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ABSTRACT 
COMPOSITIONAL ENGINEERING OF PRECURSOR INKS FOR INTENSE 

PULSED LIGHT COMPATIBLE DEPOSITION OF PEROVSKITE SOLAR CELLS 

Blake Martin 

April 27th, 2023 

Perovskite solar cell (PSC) technology presents a promising alternative to silicon-

based photovoltaics (PVs), yet the challenges of stability, module efficiency, and 

scalability remain significant obstacles to its commercialization. The drive to attain 

optimal efficiency has resulted in substantial advancements in PSC technology, as power 

conversion efficiencies (PCEs) now match those of crystalline silicon (c-Si) cells. 

However, it is important to note that while these solutions have made progress in PSC 

commercialization, they often partially resolve issues or create new challenges that must 

be addressed. To proactively address and deter commercialization challenges, the field of 

PSCs needs a comprehensive approach to consider the interplay between compositional 

engineering, thin-film deposition, drying, and annealing processes, and their impact on 

PSC efficiency, durability, scalability, and bankability. The aim of this study is to explore 

potential solutions to overcome the scalability and cost limitations of PSCs, addressing 

many of the technical barriers to commercialization. 

Our methodology begins by leveraging the existing understanding of perovskite 

thin film deposition and translating it into scalable analogs. Conventionally, perovskite 

solar cells are deposited in three stages: deposition, translational phase formation, and 

annealing. To adapt this approach for scalable platforms, we employ wide-area
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depositions using meniscus coating methods (blade- and slot-die coating), drying via 

forced laminar airflow, and annealing through radiative annealing methods. By 

constraining our process methodology in this manner, we were compelled to explore 

creative solutions within other process parameters, ultimately yielding a process that is 

more amenable to roll-to-roll fabrication. 

First, perovskite solar technology is an economically viable PV based primarily 

on low cost of materials and scalable manufacturing. Solution phase deposition of all 

active layers lends itself towards roll-to-roll manufacturing, a well-established platform 

with production rates of several hundred square meters per minute. A technoeconomic 

analysis was conducted to consider the opportunity to scale at this production throughput 

with manufacturing exceeding 1 GW per year in a single plant. IPL is utilized to 

minimize costs associated with the footprint, equipment and operation. The analysis is 

limited to the operation of the roll-to-roll manufacturing with the product being a 

perovskite solar film that can be incorporated into modules. Costs associated with 

materials, labor, equipment depreciation are considered along with utilities determined 

from the fundamental engineering calculations. The results show that at very large-scale 

operations, the costs to produce the solar films range between $0.04-$0.10 per watt. 

Laboratory-scale depositions use conductive annealing methods, which are not 

scalable, necessitating alternative methods for high-throughput PSC production. RTA 

combined with a rapid drying step reduced processing time from ~150 seconds to ~14 

seconds for blade-coated perovskite thin films. This approach attains adequate 

performance, yielding a champion PCE of 14.58% for devices fabricated on flexible ITO-

coated PET substrates.  
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Balancing solution ink formulation and scalable manufacturing is often overlooked. 

This study developed a mixed-cation perovskite ink with a robust coating window, utilizing 

compositional engineering and IPL annealing, addressing stability and manufacturability. 

The resulting blade-coated, flexible mixed-cation PSCs on ITO-PET substrates achieved a 

champion PCE of 16.7% using IPL annealing, representing one of the fastest fabrication 

methods for perovskite solar films.  

This work contributes to broader goals towards commercialization of perovskite 

solar technologies. By integrating compositional engineering and post-deposition 

treatments, we challenge conventional approaches to PSC fabrication, paving the way for 

further advancements in commercial perovskite solar technologies and addressing 

challenges posed by high-throughput roll-to-roll manufacturing. Radiative annealing 

techniques, such as RTA and IPL, offer scalable, rapid, and cost-effective production of 

PSCs, with the potential to outpace silicon PV production and contribute to the global 

renewable energy landscape. Future research should focus on stability, module 

development, and durability testing under realistic operating conditions to accelerate 

commercialization of perovskite solar technologies.   
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CHAPTER 1 – INTRODUCTION 
 

1.1 Global Energy Outlook 

The global energy outlook is a complex and rapidly changing landscape, with a 

range of factors influencing the production, consumption, and distribution of energy 

around the world. The fragility and unsustainability of our current energy system was 

highlighted by recent geopolitical events that had a significant impact on global energy 

markets.1 Additionally, the international community is falling well short of the Paris 

Agreement goals with projections of a 2.8°C temperature rise by the end of the century, 

with no credible pathway to 1.5°C.2 The Solar Energy Industries Association projects that 

the industry is expected to double the amount of US solar installations over the next 5 

years thanks to strong federal policies, rapidly declining costs, and increasing demand 

across the private and public sector for clean electricity.3 Momentum is building towards 

a new energy economy as security, climate, and economic priorities are increasingly 

aligned, leading to advancements in both policy and technology. 

Renewable energy’s share of US electricity generation rose to 23% from 21% 

from January to August 2021.4 While significant, Deloitte forecasts stronger growth in 

renewables in 2023 due to cost competitiveness, federal and state clean energy policies, 

utility decarbonization, corporate renewable procurement, residential solar demand, and 

private investment.5 Renewables are set to account for almost 95% of the increase in 

global power capacity through 2026, with solar PV alone providing more than half.6 
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More than a decade-long price reduction, driven by increasing scale and 

technological advances, created a scenario where wind and solar are the cheapest energy 

sources for power generation in most areas. Shortages in the supply chain, limited 

transmission capacity, and interconnection delays have caused temporary setbacks, 

increasing the need for further technological advancements to diversify and mitigate 

vulnerabilities as we transition to clean energy.  

Among all renewable energy sources, solar power has experienced the most 

substantial increase, with an average annual growth rate of 33% over the past 10 years.3 

Solar has added the most generating capacity to the grid for three consecutive years and 

is expected to install nearly 200 gigawatts (GW) of new U.S. solar capacity over the next 

five years.3 The majority of this growth is dominated by crystalline silicon (c-Si) 

technology, leading to concentrated supply chains and potential impacts from instability 

in critical mineral prices, specifically silver and silicon.7 The need for solar 

diversification has become increasingly important to enable society to cope with 

disruptions to any one specific solar technology. Consequently, next-generation solar 

technologies are becoming more crucial, with investment in potential alternatives like 

thin-film photovoltaics (PV), tandem devices, or concentrated solar power gaining more 

attention.  

1.2 Next-Generation of Solar Energy 

Solar energy is the most abundant energy resource on earth, with a constant 

supply of 173,000 TW, far exceeding the world’s total energy consumption by more than 

10,000 times.8 Sunlight, a form of electromagnetic radiation, is composed of a spectrum 
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of wavelengths that peak within the visible light region of the electromagnetic spectrum. 

The Planck relation shows that energy and wavelength are inversely related, as shown 

below.  

 
𝐸𝐸 =

ℎ𝑐𝑐
𝜆𝜆

 

 

(1) 

The critical characteristics that determine how sunlight will interact with a PV cell 

are the spectral content of the incident light, radiant power density, and angle at which it 

strikes the cell. The spectral irradiance of solar radiation follows typical blackbody 

radiation, shown for both wavelength and photon energy in figure 1. The non-uniformity 

of spectral irradiance is a critical factor in the evaluation of potential solar cell materials, 

essential for the design of next-generation solar cells.  

 

Figure 1: Spectral irradiance of the AM0 spectrum vs photon wavelength (left) and 
photon energy (right). Image selected from pvlighthouse.9  

 The principles of solid-state semiconductors can be used to explain the 

fundamental mechanism of solar cells, known as the PV effect. When photons of 

sunlight, with energy greater than the band gap of the semiconductor material, strike a 
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solar cell, they excite electrons in the valence band to the conduction band, forming an 

electron-hole pair. These excited electrons are collected by an external circuit, generating 

electricity. In solar cells, the band gap of a semiconductor material represents a crucial 

physical property, as it not only determines the maximum theoretical voltage that can be 

extracted but also dictates the wavelengths of light that can be absorbed. The significance 

of the band gap is highlighted through the Shockley-Quiesser limit, which illustrates how 

the maximum theoretical efficiency of a single-junction solar cell can be computed from 

the band gap of the solar cell material, as depicted in figure 2. Additionally, whether the 

material has a direct or indirect band gap affects the efficiency of the PV process for that 

material.   

Figure 2: Maximum power conversion efficiency (PCE) (Shockley-Queisser limit) for a 
solar-cell operated under AM 1.5G illumination at 298.15 K, as a function of the energy 

bandgap. Champion PCE’s of various technologies updated from 2018. 10 

Currently, c-Si solar cells account for 90% of the global production capacity and 

are the most well-established PV technology, with a history of research spanning over 60 

years.11 Silicon PVs have a proven track record of reliability, non-toxicity, and efficiency, 
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making them a trusted and cost-effective option for solar energy production. However, 

silicon does not have optimal material properties for PVs. The band gap of silicon, 1.12 

eV, falls short of the optimal value of 1.4 eV, according to the Shockley-Queisser limit. 

Furthermore, as an indirect band gap material, silicon exhibits a low absorption 

coefficient, necessitating the implementation of light-trapping techniques or layer 

thicknesses greater than 100 µm.11  

Clearly, next-generation solar technologies are necessary to address the 

shortcomings of current silicon technology and provide alternative solutions for a more 

resilient energy economy. PSCs have shown remarkable progress in recent years and are 

a promising class of materials for next-generation solar cells. They have the potential for 

high efficiencies and cost-effectiveness compared to conventional c-Si solar technologies. 

The crystal structure of perovskites (for which they get their nickname), ABX3, features 

an organic cation (A), a divalent metal ion (B), and halide ions (X), shown in figure 3. 

This material is known for its high defect tolerance, tunable band gaps, high absorption 

coefficients, small exciton binding energies, long charge diffusion lengths, high carrier 

mobilities, and ultra-low trap densities.12-16   
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Figure 3: The perovskite ABX3 crystal structure. 

Perovskite is a direct band gap material, meaning that the Brillouin zones for 

valence and conduction bands are in alignment. This results in higher absorption 

coefficients because electrons can shift from the highest-energy state in the valence band 

to the lowest-energy state in the conduction band without a change in crystal momentum. 

The implications of this for the overall solar cell are that the perovskite absorber material 

can be <500 nm in thickness and absorb the entirety of the solar spectrum. By 

comparison, silicon being an indirect band gap material requires much thicker films 

(order of microns) to accomplish the same absorption. This limits silicon solar panels to 

rigid architectures and that are plagued by high weights, resulting in excessive soft costs. 

Perovskites being defect tolerant and thinner have applications for flexible architectures 

that open up a lot of potential end uses (building integration, wearables, etc.), cost, and 

manufacturing benefits. The intrinsic band gap alignment is one example of how 

perovskites are more ideal PV materials than silicon.  
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Solution phase deposition in the manufacture of perovskite solar cells (PSCs) 

enables simpler production methods, leading to increased deployment of solar energy 

systems, surpassing the limitations of silicon-based systems. The possibility of large-

scale solar deployment, on the scale of terawatts, through roll-to-roll manufacturing 

provides a credible roadmap towards this goal. In addition to high production volumes, 

the diverse potential applications of solution phase deposition offer exciting prospects. 

PSCs are annealed at much lower temperatures than their silicon counterparts. As 

such, they are compatible for roll-to-roll manufacturing on flexible plastic substrates as 

the temperatures required to anneal different components do not approach glass-transition 

temperatures for the substrate (that would be under tension). When considering levelized-

cost-of-energy (LCOE) for different solar technologies, it is important to consider the 

amount of energy/electricity required to process the solar cell. This is an area where 

perovskite has a significant advantage over c-Si, in that c-Si requires ultra-high purity Si 

achieved in energy intensive electric-arc furnaces around 6,000°C.  

Touched on previously, but the environmental impacts of the mining and energy 

consumed to process a solar material are extra significant for an industry that relies on the 

image of tackling climate change. Mining silicon is very harmful to the environment and 

the energy intensive processing results in life cycle greenhouse gas emissions of 45 g 

CO2-equivalent per kWh for c-Si PV.17 Perovskites are expected to produce much less 

greenhouse gas emissions because of the processing and abundance of starting 

materials.17 
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The potential for PVs to become a primary global power source suggests that 

current PV market resources must be sufficient to meet future demand. To reach 12.5 TW 

PV capacity by leading PV technologies, current production rates of tellurium (cadmium 

telluride-CdTe), gallium (gallium arsenide-GaAs), indium (copper indium gallium 

selenide-CIGS), silicon (c-Si), and lead (perovskite) would need to be sustained for 1000 

years, 500 years. 400 years, 3 years, and a few days, respectively.18 

1.3 Challenges for PSCs 

Despite the many advantages of PSCs, there are several challenges that need to be 

addressed before they can be widely adopted. For perovskite PV technologies to be 

commercially competitive, their LCOE must be competitive with the LCOE of incumbent 

technologies at the time they are ready to be deployed. This will be difficult as year-over-

year cost reductions in silicon and CdTe PV modules are projected to continue through 

the next decade and beyond.19  

As LCOE considers the lifetime of the solar cell, for perovskite PV to be cost-

competitive with silicon technologies and approach the Solar Energy Technologies 

Office’s (SETO) 2030 goals of $0.02/kWh, perovskite will have to last at least 20 years 

in the field.20 Enabling this lifetime requires improving perovskites’ ability to withstand 

various environmental conditions. To this end, much research has been focused on 

understanding and mitigating the chemical reactions of the perovskite material with 

oxygen and/or moisture21, thermal degradation22, 23, potential induced degradation24, 25, 

reverse-bias degradation26, electrochemical corrosion between perovskite and metal 

contacts27, 28, chemical corrosion between perovskite and encapsulation filler sheets, and 
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mechanical delamination and cracking of the perovskite layer upon thermal cycling, 

which happens due to mismatch in the coefficient of thermal expansion between 

perovskite and substrates29, 30. The breadth of different degradation modes presents a 

formidable challenge, and without a satisfactory resolution, will obstruct any aspirations 

to commercialize this technology.  

While there is no shortage of small area (≤0.1cm2) demonstrations with high PCE, 

efficiencies of large-area perovskite cells (>10 cm2) are significantly lower. For most 

types of solar cell technologies, the absolute PCE value decreases by ~0.8% when the 

device area increases by an order of magnitude; however, the PCE loss of perovskite 

solar modules far exceeds this rate due to non-uniform deposition of all functional layers, 

with perovskite being the most important and challenging.31-34 Currently, methods for 

non-scalable, high efficiency PSC deposition are failing to achieve a level of uniformity 

sufficient enough to maintain efficiencies over large-areas. Roll-to-roll manufacturing is 

the most feasible and economical approach to large-scale PSC production. Innovative 

applications of both classical and novel manufacturing methods that align with roll-to-roll 

manufacturing are required to solve this challenge.  

Related to process scalability, PSCs must address barriers related to process 

control and manufacturing yield that are often underappreciated. As the technology 

transitions to large production capacities, it is imperative to minimize the distribution in 

PSC efficiencies. Currently, PCE can be impacted by minute fluctuations in ambient 

temperature during film deposition, minute changes in precursor molar ratios, and/or ink 

storage time.35-38 Characterization of process robustness must be tested through structured 
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experimentation, utilizing statistical process control, to ensure changes in performance 

are significant. The development of processes that, when scaled up, are inherently easier 

to control is a priority.  

1.4 Proposed Approach 

PSC technology presents a promising alternative to silicon-based PVs, yet the 

challenges of stability, module efficiency, and scalability remain significant obstacles to 

its commercialization. The drive to attain optimal efficiency has resulted in substantial 

advancements in PSC technology, as PCEs now match those of c-Si cells. However, it is 

important to note that while these solutions have made progress in PSC 

commercialization, they often partially resolve issues or create new challenges that must 

be addressed. To proactively address and deter commercialization challenges, the field of 

PSCs needs a comprehensive approach to consider the interplay between compositional 

engineering, thin-film deposition, drying, and annealing processes, and their impact on 

PSC efficiency, durability, scalability, and bankability. The proposed approach of this 

study is detailed in figure 4.  
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Figure 4: The diagram presents a comprehensive approach towards commercializing 
perovskite solar cells. The nodes, which encompass solubility, evaporation, transitional, 
and annealing processes, serve as broad representations of the functions and methods 
relevant to perovskite thin film fabrication. The nodes, which encompass efficiency, 
stability/durability, manufacturing, and validation/bankability, serve as broad 
representations of the technical challenges for commercialization faced by perovskite 
photovoltaics. The materials and methods outlined at the center summarize the 
parameters employed to tackle both processing and technical challenges in the pursuit of 
commercialization. Positive relationships between nodes are represented by red lines, 
while negative relationships are depicted by blue lines.

The aim of this study is to explore potential solutions to overcome the scalability 

and cost limitations of PSCs. For most solar cell technologies, the PCE decreases as the 

device area increases; however, the rate of PCE loss for perovskite solar modules far 

exceeds the competition, due to non-uniformity in the functional layers. A primary reason 

for this non-uniformity is the inability for laboratory-scale fabrication techniques to scale. 

This study investigates alternatives that enhance the feasibility and scalability of solution-

phase PSC by evaluating options that effectively align with roll-to-roll manufacturing 

methods, considered to be the most feasible and economical approach for large-scale PSC 

production. 
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Annealing is a critical aspect of PSC fabrication, and its successful completion 

has largely relied on the use of hotplate in laboratory-scale applications. The lack of an 

analogous technique to hotplate annealing for roll-to-roll applications has hindered 

widespread implementation of roll-to-roll PSC manufacturing. Many existing annealing 

methods either necessitate the use of ovens with impractically long dimensions or 

demand temperatures that exceed operational stability, highlighting the necessity for 

alternative approaches. Radiative annealing techniques, including intense pulsed light 

(IPL) and rapid thermal annealing (RTA), have exhibited the potential to reduce 

processing times by an order of magnitude. These techniques exploit the physical 

properties of materials, primarily light absorption, to minimize heat transfer to 

temperature-sensitive components. For flexible PSC applications, IPL distinguishes itself 

with µsec pulse durations and the compatibility of the Xenon flash source with 

temperature sensitive components in PSCs. Building upon the extensive existing 

knowledge on perovskite thin film formation, this study aims to examine the interactions 

between radiative annealing techniques and perovskite thin films as a solution to scale 

PSC manufacturing. 

In the context of roll-to-roll processing, the time available for nucleation and 

crystal growth is limited, creating a situation where commercial viability and perovskite 

quality can be mutually exclusive. Additionally, in the context of radiative annealing, it is 

necessary for the perovskite film to have light absorption properties to facilitate effective 

heat transfer. These requirements are often overlooked in other annealing applications. 

Integration of roll-to-roll processing and radiative annealing techniques, requires re-
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optimizing and tailoring perovskite inks for the annealing process, as existing ink 

formulations in literature are not satisfactory for this application.  

For IPL compatibility, an idealized ink would have strong visible light absorption 

across most to all visible wavelengths. As shown in figure 5, our preliminary research has 

revealed that the absorption profile of perovskite transitional phases can be adjusted. 

Annealing is typically performed after the solvent removal step in perovskite fabrication, 

and it is reasonable to attribute the observed changes in the absorption profile to the 

presence of non-volatile coordinating solvents (NVCS), the composition of the 

perovskite, and any non-volatile additives in the precursor ink. Therefore, qualitative and 

spectroscopic techniques were used when considering components effect on absorption 

for the precursor ink. Crystallographic, spectroscopic, and photovoltaic measurements 

were collected post-annealing to ensure new components did not adversely affect device 

performance.  

In high-throughput roll-to-roll manufacturing, the size of the processing/coating 

window has direct correlations to overall yields and process robustness, both reducing 

overall costs. As the process transitions to industrial scale, the physical properties of the 

precursor become increasingly significant in determining the outcome of film formation. 

Intrinsic properties of solvents were used to regulate both the evaporation/nucleation rate 

(vapor pressure) and stabilize the transitional phase (Donor number). Ultimately, solvent 

systems were created using volatile, non-coordinating solvents (VNCS) and NCVS to 

expand processing windows, as confirmed by crystallographic, and photovoltaic 

measurements.   
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Figure 5: Images of three perovskite films taken prior to annealing. The solvent systems 
used are A) DMF:DMSO, B)DMF:DMSO:NMP, and C) ACN:MA. D) UV-Vis 
absorption profiles of these three films. ACN – acetonitrile.  

Just as the properties of perovskite film deposition can be adjusted by 

modifications to precursors, IPL parameters can also be adjusted to match the process. 

IPL delivers high-energy microsecond pulses of light from a Xenon flash lamp to a large 

processing area, capable of heating photosensitive materials to temperatures exceeding 

several hundred degrees Celsius.[32, 33] By controlling the intensity, number of pulses, 

pulse duration, and delay between pulses, the nature of the interaction between IPL and 

the perovskite film can be altered. The combination of qualitative, spectroscopic, 

crystallographic, and photovoltaic analytical techniques were utilized to iteratively 

optimize IPL parameters for a given precursor formulation.  
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1.5 Objectives of Study  
The objective of this research is to address the limitations in terms of scalability 

and cost for PSCs and evaluate possible solutions. The commercialization of PSCs has 

been hindered by a lack of effective transfer of laboratory-scale fabrication techniques to 

industrial-scale production. One promising approach is the integration of roll-to-roll 

processing and IPL. To achieve this goal, it is essential to optimize the perovskite ink 

chemistry, taking into account its composition, additives, solvent systems, and their 

impact on PSC efficiency, durability, scalability, and bankability. The proposed 

methodology involves modifying the precursor chemistry and investigating solvents and 

additives to maintain the optoelectronic properties of the perovskite film after IPL 

annealing. The efficiency of the PSCs will be confirmed by evaluating the PCE and its 

influence on commercial prospects. The ultimate goal is to implement the optimized IPL 

parameters in a rapid manufacturing process and continuously refine the technology 

through iteration. 

1.5.1 Specific Objectives 
a. Conduct cost analysis for integrating IPL annealing into roll-to-roll manufacturing 

processes of PSCs to evaluate its economic feasibility for large scale industrial 

production.  

b. Utilize volatile solvents to achieve rapid supersaturation promoting rapid nucleation to 

form compact and uniform perovskite thin films.  

c. Evaluate high donor number, low vapor pressure solvents as transitional phase stabilizers 

to understand their role in expanding the processing window for IPL annealing, making 

thin film deposition more robust.  

d. Explore additives with functionality for IPL that improve the overall crystallinity, 

morphology or optoelectronic properties of a perovskite film.  
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e. Transition to perovskite compositions with higher stability than conventional perovskite 

compositions and study the changes to perovskite film formation induced by the different 

constituents.  

f. Develop a comprehensive approach to experimentally study perovskite thin film coating 

to provide a roadmap for the development of future commercial PSCs.  

g. Optimize IPL parameters for compatibility and increased throughput of PSCs utilizing 

the improved ink chemistry.  

1.6 Organization of Thesis 
Chapter 1 aims to offer a comprehensive overview of the prevailing status of 

renewable energy, with a particular focus on solar energy implementation. This section 

will analyze the necessary advancements for the next generation of solar technologies to 

rival existing silicon-based solar technologies. The chapter will then delve into the 

obstacles hindering the commercialization of perovskite solar technologies and their 

ability to meet the aforementioned milestones. The study will present a methodical 

approach to overcoming the challenges posed to perovskite solar and clearly outline the 

research objectives associated with this endeavor. 

Chapter 2 presents a thorough examination of the underlying principles of solar 

cell operation, with a specific focus on PSCs. The literature review also encompasses the 

key aspects of thin film deposition parameters that are crucial for the widespread 

implementation of perovskite thin films. 

Chapter 3 outlines the techniques utilized for the deposition of perovskite films 

and the assembly of the solar cell. This chapter also encompasses the various 

characterization methods employed to study and evaluate the properties of these 

materials. 
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Chapter 4 showcases the findings from a technoeconomic analysis of roll-to-roll 

manufactured PSCs that have undergone IPL. The results demonstrate the cost 

advantages and improved productivity attainable through the implementation of 

innovative annealing methods. 

Chapter 5 presents the results of annealing perovskite thin films through RTA 

techniques. The section also examines the benefits of radiative annealing for its 

suitability with temperature-sensitive substrates in roll-to-roll production lines. 

Chapter 6 outlines a comprehensive and integrated approach to the processing of 

perovskite thin films through IPL for large-scale production. This chapter discusses the 

outcomes of this study in detail. 

The conclusions and recommendations from this study are included in Chapters 7 

and 8, respectively.  
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CHAPTER 2 – BACKGROUND 
 

2.1 Solar cell background 

 The first practical solar cell was demonstrated in the 1950s after the advent of 

semiconductor physics for the transistor. Research and development of PVs received its 

first major boost from the space industry in the 1960s. The need for a power supply apart 

from grid power became an interesting scientific variation to rapidly expanding silicon 

transistor development. The oil crisis in 1970 created an incentive to investigate 

terrestrial solar power, allowing it to enter the power generating sector. Research into 

solar cells continued through the 1980s with the 20% milestone achieved in 1985. The 

growth has continued over the decades where it now can provide substantial fractions of 

the grid electricity.  

2.2 PSC design 

2.2.1 Overview  
Initially, PSCs evolved as a variant of dye-sensitized solar cells (DSSCs), which 

led to a lot of similarities in the device structures with the first recorded efficiency in 

2009.39, 40 PSCs are highly efficient thin film PV devices capable of converting sunlight 

into electricity with PCEs that rival those of conventional c-Si cells, typically exceeding 

25%.41 They are fabricated through the deposition of thin layers of materials onto a 

substrate, such as glass or plastic, which has been coated with a transparent conductive 

oxide (TCO), such as fluorine-doped tin oxide (FTO) or indium-doped tin oxide (ITO). 
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The deposition process can be performed using various techniques, including 

solution processing methods such as spin-coating, doctor blade coating, or dip-coating, or 

vapor deposition techniques like thermal evaporation or chemical vapor deposition. A 3D 

and cross-sectional representation of a PSC fabricated at our University is depicted in 

figure 6. 

 

Figure 6: (a) 3D graphic of a PSC with electrode contacts shown for device testing. The 
pixel areas (silver squares on top of the black perovskite film) range from 0.1, 0.25, to 1 

cm2 in this work. (b) Cross-sectional schematic of a PSC, highlighting the different 
functional layers present in the device. The device thickness is ~500nm to 1um.  

2.2.2 PSC physics 
Conventional c-Si solar cells are based around the p-n junction of solid-state 

semiconductors. PSCs are different in that they operate on a p-i-n architecture, where the 

perovskite absorber layer is sandwiched between p- and n-type materials. PSCs can be 

defined as either p-i-n architectures or n-i-p architectures, depending on whether light 

enters into the PV cell through the hole transport layer (HTL) or electron transport layer 

(ETL), respectively. The process of sunlight striking the perovskite solar material, excites 

an electron and creates an electron-hole pair. The high dielectric constant of perovskites 

allows photogenerated excitons to dissociate immediately into free carriers where 
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electrons and holes drift and diffuse through the absorber and transparent layers to be 

extracted at the contacts.  

It has been argued that the absorber layer in high efficiency cells is essentially 

intrinsic, which is the basis for the “i" term in the “p-i-n” architecture.42 Analytical 

models can be developed by solving the steady-state electron and hole continuity 

equations within the absorber, as follows:  

𝐷𝐷
𝛿𝛿2𝑛𝑛(𝑥𝑥)
𝛿𝛿𝑥𝑥2

+ 𝜇𝜇𝐸𝐸(𝑥𝑥)
𝛿𝛿𝑛𝑛(𝑥𝑥)
𝛿𝛿𝑥𝑥

+ 𝐺𝐺(𝑥𝑥) − 𝑅𝑅(𝑥𝑥) = 0
(2) 

𝐷𝐷
𝛿𝛿2𝑝𝑝(𝑥𝑥)
𝛿𝛿𝑥𝑥2

− 𝜇𝜇𝐸𝐸(𝑥𝑥)
𝛿𝛿𝑝𝑝(𝑥𝑥)
𝛿𝛿𝑥𝑥

+ 𝐺𝐺(𝑥𝑥) − 𝑅𝑅(𝑥𝑥) = 0 (3) 

where, 𝑛𝑛 and 𝑝𝑝 represent the electron and hole concentration, respectively, 𝐷𝐷 and 𝜇𝜇 are 

the diffusion coefficient and mobility, respectively,  𝐸𝐸(𝑥𝑥) is the position-dependent 

electric field within the absorber layer, 𝐺𝐺(𝑥𝑥) represents the position-dependent 

photogeneration, and 𝑅𝑅(𝑥𝑥) represents carrier recombination within the absorber layer. 

Extraordinarily long diffusion lengths in perovskite ensure that 𝑅𝑅(𝑥𝑥) is negligible.  

Figure 7: Energy diagram of PSCs in a p-i-n configuration (left) and a n-i-p configuration 
(right). Side of solar cell oriented towards the light source is indicated by the colored 

arrows. 
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Figure 7 highlights the intrinsic nature of the solar cell as 𝐸𝐸(𝑥𝑥) is linear, in the 

absence of doping or trap states. The generated profile in the absorber layer can be 

approximated as  

 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = � 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
−𝑚𝑚

𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎� 𝑑𝑑𝑥𝑥 = 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝜆𝜆𝑚𝑚𝑎𝑎𝑒𝑒
∞

0
 (4) 

where 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒 and 𝜆𝜆𝑚𝑚𝑎𝑎𝑒𝑒  are material specific constants averaged over the solar spectrum. 

Equations (3) and (4) can be solved analytically to derive the complete current-voltage 

characteristics for both p-i-n and n-i-p architectures as shown below in table 1 and 

equations (5-7):  

 𝐽𝐽𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑 = (𝛼𝛼𝑒𝑒 ∗ 𝐽𝐽𝑒𝑒0 + 𝛼𝛼𝑏𝑏 ∗ 𝐽𝐽𝑏𝑏0)(𝑒𝑒
𝑞𝑞𝑞𝑞
𝑑𝑑𝑘𝑘 − 1) (5) 

 
𝐽𝐽𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑞𝑞𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚(𝐹𝐹 − 𝐵𝐵𝑒𝑒−

𝑜𝑜0
𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎) 

(6) 

 𝐽𝐽𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜 = 𝐽𝐽𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑 + 𝐽𝐽𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜 (7) 

Table 1: Parameters of equations (5-7) expressed in terms of the physical parameters of 
the cell.  

Variable Definition 

1
𝛼𝛼𝑒𝑒

 
𝑒𝑒
𝑞𝑞(𝑞𝑞−𝑞𝑞𝑏𝑏𝑏𝑏)

𝑑𝑑𝑘𝑘 − 1
𝑞𝑞(𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑙𝑙)

𝑘𝑘𝑘𝑘

+
𝐷𝐷

𝑡𝑡0 ∗ 𝑠𝑠𝑒𝑒
 

1
𝛼𝛼𝑏𝑏

 
𝑒𝑒
𝑞𝑞(𝑞𝑞−𝑞𝑞𝑏𝑏𝑏𝑏)

𝑑𝑑𝑘𝑘 − 1
𝑞𝑞(𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑙𝑙)

𝑘𝑘𝑘𝑘

+
𝐷𝐷

𝑡𝑡0 ∗ 𝑠𝑠𝑏𝑏
 

𝐹𝐹 𝛼𝛼𝑒𝑒 ∗ (
(1− 𝑒𝑒

𝑞𝑞(𝑞𝑞−𝑞𝑞𝑏𝑏𝑏𝑏)
𝑑𝑑𝑘𝑘 − 𝑜𝑜0

𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎)
𝑞𝑞(𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑙𝑙)

𝑘𝑘𝑘𝑘 − 𝑡𝑡0
𝜆𝜆𝑚𝑚𝑎𝑎𝑒𝑒

−
𝐷𝐷

𝑡𝑡0 ∗ 𝑠𝑠𝑒𝑒
) 

𝐵𝐵 𝛼𝛼𝑏𝑏 ∗ (
(1− 𝑒𝑒

𝑞𝑞(𝑞𝑞−𝑞𝑞𝑏𝑏𝑏𝑏)
𝑑𝑑𝑘𝑘 − 𝑜𝑜0

𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎)
𝑞𝑞(𝑉𝑉 − 𝑉𝑉𝑏𝑏𝑙𝑙)

𝑘𝑘𝑘𝑘 − 𝑡𝑡0
𝜆𝜆𝑚𝑚𝑎𝑎𝑒𝑒

−
𝐷𝐷

𝑡𝑡0 ∗ 𝑠𝑠𝑏𝑏
) 
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The parameters summarized in table 1 are functions of the thickness of the 

absorber layer (𝑡𝑡0), the dark diode current recombining at both transport layers (𝐽𝐽𝑒𝑒0, 𝐽𝐽𝑏𝑏0), 

the built-in potential across the absorber layer (𝑉𝑉𝑏𝑏𝑙𝑙), the diffusion coefficient (𝐷𝐷), the 

effective surface recombination velocity at perovskite/charge transport layer (CTL) 

interfaces (𝑠𝑠𝑏𝑏 , 𝑠𝑠𝑒𝑒), and the maximum absorption (𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚).  

This model describes the basic physics of a p-i-n solar cell under operation. 

Advancements in organic and DSSCs have benefitted the field of PSCs through the 

development of a diverse set of PSC-compatible CTLs. The identity of the CTLs has 

implications across all metrics of PSC device performance. A few other variations that 

change the model include the composition of the perovskite absorber, quality of the 

perovskite absorber, and additives incorporated into the precursor ink. The perovskite 

material possesses a high level of tolerance towards defects, enabling its utilization with a 

diverse range of A-site, B-site, and X-site compositions, phase stabilization, and 

dimensionalities (2D/3D) that can impact device physics. This model can be used to 

interpret PSC operation and obtain physical parameters of the cell to help expedite 

characterization and optimization of the components. 

2.2.2 ETL 
 Ideal ETLs must combine good electrical conductivity, suitable energy levels, low 

surface defect density, high transmittance, pinhole-free morphology, as well as good 

optical and thermal stability. In typical PSCs, any work function difference between ETL 

and perovskite will lead to a flow of electrons from the low work function material to the 

high work function material. In thermal equilibrium, a space charge layer will form 

across the interface.43  The resulting built-in electric field in the depletion region can help 
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extract electrons into the ETL, suppress back transfer of electrons from ETLs to the 

perovskite, and further assist in charge separation close to the interface. Ideally, the space 

charge layer would extend across the entirety of the perovskite, however, the depletion 

width (x0) at the ETL/perovskite heterojunction is generally expressed as: 

𝑥𝑥𝑛𝑛 = �
2𝜀𝜀𝑛𝑛𝜀𝜀𝑝𝑝𝑛𝑛𝑝𝑝𝑉𝑉0

𝑒𝑒𝑛𝑛𝑝𝑝�𝜀𝜀𝑛𝑛𝑛𝑛𝑛𝑛 + 𝜀𝜀𝑝𝑝𝑛𝑛𝑝𝑝�

(8) 

𝑥𝑥𝑝𝑝 = �
2𝜀𝜀𝑛𝑛𝜀𝜀𝑝𝑝𝑛𝑛𝑛𝑛𝑉𝑉0

𝑒𝑒𝑛𝑛𝑝𝑝�𝜀𝜀𝑛𝑛𝑛𝑛𝑛𝑛 + 𝜀𝜀𝑝𝑝𝑛𝑛𝑝𝑝�

(9) 

𝑥𝑥0 = 𝑥𝑥𝑛𝑛 + 𝑥𝑥𝑝𝑝 = �
2𝜀𝜀𝑛𝑛𝜀𝜀𝑝𝑝𝑉𝑉0(𝑛𝑛𝑛𝑛 + 𝑛𝑛𝑝𝑝)2

𝑒𝑒𝑛𝑛𝑛𝑛𝑛𝑛𝑝𝑝�𝜀𝜀𝑛𝑛𝑛𝑛𝑛𝑛 + 𝜀𝜀𝑝𝑝𝑛𝑛𝑝𝑝�

(10) 

where xn and xp are the depletion widths in ETL and perovskite, respectively. V0 is the 

difference in Fermi levels, εn and εp stand for the static permittivity of ETL and 

perovskite, respectively, 𝑒𝑒 

is the elementary charge, nn and np refer to the doping density of ETL and perovskite, 

respectively. The impact of the ETL on the space charge layer in combination with a 

lower number of electrons (in comparison to TCO), deep valence band of ETL to block 

holes, and prevent shorting of the HTL or metal back contact with TCO makes ETLs an 

integral component to suppress charge recombination in highly-efficient PSCs.  

Inorganic, wide bandgap, n-type semiconductors are excellent candidates and 

have been utilized extensively to fabricate highly-efficient PSCs thanks to their low cost 

and considerable charge mobility. Titanium dioxide (TiO2) was often used due to its 

proper band alignment and high transmittance, however, the electron mobility of TiO2 

(0.1-4 cm2 V-1 s-1)44 is generally one to two orders of magnitude less than perovskite (10-
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100 cm2 V-1 s-1)45, 46 significantly limiting the efficiency of devices. Zinc oxide (ZnO) 

was first proposed as a promising alternative to TiO2 due to its charge carrier mobility 

and ability to crystallize at low temperatures. However, Yang et. al. revealed that ZnO 

can induce proton-transfer reactions at the ZnO/perovskite interface, leading to 

decomposition of the perovskite film into PbI2.47 Tin oxide (SnO2) receives even more 

attention because of a variety of properties, first, the deeper conduction band favors the 

electron injection from perovskite and reduces potential Schottky barrier at the 

FTO/SnO2 interface, second, the high electron mobility (240 cm2 V-1 s-1) supports fast 

electron transport, third, the wider band gap (3.5-3.6 eV) reduces the effect of 

photoexcitation due to ultraviolet (UV) illumination.48, 49 A variety of different 

approaches have been made to over come the drawbacks of individual electron transport 

materials including metal sulfides, metal selenides, ternary ETLs, and amorphous ETLs 

while most optimization strategies are focused on introducing additional components, 

such as doping and interface modification.  

Interfacial properties of PSCs play a crucial role not only in performance but also 

in stability of the cell. Tomas et. al. demonstrated that the exposure of TiO2 to UV light 

can create photo-generated holes in TiO2, which subsequently react with adsorbed 

oxygen on the TiO2/perovskite interface, resulting in the formation of deep trap sites.50 

These trap sites significantly increase recombination at the interface, thus reducing the 

overall performance of the cell. This work demonstrates the various factors that can 

influence the suitability of an electron transport material for commercial perovskite 

applications, despite its demonstrated ability to function in high-efficiency PSCs.  
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Organic electron transport materials, such as [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) and C60, have been employed as ETLs in p-i-n architectures with high 

efficiencies, achieving greater than 20%.51 52 However, organic ETLs are generally 

plagued by instability and are expensive, not suitable for mass production. These 

materials are useful for consistent, high-quality ETLs, utilized to study materials and 

processes related to other PSC layers, but the long-term viability of these materials is 

limited.  

2.2.3 Perovskite Absorber Layer 
 The first iteration of a functioning PSC utilized a methylammonium lead triiodide 

(MAPbI3) formulation and has remained the most widely studied formulation through 

2022. Regardless of the particular formulation, the stability of perovskite materials is 

susceptible to alterations caused by environmental conditions such as temperature, 

moisture, and pressure.53 The optoelectronic properties of perovskite films are dependent 

upon morphology, crystallinity, and stoichiometry, to name a few, that can be altered by 

pre-and post-treatments, doping, ambient conditions, deposition methods, solvents, molar 

compositions, drying conditions, and annealing parameters.54-57 Despite the remarkable 

progress, the most significant barriers to perovskite PV commercialization are stability, 

scalability, and manufacturing.58 

2.2.3.1 Instability of the perovskite layer  
 The Goldschmidt tolerance factor can be used to predict the crystal structure of 

perovskite materials, with the preferred cubic perovskite phase lying between 0.9-1.0.59-62  

 𝑡𝑡 =
𝑅𝑅𝐴𝐴 + 𝑅𝑅𝑋𝑋

�2(𝑅𝑅𝐵𝐵 + 𝑅𝑅𝑋𝑋)
 (11) 



26 

However, it must be noted that the tolerance factor alone is not sufficient for predicting 

the stability. Octahedral factor determines distortion and stability in perovskites with 

stable perovskites formed within 0.45-0.89 as follows:63 

𝜇𝜇 =
𝑅𝑅𝐵𝐵
𝑅𝑅𝑋𝑋

(12)

The Goldschmidt tolerance factor and octahedral factor are useful indicators of 

intrinsic lattice strain, but it is important to consider external and operational factors that 

can degrade the perovskite. For example, thermal stressors at modest temperatures of 45-

55°C can volatilize methylammonium (MA+) ions in MAPbI3 perovskites, causing 

degradation into its components as shown below: 22, 64 

𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝑃𝑃𝑃𝑃𝑃𝑃3(𝑠𝑠)
Δ
↔𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶2 (𝑔𝑔) + 𝐶𝐶𝑃𝑃 (𝑔𝑔) + 𝑃𝑃𝑃𝑃𝑃𝑃2 (𝑠𝑠) (13)

Moisture acts as a catalyst in the decomposition of MAPbI3 perovskites and is widely 

considered the leading cause of degradation in PSCs. Exposure to humidity and oxygen 

induces a 4-step degradation into its components as shown below:53 

𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝑃𝑃𝑃𝑃𝑃𝑃3(𝑠𝑠)
𝐻𝐻2𝑂𝑂��𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶3𝑃𝑃 (𝑎𝑎𝑞𝑞) + 𝑃𝑃𝑃𝑃𝑃𝑃2 (𝑠𝑠) (14) 

𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶2𝑃𝑃 (𝑎𝑎𝑞𝑞) ↔ 𝐶𝐶𝐶𝐶3𝑁𝑁𝐶𝐶2 (𝑎𝑎𝑞𝑞) + 𝐶𝐶𝑃𝑃 (𝑎𝑎𝑞𝑞) (15) 

4𝐶𝐶𝑃𝑃 (𝑎𝑎𝑞𝑞) +  𝑂𝑂2 ↔ 2𝑃𝑃2(𝑠𝑠) + 2𝐶𝐶2𝑂𝑂 (16) 

2𝐶𝐶𝑃𝑃 (𝑎𝑎𝑞𝑞)
ℎ𝜐𝜐
↔ 𝐶𝐶2(𝑔𝑔) + 𝑃𝑃2(𝑠𝑠) (17) 

Moisture catalyzes the breakdown of MAPbI3 in equation 14, and the products formed 

then interact with both oxygen and light, causing irreparable damage to the absorber 

layer.  
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Electric fields, present during illumination, activate ion migration in the 

perovskite layer which create multiple mechanisms for degradation in the layer. At room 

temperature, a significant concentration of mobile MA+ and I- exist.65 Accumulation of 

these ions at HTL and ETL interfaces generate an electric field in opposition to the 

photo-generated field, thereby reducing the device efficiency.66 Furthermore, the ion 

accumulation at HTL and ETL leads to significant hysteresis and non-steady current 

during current-voltage measurements.67  

The instability of perovskites is a result of both intrinsic and extrinsic factors. As 

such, various strategies have been developed to mitigate this degradation, which include 

modifications to the intrinsic properties of the absorber layer, as well as limiting exposure 

to external factors that may contribute to degradation.  

2.2.3.2 Mixed Cation Perovskite Formulations 

A-site substitutions include (MA+), formamidinium (FA+), cesium (Cs+), 

ethylammonium (EA+), and butylammonium (BA+) ions. Replacing MA+ with FA+ 

lowers the band gap of the absorber layer, but generally have better electronic properties, 

higher symmetry and PCE.67 Mixing A-site cations have been shown to improve the 

perovskite crystallinity and phase stability, improve reproducibility, achieve stabilized 

power output efficiencies, unachievable by the individual compositions alone.68, 69 For 

example, both pure MA- and FA-based perovskites are sensitive to ambient conditions, 

however, the higher dipole moment of MA+ stabilizes photoactive α-FAPbI3 perovskites 

when combined.70 Unfortunately, the low volatility of MA cation leads to low thermal 

and photostability.22  
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Transitioning from double cation systems to triple and quadruple systems, allows 

for another parameter to manipulate the perovskite properties. Introducing Cs to double 

cation systems reduces the tolerance factor towards the stable cubic α-phase and showed 

higher thermal stability and reproducibility.68 Islam et al. reported that, according to their 

computational study, the addition of Cs to FAPbI3 induces strain, due to the size 

mismatch, that suppresses re-orientation of FA+.71 These results were confirmed by 

Stranks et al. who showed that FAPbI3 maintained the photoactive α-phase by octahedral 

tilting of 2°.72 Compositional engineering strategies to suppress the transition to the 

hexagonal phase upon cooling to room temperature require an understanding of the re-

orientational dynamics of FA+73, how they influence octahedral tilting in the halide 

perovskite, and how the re-orientational modes can be controlled through alloying in the 

A-site.69 

 A number of strategies have been developed to mitigate A-site cation migration 

including surface passivation74, use of mixed phases75, and doping with alkali cations.76, 

77 Schelhas et al. determined that an important parameter to determine phase stability is 

the Gibbs free energy of mixing (ΔGmix).78 Cs-FA perovskites with less negative ΔGmix 

demonstrated poorer operational stability due to de-mixing of perovskite into 

photoinactive Cs-rich clusters, thus reducing cation migration.79 Methods to reduce the 

A-site migration is important for mixed cation perovskites should improve operational 

stability and reduce hysteresis.  

 Saidaminov et al. suggests that A-site composition have a significant impact on 

carrier diffusivity across grain boundaries, where MA-based perovskites have an order of 

magnitude larger diffusivity than Cs-FA perovskites without MA.80, 81 Further research is 
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needed to understand how the relationship between A-site composition, lattice strain, and 

A-site organic molecule reorientation impact carrier dynamics.82-84

It is well established that mixing A-site cations improves stability as well as 

reproducibility of PSCs; however, the relationship of chemical composition/crystal 

structure/performance/phase stability is yet to be established. Many post-deposition 

characterization techniques have yielded a lot of information about re-orientation 

dynamics of alkylammonium cations and structural transitions of MA- and FA-based 

perovskites, but the lack of detailed information about the role of different cations in the 

crystallization mechanism need to be urgently addressed.69 

2.2.3.3 Mixed Halide Perovskite Formulations 

Mixed-halide perovskite, such as MAPbI3-xClx or MAPbI3-xBrx, exhibit superior 

PV performance in areas of electron-hole diffusion lengths, diffusion constants, and 

lifetimes.85, 86 Mixed-halide perovskite offer bandgap tunability essential for 

multijunction solar cells; however, detrimental halide segregation under light is often 

observed.87 Br- increases Voc values and improves device stability while Cl- enhances the 

film morphology by regulating the crystallization rate of the perovskite.88-90. The 

incorporation of small amounts of bromide and chloride ions into the MAPbI3 perovskite 

crystal structure has been found to enhance its stability and performance, surpassing the 

properties of the individual crystal structures alone. This phenomenon is similar to that 

observed in mixed cation systems.  

2.2.3.4 Perovskite Additives 
Additives play a critical role in the field of perovskite precursor chemistry. Their 

functions extend to various aspects of perovskite film formation and performance, 
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including modulation of film morphology, stabilization of the essential components, 

namely FA and Cs, both in the precursor solution and in the final perovskite film, 

alignment of energy levels within the PSC, reduction of non-radiative recombination 

pathways, mitigation of hysteresis, and overall improvement of operational stability.91 

These additives serve to optimize the crystalline structure of the perovskite film, ensure 

uniform coverage, enhance efficiency and stability, maximize the conversion of absorbed 

light into electrical energy, and prolong the lifespan of PSCs. The specific objectives of 

adding additives may vary, depending on the application, and often involve a 

combination of these factors. 

The formation of 2-dimensional (2D) Ruddleson-Popper and Dion-Jacobson 

perovskites is driven by the selection of cationic species mixed into the perovskite 

structure. Incorporating 2D cations into both perovskite precursor chemistry and 

deposition at perovskite/CTL interfaces have demonstrated suppression of nonradiative 

recombination through passivation of perovskite surfaces at interfaces92, improve 

intrinsic stability of perovskite93-95, and stabilize photoactive perovskite phases96. Jiang et 

al. applied a phenethylammonium iodide (PEAI) layer on top of perovskite to achieve a 

PCE of 23.32% with a Voc of 1.18 eV.92 A wide variety of PEAI applications have been 

shown to improve the performance of PSCs.97-99  

Despite the abundance of additive materials, a limited number have been 

evaluated for compatibility with IPL annealing. Diiodomethane (CH2I2) has been shown 

to reduce pinholes, increase grain size, and improve overall device efficiency for both 

MAPbI3 and triple cation PSCs using IPL annealing.100, 101 Xu et al. elucidated that the 

addition of CH2I2 promotes grain growth in the vertical direction, increases the I/Pb ratio 
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in the final film, and removes the I- ionic diffusion/defect signature associated with 

iodine interstitials.102 The outcomes of these studies have led to the development of PSCs 

exhibiting PCEs greater than 17%, as well as significantly reduced annealing times to a 

millisecond scale.  

2.2.4 HTL 
 HTLs are crucial components in PSCs, however, due to the greater impact of 

ETLs on the device performance, this section will be comparatively brief. HTLs are 

characterized by high hole mobility, thermal and UV stability, and a well-matched 

highest occupied molecular orbital (HOMO) or valence band. The selection of hole 

transport layers to form ohmic contacts is important as it not only reduces the energy 

barrier height for efficient charge extraction, but also maximizes the Voc with an optimum 

built-in potential.103  

HTLs can be divided into two categories: organic and inorganic. Inorganic HTLs, 

such as nickel oxide (NiOx) and molybdenum oxide (MoO3), have high hole mobility but 

are difficult to manufacture efficiently.104 Organic HTLs, such as spiro-OMeTAD and 

poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), have lower stability and 

higher cost.104 Currently, there is a trade-off between efficiency of manufacturing and 

stability for HTLs, making it difficult to find a suitable material for commercial use.  

2.3 Scalable deposition of perovskite layer 
Roll-to-roll processing is an important class of substrate-based manufacturing 

processes in which additive and subtractive processes are used to build structures in a 

continuous manner. The utilization of roll-to-roll production techniques, combined with 

scalable deposition methods, presents a significant opportunity for achieving low-cost, 
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high-throughput manufacturing.105 A simplistic schematic of a concept roll-to-roll 

manufacturing line is presented below:  

 

Figure 8: Roll-to-roll processing concept flow schematic.  

 Various scalable deposition methods have been developed, categorized as 

solution-deposition methods and vapor-deposition methods. The popular solution phase 

methods include spin coating106, blade coating107, slot-die coating108, bar coating109, 110, 

spray coating111, inkjet printing112, 113, and screen printing114. Spin-coating is a widely 

studied technique for the deposition of thin films, however, it is known to be less suitable 

for large-scale production when compared to other techniques. This is due to its 

limitations in terms of scalability and uniformity. 
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Figure 9: Certified PCE for champion PSCs and perovskite solar modules. Lab cells 
(~0.01 cm2); large lab cells (~1.0 cm2); lab modules (10-200 cm2); small modules (800-

6500 cm2)31 

For most types of solar cell technologies, the absolute PCE value decreases by 

~0.8% when the device area increases by an order of magnitude, caused by added series 

resistance (Rs), from sheet resistance of the transparent electrode, increasing linearly as 

the area increases.32-34 The PCE loss of perovskite solar modules far exceeds this rate due 

to non-uniform deposition of all functional layers, with perovskite being the most 

important and challenging, as shown in figure 9.31  Table 2 presents data on the 

performance of PSCs fabricated using scalable methods, including the structural 

information, PCE, and device area, highlighting the significant loss in PCE for non-

conventional deposition techniques and large pixel sizes. 
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Table 2: Literature survey of demonstrated scalable coating methods, accompanied by the 
perovskite structure, and device area.  

Deposition 
Method Structure Substrate PCE 

(%) 
Area 
(cm2) Date Ref. 

Inkjet 
Printing MAFACsRb Perovskite Glass 16.09 802 2020 113 
Slot-Die 
Coating 

ITO/TiO2/MAPbI3xClx/spiro-
OMeTAD/Au Glass 10 168.7

5 2018 108 
Spray 

Coating CsFA Perovskite Glass 13.82 112 2021 115 
Doctor 
Blading 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 4.3 100 2015 116 

Slot-Die 
Coating FA0.83Cs0.17PbI3 Glass 19.54 65 2021 117 
Doctor 
Blading 

ITO/PTAA/MAPbI3/C60/BCP/
Cu Glass 14.6 57.2 2018 118 

Blade 
Coating MA0.6FA0.4PbI3 Glass 19.7 50.1 2021 119 

Blade 
Coating 

FTO/c-TiO2/m-TiO2/FA1-x-
yMAxCsy(I1-xBrx)3/spiro-

OMeTAD/Au 
Glass 11.59 50 2020 120 

Slot-Die 
Coating ITO/ZnO/MAPbI3/P3HT/Ag Glass 4.6 47.3 2015 121 
Spray 

Coating 
FTO/TiO2/MAPbI3xClx/PTAA

/Au Glass 15.5 40 2016 111 

Slot-Die 
Coating 

FTO/NiOx/(FAPbI3)0.95(MAP
bI3)0.05/G-PCBM/BCP/Ag Glass 14.17 36 2019 122 

Doctor 
Blading 

ITO/PTAA/MAPbI3/C60/BCP/
Cu Glass 15.3 33 2018 118 

Doctor 
Blading 

FTO/TiO2/MAPbI3xClx/spiro-
OMeTAD/Au Glass 13.3 11.09 2017 123 

Slot-Die 
Coating FTO/ZnO/MAPbI3/carbon Glass 17.61 10.6 2017 124 
Doctor 
Blading 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 10.4 10.1 2015 116 

Blade 
Coating 

ITO/PTAA/MAPbI3/PCBM/B
CP/Ag Glass 11.25 10.1 2019 125 

Blade 
Coating 

ITO/PTAA/MAPbI3/PC61BM/
BCP/Ag Glass 15.38 10.1 2020 126 

Slot-Die 
Coating 

ITO/PEDOT:PSS/MAPbI3/C60
/PCBM/BCP/Al Glass 8.3 10 2018 127 

Blade 
Coating 

FTO/c-ZnO-ZnS/m-
TiO2/MAPbI3/Spiro-

OMeTAD/Au 
Glass 15.79 8 2019 128 

Blade 
Coating 

FTO/SnO2/FA1-
xCsxPbI3/Spiro-OMeTAD/Au Glass 16.69 8 2021 129 

Slot-Die 
Coating 

FTO/TiO2/FA0.91Cs0.09PbI3/(
M4N)BF4/Spiro-OMeTAD/Au Glass 19.6 7.92 2020 130 

Spray 
Coating 

ITO/TiO2/MAPbI3xBrx/spiro-
OMeTAD/Au Glass 11.7 3.8 2016 131 
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Inkjet 
Printing 

FTO/TiO2/meso-
TiO2/MAPbI3/spiro-

OMeTAD/Au 
Glass 17.7 2.02 2018 132 

Doctor 
Blading 

FTO/TiO2/MAPbI3xClx/spiro-
OMeTAD/Au Glass 17.3 1.2 2017 123 

Blade 
Coating 

FTO/c-TiO2/CsPbI2Br/spiro-
OMeTAD/Au Glass 12.52 1 2019 133 

Spray 
Coating 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 13.1 1 2016 134 

Vapor 
Deposition 

FTO/TiO2/C60/MAPbI3/BAI/S
piro-OMeTAD/Au Glass 14.1 1 2019 135 

Doctor 
Blading 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 17.1 1 2018 136 

Blade 
Coating 

FTO/c-TiO2/m-TiO2/FA1-x-
yMAxCsy(I1-xBrx)3/spiro-

OMeTAD/Au 
Glass 17.77 1 2020 120 

Doctor 
Blading 

FTO/TiO2/FA0.85MA0.15PbI2
.55Br0.45/PTAA/Ag Glass 20 0.98 2017 137 

Inkjet 
Printing FTO/TiO2/MAPbI3/carbon Glass 11.6 0.15 2014 138 

Spray 
Coating 

FTO/TiO2/meso-
TiO2/FA0.9Cs0.1PbI3/spiro-

OMeTAD/Au 
Glass 14.2 0.15 2016 134 

Doctor 
Blading 

FTO/TiO2/MAPbI3xClx/spiro-
OMeTAD/Au Glass 18.6 0.12 2017 123 

Slot-Die 
Coating ITO/ZnO/MAPbI3/P3HT/Ag Glass 11.9 0.1 2015 139 
Doctor 
Blading 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 13.3 0.1 2015 116 

Spray 
Coating 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 16 0.1 2016 134 

Inkjet 
Printing 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 11.3 0.09 2016 140 

Doctor 
Blading 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 18.7 0.09 2018 136 

Doctor 
Blading ITO/MAPbI3/C60/BCP/Cu Glass 20 0.08 2018 141 
Slot-Die 
Coating 

ITO/PEDOT:PSS/(BA)2(MA)3
Pb4I13/PCBM/PEIE/Ag Glass 14.9 0.078 2019 142 

Doctor 
Blading 

ITO/PEDOT:PSS/MAPbI3/PC
BM/C60/BCP/Al Glass 15.1 0.072

5 2015 143 

Spray 
Coating 

PET/ITO/TiO2/MAPbI3xClx/s
piro-OMeTAD/Au PET 8.1 0.065 2015 144 

Slot-Die 
Coating 

ITO/SnO2/MAPbI3/spiro-
OMeTAD/Au Glass 18 0.06 2018 145 

Doctor 
Blading 

ITO/PEDOT:PSS/MA0.6FA0.4
PbI3/PCBM/Ca/Al Glass 11.5 0.04 2015 146 

Inkjet 
Printing 

FTO/TiO2/meso-
TiO2/MAPbI3xClx/spiro-

OMeTAD/Au 
Glass 12.3 0.04 2014 147 
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Inkjet 
Printing 

FTO/TiO2/MAPbI3/spiro-
OMeTAD/Au Glass 17 0.04 2018 148

Inkjet 
Printing 

FTO/TiO2/meso-
TiO2/MAPbI3/spiro-

OMeTAD/Au 
Glass 18.6 0.04 2018 132

Doctor 
Blading 

ITO/PEDOT:PSS/MAPbI3/PC
BM/Bis-C60/Ag Glass 12.2 0.031

4 2015 149

Spray 
Coating 

ITO/PEDOT:PSS/MAPbI3xClx
/PCBM/LiF/Al Glass 9.9 0.025 2016 134

Spray 
Coating 

ITO/PEDOT:PSS/MAPbI3xClx
/PCBM/Ca/Al Glass 11.1 0.025 2014 150

Doctor 
Blading 

ITO/PTAA/MA0.6FA0.38Cs0.
02PbI2.975Br0.025/C60/BCP/

Cu 
Glass 19.3 — 2017 151

PET – polyethylene 
terephthalate, BCP - 

Bathocuproine 

Two scalable deposition methods are briefly introduced: blade coating and slot-

die coating. A comprehensive description of these techniques, along with their underlying 

fundamental equations, can be found in sections 2.3.1.2 and 2.3.1.3, respectively. For a 

deeper discussion of the principles governing these methods relevant to PSC deposition, 

refer to the aforementioned sections.  

Blade coating, depicted in figure 10, is a method of film deposition that utilizes a 

coating tool to spread a solution over a substrate surface, leveraging the principles of 

meniscus coating. The resulting films are influenced by factors such as the shape of the 

meniscus, the flow dynamics within the meniscus, and the evaporation rate of the 

solvent.152 Blade coating is a relatively simple, efficient, and cost-effective method that 

can be adapted for large-scale production through the use of a roll-to-roll process.32, 107,

143 Additionally, the nature of the coating process offers wider surface coverage 

compared to spin-coating and improved uniformity for large-area devices.153  
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Figure 10: Schematic of blade coating thin films from a side angle, displaying the 
precursor solution meniscus between blade and substrate.    

Slot-die coating, depicted in figure 11, is a technique in which a coating solution 

is applied to a substrate via a coater with an upstream and downstream die. The solution 

is dispensed from a distribution chamber and flows through a feed slot between the dies. 

The properties of the resulting film are influenced by various factors, such as coating 

speed, flow rate, coating gap, and viscosity of the solution. This technique demonstrated 

scalability by the production of a flexible perovskite solar module with an active area of 

40 cm2, through the integration of slot-die coating into a roll-to-roll process.139 Although 

slot-die coating is a mature, scalable deposition method, it remains challenging to control 

the film quality over large-areas in perovskite solar modules, highlighting the need for 

ongoing research in fluid dynamics and slot-die design for this technology. 
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Figure 11: Schematic of slot die coating thin films from a side angle, displaying the 
coating bead formation.  

2.3.1 Perovskite film formation 
Perovskite formation is the combination of nucleation and crystal growth 

processes.154, 155 Perovskite film formation is conventional modeled via the formation of 

colloidal particles from a solution. In colloidal particle formation, a monomer is defined 

as the minimal building unit of a crystal and can either form crystal particles or dissolve 

back into the solution, depending on the level of supersaturation.155 In the classical theory 

of nucleation, a nucleus is considered a sphere of condensed phase where its free energy 

is defined by thermodynamic terms below: 

 Δ𝐺𝐺(𝐵𝐵) = 4𝜋𝜋𝐵𝐵2𝛾𝛾 +
4
3
𝜋𝜋𝐵𝐵3Δ𝐺𝐺𝑎𝑎 

 
(18) 

where r is the radius of the nucleus, γ is the surface energy per unit area, and ΔGv is the 

free energy per unit volume of a crystal. This term is defined by the difference between 

free energy of a monomer in the crystal and in solution, shown below: 
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 Δ𝐺𝐺𝑎𝑎 = −
𝑅𝑅𝑘𝑘𝑅𝑅𝑛𝑛𝑅𝑅
𝑉𝑉𝑚𝑚

 
 

(19) 

where Vm is the molar volume of the monomer in crystal, 𝑘𝑘 is the temperature, 𝑅𝑅 is the 

gas law constant, and 𝑅𝑅 is the level of supersaturation ([𝑀𝑀]
[𝑀𝑀]0
� , [𝑀𝑀]0 is equilibrium 

concentration of the bulk solid). The first term in equation 18 represents the surface 

energy contributions to the free energy of a nucleus, while the second term represents the 

bulk free energy contributions to the free energy of a nucleus. G(r) is plotted in figure 12. 

There exists a critical radius (rc) where a nucleus with radius smaller than rc will 

redissolve into solution, to decrease the free energy. Thus, the critical radius is the 

minimum size of nuclei that can resist dissolution and grow further.  

 

Figure 12: Plot of the Gibbs free energy  

 

The reaction rate for the formation of nuclei can be written in the Arrhenius form, where 

the formation energy of nuclei (Δ𝐺𝐺𝑁𝑁) is equal to ∆𝐺𝐺(𝐵𝐵𝑐𝑐), as follows: 
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𝑑𝑑𝑁𝑁
𝑑𝑑𝑡𝑡

= 𝐹𝐹𝑒𝑒𝑥𝑥𝑝𝑝 �
−Δ𝐺𝐺𝑁𝑁
𝑘𝑘𝐵𝐵𝑘𝑘

� = 𝐹𝐹𝑒𝑒𝑥𝑥𝑝𝑝 �−
16𝜋𝜋𝛾𝛾3𝑉𝑉𝑚𝑚2

3𝑘𝑘𝐵𝐵3𝑘𝑘3𝑁𝑁𝐴𝐴2(𝑅𝑅𝑛𝑛𝑅𝑅)2
� (20) 

As shown, the nucleation rate is strongly dependent on the level of supersaturation, 

temperature, and surface free energy. By manipulating these parameters, it is possible to 

control the nucleation rate and subsequently influence the quality of the resulting 

perovskite film. 

The growth of particles in solution is driven by mass transport of monomers from 

the bulk solution onto the particle surface (Fick’s first law) and the reaction of monomers 

on the surface as shown below: 

𝐽𝐽 = 4𝜋𝜋𝐵𝐵2𝐷𝐷
𝑑𝑑[𝐶𝐶]
𝑑𝑑𝑥𝑥

= 4𝜋𝜋𝐷𝐷𝐵𝐵([𝑀𝑀]𝑏𝑏 − [𝑀𝑀]𝑠𝑠) (21) 

𝐽𝐽 = 4𝜋𝜋𝐵𝐵2𝑘𝑘([𝑀𝑀]𝑠𝑠 − [𝑀𝑀]𝑑𝑑 ) (22)

where 𝐽𝐽 is are the monomer flux, 𝐷𝐷 is the diffusion coefficient, [𝑀𝑀]𝑏𝑏 is the bulk 

concentration of the solution, [𝑀𝑀]𝑠𝑠 is the concentration at the surface of the particle, 

[𝑀𝑀]𝑑𝑑 is the solubility of the spherical particle of radius 𝐵𝐵. 

Figure 13: Schematic illustration of diffusion layer structure neat the surface of a 
nanocrystal (left) and plot for the monomer concentration as a function of distance x 

(right). Shaded area represents the diffusion layer. 
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Due to the Gibbs-Thomson effect, larger particles have lower solubility, therefore, they 

grow at faster rates. According to equations 21 and 22, the overall particle growth rate is 

determined by either diffusion or surface reaction, respectively. On account of steady 

state solute diffusion, diffusion-controlled growth facilitates uniform size particles.  

The overall nucleation and crystal growth processes for perovskites are generally 

depicted by the LaMer plot, which describes the concentration of perovskite precursors 

changing as a function of time for isothermal evaporation of solvent.155 This plot is 

shown in figure 14 and displays three stages in the process. In the first stage, monomers 

accumulate in the solution. Monomer concentration increases until it reaches 

supersaturation, signifying the transition to phase II. The process of nucleation reduces 

the precursor concentration in the bulk solution and will continue until the precursor in 

solution can no longer achieve supersaturation. This critical point signifies the transition 

to phase III where spontaneous nucleation is no longer present and diffusion-controlled 

crystal growth becomes the dominant process. 
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Figure 14: LaMer diagram depicting three stages in the formation of uniform colloidal 
particles.  

The diffusion-controlled growth of crystals in phase III can also be described by 

the process of Ostwald ripening. This process is characterized by the preferential 

dissolution of smaller particles and subsequent growth of larger particles. The driving 

force for this process is the difference in chemical potential between smaller and larger 

particles, with smaller particles being energetically more unstable than larger particles, 

shown in equation 23.156-158 

𝜇𝜇 = 𝜇𝜇0 +
2𝛾𝛾𝑉𝑉𝑚𝑚
𝐵𝐵

(23)

where, 𝜇𝜇 is surface chemical potential on the surface, 𝜇𝜇0 is the chemical potential for a 

flat surface, γ is surface energy, 𝑉𝑉𝑚𝑚 is the mole volume of a particle and r is the particle 

radius. As a result, the concentration of dissolved precursors near small particles is 

always higher than that near large particles, causing mass transport towards the large 

particle via Fick’s first law.  
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As discussed, the formation of perovskite films is affected by the use of different 

solvents, additives, and precursor compositions. The complexity of film formation, due to 

the presence of multiple factors, leads to a range of experimental phenomena that can be 

challenging to reconcile with theoretical predictions. In general, strategies that focus on 

suppressing crystal growth and promoting rapid nucleation generally result in more 

consistent and reliable coating processes. 

2.3.1.1 Deposition - Solvents  
 The choice of solvent is a crucial factor in determining the morphology of the 

perovskite absorber layer. The solvent is the medium used to dissolve the perovskite 

precursor materials, and the chemical properties of the solvent can greatly impact the 

coordination between the solvent and the perovskite precursors. Consequently, selecting 

the appropriate solvent serves as the most direct method to influence precursor solubility, 

which in turn has significant implications for film quality, as previously discussed. For 

example, the use of organic solvents like dimethylformamide (DMF) or 

dimethylsulfoxide (DMSO), which have lone pair electrons, can form Lewis acid-base 

adducts with the Lewis acid Pb2+. The utilization of a combination of solvents in 

perovskite ink formulation has been demonstrated to promote fast nucleation and 

suppress crystal growth through the synergistic interaction of their unique properties. 

The Lewis basicity of a solvent, as quantified by its Donor Number (DN), plays a 

crucial role in its ability to dissolve perovskite precursors. Solvents with high DN, such as 

DMF, DMSO, N-methyl-2-pyrrolidone (NMP), N,N-dimethylacetamide (DMA), and γ-

butyrolactone (GBL), are commonly utilized for this purpose.98, 159-174 However, it should 

be noted that the solubility of the precursor also depends on the coordination between the 
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solvent and solute, which can be influenced by both the DN and polarity of the solvent. 

Additionally, the evaporation rate of the solvent system is not solely determined by its 

boiling point, vapor pressure, and viscosity, but also by its DN and polarity.175 The DN 

serves as an example of how a single material property cannot fully predict the 

interaction between a solvent and perovskite precursors, highlighting the complex and 

interconnected nature of the various parameters that can be used to manipulate the overall 

performance of the solvent system. 

Deng et al. chose to define solvents as either NVCS and VNCS.176 They 

highlighted the ability to utilize the relationship between donor number and vapor 

pressure to promote fast nucleation, via VNCSs, and retard crystallization, via NVCSs. A 

summary of this relationship is shown in figure 15.  

Figure 15: Plot of vapor pressure and Donor number for commonly used perovskite 
solvents. Plot credit: Deng et al. 176 
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As the production of PSCs continues to progress towards industrial scale, the 

physical properties of the precursor solution become increasingly significant in 

determining the outcome of the film formation process. The challenge is mainly focused 

on the regulation of the process time window, which requires the precise control of the 

coordination ability, volatility, and viscosity of the solvent.118, 123, 177, 178 

The intricate interactions inherent in perovskite precursor chemistry enable the 

generation of a vast array of potential precursor solvents. A table summarizing the PV 

characteristics of PSCs synthesized using various solvent systems is presented below. 

Table 3: Literature survey of commonly used perovskite solvents, highlighting their 
characteristics performance metrics and year when published.  

Solvent(s) Voc (V) Jsc (mA cm-

2) 
FF (%) PCE (%) Date Ref 

DMF/DMSO 1.13 25.92 82.02 24.02 2019 179

DMF/DMSO 1.01 20.82 72 15.14 2018 180

DMF/NMP 1.1 23.98 76.9 20.19 2018 161

DMF/GBL 0.92 8.74 76 6.16 2014 166

HMPA/DMSO 1.08 22.53 80.1 19.5 2016 170

DMF/DMA 1.02 22.49 70 16.05 2017 165

GBL/DMSO 1.02 21.8 78.7 17.6 2016 177

DMF/DMSO 2D 1.11 18.89 49.53 10.41 2018 181

DMF/DMSO 2D 1.08 19.45 58.22 12.37 2018 136

DMAC (2D) 1.13 14.61 73.08 12.15 2019 182

GBL 0.86 12.93 67 7.47 2016 183

NMP 0.76 8.78 56 3.77 2016 183

DMA 1.02 21.47 63.4 13.9 2014 174

DMSO 1.07 22.84 76.11 18.62 2016 184

DMSO 1.02 20.71 64 13.5 2014 185

2-ME 0.97 19.32 81.6 15.32 2017 186

ACN/MA 1.1 22.2 77 19 2017 187

ACN/MA 1.05 21.06 72 15.9 2017 141

ACN/THF/MMA 1.13 23.83 80.9 21.8 2020 188

ACN/DMF 1.15 22.69 75.33 19.7 2016 189

2-
ME/ACN/DMSO 1.13 23 81.8 21.3 2019 176

GBL/EtOH 0.88 18.8 62 11 2016 190
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GBL/EtOH/AcO
H 0.88 21.2 71 15.1 2016 190 

GBL/PrOH/AcO
H 0.9 17.2 72 14 2016 190 

GBL/EtOH/AcO
H 0.89 21.1 73 14.5 2016 190 

GBL/EtOH/AcO
H 3.35 5.1 69 11.9 2016 190 

H2O 1.08 22.4 70 16.7 2020 191 
H2O/DMF 1.03 20.06 85 18 2015 192 
H2ODMF/DMSO 1.09 22.1 80.8 20.1 2018 193 

 

Extensive research to investigate the effects of various properties on the 

deposition and formation of perovskite thin films. However, it is important to exercise 

caution in the selection of solvents used in the process, as certain physical or chemical 

properties may lead to downstream issues that hinder the optimization of post-deposition 

strategies for perovskite. 

2.3.1.2 Deposition – Blade Coating 
Both blade and slot-die coating methods are liquid-film based deposition 

techniques, where the precursor solution is transferred to the substrate in the form of a 

semi-wet liquid film. There are two regimes in blade coating: the evaporation regime and 

Landau-Levich regime. The correlation between blade speed and film thickness can be 

utilized to determine the regime of film deposition, as illustrated in figure 16.152  
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Figure 16: Measured film thickness ℎ as a function of deposition speed. Two regimes are 
identified as a function of 𝜐𝜐∗: evaporation and Landau-Levich. 152 

The film thickness reaches a minimum around a blade speed denoted υ*. When υ 

< υ *, the deposition is in the evaporation regime. Le Berre et al. suggested that film 

thickness of colloidal solutions can be predicted through the application of a mass 

balance around the meniscus, under the assumption of negligible Marangoni effects 

(which is common for colloidal solutions).152, 194 The model predicts that film thickness 

increases as blade speed decreases, with the slope being influenced by factors such as 

precursor concentration, evaporation rate, fluid density, and film width, as depicted 

below:  

ℎ =
[𝑀𝑀]𝑠𝑠,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 𝑄𝑄𝑒𝑒𝑎𝑎𝑚𝑚𝑝𝑝

𝜌𝜌 𝐿𝐿
𝜐𝜐−1 (24)
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where ℎ is the film thickness, [𝑀𝑀]𝑠𝑠,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 is the monomer mass concentration in the 

solution, 𝜌𝜌 is the monomer density, 𝐿𝐿 is the width of the film, 𝑄𝑄𝑒𝑒𝑎𝑎𝑚𝑚𝑝𝑝 is the flow rate of 

solvent leaving the box,  

When 𝜐𝜐 > 𝜐𝜐 *, viscous forces become strong enough to drag out a liquid film from 

the meniscus, transitioning to the Landau-Levich regime.195 Applying Landau, Levich, 

and Derjaguin’s work, Le Berre et al. developed this model for predicting film thickness 

in the Landau-Levich regime for blade coating systems: 

 ℎ = 1.34
[𝐶𝐶]𝑏𝑏𝑏𝑏𝑙𝑙𝑑𝑑
𝜌𝜌

𝑅𝑅

cos 𝜃𝜃1 + cos 𝜃𝜃2 −
𝑅𝑅2

2𝜅𝜅−2
𝐶𝐶𝑠𝑠2 3�  (25) 

where κ-1 = γ/ρg1/2 is the capillary length (γ, surface tension; ρ, density of precursor 

solution) and Ca = ηυ/γ is the capillary number (η, liquid viscosity). Additionally, θ1, θ2, 

and 𝑅𝑅 are geometric parameters related to the back meniscus. Landau-Levich depositions 

theoretically should result in perovskite thin films with a narrower distribution of domain 

sizes and fewer defects compared to evaporation depositions, making it the more 

favorable method for achieving consistent films. 

Mallajosyula et al. expanded upon Le Berre et al.’s study by investigating the 

effect of substrate temperature and solvent volume on not only thickness, but film 

uniformity and crystallinity as well.196 Ernst et al.197 combined models developed by Le 

Berre et al. and Davis et al.198 to predict film thickness and found that the predictions 

matched will with experimental data.   

A limitation of current models is that they fail to consider the differential 

evaporation rates of multiple solvents in multi-solvent systems, which is a frequent 

practice in perovskite film fabrication. Additionally, although film thickness plays a role 
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in determining the performance of a perovskite film as a solar material, current models 

lack the capability to accurately predict the crystallinity and uniformity of the film from 

the physical properties of precursor solutions. Further advancements in modeling are 

needed to address this limitation. 

2.3.1.3 Deposition – Slot die coating 
The diverse substrate materials, rheological properties of precursor solutions, and 

complex set of competing forces that act on the coating bead (capillary, viscous, inertial, 

gravitational) during slot-die coating result in a wide range of experimental phenomena 

that are not fully understood and cannot be uniformly explained by a single theory, 

despite its effectiveness in fabricating various products over decades.199 A major concern 

in slot die coating processes is how to determine the operating limits to set the 

appropriate range of operating parameters (coating speed, coating gap, liquid viscosity, 

flow rate, surface tension, etc.). The most common concepts to describe operating limits 

are low-flow limit, minimum wet thickness, coating window, and maximum wetting 

speed. Ruschak established operating limits for a capillary model using equations 26 and 

27.200 Ruschak’s work, in collaboration with other existing studies, serves as a guide for 

the perovskite community to achieve consistent and large scale manufacturing of PSCs.  

−
𝜎𝜎𝑏𝑏(1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃)

ℎ𝑏𝑏
+ 1.34𝐶𝐶𝑎𝑎2 3�

𝜎𝜎𝑑𝑑
𝑡𝑡
≤ ∆𝑝𝑝 ≤

𝜎𝜎𝑏𝑏(1 − 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃)
ℎ𝑏𝑏

+ 1.34𝐶𝐶𝑎𝑎2 3�
𝜎𝜎𝑑𝑑
𝑡𝑡

(26)

0 ≤
1
𝑡𝑡
≤

1.49
ℎ𝑑𝑑

𝐶𝐶𝑎𝑎−2 3�  (27)

where, equations 26 and 27 set the limits of vacuum pressure and wet thickness, 

respectively. Here, 𝜎𝜎𝑏𝑏 and 𝜎𝜎𝑑𝑑 are the surface tensions at the upstream and downstream 

menisci, respectively. ∆𝑝𝑝  represents the vacuum pressure between the upstream and 
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downstream menisci (i.e. the pressure outside the upstream meniscus). 𝐶𝐶𝑎𝑎 is the capillary 

number, 𝜇𝜇𝜇𝜇
𝜎𝜎𝑑𝑑

, based on the downstream surface tension. µ is the viscosity of the coating 

fluid. 

As the PSC technology continues to advance towards large-scale production, the 

need for scalable deposition techniques such as slot die and blade coating will become 

increasingly vital. Therefore, a deeper understanding of slot die modeling is crucial and 

requires immediate attention in order to facilitate the advancement of PSC industry. 

2.3.2 Drying 
Post-deposition drying of perovskite wet films is a critical step in the production 

of perovskite solar cells. Improper drying can result in the formation of dendritic 

structures, which can negatively impact the surface coverage and create shunted paths 

within the solar cell. Various methods have been proposed for achieving this, including 

anti-solvent extraction201, heating143, 202, 203, forced laminar air flow drying204, 205, 

vacuum-assisted drying206-208, or a combination of these approaches.209 The ideal method 

would promote rapid supersaturation while simultaneously suppressing or not 

contributing to rapid crystal growth. Anti-solvent extraction has been the most widely-

used technique for spin-coating applications, however, its translation to roll-to-roll 

applications is not straightforward and may not be the most ergonomic option. 

Forced laminar air flow drying involves an air knife (or air jet) blown over the 

solvent surface to reduce the boundary layer and enhance both convective heat transfer 

and mass transfer, as shown in figure 17. Higher velocity and higher air temperatures 

both provide enhanced evaporation. The heat and mass transfer analogy gives a relation 

between convective heat transfer and convective mass transfer, where the resulting mass 



51 
 

transfer coefficient can be used to estimate the solvent evaporation rate, as shown 

below.210  

 �̇�𝑚𝑒𝑒𝑎𝑎𝑚𝑚𝑝𝑝

𝐹𝐹𝑒𝑒𝑙𝑙𝑙𝑙𝑚𝑚
= ℎ𝑚𝑚(𝜌𝜌𝐴𝐴,𝑆𝑆 − 𝜌𝜌𝐴𝐴,∞) 

 

(28) 

where �̇�𝑚𝑒𝑒𝑎𝑎𝑚𝑚𝑝𝑝 is the rate of solvent mass evaporated, 𝐹𝐹𝑒𝑒𝑙𝑙𝑙𝑙𝑚𝑚 is the film surface area, ℎ𝑚𝑚 is 

the convective mass transfer coefficient, and 𝜌𝜌𝐴𝐴,𝑆𝑆 is the mass density of solvent vapor at 

the film surface and 𝜌𝜌𝐴𝐴,∞ is the mass density of solvent vapor far from the surface. Ding 

et al. showed that perovskite film thickness is inversely proportional to air knife pressure 

and had beneficial qualities for larger grains and more crystalline films.211 The wealth of 

knowledge on laminar flow drying have resulted in precise quantitative modeling for 

predictive perovskite thin film formation.205 It is a facile, reproducible, and low-cost 

technique to dry PSCs.  

 

Figure 17:Illustration of forced laminar air flow drying of a perovskite thin film.  

2.3.3 Annealing 
 Thin-film synthesis typically involves a thermal annealing step to convert from 

precursors to final material phases, to obtain the desired crystalline phase, or to improve 
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materials structural/electrical properties. Conductive thermal annealing, the primary 

annealing method in PSC fabrication, is not suitable for roll-to-roll due to lengthy 

annealing times and/or large production line requirements.32 Convective ovens are the 

natural substitute, however, they too face the same challenges.  As an illustration, if a 

roll-to-roll line with a web speed of 30 m/min had a dwell time of 10 minutes, then it 

would need a 300 m oven.  

The consequences of such extended web length in a roll-to-roll line are not only 

limited to increased footprint and cost but can also negatively impact yield through 

elevated web tension demands and misalignment issues. A drawback of using a 

convective oven for plastic substrates is the need to maintain the operating temperature 

below the temperature at which the plastic would undergo deformation under tensile 

stress. The combination of these stressors can severely negatively impact conductivity of 

the TCO layer on top of the plastic where an increase in surface resistivity of 40 ohm per 

square can decrease efficiency by 70%.212, 213 It is evident that advances are necessary in 

the realm of scalable annealing techniques for PSCs..  

Radiative thermal processes have been utilized extensively in roll-to-roll 

manufacturing for drying, annealing, and sintering applications. Belt infrared (IR) 

furnaces have been used for several decades in the manufacture of silicon solar cells, 

where thick films are dried, polymer binders are decomposed and metal materials are 

sintered.214 IR heating elements, capable of rapidly reaching temperatures exceeding 800 

degrees Celsius and featuring high processing speeds of several meters per minute, have 

been adapted for implementation in roll-to-roll production processes. These elements 

have been successfully utilized to demonstrate the feasibility of high-throughput sintering 
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of metal on polymer substrates.215 Similarly, the use of microwaves has also been adapted 

to sintering metals on polymer substrates.216 The use of radiative techniques, such as IR 

heating and microwave heating, has been shown to reduce dwell times in comparison to 

traditional convection ovens.  

RTA is a manufacturing process which provides a way to rapidly heat samples to 

high temperatures on a short timescale using high intensity near-IR light sources. This 

process was primarily utilized in the manufacture of semiconductors, but has recently 

been explored for the manufacture of perovskites. Ouyang et al. observed a significant 

decrease in overall processing time, with a reduction of an order of magnitude, when 

compared to hotplate annealing methods.217 

 

Figure 18: (top) Emission profile of the IPL lamp showing intensity as a function of 
wavelength from the Xenon source material. (bottom) Illustration of an absorption profile 
of a visible light absorbing film, with the shaded region highlighting the amount of 
energy absorbed by the film.  

The IPL process involves the absorption of light energy from a broad-spectrum, 

rapid pulse emitted by a xenon bulb onto a thin film, as shown in figure 18. The use of a 

thin film with high absorptivity within the IPL spectrum allows for the absorption of 
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radiative energy and its rapid conversion into thermal energy. This process results in the 

uniform irradiation of a relatively large surface area, making it suitable for the heating of 

large-area PSCs. IPL lamps can be tuned to utilize energies spanning the UV, visible, and 

into the IR regions. The technology has been utilized in processing polymers, metals, 

metal oxides and semiconductors since the 1970’s but recently has found industrial 

applications for materials in PVs.218, 219  Two advantages of IPL are short processing 

times and compatibility with low heat-tolerant, transparent substrates.  

Figure 19: Schematic of the processing of the individual layers of the perovskite device 
by slot die deposition, air knife drying and IPL annealing. Flexible plastic is depicted as 

the substrate for the devices. The fabrication process for a single layer, from start to 
finish, has been demonstrated in a 2 m length of the process path.

The IPL process has been established for films of interest to the PSC with several 

research groups demonstrating the process in manufactured devices with efficiencies of 

over 16%.101 Figure 19 illustrates a hypothetical roll-to-roll manufacturing platform 

utilizing IPL. Table 4 shows the range of IPL processing parameters used on various thin 
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films including the transport layer, perovskite layer, and metal contact. Additionally, the 

IPL process has been demonstrated on multiple layers for a single perovskite device.220  

The stability of organometal halide perovskite films is known to be compromised 

upon exposure to ultraviolet (UV) radiation. However, a study was conducted to assess 

the effect of exposure to intense pulsed light (IPL) lamps. The results of the study showed 

no significant change in photovoltaic (PV) performance after exposure to IPL. This 

outcome was attributed to the low irradiance in the UV spectrum and the brief duration of 

the exposure.221  

Table 4: Examples of IPL processing of thin films used in PSCs from literature. 

Layer 
Energy 
Density 
(J/cm2) 

Pulse 
Duration 

(µs) 

Number of 
Pulses Substrate PCE 

(%) Ref 

TiO2 12.3 2000 10 Glass 16.7 222
PEN 12.3 

TiO2 17.3 2000 5 PET 8.1 144

SnO2 11.7 2000 5 Glass 12.0 220

SnO2 4.6 2000 10 Glass 15.3 223

MAPbI3 25 2000 5 Glass 16.5 101

MAPbI3 1150 1 Glass 11.3 224

MAPbI3 Glass 8.9 225

MAPbI3 0.89-1.78 1125-1982 6 Glass 11.75 226

MAPbI3 33 2000 1 Glass 12.3 227

MAPbI3 8 2700 1 Glass NA 228

MAPbI3 6.9 20000 1 Glass 11.26 221

MAPbI3-xClx 3.99 250 1 Glass 11 224

Triple Cation 2000 1 Glass 12.0 220

MAPbI3 6.8 Glass 15.04 102

MAPbI3 20000 1 Glass 11.42 229

Mixed 
Cation 
PVSK and 
SnO2 

PET 18.8 230

Cu 20.1 2000 1 PET NA 231
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Cu 8 2000 3 PET NA 232

Ag 1.75 500 1 Polymer NA 233

The first reported application of IPL processing on perovskite materials was 

conducted on a sequentially deposited PbI2 and methylammonium iodide film, resulting 

in a significant phase transition from cubic particles to a dense perovskite film.227 It was 

observed that IPL provided better penetration of the mesoporous TiO2. Although the 

higher energy densities led to improved crystallization, excessive energy or prolonged 

pulses lead to thermal degradation to the perovskite films.221, 224 The duration of the pulse 

has also been shown to influence the crystallization of perovskite materials, with longer 

pulses resulting in larger grain sizes, surpassing those obtained through hot plate 

annealing.221 The best outcomes in IPL annealing of perovskite materials are obtained 

when there is visible light absorption in the transitional stage (referenced later in figure 

28), emphasizing the importance of cohesive coordination throughout deposition, drying, 

and annealing stages. 
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CHAPTER 3 – EXPERIMENTAL METHODS 

3.1 Techno-economic analysis, roll-to-roll production of PSCs via radiative 
thermal processes.  

A detailed, bottom-up techno economic model was developed which calculates 

the COGS for roll-to-roll solar cell manufacturing only. The completed product in this 

example is fully operational interconnected solar cells sandwiched in a plastic roll that is 

ready for integration into a module. The form factor of the modules will require another 

manufacturing platform similar to current manufacturing in silicon panel manufacturing. 

The complete model is provided in the spreadsheet “COGS” available in Appendix 2. 

This spreadsheet includes separate tabs for the following: a list of assumptions, costs for 

materials, equipment, utilities and labor.  

A Monte Carlo simulation is used to estimate uncertainty in cost projections for 

materials, utilities, labor, maintenance, and equipment. The simulation utilized a random 

number generator parametrized to a stationary probability distribution assuming 10% 

standard deviation from the initial price projections at 1 GW, 2 GW, 3 GW, and 4 GW 

production rates. The simulation discretely calculated costs for each component in ink 

formulations (PbI2, ethanol, DMF, chlorobenzene, etc.), ITO/PET substrate, labor, 

utilities, maintenance, and depreciation. The data was generated from 105 Monte Carlo 

steps. The full data set for the Monte Carlo analysis is included in the COGS spreadsheet.
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3.1.1 Assumptions 
The assumptions in the model are related to the factory and final product 

performance. For this analysis the module PCE is 18%, the factory uptime is 85% and the 

product yield is 90%. The other assumptions related to utilities, labor and equipment for 

the model are covered in the appropriate sections.   

3.1.2 Materials Costs 
The cost of raw materials for an industrial roll-to-roll process typically consume a large 

portion of the COGS. As demand causes a material to transition from specialty to 

commodity, the price of the material decreases. Some of the chemicals used during PSC 

fabrication are specialty chemicals. It is common knowledge that the price of a chemical 

decreases when the production rate increases based upon various factors such as reduced 

overhead and increased efficiencies. To accurately project the prices of these chemicals at 

scale, a rate of consumption is required for each raw material and it is assumed that 

material contracts will be based on yearly consumption, a standard practice in high 

volume manufacturing.  

A simple means to effectively forecast the cost of a bulk material is to apply a power law 

relationship 234 

 𝑃𝑃 = 𝑎𝑎𝑄𝑄𝑏𝑏 (29) 

where P is the forecasted price ($/unit), a is the cost of a single unit ($/unit), Q is the 

quantity of material and the exponent b is the index of learning. It is often easier to relate 

b to the learning rate by the equation LR=1-2b, where LR describes the percent reduction 

in cost for every doubling of product produced. In this analysis, quotes were obtained at 

varying scales and a learning rate computed from this data. The quoted costs for the 
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materials, learning rates, a and b for each of the materials is located in the “Learning 

Rate” tab. The unit price for each of the  materials is tabulated at yearly production rates 

between 500,000 to 50,000,000 m2/year. The cost of the ITO coated PET is a key driver 

in the cost analysis and was therefore evaluated at three learning rates. 

3.1.3 Equipment and Facilities Costs 
The equipment costs in this model were quoted from several different 

manufacturers and were sized for a 1.5 m wide web operating at speeds up to 40 m/min. 

These costs are detailed in the “Equipment” tab. A flat rate of $1,000 per m2 was used for 

warehouse space, and $10,000 per m2 for the manufacturing space which includes costs 

for installation of equipment, plumbing, electrical, etc. Straight line depreciation was 

used for the equipment and facilities, using a 10-year and 20-year depreciation 

respectively, and a 5% salvage value was used for the equipment. The estimation of the 

facilities footprint includes the space required for equipment, inbound materials, and 

finished product storage. A yearly maintenance rate of 4% was assumed for each piece of 

the equipment.235   

The individual equipment specifications have been designed to run at speeds up to 

40 m/min as a single line, but to improve the robustness of the analysis, the plant is 

modelled to operate at web speeds of 10 m/min. This also allows for alternative factory 

configurations such as separating depositions into four separate roll-to-roll lines or 

running the lines at 40 m/min resulting in a lowered capital expenditure (CAPEX) 

3.1.4 Utility Costs 
The cost of utilities are estimated for each of the thin film layers and includes the 

deposition, drying, and annealing of the inks. For each process, the energy required to 

pump ink, move air for drying, and pulse the IPL was converted to electrical energy.  
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Electricity cost of $0.0999 per kW-hr was assumed for this analysis, which is the average 

cost of electricity for the year 2020 worldwide.236  

3.1.5 Labor 
A major advantage of a complete in-line, roll-to-roll manufacturing process is that there 

is limited handling during the process. The labor required is mainly associated with 

loading materials (substrates and inks) as well as equipment maintenance and other in-

process adjustments. For this calculation, it is assumed that two operators will be used to 

load/unload PET rolls, one operator for each coating station, quality assurance (QA) and 

maintenance personnel and a supervisor for a total of 9 operators per shift on the line. 

Table 5 details the position and assumed hourly wage according to the Bureau of Labor 

Statistics. An overhead rate of 50% is used to account for personnel not directly involved 

in the COGS, such as engineers, purchasing agents, management and etc.   

Table 5: Labor assumptions for 1 GW production line used in this techno-economic 
analysis 

Position Position Code Number Mean Hourly Wage 
Supervisor 17-2112 1 $44.55 
Prepress Technician 51-5111 2 $20.45 
Printing Press Operator 51-5112 4 $18.80 
Maintenance 49-9040 1 $26.60 
QA 19-2031 1 $40.46 

3.2 Fabrication of Flexible PSCs via RTA 
3.2.1 Device fabrication 
Materials match the items purchased in [10]. The device architecture used is as follows: 

PET/ITO/PTAA/PFN/PVSK/C60/BCP/Ag. The precursor perovskite ink consisted of 1.2M MAI, 

1.2 M PbI2, and 0.06M methylammonium chloride (MACl) in mixed solvent (DMF/DMSO/NMP 

= 0.91:0.07:0.02 v/v/v). Further details about deposition of PTAA, poly[(9,9-bis(3'-(N,N-
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dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PFN), C60, BCP, and 

Ag can be found in [10].  

3.2.2 RTA of perovskite thin films 
RTA conducted in a commercial Ulvac MILA-3000 minilamp annealer. 

Temperature profile ramped to 50°C, held for 3 seconds, ramped to 75°C, then shut off. 

Perovskite thin films were treated with a laminar airflow, to promote supersaturation, 

followed by RTA. Conductive annealing was performed on a hotplate. All anneals were 

performed at <19% relative humidity air.  

X-ray diffraction (XRD) patterns were measured by a Bruker D8 Discover X-ray 

diffractometer. Top-view scanning electron microscope (SEM) images were recorded 

using a JEOL 7000 field-emission SEM. J−V curves were measured by a Class AAA 

solar simulator with a Xe-arc lamp and AM1.5G filter from PV measurement. 

Illumination intensity was calibrated with an NREL-certified Si reference cell.  

3.3 IPL-annealed mixed cation perovskites with robust coating window towards 
scalable manufacturing of commercial PSCs 
Materials 

Unless noted otherwise, all materials were purchased from Sigma Aldrich without 

further purification. PbI2 (99.99%, trace metals basis) for perovskite precursor was 

purchased from TCI Chemical. N,N-Dimethylformamide (DMF, 99.8%) and 

Diiodomethane (CH2I2, 99%) were purchased from Alfa Aesar. Methylammonium iodide 

(MAI), formamidinium iodide (FAI), and methylammonium bromide (MABr) were 

purchased from Greatcell Solar. Ag pellets (99.999%) were purchased and Kurt J. Lesker 

Co.  
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3.3.1 Device Fabrication 
ITO-PET substrates (VDI LLC, 50 ohm/in2) were cut into 6"x8" pieces, cleaned 

with isopropyl alcohol (IPA), then dried with a N2 air gun. Substrates were treated with 

UV-Ozone treatment for 15 minutes immediately before sequential deposition of 

poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA), PFN, perovskite, and SnO2 via 

blade coating under a humidity-controlled atmosphere (RH ~15-30%).  

3.3.1.1 HTL 
60 µL PTAA solution (8mg/mL in toluene) was blade coated with a blade gap of 

100µm at a coating speed of 10 mm/s then heated at 100°C for 10 min. 60 µL of PFN (0.4 

mg/mL in methanol) was blade coated with a blade gap of 100 µm at a coating speed of 10 

mm/s.  

3.3.1.2 Perovskite ink 
Perovskite solution prepared by measuring 0.461 g PbI2, 0.080 g MAI, 0.068 g 

FAI, 0.015 g MABr, and 0.003 g PEAI. These powders were then dissolved by addition, 

in sequential order, 400 µL 2-ME, 600 µL ACN, 60 µL NMP, 38 µL CH2I2, 19 µL 

dichloromethane (CH2Cl2). 70 µL of the perovskite solution was blade coated with a blade 

gap of 150 µm at a coating speed of 10 mm/s. The film is dried ~1 second after deposition 

via an air knife installed ~1" from the blade edge (Air knife pressure set to 10-15 psi).  

IPL annealing was conducted using Xenon S-2210 High-Energy Pulsed Light 

system with LH-150 lamp housing with a height-controlled stage underneath lamp 

aperture. For hotplate-annealed samples, the film post drying is transported directly to a 

hotplate (~5-10 seconds). For IPL-annealed samples, the film post drying is transported to 

our IPL, height from IPL aperture is set to 6", then the film is irradiated (30–60 seconds).  
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3.3.1.3 ETL 
60 µL of SnO2 solution (2% in anhydrous EtOH) was deposited on perovskite with 

a blade gap of 100 µm at a coating speed of 10 mm/s then annealed at 100°C for 2 to 3 

min.  

3.3.1.4 Thermal Evaporation – BCP and Ag 
5 nm of BCP and 100 nm of Ag were thermally evaporated through a 0.1 cm2 

shadow mask. The final device architecture is PET-

ITO/PTAA/PFN/Perovskite/SnO2/BCP/Ag. 

3.4 JV Characterization 
JV curves were obtained using an Autolab PGSTAT128-N potentiostat and a 

height-controlled superstrate simulator equipped with an AM 1.5G filter from a Newport 

LCS-100 lamp with irradiance set using a KG-3 filtered Si diode calibrated by the National 

Renewable Energy Laboratory. 
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Figure 20: An example of a JV Curve for a solar cell device under test, highlighting the 
relevant parameters of Jsc, Voc, FF, and PCE. Device schematic in the upper right corner 

represents a cross-sectional perovskite solar cell under illumination.

Linear sweep voltammetry is a critical characterization tool in PVs, delivering the 

short-circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF), and PCE. 

Linear sweep voltammetry is run by a potentiostat that measures current as the potential is 

varied linearly at predetermined step sizes. The resulting IV curve is the superposition fo 

the IVE curve of the solar cell diode in the dark with the light generated current.237  

The short-circuit current density (Jsc)is the maximum current that may be drawn 

from the solar cell and occurs when the applied voltage across the cell is zero. For an ideal 

solar cell with less than or equal to moderate resistive losses, the short-circuit current 

density and light-generated current density are identical.  
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Solar cells are also characterized by their open circuit voltage (Voc). This is the 

maximum potential difference a solar cell can have and is measured when there is zero 

current density of the solar cell. It can be described as: 

 
𝑉𝑉𝑜𝑜𝑐𝑐 =

𝑛𝑛𝑘𝑘𝑘𝑘
𝑞𝑞

ln (
𝐽𝐽𝐿𝐿
𝐽𝐽0

+ 1) 

 

(30) 

in which k is the Boltzmann’s constant, T is the temperature, q is the electronic 

charge, JL is the light-generated current density, and J0 is the dark saturation current density.  

Multiplying the voltage by the current density gives the power density. The 

maximum power point is the solar cell’s maximum operating power and is used to calculate 

the fill factor (FF) which describes the squareness of the J-V curve and is used to describe 

losses in efficiency. The fill factor is defined as: 

 𝐹𝐹𝐹𝐹 =
𝑉𝑉𝑀𝑀𝐽𝐽𝑀𝑀
𝑉𝑉𝑜𝑜𝑐𝑐𝐽𝐽𝑠𝑠𝑐𝑐

 

 

(31) 

where Jm and Vm are the current and voltage generated at the maximum power point 

respectively and Jsc and Voc are the short circuit current density and open circuit voltage, 

respectively. 

The efficiency of the solar cell is then related to the fill factor by: 

 𝜂𝜂 =
𝑉𝑉𝑜𝑜𝑐𝑐𝐽𝐽𝑠𝑠𝑐𝑐𝐹𝐹𝐹𝐹
𝑃𝑃𝑙𝑙𝑛𝑛

 

 

(32) 

where 𝜂𝜂 is the efficiency, 𝐽𝐽𝑠𝑠𝑐𝑐 is the short circuit current density, 𝑉𝑉𝑜𝑜𝑐𝑐 is the open 

circuit voltage, FF is the fill factor, and Pin is the incident light power density. The Standard 

Test Condition (STC) for solar cells is the Air Mass (AM) 1.5 spectrum with an incident 
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power density of 1000 W/m2 and a temperature of 25 °C. The AM 1.5 spectrum 

corresponds to the sun being at an angle of elevation of 42°. 

3.5 UV-Vis Spectrometry 

The optical properties of “wet”, transitional, and “dry” perovskite films were 

analyzed using UV-Vis spectrometry. UV-Vis measurements were collected using a 

PerkinElmer Lambda 950 UV-Vis spectrometer.  

3.6 X-Ray Diffraction (XRD) measurements 

Perovskite crystallinity and phases were studied using a Bruker AXS D8 

Diffractometer equipped with a position sensitive detector and X-ray source of CuKα (λ 

= 0.1548 nm). XRD patterns were measured at scan speeds of 2 s/step. Step size of 0.02°, 

and a 2θ range from 7-60°.  

3.7 Scanning Electron Microscope (SEM) 

Scanning electron microscopy (SEM) images were taken using a FEI Nova 

NanoSEM 600 with an accelerating voltage of 1.5 kV and a working distance of 5-6 mm. 

3.8 Nomenclature 
PV photovoltaic c-Si crystalline silicon 
PCE power conversion efficiency PSC perovskite solar cell 
LCOE levelized cost of energy CdTe cadmium telluride 
GaAs gallium arsenide CIGS copper indium gallium selenide 
VNCS volatile non-coordinating 

solvents 
IPL Intense Pulsed Light 

DSSC dye-sensitized solar cells TCO transparent conducting oxide 
FTO fluorine-doped tin oxide ITO indium-doped tin oxide 
HTL hole transport layer ETL electron transport layer 
CTL charge transport Layer MAPbI3 methylammonium lead triiodide 
MAI methylammonium iodide FAI formamidinium iodide 
ΔGmix Gibbs free energy of mixing Cs cesium 
Br bromine I iodine 
PEAI phenethylammonium iodide CH2I2 diiodomethane 
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Pb lead HOMO highest occupied molecular 
orbital 

NiOx nickel oxide MoO3 molybdenum oxide 
PTAA poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine] 
r radius of a particle 

γ surface energy per unit area Δ𝐺𝐺𝑎𝑎 free energy per unit volume of a 
crystal 

𝑘𝑘𝐵𝐵 Boltzmann’s constant µ surface chemical potential on 
the surface 

DMF dimethylformamide DMSO dimethylsulfoxide 
NMP N-methyl-2-pyrrolidone DMA N,N-dimethylacetamide 
GBL γ-butyrolactone DN Gutmann’s donor number 
IR infrared GW gigawatt 
TiO2 titanium dioxide ZnO zinc oxide 
PET polyethylene terephthalate CAPEX capital expenditure 
twet wet film thickness ρs density of solids 
ρl density of liquids %𝑠𝑠 percent solids by volume 
∆𝑝𝑝 pressure drop (slot die) �̇�𝑉 volumetric flow rate (slot die) 
𝐿𝐿 land length (slot die) 𝑅𝑅 Slot length (slot die) 
𝑎𝑎 gap width (slot die) �̇�𝑚𝑒𝑒𝑎𝑎𝑚𝑚𝑝𝑝 rate of solvent mass evaporated 

(drying) 
𝐹𝐹𝑒𝑒𝑙𝑙𝑙𝑙𝑚𝑚 Film surface area (drying) h𝑚𝑚 convective mass transfer 

coefficient (drying) 
𝜌𝜌𝐴𝐴,𝑆𝑆 Mass density of solvent vapor 

at film surface (drying) 
𝜌𝜌𝐴𝐴,∞ Mass density of solvent vapor 

for from surface (drying) 
ACN acetonitrile 𝑃𝑃𝑏𝑏𝑙𝑙𝑜𝑜𝑏𝑏𝑒𝑒𝑑𝑑 power required by blower 

(drying) 
�̇�𝑚𝑚𝑚𝑙𝑙𝑑𝑑 mass flow rate exiting air knife 

(drying) 
𝑣𝑣𝑚𝑚𝑙𝑙𝑑𝑑,𝑒𝑒𝑚𝑚𝑙𝑙𝑜𝑜 exit velocity from the air knife 

(drying) 
𝜂𝜂𝑏𝑏𝑙𝑙𝑜𝑜𝑏𝑏𝑒𝑒𝑑𝑑 blower efficiency (drying) 𝐶𝐶𝑝𝑝,𝑚𝑚𝑙𝑙𝑑𝑑 specific heat of air (drying) 
𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 Time to dry (drying) Vweb speed of the web (drying) 
𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑 distance traveled before dried 

(drying) 
𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 energy requirement per film 

area (drying) 
QA quality assurance BCP Bathocuproine 

MACl methylammonium chloride 

PFN poly[(9,9-bis(3'-(N,N-
dimethylamino)propyl)-2,7-
fluorene)-alt-2,7-(9,9–
dioctylfluorene)] 

MABr methylammonium bromide XRD X-ray diffraction
SEM scanning electron microscope CH2Cl2 dichloromethane 
Jsc short circuit current density Voc open-circuit voltage 
FF fill factor TW terawatt 
MW megawatt 
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CHAPTER 4 – TECHNO-ECONOMIC ANALYSIS 

4.1 Introduction 
This chapter describes a technoeconomic analysis of the cost benefits of 

manufacturing PSCs at GW-scale, utilizing innovative IPL annealing techniques. The 

analysis takes into account the potential cost savings that can be achieved through 

economies of scale and the utilization of rapid annealing. It considers the cost of goods 

sold (COGS) for a roll-to-roll manufacture of perovskite films referencing the flow chart 

in figure 21. Application of fundamental engineering and economic analyses of materials 

and energy inputs details cost of materials, utilities, labor, and equipment for IPL 

annealing. The analysis operates under the assumption that solution-phase depositions are 

carried out in three stages: deposition (slot die), drying (air knife), and annealing (IPL). 
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Figure 21: Flow chart explaining the overall methodology of the techno-economic 
analysis. The process under investigation includes the deposition, drying and post-
processing using IPL of the four layers (SnO2, perovskite, NiO and Cu). A fundamental 
engineering analysis of each process informs the design of the equipment, utilities and 
labor. All of these including the material inputs are considered for the overall roll-up of 
the cost of goods sold.  

3.3.1 Slot Die 
The deposited wet layer thickness (twet) that is related to the percent solids by 

volume (%s), dry thickness (tdry), and ratio of the density of solids (ρs) to solvent(ρl) per 

equation 33. 

𝑡𝑡𝑏𝑏𝑒𝑒𝑜𝑜 =
𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑
%𝑠𝑠

𝜌𝜌𝑠𝑠
𝜌𝜌𝑙𝑙 (33)

A coating thickness of 50 nm to 500 nm can be achieved using a slot die 

combined with very dilute solutions. Thus, the viscosities of the coating solutions are 
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small, resulting in a very low pumping head requirement. Estimation of the pumping 

power is a very straightforward application of planar Poiseuille flow where the pressure 

drop across the slot die is determined by: 

 

 ∆𝑝𝑝 =
12�̇�𝑉𝜇𝜇𝐿𝐿
𝑎𝑎3𝑅𝑅

 (34) 

where V̇ is the volumetric flow rate, m is the ink viscosity, L is the land length, a is the 

gap width and l is the slot length. The pumping power is the product of the volumetric 

flow rate and pressure drop. V̇ can be estimated from the wet film thickness (twet). 

The inks used in the development of the thin films have viscosities on the order of 

1-10 g/cm∙s. Typical land lengths used in a slot die are approximately 25 mm with a gap 

width of 10-20 mm and the slot length covers the width of the web, which in this case is 

1.5 m. The pumping power for the slot die is calculated in the “Utilities” tab.  

3.3.2 Drying 
In the drying analysis, the goal is to develop a tool to estimate the cost to 

evaporate the solvents used to produce the desired thin film.  The options of evaporation 

methods have been narrowed to high velocity air jets/knives and heating the air jet 

stream.  These two methods provide significant ability to tune the drying rate and 

temperature of the solvent surface.  Several solvents that have been previously used in 

PSC fabrication were selected for the analysis.  In the results section, the specific solvent 

is shown to have little impact on the final costs.  Hence, specific solvents will not be 

specified in the analysis.  The model developed allows for the estimation of the energy 

use involves the following simplifying assumptions: interaction of two solvents was not 

considered (modeled as the more volatile evaporates first and then second), evaporative 
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cooling effect on the liquid surface was not taken into account, diffusion of the solvent 

through the remaining solid layer is not considered, the heat and mass transfer analogy is 

valid (small solvent vapor concentration in the air), and the air is assumed to be dry. 

Several of these assumptions are supported by the thickness of the wet and dried films 

being very thin. Energy use for drying is calculated in the “Evaporation” tab. 

The drying process involves an air jet blown over the solvent surface to reduce the 

boundary layer and enhance both convective heat transfer and mass transfer.  Higher 

velocity and higher air temperature both provide enhanced evaporation.  The outline of 

the solution method for the drying problem was to obtain a convective mass transfer 

coefficient.  Correlations for impinging jets are found in literature210, 238, and used to 

calculate an average convective heat transfer coefficient.  The correlation for the array of 

slot jets accounts for the effect of air velocity and temperature exiting the jet, jet width, 

separation between slot jets, and height above the film surface.  The heat and mass 

transfer analogy gives a relation between convective heat transfer and convective mass 

transfer and the resulting mass transfer coefficient was used to estimate the solvent 

evaporation rate.  The mass transfer coefficient was used in equation 35 to solve for the 

rate of evaporation of the solvent per film area.  

 �̇�𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒

𝐴𝐴𝑓𝑓𝑏𝑏𝑓𝑓𝑓𝑓
= ℎ𝑚𝑚(𝜌𝜌𝐴𝐴,𝑆𝑆 − 𝜌𝜌𝐴𝐴,∞)                      (35) 

where ṁevap is the rate of solvent mass evaporated, Afilm is the film surface area, hm is the 

convective mass transfer coefficient, and ρA,S is the mass density of solvent vapor at the 

film surface and ρA,µ is the mass density of solvent vapor far from the surface.  Both the 

vapor pressure and binary diffusion coefficient of the solvent play a role in calculating 

the evaporation rate.  As an example, the vapor pressure at 25oC and binary diffusion 
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coefficient in air are given for a selection of solvents (Table 6, see below).  Solvents with 

higher vapor pressures and diffusion coefficients are ones that evaporate more quickly. 

Table 6: Binary diffusion coefficient and vapor pressure of selected solvents used in PSC 
manufacturing. 

Solvent Chemical 
Formula 

Binary Diffusion Coefficient in Air 
(m2/s)  at 25oC 

Pvap (Pa) at 
25oC 

ACN C2H3N 1.30 x 10-5 11714 

ethanol C2H5OH 1.15 x 10-5 7869 

water H2O 2.60 x 10-5 3141 

chlorobenzene C6H5Cl 7.30 x 10-6 1597 

DMF C3H7NO 9.74 x 10-6 529 
  

The rate of energy required to dry the solvent layer due to kinetic energy added to 

accelerate air as it moves through a jet nozzle or air knife239 was calculated by assuming 

air is initially stagnant and accelerated to the nozzle exit velocity.  A factor to account for 

the inefficiencies of accelerating air by a blower is included to account for the conversion 

of the electrical energy to the blower to kinetic energy in the air.   The mass flow rate was 

calculated using the density of air, the exit velocity from the air slot jet/knife, and   cross-

sectional area of the slot jet knife exit.  The power required by the blower is given below. 

 𝑃𝑃𝑏𝑏𝑙𝑙𝑜𝑜𝑏𝑏𝑒𝑒𝑑𝑑 =
�̇�𝑚𝑚𝑚𝑙𝑙𝑑𝑑 �

𝑉𝑉𝑚𝑚𝑙𝑙𝑑𝑑,𝑒𝑒𝑚𝑚𝑙𝑙𝑜𝑜
2

2 �
𝜂𝜂𝑏𝑏𝑙𝑙𝑜𝑜𝑏𝑏𝑒𝑒𝑑𝑑

�
 

 

(36) 

where ṁair is the mass flow rate exiting the air knife, Vair,exit is the exit velocity from the 

air knife, and ηblower is blower efficiency.   
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Evaporation rates can be increased by heating the air exiting the air knife. The equation to 

calculate the electrical power to heat the air is given.   

  𝑃𝑃ℎ𝑒𝑒𝑚𝑚𝑜𝑜𝑒𝑒𝑑𝑑 = �̇�𝑚𝑚𝑚𝑙𝑙𝑑𝑑𝐶𝐶𝑝𝑝,𝑚𝑚𝑙𝑙𝑑𝑑�𝑘𝑘𝑚𝑚𝑙𝑙𝑑𝑑,𝑒𝑒𝑚𝑚𝑙𝑙𝑜𝑜 − 𝑘𝑘𝑚𝑚𝑚𝑚𝑏𝑏�                                 (37) 

Table 7: Concentrations of solvent in air at 10 m/min web speed (approximately 1 GW 
production). 

Solvent Mass/Area 
(g/m2) PPM solvent  (steady-state) 

water 2.29 6500 
chlorobenzene 0.237 217 

DMF 0.321 458 
DMSO 0.093 123 
ethanol 2.13 4750 

1-methoxy, 2-propanol 24.1 2290 
  

Of importance to the COGS analysis is the length to dry which impacts the footprint and 

the energy which impact the utilities. The time to dry the solvent layer, tdry was calculated 

from 

 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑚𝑚𝑆𝑆
�̇�𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒

                                 (38) 

where ms is the mass of solvent applied for a given layer and ṁevap is the rate of solvent 

evaporation.  For comparison between a volatile solvent (ACN) and less volatile solvent 

(DMF), the drying times for a 10 mm layer of solvent was calculated using the model as 

shown in Figure 22, for various air velocities over the wet surface and at two 

temperatures for the air blown over the surface.  In this simple model, the evaporation 

rate is a constant value and models the situation for much of the drying process when the 

liquid solvent is the dominant species in the liquid layer and diffusion through the liquid 

layer is not a limiting factor.   
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Figure 22: The drying time for a solvent thickness of 10 mm for DMF and ACN is shown 
as a function of air velocity over the film surface and for two air temperatures. This 
relationship is used to estimate drying for different solvent systems based on their 
physical properties.  

 

The distance the film travels until it becomes dry is Ldry and calculated by 

 𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑏𝑏𝑒𝑒𝑏𝑏 (39) 

where Vweb is the web speed.   

Finally, the energy requirement per film area required to dry a given layer, Edry is 

calculated using:  

 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑
𝐹𝐹𝑒𝑒𝑙𝑙𝑙𝑙𝑚𝑚

=
𝑛𝑛(𝑃𝑃𝑏𝑏𝑙𝑙𝑜𝑜𝑏𝑏𝑒𝑒𝑑𝑑 + 𝑃𝑃ℎ𝑒𝑒𝑚𝑚𝑜𝑜𝑒𝑒𝑑𝑑)𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑

𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑊𝑊𝑒𝑒𝑙𝑙𝑙𝑙𝑚𝑚
 (40) 

where Afilm is the area of the film, Pblower and Pheater are the power requirements for the 

blower and heater (covered in the supporting information), n is the number of air knives 

used and Wfilm is the width of the film.    
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3.3.3 IPL 
As discussed, the IPL process has been utilized on numerous thin films related to 

PSCs (Table 1) where the energy density per pulse varies between 2 and 20 J/cm2, with 

lower pulse energy and counts required for polymer substrates. The energy requirements 

to adequately process these films are dependent on the type of substrate and properties of 

the film itself; however, not all electrical energy delivered to the lamps is absorbed by the 

thin films. Therefore the energy use and subsequent electrical costs for the IPL are 

measured as the energy input to the IPL. 

The IPL technique requires less energy to thermally process films on a plastic 

substrate as opposed to a glass substrate due to the differences in thermal mass.240 The 

thermal response within films and underlying substrates due to IPL processing was 

analyzed using finite element analysis. In previous work, it was established that the 

energy required to anneal a perovskite thin film on a glass substrate was on the order of 

10 J/cm2 delivered over a 2 ms pulse.241 From that analysis, the thermal response of the 

perovskite film exceeded 700oC for a short duration (Figure 23). At 3 mm thick, the glass 

substrates act as a large thermal mass effectively removing heat from the thin film. On 

the other hand, a plastic substrate 0.1 mm (4 mil) thick will result in temperatures in the 

film about 2.5 times as high and would destroy the film. Thus, lower energy is required to 

heat the perovskite thin films appropriately. Figure 23 demonstrates that different 

temperature responses may be produced by varying the pulse energy and duration to 

achieve desired annealing. 
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Figure 23: Comparison of thermal response to IPL intensity and pulse duration for two 
substrates.  Solid lines denote temperature for the perovskite film and dashed lines for 

temperature in the substrate, either glass or PET. The legend denotes high (Ehigh) or low 
(Elow) pulse intensity and pulse length of 2 ms or 0.5 ms being applied. 

 

Of concern is the ITO layer, which under strains of just a few percent will crack 

leading to a reduced conductivity.242 The ITO layer is approximately 500 nanometer 

thick, which is less than one percent of the substrate thickness and despite the fact the 

Young’s modulus is considerably higher than PET, the bulk of the applied load is carried 

by the PET substrate. Deformation within the PET substrate caused by the web tension 

can lead to crack deformation in the ITO. These defects are exacerbated as Young’s 
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modulus for PET drops with increasing temperature. Therefore, it becomes important to 

further reduce the temperatures that the PET is subjected. This can be accomplished by 

reducing the combination of pulse strength and pulse duration, where similar peak 

temperatures within the perovskite film can be achieved with 0.5 ms pulse (Figure 23, 

orange line). The resulting temperature increase within the PET film is less than 100 oC, 

which should decrease the overall strain and limit damage to the brittle ITO.    

It is possible that the IPL process may not be required for each layer individually. 

For example, the majority of the IPL energies lie below the band gap of SnO2, the 

material chosen for the ETL. This yields an opportunity to anneal both films after 

deposition of the perovskite material. Additionally, since both the metal oxide layers are 

an order of magnitude thinner than the perovskite material, it may also be advantageous 

to use a single IPL process after the deposition of the HTL on top of the perovskite. 

However, the cost of equipment and energy use for the IPL process will be included for 

each of the layers for this analysis.  

The estimation of the IPL parameters used in this analysis comes from previously 

published works, where the substitution of glass with PET reduces the energy required as 

discussed above. Thus, the energy densities are reduced to achieve similar thermal 

responses and multiple pulses are considered. Multiple pulses should improve the 

probability of consistently yielding highly crystalline perovskite material by maintaining 

an elevated temperature throughout the IPL procedure. Additionally, the total energy 

consumed by the lamps during IPL annealing is reduced when using multiple low-

intensity pulses compared to a single, high-intensity pulse.243 Using multiple pulses also 

reduces variation in the films as the web continuously travels through the lamp and 
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minimizes the impact of irradiance non-uniformity. Finally, a shorter pulse duration as 

used for the analysis, will lead to a lower temperature within the substrate and less chance 

for degradation. Table 5 describes the intense light energy used for this analysis (note, the 

energy is given per unit film area).  

Table 8: IPL conditions for the different layers in a roll-to-roll processed perovskite PV 
used for this techno-economic analysis. 

Layer Total IPL 
(kJ/m2) IPL per pulse (kJ/m2) # of pulses 

SnO2 200 40 5 
MAPbI3 35 12 3 

NiO 81 20 4 
Cu 90 30 3 

 

4.2 Equipment Costs 
The analysis was developed to compare the costs of implementing IPL as a viable 

thermal annealing processing step within a roll-to-roll manufacturing platform. The 

promise of roll-to-roll processing of solar cells is related to the throughput.  Web speeds 

of over 100 m/min have been achieved within the film industry. At these achievable web 

speeds, a single tool could produce nearly one GW per month or the equivalent of a 

year’s worth of production at a major c-Si manufacturing plant. Therefore, in order to 

establish the true opportunities for roll-to-roll manufacturing of PSCs, it is most 

advantageous to design roll-to-roll manufacturing capable of high production speeds. To 

establish the costs at scales above one GW, it was necessary to determine material costs 

at larger volumes and costs of appropriately sized equipment incorporating IPL, since 

previous analysis stop at one GW production.    
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Table 9: Equipment requirements for the Roll-to-Roll line per 1 GW production used in 
this techno-economic analysis. 

Stations Number 
required 

Cost 
per item 

($M) 

Equipment 
cost 
($M) 

Web 
length per 
station (m) 

Total 
line 

length 
(m) 

Roll-to-roll  (wind/unwind, 
controls, dancers, alignment, 

etc.) 
1 0.62 0.62 5.0 5.0 

Corona discharge 1 0.25 0.25 0.5 0.5 
Slot die 4 0.35 1.40 1.0 4.0 

Single/multi-array of air 
knives 4 0.10 0.40 1.0 4.0 

IPL 4 3.00 10.5 1.0 4.0 
Laser scribe 3 0.10 0.30 0.5 1.5 
Lamination 1 0.25 0.25 5.0 5.0 

Total ------ ------ 13.72 ------ 24.0 
The materials costs dominate and are 93.02% of the overall production cost as 

shown in Figure 24. The overall equipment costs are approximately one third of the 

processing costs. The overall costs of the equipment and web length for each piece of 

equipment required for the roll-to-roll deposition per one GW production line is tabulated 

in Table 7. It is estimated that the equipment cost per one GW production line is $14M 

and that the total tool length is about 24 meters. The individual equipment specifications 

have been designed to meet a 4 GW production rate using a single line. Since these 

equipment costs are dwarfed by the materials costs, a single line will be used at 25% 

capacity for this analysis. This serves to improve the robustness of the operations by 

guaranteeing production rates as equipment fluctuations occur. Using this reduced 

production rate per line also allows for some leeway into the design of the manufacturing 

line, where it may be possible to design a layout in which a line is dedicated to a single 
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layer, requiring 4 lines. Or, one single station line composed of a slot die, air knife and 

IPL could be utilized to subsequently deposit and process each of the layers further 

reducing the floor space and startup costs. 

For this analysis the evaporation is accomplished using a convective air knife and 

annealing is done using IPL. The drying and annealing of solution phase films have 

historically been accomplished in ovens that dominate the roll-to-roll manufacturing line. 

The replacement of these ovens with the air knife and IPL processes has the advantage of 

a much shorter web section, less equipment costs, and an overall shorter footprint. The 

evaporation by air knives for a single layer has been accomplished in less than 10 

seconds and the IPL annealing process can be accomplished in less than 1 second.244 At a 

web speed of 10 m/min this would require an overall tool length of about 2 m. Most of 

the cost is associated with the IPL stations, making up 75% of the equipment costs. The 

cost of building the first IPL system was estimated adapting multiple S-2210’s from 

Xenon Corporation that typically sell for $105k each. Engineering and testing charges 

would bring the selling price for the first system to $3 million. The IPL equipment has 

been established in high speed UV-curing in the DVD industry for example; however, 

some engineering work to adapt it to the high speed wide area roll-to-roll application 

proposed here will be required. A typical linear lamp spanning the 1.5 meter width of the 

web would process approximately 25-50 mm in the down web direction per pulse. 

Adding multiple lamps and engineering the optics of the lamp housing would increase the 

per pulse processing area. Judicious design of the optics can yield a non-linear increase in 

per pulse area, for example 4 lamps can increase the area by a factor of 8. This would 

serve to reduce the total number of lamps required and yield lamp frequencies that can be 
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supported by capacitor discharges. The process should be designed such that moving web 

is exposed to 3-5 flashes per unit area, which will decrease the stitching. A fair amount of 

engineering is required in the initial systems to design a robust system that matches the 

operational requirements for the process. As more lines are added to the manufacturing 

plant, this equipment becomes more standardized and the costs would be expected to 

drop. However, these costs are still less than a typical oven that can cost between $10-

$20M dollars. 

Assuming that the web is 1.5 m wide and allowing for 2 m on either side of the 

web, the total manufacturing footprint is approximately 108 m2 and rounding up, four 

lines would require ~500 m2. Applying a cost of $10,000 per m2 for manufacturing space 

results in a cost of $5M. The estimate of $10,000 per m2 for manufacturing space is on 

the high side but has little impact on the overall COGS. To estimate the storage footprint, 

it is assumed that one month of inbound and outbound materials storage will be 

maintained.  The required storage space is estimated at 10,000 m2 at a cost of $1,000 per 

m2. The building, as expected, is dominated by space for storage of materials. The total 

cost for manufacturing and storage space yields an estimated cost of $15 M. 

A 4 GW production plant would have a total cost of $71M, or about $18M per 

1GW production. A 4 GW plant size is an arbitrary choice but was chosen as this is 

where the COGS curve becomes relatively flat. In comparison the cost of a c-Si solar cell 

facility is estimated at $120M for 1 GW yielding a significant cost savings using a roll-

to-roll manufacturing process.245 
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4.3 Utilities 
To make a comparison of the utility requirements for traditional ovens to IPL it is 

necessary to compute the energy requirement of the traditional oven. The main 

considerations for this calculation are the energy to heat the material, the energy to 

maintain safe processing and the losses through the insulation.  

Substrate 

The calculation of the heat required (�̇�𝑄) to heat a substrate is simply:  

 �̇�𝑄 = �̇�𝑚𝐶𝐶𝑝𝑝∆𝑘𝑘 (41) 

where �̇�𝑚 is the mass flow rate of the substrate, Cp is the heat capacity of the substrate and 

DT is the change in substrate temperature. At a 1 GW production, the speed of the web is 

10 m/min and using a 1.5m wide and 4 mil web the volumetric flow rate (V̇) is 2.5x10-5 

m3/sec. The density of PET is assumed to be 1200 kg/m3 yielding �̇�𝑚 0.0035 kg/sec. The 

oven temperature is assumed to be at 100 oC, and the ambient temperature 25 oC, to yield 

a DT of 75 oC. This yields a �̇�𝑄 of 3.1 kW. The substrate must also be cooled back to this 

temperature before the next deposition, so the overall heat transfer to the substrate is 6.2 

kW. 

Airflow 

Sufficient airflow is required to maintain safe operation of the ovens. The 

National Fire Protection Association has placed a limit of solvent in a continuous 

operational oven at 25% the lower explosion limit (LEL). The LEL for the solvents used 

in analysis range between 1.6 and 3.3. Converting the LEL to a concentration (C) is done 

as follows: 
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 𝐶𝐶 =
𝐿𝐿𝐸𝐸𝐿𝐿 ∗ 10,000

𝑀𝑀𝑊𝑊
24.45 𝑚𝑚𝑅𝑅/𝑚𝑚𝑚𝑚𝑐𝑐𝑅𝑅𝑒𝑒 (42) 

The multiplication of the LEL is to convert it to ppm and MW is the molecular 

weight of the solvent in mg/mole. The mass of solvent per m2 added is found in the 

spreadsheet and the mass rate multiplied by the web area speed 0.25 m2/sec (�̇�𝑚𝑠𝑠𝑜𝑜𝑙𝑙). The 

determination of the volumetric flow rate of the air (�̇�𝑉𝑚𝑚𝑙𝑙𝑑𝑑) is: 

 �̇�𝑉𝑚𝑚𝑙𝑙𝑑𝑑 =
�̇�𝑚𝑠𝑠𝑜𝑜𝑙𝑙

0.25 ∙ 𝐶𝐶
 (43) 

This �̇�𝑉𝑚𝑚𝑙𝑙𝑑𝑑 can then be applied to equation 35 using a density of 1.275 kg/m3, a heat 

capacity of 1 kJ/kg and a DT of 75 oC.  

The deposition of the first layer has been assumed to be a water based dispersion, 

and in this case an LEL is not an issue. However, in an operational plant, the RH of the 

exhaust stream should be less than the saturation density (rsat). Assuming again that the 

outside temperature is 25 oC, the rsat of air is 23.8 g/m3.  Assuming that the plant is 

operating in a high humidity environment of 60%, then the maximum RH of the 

additional water should be less than 40%. This places a limit of 9.52 g/m3 of additional 

water added. The mass of water can be found in the spreadsheet.  

Table 10, see below lists the details of the calculation of the heat added in the 

airflow stream. 

Table 10: Air flow heat calculation for each layer. 

 Solvent LEL 
(%) 

Max C 
(g/m3) 

Airflow 
(m3/sec) 

Heat 
(kW) 

SnO2 Water NA 9.52 0.35 33.5 
MAPI DMF 2.2 1.84 0.58 55.7 
NiO CB 3.3 4.38 0.22 21.5 
Cu PM 1.6 1.09 10.4 995 



84 

Losses 

The losses from the oven (�̇�𝑄𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠) are computed by: 

�̇�𝑄𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠 = 𝑈𝑈𝐹𝐹∆𝑘𝑘 (44)

where the U-value is the thermal conductivity (k) divided by the thickness (t) of 

the insulation, is the A is the surface area of the oven, and DT is the same as above. A k 

of 0.025 W/m2-K and a t of 50 mm is assumed for the insulation. The surface area of the 

oven is assumed to be 300 m2 (dwell time of 10 minutes at 10 m/min and web width of 

1.5 m). This results in losses of 11.25 kW.  

The overall utilities costs in this analysis are approximately 13% of the non-

materials costs (see Figure 24). The IPL annealing represents more than half but is still 

less than $0.01 per m2. The energy requirement for the IPL to process the perovskite 

layer is estimated to be 0.01 kW-hr/m2. In comparison, at 1 GW, the energy consumption 

is 0.119 kW-hr/m2 using a conventional thermal oven (see supplementary information for 

details). Table 7 compares the energy consumption of the IPL and traditional ovens for 

each of the thin film layers. There is clearly an advantage in the energy costs when using 

the IPL over a traditional oven. The biggest cost savings is from the exhaust requirements 

for the solvents being used. Remediating the exhaust containing solvents is required for 

both processes, but for the traditional oven, the airflow supplied to the oven must be 

heated and is a relatively significant utilities cost. The layer that does not show a 

difference in utilities is SnO2 layer.  Water, the solvent used in this layer, will require a 
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lower air flow rate; however, even in this case it would be expected that some air flow is 

necessary to keep the exhaust flow from being saturated.  

Table 11: Comparison of energy usage per layer using IPL vs. traditional oven annealing 
based on the results of the techno-economic analysis. 

Layer IPL 
(kW-hr/m2) 

Oven 
(kW-hr/m2) 

SnO2 0.056 0.056 
MAPbI3 0.010 0.119 
NiO 0.022 0.043 
Cu 0.025 0.388 
TOTAL 0.113 0.607 

The energy savings of the IPL process provides a significant cost savings (> 80%) 

associated with the annealing step. This savings along with the shorter web length in the 

annealing step will also affect the overall operating expenditures of manufacturing. Long 

web sections affect the yield through breakage and misalignment, both of which will 

increase the labor to deal with the associated downtime.  

4.4 Total Costs 
The cost of roll-to-roll production of the perovskite modules in this analysis does not 

include the final stages of manufacturing that would include the encapsulation of the 

module, framing and or addition of the junction box. This is somewhat analogous to the 

manufacture of c-Si PVs, which typically assumes that the cell is a material input to the 

module. In the case of the c-Si production, the size of the cell and modules are bound by 

small aspect ratios due to considerations in manufacturing and installation. In a roll-to-

roll manufacturing technique the width of a roll would be about 1.5 meters, whereas the 

length can be considered infinite. Thus, the costs from this analysis are for a perovskite 
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coated film which can be compared to the costs to produce a c-Si solar cell. The 

comparison is not quite one-to-one as tabbing of PSCs is accomplished during roll-to-roll 

and costs ~$0.01 per watt for the production of a c-Si module.246 

Each one GW production requires approximately 6 million m2 of solar cell area and 

would require a modest web speed of 9.7 m/min, which is well within the limits of roll-

to-roll technologies. The IPL and other processing equipment is also capable of managing 

these throughputs. The overall cost of production follows the standard asymptotic 

relationship in which the COGS is dominated by the material costs at higher production 

capacity (Figure 24). The curves bound the COGS of the PSCs assuming conservative 

and modest learning rates for the materials and will be discussed in more detail in the 

following paragraphs. The small bumps in the curve are caused by the addition of the 

extra equipment and labor at each 1 GW production increment. From this analysis, the 

graph of COGS starts to flatten out at around 3 and 4 GW. This demonstrates that the 

scales at which roll-to-roll becomes competitive with prevailing technologies far exceeds 

the capacities ($0.30/W, at ~100MW) considered to date.247 This has some major 

implications towards the capital and operation expenses that will be discussed in 

Equipment Costs and Utilities sections below.  
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Figure 24: Manufacturing costs of PSCs based on annual output. The curves bound the 
upper and lower cost estimates using a modest and conservative learning rates applied to 
the ITO coated PET. The bars on the average curve includes 95% confidence intervals 

from the Monte-Carlo analysis. The lowest curve shows the costs associated with 
processing (equipment, labor, utilities, & depreciation). (inset) Contribution to overall 

costs at 2 GW production using the average learning rate applied to the ITO coated PET.

4.5 Conclusion 
The primary advantage of the IPL technique for perovskite thin films lies in its 

capacity to deliver rapid, non-contact, and cost-effective annealing. As explored in this 

chapter, the compatibility of IPL with roll-to-roll processing significantly amplifies the 

benefits for large-scale perovskite technologies. The IPL technique's capability to anneal 

perovskite thin films makes it an ideal candidate for roll-to-roll integration, offering 

numerous advantages. 

Firstly, IPL annealing does not impact the structural or electrical properties of the 

underlying ITO/PET substrates. Reduced temperatures and strain within the substrate, 
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coupled with a shorter film path, are expected to minimize downtime caused by 

fluctuations in process parameters. Additionally, IPL operates with lower energy 

consumption, effectively eliminating the thermal losses associated with traditional ovens. 

This enables reduced dwell times for perovskite annealing, from minutes down to 

microseconds. Furthermore, IPL has been shown to anneal metal oxide films on plastic 

substrates, a feat not yet achieved using conventional ovens. 

The adoption of IPL technology has a direct and positive influence on the cost of 

goods sold, both in terms of capital expenditure (CAPEX) and operating expenditure 

(OPEX). The initial investment for implementing IPL is nearly 30% less than that of a 

traditional oven, with additional cost savings expected as the scale of operations 

increases. The associated operating expenses are projected to be around 80% lower for 

IPL, while simultaneously improving yields through shorter web lengths. These cost 

savings make the utilization of IPL an attractive option, reducing the overall cost of 

goods sold and energy payback times, further enhancing the competitive advantage for 

roll-to-roll fabricated perovskite solar cells. 
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CHAPTER 5 – FABRICATION OF FLEXIBLE PEROVSKITE 
SOLAR CELLS VIA RAPID THERMAL ANNEALING 

5.1. Introduction 
Transitioning from rigid glass to flexible plastic substrates, e.g. PET, for roll-to-

roll manufacturing becomes a challenge due to temperature requirements in perovskite 

annealing stages achieving or even exceeding thermal limitations of the plastic substrates. 

Techniques have been developed to reduce the necessary annealing temperature for 

perovskite films, including the modification of precursor chemistry, application of post-

deposition treatments, utilization of tailored annealing methods, or a combination of these 

approaches.176, 248-250 Currently, most laboratory-scale depositions use conductive 

annealing methods, which test the mechanical limitations of substrate materials in high-

throughput scenarios. Therefore, alternative methods are required to realize high-

throughput production of PSCs. The combination of RTA with a rapid drying step has the 

potential to greatly reduce the processing time by several orders of magnitude, to mere 

seconds. The reduction of processing time would lead to a decrease in the length of the 

web, thereby reducing capital and operational costs and ultimately lowering the overall 

cost of the module.
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5.2 Process Schematic 

Figure 25: Schematic illustrating procedures to synthesize perovskite thin films using 
both conductive annealing and RTA. Images of perovskite thin film post-conductive 

annealing and post-RTA annealing are included. 

A stepwise schematic of the perovskite film formation is shown in figure 25 for 

both conductively annealed and RTA perovskite films. Conventional perovskite 

fabrication methods utilize physical solvent removal to achieve supersaturation then 

apply heat to achieve crystal growth. Typically, the air knife step is assumed to achieve 

the supersaturation prior to the annealing; however, it would be advantageous to reduce 

the evaporation time without using heated air.  
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5.3 Characterization of Rapid Thermal Annealed Perovskite Films 

Figure 26: (A) SEM image (B) XRD pattern of perovskite film and (C) JV curve of 
champion device annealed with RTA. 

Currently, air knifes used post-deposition are time consuming. The level of 

supersaturation in the film can be tracked by a color change from yellow to deep 

brown.125 To achieve this level of supersaturation requires multiple air knife passes 

totaling 25 to 40 seconds depending upon deposition area. To reduce the overall 

processing time, the films were treated with a single 7 second air knife pass then, prior to 

supersaturation, heated the films using both a conductive and RTA technique. Perovskite 

films annealed conductively appeared hazy and did not produce photoactive cells (figure 

25). Perovskite films annealed via RTA had a mirror finish (figure 25), were highly 

crystalline and uniform, (figure 26A&B) and were photoactive (figure 26C). It is likely 
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that the ramp of temperature in the RTA completes the supersaturation, but further 

investigation is required to verify this.  

Additionally, annealing of perovskite films via RTA took 7 seconds compared to 

120 seconds for conductive annealing. This order of magnitude improvement in 

annealing time is extremely significant for high-throughput manufacturing of PSCs. For 

context, 120 seconds corresponds to 60 m for a R2R line operating at 30 m min-1. The 

CAPEX and manufacturing costs for equipment at this scale become a primary motivator 

not to pursue the technology emphasizing the need for more efficient annealing methods 

like RTA. 

For comparison, devices were made using multiple passes of the air knife (30 

seconds)  to achieve the supersaturation of the film and then conductively annealed. 

These devices yielded a PCE of ~14.60% indicating that performance is not sacrificed for 

processing speed.  
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5.4 Utility of radiative annealing methods for low heat-tolerant flexible substrates 

Figure 27: (A) Temperature profile tracking temperature of both PET and PVSK on a 
R2R line annealed by either conduction or RTA. (B) Strain vs time tracking the strain in 
both PET and ITO on a R2R line annealed by either conduction or RTA. Critical tensile 

strain for RTA is ~2%.  

The amount of heat transferred to the substrate is a concern for flexible solar cells, 

especially with the mismatch in modulus of a thin ITO layer. Often, temperatures 

required to anneal PSC layers exceed softening temperatures of flexible plastic (67°C for 

PET), whereas, perovskite crystallinity increases across annealing temperatures ranging 

from 100°C to 250°C.251 During conductive annealing, heat is transferred to the 

perovskite film through the plastic substrate. As a result, the temperature of the 

perovskite thin film and plastic substrate are coupled as sketched in figure 27A. As 

mentioned, webs on R2R lines are kept under tension. The combination of thermal and 

mechanical stressors on the web may exceed the critical tensile strain for ITO during 
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conventional conductive annealing leading to ITO failure (figure 27B).242 RTA 

circumvents this issue by heating the perovskite film directly via incident radiation on the 

surface. Additionally, the absorptivity of perovskite is high across much of the IR 

spectrum reducing the amount of radiation transmitted to the underlying substrate.252 This 

decouples the temperature of perovskite and substrate reducing the thermal limitations of 

the system (Figure 27A). As a result, the annealing time and amount of strain in the 

substrate are severely reduced (Figure 27B).  

5.5 Conclusion 

Rapid Thermal Annealing (RTA) offers numerous advantageous properties for 

high-throughput manufacturing of perovskite photovoltaics. Notably, the requirement for 

supersaturation is relaxed in RTA compared to conductive annealing, increasing process 

robustness. This approach significantly reduces post-deposition processing time, from 

150 seconds down to just 14 seconds. By focusing heat transfer directly onto the 

perovskite film, RTA minimizes excessive heating of temperature-sensitive substrates, a 

crucial aspect for plastic substrates under tension. Importantly, a device efficiency of 

14.58% is sustained even at these shorter time scales. With successful integration into 

roll-to-roll production lines, RTA holds immense potential for the high-throughput 

manufacturing of flexible perovskite photovoltaics. 
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CHAPTER 6 – IPL-ANNEALING MIXED-CATION 
PEROVSKITE WITH ROBUST COATING WINDOW 

6.1 Introduction 
Roll-to-roll manufacturing is a robust technique with great potential to process 

high-throughput PSCs, addressing many problems of scale.253 However, the production 

capacity of a roll-to-roll line is limited by the slowest step. Encouraging results have been 

demonstrated for high-throughput processing of NiO254, SnO2
255, Cu240, and perovskite100,

256 layers by intense pulsed light (IPL) annealing, with opportunities for further refinement. 

The success for roll-to-roll manufactured perovskites lies in the art of understanding how 

the coating window changes within a wide range operating parameters including ink 

formulation, additives, deposition methods, and annealing techniques.257, 258  

As mentioned earlier, the LaMer model of nucleation and growth is used to predict 

and describe perovskite film formation, which is solubility driven.259 Common perovskite 

precursors form adducts in solution, according to the Lewis theory for acid-base reactions, 

causing precursor solubility to correlate strongly with Gutmann’s donor number.260 

Utilizing a combination of Gutmann’s donor number and vapor pressure, evaporation 

kinetics and growth mechanisms can be controlled. Segmenting solvents into VNCS and 

NVCS to allow users to mix solvents in formulations that amplify their respective merits 

(quick evaporation, high crystallinity/large grain size). In general, consistent perovskite 

film formation happens when the three stages of solvent evaporation, transitional phase 

formation, and annealing occur as independently as possible. The modular nature of 
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perovskite deposition allows for application of multiple different techniques to enhance the 

film post-deposition; however, changes to solvent chemistry and/or compositional 

engineering must have synergy from deposition to annealing all while remaining cost 

competitive.  

Utilizing conventional methods, the combination of thermal and mechanical 

stressors in PSC manufacturing can severely compromise functionality within the substrate 

during operation. Several roll-to-roll compatible annealing techniques, including hot air 

blowing261, flash infrared262, rapid thermal217, and microwave annealing263, have been 

investigated for fabrication of PSCs with promising results. However, electromagnetic 

absorption by flexible plastic substrates, from these radiative sources, can result in the same 

substrate instabilities observed in conventional annealing methods. Intense pulsed light 

(IPL) annealing has drawn widespread attention for its ability to rapidly anneal light 

absorbing materials (~1ms) without affecting transparent substrates.101, 220 Successful 

integration of IPL annealing in high-throughput roll-to-roll manufacturing lines can reduce 

oven energy requirements by 80% and reduce the annealing footprint by two orders of 

magnitude over conventional methods.264 While optimized IPL annealing promotes thin-

film densification and grain growth, PSCs manufactured with this method lag behind the 

state-of-the-art PCEs by ~7-8%. Understanding the interactions between IPL annealing and 

properties of the perovskite film will help devices approach the state-of-the-art at much 

higher manufacturing throughputs. 

Stability/durability is presently the largest technical risk for perovskite PV with 

much research devoted to understanding and mitigating chemical reactions of perovskite 

with the environment by incorporation of additives and variation of precursor species.21, 265 
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Tunable mixed cation perovskites overcome many issues with phase instability and show 

promise for high performance and stable devices.81 Lab-scale mixed cation PSCs have 

achieved impressive efficiencies; however, research to increase the efficiency at scale 

(large-area) is crucial to advance the technological readiness of perovskite modules.266  

Figure 28: Venn diagram to visualize the approach to designing high-throughput, 
functional perovskite solar films. Categories of solubility/evaporation of the ink, 
transitional phase formation, and IPL annealing all are interconnected in the manufacturing 
process to realize the solar technology. 

In this work, we discuss a classical roll-to-roll manufacturing perspective for 

scalable PSC manufacturing that can be applied as a framework to study and develop 

commercially competitive perovskite solar technologies at scale. We find perovskite thin-

film coating fits in a three-parameter processing space where parameters can be evaluated 
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based upon their merits for solubility/evaporation, transitional phase formation, and IPL 

annealing (figure 28). The term ‘transitional phase formation’ is a process term referring 

to a pseudo-stable stage occurring between drying and annealing in a perovskite roll-to-

roll manufacturing line that, through a variety of methods to regulate this step, correlate 

strongly with process robustness. The distinction from the community’s general 

“intermediate” definition is made to expand the discussion beyond just adduct stabilization 

of the processing window to consider implications on the processing window for 

stoichiometric ratios of cationic and anionic species, solubility vs. vapor pressure, optical 

absorption profiles relevant for photonic annealing methods, and also the adduct stabilized 

intermediate.  

Figure 28, is a useful Venn Diagram that highlights the complex tunability of this 

process as, for example, compositional variations of the precursor must consider the impact 

on downstream process stages such as the deposition method, drying parameters and 

annealing parameters. The solvents and additives listed in the intersecting regions of figure 

28, above affect all segments of the diagram but are grouped according to their primary 

functions in the process. This emphasizes the need for a synergistic approach across all 

parameters, as exemplified by the multiple roles of NMP in the system.  Through this 

approach, we demonstrate a mixed-cation perovskite ink with a robust coating window that 

is IPL compatible and on par with our hotplate-annealed standards, having overall PCE’s 

around 16% on flexible plastic substrates. Our work highlights unique complexities for 

scale-up of different perovskite compositions and how levers of compositional engineering 

and post-deposition treatments can be used to overcome manufacturing limitations.  
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6.2 Process Schematic 
A process schematic is illustrated in figure 29, below to help visualize perovskite 

thin-film formation. This chapter is divided into three sections where process parameters 

are discussed based upon their impacts to (1) Solubility/Evaporation, (2) Transitional Phase 

Formation, and (3) IPL Annealing. We discuss our approach to study compositional 

engineering through the lens of developing scalable manufacturing techniques with the end 

goal of commercially competitive perovskite solar technologies. 

Figure 29: (a) Schematic of the projected in-line roll-to-roll manufacturing process. Perovskite thin 
film fabrication conducted in 3 steps: Deposition, Drying, and Annealing. (b-f) Highlights issues 
with commonly used DMF:DMSO ink formulations for high-throughput, mixed cation perovskite 
deposition. Analytical tools (XRD, UV-Vis, optical and SEM images) utilized to monitor progress 
through perovskite film deposition that results in non-uniform, inefficient perovskite films. (g-k) 
Highlights advantages of optimized ACN:2-ME w/ NMP, PEAI, CH2I2 ink formulation for high-
throughput, mixed cation perovskite deposition. Analytical tools (XRD, UV-Vis, optical and SEM 
images) utilized to monitor progress through perovskite film deposition that result in uniform, 
efficient perovskite films.

6.3 Solubility/Evaporation 
Solvent engineering of the perovskite precursor ink has broad implications for both 

the film-forming process and film quality. The previously discussed LaMer curve is the 
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classical description for nucleation and crystal growth from solutions and has widely been 

applied to model perovskite film formation.267 The density of nucleation sites depends upon 

the degree of solution supersaturation, which is related to both the solute concentration and 

solubility. Solute concentration increases as the solution dries, but solubility of perovskite 

precursors correlates most strongly with the donor number of a solvent system.260 

Frequently used perovskite solvents, like DMF and DMSO, have high donor numbers, but 

slow evaporation kinetics due to low vapor pressure. In our experience, air knife solvent 

removal methods alone proved insufficient with these solvents as dendritic-like structures 

formed rendering the film unusable.  

Deng et. al. demonstrated that a high vapor pressure, mixed solvent system of 0.6 

ACN:0.4 2-ME fabricated high quality MAPbI3 perovskite films at fast speeds.268 

Solubility of mixed cation perovskite components were tested by dissolving precursors in 

solvents, listed in table 9, then monitoring particulate formation over time. Inks that did 

not exhibit particulate formation within a week were deemed soluble. Inks that exhibited 

particulate formation within a week were deemed slightly soluble. Precursors that did not 

dissolve or formed particulates within 1-2 hours were deemed insoluble. The results are 

summarized in table 12 with images of stable/non-stable inks in figure 29. MAPbI3 

perovskites dissolve easily into the ACN:2-ME mixture while other cationic and anionic 

species had more difficulty. Additionally, the perovskite wet film transitioned to the 

transitional stage within 1-2 seconds using air knife solvent removal methods, well within 

the acceptable coating window necessary for synergy between solubility/evaporation and 

transitional phase formation illustrated in figure 29. Incorporation of Br into a mixed 

perovskite system stabilizes the perovskite and regulates perovskite crystallization but is 
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highly insoluble in this solvent system. Under operation, FAPbI3, MAPbBr3, and MAPbI3 

films were observed with very rough surface morphology and non-uniform surface 

coverage that suggest there is large particle agglomeration in the pseudo-stable ink that 

rapidly nucleate during drying. Given the demonstrated success of these other additives for 

perovskite crystallization and stability, other methods to stabilize the solutes in solution 

are needed.  

Table 12: Results from solubility tests for multiple different perovskite formulations in 
different solvent systems 

MAPbI3 FAPbI3 MAPbBr3

ACN:2-ME Soluble Slight Insoluble 
DMF Soluble Soluble Soluble 

DMSO Soluble Slight Soluble 
NMP Soluble Soluble Soluble 

The approach of utilizing VNCS for fast deposition and NVCS for large grains with 

high crystallinity is applied to mixed cation systems utilizing high donor number, low 

vapor pressure solvents of DMSO and NMP. DMSO only slightly improved the solubility 

of FAPbI3 and MAPbBr3 perovskites, whereas NMP dissolved the precursors very quickly. 

The merits of both fast evaporation and highly crystalline perovskite films are shown in 

figure 29 as a adduct-stabilized perovskite without PbI2, confirmed via XRD patterns, is 

formed using only air knife solvent removal methods. The application of NMP as a NVCS 

highlights the interconnection between solubility/evaporation and transitional phase 

formation illustrated in figure 28.  
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Adding cations that form 2D perovskites have been shown to increase the solubility 

of perovskite precursors.269 Incorporation of the 2D cation PEAI improved the ink stability 

and resistance to atmospheric contaminants, such as water and oxygen, that form insoluble 

complexes with perovskite precursors. Extended shelf life of the precursor ink was 

observed when using the PEAI additive. Thus, a formulation utilizing the solvent system 

ACN:2-ME with NMP and PEAI for ink stability was adopted. In the next section, the 

utility of the NMP to assist with the crystallization will also be described, hence the 

interrelationship of formulation and processing illustrated in figure 28.  

6.4 Transitional phase formation 
Perovskite thin-film fabrication has been plagued by inconsistency due to very 

narrow coating windows highlighted by the extremely time-sensitive anti-solvent dripping 

approach for solvent removal in spin coating methods.270 The best method to expand this 

acceptable coating window is to incorporate additives and solvents that help stabilize the 

perovskite film prior to IPL annealing.271   

In the current study, two non-volatile coordinating solvents, DMSO and NMP, were 

considered as stabilizers prior to IPL annealing. IPL annealing is a method to decouple the 

film temperature and substrate temperature, however, the absorption profile of the 

DMSO:perovskite adduct indicates that much of the radiant energy is transmitted rather 

than absorbed, shown in figure 29c. Ghahremani et al managed to overcome this limitation 

using sequential step IPL annealing, however, it complicates the process, making DMSO 

not ideally compatible for IPL annealing.100 Both DMSO and NMP coordinate strongly 

with perovskite precursors and form an adduct with demonstrated, beneficial qualities 

towards perovskite film formation. However, DMSO results in lower ink stability, as 
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described in the solubility/evaporation section, and issues for the transitional phase 

stabilization, shown in optical images in figure 29b. The strong coordinating affinity of 

DMSO to perovskite precursors readily dissolves these materials, however, it can be 

difficult to remove the solvent from the film without heating to temperatures above the 

glass transition temperature of the substate.272 The presence of DMSO adducts in the IPL-

annealed perovskite film is observed in XRD patterns at ~7.4 and 9.4, shown in figure 29d. 

NMP has a lower vapor pressure than DMSO, but has been shown to improve the 

perovskite film formation.161 Additionally, the NMP:MAPbI3 adduct absorbs strongly 

throughout the visible light spectrum, shown in figure 29f making it promising for IPL 

compatibility. This highlights the synergistic qualities NMP possesses for transitional 

phase stabilization, and optical absorption, illustrated in figure 29e. The resulting 

perovskite films, post-drying, possessed a smooth, mirror-like finish suggesting that there 

is low surface roughness and uniform surface coverage. Based on the promising results this 

ACN:2-ME + NMP ink was studied for solar cell performance using a hot-plate annealing 

process for optimization. The results from the NMP optimization experiment are 

summarized in figure 30 with PCE peaking at 16.5% with 6 mol% NMP. Additionally, the 

coating window for NMP-stabilized perovskite transitional phase allows for high-quality 

film formation across a range of times between transitional phase formation and annealing. 

After achieving the transitional stage, annealing can start after 1 second or 5-10 minutes 

with little impact on performance. The combination of IPL compatibility and larger coating 

window results in a more robust perovskite manufacturing process with improvements to 

process speed and manufacturing yields.  
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Figure 30: (a) JV performance data of the champion 6% NMP hotplate-annealed sample, 
light and dark currents. (b) Device performance statistics of short circuit current density 

(Jsc),open circuit voltage (Voc), fill factor (FF), and power conversion efficiency (PCE) at 
different NMP concentrations in ACN:2-ME. Highest efficiencies achieved when NMP 

concentration reaches 6%. Each condition tested >15 devices. 
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6.5 IPL Annealing 

Figure 31: Images of FA0.86MA0.14Pb(I0.95Br0.05)3 and MAPb(I0.95Br0.05)3 at different times 
during hotplate annealing. A plot of color conversion time vs ratio of FA to MA.

Up until this point, a hotplate annealing technique has been used as a control to 

investigate impacts of film drying and transitional phase stabilization on device 

performance. Hotplate annealing is a much slower process, allowing for qualitative 

interpretation of the film formation. A color change is observed from yellow to 

brown/black when the perovskite film is converted to the photoactive phase, in most cases. 

Figure 31 shows that the time required to achieve conversion is highly dependent upon the 

ratio of FA+:MA+ cations. Density functional theory (DFT) calculations and experimental 

evidence suggest that the rate of formation of FAPbI3 is slower than the rate of formation 
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of MAPbI3 and are supported by observations in this work.273 As much of the 

crystallization kinetics are governed by an Arrhenius-like relation, changes in reaction rates 

on a hotplate are observed in reaction rates for IPL. Therefore, IPL annealing conditions 

must be tailored to the FA+:MA+ ratio, accordingly.  

A major advantage of IPL for scalable manufacturing is the rapid, time-saving 

nature of the annealing process; however, this can be counterproductive to the 

optoelectronic properties of the perovskite layer as slower crystal growth and long 

annealing times (~minutes) yield more crystalline films and higher efficiency perovskite. 

As such, there is a large discrepancy in Jsc, Voc, FF and PCE between hotplate-annealed 

perovskite devices and IPL-annealed perovskite devices (shown in Figure 32). 

Unfortunately, solvent systems with acceptable coating windows for hotplate annealing 

cannot simply be reoptimized using the IPL parameter space. To be IPL compatible, the 

film must be visible light absorbing, have a tolerable solvent concentration at the moment 

of irradiation (prevent rapid volatilization of solvent), and possess the desired PV 

properties post-IPL annealing. A combination of compositional engineering and tailoring 

IPL parameters are required to maintain functionality at the higher speeds.  
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Figure 32: Comparison of performance metrics for Hotplate- and IPL-annealed PSCs. 
Pixel size is 0.125 cm2.

The IPL parameter space is dependent upon voltage across the lamp, pulse duration, 

number of pulses, and delay between pulses. With four parameter nodes and numerous 

conditions (voltage: 1500-2500 V, pulse duration: 100-2000 µsec, pulse delay: >100 msec, 

number of pulses: 3-5), it is imperative to identify relevant parameters to constrain the 

parameter space before using time consuming analytical techniques. Qualitative feedback 

on IPL optimization was rapidly gathered through visual inspection of the film surface 

post-IPL annealing as there is a drastic color change from the reddish-brown (figure 33a) 

to a dark black/brown (figure 33b) in the film. When the film is too thin and/or the IPL 

annealing is insufficient, the final film will still resemble the transitional phase (figure 33a). 
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When the film is too thick and/or the IPL annealing is excessive, the final film shows 

cracking or appears ablated (figure 33c&d). Approximately optimized IPL conditions will 

not show these signs and maintain a mirror finish with uniform surface coverage (Figure 

33b). Probing this space, optimal IPL annealing parameters were within these ranges: 

1700-1900 V, 300-500 µsec pulse duration, 500 msec pulses delay, and 3 pulses.   

 
Figure 33: (a-d) Optical images highlight qualitative approach to observe pros/cons of IPL-
annealed perovskite solar films. (e) XRD patterns of neat, hotplate-annealed, and three 
different IPL conditions at increasing voltages. This highlights the flexibility of IPL 
parameter space to be tailored for a given application. 

Upon approaching optimized IPL parameters, further refinement results in marginal 

changes, indistinguishable via optical evaluation, necessitating the implementation of 

alternative analytical techniques for more precise characterization. Therefore, XRD 

patterns of IPL-annealed perovskites were compared against the transitional film (no 

anneal) and hotplate-annealed samples (figure 33e). If the NMP-perovskite adduct is still 

present post-annealing, then low-angle peaks (<10°) are observed (figure 33e, black). 
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When the adduct peaks are not observed post-IPL annealing, it confirms the NMP-

stabilized perovskite has been converted to the crystalline perovskite phase via IPL 

annealing (figure 29g; figure 33e, not black). Additionally, the IPL process did not result 

in detectable formation of PbI2, a common indicator of degradation. The three different 

IPL annealing conditions shown in figure 33e are similar suggesting that perovskite 

conversion is acceptable across a range of IPL conditions. With this range of acceptable 

values, lower constraint of 1700 V, 400 µsec pulse duration, 500 msec pulse delay, and 3 

pulses was selected as the IPL annealing condition for energy conservation.  

In previous works, we have shown that, diiodomethane (CH2I2), interacts with IPL 

to fill iodine vacancies within the perovskite, reduce surface tension of the precursor 

chemistry, and improve overall device performance of PSCs.101, 102 This work exemplifies 

an additives ability to effect solubility/evaporation, transitional phase formation, and IPL 

annealing. Incorporating this additive into our chemistry did not affect the solution 

solubility or color of the transitional film to an observable level, highlighting the 

interconnection between solubility/evaporation and downstream IPL annealing, illustrated 

in figure 34. SEM images indicate that the CH2I2 additive drastically increased the 

perovskite domain size by ~2X, shown in figure 34a-b. Additionally, XRD patterns of the 

resulting film show no signs of degradation and/or residual adduct present after IPL 

annealing (figure 34c). Xu et. al. also demonstrated that the addition of the CH2I2 promoted 

the vertical grain growth and there were no visible voids established using an energy 

density higher than what was employed in this work.102 
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Figure 34: (a) SEM image of the neat perovskite film after IPL annealing. (b) SEM image 
of the perovskite film with CH2I2 additive after IPL annealing. (c) XRD pattern of the 
resulting perovskite film after IPL annealing with the CH2I2 additive and without the CH2I2 
additive (Neat). 

Following the encouraging results from both IPL annealing conditions and CH2I2 

additive, the merits of both optimized IPL annealing conditions and the CH2I2 additive 

were measured by their impact to the overall PCE vs hotplate-annealed samples. The 

statistical data is shown in figure 35 and were obtained from 14 and 20 devices, 

respectively. Hotplate-annealed PSCs had slightly higher Voc and Jsc but observed lower 

fill factors than IPL-annealed PSCs. Champion device of 16.68% PCE for IPL-annealed 
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samples are shown in figure 35a. IPL-annealed PSCs had a tighter distribution across the 

sample set, suggesting that the technique is more reproducible.  

In another experiment, the transitional perovskite film was coated directly with the 

SnO2 and the two film stacks were then annealed using the IPL process conditions of 1700 

V, 400 msec pulse duration, 500 msec pulse delay, 3 pulses. The resulting devices had a 

significantly lower Jsc (~25% less) and a slightly lower FF (~12% less). The reduction in 

performance is likely due to annealing occurring outside of the time-sensitive processing 

window and sensitivity of the transitional perovskite state to solvents. The use of a single 

annealing process of a multiple stack would be an advantage, but more work is required to 

optimize. 

To identify whether the hotplate annealing of SnO2 was affecting the perovskite 

layer, PSCs in which the SnO2 was processed using IPL were fabricated. The IPL 

parameters were identical for perovskite and SnO2 layers and no optimization of IPL 

parameters for the SnO2 layer was done. The champion device PCE was higher for the IPL-

annealed SnO2 sample; however, hysteresis was observed which would indicate a non-

optimized process.  

A combination of optimized IPL annealing conditions and the CH2I2 additive 

resulted in IPL-annealed devices that were as/more efficient than hotplate-annealed 

devices, previously unachievable as shown in figure 32. The drastic increase in processing 

speed causes a significant reduction in unit manufacturing costs, making this solvent 

system enticing for high-throughput, low-cost roll-to-roll manufacturing. The 

technoeconomic analysis by Martin et. al. showed that the capital expenditures for IPL 
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would be 30% less, for the same throughput, and operating expenses would be 80% less 

that traditional ovens.264  

Figure 35: (a) JV performance data of the champion IPL-annealed PSC using the optimized 
ink formulation, light and dark currents. Optimized ink formulation: 
𝐹𝐹𝐹𝐹0.4𝑀𝑀𝐹𝐹0.6𝑃𝑃𝑃𝑃𝑃𝑃0.95𝐵𝐵𝐵𝐵0.05 in 0.6 ACN:0.4 2-ME (v:v) with 6% NMP (mol%), 3 mg/mL 
PEAI, 38 µL/mL CH2I2. (b) Comparison of the performance data of PSCs with Hotplate-
annealed perovskite layer, IPL-annealed perovskite layer, and IPL-annealed perovskite and 
SnO2 layers. IPL-annealed samples match hotplate-annealed samples and are processed in 
<30 seconds. The IPL parameters used for IPL-annealed samples were 1700V, 500 µsec 
duration, 500 msec delay, 3 pulses. 

6.6 Conclusion 
Roll-to-roll manufacturing presents promising solutions to commercialization 

challenges, however, translating lab-scale perovskite deposition techniques to a continuous 

platform introduces complexity. Approaches to address these issues individually often 

results in solutions that fail to fully address the complex and interrelated problems imposed 

by commercialization. This manuscript details a unique approach, referenced in figure 28, 

to these challenges utilizing a combination of compositional engineering and post-
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deposition treatments to satisfy the constraints rendered by high-throughput roll-to-roll 

manufacturing.  

The transition to mixed-cation perovskite systems create solubility concerns with 

impacts to perovskite nucleation and crystal growth. A stable ink with quick evaporation 

was achieved utilizing a mixture of VNCS (ACN:2-ME), NVCS (NMP), and additives 

(PEAI). The NMP stabilized adduct had a robust coating window and absorbed across 

optical wavelengths, advantageous for IPL compatibility. Finally, IPL parameters were 

tailored to the process and incorporation of CH2I2, as an iodine source, resulted in 2x 

increase in perovskite domain size vs neat when IPL-annealed. The result is perovskite 

thin-film depositions executed in <30 seconds for a mixed cation system with a champion 

PCE of 16.7% on flexible plastic substrates, comparable to state-of-the-art, flexible, high-

throughput PSCs. While this efficiency is lower than some literature reports, it 

distinguishes itself by first using ITO-PET growth substrates, second doing four critical 

layers via blade coating (PTAA, PFN, absorber, SnO2), and third using IPL to rapidly 

anneal the absorber. This demonstration of our approach to scalable perovskite thin film 

coating for IPL annealing has broad applications for development of commercial 

perovskite solar technologies. Stability remains a barrier to commercialization, and, 

although mixed cation perovskites exhibit enhanced stability compared to MAPbI3 

perovskites, further analysis is needed. IPL has been used in roll-to-roll manufacturing, 

however, there are currently no commercial applications of IPL processing of perovskites. 

The main challenges yet to be addressed for commercialization are demonstration of IPL 

annealing in a perovskite module and additional durability testing under realistic operating 
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conditions. To our knowledge, this is one of the fastest fabrication methods for perovskite 

solar films and has the potential for faster capacity than silicon PV. 
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CHAPTER 7 – CONCLUSIONS 
Despite the significant advancements made in PSC technology, 

commercialization is still faced with considerable challenges, including stability, module 

efficiency, and scalability. Commercialization efforts often only partially resolve existing 

issues and/or create new challenges. This study proposes a comprehensive approach to 

PSC development based on the evaluation of materials and methods for both parameters 

of perovskite film formation and technical challenges facing PSC commercialization.  

Radiative annealing methods demonstrate the ability to anneal perovskite thin 

films and are well suited for roll-to-roll integration. A technoeconomic analysis of IPL 

indicates that the technique directly impacts the cost of goods sold through both the 

CAPEX and operating expenditures. CAPEX of implementing IPL is nearly 30% less 

than a traditional oven and with further increases in scale, more costs savings will be 

realized. Associated operating expenditures are expected to be ~80% less for IPL, while 

simultaneously improving yields via shorter web lengths. Cost-savings for IPL utilization 

reduces cost of goods sold and energy payback times further improving the cost 

advantages for roll-to-roll fabricated PSCs. 

IPL annealing of perovskite does not affect the structural or electrical properties 

of underlying ITO/PET substrates. Lower temperatures, and therefore strain, in the 

substrate coupled with a shorter film path should reduce downtime attributed to 
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fluctuations in process parameters. IPL also operates at a lower energy consumption by 

eliminating the thermal losses from large, traditional ovens. Dwell times to anneal 

perovskite are significantly reduced from minutes to microseconds. Additionally, IPL can 

anneal metal oxide films on plastic substrates which has not been demonstrated in 

conventional ovens.  

RTA addresses many issues for high-throughput manufacturing of PSCs. RTA 

expands the acceptable processing window, compared to conductive annealing, and 

shortens the post-deposition processing time from 150 seconds to 14 seconds. The 

focused heat transfer prevents excessive heating of temperature-sensitive substrates, 

crucial for substrates under tension. Despite the shorter processing time, a device 

efficiency of 14.58% was maintained. This technology has been successfully 

implemented in roll-to-roll production lines and holds significant potential for large-scale 

production of flexible perovskite PVs.  

A combination of compositional engineering, scalable deposition methods, and 

IPL annealing were utilized to address the significant challenges facing PSC of stability, 

scalability, and manufacturing. The transition to mixed-cation perovskite systems, 

necessary to improve stability, create solubility concerns with impacts to perovskite 

nucleation and crystal growth. A stable ink with quick evaporation was achieved utilizing 

a mixture of VNCS (ACN:2-ME), NVCS (NMP), and additives (PEAI). The NMP 

stabilized adduct had a robust coating window and absorbed across optical wavelengths, 

advantageous for IPL compatibility. Finally, IPL parameters were tailored to the process 

and incorporation of CH2I2, as an iodine source, resulted in 2x increase in perovskite 

domain size vs neat when IPL-annealed. The result is perovskite thin-film depositions 
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executed in <30 seconds for a mixed cation system with a champion PCE of 16.7% on 

flexible plastic substrates, comparable to state-of-the-art, flexible, high-throughput PSCs. 

While this efficiency is lower than some literature reports, it distinguishes itself by first 

using ITO-PET growth substrates, second doing four critical layers via blade coating 

(PTAA, PFN, absorber, SnO2), and third using IPL to rapidly anneal the absorber. To our 

knowledge, this is one of the fastest fabrication methods for perovskite solar films and 

has the potential for faster capacity than silicon PV. This approach to commercialization 

of scalable perovskite thin film coating for IPL annealing has broad applications for 

development of commercial perovskite solar technologies. 
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CHAPTER 8 – RECOMMENDATIONS 
The extensive body of literature on PSCs creates a complex landscape, making it 

difficult to accurately predict relationships between optoelectronic properties and 

compositional engineering, pre- and post-deposition treatments, doping, ambient 

conditions, deposition methods, solvents, molar compositions, drying conditions, and 

annealing parameters. To streamline the commercialization path for PSCs, a perovskite 

database using large statistical experiments and learning models could provide valuable 

insights on the relationships related to optoelectronic properties.  

For IPL, the amount of radiant energy absorbed by a thin film is a function of the 

absorption profile of the sample and the emission profile from the light source, which is 

wavelength dependent. Components within a PSC have demonstrated sensitivity to UV 

light, present within the broad IPL spectrum, damaging the device’s performance. 

Volatilization of A-site organic cationic species from the perovskite crystal structure is a 

leading mechanism for instability in the perovskite layer, with increased reaction rates 

around grain boundaries. A method to improve the quality of a perovskite thin film is to 

conduct the deposition under a vapor layer saturated in A-site cations. IPL has 

demonstrated the ability to sinter perovskite films via vaporization and redeposition at 

grain boundaries. Under the assumption that perovskite solar modules are encapsulated, it 

is reasonable to assume that the volatized cationic species released during degradation 
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will create a pseudo-saturated vapor space around the perovskite film. IPL, with a 

combination of wavelength filtering and light blocking, could be utilized to irradiate a 

degraded perovskite solar module, re-sintering the damaged perovskite film, and recover 

the device performance. A potential remediation tool utilizing IPL for perovskite solar 

modules would significantly improve commercialization efforts by addressing issues for 

stability, manufacturing, and bankability.  
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APPENDIX 
COGS: 
A1 – Key to Tabs 

A2 – Assumptions 

A3 – Production Costs

Tab in Spreadsheet Description
Assumptions List of global assumptions used throughout spreadsheet
Charts Updated graphs of important results
Materials usage Chemical and material use for the proposed PSC design
Learning rate Model for cost of chemicals/materials as a function of quantity
Material Cost of materials as a function of web speed
Equipment Equipment costs per item
Utilities Cost of electricity used in production
Labor Cost of labor to operate facility
Evaporation Utility cost to evaporate and recapture solvent
Prod Costs Summation of all production costs from previous tables
Monte Carlo Monte Carlo simulation used to estimate uncertainty effect of materials and utilities
Oven Comp Comparison of the energy requirements per m2 of a traditional oven and IPL

Web Assumptions
Web Width 1.5 m

Module Assumptions
Module Power Conversion Efficiency (PCE) 18
Max Power 180 W/m2

Factory Assumptions
Average Yearly Uptime 0.85
Average Yield 0.9
Average yearly Uptime (hours) 7884 hours

Labor Assumptions
Labor overhead rate 50%

Equipment Assumptions
Depreciation 10 years
salvage value 5%
installation costs 10,000              $/m2

side access 4 m
Maintenance Rate 4% capex per year

Building Assumptions
Footprint 10000 m2

Deprectiation 20 years
cost 1000 $/m2

building depreciation 500,000$         per year

Material Assumptions
perovskite density 4.823 g/cm3

DMF density 0.944 g/cm3

DMSO density 1.1 g/cm3

Utilities Assumptions
Cost of Electricity 0.0683 $/kW-hr
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A5 – Learning Rate ITO/PET 

Raw Material CAS # Weight (kg/m2)
Chlorobenzene (CB) 108-90-7 0.000438
Ethanol (EtOH) 64-17-5 0.003943
Nickel Oxide (NiO) 1313-99-1 0.000117
Dimethylsulfoxide (DMSO) 7-68-5 0.000890
Dimethylformamide (DMF) 68-12-2 0.006871
Lead Iodide (PbI2) 10101-63-0 0.001864
Methylammonium Iodide (MAI) 14965-49-2 0.000643
Tin Oxide (SnO2) 18282-10-5 0.000499
Water 7732-18-6 0.016118
Copper (Cu) 7440-50-8 0.001673
1-Methoxy-2-Propanol (PM) 107-98-2 0.015060

Molarity 1 m2

Film thickness 0.5 micron 10.1002/solr.201800034
Wet Film Thickness 10.27 micron Find R2R reference
Wet Film Volume 1.03E-05 m3

0.01 L
Molarity 1

PbI2:[PbI2+MAI] 0.5
DMF:[DMF+DMSO] 0.9

Material Molar Density (kg/mol) Density (kg/m3) Weight (kg/L) wt% mass (kg/m2)
PbI2 0.461 6160 0.231 0.182 0.00186
MAI 0.159 - 0.080 0.063 0.00064

DMF 0.073 944 0.850 0.669 0.00687
DMSO 0.078 1100 0.110 0.087 0.00089

CH3NH3PbI3 - 4823 - - -
1.270

Film thickness 0.05 micron Reference
Wet Film Thickness 14.1 micron 10.1021/acsaem.0c00525
Volume per m2 0.0000141 m3/m2

Material Density (kg/mol) Density (kg/m3) Weight (kg/L) wt% mass (kg/m2)
SnO2 - 6950 - 0.03 0.000498506
H2O - 1000 - 0.97 0.016118345

Film thickness 0.02 micron Reference
Wet Film Thickness 4.622314622 micron 10.1021/nl501763z
Volume per m2 4.62231E-06

Material Density (kg/mol) Density (kg/m3) Weight (kg/L) wt% mass (kg/m2)
NiO - 6670 - 0.026 0.000116956
CB - 1110 - 0.0974 0.000438135
EtOH - 789 - 0.8766 0.003943214

Film thickness 0.1 micron Reference
Wet Film Thickness 9.717391304 micron 10.1039/c7tc03522e
Volume per m2 9.71739E-06 m3/m2

Material Density (kg/mol) Density (kg/m3) Weight (kg/L) wt% mass (kg/m2)
Cu - 8940 - 0.1 0.001673335
PM - 920 - 0.9 0.015060013

Ankireddy, K.;  Druffel, T.;  Vunnam, S.;  Filipič, G.;  
Dharmadasa, R.; Amos, D. A., Seed mediated 
copper nanoparticle synthesis for fabricating 

    

Copper Weight Calculation

Wang, S.;  Ma, Z.;  Liu, B.;  Wu, W.;  Zhu, Y.;  Ma, 
R.; Wang, C., High-Performance Perovskite Solar 
Cells with Large Grain-Size obtained by using the 
Lewis Acid-Base Adduct of Thiourea. Solar RRL 

2018, 2 (6), 1800034.

Perovskite Weight Calculation
Reference

Smith, J. A.;  Game, O. S.;  Bishop, J. E.;  Spooner, 
E. L. K.;  Kilbride, R. C.;  Greenland, C.;  

Jayaprakash, R.;  Alanazi, T. I.;  Cassella, E. J.;  
       

Liang, X.; Yi, Q.; Bai, S.; Dai, X.; Wang, X.; Ye, Z.; 
Gao, F.; Zhang, F.; Sun, B.; Jin, Y., Synthesis of 

Unstable Colloidal Inorganic Nanocrystals through 
       

SnO2 Weight Calculation

NiO Weight Calculation
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A6 – Material Costs 

LR 15% LR 10% LR 7%
b -0.234 b -0.152 b -0.105

A 154.57$  A 92.59$    A 69.00$    
500 500 500

36.00$    500 m2 36.00$    500 m2 36.00$    500 m2

Yearly 
output Q P Mathews 

et.al.
0.08   500000 7.13$      500000 12.60$    500000 17.47$    13.78$    
0.97   6000000 3.98$      6000000 8.63$      6000000 13.47$    10.87$    
1.94   12000000 3.38$      12000000 7.77$      12000000 12.52$    10.18$    
3.00   18500000 3.06$      18500000 7.28$      18500000 11.97$    9.77$      
3.97   24500000 2.86$      24500000 6.97$      24500000 11.62$    9.51$      

ITO coated PET
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Factory 
Throughput 

(m2/yr)

Output 
(GW)

Web 
speed 

(m/min)
500,000            0.08        0.70        

1,000,000        0.16        1.41        
1,500,000        0.24        2.11        
2,000,000        0.32        2.82        
2,500,000        0.41        3.52        
3,000,000        0.49        4.23        
3,500,000        0.57        4.93        
4,000,000        0.65        5.64        
4,500,000        0.73        6.34        
5,000,000        0.81        7.05        
5,500,000        0.89        7.75        
6,000,000        0.97        8.46        
6,500,000        1.05        9.16        
7,000,000        1.13        9.87        
7,500,000        1.22        10.57      
8,000,000        1.30        11.27      
8,500,000        1.38        11.98      
9,000,000        1.46        12.68      
9,500,000        1.54        13.39      

10,000,000      1.62        14.09      
10,500,000      1.70        14.80      
11,000,000      1.78        15.50      
11,500,000      1.86        16.21      
12,000,000      1.94        16.91      
12,500,000      2.03        17.62      
13,000,000      2.11        18.32      
13,500,000      2.19        19.03      
14,000,000      2.27        19.73      
14,500,000      2.35        20.44      
15,000,000      2.43        21.14      
15,500,000      2.51        21.84      
16,000,000      2.59        22.55      
16,500,000      2.67        23.25      
17,000,000      2.75        23.96      
17,500,000      2.84        24.66      
18,000,000      2.92        25.37      
18,500,000      3.00        26.07      
19,000,000      3.08        26.78      
19,500,000      3.16        27.48      
20,000,000      3.24        28.19      
20,500,000      3.32        28.89      
21,000,000      3.40        29.60      
21,500,000      3.48        30.30      
22,000,000      3.56        31.01      
22,500,000      3.65        31.71      
23,000,000      3.73        32.41      
23,500,000      3.81        33.12      
24,000,000      3.89        33.82      
24,500,000      3.97        34.53      
25,000,000      4.05        35.23      
25,500,000      4.13        35.94      
26,000,000      4.21        36.64      
26,500,000      4.29        37.35      
27,000,000      4.37        38.05      
27,500,000      4.46        38.76      
28,000,000      4.54        39.46      
28,500,000      4.62        40.17      
29,000,000      4.70        40.87      
29,500,000      4.78        41.58      
30,000,000      4.86        42.28      
30,500,000      4.94        42.98      
31,000,000      5.02        43.69      
31,500,000      5.10        44.39      
32,000,000      5.18        45.10      
32,500,000      5.27        45.80      
33,000,000      5.35        46.51      
33,500,000      5.43        47.21      
34,000,000      5.51        47.92      
34,500,000      5.59        48.62      
35,000,000      5.67        49.33      
35,500,000      5.75        50.03      
36,000,000      5.83        50.74      
36,500,000      5.91        51.44      
37,000,000      5.99        52.14      
37,500,000      6.08        52.85      
38,000,000      6.16        53.55      
38,500,000      6.24        54.26      
39,000,000      6.32        54.96      
39,500,000      6.40        55.67      
40,000,000      6.48        56.37      
40,500,000      6.56        57.08      
41,000,000      6.64        57.78      
41,500,000      6.72        58.49      
42,000,000      6.80        59.19      
42,500,000      6.89        59.90      
43,000,000      6.97        60.60      
43,500,000      7.05        61.31      
44,000,000      7.13        62.01      
44,500,000      7.21        62.71      
45,000,000      7.29        63.42      
45,500,000      7.37        64.12      
46,000,000      7.45        64.83      
46,500,000      7.53        65.53      
47,000,000      7.61        66.24      
47,500,000      7.70        66.94      
48,000,000      7.78        67.65      
48,500,000      7.86        68.35      
49,000,000      7.94        69.06      

Low Total Cost 
per area ($/m2)

Mid Total Cost 
per area ($/m2)

High Total Cost 
per area ($/m2)

13.25$              18.72$  23.59$  
11.59$              16.87$  21.78$  
10.72$              15.87$  20.78$  
10.15$              15.20$  20.11$  

9.73$                14.70$  19.60$  
9.40$                14.31$  19.19$  
9.13$                13.98$  18.86$  
8.90$                13.70$  18.57$  
8.70$                13.47$  18.32$  
8.53$                13.25$  18.10$  
8.38$                13.07$  17.91$  
8.24$                12.90$  17.73$  
8.12$                12.74$  17.57$  
8.01$                12.60$  17.42$  
7.90$                12.47$  17.28$  
7.81$                12.35$  17.15$  
7.72$                12.24$  17.04$  
7.64$                12.14$  16.92$  
7.56$                12.04$  16.82$  
7.49$                11.95$  16.72$  
7.42$                11.86$  16.63$  
7.36$                11.78$  16.54$  
7.30$                11.70$  16.46$  
7.24$                11.63$  16.38$  
7.18$                11.55$  16.30$  
7.13$                11.49$  16.23$  
7.08$                11.42$  16.16$  
7.03$                11.36$  16.09$  
6.99$                11.30$  16.03$  
6.94$                11.24$  15.97$  
6.90$                11.19$  15.91$  
6.86$                11.14$  15.85$  
6.82$                11.08$  15.79$  
6.78$                11.04$  15.74$  
6.75$                10.99$  15.69$  
6.71$                10.94$  15.64$  
6.68$                10.90$  15.59$  
6.64$                10.85$  15.54$  
6.61$                10.81$  15.49$  
6.58$                10.77$  15.45$  
6.55$                10.73$  15.41$  
6.52$                10.69$  15.36$  
6.49$                10.65$  15.32$  
6.46$                10.62$  15.28$  
6.44$                10.58$  15.24$  
6.41$                10.55$  15.21$  
6.39$                10.51$  15.17$  
6.36$                10.48$  15.13$  
6.34$                10.45$  15.10$  
6.31$                10.42$  15.06$  
6.29$                10.39$  15.03$  
6.27$                10.36$  14.99$  
6.25$                10.33$  14.96$  
6.22$                10.30$  14.93$  
6.20$                10.27$  14.90$  
6.18$                10.24$  14.87$  
6.16$                10.21$  14.84$  
6.14$                10.19$  14.81$  
6.12$                10.16$  14.78$  
6.10$                10.14$  14.75$  
6.09$                10.11$  14.72$  
6.07$                10.09$  14.70$  
6.05$                10.06$  14.67$  
6.03$                10.04$  14.64$  
6.01$                10.02$  14.62$  
6.00$                9.99$  14.59$  
5.98$                9.97$  14.57$  
5.96$                9.95$  14.54$  
5.95$                9.93$  14.52$  
5.93$                9.90$  14.50$  
5.92$                9.88$  14.47$  
5.90$                9.86$  14.45$  
5.89$                9.84$  14.43$  
5.87$                9.82$  14.40$  
5.86$                9.80$  14.38$  
5.84$                9.78$  14.36$  
5.83$                9.76$  14.34$  
5.82$                9.75$  14.32$  
5.80$                9.73$  14.30$  
5.79$                9.71$  14.28$  
5.78$                9.69$  14.26$  
5.76$                9.67$  14.24$  
5.75$                9.66$  14.22$  
5.74$                9.64$  14.20$  
5.72$                9.62$  14.18$  
5.71$                9.60$  14.16$  
5.70$                9.59$  14.14$  
5.69$                9.57$  14.12$  
5.68$                9.56$  14.11$  
5.66$                9.54$  14.09$  
5.65$                9.52$  14.07$  
5.64$                9.51$  14.05$  
5.63$                9.49$  14.03$  
5.62$                9.48$  14.02$  
5.61$                9.46$  14.00$  
5.60$                9.45$  13.98$  
5.59$                9.43$  13.97$  
5.58$                9.42$  13.95$  

Total Cost per m2



143 

A7 – Equipment 

A8 – Utilities 

A9 – Labor 

Layer Process Equipment Cost Salvage Depreciation Maintenance Length
Roll-to-Roll Equipment Rollers, Motors, CPUs, control systems, 

Electrical 620,000$        31,000$            58,900$  24,800$  5 New Era Converting

Surface Treatment Corona discharge 50,000$          2,500$             4,750$  2,000$  0.5 Enercon

Device Architecture Laser Scribe (P1,P2,P3) Yb:SHG laser 100,000$        5,000$             9,500$  4,000$  0.5 Chang R2R model

Print SnO2 Slot-Die 343,564$        17,178$            32,639$  13,743$  1 Coating Tech Slot-Dies

Evaporate Solvent Airknife* 575,000$        28,750$            54,625$  23,000$  1 exAir + Ingersoll Rand

Post-process (Anneal) IPL 3,000,000$     150,000$          285,000$             120,000$             1 Xenon Corp

Print MAPbI3 Slot-Die 343,564$        17,178$            32,639$  13,743$  1 Coating Tech Slot-Dies

Evaporate Solvent Airknife* 575,000$        28,750$            54,625$  23,000$  1 exAir + Ingersoll Rand

Post-process (Anneal) IPL 2,500,000$     125,000$          237,500$             100,000$             1 Xenon Corp

Print NiO Slot-Die 343,564$        17,178$            32,639$  13,743$  1 Coating Tech Slot-Dies

Evaporate Solvent Airknife* 575,000$        28,750$            54,625$  23,000$  1 exAir + Ingersoll Rand

Post-process (IPL) IPL 2,500,000$     125,000$          237,500$             100,000$             1 Xenon Corp

Print Cu Slot-Die 343,564$        17,178$            32,639$  13,743$  1 Coating Tech Slot-Dies

Evaporate Solvent Airknife* 575,000$        28,750$            54,625$  23,000$  1 exAir + Ingersoll Rand

Post-process IPL 2,500,000$     125,000$          237,500$             100,000$             1 Xenon Corp

Laminate Lamination Laminator 28,000$          1,400$             2,660$  1,120$  0.5 Chang et. al. Model

Testing Module Testing Module Tester 58,000$          2,900$             5,510$  2,320$  Chang et. al. Model

Install Installation Installation costs 1,017,500$     101,750$             

Total 1,529,624$        601,210$           

SnO2 (CTL)

R2R

MAPbI3 (Absorber)

NiO (CTL)

Cu (Electrode)

Layer Process Utilities ($/m2)
Device Architecture Laser Scribe (P1,P2,P3) 0.008000

Evaporate Solvent 0.000409
Post-process (IPL) 0.001518
Evaporate Solvent 0.003056
Post-process (Anneal) 0.000683
Evaporate Solvent 0.001740
Post-process (Anneal) 0.003794
Evaporate Solvent 0.000003
Post-process 0.001708

Laminate Lamination* 0.000000
Testing 0.000000

Total 0.0209

Layer Wet Thickness (m) Viscosity (cP) Slot Width 
(micron)

Land Length 
(cm) Power (J/W-s2)

NiO 4.62E-06 1 20 2.5 1922.92
MAPbI3 1.03E-05 0.9 20 2.5 8539.37

SnO2 1.41E-05 0.9 20 2.5 16103.61
Cu 0.00

IPL Utility Cost Energy Density (kJ/m2) Pulses kW-hr/m2 Cost ($/m2)
SnO2 40 5 0.0556 0.0038

MAPbI3 12 3 0.0100 0.0007
NiO 20 4 0.0222 0.0015
Cu 30 3 0.0250 0.0017

Total 0.0077027

NiO (CTL)

MAPbI3 (Absorber)

SnO2 (CTL)

Cu (Electrode)
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A10 – Oven Comparison 

Position Position Code Number Mean Hourly Wage
Supervisor 17-2112 1 44.55$  
Prepress Technician 51-5111 2 20.45$  
Printing Press Operator 51-5112 4 18.80$  
Maintenance 49-9040 1 26.60$  
QA 19-2031 1 40.46$  

227.71$  
1,795,265.64$  

Total
Yearly Total/line

Layer
Plastic 
Heating 

(kW)
LEL (%) Max C (g/m3)

Airflow 
(m3/sec)

Airflow 
Power 
(kW)

Losses 
(kW)

IPL
(kW-hr/m2)

Oven
(kW-hr/m2)

SnO2 6.2 0.35 33.46875 11.3 0.0555556 0.0566319
MAPbI3 6.2 2.2 1.839854973 0.933629 89.27831 11.3 0.01 0.1186426
NiO 6.2 3.3 4.378391578 0.225152 21.53016 11.3 0.0222222 0.0433668
Cu 6.2 1.6 1.085460599 3.468577 331.6826 11.3 0.025 0.3879807

Total 0.1127778 0.6066221
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