off from the developing crystals to develop 

adjacent crystals and proliferate the nucleation throughout the surface [213], consuming 

and decreasing the size of dendrite clusters. Subsequent annealing of the developed 

intermediate phase (>T3) enables grain growth and formation of perovskite black phase to 

produce charge carriers upon illumination and will be exhaustively studied in this 

dissertation. Therefore, the synergy of solvent extraction and solute diffusion determines 

the nucleation which, in turn, determines the morphology, crystallization, and PSCs 

performance. 
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Figure 5.1. A) LaMer curve; formation of B) perovskite dendrites without antisolvent 

treatment; and C) perovskite intermediate upon antisolvent treatment. 

5.3. Phase Evolution of CH2I2-CH3NH3PbI3 Perovskite Films Upon Annealing 

      As described, perovskite films are fabricated through a deposition process with aid of 

an antisolvent step to nucleate the precursor, and annealing is the driving force for phase 

change, crystallization, and morphology evolution to obtain the desired black phase, 

capable of producing charge carriers. Previous studies determined the maximum PV 

performance to occur for 1.4 M concentration of the perovskite precursors [311, 312]. 

Therefore, to better understand the impact of annealing on such evolutions, 

thermogravimetry and differential scanning calorimeter (TGA-DSC) analysis for 1.4 M 

concentration CH3NH3PbI3 perovskite precursor with CH2I2 and its constituents in DMF-

DMSO solvent mixture was conducted up to 800°C and is shown in Fig. 5.2. Fig. 5.2(A), 

shows the TGA-DSC curves for 1.4 M solution of CH3NH3I in the solvent mixture. The 

abrupt 80% weight loss in TGA graph as well as the intense DSC endothermic peak at 

174°C is indicative of complete solvent evaporation. Right after this stage, the DSC curve 

indicated a strong exothermic peak with the maximum at 254°C, determining maximized 
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crystallization of CH3NH3I, while the TGA curve indicated a mild slope up to 330°C where 

100% mass loss was observed. This indicates that the CH3NH3I phases could remain in the 

film up to 254°C then sublimate from the perovskite film at higher temperatures and is 

consistent with other reports [313]. Similarly, as shown in Fig. 5.2(B), the DSC-TGA curve 

of the 1.4 M PbI2 solution indicated two endothermic peaks at 157°C and 402°C, indicating 

complete solvent evaporation and melting of PbI2, respectively. The high melting point can 

indicate viability of PbI2 up to this temperature and further descend of the TGA graph for 

temperatures higher than 430°C demonstrated PbI2 decomposition and evaporation of the 

iodine phase as the result of Pb-I cleavage. Therefore, it can be inferred that the formation 

of crystal defects caused by CH3NH3I phase evaporation during annealing can be the 

potential factor for PSCs performance degradation and instability which needs to be 

considered during IPL annealing and is consistent with other reports [314, 315]. Compared 

to CH3NH3I, the DSC-TGA curves indicated a slightly lower volatiles evaporation 

temperature in case of PbI2 solution which can indicate stronger intermolecular forces 

between the solvent mixture and CH3NH3I and a potential retarding factor for perovskite 

crystallization and is consistent with other reports [302, 316]. Fig. 5.2(C) indicates DSC-

TGA curves of the CH2I2 assisted CH3NH3PbI3 precursor, indicating complete solvent 

evaporation at 150°C. The solvent component undergoes evaporation up to this 

temperature and the heat induced intermolecular activity stimulates crystal growth through 

diffusion and solvent evaporation, thus, transforms the perovskite yellow phase into black 

phase structure by amalgamating the CH3NH3I and PbI2 phases. The TGA curve indicated 

a weight loss of about 15% between 150-250°C, and the DSC curve indicated the formation 

of an exothermic peak at 250°C which is consistent with the data in Fig. 5.2(A) and can 
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indicate sublimation of the CH3NH3I phase, hence, beginning of the perovskite film 

degradation after 150°C. Unlike incomplete decomposition and remaining almost 10% of 

the mass in Fig. 5.2(B), the perovskite precursor DSC-TGA analysis demonstrated 

complete mass loss for temperatures higher than 650°C which can indicate complete 

elimination of the CH3NH3PbI3 perovskite constituents through evaporation. These results 

indicate that the annealing processes should be carried out in compliance with the 

perovskite material properties, and the optimal synergy of the applied heat flux and 

exposure time is pivotal for PSCs maximized stability and efficiency. 

 

Figure 5.2. DSC-TGA curves for 1.4 M solutions of A) CH3NH3I; B) PbI2; and C) mixed 

CH3NH3PbI3 perovskite in DMF-DMSO-CH2I2. 

5.4. Annealing Approaches 

      To carry out the study, the supersaturated perovskite intermediate, formed by using 

toluene antisolvent during the spin-coating process, was rapidly annealed through uniform 

and gradient flashing approaches using IPL. The uniform flash annealing (UFA) was 

carried out by applying five similar flashes, each with the duration and delay time between 

flashes of t and D, respectively. The gradient flash annealing (GFA) was carried out 

through two sequential flashing steps consisted of a primary and a secondary annealing 

step, each consisted of five flashes with a fixed duration of t1 and t2, and interval time 



 

98 
 

 

between flashes of D1 and D2, respectively. The flash duration for a constant applied 

voltage determined the released energy; hence, t1 was set shorter for the primary annealing 

to apply lower energy in this step. The schematic indicating the IPL parameters of the two 

annealing approaches is shown in Fig. 5.3. 

 

Figure 5.3. Schematic showing the IPL parameters for A) UFA; and B) GFA. 

5.5. Morphology of Uniform Flash Annealed Perovskite Films 

      The fabrication was initiated by IPL annealing of the SnO2 ETL similar to the work 

introduced in previous chapter [297] followed by rapid annealing of the CH3NH3PbI3 

perovskite intermediate through IPL. In the first stage, the perovskite films were annealed 

through UFA by applying only five flashes, each carrying 400 J energy (1.72 J/cm2) and 

one second delay time between flashes, to anneal the perovskite films in almost 4 seconds 

as was utilized for IPL annealing of the perovskite film in the previous chapter. Fig. 5.4(A-

C) shows the evolution of intermediate phase during IPL annealing. Upon spin-coating, the 

film was transparent and was associated with the intermediate phase (Fig. 5.4(A)). Fig. 

5.4(B) shows the quality of perovskite film after applying three flashes indicating mixed 

yellow and black phases, and Fig. 5.4(C) shows the formation of darker films after five 

flashes. This evolution of the film mimics the transformation results using traditional 

hotplate annealing techniques [317]. Top surface SEM images corresponding to the as-
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deposited, three, and five flashes demonstrate the morphology evolution of the perovskite 

films annealed through different flash counts (Fig. 5.4(D-F)). Fig. 5.4(D) shows the 

morphology of intermediate phase formed upon spin-coating. Upon annealing with three 

flashes, larger crystals with several observable defect states were formed which indicated 

that the applied photons were absorbed by the intermediate phase, converted to phonons, 

and aided grain growth through diffusion [318-322]. Further pulse count increase to five 

resulted in larger grains with very few defects on the surface, and pulse counts more than 

five damaged the film which can indicate material degradation due to excess annealing. 

For comparison, Fig. 5.4(G-I) shows the top surface SEM images indicating the 

morphology evolution of perovskite films when annealed through 30 seconds hotplate pre-

annealing as was utilized in the previous chapter and introduced to remove the solvents 

and form the perovskite impure black phase prior to final IPL annealing [254, 297]. The 

images show diminishing dendrites upon further annealing and elimination of the dendrite 

structures upon 30 seconds. The comparison of short-term hotplate and uniform flash 

annealed perovskite films delineated similar morphology with a mixture of small and large 

grains, indicating that UFA is unable to achieve the desired morphology. 
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Figure 5.4. Evolution and top surface SEM images of the perovskite film A,D) upon spin-

coating; after B,E) three, and C,F) five flashes through UFA; and G) 10, H) 20, and I) 30 

seconds of hotplate annealing. 

5.6. Morphology of Gradient Flash Annealed Perovskite Films 

      The UFA method was able to anneal the films; however, they were observed to have a 

more optically matte finish which would indicate a rougher surface; hence, unoptimized 

annealing. To enable controlled annealing, the GFA approach, consisted of consecutive 

primary and secondary annealing steps, was utilized. In the former step, five flashes each 

carrying 200 J energy (0.86 J/cm2) and 250 ms delay time between flashes was applied to 
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the as-deposited perovskite films, and five flashes each carrying 400 J energy (1.72 J/cm2) 

and one second delay time between flashes, similar to UFA, was applied to the films in the 

latter step to accomplish the perovskite film annealing in about 6 seconds. Fig. 5.5(A-C) 

shows the evolution of perovskite film upon GFA, indicating darker films after each 

annealing stage. Compared to the indicated morphology in Fig. 5.4(B,E), the primary 

annealing step (Fig. 5.5(B)) formed a rough pale brown film which can be attributed to the 

incomplete formation of the perovskite black phase upon low heat flux exposure in this 

step. Upon completion of the secondary annealing stage, dark brown films with ultra-

smooth quality were obtained which indicated the formation of favorable perovskite black 

phase. To investigate film morphology, top surface SEM images of the films were obtained 

and are shown in Fig. 5.5(D-F). Similar to UFA, as shown in Fig. 5.5(E), the primary 

annealing stage resulted in small grains with pinholes, indicating incomplete thin film 

annealing. In addition, the morphology indicated a monolithic ribbon with undetectable 

grains which can be attributed to the perovskite intermediate phase. As shown in Fig, 

5.5(F), upon completion of the secondary annealing step, the entire intermediate phase was 

eliminated and continuous perovskite morphology with well-developed grains was formed. 

This indicates gradual consumption of the intermediate phase to develop grains during the 

primary and secondary annealing steps, thus, transforming the yellow intermediate to 

perovskite black phase with superior morphology and conforms with other reports [318]. 

It can be clearly observed from the top surface SEM images that the GFA resulted in well-

bound grains with more uniformity which excels the obtained morphology showed in Fig. 

5.4(F,I) with inconsistent grain growth and a mixture of small and large grains. As shown 

in Fig. 5.5(G,H) the ImageJ analysis indicated an average grain size of 196 and 251 nm for 
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the perovskite films processed through UFA and GFA, respectively, indicating 28% 

growth. Similarly, the average grain size of perovskite films annealed through 3 flashes of 

UFA and primary step of the GFA were found 158 and 150 nm, respectively. 

 

 

Figure 5.5. Evolution and top surface SEM images of the perovskite film A,D) upon spin-

coating; after B,E) primary, and C,F) secondary annealing steps of GFA; G,H) Grain size 

histograms for perovskite films annealed through UFA and GFA. 

 

5.7.  Role of Flash Delay Time on Perovskite Morphology 
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      To understand how the interval time between flashes influenced the perovskite black 

phase formation, three different IPL parameters with merely different interval time 

between flashes were applied. The three conditions had the similar total pulse counts of 10, 

as well as the 200 J (0.872 J/cm2) and 400 J (1.74 J/cm2) energy during GFA, but different 

interval times of 100 ms – 500 ms, 100 ms – 1000 ms, and 250 ms – 500ms, in which, the 

first and second values represent the interval time between flashes for the primary and 

secondary annealing steps, respectively. Fig. 5.6(A,D) and Fig. 5.6(B,E) show the 

evolution and SEM images of 100 ms – 500 ms and 100 ms – 1000 ms interval time 

conditions for GFA. It can be clearly observed that both interval times were unable to 

convert the adduct to perovskite black phase which, in addition to the results obtained from 

UFA, indicates that the ultrashort interval time of 100 ms was not providing enough time 

to evaporate the adduct solvent during annealing. Similarly, as shown in Fig. 5.6(C,F), 

shorter interval time of 500 ms for the secondary annealing stage revealed a mixture of 

black and yellow phases with several defect states and undeveloped grains for the 250 ms 

– 500 ms interval time condition which emphasizes the significance of delay time on 

solvent evaporation during IPL annealing. Therefore, in addition to heat flux, the rate of 

solvent evaporation between flashes plays a significant role on tuning the crystallization 

and forming pure perovskite black phase.  
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Figure 5.6. Images indicating the quality of obtained perovskite black phase for different 

intervals of A,D) 100 ms – 500 ms; B,E) 100 ms – 1000 ms; and C,F) 250 ms – 500 ms 

during GFA. 

5.8. Crystallography of Uniform and Gradient Flash Annealed Perovskite Films 

      Fig. 5.7(A,B) shows XRD patterns of the FTO/SnO2/perovskite structure for each 

annealing stage where the intense 2θ peaks (marked with ▪) around 26.5°, 33.7°, 37.7°, 

38.65°, 42.5°, 51.5°, and 54.5° are assigned to (110), (101), (200), (111), (210), (211), and 

(220) FTO/SnO2 tetragonal rutile crystal planes (JCPDS 41–1445), and the peaks (marked 

with *) around 14.1°, 20°, 23.5°, 24.45°, 28.4°, 31.86°, 34.94°, 40.7°, 43.15°, and 50.2° 

are attributed to (110), (112), (211), (202), (220), (310), (312), (224), (314), and (404) 

crystal planes, indicating perovskite tetragonal structure. The distinct low intensity 2θ peak 

(marked with ○) for the as-deposited perovskite films at 11.8° is assigned to 2H, and the 

peaks at 12.95° and 13.25° can be assigned to the 4H Ramsdell notations [323] indicating 
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hexagonal crystal system with P63/mmc space group of the perovskite intermediate phase 

[324]. As shown in Fig. 5.7(A), upon annealing through three flashes during UFA, the 

major perovskite peaks at 14.1° and 28.4° emerged, and the distinctive 2H and 4H 

polytypes were replaced with a PbI2 peak (marked with +) at 12.4° which indicated that the 

applied heat flux was excessive and, despite transforming the intermediate to the perovskite 

black phase, resulted in considerable intermediate phase evaporation, particularly the 

solvents and CH3NH3I phase. Further IPL exposure to five flashes increased the intensity 

of perovskite black peaks and eliminated the intermediate and PbI2 phases which can 

indicate fabrication of 3R(3C) pure black phase polytype. Interestingly, the evolution of 

perovskite phase during GFA presented a slightly different conversion process. As 

indicated in Fig. 5.7(B), the intermediate phase is remained after primary annealing stage 

and the intensity of the major perovskite black phase peaks is lower compared to the three 

pulses stage during UFA which is consistent with the evolution of perovskite films showed 

in Fig. 5.4(B) and Fig. 5.5(B), and can be attributed to the lower exposed IPL energy during 

this stage to retard the evaporation [318]. Upon completion of the GFA process, the 

developed films revealed 1.45 times enhanced intensity compared to the UFA which can 

be attributed to the retarded evaporation and, thus, possible intercalation of CH3NH3I phase 

to develop the perovskite black phase with better crystallinity. This is consistent with the 

obtained PL, UV-Vis, and SEM images with ununiform grain sizes and defect states for 

UFA and indicates how the primary annealing step played a significant role on 

crystallization. Similar to UFA, the resulted films did not reveal any PbI2 peaks after GFA 

which can indicate the formation of pure perovskite black 3R(3C) polytype. Both IPL 

annealing methods unraveled 2H → 6H → 3R(3C) conversion sequence and is consistent 
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with other reports [324]. For better clarification, the ratio of the major perovskite (110) 

plane to FTO (110) plane is shown in Fig. 5.7(C). 

  

 

Figure 5.7. XRD patterns of IPL annealed perovskite films through A) UFA; and B) GFA; 

C) ratio of perovskite to FTO (110) planes. 
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      To further investigate the crystallization kinetics of the perovskite films annealed with 

different delay time between flashes during GFA, XRD patterns delineating the phase 

purity of annealed films were obtained and the results are shown in Fig. 5.8. Unlike  the 

formation of pure perovskite phase in Fig. 5.7, all XRD patterns indicated PbI2 and 2H 

intermediate phases upon annealing, indicating inadequate crystallization of the perovskite 

films when annealed through 100 ms – 500 ms, 100 ms – 1000 ms, and 250 ms – 500 ms 

conditions. These observations along with the morphology inspection results indicate that 

the 250 ms – 1000 ms delay time between flashes is the optimal condition to develop high 

quality perovskite films with pure black phase. Therefore, the spectrophotometry and 

voltammetry results will be investigated only for the UFA and the optimum GFA condition. 

 

Figure 5.8. XRD patterns of the perovskite films annealed through different flash delay 

times during GFA. 
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5.9. Spectrophotometry of IPL Annealed Perovskite Films 

      UV-Vis absorption of the perovskite films can provide further information about the 

morphology and consistency of films over larger areas and the films ability to absorb the 

IPL energetic photons. As shown in Fig. 5.9(A), the as-deposited film indicated little 

absorbance within the visible and near IR range and a high absorption close to UV spectrum 

which can be attributed to the photon absorption by the PbI2 phase [325]. These films are 

a challenge to initiate the perovskite film formation as they do not absorb much of the IPL 

energetic photons. During the IPL process, the films progressively absorbed more of the 

visible energy which is consistent with the formation of darker films and elimination of 

pinholes and defects showed in Fig. 5.4 and 5.5. However, the GFA method showed higher 

absorption which can indicate the significance of primary annealing stage contributing to 

the enhanced phase and morphology of the perovskite film and is consistent with the XRD 

patterns showed in Fig. 5.7 and Fig. 5.8. To better determine the thin film quality, the PL 

peak of IPL annealed perovskite films was obtained. As shown in Fig. 6.7(B), the 

perovskite films annealed through GFA depicted the strongest peak, which can be 

attributed to enhanced charge carrier generation and diminished non-radiative 

recombination in the annealed film [326]. For all annealing stages, the PL peaks indicated 

a constant bandgap of 1.6 eV which is consistent with other reports [326, 327]. However, 

the primary annealing stage of GFA demonstrated a slight blueshift with the lowest peak 

intensity, indicating higher perovskite bandgap due to the existence of unconverted 

perovskite yellow adduct at this stage and is consistent with the and SEM, XRD, and UV-

vis results showed previously as well as other reports [328]. These indicate that the primary 

annealing stage was acting as a foundation to initiate solvent evaporation and yield 
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adequate crystal growth throughout the entire annealing process by controlling the 

diffusion rate and, in turn, the crystallization pace, and is consistent with other reports [229, 

310, 329]. 

 

Figure 5.9. A) UV-vis spectra; and B) PL peak of the IPL annealed perovskite films. 

5.10. Voltammetry of Uniform and Gradient Flash Annealed PSCs  

      The material characterization study indicated successful fabrication of perovskite films 

for UFA as well as the GFA method with 250 ms - 1000 ms interval time condition. To 

determine performance, the forward and reverse scan J-V curves indicating the 

photovoltaic parameters of fabricated PSCs were obtained. As shown in Fig. 5.10, the 

maximum PCE of fabricated solar cells were found for the reverse scans exhibiting the 

open circuit voltage (VOC), short circuit current (JSC), power conversion efficiency (PCE), 

and fill factor (FF) of 0.85V, 15.59 mA/cm2, 9.27%, and 69.92%, for the champion PSC 

fabricated through UFA, and were increased to 0.91V, 19.17 mA/cm2, 11.75%, and 68% 

when annealed through GFA, respectively, indicating 26.75% performance improvement 

when fabricated in a high humid ambient environment (>60%). The summary of the 
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photovoltaic parameters for five devices fabricated in each condition is shown in Table 5.1 

which indicates average VOC, JSC, PCE, and FF of 0.873 V, 14.58 mA/cm2, 8.67%, and 

68.15% for UFA, and 0.8887 V, 19.11 mA/cm2, 11.23%, and 66.59% for GFA, 

respectively. Notably, the obtained VOC is lower than the reported values in previous works 

which can be attributed to the type of Spiro-MeOTAD used in this study and conforms 

with other reports [330]. The statistical results show that the enhanced current density was 

the most impacting factor on device efficiency which can be attributed to the enhanced 

crystallinity and morphology of the perovskite films obtained through GFA method.  

 

Figure 5.10. J-V curves of champion PSCs annealed through UFA and GFA. 
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Table 5.1. Average photovoltaic parameters for five PSCs annealed through UFA and GFA 

methods. 

Annealing Method VOC (V) JSC (mA/cm2) PCE (%) FF (%) 

UFA 0.873 ± 0.016 14.58 ± 0.75 8.67 ± 0.35 68.15 ± 1.72 

GFA 0.887 ± 0.017 19.11 ± 0.46 11.23 ± 0.60 66.59 2.16 

 

5.11. IPL Temperature Measurement and Simulation 

      To better understand the impact of IPL parameters on grain growth and morphology 

evolution, the flash peak temperature during IPL annealing was measured and the results 

were compared to a 2D FEA using ANSYS to estimate and validate the peak temperature 

rise at the perovskite films as described in chapter 3. 

      Fig. 5.11 shows the experimental and simulation results demonstrating the thermal 

response measured by the thermocouple located on top of the perovskite film during IPL 

annealing. As shown in Fig. 5.11(A), experimental and simulation results for UFA resulted 

in the peak temperatures between 760-820°C as the flashes progress, and the measured 

temperatures through experiment were within less than 5% of the simulation results. The 

delay time between flashes allowed for the film temperature to recover towards ambient 

with each subsequent flash increasing this resting temperature about 10-20°C. The 

reduction in temperature was primarily a result of the thermal diffusivity (k/ρCp) and heat 

capacity (mCp) of the glass substrate to quickly transfer the heat from the perovskite film. 

Heat transfer to the surroundings through convection and radiation completed the rapid 

temperature decline following each flash. The broader temperature signal fall-off for the 
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experimental results is attributed to the high and low pass filtering of the amplifier as well 

as the mass of thermocouple. Similarly, simulation results indicated peak temperatures 

between 500-540°C for the primary annealing step, and 800-830°C for the secondary 

annealing step during GFA (Fig. 5.11(B)). In turn, the measured temperatures from 

experimental setup indicated the maximum temperatures between 480-590°C for the 

primary annealing, and between 740-840°C for the secondary annealing step, indicating 

less than 13.6% variation to the simulation results, and is consistent with other reports [237, 

331]. The results indicated that the surface temperature reached to nearly 800°C which was 

over 5 times higher than the 150°C degradation temperature of the CH3NH3PbI3 black 

phase, and even exceeded the 650°C evaporation temperature of the entire perovskite 

phases unraveled through TGA/DSC. Therefore, the time dependent temperature 

determines the phase and morphology evolution of perovskite films during IPL annealing.  
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Figure 5.11. Experimental and numerical results demonstrating the maximum temperature 

rise reaching to the perovskite film for A) UFA, and B) GFA.   

      Fig. 5.12 shows the thermal response of thermocouple for the interval times of 100 ms, 

and 250 ms in the primary annealing step, as well as 500 ms and 1000 ms in the secondary 

annealing step of GFA. As shown in Fig. 5.12(A,C), the ultrashort interval of 100 ms 

indicated slightly higher temperatures than the 250 ms interval, reaching to almost 600°C, 
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which can indicate the predominating effect of the applied heat flux to natural convection 

during the delay time on elevating the surface temperature. Surprisingly, 500 ms interval 

for the secondary annealing step flashes indicated a lower peak temperature, reaching to 

about 650°C at the end of the annealing process and is consistent with the observed poor 

morphology and incomplete phase transformation in Fig. 5.6. This can be attributed to the 

hampered solvent evaporation as the result of insufficient delay time between flashes. 

Notably, the temperature survey of the secondary annealing stage showed in Fig. 5.12(B) 

is similar to Fig. 5.11(B); however, as was previous shown in Fig. 5.6, the 100 ms interval 

hindered achieving perovskite pure black phase with superior morphology which indicates 

the significance of solvent evaporation and phase transformation between flashes. Despite 

increasing the surface temperature, ultrashort delay times indicated poor morphology 

which is probably due to incomplete diffusion of species at these short time scales. 

Therefore, a compromise of heat flux and time is necessary to obtain superior morphology 

and pure perovskite black phase.  

 

Figure 5.12. Temperature results at the surface of perovskite film annealed through GFA 

with different flash delay times of A) 100 ms – 500 ms; B) 100 ms – 1000 ms; and C) 250 

ms – 500 ms. 
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5.12. Arrhenius plots for Uniform and Gradient Annealing  

      To realize how GFA could enhance the morphology and performance of PSCs, the 

estimated activation energy for grain boundary mobility was calculated using the Arrhenius 

equation which was shown to be dependent on temperature and thermal diffusivity in 

chapter 2. Fig. 5.13 shows the logarithmic plot of grain size (Ø) versus flash duration (t), 

where the slope indicates grain growth exponent (n) and is used to estimate the thermal 

diffusivity. The plots indicated almost similar slopes, indicating n=0.5 for both annealing 

approaches. 

 

Figure 5.13. Logarithmic plot of grain size versus IPL duration for UFA and GFA. 

      Fig. 5.14 demonstrates the Arrhenius plots for UFA and GFA approaches, in which, 

the slope of graphs is determinative of the grain boundary mobility activation energy. The 

plots revealed nearby activation energies, indicating one-step increase of 47 kJ.mol-1 during 

UFA and a two-step increase of 55 kJ.mol-1 followed by a mild steep of 0.5 kJ.mol-1 for 
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the primary and secondary annealing steps during GFA, respectively. These results 

conform with the illustrated characterization results and can be attributed to the shrinkage 

of activation energy during GFA which implemented three significant roles to enhance the 

PSC performance. First, the lower applied temperature during primary annealing step of 

GFA mitigated the diffusion rate according to the Fick’s law of diffusion [318] and, in turn, 

enabled controlled grain growth. Second, in addition to the diminished diffusion rate, the 

primary step during GFA retarded the crystallization pace as the result of providing longer 

overall annealing time of about 6 seconds during GFA approach compared to 4 seconds 

during UFA. Third, unlike UFA which rapidly induced high temperatures in a shorter time, 

the Arrhenius plot shrinkage during GFA regulated solvent evaporation, thus, enabled 

adequate solvent evaporation with respect to phase transformation during annealing which 

is consistent with phase transformation through XRD. The synergy of all these parameters 

indicates how the exerted photon flux and time through GFA could improve the perovskite 

morphology and impact PSC performance. 

 

Figure 5.14. Arrhenius plots for UFA and GFA. 
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5.13. Conclusion 

      The rapid fabrication of CH3NH3PbI3 perovskite thin films entirely through IPL 

annealing was introduced by comparing the UFA with phased GFA approach consisted of 

primary and secondary annealing steps. The maximum device efficiency was enhanced 

from 9.27% to 11.75% when a primary annealing step with energy flux as low as 200 

J/pulse (0.86 J/cm2) was applied before the secondary annealing step with 400 J/pulse (1.72 

J/cm2). The simulation and experimental results indicated achieving high temperatures 

during IPL annealing, surpassing 800°C, which exceeded 650°C, where the perovskite was 

shown to entirely vanish through evaporation. However, the ultrashort exposure along with 

the application of a gradient approach could successfully develop pure perovskite black 

phase with superior morphology. The low-quality perovskite morphology obtained after 

UFA was found to be dependent on the exertion of an intense activation energy on the 

perovskite adduct which rapidly evaporated the intermediate phases before being 

consumed for perovskite black phase formation. In contrast, the higher performance of 

PSCs annealed through GFA was attributed to the regulated atomic diffusion rate to retard 

the crystallization pace as the result of activation energy shrinkage, exerting 55 and 0.5 

kJ.mol-1 for the primary and secondary annealing steps during GFA, respectively. In 

addition to the photothermal effect, the interval time between flashes determined the phase 

transformation and morphology evolution during IPL annealing. Ultrashort interval of 100 

ms increased the surface temperature but was unable to provide superior perovskite black 

phase upon annealing which signified the importance of solvent evaporation between 

flashes. Similarly, despite exceeding 650°C, the shorter interval time of 500 ms for the 

secondary annealing stage impeded the formation of pure perovskite black phase with 
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ultra-smooth morphology as the result of insufficient solvent evaporation during IPL 

annealing. The GFA condition with 250 ms – 1000 ms interval between flashes leaded to 

the optimal PSC performance as the result of obtaining better perovskite morphologies 

through retarded crystallization, regulated atomic diffusion rate, and sufficient evaporation 

between each flashing. The utilization of GFA technique reduced the perovskite film 

annealing time to about 10 seconds after deposition. This study demonstrated the rapid 

fabrication of PSCs through direct IPL annealing of both the SnO2 ETL and perovskite 

absorber film which is applicable for low-cost, large-scale, and high-speed automated 

fabrication of PSCs. 



 

119 
 

 

6. CHAPTER VI:                                                                                                            

AUTOMATED FABRICATION OF PSC  

6.1. Introduction 

      Previous chapters increased the pace of PSC fabrication through IPL annealing of the 

SnO2 and perovskite films which is amenable for high throughput scalable manufacturing 

of PSCs. However, all devices yet required the expensive Spiro-MeOTAD HTL requiring 

a nitrogen environment for deposition as well as a metal back-contact electrode requiring 

vacuum evaporation or sputtering deposition which are not adaptable for high-speed 

automation. As previously mentioned in chapter 2, carbon composite films consisted of 

graphite, carbon black (CB), have garnered a great attention for PSCs due to their good 

conductivity, low-cost, and suitable band energy alignment with the perovskite film; hence 

they can be a potential replacement to Spiro-MeOTAD HTL and metal back-contacts. 

These films are fabricated by depositing a carbon composite ink or paste followed by a 

post-deposition high-temperature annealing, and the perovskite solution is then 

incorporated into the annealed carbon film, or before the perovskite film, where the carbon 

films are deposited on the perovskite layer followed by a lower temperature annealing. In 

the pioneering works utilized the former approach to fabricate the carbon based PSCs, in 

which, the carbon films were deposited on top of a high temperature annealed TiO2 and a 

passivating ZrO2 film that impeded the direct contact between the TiO2 ETL and carbon 

back-contact, and annealed at about 400°C for 30 min [332-335].



 

120 
 

 

However, the prolong high temperature annealing is not amenable for rapid and low-cost 

fabrication of PSCs and is not applicable on plastic substrates. To address this issue, other 

studies introduced depositing carbon directly on the perovskite layer, with and without an 

interfacial HTL, followed by low temperature annealing in a few minutes to accomplish 

faster and more facile fabrication of PSCs [336, 337]. This method is applicable for 

scalable deposition of PSCs; however, as mentioned in chapter 2, the annealing process 

lasts for a couple minutes which is not favorable for high-throughput manufacturing. 

Therefore, it is necessary to utilize other annealing approaches, such as IPL, to allow for 

successful fabrication of carbon-based PSCs in a short period. This chapter introduces a 

non-roll-to-roll scalable platform to fabricate charge transport films of PSCs in a humid 

ambient environment (>60%) using an inkjet printhead and IPL annealing.  

      To realize automated fabrication of the PSCs with required control of the printing and 

IPL annealing processes, a testbed, a custom designed “NEXUS” system integrating 

robotics, motion control, and additive manufacturing tools is proposed. The NEXUS is a 

novel instrument under development for flexible multiscale manufacturing by 

implementing precision robotic assembly, additive manufacturing, and multiscale 

integration of miniature devices and systems. NEXUS system includes various subsystems 

such as a Pico Pulse inkjet printhead from Nordson and Xenon Corporation IPL system 

combined with custom 6 Degree of Freedom (DOF) robotic positioner allowing not only 

fast transport of the samples between the processing tools (IPL and Pico Pulse), but also 

precise motion control during printing. Several additive 
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manufacturing techniques, such as a dual-head fused deposition modeling (FDM) 3D 

printing [338] and additive manufacturing subsystems integrating aerosol jetting and 

dispenser auger valve [339], have so far been investigated for the NEXUS. Furthermore, a 

novel bonding process has been developed utilizing ultrasonic vibration technique to 

embed metal wire in a polymer [340, 341].  

      This chapter spans the fabrication of SnO2 ETL as well as the carbon back contact 

electrodes on CH3NH3PbI3 perovskite films using the NEXUS robotic setup. The study 

initially demonstrates the successful fabrication of SnO2 ETL through inkjet deposition 

followed by optimized IPL annealing of the film as introduced in chapter 4 through 

fabricating conventional PSCs with Spiro-MeOTAD HTL and gold back-contacts. Finally, 

carbon PSCs are fabricated by inkjet depositing the custom developed carbon ink on the 

perovskite films as processed in chapter 5. This chapter demonstrates automated 

fabrication of PSCs utilizing carbon back-contacts that enable rapid successful atmospheric 

processing of PSCs through a non-roll-to-roll setup. 

6.2. Inkjet Printhead Mechanism 

      The printing is carried out using a Nordson pico-pulse system with piezoelectric 

mechanism actuating a needle valve that can dispense micron size droplets; hence, 

optimizing the actuation parameters is important to obtain the desired thin film uniformity 

and morphology. Fig. 6.1 shows the structure as well as functionality of the piezoelectric 

mechanism of the inkjet printhead. At the start of a cycle, the valve is closed by the needle 

as the result of applied voltage to the actuating mechanism (Fig. 6.1(A)). As the voltage is 

adjusted, the needle will retract a distance, where the stroke length is related to the applied 

voltage, allowing pressurized fluid to be expelled (Fig. 6.1(B)). The full cycle of the valve 
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is shown in Fig. 6.1(C), where the applied voltage, actuation speed (opening and closing 

time of the valve), and piezoelectric frequency (delay time between droplet dispensing) 

influence the film uniformity. 

 

 

Figure 6.1. Schematic of the inkjet printhead showing the needle in A) Closed; B) Open 

position as controlled by the applied voltage. C) Actuation behavior of the needle for one 

cycle. 

      The piezoelectric inkjet system is capable of dispensing micron-size droplets in a 

specific period where the droplets coalesce to form bulk lines, which is driven by the 

precursor  properties, such as viscosity, concentration, surface tension, as well as actuation 



 

123 
 

 

parameters to develop uniform  films with good morphology.  For both depositions, the 

stroke and frequency of the printhead  as well as line distancing is studied to create 

continuous films with desired thickness. 

6.3. SnO2 Inkjet Deposition 

      Fig. 6.2 shows the top surface microscope images indicating the quality of printed SnO2 

lines at a constant dispensing frequency of 40 Hz but different stroke percentages, defined 

as the ratio of needle retraction from the full retraction range. As indicated, low stroke 

percentage of 45% (Fig. 6.2(A)) resulted in isolated droplets with an average diameter of 

90 µm which can be attributed to the insufficient force to allow for uniform distribution of 

droplets on the substrate. Increasing the stroke to 50% resulted in continuous lines with an 

average width of 310 µm but with  irregular edges (Fig. 6.2(B)). At 55% stroke (Fig. 

6.2(C)), uniform lines with 350 µm width were deposited. The formation of continuous 

lines after 50% stroke can be attributed to the deposition robustness as the result of more 

forceful dispensing at a higher stroke, and the formation of wider lines with straight edges 

at the 55% stroke can be attributed to the coalescence of larger volume droplets adjusting 

the line quality. Notably, as shown in Fig. 6.2(D), increasing the stroke to 60% resulted in 

a nonuniform line with 400 µm width and numerous surrounding random droplets, 

indicating the printing of SnO2 at an extreme stroke.  

      Dispensing frequency determines the number of dispensing droplets in a particular area 

during deposition, thus, playing a significant role on the printing quality. Fig. 6.2(E,F) 

shows the quality of printed SnO2 at the optimal stroke of 55% but with  different 

frequencies. As indicated, at 25 Hz (Fig. 6.2(E)) the print exhibited an irregular line with 

453 µm width, whereas  an inhomogeneous line with 872 µm width was formed at 100 Hz 
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(Fig. 6.2(F)), indicating over deposition of the material. These results suggest that the 

stroke and frequency of 55% and 40 Hz are the optimum parameters and are selected to 

print the SnO2 films for PSC fabrication.  

 

Figure 6.2. Microscope images showing the quality of printed SnO2 lines at different 

strokes of A) 45%; B) 50%; C) 55%; and D) 60% within a constant frequency of 40 Hz, as 

well as E) 25; and F) 100 Hz at the constant stroke of 55%. Scale bar = 1 mm. 

      Besides optimization of the printhead parameters, line distance, determining the 

distance between two adjacent printed lines, plays a significant role on forming continuous 

films. To carry out the line distancing study, four different line distances of 350, 525, 700, 

and 875 µm were selected to deposit the SnO2 films. The line distances of 350 µm (Fig. 

6.3(A)) and 525 µm (Fig. 6.3(B)) developed continuous films; However, they resulted in a 
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nonuniform morphology upon IPL annealing due to the Marangoni effect caused by the 

evaporation of thicker wet films at closer line distances. At 700 µm (Fig. 6.3(C)), an 

average 40 nm thick continuous film with uniform morphology was obtained which can be 

attributed to the formation of SnO2 films from thinner wet films upon annealing. Notably, 

at 875 µm (Fig. 6.3(D)) the lines did not merge to form uniform films; hence, the line 

distancing of 700 µm was selected to fabricate SnO2 films for PSCs. 

 

Figure 6.3. Microscope images showing the morphology of printed SnO2 films at A) 350; 

B) 525; C) 700; and D) 875 µm line distancing. Scale bar = 1 mm. 

      The current study investigated the formation of a 2 cm side length squared area SnO2 

film at a deposition speed of 5 mm/s. Table 6.1 shows the approximate deposition times of 

SnO2 films over larger areas and higher deposition speeds at the optimum line distancing 

of 700 µm which can be used to estimate the processing time of the robotic setup on the 

scalability of SnO2 film. 
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Table 6.1. Estimated printing times for different areas of SnO2 and printing speeds. 

 

 

 

 

 

6.4. Characterization of CH3NH3PbI3 Perovskite 

      To examine the successful fabrication of SnO2 films, PL peaks indicating the charge 

transfer capability at SnO2/perovskite interface is shown in Fig. 6.4(A), where the SnO2 

film is inkjet printed on FTO-glass substrates followed by direct IPL annealing. As 

previously reported, IPL releases intense flashes carrying energetic photons that once 

absorbed by the material, converts into phonons that aid crystallizing the material, enabling 

charge transport [297, 342, 343]. The intensity of the PL peak is considerably higher for 

the perovskite films deposited on FTO-glass than on IPL annealed SnO2 films, revealing 

facilitated charge transfer at the perovskite/SnO2 interface upon annealing. The PL peaks 

revealed no peak shift, indicating a constant bandgap of 1.6 eV for the CH3NH3PbI3 

perovskite film [344, 345]. XRD patterns showing the phase purity of the processed 

perovskite is shown in Fig. 6.4(B), where the film is processed as stated in chapter 5 [342]. 

The intense 2θ peaks around 14.1°, 20°, 23.5°, 24.45°, 28.4°, 31.86°, 34.94°, 40.7°, 43.15°, 

and 50.2° indicate (110), (112), (211), (202), (220), (310), (312), (224), (314), and (404) 

crystal planes of perovskite tetragonal structure, and the peaks around 26.5°, 33.7°, 37.7°, 
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42.5°, 51.5°, and 54.5° are assigned to (110), (101), (200), (210), (211), and (220) 

FTO/SnO2 tetragonal rutile crystal planes (JCPDS 41–1445). The XRD pattern revealed 

no PbI2 peaks at 12.4° [346, 347], indicating fabrication of pure perovskite black phase and 

evaporation of the water content during IPL annealing of SnO2. In addition, the high UV-

vis spectra showed in Fig. 6.4(C) reveals high photo absorption by the perovskite film 

within visible to near UV spectrum. Fig. 6.4(D) shows the top surface SEM image of the 

processed perovskite film, indicating a continuous morphology and bound grains which, in 

addition to the XRD and UV-Vis results, indicates successful fabrication of the pure 

CH3NH3PbI3 perovskite phase. 
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Figure 6.4. A) PL peaks of the perovskite film deposited on FTO-glass and SnO2 coated 

FTO-glass; B) XRD pattern; C) UV-Vis spectra; and D) SEM image of the processed 

perovskite film (Scale bar = 1 µm). 

6.5. Inkjet Printing of Carbon 

      To complete device fabrication, carbon films were deposited on top of the perovskite 

film by inkjet printing and annealed by IPL. Fig. 6.5 shows optical microscope images of 

printed carbon at 5X magnification, indicating the impact of three applied strokes at a 

constant frequency of 25 Hz on the quality of printed lines. As shown in Fig. 6.5(A), the 

60% stroke resulted in nonuniform drop dispensing, whereas higher strokes of 65% (Fig. 

6.5(B)), and 70% (Fig. 6.5(C)) developed continuous films with 570 and 1000 µm width, 

respectively. Notably, increasing the stroke increased the irregularity of the lines at the 
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edges. Fig. 6.5(C-D) shows the quality of printed carbon using different dispensing 

frequencies at the constant dispensing stroke of 65%. At the lowest applied frequency of 

10 Hz (Fig. 6.5(D)), nearly perfect droplets with 631 µm diameter were formed; however, 

the droplets did not merge. At 25 Hz, continuous lines with nonuniform edges were formed 

which was previously shown in Fig. 6.5(B). Increasing the frequency to 40 Hz resulted in 

straight edge continuous lines with 668 µm width (Fig. 6.5(E)); however, at a high 

frequency of 100 Hz, the film width increased to 1144 µm and irregular boundaries with 

random droplets were observed which can be attributed to the excess deposition of the 

material at extreme deposition frequency (Fig. 6.5(F)). These results indicted optimum 

deposition of both SnO2 and carbon films at 40 Hz; however, optimum carbon deposition 

required 10% higher stroke which can be attributed to the higher viscosity of the developed 

carbon ink compared to SnO2. 

 

Figure 6.5. Microscope images showing the quality of printed carbon lines at different 

strokes of A) 60%; B) 65%; and C) 70% within a constant frequency of 25 Hz, as well as 

D) 10; E) 40; and E) 100 Hz at the constant stroke of 65%. Scale bar = 1 mm. 
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      To develop films, the previously determined optimum dispensing parameters were 

utilized to print the carbon ink in a maze pathway; hence, the distance between printed 

lines play a significant role on the morphology and thickness of films. Fig. 6.6 shows the 

top surface microscope images at 5X magnification indicating the morphology of  printed 

carbon films at line distances of 350, 525, 700, and 875 µm. As shown in Fig. 6.6(A-C), 

the line distances of 350, 525, and 700 µm  indicated uniform morphologies; however, the 

film became discontinuous at the higher distance of 875 µm (Fig. 6.6(D)). As indicated in 

Fig. 6.6(E-G), the films printed at the line distancing of 350, 525, and 700 µm, resulted in 

films with 9.45, 7.20, and 5.50 µm average thickness upon drying, indicating thicker films 

at shorter distances as the result of more material deposition. Notably, the morphology 

spectra of the scanned films revealed no irregularities which indicates merging of the lines 

and successful formation of carbon films. The conductivity of the naturally dried carbon 

films was measured using four-point probe and the results are summarized in Table 6.2. 

The thicker films formed at shorter line distances indicated higher conductivity; however, 

the conductivity was considerably increased for the 9.45 µm thick films, indicating 279 

and 43.9 S/m difference to the films printed at 525 and 700 µm, respectively. These results 

are consistent with other reports indicating 9-10 µm as the optimum thickness for carbon 

films in PSCs [153, 333]. 
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Figure 6.6. Microscope images and profilometer spectra showing the top surface image 

and morphology of printed carbon films at A,E) 350; B,F) 525; C,G) 700; and D) 875 µm 

line distancing. Scale bar = 1 mm. 

Table 6.2. Resistance and conductivity of naturally dried carbon films printed at different 

line distances. 

 

 

      In this study, 2 cm side length squared area carbon films were printed at the linear speed 

of 5 mm/s through a serpentine pathway. Table 6.3 shows the approximate deposition times 

of carbon films over various areas and deposition speeds at the optimum line distancing of 

350 µm which can be used to estimate the processing time of the robotic setup on the 

scalability of this layer. 

   Line distance 

(µm) 

Thickness (µm) Sheet Resistance (Ω/□) Conductivity (S/m) 

350 9.45 90.3 1.17×103 

525 7.2 154.5 8.99×102 

700 5.5 212.6 8.5×102 
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Table 6.3. Estimated deposition times for different areas of carbon and printing speeds. 

 

 

 

 

 

6.6. Morphology Evolution of IPL Annealed Carbon Films      

      Top surface SEM images unravelling the morphology evolution of the carbon films 

were used to optimize IPL annealing of the carbon films. After printing, the carbon films 

were wet and natural drying took place up to 2 minutes; hence, IPL can greatly reduce the 

drying time. Direct IPL drying of thick wet carbon films at 400 J (1.72 J/cm2) – 500 ms 

IPL condition required up to 10 flashes to evaporate the solvent entirely from the carbon 

film. Unlike natural drying which resulted in uniform  films (Fig. 6.7(A)), IPL annealing 

of the thick wet film exhibited damaged film morphology (Fig. 6.7(B)), with high porosity 

attributed to the rapid evaporation of Chlorobenzene solvent. Notably, application of lower 

energy flashes decreased the solvent evaporation rate and resulted in rough films, forming 

ununiform morphology with coffee stain effect on the surface which can be attributed to 

the properties and evaporation dynamics of the carbon ink during IPL drying. To address 

this issue, the deposited carbon films were kept in the printing chamber equipped with a 

suction hood  to accelerate solvent evaporation, making the films dry before IPL processing 

After drying, the films annealed at the same IPL condition resulted in a compact film with 
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pinholes  (Fig. 6.7(C)). Therefore, the dried carbon films were annealed at two different 

annealing conditions with a constant flash energy of 100 J (0.43 J/cm2) but different 

durations of 100 and 500 µs. Fig. 6.7(D,E) shows the morphology of IPL annealed carbon 

films at 100 J – 100 µs and 100 J – 500 µs, respectively, indicating damaged films at longer 

flash exposure. The conductivity of the carbon films annealed at 100 J – 100 µs was 1170 

S/m, a similar conductivity to that of naturally dried, and the films annealed at 100 J – 500 

µs resulted in 817 S/m, indicating decreased conductivity at the longer flash exposure. 

Notably, no pores were found to form in the films annealed at 100 J – 100 µs; however, 

the observation of scattered white spots on the surface can indicate a slight damaging of 

the film at the 100 J – 500 µs condition. This indicates the successful faster post-processing 

of carbon films. 

 

Figure 6.7. Top surface SEM images showing the morphology of carbon film after A) 

natural drying; direct IPL annealing of thick wet film at 400 J – 500 µs condition B) 
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without, and C) with drying in the printing chamber; IPL annealing of dried carbon films 

at D) 100 J – 100 µs; and E) 100 J – 500 µs condition. Scale bar = 5 µm. 

6.7. Phase Evolution of IPL annealed Carbon Films 

      Fig. 6.8 shows XRD patterns of the naturally dried as well as IPL processed carbon 

films, where the intense 2θ peaks around 26.6°, and 54.6° indicate (002) and (004) planes 

of carbon/graphite phase [348]. The as-deposited wet carbon showed a broad peak around 

18.5° with considerably less intense peak of the major carbon/graphite at 26.6°, indicating 

the existence of solvent-binder in the wet carbon film. Upon natural drying and IPL 

annealing, the XRD patterns did not reveal any solvent-binder peaks; however, the carbon 

films annealed at 100 J – 100 µs condition exhibited the highest intensity of the major 

carbon/graphite peak at 26.6° which indicates the positive role of IPL annealing on carbon 

than merely natural drying of the films. These results are consistent with the observed SEM 

images and can indicate the successful post-processing of carbon films after annealing at 

100 J – 100 µs condition and is utilized to process the carbon films in PSCs. 
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Figure 6.8. XRD patterns of the carbon film before and after IPL annealing. 

6.8. Voltammetry of Robotic Fabricated PSCs 

      To determine device performance, J-V curves of the champion PSCs is shown in Fig. 

6.9, and the average performance of 5 PSCs for each structure is shown in Table 6.4. The 

fabricated carbon PSCs had FTO-glass/SnO2/perovskite/carbon structure; however, PSCs 

with conventional FTO-glass/SnO2/perovskite/Spiro-MeOTAD/gold were initially 

fabricated to determine the successful fabrication of inkjet deposited SnO2 films. The 

conventional structure devices indicated maximum open circuit voltage (VOC), short circuit 

current (JSC), power conversion efficiency (PCE), and fill factor (FF) of 0.983 V, 17.41 

mA/cm2, 13.08%, and 76.49 %, respectively. The horizontal line of the conventional J-V 

curve PSCs shows high shunt resistance, indicating successful inkjet deposition and 

annealing of SnO2 and is consistent with spectrophotometry results showed earlier. 

Champion PSCs utilizing the 9.45 µm thick carbon film resulted in the VOC, JSC, PCE, and 
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FF of 0.74V, 14.92 mA/cm2, 5.03%, and 45.4%. This lower performance of carbon PSCs 

can be attributed to the lower conductivity of the carbon films compared to gold, as well 

as lower shunt and higher series resistances observable from inclined horizontal and 

vertical lines of the carbon PSC J-V curves as the result of eliminating the Spiro-MeOTAD 

film. The fabricated devices retained their stability for up to two weeks when stored in the 

dark ambient; however, a complete study of stability is not conducted in this work.  

 

Figure 6.9. J-V curves of the conventional and carbon PSCs. 

Table 6.4. Average photovoltaic parameters for 5 conventional and carbon PSCs. 

Structure     VOC (V)    JSC (mA/cm2)    PCE (%)   FF (%) 

Conventional 0.98 ± 0.022 17.24 ± 0.28 12.65 ± 0.39 75.15 ± 1.39 

Carbon 0.77 ± 0.025 13.46 ± 1.67 4.53 ± 0.38 44 ± 1.31 

 

6.9. Conclusion 
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      This work introduced the inkjet printing of charge transport films in PSCs through an 

integrated robotic setup. It was shown that the optimal deposition parameters play a vital 

role on the morphology and performance of PSCs. The optimization demonstrated that a 

larger stroke is required for  higher viscosity precursors. At a very low stroke, stochastic 

droplets with different sizes were impinged on the surface which was attributed to 

insufficient force forming reproducible droplets in a straight pathway. At higher stroke 

rates, the thickness and width of the printed lines were increased, forming more ununiform 

prints with irregular edges  which was attributed to more intensified impinging of the larger 

volume droplets to the substrate. At an optimal dispensing frequency, straight lines with 

uniform boundaries were formed, yet increasing the frequency increased the line width as 

the result of more material deposition. Similarly, the line distancing, forming a film of the 

material, was found to play a significant role on the morphology, thickness, and 

conductivity of the film. IPL annealing of the wet SnO2 films printed at shorter line 

distances indicated a nonuniform morphology as the result of Marangoni effect. Similarly, 

IPL annealing of the wet carbon films severely damaged the morphology and degraded the 

carbon film; however, naturally dried carbon films exhibited a uniform morphology. The 

faster drying of wet carbon films in the printing chamber equipped with a hood  resulted in 

rapid solvent evaporation and maintained the film uniformity; however, XRD unraveled 

higher quality carbon films upon IPL annealing at 100 J – 100 µs condition. PSCs 

fabricated using the conventional method, where merely the SnO2 film was deposited using 

inkjet printing, exhibited the maximum PCE of 13.08%, whereas the PSCs with inkjet 

printing of all the charge transport films exhibited maximum efficiency of 5.03% which 

was attributed to the lower conductivity of the carbon films and elimination of HTL. This 
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work exemplified the robotic fabrication of PSCs, where the charge transport films were 

rapidly and entirely fabricated through a non-roll-to-roll setup utilizing inkjet printing and 

IPL annealing in the ambient environment. 
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7. CHAPTER VII:                                                                                                      

CONCLUSION 

     The PSCs thin film materials are solution processable, hence can be rapidly deposited 

using scalable depositions. However, the post-process annealing of the film materials 

require medium to high temperatures for a long period, up to an hour, which is a hinderance 

for high throughput manufacturing in terms of processing speed as well as high energy and 

costs. In addition, some of the utilized films in PSCs, particularly the perovskite absorber 

layer, require an inert environment, such as nitrogen glovebox, for processing which is not 

favorable for upscale manufacturing. Chapter 1 explained the theory of solar cells, 

discussed the conventional solar cells and associated challenges, and introduced emerging 

thin film solar cells, particularly PSCs, and stated the challenge of rapid fabrication of PSCs 

through IPL in a high humid ambient environment (>60%). The second chapter 

investigated faster processing of PSCs through IPL annealing of an aqueous solution of 

SnO2 by investigating the impact of flash energy and counts on the performance of PSCs. 

It was found that 5 flashes, each with 2 ms duration, 2000 J/pulse (8.89 J/cm2) could result 

in efficient PSCs as high as 12.56% efficiency, whereas lower applied energies of 1400 

J/pulse (6.23 J/cm2) resulted in lower performance as the result of lower current extraction 

caused by less SnO2 crystallization. Notably, lower and higher flash counts than five 

exhibited similar results. This work utilized CH2I2 in the triple cation perovskite chemistry 

which enabled atmospheric processing of perovskite films by
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producing superior morphology without dendrites, pushing a step towards ambient 

environment processing of PSCs, yet the HTL and back contacts utilized Spiro-MeOTAD, 

and gold deposited in the nitrogen environment and vacuum. The third chapter detailed the 

utilized materials and methods of fabricating PSCs and introduced a model to measure and 

simulate through ANSYS the rapid temperature rise occurring during IPL annealing. 

Chapter 4 introduced two annealing approaches of UFA and GFA which allowed for direct 

IPL annealing of deposited perovskite films in 4 and 6 seconds and resulted in 11.75% and 

9.27%, respectively. To investigate this enhancement, the temperature during IPL 

annealing of perovskite was measured using a custom developed setup and were confirmed 

with FEA using ANSYS. In addition, Arrhenius equations were plotted to aid 

understanding the photothermal impact on morphology and phase purity of the perovskite 

film and attributed the enhancement to the retarded crystallization and diffusion of species 

as well as regulating the solvent evaporation. This study applied IPL to anneal both the 

SnO2 and perovskite films deposited in the ambient environment which is applicable for 

high-throughput scalable fabrication of PSCs. Chapter six exemplified automated 

fabrication of SnO2 ETL as well as carbon films replacing the Spiro-MeOTAD HTL and 

gold back-contact in PSCs using an integrated robotic setup consisted of a piezoelectric 

printhead and IPL. This chapter investigated the deposition optimization of both charge 

transport layers by investigation the role of frequency and stroke, as well as line distancing 

to provide the superior morphology. The IPL annealing of wet carbon films severely 

damaged the films, necessitating drying of films before IPL annealing. The exposure of 

high energy and durations of 400 J/pulse (1.7 J/cm2) and 500 µs yet damaged the dried 

carbon films, exhibiting pinholes and surface defects. However, at an optimum IPL 
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annealing condition of 100 J – 100 µs, PSCs exceeding 5% efficiency were produced. This 

work establishes the pioneering work on utilizing IPL in an entirely automated fabrication 

line, allowing for scalable fabrication of PSC thin films through a non-roll-to-roll setup. 
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8. CHAPTER VIII:                                                                                     

RECOMMENDATIONS  

      This dissertation stablished a pathway towards high-speed manufacturing of PSCs by 

promoting IPL towards successful annealing of the individual layers of SnO2 ETL, 

perovskite, and carbon. The dissertation introduced a study by investigating the 

photothermal impact on the morphology, phase purity, and crystallization of the perovskite 

as the main pillar of PSCs. However, a similar approach is recommended to be carried out 

on SnO2 ETL and carbon film to better anneal these layers, enabling for higher performance 

PSCs. In addition, in-depth interface study at the ETL/perovskite and perovskite/HTL is 

recommended to determine the bottom-up crystallization kinetics for better optimization 

towards higher performance PSCs. This dissertation utilized a two-step gradated approach 

to tune the temperature profile and fabricate higher quality perovskite films, however, 

multi-step approaches with three or more steps is recommended for investigation towards 

better crystallization of thin film materials. Furthermore, the current study investigated IPL 

for automation using robotic fabrication; however, it is recommended to investigate this 

annealing method on roll-to-roll fabrication of PSCs as a more favorable approach for PSC 

fabrication in terms of high-speed capability and lower manufacturing costs.  

      The utilized work investigated the use of CH2I2 additive containing excess iodine which 

allowed for ambient processing of the perovskite films as the result of higher
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boiling point and resulted in superior morphology due to releasing iodine during IPL 

annealing, avoiding iodide deficiency in perovskite films upon annealing. It is well known 

that the addition of chlorine and bromine in perovskite chemistries aids better 

crystallization as well as thermal and moisture stability, respectively. Therefore, the use of 

other alkyl halides containing two or more halides, such as chloro-iodomethane and chloro-

bromo-iodomethane, is recommended to obtain better crystallization and moisture stability 

of ambient environment processed PSCs. 
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10. APPENDIX A 

Table A-1: Radiative heat flux from a single flash carrying 200 J (0.86 J/cm2) energy 

absorbed by thermocouple located on top of the perovskite film surface for the optimal 

condition of primary annealing step during GFA.  

Flash 

Duration 

(µs) 

Current 

(Amps) 
Voltage 

(Volts) 
Power 

(W) 
Useful Power density absorbed by 

thermocouple released from two 

capacitors (W/m2) 
0 0 1737 0 0 

16 16 1737 27792 1136770 

32 48 1737 83376 3410311 

48 128 1736 222208 9088927 

64 240 1735 416400 17031921 

80 304 1732 526528 21536464 

96 336 1730 581280 23775973 

112 352 1727 607904 24864969 

128 352 1724 606848 24821776 

144 352 1721 605792 24778582 

160 352 1719 605088 24749787 

176 352 1716 604032 24706594 

192 352 1713 602976 24663400 

208 352 1710 601920 24620207 

224 352 1707 600864 24577013 

240 336 1705 572880 23432390 

256 336 1702 571872 23391160 

272 336 1699 570864 23349930 

288 336 1696 569856 23308700 

304 336 1694 569184 23281213 

320 336 1691 568176 23239983 

336 336 1688 567168 23198753 

352 336 1686 566496 23171266 

368 336 1683 565488 23130036 

384 336 1680 564480 23088806 

400 336 1678 563808 23061320 
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416 336 1675 562800 23020090 

432 336 1672 561792 22978860 

448 336 1670 561120 22951373 

464 336 1667 560112 22910143 

480 336 1664 559104 22868913 

496 336 1662 558432 22841426 

512 320 1659 530880 21714473 

528 320 1656 529920 21675206 

544 320 1654 529280 21649028 

560 320 1651 528320 21609762 

576 320 1649 527680 21583584 

592 320 1646 526720 21544317 

608 320 1644 526080 21518139 

624 320 1641 525120 21478873 

640 320 1638 524160 21439606 

656 320 1636 523520 21413428 

672 320 1633 522560 21374161 

688 320 1631 521920 21347984 

704 320 1628 520960 21308717 

720 320 1626 520320 21282539 

736 320 1623 519360 21243273 

752 320 1621 518720 21217095 

768 320 1618 517760 21177828 

784 304 1615 490960 20081633 

800 304 1613 490352 20056764 

816 304 1611 489744 20031896 

832 304 1608 488832 19994592 

848 304 1606 488224 19969723 

864 304 1603 487312 19932420 

880 304 1601 486704 19907551 

896 304 1598 485792 19870248 

912 304 1596 485184 19845379 

928 304 1594 484576 19820510 

944 304 1591 483664 19783207 

960 304 1589 483056 19758338 

976 304 1586 482144 19721034 

992 304 1584 481536 19696165 

1008 304 1581 480624 19658862 

1024 304 1579 480016 19633993 

1040 304 1577 479408 19609124 

1056 304 1574 478496 19571821 

1072 288 1572 452736 18518165 
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1088 304 1569 476976 19509649 

1104 288 1567 451296 18459265 

1120 288 1565 450720 18435705 

1136 288 1562 449856 18400365 

1152 288 1560 449280 18376805 

1168 288 1558 448704 18353245 

1184 112 1556 174272 7128211 

1200 16 1556 24896 1018316 

1216 0 1556 0 0 

 

Table A-2: Radiative heat flux from a single flash carrying 400 J (1.72 J/cm2) energy 

absorbed by thermocouple located on top of the perovskite film surface for the optimal 

condition of UFA as well as the secondary annealing step during GFA.  

Flash 

Duration 

(µs) 

Current 

(Amps) 
Voltage 

(Volts) 
Power (W) Useful Power density absorbed 

by thermocouple released from 

two capacitors (W/m2) 
0 0 1737 0 0 

16 16 1737 27792 1136770 

32 112 1736 194432 7952811 

48 352 1735 610720 24980151 

64 560 1731 969360 39649528 

80 560 1726 966560 39535000 

96 592 1722 1019424 41697285 

112 576 1717 988992 40452531 

128 544 1713 931872 38116164 

144 544 1708 929152 38004908 

160 528 1704 899712 36800730 

176 528 1700 897600 36714344 

192 512 1696 868352 35518019 

208 512 1692 866304 35434250 

224 512 1687 863744 35329539 

240 512 1683 861696 35245770 

256 496 1679 832784 34063188 

272 496 1675 830800 33982037 

288 496 1671 828816 33900886 

304 496 1667 826832 33819735 

320 480 1664 798720 32669876 

336 480 1660 796800 32591342 
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352 480 1656 794880 32512809 

368 480 1652 792960 32434276 

384 480 1648 791040 32355742 

400 480 1644 789120 32277209 

416 480 1640 787200 32198676 

432 480 1637 785760 32139776 

448 480 1633 783840 32061242 

464 480 1629 781920 31982709 

480 480 1625 780000 31904176 

496 480 1621 778080 31825642 

512 480 1617 776160 31747109 

528 480 1614 774720 31688209 

544 480 1610 772800 31609675 

560 464 1606 745184 30480104 

576 464 1602 743328 30404188 

592 464 1599 741936 30347252 

608 464 1595 740080 30271336 

624 464 1591 738224 30195421 

640 464 1587 736368 30119505 

656 464 1584 734976 30062568 

672 464 1580 733120 29986653 

688 464 1576 731264 29910737 

704 464 1573 729872 29853801 

720 464 1569 728016 29777885 

736 448 1565 701120 28677764 

752 448 1562 699776 28622790 

768 448 1558 697984 28549492 

784 448 1554 696192 28476195 

800 448 1551 694848 28421221 

816 448 1547 693056 28347923 

832 448 1544 691712 28292950 

848 448 1540 689920 28219652 

864 448 1537 688576 28164679 

880 448 1533 686784 28091381 

896 448 1529 684992 28018083 

912 432 1526 659232 26964427 

928 432 1522 657504 26893747 

944 432 1519 656208 26840737 

960 432 1515 654480 26770057 

976 432 1512 653184 26717047 

992 432 1509 651888 26664037 

1008 432 1505 650160 26593357 
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1024 432 1502 648864 26540347 

1040 432 1498 647136 26469667 

1056 432 1495 645840 26416657 

1072 432 1491 644112 26345977 

1088 432 1488 642816 26292967 

1104 432 1484 641088 26222287 

1120 416 1481 616096 25200045 

1136 416 1478 614848 25148998 

1152 416 1474 613184 25080936 

1168 416 1471 611936 25029889 

1184 416 1468 610688 24978842 

1200 416 1464 609024 24910780 

1216 416 1461 607776 24859734 

1232 416 1458 606528 24808687 

1248 416 1454 604864 24740625 

1264 416 1451 603616 24689578 

1280 416 1448 602368 24638531 

1296 416 1444 600704 24570469 

1312 400 1441 576400 23576368 

1328 400 1438 575200 23527284 

1344 400 1435 574000 23478201 

1360 400 1432 572800 23429118 

1376 400 1428 571200 23363673 

1392 400 1425 570000 23314590 

1408 400 1422 568800 23265506 

1424 400 1419 567600 23216423 

1440 400 1416 566400 23167340 

1456 400 1412 564800 23101895 

1472 400 1409 563600 23052812 

1488 400 1406 562400 23003729 

1504 400 1403 561200 22954645 

1520 384 1400 537600 21989339 

1536 384 1397 536448 21942219 

1552 384 1393 534912 21879393 

1568 384 1390 533760 21832273 

1584 384 1387 532608 21785153 

1600 384 1384 531456 21738033 

1616 384 1381 530304 21690913 

1632 384 1378 529152 21643793 

1648 384 1375 528000 21596673 

1664 384 1372 526848 21549553 

1680 384 1369 525696 21502433 
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1696 384 1366 524544 21455313 

1712 368 1363 501584 20516185 

1728 368 1360 500480 20471028 

1744 368 1357 499376 20425871 

1760 368 1354 498272 20380715 

1776 368 1351 497168 20335558 

1792 368 1348 496064 20290401 

1808 368 1345 494960 20245245 

1824 368 1342 493856 20200088 

1840 368 1339 492752 20154931 

1856 368 1336 491648 20109774 

1872 368 1333 490544 20064618 

1888 368 1330 489440 20019461 

1904 368 1327 488336 19974304 

1920 352 1325 466400 19077061 

1936 352 1322 465344 19033868 

1952 352 1319 464288 18990674 

1968 352 1316 463232 18947481 

1984 352 1313 462176 18904287 

2000 352 1311 461472 18875492 

2016 352 1308 460416 18832299 

2032 96 1306 125376 5128228 

2048 16 1305 20880 854050.2 

2064 0 1305 0 0 
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11. APPENDIX B 

      Step-by-step procedures with screenshots of the FEA for temperature estimation of the 

perovskite film surface through ANSYS are included in Fig. B(1-12) in the following. 

These figures show the consecutive steps attributed to the input of material properties for 

the Aluminum stage of IPL, glass substrate, and perovskite layer deposited on top of glass, 

followed by the design and meshing of geometry, designation of boundary conditions, and 

finally, temperature profile results.  

1) Material Properties 

      Open the ANSYS software and choose the transient thermal from the left panel, then 

select the engineering data (Fig. B-1). Delete any prior saved materials in the column A of 

contents of engineering data by selecting delete upon right clicking on the material name. 

In the engineering data wizard (Fig. B-2) right click in the bottom empty row of column A 

of contents of engineering data and select engineering data sources. This wizard (Fig. B-

3) contains the properties of numerous materials such as Aluminum and glass but does not 

include the properties of the perovskite. Therefore, it is necessary to manually input the 

perovskite properties. To add glass and Aluminum, simply select the thermal materials in 

the engineering data sources and add the material by right clicking on the material in the 

contents of thermal materials and selecting add to engineering data. Finally, to add the 

perovskite properties, type perovskite in the last row of the column A of contents of 

engineering data and enter its density and thermal properties. 
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Upon adding all materials, the engineering data wizard should include all materials of 

Aluminum, glass, and perovskite (Fig. B-4).  

 

Fig. B-1: ANSYS startup showing the processing tree for transient thermal simulation. 

 

Fig. B-2: Engineering data wizard. 
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Fig. B-3: Engineering data sources wizard. 

 

Fig. B-4: Engineering data wizard indicating the successful addition of Aluminum, glass, 

and perovskite materials used in the simulation.
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2) Geometry Design 

      To create the design, select geometry in the ANSYS simulation design tree and choose 

the analysis type to 2D in the right panel then select New DesignModeler Geometry by 

right clicking on the geometry tab (Fig. B-5). In the DesignModeler window select the 

micrometer scale from the Units tab, then right click on the XY plane and select Look at. 

At this stage, create the model based on the sketch shown in Fig. B-6 by drawing a rectangle 

through the draw tab inside the sketching tab at the bottom left corner of the screen and 

subsequently adjust the width and length to 2 and 6350 µm from the dimensions tab inside 

the sketching tab to create the Aluminum stage model. Repeat the same process to create 

two more rectangles on top of each other to create the glass and perovskite models with the 

same width but two different lengths of 3000 and 0.45 µm, respectively. Upon drawing the 

sketches, choose sketch 1 (Aluminum stage) and select Surfaces From Sketches from the 

Concept tab and click Apply in the Base Objects tab and finally click Generate to create 

the geometry. Repeat the same process for sketch 2 (glass) and sketch 3 (perovskite). 

Notably, instead of Add Material for the first and third sketch, select Add Frozen in the 

operations tab for the sketch 2 (glass) otherwise the simulation will assume the design 

consisted of three different layers as a single piece of a uniform sketch. The created stacked 

model is shown in Fig B-7, where the Aluminum, glass and perovskite layers are zoomed 

and indicated in Figures B-8, B-9, and B-10, respectively.  
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Fig. B-5: Selection of the geometry tab to create the design geometry. 

 

Fig. B-6: Geometry design showing the stacked layers of Aluminum, glass, and 

perovskite with dimensions.  
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Fig. B-7: Stacked design model of Aluminum, glass, and perovskite. 

 

 

Fig. B-8: Schematic showing the Aluminum underneath glass. 
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Fig. B-9: Schematic showing the designed glass underneath the perovskite film. 

 

 

Fig. B-10: Schematic showing the designed perovskite film on glass. 
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3) Geometry Meshing 

      Select Model in the ANSYS simulation tree (Fig. B-11) to enter the wizard used for 

meshing, applying the boundary simulations, and solving. Upon opening of the wizard, the 

created geometry in the previous section is automatically showed up. Before, meshing the 

geometry ensure the geometry, materials, coordinate systems, and connections tabs are all 

checked in the Outline panel, and the list of the selected materials is entirely showed in the 

materials tab (Fig. B-12). In the geometry tab, select Surface Body, where the associated 

sketch to the selected body lights in the model. Select Assignment in the Details panel and 

choose the material used for that layer. Repeat this step until are layers are assigned to 

Aluminum, glass, and perovskite. As indicated in Fig. B-13, select Mesh in the outline tab 

and adjust the meshing size and quality as indicated in the Details tab, and finally select 

Generate Mesh by right clicking on the Mesh tab to create the Mesh.  

 

Fig. B-11: Selection of the model tab. 
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Fig. B-12: Schematic showing the assignment of materials to the designed geometry. 

 

 

Fig. B-13: Schematic showing the meshing parameters. 
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4) Boundary Conditions 

      To assign the boundary conditions to the meshed geometry, right click on the Transient 

Thermal tab in the Outline panel and select the desired condition from the Insert menu. As 

introduced in Fig. 3.3 in chapter 3, the right and left sides of the model are insulated; hence, 

Perfectly Insulated condition was selected from the Insert menu. To select the boundaries, 

all right and left sides of all the three layers were selected by clicking on them individually 

while pressing the Ctrl key on Keyboard and clicking on Apply upon selection of all 

boundaries (Fig. B-14). This procedure is repeated to apply a natural convection condition 

underneath and on top of the Aluminum and perovskite layers, respectively, by selecting 

Convection from the Insert menu, selecting the top of the perovskite film (Fig. B-15) and 

bottom of the Aluminum (Fig. B-16), and entering 5 W/m2.K and 22°C as the natural 

convection coefficient and ambient temperature, respectively, in the Details panel. To 

model the IPL heat flux (Fig. B-17), add a Heat Flux boundary condition from the Insert 

menu and upload the calculated tabulated data of the IPL photon energy in Appendix A. 

Notably, set the initial temperature to 22°C in the Initial Temperature tab within the 

Transient Thermal Tab, and adjust the initial, minimum, and maximum time step in the 

Analysis Settings tab in the Transient Thermal tab within a suitable range for simulation. 

These times should be adjusted based on the flash duration and delay time between flashes 

during IPL annealing.  
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Fig. B-14: Schematic showing insulated boundary conditions applied to the left and right 

sides of the entire design stack to merely simulate heat transfer towards the depth of the 

model from perovskite top surface.  

 

 

Fig. B-15: Schematic showing the natural convection condition applied on top of the 

perovskite film and bottom of Aluminum stage. 
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Fig. B-16: Schematic showing the natural convection condition applied at the bottom of 

Aluminum stage. 

 

 

Fig. B-17: Schematic showing the radiative heat flux boundary condition on top of the 

perovskite film during IPL annealing where the data was entered manually from a 

spreadsheet based on calculations tabulated in Appendix A.  
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5) Solution 

      To carry out the solution, click on Solve and select Temperature – Global Maximum 

from the Solution tab of the Outline panel upon completion to see the temperature profile. 

To save the temperatures, choose Export by right clicking in the temperature column of the 

Tabular Data table as indicated in Fig. B-18. The ANSYS simulation files is provided here. 

 

Fig. B-18: Schematic showing the temperature profile results. 

  

https://cardmaillouisville.sharepoint.com/:u:/s/SolarManufacturingRD/EVF9DcfTVfpEuMahlyurms4BHXYqgjE_JGICF_1TiSF5_g
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