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Abstract 
Halide semiconductors have recently emerged as a class of materials that unite 

outstanding optoelectronic properties with the ability to process device-quality thin films 

at low or even room temperature. Successful adoption of halide semiconductor-based 

technologies will, however, be contingent on the development of device architectures and 

film processing approaches that enable efficient, low-cost devices with stable performance 

and rigorous study of these materials’ photophysical properties. Herein, the goals are 

twofold: first, to develop low-cost device processing methods that deliver efficient solar cell 

performance while managing sources of instability; second, to extend existing thin film 

processing techniques to novel materials, enabling investigation of their optoelectronic 

properties.  

After general introduction to halide perovskite materials, films and devices in 

Chapters 1 and 2, Chapter 3 confronts the first device challenge—i.e., reducing solar cell 

cost—by investigating cheap electron and hole transport layers (ETL and HTL) for halide 

perovskite solar cells. Efficient CH3NH3PbI3 perovskite solar cells are constructed using 

earth-abundant ETL CdS and HTL CuCrO2 that are deposited at low temperature (<100 

°C). Although CuCrO2 appears to yield an inert interface with CH3NH3PbI3, X-ray 

photoelectron spectroscopy reveals that CdS can easily release Cd into the CH3NH3PbI3 

film. X-ray diffraction (XRD) measurements show that excessive amounts of Cd cause 
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phase segregation of insulating compounds in the perovskite, compromising solar cell 

performance. Nevertheless, careful optimization of device fabrication avoids this 

detrimental interaction, leading to solar cells with power conversion efficiency of over 

15%. In addition to demonstrating efficient devices using low-cost materials, this work 

emphasizes the importance of managing interfacial as well as bulk stability. 

Chapter 4 focuses on the second device challenge—i.e., managing instability—by 

developing inherently robust architectures via lamination and hot pressing. This 

technique circumvents the intrinsic thermal instability of perovskite thin films during 

processing and forms a self-encapsulating device architecture. Annealing MAPbI3 films 

under pressure in a specially-constructed tool allows significant grain growth at 

temperatures that would ordinarily decompose them rapidly to PbI2. However, these 

temperatures can also activate unexpected reactions with carrier transport materials 

previously thought to be inert, such as nickel oxide. Applying this knowledge, techniques 

are developed that avoid reactivity-related problems and recover the targeted solar cell 

performance. 

Chapters 5 and 6 of this dissertation focus on developing deposition methods for 

new halide semiconductor films, with emphasis in this case on exploration of 

fundamental physical properties rather than device fabrication. In Chapter 5, resonant 

infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE) is first used to deposit 

films of the archetypal halide perovskite CH3NH3PbI3, which possesses properties 
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comparable to those prepared by more conventional methods such as spin coating, as 

determined by XRD, electron microscopy and optical spectroscopy. CH3NH3PbI3 solar 

cells fabricated using RIR-MAPLE reach power conversion efficiency of over 12%. RIR-

MAPLE is then extended to the deposition of layered lead halide perovskite films 

incorporating oligothiophene-derived molecular cations, which cannot be controllably 

deposited by other methods. By varying the number of rings in the thiophene chain and 

the halide component of the inorganic layers, the photoluminescence emission from these 

films can be tuned to originate from either the inorganic or the organic component or be 

quenched altogether, supporting prior computational predictions of the tunable quantum 

well nature of these types of perovskite structures. Carrier transfer between the inorganic 

and organic moieties can synergistically populate triplet states in the organic, showcasing 

the unique physical properties attainable in complex-organic perovskites.  

Chapter 6 focuses on the halide semiconductor indium(I) iodide, which possesses 

elements of its electronic structure like those of halide perovskites, that are often invoked 

as an explanation for these materials’ remarkable defect tolerance. Indium(I) iodide is 

prepared in thin-film form by thermal evaporation. A photovoltaic effect is demonstrated 

for the first time in this material, with solar cells demonstrating ~0.4% power conversion 

efficiency. Overall, the results advance our scientific understanding of halide 

semiconductors, and provide crucial pathways by which they can be made more 

technologically effective, and be studied in greater depth. 
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1. General Introduction 
1.1 Motivation 

Metal halide semiconductors have recently captured the attention of a wide swath 

of the semiconductor research community, due in large part to the extraordinary success 

of the hybrid lead halide perovskite family of materials in photovoltaic1-6 and other 

optoelectronic applications, including light-emitting diodes (LEDs),7-11 visible,12-13 X-ray,14-

15 and gamma-ray16 photodetectors, lasers,17-19 nonlinear optics,20-22 and spintronics.23 These 

materials unite outstanding physical properties with a chemistry conducive to the use of 

low-cost and low-temperature thin film deposition methods such as solution-processing, 

making them commercially attractive.24 The ability to integrate large conjugated organic 

cations into the crystal structure can also endow halide semiconductors with exotic 

photophysical properties, as well as unprecedented opportunities for manipulating the 

excited state in the organic component.25-28 However, these materials generally suffer from 

the significant shortcoming of instability, causing them to be susceptible to degradation 

by excessive heat or interactions with other chemical species.29 Both excellent physical 

properties and instability may be understood as consequences of the “soft” nature of these 

materials24, 30—i.e., properties associated with such features as low mechanical stiffness31-

32 and low free energy of formation.33-35  

Although it is reasonable to expect in the case of the hybrid perovskites that their 

partially organic nature is responsible for their softness, similarity of these hybrid 
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materials to their fully inorganic cousins shows that the halide character of the inorganic 

framework is more important for determining their properties, and that softness is 

intrinsic to halide semiconductors in general.31-32, 36 This characteristic also has important 

implications for fabrication and processing of halide semiconductors, particularly in view 

of the ease with which they participate in chemical reactions, which can be both an asset 

and a liability when attempting to deposit thin films. A further challenge associated with 

hybrid semiconductors incorporating particularly large organic cations is that the 

exquisite chemical complexity of the crystal structure leading to unusual physical 

properties also makes these materials more difficult to deposit as thin films.25, 27, 37 It is 

therefore vital to the success of halide semiconductor technologies to develop film 

deposition techniques that are conducive to the formation of high-quality materials of 

arbitrary composition, and that potential interactions with the substrate or other device 

materials be understood and managed in order to assure the longevity and reliability of 

these technologies. 

1.2 Goals 

In the service of improving the state of the art in halide semiconductor technology, 

the goals of this dissertation are twofold: 1) to explore device architectures and processing 

methods that reduce the cost and manage instabilities in efficient halide semiconductor 

devices, using the perovskite solar cell (PSC) as a model system; 2) to explore film 

deposition strategies for new halide semiconductors, with the intent of using this 
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geometry as a platform for better understanding their optoelectronic properties. After a 

brief discussion of the state of the art in hybrid perovskite film deposition and PSC 

operation in Chapter 2, the part of this dissertation concerning cheap and stable device 

architectures focuses more specifically on two sub-goals. The first is to develop low-cost 

electron and hole transport layers (ETL and HTL) for PSCs, which is the focus of Chapter 

3. In this chapter, we find that the low-cost materials CdS and CuCrO2 can serve the roles 

of economical ETL and HTL, respectively, in efficient PSCs. However, facile interface 

reactions between the prototypical perovskite MAPbI3 and CdS may undermine the utility 

of this device architecture. The other sub-goal of the first part of this dissertation is to 

improve PSC stability by investigating fabrication approaches for inherently robust 

laminated devices, which is the subject of Chapter 4. An important part of this effort is to 

determine what impact lamination temperature and pressure have on absorber properties 

as well as interactions with interfaces, a critical aspect of device stability (as shown in the 

preceding chapter). MAPbI3 is found to be surprisingly robust to annealing under 

pressure, exhibiting relatively stable photoluminescence intensity and enhanced grain 

size as pressing temperature increases. However, methylammonium iodide reacts with 

the widely used HTL, NiOx, at temperatures not far above those often used in PSC 

processing. The performance of hot-pressed MAPbI3 solar cells using NiOx suffers with 

increasing temperature, likely due to an electronic barrier generated by interfacial 

reaction. The popular ETL SnO2, on the other hand, appears to be much less likely to 
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interact with the perovskite (although it too may undergo a slight degree of interfacial 

reaction), and may therefore offer promise for a more stable interface. Ultimately, this 

knowledge allows development of a robust SnO2-based device architecture and 

lamination process, yielding a functional bifacial perovskite solar cell with power 

conversion efficiency of over 10%. 

The second part of this dissertation focuses on thin film deposition of new halide 

semiconductors and is also broken down into two sub-goals. The first sub-goal concerns 

the deposition of hybrid perovskite thin films by resonant infrared matrix-assisted pulsed 

laser evaporation (RIR-MAPLE) in Chapter 5. The first PSC with absorber deposited by 

RIR-MAPLE is reported, as well as film deposition of lead halide perovskites 

incorporating large, conjugated oligothiophene cations. These materials are particularly 

interesting in view of their ability to yield tunable quantum well systems,26 wherein 

changing the length of the oligothiophene chain and/or the halide component yields band 

alignments that can favor exciton migration into either the organic or the inorganic 

moiety. A wide range of photophysical behaviors is therefore possible, including 

characteristic luminescence of either the inorganic or organic component; alternatively, 

singlet excitons may be separated across the organic/inorganic interface. The hybrid 

quantum wells possess additional subtleties not found in traditional inorganic quantum 

well heterostructures—i.e., in cases where the singlet excitons are separated, ultrafast 

optical measurements indicate that they may thereafter reform as triplet states within the 
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organic. The second sub-goal regarding development of thin film deposition techniques 

for new materials concerns the deposition of indium(I) iodide thin films by thermal 

evaporation in Chapter 6, leading to the fabrication of the first solar cells using a 

monovalent indium-based material as absorber. 

 Collectively, these investigations represent several important steps forward for the 

field of halide semiconductors. On the one hand, they underscore the importance of 

managing the reactivity brought on by the low formation energy of these materials, 

particularly in the case of hybrids such as many halide perovskites. Applying this 

knowledge allows fabrication of laminated perovskite solar cells with reasonable 

efficiency, and provides improved understanding of material- and architecture-

dependent processing constraints. This work also provides new paradigms for the 

synthesis/characterization of previously underexplored systems, such as large-organic 

hybrid perovskites and In(I)-based halide semiconductors. The author therefore 

anticipates that this work will represent some early steps in exciting new directions, for a 

field poised to achieve further prominence in the 21st century. 
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2. Basics of Halide Perovskite Thin Films and Devices 
Underpinning the recent success of PSCs and related technologies is a large 

amount of work focused on developing thin-film deposition strategies for halide 

perovskite thin films. This chapter describes scientific concepts relevant to perovskite thin 

film deposition, as well as several of the more prominent deposition and treatment 

strategies and how they connect to the above principles. A basic overview of the most 

widely encountered halide semiconductor device, the PSC, is given first, as it will be 

encountered frequently in this dissertation in various forms. Desirable characteristics of 

perovskite films are covered next, as these considerations are critical to determining 

whether perovskite films produced by a given deposition technique will be successful in 

device or advanced measurement applications. The rest of the chapter focuses on the 

science of film growth and how different perovskite deposition techniques make use of 

the relevant principles to achieve the desired characteristics. Although the material 

discussed in this chapter is largely focused on halide perovskites, many of these concepts 

are more broadly applicable to halide semiconductors in general, given their similar 

chemical and physical properties. Much of this discussion is drawn from a recent 

publication in Chemical Reviews that was co-written with Profs. Yuanyuan Zhou and Nitin 

Padture at Brown University and Prof. David Mitzi of Duke University.38 This review is 

much too long for its entire contents to be covered here, and the author has therefore 
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selected topics that are most germane to the research presented in this dissertation for a 

revised and condensed discussion in this chapter. The text in this chapter is original to 

this dissertation and is the sole work of its author. 

2.1. Working Principles of Perovskite Solar Cells 

As much of this dissertation is oriented around one specific type of device, the 

PSC, it is worthwhile to discuss the basic elements of these structures and their roles in 

device operation in some detail. PSCs consist of a stack of at least two (more often, at least 

three) planar semiconducting layers sandwiched between two electrodes, which may be 

metals or transparent conducting oxides (TCOs) such as indium tin oxide (ITO) or 

fluorine-doped tin oxide (FTO), as depicted in Figure 1a. In many cases, PSCs will also 

incorporate a mesoporous scaffold layer (Figure 1b) that may be either semiconducting or 

insulating and can be used to enhance device performance by templating growth and/or 

improving charge transfer across absorber/transport layer interfaces.  

The active layer in the device is the perovskite absorber. As its name suggests, this 

layer is responsible for absorbing incident light that generates excited electron-hole pairs. 

As solar cells cannot operate on the photogeneration process alone, one or more 

semiconductor heterojunctions must be present to create the electric field that separates 

electron-hole pairs and extracts the carriers from the device. Unlike many solar cells, PSCs 

typically make use of two junctions between the absorber and an n-type electron transport 
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layer (ETL) and a p-type hole transport layer (HTL). These devices are therefore p-i-n or n-i-

p heterostructures, typical of amorphous Si or organic solar cells, rather than the p-n 

junctions used in other thin film photovoltaic technologies based on CdTe, CIGS, or CZTS. 

The perovskite absorber itself is generally considered to be of intrinsic conductivity, 

although reports have differed on its carrier concentration, and vary from weakly p-type 

to strongly n-type.39-45 The functions of the HTL and ETL are to set up the built-in electric 

field within the device that separates the photogenerated electron-hole pairs, extract 

photogenerated carriers of a certain sign, and reject those of the opposite sign. It is often 

assumed that the HTL and ETL are more heavily doped than the absorber, leading to a 

band diagram in which the electric field is essentially constant across the absorber and the 

electrons and holes are swept out entirely due to drift (Figure 1c).  

Note that the drift-dominated picture may not be entirely accurate, as potential 

measurements on device cross-sections indicate a concentration of the electric field at the 

perovskite-ETL interface.46 Bertoluzzi et al.47 likewise suggest that motion of mobile ions 

can lead to energy landscapes in which there are similar concentrations of electric field at 

the interfaces with both ETL and HTL that create two spatially distinct depletion regions 

(Figure 1d), in which case electron-hole separation is mostly driven by diffusion (at least 

deep within the absorber). The possibility of ion motion naturally complicates the analysis 

of the band structures considerably, as relatively slow motion of the ions can contribute 



 

9 

 

to transient distortion of the bands, which depends on a range of factors that may be very 

hard to predict. These factors can be dependent on composition (e.g., what ions are 

moving, how many there are, what their mobilities are) and microstructure (e.g., grain 

boundary density), as well as the recent electrical history of the device. Due to the high 

system-specificity and the number of unresolved questions pertaining to ion migration, 

we retain the drift-dominated device paradigm as a useful model for attaining a 

qualitative understanding of the important features of solar cell operation, even though it 

may or may not be entirely physically accurate depending on the system in question. 

 

Figure 1: Planar (a) and mesoporous (b) PSC architectures; simplistic band 
diagram (c) of a PSC featuring a fully depleted absorber, and more complex band 
diagram (d) featuring two depletion regions near the ETL and HTL due to the effects of 
ion migration. Adapted with permission from Refs 38 and 47. Copyright 2018 American 
Chemical Society. 
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Also of importance to device operation are the anode and cathode layers, which 

contact the electron and hole transport layers, respectively, connecting the device to the 

external circuit. Note that these terms are used inconsistently in the literature; here, the 

convention will be that the anode is the terminal through which the photogenerated 

electrons leave the device, and the cathode is that through which photogenerated holes 

leave the device. This nomenclature best represents the dominant current flow (i.e., 

photocurrent) under standard solar cell operating conditions. 

2.1.1 Qualities of Good Absorber Materials 

As the absorber is the central component of a solar cell, its material properties have 

a dominant impact on the overall performance of the device. The first requirement of a 

good absorber, as its name implies, is that it absorb light efficiently and as completely as 

possible. Absorption of light in a material is expressed by Beer’s Law: 

 𝐼𝐼(𝑥𝑥, 𝜆𝜆) = 𝐼𝐼0 exp[−𝛼𝛼(𝜆𝜆)𝑥𝑥] ,  (1) 

where 𝐼𝐼0(𝜆𝜆) is the irradiance of the beam incident on the material, 𝐼𝐼(𝑥𝑥, 𝜆𝜆) expresses the 

irradiance profile as a function of depth 𝑥𝑥 into the material, and 𝛼𝛼(𝜆𝜆) is the absorption 

coefficient, which specifies the inherent strength of a material’s ability to absorb light. The 

irradiance and absorption coefficient are both functions of the wavelength 𝜆𝜆 of incident 

light, with the absorption coefficient typically being larger for higher-energy/shorter-

wavelength/blue regions of the spectrum (i.e., absorption of these wavelengths is more 
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favorable). Obviously, it is desirable for 𝛼𝛼(𝜆𝜆) to be as large as possible to achieve 

maximum absorption in as small a volume as possible.  

Good absorption of light is necessary but insufficient for good photovoltaic 

performance. The absorbed light must usefully translate into excited electronic states from 

which energy may be harvested. This restriction requires that the absorber be a 

semiconductor, which can maintain these excited states long enough for the 

photogenerated carriers to be collected rather than recombining and losing their energy 

to the crystal lattice as heat. The band gap of the absorber is thus a critical property. To 

maximize the number of photons collected, it should be as small as possible, since photons 

with energy less than the bandgap energy are not absorbed (the origin of so-called sub-

band gap losses). However, photogenerated carriers quickly relax to the band edges after 

absorption, losing excess energy as heat, and the amount of energy extracted per 

photogenerated electron-hole pair can therefore be no more than the gap energy 

(thermalization losses). Thus, from this perspective it is desirable that the band gap be as 

large as possible. The trade-off between absorption and thermalization losses therefore 

stipulates that the best band gap will be of intermediate value, though the exact value will 

depend on the spectral irradiance of the light source. For the AM1.5G spectrum, which is 

conventionally agreed to best represent daylight illumination at the surface of the earth, 

the ideal band gap ranges from 1.0 to 1.6 eV (as determined from the well-known 
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Shockley-Queisser limit48), over which the theoretical maximum efficiency of a single-

junction photovoltaic cell is approximately 31-33%. The band gap of a prospective 

absorber material should lie within this range (or at the very least, not far outside of it). 

Due to the nature of single-junction photovoltaic power conversion, the band gap 

value determines unavoidable energy losses. However, other mechanisms exist that can 

further prevent efficient collection of photogenerated carriers in the absorber. Most 

prominent of mechanisms intrinsic to the absorber material is Shockley-Read-Hall (SRH) 

recombination, the process by which defects in the absorber’s crystal lattice create states 

within the band gap that trap photogenerated carriers and provide pathways for electron-

hole recombination. Density and distribution of such trap states can be difficult to 

measure, but useful proxies for the predominance of non-radiative recombination 

mechanisms include the photogenerated carrier lifetime, which may be inferred from 

ultrafast optical techniques such as time-resolved photoluminescence (TRPL) or 

microwave conductivity (TRMC). A related quantity is diffusion length, or the average 

distance a photogenerated carrier can travel through the absorber without recombining. 

It is desirable to maximize both quantities to ensure that carriers can be collected as 

efficiently as possible. Successful collection of carriers also requires that they can travel 

easily under the influence of an electric field; the mobilities of electrons and holes in the 

absorber therefore also represent important figures of merit. In a material with low carrier 
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mobility, even if the carrier lifetime is long, the diffusion length will be compromised by 

the difficulty in transporting the carriers from the point of generation to the external 

circuit, and device performance will suffer.  

Easily quantifiable material properties are not the only factors that determine the 

suitability of a material as a PV absorber. Cost and scarcity of the elements and/or 

precursor chemicals that compose the material can have a large impact on the commercial 

viability of a PV technology. Material hazards and toxicity are also potential barriers to 

commercialization of a new material, and may present legal challenges under directives 

such as the European Union Restriction on Hazardous Substances.49,50 Therefore, it is 

desirable that a PV material be intrinsically safe and not contain any components such as 

heavy metals, which might present a hazard to people or the environment should they 

leach out of the cell. Further, ease of processing the material and its sensitivity to process 

variation are also important in developing fabrication procedures. Materials that require 

expensive specialized equipment or large energy inputs, or are otherwise tricky to 

produce, are obviously at a disadvantage compared to those that can be easily 

manufactured via established industrial methods. Finally, the absorber should be as inert 

and stable as possible. Under normal operation, solar cells might be subjected to a wide 

range of possible environmental conditions, including temperatures ranging from sub-

freezing to >80 °C (if operated, for example, in a hot desert in equatorial latitudes) and 
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humidity levels ranging from <5% to complete immersion (e.g., if operated under 

torrential rain). A good solar cell should be able to weather these conditions without 

adverse impact on performance or irreversible degradation (at least when encapsulated). 

2.1.2 Qualities of Good Transport Materials 

The hole and electron transport layers also play a vital role in the operation of the 

solar cell, and while many of the properties of absorbers described above are also desirable 

for the HTL and ETL (particularly carrier mobility, cost, toxicity, stability, and processing 

considerations), there are other factors that must be considered when choosing these 

materials. Since one of their main functions is to establish the built-in voltage that 

separates photogenerated electrons and holes, they must be sufficiently doped to fully 

deplete the absorber and provide a strong electric field across the entire device. While it 

is not strictly necessary for an HTL (ETL) to be p-type (n-type) if the work functions of 

these levels are sufficiently deep (shallow) to induce significant built-in voltage, in 

practice such n-type HTLs (p-type ETLs) are seldom encountered. It is generally the case 

that p-doping the HTL (n-doping the ETL) is helpful, unless the carrier concentration is 

already so high that further doping would cause the transport layer to become degenerate. 

The other primary function of the transport layers is to extract their preferred 

carrier type and reject the other; thus, band alignment with the absorber is a crucial 

consideration when selecting an HTL and ETL. To most effectively extract carriers, the 
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valence band maxima (VBM) of the HTL and absorber should be matched as closely as 

possible, and similar for the conduction band minima (CBM) of the ETL and absorber. If 

the CBM (VBM) of the ETL (HTL) falls too far below (above) that of the absorber (cliff-type 

alignment), injection of electrons (holes) from the absorber to the ETL (HTL) is 

unimpeded, but some energy is lost according to the “height” of the cliff, and 

recombination between the ETL CBM (HTL VBM) and absorber VBM (CBM) is made 

more favorable since the effective band gap near the interface is reduced.51 Conversely, if 

the CBM (VBM) of the ETL (HTL) is too far above (below) that of the absorber (spike-type 

alignment), injection of carriers from the absorber into the ETL (HTL) is prevented 

because the carriers must acquire energy when crossing the interface. If the height of the 

spike is too large, it presents a substantial impediment to extraction of the carriers and 

device performance may be reduced dramatically, though a small spike can be tolerated 

and even desirable due to the prevention of interface recombination.51 The HTL and ETL 

must also reject undesired carriers. To do so, the VBM (CBM) of the ETL (HTL) should be 

much deeper (shallower) than that of the absorber, so that emission of holes (electrons) 

from the absorber to the ETL (HTL) is highly unfavorable. Aligning the bands as described 

in the previous paragraph will also satisfy this constraint, provided that the band gap of 

the ETL or HTL is sufficiently large compared to that of the absorber, which is true in 

many PSC designs. This carrier-blocking requirement is less restrictive than the carrier 
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extraction requirement, as it does not demand that bands be precisely aligned, only that 

the offset be large enough to prevent carriers from being extracted at the wrong side of 

the device. A final restriction regarding band positions of the transport layers is that, for 

the transport layer that faces the light source, the band gap should be relatively wide (at 

least 3 eV is preferable) in order to lessen parasitic absorption in that layer. Lower band-

gap transport layers can be tolerated if they are made sufficiently thin, but doing so may 

introduce trade-offs between parasitic absorption and shunting, which limit the overall 

attainable efficiency of devices using that layer. 

Other considerations involved in choosing electron and hole transport layers are 

harder to quantify, but no less important in determining device performance. The 

chemistry of the interface between the absorber and transport materials can play a 

decisive role in device operation and device stability, and many reports in the literature 

underscore its importance. High-quality interfaces lead to stable performance over long 

periods of time,52,53,54,55 but many otherwise promising transport materials can, among 

other undesirable effects, contribute to thermal decomposition of the absorber,56 or react 

with it to produce insulating compounds at the interface that impede carrier extraction.57 

These effects can be difficult to unravel and harder still to predict, but thoroughly 

understanding them is essential for establishing design rules according to which stable, 

high-performance devices may be reliably produced. Additionally, it is important to 
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consider how the transport layers and absorber interact during processing. Ideally, the 

layers are compatible with gentle processing methods that do not damage the perovskite 

or activate unwanted reactions between layers elsewhere in the device. A final 

consideration specific to transport layers deposited on top of the perovskite is how well 

they resist ingress of adventitious species that might cause degradation of the absorber. 

This feature is particularly urgent for the hybrid perovskites, due to their extreme 

sensitivity to ambient atmospheric species. 

2.1.3. Perovskite Solar Cell Performance Metrics 

Solar cell performance is traditionally characterized using four major figures of 

merit: short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF), and power 

conversion efficiency (PCE or η). PCE—i.e., the fraction of the radiant power density, or 

irradiance I, incident on the cell that is converted to electrical power (per unit area of the 

cell)—is the most important of these, representing the “bottom line” for the effectiveness 

of the solar cell. The other three values all contribute to the PCE, through a relationship 

that may be expressed as 

 𝜂𝜂 = 𝐽𝐽SC𝑉𝑉OC𝐹𝐹𝐹𝐹
𝐼𝐼

, (2) 

each of which provide more detailed insight into the factors affecting device performance 

than available from PCE alone. JSC can be particularly useful at decoupling optical from 

electrical loss mechanisms, as it is directly proportional to the number of above-band gap 
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photons that result in electron-hole pairs collected by the external circuit. The fraction of 

incident photons of a given wavelength that result in successful collection is an important 

enough quantity that it is given its own name, the external quantum efficiency (EQE). 

Examination of a solar cell’s EQE spectrum can further aid in the interpretation of loss 

mechanisms, and the EQE, 𝜂𝜂𝑄𝑄(𝜆𝜆), may be integrated together with the AM1.5G spectral 

photon flux Φ(λ) to provide another estimate of the short-circuit current:    

 𝐽𝐽SC = 𝑞𝑞 ∫ 𝜂𝜂𝑄𝑄(𝜆𝜆)Φ(𝜆𝜆)d𝜆𝜆,∞
0  (3) 

where q = 1.602 × 10-19 C. Since different wavelengths of light are absorbed at different 

depths, the EQE can be especially useful for spatially resolving losses in the device, or 

pinpointing sources of parasitic absorption by non-absorber layers. The open-circuit 

voltage is especially sensitive to non-radiative recombination as well as band 

misalignment at interfaces. Fill factor is also affected by recombination as well as electrical 

losses such as high series resistance or low shunt resistance. These metrics, and how they 

change under different experimental conditions, can provide a wealth of insight into 

device operation, and are most often estimated by measuring the J–V curves—i.e., current 

density as a function of voltage—of the solar cell, from which the device parameters may 

be straightforwardly extracted. Some caution must be used when interpreting these 

results, however, as PSCs often exhibit hysteresis, wherein voltage sweep rate and 

direction can often have a considerable effect on the shape of the J–V curves and the 
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extracted device parameters.58 This effect is most likely attributable to either the influence 

of interfacial trap states (extrinsic to the perovskite film)59-61 or ion migration (intrinsic to 

the film).62-64 Although the physical origins of this behavior can be quite complicated and 

system-specific and thus remain an active field of research, it is well understood by this 

point that hysteresis is a common feature of PSCs, and it is commonplace to report the 

voltage sweep rate and direction in the perovskite literature in order to reduce the 

uncertainty regarding the true PCE. A popular way of gaining confidence in this metric, 

particularly when different J–V measurements of the same device yield dramatic 

differences, is to bias the device at a voltage near the maximum power point as inferred 

from prior J–V sweeps. Tracking the evolution of the photocurrent over time helps to 

establish not only an estimate of the efficiency under more realistic power-generating 

conditions than J–V sweeps, but also a better understanding of the time constants of 

transient processes that affect hysteresis. 

2.2. Characteristics of High-Quality Perovskite Thin Films 

While many basic material properties of a thin-film solar absorber are by and large 

invariant with regard to its microstructure (e.g., absorption coefficient, band gap), device 

performance is nevertheless contingent on a number of aspects that are not intrinsic to the 

material but rather highly dependent on processing. Subtle changes in chemistry can 

induce bulk defects or secondary phases, which might have benign or even beneficial 
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effects (e.g., doping39-41 or passivation65), but also have the potential to be detrimental (deep 

defects66 or barriers57). Controlling film chemistry therefore represents a key challenge for 

the device maker in order to manage defect populations and ensure that secondary 

phases, if present, play a useful role in device operation. An equally important 

consideration is the film microstructure. A film that is nominally of high material quality 

but poorly covers the substrate is nearly useless as an absorber due to the possibility of 

shunting paths, loss of device active area, and propagation of bad morphology to further 

device layers above it. A major challenge in the initial years of intense research on PSCs 

was obtaining smooth and conformal morphology, which is not readily obtained by 

adapting conventional solution processing techniques (e.g., spin coating) to halide 

perovskites. Many of the most successful deposition techniques focus on stimulating 

dense and uniform nucleation of the perovskite grains to achieve complete coverage, as 

will be discussed in Section 2.3. While effective at generating conformal films, this 

approach has a notable drawback regarding another important microstructural 

characteristic—i.e., it produces films with small grain size. In general, it is desirable for 

the perovskite absorber to comprise grains that are as large as possible, as grain 

boundaries might block or scatter photogenerated carriers,67 or contain deep traps that act 

as sources of SRH recombination.68 To avoid these detrimental impacts on device 

performance, the grain size should be at least as large as the thickness of the film, since 
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horizontal or oblique grain boundaries are more likely than vertical ones to have an 

adverse effect on carrier collection. Note that the favorable defect properties of perovskites 

imply that small grains do not necessarily compromise performance to an extreme degree, 

as evidenced by reports of high-performance PSCs based on fine-grained absorbers.69-70 

Regardless, large grains can confer still other benefits. As diffusion occurs much more 

easily along grain boundaries than within the grains themselves, films with high grain 

boundary density more easily admit harmful environmental species and facilitate 

evacuation of decomposition products, accelerating their overall degradation.62, 71-72 

Mechanical failure is also more of a risk for small-grain films.73-74 Overall, we many 

conclude that smooth and conformal coverage is a primary and unavoidable requirement 

for high-performance solar absorbers and that, while grain size may be a secondary 

consideration in this regard, it is also important for reaching the highest levels of 

performance and stability. 

Although less often studied, more subtle aspects of the microstructure can also be 

important. Crystallographic orientation can be especially consequential if there is a 

significant anisotropy in the transport properties, particularly for materials with a layered 

crystal structure (e.g., 2D or quasi-2D Ruddlesden-Popper75-76 or Dion-Jacobson77 phases) 

for which transport may be relatively easy along the basal plane but not across it. The 

optimal orientation is usually dictated by the specifics of the device configuration. For 
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layered materials in transistors, a parallel orientation of the basal plane relative to the 

substrate (the typical growth mode for most 2D layered structures) is desirable. For 

devices like solar cells and LEDs, having the basal plane perpendicular, or at the very 

least, significantly inclined from the substrate, is essential to the ability to pass current 

between device layers on either side. Even for comparatively isotropic materials such as 

MAPbI3, there may be minor benefits to favoring certain crystallographic orientations, 

perhaps due to surfaces with lower energy being inherently less prone to forming 

potentially harmful defects.78 In tetragonal MAPbI3, for example, favoring a (110) 

orientation is often considered beneficial for device performance,79 but it is unclear as to 

just how important this factor might be. 

Another potentially important factor, yet one whose effects can be challenging to 

understand, is the precise nature of the grain boundaries and the impact of different 

degrees of misorientation between two adjacent grains. In the hybrid perovskite literature, 

accounts differ on whether grain boundaries can be helpful for carrier separation,80-81 or 

problematic due to enhancement of non-radiative recombination.68 Not all grain 

boundaries are necessarily alike, and photoconductive atomic force microscopy 

observations by Jiang and Zhang80 have shown heterogeneous photovoltaic response from 

different grain boundaries in the same film. Understanding more fundamental 

connections between the orientations of specific grains is likely to be challenging, as 
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electron backscatter diffraction (EBSD), the traditional method for obtaining grain 

orientation, is generally too aggressive to obtain reliable information from the easily 

damaged perovskite films. However, in late 2018 Adhyaksa et al.82 reported a modified 

EBSD process using an especially sensitive detector that helps limit beam damage to the 

sample by requiring much lower electron doses than conventional EBSD. This work 

represents a promising advance toward a more complete understanding of the properties 

of hybrid perovskites, and soft crystalline materials in general.  

Other intragranular defects (stacking faults, dislocations, twin boundaries) may 

also be relevant to film quality, but are generally poorly understood in halide perovskites. 

There have been a number of observations of twin boundaries in MAPbI3, and a general 

consensus is emerging that these defects may arise as a way of managing strain due to the 

tetragonal to cubic phase transition at 57 °C.83-85 Their overall implications for device 

operation remain unclear, as well as those of other possible line or plane defects. This area 

represents an intriguing direction for future study, however, and may lead to the 

development of new and useful techniques, as in the case of modified EBSD for studying 

grain boundaries in soft materials. Although our knowledge of the structural defect 

population in perovskites is limited, it has not thus far impeded the success of PSCs; so 

long as the microstructure is compact and conformal, high-performance devices are 

attainable. As the performance records improve, however, more subtle aspects of the film 
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microstructure may come to the fore as increasingly stringent control over film properties 

is demanded.   

2.3. Perovskite Growth Mechanisms 

 To obtain the necessary compact and conformal grain structure, researchers have 

developed a large number of perovskite film deposition techniques in a short span of time. 

A major division between these methods is whether they are “one-step,” in which all 

precursors are deposited on the substrate at once, or “two-step,” in which a layer of one 

of the precursors (usually a lead or other metal halide) is deposited first, and subsequently 

converted into perovskite via reaction with the other precursor.38 A key difference 

between these two classes of methods is that the kinetics of the one-step methods are 

determined by the reaction rate between precursors, while those of the two-step methods 

must also include a diffusive component to the temporal behavior. Consequently, the 

latter class of techniques is generally much slower than the former. While the 

crystallization behavior of perovskites is generally quite complex and poorly understood 

at the molecular level, classical theories of nucleation and growth can still be very helpful 

in gaining at least a qualitative understanding of the relevant processes.38, 86 These theories 

are introduced first, before exploring one- and two-step growth modes in more detail. 
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2.3.1. Classical Theory of Nucleation and Growth 

2.3.1.1. Thermodynamics of Nucleation 

The initial regime of a phase transformation (a concept applicable beyond chemical 

reactions) is nucleation, wherein atoms or molecules (e.g., dissolved perovskite precursors) 

come together to form a small region of a phase (e.g., solid crystalline perovskite) distinct 

from the original host phase (e.g., perovskite precursor solution). Whether or not this 

particle (the nucleus) is stable and will continue to grow, furthering crystallization, or 

unstable and be redissolved by the host matrix, is determined by the Gibbs free energy of 

formation for a nucleus of volume V, bulk Gibbs free energy density ΔGV, surface area A, 

and surface energy 𝛾𝛾𝐿𝐿𝐿𝐿, between the host (here, liquid L) and nucleus (here, perovskite 

crystallite C):87 

 Δ𝐺𝐺 = −𝑉𝑉Δ𝐺𝐺𝑉𝑉 + 𝐴𝐴𝛾𝛾𝐿𝐿𝐿𝐿 , (4) 

reflecting a tension between the negative, thermodynamically stabilizing volumetric term, 

and the positive surficial term that impedes nucleation due to the energy barrier 

associated with creating additional surface area. If we assume the nucleus is a sphere 

precipitating directly from a solution rather than adsorbing onto a surface (i.e., 

homogeneous nucleation) with concentration C and equilibrium solubility limit Cs, the Gibbs 

free energy at temperature T may be expressed as a function of the nucleus radius, r,  as 

shown schematically in Figure 2:87 
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 Δ𝐺𝐺(𝑟𝑟) = −4𝜋𝜋𝑟𝑟3

3
𝑅𝑅𝑅𝑅
𝑉𝑉𝑀𝑀

ln 𝑆𝑆 + 4𝜋𝜋𝑟𝑟2𝛾𝛾𝐿𝐿𝐿𝐿 ,  (5) 

where VM is the molar volume of the nucleus, R is the universal gas constant, and S = C/Cs 

is the supersaturation ratio. The form of this equation implies that small nuclei, beneath a 

critical radius r*, are unstable and will be re-dissolved, while those larger than r* will 

continue to grow. All else being constant, r* ∝ 1/ln(S),86 signifying that more concentrated 

solutions have a lower threshold for precipitation of the solute, a concept that is usefully 

employed in a number of perovskite deposition techniques that focus on driving 

crystallization by rapidly increasing S. While homogeneous nucleation is a useful 

framework for gaining a conceptual understanding of nucleation processes, in many cases 

the presence of a surface can induce heterogeneous nucleation (Figure 2), reducing the 

energy barrier associated with the surficial term such that the relevant surface energy term 

in Equation 5 becomes 

 𝛾𝛾SC
4

(2 + cos𝜃𝜃)(1 − cos𝜃𝜃)2, (6) 

where θ = arccos((γSL – γSC)/γCL) is the interphase contact angle, in terms of substrate-liquid 

(SL), substrate-crystal (SC), and liquid-crystal (CL) surface energies.86, 88 It is often 

desirable in the context of thin film deposition to stimulate heterogeneous rather than 

homogeneous nucleation, because it leads to a more natural bond with the substrate (if it 

indeed occurs there as opposed to other possible interfaces, such as solution-gas 

boundaries or secondary phases). 
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Figure 2: Schematic of classical homogeneous and heterogeneous nucleation by 
supersaturation of a solution (a); Gibbs free energy of homogeneous nucleation ΔG for 
a nucleus of radius r (inset: equivalent situation for heterogeneous nucleation) (b); 
normalized nucleation rate as a function of supersaturation S (c); nucleation and growth 
rates as a function of temperature (d), where dashed lines indicate the competing 
influences of thermodynamic favorability of nuclei versus diffusion that determine the 
overall nucleation rate. Adapted with permission from Refs. 38 and 86. Copyright 2015 
and 2018 American Chemical Society. 

2.3.1.2. Kinetics of Nucleation  

According to classical nucleation theory, the volumetric nucleation rate I is given by:86-88 

 𝐼𝐼 = 𝐴𝐴 exp �−𝑄𝑄𝐷𝐷
𝑅𝑅𝑅𝑅
� exp �− Δ𝐺𝐺∗

𝑅𝑅𝑅𝑅
� , (7) 

where ΔG* is the Gibbs free energy change at the critical radius r*, QD is an activation 

energy for transport of precursors to the surface of the nucleus, and A is a constant 

prefactor. Heterogeneous nucleation generally occurs at lower supersaturation levels than 

homogeneous nucleation due to the reduced surface energy barrier, but the rate flattens 
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at higher S because of finite availability of surface nucleation sites (Figure 2).86 As a result, 

homogeneous nucleation overtakes heterogeneous nucleation at higher S. Note that ΔG* 

itself has a dependence on temperature, which may be found by differentiating with 

respect to r and setting the derivative to zero to obtain r*, then feeding this expression 

back into the original equation to yield: 

 Δ𝐺𝐺∗(𝑇𝑇) = −20𝜋𝜋
3
𝛾𝛾𝐿𝐿𝐿𝐿3 � 𝑉𝑉𝑀𝑀

𝑅𝑅𝑅𝑅 ln 𝑆𝑆 
�
2
∝ − 1

𝑅𝑅2
 (8) 

As a result, the nucleation rate has a complex dependence on temperature. At low T, slow 

diffusion limits nucleation through the first exponential term, while at high T, the second 

term is strongly suppressed by the inverse square dependence of ΔG*, placing a 

thermodynamic limit on nucleation although diffusion is now much quicker.86 The 

nucleation rate is therefore maximized at moderate temperatures, as seen in Figure 2. 

  In general, the most favorable conditions for uniform film growth are to have a 

high density of heterogeneous nucleation sites, which assure a good bond with the 

substrate (due to growth of the film from the interface) and conformal coverage (due to 

the distribution of material amongst many small nuclei rather than a few scattered ones).38, 

86, 89-91 Because of the potential for vertical as well as horizontal growth, sparsely 

distributed nuclei may lead to the formation of non-contiguous islands that fail to coalesce 

before the precursor supply is depleted.38, 86 As most applications require the formation of 

a uniform film, controlling nucleation is the most critical consideration when developing 
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a film deposition process. However, processes that favor rapid nucleation lead to fine 

grain structure, which may be disadvantageous due to introduction of grain boundary 

defects and pathways for the migration of ions or other species through the film. Thus, it 

is also important to control how the nuclei grow and how the subsequent microstructure 

evolves. 

2.3.1.3. Kinetics of Growth  

The second stage of film formation is growth, wherein existing stable nuclei (r > r*) 

increase their size by further consuming available precursors, and eventually coalesce to 

form the film microstructure. Note that, while nucleation and growth are conceptually 

separate, they do not necessarily occur sequentially—i.e., nuclei can continue to form 

while existing nuclei grow. There are several possible growth modes, depending on the 

strength of the interactions between the precursors and the substrate relative to the 

interactions with existing nuclei (Figure 3). If the bond between the precursors and the 

substrate is relatively strong, they will adsorb onto the substrate as uniform layers (Frank-

van der Merwe growth). Alternatively, if the bond with nuclei is especially strong, 

precursors will adsorb preferentially to existing nuclei, causing them to grow vertically as 

well as laterally, forming islands rather than layers (Volmer-Weber growth). If the 

precursor-nucleus interaction is of rough parity with the precursor-substrate interaction, 

then the growth is a mixed mode with characteristics of both of the above (Stranski-
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Krastanov growth).92 While Frank-van der Merwe growth is obviously the most ideal 

means for achieving a uniform film, the other modes are also capable of producing very 

good films as well, provided that the islands can coalesce before the precursor supply is 

exhausted.  

 

Figure 3: The three major growth mechanisms: Volmer-Weber/island growth (a); 
Frank-van der Merwe/layer growth (b); and Stranski-Krastanov/layer-island growth (c). 
Reproduced with permission from Ref. 38. Copyright 2018 American Chemical Society.  

2.3.2. One-Step Growth Mechanisms 

One-step film deposition is generally achieved either by dissolving the precursors 

in a solution, depositing it on a substrate, and evaporating the solvent, or by evaporating 

them, usually in a high vacuum or at least at sub-atmospheric pressure, such that they 

collect on a substrate and assemble to form the film. In the context of halide perovskites, 

the former is significantly more popular, and as a result much better understood. It is also 
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somewhat more complex due to the participation of chemical species other than the 

precursors and substrate (i.e., solvents and possible additives). 

2.3.2.1. Growth from Solution 

The flexibility of solution chemistry introduces a staggering number of variables 

that must be managed and can introduce significant challenges into film deposition, but 

also provide many avenues for fine control over the process if well-understood. These 

variables include the choice of solvent (or often, a blend of multiple solvents), solution 

additives, processing temperature and atmosphere, and other external conditions (e.g., 

ambient electromagnetic fields). The solvent is obviously one of the most critical 

parameters, and it introduces fairly stringent processing constraints in the context of the 

popular lead halide perovskites. Lead halides are highly insoluble in many solvents. 

Those that are effective generally possess a double-bonded oxygen atom to which the lead 

can easily coordinate,93 such as N,N-dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), γ-butyrolactone (GBL), or N-methyl-2-pyrrolidone (NMP). The strong 

coordination can have unexpected effects, leading to the formation of colloidal or solid 

precursor-solvent intermediate phases.89, 94 In the absence of these intermediates, it is 

reasonable to apply the nucleation-growth model developed above. However, the vast 

majority of solution deposition approaches applied to halide perovskite thin films most 

likely involve some degree of intermediate participation.  
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The most popular solvents, DMF and DMSO, can form a large menagerie of 

possible solid intermediates with PbI2 and sometimes also the perovskite precursor 

methylammonium iodide (MAI).95-96 Note that, in the latter class of intermediates, the 

intercomponent bonding is mediated by hydrogen bonds involving the MA+ cation. Pb—

O bonds do not exist in these structures, although they do in the PbI2-solvent 

intermediates that form without MAI, highlighting the rich and complex chemistry of 

these systems.95 Which of these intermediates dominates film formation can have a 

dramatic impact on microstructure. Although MAPbI3∙DMF is unstable at room 

temperature (in the absence of elevated ambient DMF partial pressure), rapid growth of 

1D nuclei of this phase during evaporation of DMF solutions of MAPbI3 leads to the 

nonconformal dendritic microstructure that plagued early attempts at depositing 

perovskite films from a single-step spin coating procedure.94 In this case, the growth of 

these intermediates rapidly outstrips nucleation even at room temperature, thereby 

leading to a discontinuous morphology. On the other hand, growth via intermediates can 

be advantageous. The formation of stable MA2Pb3I8∙2DMSO has been invoked as a 

necessary step towards obtaining high-efficiency PSCs,97-98 putatively because it allows 

crystallization to occur more slowly and gently, reducing residual strain in the film and 

improving the interface with the substrate.99 Here, the intermediate nucleates rapidly but 

there is less concern that it will lead to a fine-grained microstructure, because the final 
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material has yet to form. When it does, generally by annealing the film to drive out the 

solvent, the macroscopic morphology is conserved because the perovskite crystallizes out 

of a solid of similar density, while grain growth is abetted by additives that persist within 

the intermediate film but can be driven off by the anneal. The participation of precursor-

solvent intermediates is reflective of the importance of the soft nature of halide 

semiconductors, particularly MAPbI3. The wide range of alternative chemistries, as well 

as the ease with which they may be transformed back into the perovskite, may be 

attributed to this material’s low formation energy and the delicate entropic-enthalpic 

balance that dictates its stability. 

2.3.2.2. Growth from Vapor 

Single-step vapor deposition of perovskite thin films is most frequently 

accomplished by dual-source coevaporation of the precursor halide salts in vacuum,100-101 

although a number of other methods may also be used, which are discussed further in 

Section 2.4.1.2. In general, these techniques have received much less attention than 

solution techniques, and in-depth studies of the fundamental growth mechanisms are 

generally unavailable.102 However, it is obvious a priori that because of the reduced 

chemical complexity of the systems involved in vapor- relative to solution-based 

deposition (i.e., no involvement of solvents or additives), the substrate-precursor 

interactions play a more dominant role in the development of the film, particularly in the 
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initial stages of growth. An advantage of vapor deposition methods is that they are 

somewhat more amenable to in situ characterization, partially because many such 

techniques (e.g., photoelectron spectroscopy) are vacuum-based and therefore compatible 

with integration into the deposition system. Additionally, vapor methods are typically 

much slower than solution methods, affording a greater opportunity to collect detailed 

data at different stages of film growth. This advantage has been exploited by Olthof et 

al.,103 who show from ultraviolet photoelectron spectroscopy (UPS) that the early stages of 

vapor growth yield non-perovskite phases, and that the thickness of this layer depends 

strongly on substrate chemistry, with organic substrates yielding thicknesses of ~3 nm 

and metal oxide surfaces yielding thicknesses on the order of several tens of nm. Patel et 

al.60 have obtained similar results for coevaporated MAPbI3, finding that the presence of 

an organic interlayer on TiO2 substrates suppresses the formation of amorphous regions 

near the interface, and is associated with a reduction in hysteresis and improvement in 

stabilized PCE of the associated solar cells. The presence of this amorphous layer suggests 

a more complex growth mechanism for the perovskite than that discussed in Section 

2.3.1.3, since the phase that nucleates initially is not the crystalline perovskite phase. 

Further unraveling of the relevant mechanisms will require more in-depth studies, similar 

to those discussed above. 
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2.3.3. Two-Step Growth Mechanisms 

The critical difference between one- and two-step growth methods is that, in the 

former, the precursors are homogeneously distributed and reaction kinetics dominate the 

formation of the final perovskite phase. In the latter, spatial separation of the precursors 

necessarily entails that diffusion will play a more important role in the perovskite 

formation kinetics. For most two-step perovskite deposition methods, the first step is the 

deposition of the “primary halide,” a divalent metal halide film (or sometimes, a metal 

halide-solvent complex). The second is the exposure of this film to a “secondary halide” 

(usually an organic ammonium halide such as MAI), which may be introduced in the 

solid,104 liquid,105 or vapor106 phase. This process may be described by the generic reaction 

 AX + BX2 → ABX3. (9) 

Anticipating that the speed of the transformation is controlled by diffusion, we 

may describe the thickness x of the ABX3 product at time t by 

 𝑥𝑥2 = 𝐷𝐷𝐷𝐷, (10) 

where D is the diffusion coefficient of the species that travels most rapidly through the 

ABX3 layer, which is assumed to have an Arrhenius temperature dependence—i.e., 𝐷𝐷 =

𝐷𝐷0 exp �− 𝑄𝑄
𝑅𝑅𝑅𝑅
� for some material-specific pre-exponential diffusivity constant D0 and molar 

activation energy Q.  
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2.3.3.1. Solid-Solution Reactions 

One of the earliest and simplest methods developed for preparing halide 

perovskite films is the immersion of pre-deposited PbI2 films in a solution of the organic 

ammonium halide, driving the reaction between the precursors.105 The condition and 

morphology of the PbI2 film plays a dominant role in the perovskite growth process, as 

these features naturally translate to those of the final film. An especially important 

consideration in the context of MAPbI3 is that it is considerably less dense than the PbI2 

precursor.107-109 Intercalation of the organic ammonium halide can lead to considerable 

strain, which the film may accommodate by forming macroscopic defects, cracks, or 

delamination.108 A further complication is that, at room temperature, infiltration of the 

organic ammonium halide can be very slow, making the as-formed MAPbI3 vulnerable to 

degradation by the solvent. However, both problems are solvable by reducing the 

effective density of the precursor by introducing porosity,110-113 using less dense precursor-

solvent intermediate films,4, 114-115 or increasing diffusivity through the use of an 

amorphous rather than crystalline precursor.116 The use of metal-halide solvent complexes 

can be particularly attractive because their densities match well to that of the perovskite, 

minimizing strain associated with replacement of the solvent by the organic ammonium 

halide. This process was exploited to form the first PSC to reach certified PCE above 20%, 

demonstrating its utility.4 
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2.3.3.2. Solid-Solid Reactions 

Another popular variant of the two-step method is to deposit a film of the 

secondary halide directly on the primary halide film, and thereafter anneal the stack to 

drive interdiffusion.104 While the details of the relevant mechanisms are not perfectly clear, 

the kinetics are best understood according to the framework developed in section 2.3.1. 

By analogy to the solid-liquid growth process, initial reaction at the interface probably 

begins as soon as the secondary halide-bearing solution is introduced to the primary 

halide film (e.g., during or even before a spin coating process that forms the secondary 

halide film), but the elevated temperature during the subsequent anneal allows precursor 

interdiffusion to occur rapidly, even within a matter of seconds.104 However, films 

obtained from such rapid reaction generally possess very small grains, and therefore may 

require much longer anneals to drive solid-state grain growth. Again, knowledge of this 

process may be improved by more detailed studies that elucidate microscopic features of 

the relevant interactions. 

2.3.3.3. Solid-Vapor Reactions  

A final variant of the two-step method is to expose the primary halide film to a 

vapor of the secondary halide at elevated temperatures (in the neighborhood of 150 °C), 

which may be performed at or below atmospheric pressure over a few hours.106 In 

experiments on MAPbI3, nucleation apparently begins at the surface of the PbI2 layer, and 
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the perovskite front then propagates from the top to the bottom of the film.117 It is also 

possible to expose precursor films composed of PbI2, HPbI3, or NH4PbI3 to organic vapors 

such as methylamine (MA0), exploiting proton transfer reactions to generate the desired 

phase.118-119 As in the prior cases, the details of such growth mechanisms could benefit 

from further detailed study, but the concepts introduced in the beginning of Section 2.3.1 

remain useful for understanding overall reaction kinetics. 

2.3.4. Grain Coarsening 

Though formation of a uniform and conformal microstructure is the most critical 

consideration in the deposition of perovskite films, it is also desirable to achieve large 

average grain size. Although spontaneous grain coarsening is thermodynamically 

favorable, the kinetics do not necessarily occur on a useful time scale, especially at room 

temperature. Coarsening of grains generally occurs through one of two pathways: either 

solid-state grain growth, wherein thermodynamically favorable (unfavorable) grains within 

an already-formed microstructure grow (shrink) according to their geometry, or Ostwald 

ripening, where coarsening is mediated by the presence of a secondary “matrix” phase.38  

In solid-state grain growth, whether a grain grows or shrinks is determined by its 

geometry. Those with fewer than six sides are unstable, while those with more are 

favorable and will grow by consuming their neighbors.120 The growth rate can be 

expressed using the Turnbull relation:120 
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 𝑟𝑟𝑡𝑡2 − 𝑟𝑟02 = 𝑘𝑘𝐷𝐷, (11) 

where r0 is the initial grain size (effective radius), rt is the size at time t, and k is a rate 

constant with an Arrhenius temperature dependence. In thin films, grain growth 

stagnates once the average grain “diameter” reaches the thickness of the film due to drag 

forces from the upper and lower interfaces.86, 121 However, secondary or abnormal grain 

growth can still occur if there is a crystallographic orientation corresponding to a 

particularly favorable surface energy.86, 121 Minimization of less energetically favorable 

surfaces then provides a thermodynamic driving force to increase the size of the 

corresponding grains, providing a pathway for rapid growth of grains to sizes well 

beyond that of the film thickness.86, 121 This process is also associated with development of 

preferred orientation in the film, which may or may not be desirable depending on 

whether physical properties of the material depend strongly on crystallographic direction 

and the context in which the film is intended to be used. 

 In Ostwald ripening, the matrix phase (which can either be a liquid or a solid) 

facilitates precursor transport, accelerating growth of favorable grains and consumption 

of unfavorable ones, as determined by the same geometric considerations as in solid-state 

growth.122 The distinction between solid-state grain growth and Ostwald ripening is 

analogous to that between one- and two-step processes, in that there is a significant 

diffusive component to precursor transport in the latter that must be factored in when 
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analyzing film formation kinetics. Ostwald ripening rates will therefore be determined by 

either interface reaction or diffusion, whichever is slower. In both cases, a modified 

Turnbull relation (Equation 11) can be used to describe grain growth, with a growth 

exponent of 2 in the former (exactly analogous to solid-state grain growth), and 3 in the 

latter, where slow diffusion limits the overall rate.122 

 An important consideration for many perovskites is that their low thermal stability 

places significant restrictions on annealing temperature and time windows used to 

accelerate grain growth. This instability frequently limits grain size available from 

traditional film deposition approaches, requiring some creativity to circumvent. 

Successfully doing so often involves increasing the ambient chemical potential of the 

organic ammonium halide to limit its escape rate from the film, or preparing films with 

excess precursors, such that their loss during the anneal drives the film toward rather than 

away from ideal stoichiometry. The latter approach provides a longer processing window 

as well as the potential for accelerated grain growth due to Ostwald ripening. In general, 

advances within the past five years have revealed straightforward pathways to achieve 

compact, conformal grain structures with average grain size exceeding film thickness. 

Nevertheless, further improvement in grain size is desired, as the state of the art in halide 

perovskite optoelectronics continually improves, and ever more exacting levels of 
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performance and stability are required. Film deposition and conditioning are therefore 

likely to remain an active area for future study. 

2.4. Perovskite Film Deposition Methods 

The processes discussed above have been exploited in a massive array of 

deposition techniques, illustrating how perovskites’ remarkable defect tolerance allows 

high-quality films to be fabricated by a wide range of low- or even room-temperature 

methods. As with growth modes, deposition methods are usefully classified 

mechanistically as either one-step, where all precursors are deposited simultaneously, or 

two-step, where they are deposited sequentially. 

2.4.1. One-Step Methods 

2.4.1.1. Solution-Based Methods 

Although there are a number of techniques that fall under the umbrella of one-

step solution deposition methods, all share the same basic features: all the perovskite 

precursors are blended into a single solution; the solution is then deposited on the 

substrate; finally, the substrate is subjected to some kind of treatment (often involving 

heat) that drives off the solvent, allowing the perovskite to crystallize. The final step—i.e., 

how the solvent is removed—is the most salient feature distinguishing one deposition 

method from another.  
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Figure 4: Common one-step deposition methods: drop-casting onto a 
mesoporous substrate (a); spin coating (b); solvent-washing or “solvent engineering” 
(c); antisolvent-solvent extraction (d); doctor-blading (e); spray-coating (f). 

In principle, the simplest of such methods is drop-casting, wherein the solution is 

deposited on the substrate and the solvent evaporates naturally (Figure 4a); this process 

may be accelerated by heating. This method is generally inadvisable for film fabrication, 

as the precursor deposits do not necessarily form films, but rather aggregate into three-

dimensional structures due to the relatively large amount of material available. An 

exception occurs in cases where the substrate is coated with a relatively thick mesoporous 

scaffold, forcing the perovskite to crystallize within the available space within the pores. 

This approach has been used to fabricate PSCs of decent efficiency and promising stability 
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characteristics, although the overall level of performance lags that of cells produced using 

more traditional deposition methods.123-126 Drop-casting is also useful for studying natural 

crystallization mechanisms of certain precursor-solvent combinations, providing 

important insights into the behavior of the same systems in other contexts.127 

A modestly more complex method of preparing thin films is spin coating (Figure 

4b), which was the technique used to produce the very first PSCs reported by Kojima et 

al.128 in 2009. In this case, solvent is driven off by rotating the substrate rapidly (usually on 

the order of hundreds to thousands of rpm). Most of the solution is quickly removed from 

the substrate by centrifugal force, leaving a liquid film that is further thinned by 

evaporation. As a result, the concentration of precursors increases beyond the saturation 

threshold, causing them to precipitate and react to form the perovskite (or an 

intermediate). Although this process is mechanistically simple, it often fails to deliver a 

uniform microstructure.94, 129-132 This vexing feature is attributable to the involvement of 

precursor-solvent intermediates (as noted in Section 2.3.2.1) whose growth rate far 

outstrips nucleation and leads to a poorly-connected, dendritic morphology characteristic 

of the 1D structure shared by these intermediates (e.g., MAPbI3∙DMF or 

MA2Pb3I8∙2DMSO).94, 133 This challenge may be resolved straightforwardly, however, by 

rapidly driving up the supersaturation ratio S and thus increasing the nucleation rate to 

successfully compete with growth. A number of such approaches have been successfully 
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developed, including applying vacuum to rapidly remove solvent,131, 134-135 increasing 

processing temperature (often referred to in the perovskite literature as “hot-casting”),136 

changing the solvent or precursor chemistry to avoid or manage the formation of 

intermediates,137-138 or drenching the substrate with an antisolvent during spin coating, 

rapidly crashing out the precursors (Figure 4c).97, 129 

The last of these methods deserves special mention, as it is probably the most 

popular halide perovskite film deposition method and was used to produce the current 

published PCE record amongst PSCs,6 as well as a number of the previous records.2, 97, 139 

It is also used to fabricate many of the films and all of the PSCs discussed in this 

dissertation (Chapters 3 and 4). This antisolvent washing method is often referred to by 

the somewhat confusing and ambiguous name of “solvent engineering,” as used in the 

paper that introduced the technique,97 and the term is now so pervasive throughout the 

literature that its use cannot be avoided. A key virtue of this technique is that it allows 

more than one mechanism to accelerate supersaturation. On one hand, the antisolvent can 

drive off the solvent much faster than it would otherwise evaporate, increasing the 

precursor concentration. On the other, mixing of the antisolvent with the remaining 

solvent drastically reduces the equilibrium solubility limit.38 This tandem effect causes 

extremely rapid nucleation, thus achieving the conditions necessary for a high nucleation 

density with a narrow size distribution. A related technique uses a jet of inert gas in place 
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of the antisolvent.140-141 Although the increase in supersaturation is only driven by removal 

of the solvent in this case, making it less effective in principle, similar film morphology 

and solar cell performance can be obtained. A drawback of these methods is that timing 

of the solvent or gas jet is critical to assuring microscopic and macroscopic film 

uniformity.94 Perovskite crystallization can be considered as a sol-gel process, where 

colloidal precursor-solvent intermediates initially present in the solution (the sol) 

condense to form a gel as the substrate spins and the solvent evaporates. At this stage, the 

gel is reasonably mechanically robust, yet porous enough to be easily permeated by the 

antisolvent.94 This state represents the optimal point for antisolvent application. If it is 

applied too early, the semi-liquid film cannot resist ablation by the jet, whereas if it is 

applied too late, the film will already have crystallized and the antisolvent will have no 

effect. The gelation point is very sensitive to ambient conditions and it is generally 

impossible to predict exactly how much time must elapse for it to occur. However, the 

ideal washing time may be determined empirically by observing the film’s appearance 

during the normal spin coating process, which at a certain point will change from specular 

to matte. Kerner et al.94 indicate that the gelation point occurs 1-2 s before this transition, 

and that applying the antisolvent using this visual estimation protocol guarantees 

reproducibility across a wide range of experimental conditions. A final point regarding 

this technique is that the phase precipitated by the antisolvent need not be perovskite. In 
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fact, a number of reports propose that the formation of a DMSO-containing intermediate 

is necessary to fabricate high-performance PSCs, and indeed many reports of cells with 

efficiency above 20% involve some participation of such intermediates,2-3, 6, 142 though they 

are not always explicitly discussed as being integral to this level of performance. It has 

been proposed that the importance of the intermediate is to prevent direct crystallization 

of the perovskite from the top surface of the film—i.e., where the antisolvent is applied—

which leads to a worse interface with the substrate.99 When the intermediate forms 

instead, the perovskite can crystallize out of the intermediate at the substrate, improving 

the interface. It also does so more slowly and gently than it would if it were directly 

crashed out of the solution, perhaps reducing defects and increasing crystallinity. 

Moreover, the intermediate phase may also boost grain size by facilitating grain boundary 

motion,143 and reduce strain associated with phase transformations, because MAPbI3 and 

MA2Pb3I8∙2DMSO have similar density (unlike MAPbI3 and MAPbI3∙DMF).99 Overall, 

these factors coupled with the empirical benefits of the intermediates make a compelling 

argument for the importance of their role in solution-processing methods for perovskite 

film fabrication. 

A slightly different approach still uses an antisolvent to drive out the solvent 

(Figure 4d),144 but decouples this step from the spin coating step (more generally, the 

solution deposition step, as other techniques may also be used) by using a solvent with an 
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especially high boiling point (such as NMP) that takes long enough to evaporate to allow 

immersion of the substrate in an antisolvent bath while still wet. The antisolvent then 

permeates the film, driving out the solvent and crystallizing the perovskite over the course 

of seconds to minutes.144 This method possesses several advantages, as it removes the need 

to carefully and precisely apply the antisolvent, reduces the likelihood of partial film 

ablation by the antisolvent jet, may be performed entirely at room temperature, and is 

compatible with scalable deposition processes. The latter is an especially compelling 

advantage, and the solvent/antisolvent extraction method has been employed in tandem 

with doctor-blading, one such process, to yield PSCs with efficiency near 20%.145 

Doctor-blading (or blade-coating) is a scalable process that is conceptually similar 

to spin coating, but instead removes excess solution by sweeping a blade across the 

surface of the substrate, forming a thin liquid film that then dries in much the same 

manner as it would in spin coating (Figure 4e). The mechanistic similarity of the drying 

step implies that many of the same challenges inherent in spin coating afflict doctor-

blading as well. However, they can also be surmounted by similar countermeasures such 

as the antisolvent extraction process noted above,145 performing the deposition on a heated 

substrate,146 or using additives to control crystallization dynamics in solution.147 Other 

relatives of this process exist, such as slot-die coating,148 where the solution film thickness 

is controlled by dispense rate through a print head or die, or meniscus-assisted solution 
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printing,149 which carefully controls the geometry of the die and the speed of the print 

head. Synchronizing its motion with the perovskite crystallization front causes the film to 

dry as soon as it is deposited, enabling a uniform and high-quality film to form. 

An alternative class of scalable solution-processing methods includes nozzle-

based techniques such as spray-coating (Figure 4f) and inkjet printing, which additionally 

offer the possibility of creating intricate patterns through the ability to precisely steer the 

jet.150 These techniques have been somewhat less thoroughly explored, but appear to be 

promising. A particular advantage of spray-coating is that the solution deposition rate can 

be balanced against the solvent evaporation rate to maintain a slightly wet film that can 

contribute to Ostwald ripening of the initially formed grains.151 Both spray-coating151 and 

inkjet printing152 have been used to produce PSCs of efficiency reaching 17–18%  PCE.  

2.4.1.2. Vapor-Based Methods 

 

Figure 5: One-step vapor deposition methods: dual-source coevaporation (a); 
pulsed laser deposition (b); and RIR-MAPLE (c). 
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Halide perovskites have also proved amenable to fabrication by traditional (as 

well as non-traditional) vacuum-based deposition methods, although they are not nearly 

as popular as solution-based methods. Indeed, one of the early reports of PSCs with 

efficiency above 15% used films fabricated by coevaporating PbCl2 and MAI (as illustrated 

schematically in Figure 5) that had superior morphology to a spin-cast control film, 

comprising conformal though small grains.101 This morphology is typical of vapor-

deposited perovskites,153-155 and can be rationalized by noting that the uniformity of the 

precursor beams naturally leads to a high nucleation density on the substrate, and that 

the absence of complicating species such as solvents naturally avoids the undesirable 

influence of intermediates (though it also precludes their benefits). Vapor-deposition 

techniques also possess the useful property of being less sensitive to substrate defects that 

arise due to non-ideal flow of solution on the substrate (e.g., comets, pinholes, wetting 

problems), and furthermore, do not require the use of toxic solvents, an especially 

attractive attribute in the context of commercialization. However, some drawbacks likely 

contribute to their reduced prominence in the literature. In addition to small grain size, it 

can be difficult, particularly for dual-source coevaporation, to control evaporation rates 

of organic ammonium halides. This problem is exacerbated by the fact that reliable 

deposition rate readings of these materials cannot be obtained using conventional quartz 

crystal microbalances.156 Vacuum deposition systems also often require large capital 
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expenditures compared to solution-processing equipment, as well as more work to 

maintain them. Nonetheless, vapor-deposition approaches, especially coevaporation, 

have proven capable of generating PSCs with nearly comparable efficiency to solution-

processed analogues, above 20%.155, 157 

Although dual-source coevaporation has been the most successful means of 

producing vapor-deposited PSCs, other techniques show promise. Single-source thermal 

ablation (SSTA), in which the material to be deposited is flash-heated under vacuum using 

a high-current resistive source,25, 27, 37, 158 can be used to deposit hybrid perovskites that 

incorporate much larger organic cations than can be handled by any other thin film 

deposition technique except for resonant infrared matrix-assisted pulsed laser 

evaporation (RIR-MAPLE). Although SSTA can work well in these applications, it also 

entails significant risk of thermal damage to the precursors and can be difficult to control 

due to its rapidity (occurring within several seconds). Pulsed laser deposition (PLD) has 

also been used to fabricate perovskite films (Figure 5), but the high energies involved 

necessitate the use of highly non-stoichiometric targets (organic ammonium halide to 

metal halide ratios from 4-18, depending on the details of experimental setup) to obtain 

stoichiometric films.159-160 RIR-MAPLE is a process similar to PLD, but relies on 

evaporation of frozen solvent in the target by an infrared laser rather than brute-force 

ablation by a UV excimer laser and is therefore a much gentler process (Figure 5).161-163 
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RIR-MAPLE is capable of one-to-one transfer of precursor stoichiometry in the target 

solution to the film, and like SSTA, is capable of working with perovskites that incorporate 

large, conjugated organic cations into their crystal structure, but is significantly more 

controllable. Development of perovskite deposition by RIR-MAPLE is the subject of 

Chapter 6 of this dissertation, and will be covered in more detail there. While there is some 

subtle variation in the film morphologies produced by these methods, they all tend to 

share the same hallmarks of vapor deposition—i.e., uniform coverage of the substrate, and 

compact but small grains. 

2.4.2. Two-Step Methods 

While the low solubility of lead halides and other perovskite precursors can 

frustrate attempts at developing one-step solution processing methods, it enables the 

development of an entirely new class of deposition methods, as additional solutions can 

be deposited onto the original layer without risk of dissolving it. Although two-step 

methods increase the complexity and time required to complete the deposition, they offer 

finer control, to some degree because of their slowness. These methods are also often 

widely employed in the production of high-quality perovskite films, and until recently 

were used to fabricated PSCs with record efficiency.4-5 Two-step methods afford more 

combinatorial complexity, as the set of one-step deposition methods described above may 

be paired with themselves or any of the others as the second step. Nevertheless, as in the 
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case of one-step deposition, the two-step approaches may be broken down into a set of 

generally applicable processes characteristic of all methods: a metal-containing precursor 

(usually but not always a halide or halide-solvent complex) is deposited on the substrate; 

the substrate is then exposed to the secondary halide, which diffuses into and reacts with 

the primary precursor. Often the second step will be paired with an anneal or other 

treatment to accelerate the reaction, drive off any excess precursor, and improve film 

crystallinity. As noted above, the vast number of possible combinations of deposition 

methods makes it impractical to describe them all in detail. Therefore, emphasis in this 

section is given to the most prominent methods found in the literature. 

2.4.2.1. Solution-Phase Reactions 

As noted in Section 2.3.3.1, immersion of a metal halide film in a solution 

containing the secondary halide salt is one of the oldest methods for preparing perovskite 

thin films, introduced by Liang et al.105 over a decade before the first PSC was reported. 

This method was originally applied to both 2D and 3D perovskites, but the transformation 

rates differ dramatically depending on the dimensionality. Formation of the 2D perovskite 

occurs within minutes, while the 3D perovskite requires hours of immersion, ostensibly 

due to rapid diffusion through the van der Waals gap present in the former, but not the 

latter.105 Much later, in 2013, Burschka et al.130 used this technique to produce the first PSC 

with certified efficiency over 15%. This achievement marked a significant milestone that 
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led to the inclusion of PSCs on the National Renewable Energy Laboratory’s record solar 

cell efficiency chart, and established their dominance over precursor technologies such as 

organic, dye-sensitized, and solution-processed solar cells.1 A key component of the 

success of this work was a mesoporous rather than planar device architecture, which 

significantly accelerated the permeation of MAI into the PbI2 precursor film such that a 

degree of transformation sufficient to yield the above level of performance could occur 

within 20 seconds.130 The increased transformation rate is probably attributable to the 

small size of the pores, which enforces a high density of grain boundaries and interfaces 

acting as diffusion channels along which the MAI could more easily infiltrate the 

precursor film.38 Note, however, that depending on the relative thicknesses of the 

mesoporous layer and the initial PbI2 film, a dense “capping layer” may be formed on top 

of the scaffold, which can significantly retard MAI infiltration and therefore 

transformation to perovskite.164 

An alternative means of speeding up secondary halide infiltration in planar 

geometry is to make the primary metal halide film itself porous, which has the additional 

benefit of being able to accommodate strain due to lattice expansion. Porous films can be 

formed in a number of ways: the film can be left wet for several minutes after deposition 

(e.g., spin coating), allowing Ostwald ripening to enlarge the grains and the voids between 

them;110 or moderate-boiling point additives such as 4-tert-butylpyridine can be co-
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deposited with the metal halide, then driven off during the postanneal to generate void 

spaces.111 Reducing crystallinity of the precursor film can also be beneficial for improving 

infiltration rates.113 

As alluded to above, the initial precursor film need not be a metal halide. A 

number of reports focused on chemical or electrochemical bath deposition methods have 

used oxide,165-166 chalcogenide,167 or even metallic precursor films.168 Chen et al.165, for 

example, used a three-step process, electrodepositing PbO2, converting it to PbI2 by 

immersion in an ethanolic solution of hydroiodic acid, and finally the conventional step 

of converting PbI2 to MAPbI3 by immersion in a solution of MAI in isopropanol. This work 

demonstrates several unique features. One is that, in PbI2 films grown on flat substrates, 

the crystallites stand on end rather than lying flat, as is typical for this 2D material, 

presumably because the orientation is partially determined by the PbO2 precursor, but 

also because growth away from/perpendicular to the substrate is less likely to be impeded 

by neighboring crystallites, so those with vertical orientation do not have to compete for 

space and therefore grow faster than those with lateral orientation. Another intriguing 

feature is that the electrodeposition process for the original PbO2 precursor does not 

require a flat substrate to produce a conformal film, which Chen et al.165 illustrate using a 

stainless steel mesh, obtaining similar coverage and microstructure as on more 

conventional substrates. 
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2.4.2.2. Solid-Phase Reactions 

Part of the reason that solution-phase reactions are so slow is that they are 

generally performed at room temperature, avoiding complications due to adverse effects 

such as redissolution of already deposited perovskite. These problems may be avoided by 

depositing the secondary halide as a solid film, limiting solvent exposure, and thereafter 

annealing the stack to drive the perovskite formation reaction, as introduced by Xiao et 

al.,104 who reported the formation of efficient planar PSCs with uniform MAPbI3 

microstructure. This process remains slow, however, requiring over an hour to reach full 

transformation. It should be noted that this process still contains some elements of 

solution-phase reaction, as the secondary halide solution must contact the initial film for 

some time during the deposition procedure, providing an opportunity for reaction to 

occur at the surface of the metal halide film. Im et al.169 considered the effects of 

concentration and loading time (i.e., the length of time the solution is left on the substrate 

before starting spin coating) on MAPbI3 films fabricated by this process, and found 

considerable differences in surface morphology. Lower MAI concentrations left on the 

substrate for longer promoted the formation of a discontinuous capping layer composed 

of cuboidal crystals, while higher concentrations led to a denser network of much smaller 

crystals. Somewhat surprisingly, solar cells prepared using the large, dispersed crystal 

network performed better than those based on the denser film due to enhanced light 
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absorption/short-circuit current (although open-circuit voltage suffered slightly, probably 

due to roughness). The morphological differences are explainable by invoking the theory 

developed in Section 2.3.1. Higher concentrations probably lead to a higher nucleation 

density due to the availability of precursors, while lower concentrations favor sparser 

nucleation. That the size of the cuboidal crystals increases with loading time reflects an 

increased opportunity for Ostwald ripening to occur.  

As noted above, like solution-phase reaction, the solid-state reaction methods are 

slow, but their sluggishness can be mitigated by tailoring the initial precursor film. Yang 

et al.4 demonstrated PSCs with the first certified record above 20% by using a PbI2∙DMSO 

rather than a pure PbI2 film, allowing the organic ammonium halides to diffuse more 

rapidly into the film and displace the solvent. The post-anneal could be completed in 20 

min, a time window more characteristic of one-step than two-step procedures, and the 

morphology also features improved grain size while maintaining compactness, as 

compared with films produced from pure PbI2.  

2.4.2.3. Vapor-Phase Reactions 

Another technique introduced early in the development of PSCs is “vapor-assisted 

solution processing” (VASP), in which a solution-deposited primary halide film (in the 

first report, PbI2 deposited by spin coating) is annealed under a vapor of the secondary 

halide (here, MAI sprinkled around a Petri dish on a hot plate).106 Interrupted experiments 
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indicate dispersed nucleation sites on the surface of the PbI2 film that eventually grow 

over the course of several hours to form a smooth and compact film with grain size on the 

order of the film thickness. Other researchers have used similar processes at lower 

pressure170 or with alternative chemistries to obtain similar film morphologies.171-172  

As VASP is essentially a rudimentary form of chemical vapor deposition (CVD), 

more traditional approaches using tubular furnace reactors can be expected to yield 

similar results. Leyden et al.173 used such apparatus to investigate the effects of substrate 

temperature on the conversion of PbCl2 films to MAPbI3 at low pressure (100 Pa) under a 

flow of MAI vapor in N2 carrier gas. This temperature was found to be a critical parameter. 

Above 170 °C, no perovskite was formed, but the film underwent an ion exchange reaction 

that converted the PbCl2 to PbI2. Below 145 °C, on the other hand, the resulting films were 

unstable in air, bleaching rapidly when exposed. This intriguing effect is likely a 

consequence of condensation of excessive amounts of MAI, enough of which can 

spontaneously lead to the formation of MAI-rich hydrates in the presence of moisture.174 

Like VASP, traditional CVD approaches have proven generally applicable to a range of 

perovskite compositions.175-177  

Although most of the preceding examples involve conversion of a spin-cast metal 

halide film to perovskite, the primary film can instead be prepared by thermal 

evaporation, and the secondary halide thereafter deposited by the same process. Note 
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again that organic ammonium halides such as MAI must typically be handled differently 

than other materials due to their extreme volatility. An early approach involving open-

loop control of the MAI deposition, where the source and substrate temperatures are fixed 

rather than the deposition rate, were able to yield similar PSC performance and 

morphology to contemporary dual-source coevaporation.156 A 75 °C substrate 

temperature was found to be optimal for this process, reflecting a balance between 

incomplete transformation of the PbCl2 precursor at lower temperatures and poor 

crystallinity at higher ones. A subsequent report controlled the partial pressure of MAI in 

the vacuum chamber by maintaining the entire chamber at 75 °C and manipulating the 

gate valve connecting the chamber to the pump.178 Variation of the pressure in this manner 

likewise has a dramatic influence on the microstructure. At pressures that are too low (10-

5 Torr), the reaction is incomplete. At those that are too high (10-3 Torr), the grains are 

extremely small, reflecting an excessively high nucleation density. At optimal pressure 

(10-4 Torr), grains can be obtained that are much larger than the film thickness.178 This 

report illustrates that, in sequential deposition methods, it is not so important to 

emphasize high nucleation density if the starting film is already uniform, and focusing on 

grain growth becomes a more relevant consideration. Although these processes offer 

considerable flexibility, they require large amounts of time to complete and are 

operationally complex, like other two-step processes.  
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2.5. Post-Deposition Treatments 

A nearly ubiquitous component of perovskite processing methods is some type of 

post-deposition treatment targeting several objectives, including completion of 

transformation reactions, removal of secondary phases such as solvents, and 

improvement of morphology.38 Usually, this treatment is a simple thermal anneal on a hot 

plate (or less often, in an oven or furnace). Annealing temperatures are limited by the 

thermal decomposition threshold of the materials, which occurs at no more than 150–160 

°C for hybrid perovskites under open atmosphere (although all-inorganic perovskites can 

tolerate much more extreme conditions). This problem exemplifies one of the primary 

drawbacks of the soft nature of these materials, which precludes many traditional 

processing techniques due to the narrow processing windows. However, soft nature and 

facile reactivity can be advantageous, as interaction of the perovskite film with other 

chemical species can be used to augment conventional annealing processes or even 

replace them altogether. This section presents both conventional and unconventional 

techniques used to improve perovskite film morphology. 

2.5.1. Annealing and Melt-Processing 

Despite the thermal restrictions noted above, windows within which films may be 

processed while sustaining a tolerable level of decomposition are still wide enough that 

at least a brief anneal is integral to the vast majority of reported perovskite film deposition 
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techniques. The anneal is especially important for solution-processing methods, where it 

is often necessary to drive off high-boiling point solvents required for dissolving the metal 

halide precursors. Most often, the thermal input comes from a hot plate, which is simple 

to use, particularly if rapid transfer of the film from deposition equipment (e.g., a spin 

coater) to the heat source is needed. However, the apparent simplicity of hot plate 

annealing masks what is in reality a very complex process, dependent on multiple 

conductive and convective heat transfer pathways. These pathways depend in principle 

on a wide range of experimental variables such as the hot plate material and its surface 

condition, the material and thickness of the film substrate and its surface condition, the 

nature of other layers on the substrate beneath the perovskite film, the circulation and 

trace vapor content of the ambient atmosphere, and other non-ideal factors such as 

heterogeneity of surface temperature that may change as the equipment ages. As a result, 

reproducibility of precise experimental conditions using these techniques is challenging, 

a problem exacerbated by the fact that these variables are seldom described in the 

literature, and in fairness, are often very difficult to characterize. Alternative techniques, 

such as annealing in a furnace, are more effective at reproducing the ideal conditions of 

having the film in thermal equilibrium with a uniform reservoir, although much less 

popular. However, a study by Zhou et al.179 comparing hot plate versus furnace annealing 
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indicates that the latter is promising for improving film uniformity and solar cell 

performance. 

Neither conductive nor convective heat transfer processes are necessarily 

compatible with large-scale film production for PSCs, however. Typical perovskite 

anneals are in the neighborhood of 10 min, and assuming a reasonable roll-to-roll 

processing speed of 1 m/s, a furnace 600 m long would need to be integrated within the 

production line, an obviously untenable proposition.38, 180 The large amount of heat 

required for these processes also significantly extends the energy payback time of the 

resulting devices, making them less commercially attractive.181 Therefore, radiative heat 

transfer has been explored as an alternative, offering much faster and more efficient use 

of energy to achieve the same results. Exposure of perovskite or precursor films to intense 

infrared radiation can crystallize perovskite films in as little as 2-3 seconds,182-183 or even 

1-2 ms when a xenon flash lamp is used as the heat source.184-185 Although such ultrafast 

processes can be difficult to study mechanistically, the proof of concept appears to be 

sound, and they offer a compelling resolution to the manufacturing challenges described 

above. 

Although the term “annealing” connotes that the film (or at least the majority of 

it) remains solid during thermal treatment, it is possible in principle although often 

difficult in practice to melt certain halide perovskites,186-189 which can be used to obtain 
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certain film or device structures that are otherwise difficult to accomplish. These might 

include laminated device architectures, wherein a film or even bulk powder of the 

perovskite or its precursors are melted and pressed between a substrate and superstrate. 

Cooling the melt below its phase transition then solidifies it, fusing the substrates and 

enabling a self-encapsulating device fabrication process. Because the melt can be viewed 

as the limiting case of a solution where the concentration approaches 100%, this process 

forestalls formation of macroscopic film defects associated with Volmer-Weber growth 

such as islands or voids, as local depletion of precursors in the “solution” is impossible.38 

A principal challenge associated with many perovskites, particularly 3D hybrid 

perovskites, is that they decompose through loss of the organic ammonium halide well 

before melting, so this process may not be applicable to all compositions. However, Mitzi 

et al.188-189 have shown that modulation of functional groups on the phenethyl- or 

naphthylethylammonium cations in 2D Sn-based perovskites could tune the melting 

transition to low enough temperatures to preclude significant decomposition. In 

particular, addition of groups near the ammonium tethering group was most effective at 

increasing favorability of melting. Introduction of groups in this location likely interferes 

sterically with bonding in the tin halide framework, making it easier to pull apart.188 More 

recently, Li et al.186 have shown that analogous reduction of melting temperature in 

functionalized phenethylammonium lead iodide perovskites is possible. Moreover, 
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replacement of phenethylammonium with branched alkylammonium cations reduces the 

melting temperature even further, to as low as 172 °C for 1-methylhexylammonium lead 

iodide.187 Once again, steric interference near the tethering group appears to be 

responsible, as similar results are obtained for the equivalent bromide (~200 °C) as well as 

2-ethylhexylammonium lead iodide (~178 °C), while the melting temperature of 

unfunctionalized n-hexylammonium lead iodide is ~290 °C. Although this process has not 

been widely adopted and is so far restricted to the layered perovskites, its benefits are 

compelling, such as significant enhancement in grain size,186, 188 inherent simplicity, 

potential for producing laminated devices, and obviation of the need for toxic solvents. 

Other variables may be controlled during the anneal besides temperature. 

Ambient pressure can be modified during the anneal, and application of vacuum can be 

particularly useful in cases where certain perovskite precursors are difficult to remove at 

atmospheric pressure. For example, precursor mixtures comprising PbCl2 and an excess 

of MAI are popular for MAPbI3 film fabrication, but the MACl byproduct does not easily 

escape from the film at normal annealing temperatures. Xie et al.190 have shown that 

annealing under vacuum accelerates this process. Vacuum annealing prevents 

accumulation of MACl deposits within the film that lead to pinholes once they sublime 

under conventional thermal annealing conditions, and yields uniform and ultra-smooth 

films with improved optoelectronic properties. By contrast, if the byproduct is especially 



 

64 

 

volatile, as in the case of methylammonium thiocyanate (MASCN), heating may not even 

be necessary. Han et al.191 have shown that when MAPbI3 is processed with MASCN as an 

additive, large and compact grains can be obtained simply by exposing the precursor films 

to vacuum in order to extract the MASCN. As noted in Section 2.4.1.1, rapid exposure of 

freshly spin coated perovskite films to vacuum can rapidly extract solvent, avoiding the 

growth of dendritic microstructures that adversely affect film quality and device 

performance.134, 192 

Chemical-assisted annealing strategies can also be effective ways to control 

perovskite film properties. Annealing under an organic ammonium halide vapor can be 

particularly effective at curtailing processing problems associated with thermal escape of 

that species. By raising the ambient chemical potential of the organic ammonium halide, 

the driving force for decomposition is reduced, enabling benefits of rapid grain growth at 

higher temperatures. Note that this process is very similar to VASP and CVD, but in this 

case it involves modification of already-deposited perovskite rather than the 

transformation of a precursor film. This process may also be used to modify composition, 

such as conversion of MAPbI3 to a mixed iodide-bromide by annealing under MABr 

vapor.193 Given its mechanistic similarity to VASP, the same experimental techniques may 

be applied—i.e., enclosing the films in a vessel together with enough organic ammonium 

halide powder to generate a saturated atmosphere, and heating for a specified length of 
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time. Tosun and Hillhouse,194 for example, have shown that such techniques can 

dramatically increase grain size and likewise improve the carrier lifetime. Excess organic 

ammonium halide can also be applied as a solid film rather than a vapor by direct 

deposition onto the perovskite film. For example, a capping layer of MACl may be used 

to propagate a preferred (110) orientation of tetragonal MAPbI3 from the top surface 

through the film.195 Dong et al.196 have also shown that repeated deposition and annealing 

steps using a blend of MACl and MAI not only increase preferred orientation but also 

stimulate abnormal grain growth to sizes of several microns. Similar techniques have also 

been employed to improve the quality of FAPbI3 films.197 

Another chemically-assisted annealing technique makes use of common 

perovskite solvents to enhance grain coarsening beyond what could be achieved with 

conventional thermal annealing. Solvent annealing has a heritage in organic 

photovoltaics, where it was employed to enhance chain mobility in polymer films,198 and 

was extended by Xiao et al.199 to perovskites in 2014 to enhance the solid-phase reaction of 

stacked PbI2 and MAI films. In a typical deposition, the perovskite or precursor film is 

placed under a cover (e.g., a Petri dish) on a hot plate along with a drop of solvent (e.g., 

DMF), which evaporates to produce the annealing atmosphere. This method and related 

ones using a range of other solvents200-202 generally yield films with significantly higher 

grain size and crystallinity than those prepared by a regular thermal anneal, presumably 
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because the solvent helps to soften the film and increase grain boundary mobility.199 

DMSO is reported to be an especially effective solvent for this purpose, perhaps due to its 

low vapor pressure that makes it more likely to condense onto and infiltrate the film. 

Additionally, its particularly strong affinity for coordination to Pb may drive a stronger 

overall interaction with the film and thus more effectively modify its properties.38, 200 

2.5.2. Organic Vapor Dosing 

Chemical-assisted “annealing” strategies need not involve heat at all to drastically 

change film structure. One of the most surprising but useful features of the soft nature of 

perovskites is that exposure to certain organic gases can precipitate a dramatic phase 

transformation. Zhou et al.118 first reported in 2015 that exposure of MAPbI3 to 

methylamine vapor causes a synthesis reaction that produces liquid MAPbI3∙xCH3NH2. 

This effect was straightforwardly illustrated by melting two perovskite crystals into a 

puddle, which transforms back into the perovskite upon removal of the vapor, retaining 

the shape of the puddle. Although the absorption/desorption processes are slow for bulk 

materials, taking place over the course of hours, they occur much more rapidly for thin 

films, requiring only seconds. The smoothing effect of conversion to a liquid is apparently 

helpful for removing not only macroscopic structural defects such as roughness, but also 

microscopic defects, leading to apparently higher crystallinity and much more uniform 

photoluminescence.118 A drawback of the process is that, at room temperature, rapid 
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evolution of methylamine gas (MA0) from the film leads to extremely fine grains, but 

optimizing temperature and MA0 partial pressure can produce much larger grains 

without sacrificing uniformity.203 Alternatively, additives can be introduced into the 

precursor film to modulate its transformation. Adding MACl allows a metastable 

intermediate, MAPbI3∙MACl∙xCH3NH2, to form, which can then be more gently converted 

to perovskite by releasing first MA0, then MACl, allowing large grains to form during the 

anneal.204  

Other amines or similar compounds may be used, with similar results. NH3 also 

forms an intermediate but it remains a solid and therefore does not change its 

morphology,118, 205 and pyridine can also result in bleaching and reconstruction of an 

improved perovskite film.206 Formamidine gas can be used to convert MAPbI3 films to 

FAPbI3 via a proton transfer reaction, but only at elevated temperature (150 °C) and 

without changing the morphology, which may be desirable or undesirable depending on 

the quality of the original film.207 Ethylamine and butylamine form liquid intermediates 

but do not yield pure MAPbI3, presumably due to equivalent proton transfer reactions 

between the amines and MA+ cations.118 At reduced exposure levels, however, exposure 

to larger and more complex amines may be beneficial. For example, annealing FAPbI3 in 

benzylamine vapor improves its optoelectronic properties as well as moisture tolerance, 

presumably due to the formation of a protective passivating layer of benzylammonium 
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cations at the surface.208 It is especially interesting that treatments using the closely related 

aniline or phenethylamine were not nearly as effective, ostensibly due the tethering 

group’s influence on surface layer packing.208 

The existence and ease of amine proton-transfer reactions implies that the 

precursor phase need not be perovskite. Exposure of HPbI3209 or NH4PbI3210 precursor 

films to MA0 gas will eventually lead to formation of the MAPbI3∙xCH3NH2 intermediate, 

either by consumption of H+ to form MA+ cations in the former, or proton transfer that 

replaces NH4+ with MA+ and drives out NH3 gas (the reverse of the reaction described 

above in the case of exposure of MAPbI3 to NH3). In either case, the result is the same 

because the film ultimately converts to MAPbI3∙xCH3NH2. It is even possible to convert 

PbI2 to impure MAPbI3 by exposure to MA0, but moisture or other solvent must be present 

so that protons may be scavenged to complete the perovskite synthesis reaction. This 

reaction pathway entails byproduct formation of PbO since the system is Pb-rich and there 

is not enough iodine to form the stoichiometric perovskite.211 

2.6. Influence of the Substrate   

As noted above, the substrate can play a significant role in film deposition, 

particularly in vapor-based methods, and surface energy considerations can also have an 

impact on not just nucleation and growth but also solution wetting. Furthermore, there is 

a possibility of chemical as well as physical reactions at the interface, which might lead to 
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unexpected changes in film morphology and composition, or considerable effects on 

device performance, although effects on the films might not be immediately obvious. 

While these considerations are relevant for thin film deposition in general, the need to 

understand film-substrate interactions is especially acute for hybrid halide perovskites, in 

view of their low formation energy and facile reactivity. 

An obvious effect of the substrate is that its morphology will couple to that of films 

deposited on top of it. An important example in the halide perovskite field is the 

mesoporous scaffold, which not only templates the growth of perovskite grains within 

the pores and appears to make them less crystalline,212-213 but also influences the perovskite 

capping layer, if present. In general, the increased surface area in mesoporous substrates 

is expected to lead to smaller grains due to a greater availability of nucleation sites.90, 214-215 

Nucleation may also be modulated by changing the dimensionality of the scaffold 

building blocks (e.g., nanoparticles vs. nanowires).216 Mesoporous scaffolds may be 

particularly advantageous in the context of 2D perovskites, by effectively randomizing 

the geometry of the substrate surface and thereby reducing the tendency of the basal plane 

of the layered perovskite to lie parallel to the substrate.217-218 Templating of substrate layers 

on a micro- rather than nanoscale, for instance through the use of easily removed 

polystyrene microspheres to enforce a honeycomb-like structure in an ETL or HTL,219 can 

confer device benefits such as improved light harvesting or mechanical resilience.220 
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Surface chemistry at the atomic and molecular scale is also highly important for 

film growth. In solution processing of halide perovskites, the highly polar solvents 

necessary will only wet easily on hydrophilic surfaces. While this feature may be 

problematic if a strongly hydrophobic surface layer exists, tuning the overall 

hydrophilicity can be useful for achieving fine control over microstructure. Reducing 

substrate wetting by the right amount can lead to increases in grain size by reducing the 

density of heterogeneous nucleation sites relative to a perfectly hydrophilic surface, but 

without sacrificing film coverage.221 Although it is obvious that the surface should not be 

so hydrophobic that films cannot be deposited at all, excluding film deposition on certain 

regions of the substrate (e.g., by stamping the substrate ahead of time with a hydrophobic 

monolayer) can be highly useful in applications that require patterning, such as 

transistors,222 semitransparent solar cells,223 or laser arrays.224 

Interactions between the perovskite film and substrate are not necessarily limited 

to the surface. Diffusion of elements from the substrate or other layers beneath the 

perovskite has been observed, including from Na,225 Cr,226 Cd,57 In and Sn,227 with a range 

of possible effects ranging from beneficial to detrimental. The effects of Cd are a major 

subject of this dissertation, and are discussed extensively in Chapter 3. This case is 

particularly extreme, as chemical reactions can occur between CdS and MAPbI3 that 

severely affect device performance.57 CdS is far from the only material that can react with 
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the perovskite, however; a number of other inorganic materials can present interfacial 

problems. The first observation of such reaction was by Yang et al.56 in 2015, who 

witnessed that MAPbI3 films deposited on the otherwise promising ETL ZnO 

decomposed rapidly during annealing, yet under conditions that do not ordinarily cause 

thermal degradation. They proposed that an acid-base interaction deprotonates the MA+ 

cation, leading to loss of the organic ammonium halide. CuSCN, a prospective HTL, 

appears to exchange thiocyanate for iodide, leading to the formation of volatile MASCN 

and producing solid copper and lead iodides.228 MoO3, another prospective HTL, 

undergoes a redox reaction that reduces Mo6+ to Mo5+ and in turn forms elemental iodine, 

which then evolves from the film, irreversibly altering its stoichiometry.229 Active redox 

chemistry is not limited to the organic ammonium halide portion of the perovskite, as 

contact with metals can also lead to reactions that oxidize the foreign metal and produce 

metallic lead.230 In addition, evidence for reactions between MAPbI3 and the commonplace 

HTL NiOx and ETL SnO2, even at temperatures in the neighborhood of traditional 

annealing regimes, is observed and characterized in Chapter 4. These reports illustrate 

that reactions between perovskites and inorganic carrier transport layers may be the rule 

rather than the exception, emphasizing that a complete understanding of perovskite-

substrate interactions is vital to developing failsafe processing techniques and mitigating 

instabilities that may affect long-term device operation.  
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3. Interface Design for Efficient and Stable Perovskite 
Solar Cells 

Although halide perovskites have shown themselves to be excellent materials 

compatible with facile and low-energy processing methods, devices do not succeed or fail 

on the strength of the active layer alone. Integral to the performance of PSCs are the ETL 

and HTL, which have proved themselves necessary for attaining the highest levels of 

performance. From a commercial perspective, it is important to ensure not only that these 

layers are effective, but that their deposition not unduly add to the cost or complexity of 

device processing. The benefits of easy perovskite film processing are obviated if other 

components of the device are expensive, require high temperatures, or otherwise 

introduce challenges not readily met with existing manufacturing equipment. Many of 

the conventional semiconductors used as HTLs or ETLs fail in one or more of these 

regards. Organic semiconductors are generally straightforward to deposit at low 

temperatures but are frequently very expensive (often more so than precious metals on a 

cost per weight basis) and offer poor resistance to ingress of potentially detrimental 

environmental species. Many inorganic semiconductors offer opposite advantages and 

challenges, being cheap (if composed of earth-abundant materials) and robust, but very 

often requiring high processing temperatures. This latter problem is not an absolute 

restriction, however, and there are examples of inorganic compounds that may be 

processed at temperatures comparable to those of halide perovskites. This chapter focuses 
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on the development of two such inorganic compounds, CdS and delafossite CuCrO2, both 

of which are compatible with processing below 100 °C and have promising properties for 

use as ETL and HTL, respectively, in PSCs.  

We first discuss the performance of MAPbI3 solar cells using CdS deposited by a 

standard chemical bath deposition (CBD) technique as the ETL, and investigate the impact 

of device processing parameters on performance. Devices with stabilized efficiency over 

15% are attained, but a curious instability is observed in some devices that causes the 

development of S-shaped J–V curves indicating an electrical barrier. In-depth 

investigation of the perovskite films on CdS substrates demonstrates not only that Cd 

easily migrates into the overlying perovskite, but also that excessive amounts of Cd in 

perovskite films leads to phase segregation of a non-perovskite hybrid compound, 

MA2CdI4, and that devices made with films in which Cd is deliberately added likewise 

suffer from S-shaped J–V curves at and beyond the threshold needed to observe phase 

segregation. It is also proved that MAI and CdS react easily to form MA2CdI4 at 

temperatures well below those used for standard perovskite processing techniques. 

Therefore, it is reasonable to expect that higher temperatures may cause MA2CdI4 to form 

in devices near the perovskite-ETL interface by enhancing diffusion of Cd, accelerating 

interfacial reaction, or a combination of both. By discovering and characterizing this effect, 
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this work establishes a paradigm for assessing possible reactivity with other materials, of 

which further use will be made in the next chapter. 

We also discuss fabrication of MAPbI3 solar cells using delafossite CuCrO2 as the 

HTL. A key advantage of CuCrO2 is that thin film deposition can occur entirely at room 

temperature by spin coating dispersed nanoparticles in alcohol,231 making this material an 

attractive candidate for use in low-cost devices. An unresolved question regarding this 

material regards the influence of different polytypes of the delafossite crystal structure, 

which may adopt either hexagonal (2H) or rhombohedral (3R) structures depending on 

how the component chromium oxide sheets are stacked.232-233 Examination of the XRD 

patterns of the CuCrO2 nanoparticles indicates not only that mixtures of these polytypes 

are present, but further that stacking faults within the particles may also play a significant 

role in the structure of the nanoparticles. DFT calculations, however, indicate that the 

electronic properties of the different polytypes and even the stacking faults are unlikely 

to compromise the ability of the CuCrO2 nanoparticles to form an effective HTL. Optical 

and electrical measurements likewise show that the CuCrO2 films are suitable for this 

purpose, a promise borne out by the performance of the resulting MAPbI3 solar cells, 

which reach stabilized efficiency over 14%. Moreover, the perovskite-CuCrO2 interface 

appears to be significantly more inert than that with CdS, as no diffusion of Cu or Cr to 

the top of the perovskite film is observed. 
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In summary, this work investigates two promising interface materials for use in 

PSCs, and shows that they are compatible with high device performance. It also reveals 

an unexpected and subtle reaction between MAPbI3 and CdS, demonstrating that the 

inertness of PSC interfaces cannot be taken for granted. The work presented in this chapter 

on CdS was published in the Journal of Physical Chemistry C in collaboration with Drs. 

Robert Younts and Bhoj Gautam in Prof. Kenan Gundogdu’s group at North Carolina 

State University,57 who assisted in the collection and interpretation of TRPL 

measurements. All other work was performed by the author under the guidance of Prof. 

David Mitzi at Duke University. The work on CuCrO2 was recently published in the 

Journal of Materials Chemistry A in collaboration with Trey Daunis, Boya Zhang, and Drs. 

Jian Wang and Diego Barrera in Prof. Julia Hsu’s group at the University of Texas at 

Dallas, who synthesized and characterized the CuCrO2 films, and Dr. Xiaoming Wang in 

Prof. Yanfa Yan’s group at the University of Toledo, who provided DFT calculations of 

the energetics and band structures of different CuCrO2 polytypes.234 The author fabricated 

and characterized perovskite films and devices using the CuCrO2-coated substrates and 

coordinated writing of the manuscript under the guidance of Prof. David Mitzi at Duke 

University. The text in this chapter is original to this dissertation and is the sole work of 

its author. 
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3.1. Experimental Methods 

3.1.1. Perovskite Film Characterization 

XRD patterns of thin films were collected using a Panalytical Empyrean powder 

X-ray diffractometer with a Cu Kα source and 45 kV/40 mA X-ray tube voltage/current. 

X-ray photoelectron spectra were collected using a Kratos Analytical Axis Ultra 

spectrometer using monochromated Al Kα radiation. SEM images for the CdS study were 

taken using an FEI XL-30 high-resolution scanning electron microscope using a 5 kV beam 

voltage. SEM images for the CuCrO2 study were taken using a Hitachi S-4700 field 

emission scanning electron microscope using a 2 kV beam voltage. Energy-dispersive X-

ray (EDX) maps were taken using an FEL XL-30 environmental scanning electron 

microscope with a Bruker XFlash 4010 EDS detector and a 10 kV beam voltage. TRPL 

measurements were taken using a tunable Ti:sapphire femtosecond-pulsed laser (150 fs 

pulse, 4 MHz repetition rate) with excitation at 700 nm and emission measured at 770 nm. 

Photogenerated carrier lifetimes were estimated using a biexponential fit to the PL decay 

curves using DecayFit software.235 Optical absorption spectra were collected using a 

Shimadzu UV-3600 UV-vis-NIR spectrophotometer.  

3.1.2. CdS-Based Perovskite Solar Cell Fabrication 

FTO-coated glass substrates (Sigma Aldrich, 7 Ω/sq, 2.3 mm thick) were patterned 

using Zn powder and hydrochloric acid and thereafter rinsed with deionized water, 
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sonicated in Alconox detergent, deionized water, acetone, and isopropanol for 10 min 

each, then baked on a hot plate in air for 1 h at 540 °C. Immediately before deposition of 

CdS, they were sonicated again in Alconox and deionized water for 10 min each. The CdS 

ETL was deposited by immersing the cleaned FTO substrates in an aqueous solution 

containing 1.5 mM CdSO4 (99.99%, Sigma-Aldrich), 0.94 M NH4OH (28−30 wt %, J. T. 

Baker), and 75 mM thiourea (99%, Sigma-Aldrich), maintained at 72 °C in a jacketed 

beaker, using a process developed for producing high-performance CIGS cells.236 

Immediately after the CdS deposition, the substrates were sonicated in deionized water 

for 10 min, then plasma cleaned in O2 for 10 min.  

The CdS-coated substrates were then transferred to a nitrogen-filled glovebox (O2 

and H2O < 0.5 ppm), in which the perovskite was spin coated onto them via a slight 

modification of a solvent-engineering technique reported by Ahn et al.98 In this process, 80 

μL of the perovskite precursor solution, containing equimolar amounts of PbI2 (99.999%, 

Alfa Aesar), MAI (Dyesol), and DMSO (99.9%, anhydrous, Sigma-Aldrich) dissolved in 

DMF (99.8%, anhydrous, Sigma-Aldrich), was spin coated at 4000 rpm for 25 s. Diethyl 

ether (99.8%, EMD Millipore, 1 mL) was dropped onto the substrate 9 s after starting the 

spin coater. For the Cd incorporation study, various amounts of CdI2 (99.999%, Sigma 

Aldrich) were substituted for PbI2 in the above solution, such that the total metal ion to 

MA+ ratio remained equal to one. The films were then annealed on an aluminum hot plate 
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at 60 °C for 1 min and then a ceramic hot plate at 125 °C for 10 min. After transferring the 

films to a glovebox filled with low-humidity air (∼22% relative humidity at 21 °C), the 

HTL, N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-

2,2′,7,7′-tetramine (Spiro-OMeTAD), was deposited by spin coating (3000 rpm for 30 s) a 

solution containing 72.3 mg Spiro-OMeTAD (99.7% sublimed grade, Borun Chemical), 

28.8 μL 4-tert-butylpyridine (4-tBP, 96%, Sigma-Aldrich), and 17.5 μL of a 520 mg/mL stock 

solution of lithium bis-(trifluoromethanesulfonyl)imide (Li-TFSI, 99.95%, Sigma-Aldrich) 

dissolved in acetonitrile (99.5%, Sigma-Aldrich). The spiro solution was filtered through 

a 0.2 μm PTFE syringe filter immediately before use. Devices were stored overnight in the 

low-humidity glovebox in the dark, then completed by evaporating 80 nm of Au (Kamis, 

99.999%) at <1 Å/s through a shadow mask onto the Spiro-OMeTAD layer. The Au 

deposition rate was kept at 0.1 Å/s for the first 5 nm, 0.2 Å/s for the next 5 nm, and only 

then brought up to 1 Å/s for the remainder of the deposition. 

3.1.3. CuCrO2 Film Fabrication and Characterization 

CuCrO2 nanoparticles were first synthesized according to a hydrothermal method 

reported by Xiong et al.237 Chemicals used in the synthesis were used as received. 15 mmol 

each Cr(NO3)3∙9H2O and Cu(NO3)2∙2.5H2O (both ACS grade from Alfa Aesar) were 

dissolved in 70 mL of 18 MΩ ∙ cm deionized water and stirred for 15 min, then 2 g NaOH 

(Sigma Aldrich, ≥97.0%) was added to the mixture and stirred for a further 10 min.  
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Afterward, the precursor solution was transferred to a 50 mL autoclave (Col-Int Tech) and 

held at 240 °C for 60 h. The resulting powders were washed in 1 M hydrochloric acid 

(Fisher Scientific, 37%) and ethanol (Fisher Scientific, 95.27%) sequentially six times, then 

centrifuged and dried overnight under vacuum. XRD measurements of the powders were 

taken using a Rigaku Ultima III diffractometer using Cu Kα radiation at operating 

voltage/current of 40 kV/44 mA. TEM images were collected on particles, deposited 

directly from the methanol suspension onto a carbon grid, using a JEOL JEM2100 TEM at 

a beam voltage of 200 kV. 

To deposit films, 60 mg of this powder was dispersed into 15 mL methanol (Fisher 

Scientific, 99.8%), sonicated for 90 min, filtered through a 1 μm syringe filter, sonicated 

again for 90 min, and filtered through a 0.45 μm syringe filter. These dispersions were 

spin-cast onto glass (Fisher Scientific, Cat. No. 12-544-4), ITO (Kintec, 10 Ω/sq), or Au-

coated Si substrates. Immediately before spin coating, the suspension was sonicated for 

30 min; the thickness of the films was tuned by repeated coating cycles. Optical absorption 

spectra of CuCrO2 films on glass were collected using an Ocean Optics USB 4000. 

Spectroscopic ellipsometry measurements on these films were collected from 280 nm to 

1690 nm at 55, 65, and 75° incidence angles using a J. A. Woollam M-2000DI instrument. 

Photoelectron spectroscopy in air measurements were taken from 4.6 to 6.0 eV using an 

RKI Instruments Model AC-2 tool with a 100 nW deuterium lamp. CuCrO2 films on ITO 
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substrates were characterized using a Zeiss Supra 40 scanning electron microscope, 

Asylum Research MFP-3D atomic force microscope in tapping mode, and a KP 

Technology SKP 5050 Kelvin probe force microscope using an Au reference. X-ray 

photoelectron spectroscopy of CuCrO2 films on Au-coated Si substrates was performed 

using a PHI 5000 Versa Probe II equipped with a hemispherical analyzer and Al Kα 

radiation; data were taken using a detection takeoff angle of 45° and pass energy of 23.5 

eV. 

3.1.4. CuCrO2-Based Perovskite Solar Cell Fabrication 

ITO/CuCrO2 substrates were prepared as described above at UT Dallas and 

shipped to Duke University for device fabrication. The substrates were heated on a 

ceramic hot plate at 100 °C for 10 min immediately before perovskite deposition to remove 

moisture. The perovskite precursor solution was prepared by dissolving 1 g of PbI2 

(99.99%, TCI), 18.0 mg KI (99.998%, Alfa Aesar), and 327.6 mg MAI (Dyesol) in 1.38 mL of 

DMF and 0.154 mL of DMSO (both solvents anhydrous grade from Sigma Aldrich). The 

solution was filtered through a 0.2 μm PTFE syringe filter before deposition. Perovskite 

films were deposited following a modified recipe developed by Ahn et al.98 Specifically, 

60 μL of solution was deposited on the substrate and spun at 4000 rpm for 25 s. 10 s after 

starting the spin procedure, 1 mL of diethyl ether (anhydrous grade, Sigma Aldrich) was 

dropped on the substrate. Afterward, the substrate was annealed at 60 °C on an aluminum 
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hot plate for 1 min and then at 100 °C on a ceramic hot plate for 10 min. The substrates 

were then transferred to an Angstrom EvoVac thermal evaporator for deposition of the 

ETL and anode. First, 30 nm of C60 (>99.5%, Lumtec) were evaporated onto the substrates 

at ~2 Å/s by resistively heating a Mo boat; then, 5 nm of bathocuproine (BCP) was 

evaporated at <1 Å/s, also from a Mo boat. The devices were then transferred to a shadow 

mask and thereafter returned to the evaporator for deposition of the anodes. Ag anodes 

were deposited by evaporating 60 nm Ag (Fisher Scientific, 99.9%) at >5 Å/s from an Al2O3-

coated W boat onto the freshly deposited ETL. All evaporation processes were conducted 

at a base pressure of 2 × 10-6 Torr. Immediately after Ag deposition, the solar cells were 

encapsulated by attaching a glass cover with Ossila E131 UV-cure epoxy and exposing the 

stack to light from a solar simulator for ~5 min.  

3.1.5. Perovskite Solar Cell Characterization 

Device J–V curves were collected using an Oriel solar simulator and Keithley 2401 

sourcemeter under 1 sun AM1.5G illumination, calibrated using a reference Si solar cell 

from Newport Co. and maintained at 1 sun during measurement using a reference 

photodiode. When analyzing hysteresis in J-V measurements, note that “forward scan” 

connotes sweeping the bias from low to high voltages, while “reverse scan” refers to 

sweeping from high to low voltage. The active area of all devices was defined using a 

shadow mask with 0.1 cm2 apertures. Each (J,V) point was sampled after a 1 s delay 
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immediately following application of the bias. Stabilized photocurrent/efficiency 

measurements were collected using the same apparatus. After biasing at a selected 

voltage, current was recorded at a 1 Hz sampling rate. For CdS-based solar cells, DC EQE 

measurements were taken with an Enlitech QE-R instrument using a monochromated Xe 

lamp at 0 V applied bias. For CuCrO2-based solar cells, AC EQE measurements were taken 

using the same tool and experimental conditions, except with the light source optically 

chopped at 165 Hz. 

3.1.6. DFT Calculations of CuCrO2 Band Structure 

The band alignment of CuCrO2 relative to MAPbI3 was calculated from 

Anderson’s Rule, where the vacuum levels across the materials are aligned.238 The 

ionization energy of CuCrO2 was calculated via a “bulk + slab” scheme, in which the VBM 

and CBM were obtained from a bulk calculation, and the vacuum level was obtained from 

a slab calculation.239 The energy scales of the two calculations were reconciled based on 

the planar averaged electrostatic potential. Surface dipole effects were eliminated by using 

the neutral (11�0) surface of the delafossite structure. A 10 atomic layer-thick slab was 

found to be sufficient to converge the electrostatic potential to within 10 meV and used 

for all subsequent calculations. All band structure calculations were conducted using the 

Vienna ab-initio simulation platform (VASP) and projector augmented-wave (PAW) 

potentials,240-243 employing the GW approximations to correct the band gap, as described 
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in earlier work developed by Wang et al.244 For the slab calculations, the PBE functional245 

was used because the wavefunction determining the electrostatic potential is fixed at this 

level in the GW calculations. Effective masses were calculated at the VBM and CBM using 

a finite difference method.246 All of the above calculations were performed on the 3R 

rhombohedral structure of CuCrO2. To compare the band structures of the 3R and 2H 

polytypes, the hexagonal representation of the 3R structure was used. Since this 

representation has a larger unit cell, it is unfavorable for the demanding GW calculations. 

Thus, the theoretically simpler LDA+U scheme247 was used to handle the strong-correlated 

Cr 3d states, which can still capture the important physics of the CuCrO2 band structure—

i.e., the correct band order240 and the band characters at the VBM and CBM. 

3.2. CdS Electron Transport Layer 

Cadmium sulfide has been a mainstay of thin film photovoltaic devices dating 

back to the advent of both CdTe and CIGS/chalcopyrite solar cells in the late 1970s,1, 248-249  

and continues to be the ETL or n-type buffer material of choice for these technologies in 

much of the recent literature.236, 250-253 Although its proven track record of success indicates 

that it has outstanding electrical properties, CdS has not been widely used as ETL in PSCs. 

An early report by Juarez-Perez et al.254 indicated that PSCs with a CdS ETL could reach 

higher VOC than either TiO2 or ZnO, although these devices exhibited much worse 

efficiency overall.  CdS also has a reasonably well-matched electron affinity to MAPbI3,255 
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making it likely that electron extraction proceeds efficiently and that interfacial 

recombination is minimized. Subsequent attempts were able to improve the efficiency, 

raising it as high as 16%,255-258 although a stabilized efficiency over 13% was not reported. 

However, these promising results, the heritage of CdS as a successful material in other PV 

technologies, and compatibility of CdS with simple low-cost deposition methods make it 

worthwhile to investigate in further detail. 

3.2.1. High-Performance Perovskite Solar Cells Using CdS as 
Electron Transport Layer 

 

Figure 6: Schematic and cross-sectional SEM image of CdS-based MAPbI3 
perovskite solar cells used in this study. Reproduced with permission from Ref. 57. 
Copyright 2016 American Chemical Society. 

PSCs were fabricated in a conventional architecture consisting of a 

FTO/CdS/MAPbI3/Spiro-OMeTAD/Au stack, as shown in Figure 6. Because the CdS layer 

lies between the active layer and the illumination source, parasitic absorption by this layer 
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is a potentially significant loss mechanism due to its relatively narrow band gap of 2.4 eV. 

Controlling its thickness to minimize light absorption is therefore a crucial consideration, 

which can be achieved by changing the length of the CBD process. To optimize thickness, 

PSCs were fabricated using CdS films deposited for 5, 6, 7, 7.5, and 8.5 min. Estimated 

thicknesses measured from cross-sectional SEM images of the corresponding FTO/CdS 

films are 20, 27, 37, 39, and 44 nm, respectively. Device parameters gathered from J–V 

scans (Table 1) generally match the expectation that, as deposition time and hence CdS 

thickness is reduced, JSC increases correspondingly due to more light being able to reach 

the absorber. Diminishing returns in JSC set in below 6 min, accompanied by modest loss 

of VOC and a sharper drop in fill factor that have a notable impact on the efficiency. 

Optimal performance is obtained in the range from 6 to 7 min, as reflected by an overall 

maximization of the efficiency. This behavior reflects a tradeoff between losses in JSC due 

to parasitic absorption by thicker CdS films, and loss of hole-blocking effectiveness and/or 

increased surface recombination as the CdS layer becomes thinner and patchier. EQE 

measurements of representative solar cells fabricated using different thickness ETLs 

replicate the trend in JSC, displaying the development of a shortwave notch that intensifies 

with the thickness of the CdS layer. The integrated JSC values at CdS deposition times of 

5, 6, 7, 7.5, and 8.5 min are 20.6, 20.2, 20.0, 19.4, and 19.2 mA/cm2, respectively. Plotting 

the EQE on the same graph as the UV-vis absorption curves of corresponding FTO/CdS 



 

86 

 

films (Figure 7) shows that the spectral range (~325–525 nm) of the notch and its trend in 

intensity directly corresponds to that of the CdS absorption feature. This correlation 

provides strong evidence that the loss in JSC may be directly attributed to parasitic 

absorption by the ETL.  

 

Figure 7: EQE of CdS-based PSCs for various CdS deposition times (green); light 
absorption curves (blue) of corresponding FTO/CdS substrates. Reproduced with 
permission from Ref. 57. Copyright 2016 American Chemical Society. 

Reproducibility of devices produced using a 6 min CdS deposition time is 

demonstrated by plotting a histogram of the stabilized efficiency of 49 devices drawn from 

7 separate device runs (Figure 8a). The mean efficiency of these devices is 12.7%, with a 

standard deviation of 1.6%. The champion device has a stabilized efficiency of 15.1% 

(Figure 8b), which is believed to be the first CdS-based PSC to reach this value, concretely 

demonstrating these devices as a class of high-performance solar cells. An additional 

benefit of this device architecture is that hysteresis in the J–V scans is relatively minimal, 



 

87 

 

although not completely absent. Reverse scans tend to slightly underestimate VOC and 

more significantly overestimate fill factor and hence efficiency relative to the forward 

scans. Representative J–V curves clearly illustrate the difference in fill factor (Figure 8c). 

Overall, the reverse scan efficiency tends to match the stabilized efficiency more closely 

than the forward scan, as shown below in Table 1. 

Table 1: Average PSC performance as a function of CdS deposition time, taken 
from slow forward (reverse) J–V sweeps or stabilized photocurrent measurements. 
Uncertainty in the measurements is represented by the sample standard deviation. For 
5, 6, 7, 7.5, and 8.5 min deposition times, 13, 25, 11, 8, and 7 devices of each respective 
type were used. 

deposition time VOC (V) JSC (mA/cm2) FF (%) PCE (%) Stab. PCE (%) 

5 min 00 sec 0.994 ± 0.017 
(0.976 ± 0.010)   

19.73 ± 0.47 
(20.25 ± 0.43)   

48.4 ± 5.8 
(60.9 ± 5.0) 

9.5 ± 1.2 
(12.1 ± 1.0) 12.1 ± 1.1 

6 min 00 sec 1.013 ± 0.017 
0.971 ± 0.017)   

19.87 ± 0.59  
(19.83 ± 0.64) 

58.0 ± 4.7 
(66.1 ± 6.0) 

11.7 ± 1.2 
(12.7 ± 1.2) 13.2 ± 1.4 

7 min 00 sec 1.021 ± 0.048 
(0.962 ± 0.026)   

19.99 ± 0.35  
(19.99 ± 0.42)   

65.3 ± 4.6 
(66.5 ± 6.0)   

13.4 ± 1.4 
(12.8 ± 1.2) 13.0 ± 2.4 

7 min 30 sec 1.000 ± 0.021 
(0.948 ± 0.031) 

19.08 ± 0.97  
(19.16 ± 1.15) 

61.3 ± 4.1 
(66.1 ± 5.7) 

11.7 ± 1.5 
(12.1 ± 1.7) 12.2 ± 2.1 

8 min 30 sec 1.013 ± 0.004 
(0.943 ± 0.021) 

18.46 ± 0.63 
(18.92 ± 0.60) 

61.8 ± 3.4 
(69.1 ± 5.8) 

11.6 ± 0.7 
(12.3 ± 0.7) 12.1 ± 1.0 
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Figure 8: Histogram of stabilized efficiency measurements of 49 devices 
prepared using a 6 min CdS deposition time (a); stabilized efficiency and photocurrent 
measurements of the champion device (b); J–V measurements of a representative 
device, illustrating the degree of hysteresis (c). Reproduced with permission from Ref. 
57. Copyright 2016 American Chemical Society. 

Note that although the perovskite annealing temperature is slightly higher than 

that used in the originally reported recipe98 (for a conventional TiO2-based PSC 

architecture) in order to enhance grain growth, excessive temperatures should be avoided. 
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Device performance is very sensitive to annealing conditions, even when covered to 

prevent the classical mode of perovskite decomposition—i.e., thermally activated loss of 

MAI. Although this approach effectively retards decomposition, as evidenced by the 

reduced formation of PbI2 in the covered films (Figure 9), S-shaped J–V curves still develop 

in the devices. As this behavior indicates the formation of an electrical barrier at interfaces, 

it is worth inquiring whether the perovskite-CdS interface might be chemically active, 

particularly at elevated temperatures.  
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Figure 9: Effects of annealing conditions on the XRD patterns of MAPbI3 films 
on FTO/CdS substrates, demonstrating that although the films evince a greater 
tendency to degrade at higher temperatures, this process can be mitigated to some 
degree by covering the film during the anneal with a Petri dish. Peaks are labeled 
according to the corresponding Miller indices if they belong to MAPbI3, or otherwise 
to the phase to which they belong (PbI2 or FTO). Adapted with permission from Ref. 57. 
Copyright 2016 American Chemical Society. 
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3.2.2. Characterization of Chemical Instability at the CdS-MAPbI3 
Interface Due to Reaction Between CdS and MAI 

 

Figure 10: XPS spectrum of an MAPbI3 film fabricated on an FTO/CdS substrate, 
showing evidence of Cd diffusion to the surface of the film. Reproduced with 
permission from Ref. 57. Copyright 2016 American Chemical Society. 

A preliminary clue that the perovskite-CdS interface might not be completely inert 

is the observation of a Cd 3d peak in XPS spectra of the perovskite films grown on CdS 

(Figure 10). Although the peak is slight, its presence signifies that Cd not only penetrates 

into the film, but is mobile enough to diffuse all the way to the top. SEM images (vide infra) 

indicate that the perovskite films do not possess a significant number of pinholes, nor is 
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there any evidence of sulfur peaks in the XPS spectrum, increasing our confidence that 

the Cd peak originates from diffused Cd rather than a spurious signal from the substrate. 

The presence of this peak prompts the question of what effects Cd incorporation might 

have on film properties and device performance. To understand these effects, films and 

devices were prepared for which CdI2 was partially substituted for PbI2 in the perovskite 

precursor solution at 0.5, 1, 2, and 5 mol%. Device performance (Table 2) is highly sensitive 

to even the smallest level of Cd, and it suffers a particularly precipitous decline at levels 

of ≥1 mol%. While VOC is comparatively tolerant, JSC and fill factor are severely reduced on 

account of the kinks in the J–V curves (Figure 11), just as for over-annealed devices. This 

behavior therefore points to a connection between electrical barrier formation and the 

presence of Cd in the absorber. Note also that the relatively robust VOC suggests that SRH 

recombination due to bulk impurity defects is not an important factor.  

Table 2: Average performance metrics for Cd-doped PSCs as a function of CdI2 
concentration (as a molar percentage of total metal halide content) in the precursor 
solution, taken from forward (reverse) J–V sweeps using a measurement delay time of 
1 s. Uncertainty in the measurements is represented by the sample standard deviation. 
For 0, 0.5, 1, 2, and 5% Cd doping levels, 23, 10, 9, 13, and 12 devices of each respective 
type were used. 

doping level Voc (V)  Jsc (mA/cm2) FF (%) PCE (%) 

undoped 
0.990 ± 0.036 
(0.957 ± 0.028) 

19.70 ± 0.56 
(19.28 ± 0.82) 

53.6 ± 8.8 
(62.8 ± 8.0) 

10.5 ± 1.9 
(11.6 ± 1.7) 

0.5% CdI2 
0.994 ± 0.033 
(0.983 ± 0.026) 

19.76 ± 1.54 
(18.99 ± 1.61) 

45.8 ± 10.9 
(52.7 ± 12.2) 

9.1 ± 2.6 
(9.9 ± 2.5) 

1% CdI2 
0.889 ± 0.039 
(0.741 ± 0.119) 

14.89 ± 1.08 
(13.22 ± 2.53) 

21.5 ± 3.0 
(22.4 ± 4.4) 

2.8 ± 0.4 
(2.2 ± 0.6) 

2% CdI2 0.910 ± 0.029 13.40 ± 1.62 23.5 ± 3.7 2.8 ± 0.4 
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(0.753 ± 0.152) (12.89 ± 2.75) (28.6 ± 7.3) (3.0 ± 2.0) 

5% CdI2 
0.909 ± 0.034 
(0.789 ± 0.072) 

15.59 ± 2.38 
(12.77 ± 3.57) 

22.8 ± 3.2 
(27.5 ± 4.0) 

3.2 ± 0.5 
(2.9 ± 1.4) 

 

 

Figure 11: Representative J–V curves of CdS-based PSCs incorporating various 
levels of Cd, illustrating the development of an S-shape at or above 1 mol% added Cd. 
Reproduced with permission from Ref. 57. Copyright 2016 American Chemical Society. 

To better understand the relationship between film composition and device 

performance, we hypothesize that the problems originate in two spatially distinct regions: 

1) either diffusion of Cd into the perovskite absorber changes its bulk properties, which 

are most likely to be harmful if they induce deep defects, or 2) the observed Cd migration 

is a symptom of a chemically active interface at which surface defects might compromise 

performance, or chemical reactions generate secondary phases with unfavorable band 

alignment that block electron extraction. Prior literature provides some guidance as to the 

first possibility (deep defect levels induced by Cd impurities). Cathodoluminescence 

measurements of compounds with nominal composition MAPb0.9Cd0.1I3 retain relatively 
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intense band-to-band emission, suggesting that Cd incorporation is benign.259 DFT 

calculations also suggest that the CdPb substitutional impurity is unlikely to induce deep 

traps,260 but the CdMA impurity might do so,261 although this defect is probably less likely 

to form that the former. 

To experimentally verify these results and predictions, we perform TRPL on Cd-

alloyed and pristine control films deposited on soda-lime glass (Figure 12). These 

measurements show that there is a weak increase in carrier lifetimes when Cd is added, 

but it is not correlated with the specific amount. The lifetimes extracted from a 

biexponential fit are 26, 35, 32, 36, and 33 ns for 0, 0.05, 1, 2, and 5% Cd, respectively. The 

modest enhancement in lifetime may be associated with passivation of trap states, but it 

may also have a morphological explanation. SEM images (Figure 12) show larger grains 

in Cd-alloyed films, which may enhance carrier lifetime by reducing the grain boundary 

density and eliminating possibly harmful defects. Whatever the explanation for the slight 

increase in lifetime, these results clearly show that Cd is not necessarily detrimental to the 

optoelectronic qualities of the MAPbI3 films. These results corroborate the experimental 

and theoretical results described above and show that bulk property changes are unlikely 

to account for performance losses in the Cd-alloyed devices. This result is also sensible in 

the respect that defect-sensitive VOC is least affected by the presence of Cd. 
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Figure 12: Top-view SEM images of a pristine MAPbI3 film on CdS (main) or 
glass (inset) substrates (a); equivalent images for 0.5 (b), 1 (c), 2 (d), and 5 mol% Cd (e); 
TRPL decay curves for Cd-doped MAPbI3 films on glass (f). Adapted with permission 
from Ref. 57. Copyright 2016 American Chemical Society. 
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The SEM images contain additional information that supports the second 

hypothesis—i.e., that interfacial processes rather than bulk property changes are 

responsible for performance losses in Cd-alloyed devices. At Cd levels of 1 mol% or above, 

secondary phases appearing as light blobs are seen on the surface of the perovskite. These 

blobs are much less resistant to the electron beam than the perovskite, bubbling during 

image acquisition and burning away at high magnification (Figure 13). This instability 

suggests that the blobs are of a predominantly organic or possibly hybrid nature. EDX 

mapping provides a further clue as to their identity, as Cd Lα X-ray emission is enhanced 

in these regions relative to the background (Figure 13). Therefore, it is plausible that these 

blobs are composed of a hybrid Cd halide of analogous composition to the perovskite, 

although the precise stoichiometry is not available from the information discussed thus 

far. This phenomenon is nevertheless extremely informative for understanding the 

problems in the devices. The drop-off in solar cell efficiency occurs at precisely the Cd 

level corresponding to the observation threshold of secondary phases in SEM images—

i.e., 1% Cd. Thus, the solubility limit for Cd in MAPbI3 is probably quite low, and it is 

conceivable that Cd diffusion near the interface might be sufficient to drive local 

concentrations above the phase segregation limit. These phases would then account for 

the formation of an electrical barrier if their properties are unfavorable for electron 

extraction. Considering that a relatively small number of materials have been reported to 
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be suitable as ETLs for MAPbI3 and there is no reason to assume that this compound is 

one of them, this scenario is very likely to be the case.  

 

Figure 13: Top-view SEM/EDX images showing characteristics of bloblike 
secondary phases in MAPbI3 films induced by the presence of Cd. Holes are generated 
by exposure to the electron beam at low magnification (a), suggesting liquefaction or 
boiling; burn marks are evident in the blobs after high-magnification exposure to the 
electron beam (b); low-magnification SEM image (c) and corresponding EDX map (d) 
of one of the blobs, confirming its enrichment in Cd. Reproduced with permission from 
Ref. 57. Copyright 2016 American Chemical Society. 

To gather further information on the properties of the secondary phases, XRD 

measurements were taken on the Cd-alloyed perovskite films. An important change in 
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the patterns occurs at Cd levels corresponding to the apparent phase segregation 

threshold (i.e., 1 mol%) as determined from SEM and J–V measurements (Figure 14). Peaks 

at 2θ = 16.7 and 25.2° not assignable to MAPbI3 emerge at 1% (although they are barely 

visible at this point) and grow monotonically with increasing Cd content. The most 

obvious conclusion is that the secondary phases seen in SEM and those apparent in the 

XRD patterns are identical. Proceeding from the intuition that these phases consist of a 

hybrid cadmium iodide, we propose that reasonable stoichiometries given the available 

reactants and their probable valences—assuming no redox reactions take place—might be 

MAnCdI2+n for integer n. To test this hypothesis, we dissolve MAI and CdI2 in DMF in 1:1 

and 2:1 stoichiometries and spin coat the solutions onto glass substrates, with the intent 

of forming prospective MACdI3 or MA2CdI4. The resulting films are then annealed at 100 

°C for 10 min to drive off residual solvent, and thereafter characterized by XRD (Figure 

15). Distinct patterns are obtained, suggesting that formation of either MACdI3 or 

MA2CdI4 is possible. The latter compound possesses intense peaks at 16.7 and 25.2°, which 

are readily assignable to the non-perovskite reflections in the Cd-alloyed films and 

provide conclusive identification of the unknown secondary phase. In a more 

comprehensive study of methylammonium cadmium halides conducted after this work 

was originally published, Roccanova et al.262 obtained powder XRD patterns of solution-
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grown MA2CdI4 crystals that agree well with the results obtained in this work, supporting 

their assignment as a single phase. 

 

Figure 14: Normalized XRD patterns of MAPbI3 films containing various 
amounts of Cd deposited on glass, showing the gradual development of secondary 
phase peaks with Cd incorporation level, which may be assigned to (MA)2CdI4. MAPbI3 
peaks are denoted by asterisks (*); (MA)2CdI4 peaks have no associated symbols. 
Reproduced with permission from Ref. 57. Copyright 2016 American Chemical Society. 
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Figure 15: Normalized XRD patterns of: a pristine MAPbI3 film on glass (a); an 
MAPbI3 film incorporating 5% Cd (b); an MACdI3 film on glass (c); an MA2CdI4 film 
on glass (d); a pristine CdS film on ITO (e); a CdS/MAI film on ITO after annealing at 
75 °C for 10 min under MAI partial pressure (f). Adapted with permission from Ref. 57. 
Copyright 2016 American Chemical Society. 

 

The electrical properties of these secondary phases are still unknown, however. To 

gain additional knowledge, we perform UV-vis spectroscopy on the MACdI3 and 

MA2CdI4 films, both of which are colorless and therefore most probably insulators. An 
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absorption onset is visible for MACdI3 but not MA2CdI4. The former can be estimated to 

correspond to a band gap of 3.9 eV using a Tauc plot, regardless of whether a direct or 

indirect transition is assumed, while that of the latter must be at least 4.0 eV, which is the 

approximate onset of the glass substrate. Roccanova et al.262 record a linear absorption 

onset for MA2CdI4 films on quartz of 3.92 eV. The predominant MA2CdI4 phase is 

therefore indeed likely to be an insulator, and highly probable to form an electrical barrier 

at the MAPbI3-CdS interface. 

 

Figure 16: UV-vis absorption spectra of MACdI3 and MA2CdI4 films on glass, 
and a Tauc plot (inset) for extracting the band gap of MACdI3, assuming a direct 
transition (assuming an indirect transition yields the same result). Reproduced with 
permission from Ref. 57. Copyright 2016 American Chemical Society. 

A final line of investigation focuses on the mechanism by which MA2CdI4 forms at 

the interface. While simple diffusion might account for this behavior, it is possible that 

chemical reaction may also play a role, particularly in view of the potential for MAI to 
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decompose into methylamine and hydrogen iodide. As the latter is a strong acid capable 

of dissolving CdS, it is entirely possible that interfacial reactions might be activated. We 

may therefore propose the following reaction scheme. Initially, MAPbI3 thermally 

decomposes into MAI and PbI2: 

 MAPbI3(s) → PbI2(s) + MAI(g). (12) 

Next, the MAI so generated further dissociates into methylamine and hydrogen iodide, 

the former of which may escape the film: 

 MAI(g) → CH3NH2(g↑) + HI(g). (13) 

Finally, hydrogen iodide and cadmium sulfide undergo a double displacement reaction 

that forms hydrogen sulfide and cadmium iodide: 

 2HI(g) + CdS(s) → H2S(g↑) + CdI2(s). (14) 

The hydrogen sulfide presumably evolves from the film, leaving a deposit of CdI2 at the 

interface that may then react with more MAI furnished by further decomposition of 

MAPbI3. Since the probable product, as established by XRD measurements, is MA2CdI4, 

we can write a net reaction representing this worst-case scenario: 

 4MAPbI3(s) + CdS(s) → H2S(g↑) + 2CH3NH2(g↑) + 4PbI2(s) + MA2CdI4(s). (15) 

In this case, the most problematic solid product is likely to be PbI2 rather than MA2CdI4 

simply because 4 moles of perovskite are required to produce one of MA2CdI4, and PbI2 is 

the necessary byproduct of this reaction. Regardless of the distribution of the final 
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products, however, the result is likely to be the same. As noted above, both 

methylammonium cadmium iodides have wide band gaps, CdI2 is also reported to have 

a wide band gap of over 3 eV,263-264 and PbI2 has a narrower band gap but its CBM is 

nevertheless unfavorable for electron transfer from the perovskite.65 Therefore, any of the 

proposed reactions occurring at the interface will inevitably result in the accumulation of 

compounds that will interfere with the ability of the remaining CdS to extract electrons.  

 To show that the proposed reactions are plausible, we investigate the possibility 

that MAI reacts with CdS.  CdS films were deposited on ITO rather than FTO to avoid 

XRD peak overlap of FTO with the only observable peak of CdS at ~27° (Figure 15). The 

CBD CdS films do not adhere well to glass, so this substrate is not practical either. MAI 

was thereafter spin coated on the CdS film from an IPA solution, and the film was 

annealed at 75 °C for 10 min under a cover together with a small amount of MAI powder 

on a nearby glass slide to maintain a saturated atmosphere. Comparison of the XRD 

patterns of MAI-treated CdS film with a pristine one (Figure 15) immediately reveals that 

MA2CdI4 as well as MAI is present on the former, showing that this phase easily forms at 

temperatures well below typical perovskite annealing temperatures if the ambient 

chemical potential of MAI is high enough. These results unambiguously show that 

electron-blocking secondary phases can form either by physical (i.e., diffusion followed 

by phase segregation) or chemical (i.e., direct reaction at the interface) mechanisms, and 
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that these mechanisms are activated by temperatures frequently encountered during 

device processing and potentially even operation. 

3.2.3. Outlook for the CdS ETL 

From this work, we learn that, on the one hand CdS is an inexpensive ETL 

transport layer that can be deposited by a low-temperature and scalable method (i.e., 

CBD), living up to its promise of facilitating low-cost, high-performance PSCs. On the 

other hand, we also learn that the MAPbI3-CdS interface is far from inert, at best easily 

allowing Cd from the substrate to permeate the overlying perovskite film, and at worst 

forming secondary phases at the electron-extracting interface that cripple device 

performance. While high efficiency devices can be produced despite Cd migration, 

interfacial activity may undermine long-term device stability, particularly under realistic 

power-generating conditions where solar cell temperature may rise significantly above 

ambient. Although the use of CdS as the ETL may be inadvisable for this reason, the 

knowledge and characterization of these interactions provide useful insights into the 

potential for MAPbI3 and other hybrid perovskites to undergo similar phenomena with 

other ETL or HTL candidates. This work establishes a protocol for understanding such 

interactions, and as such, the MAPbI3-CdS interface should serve as a useful model system 

to help guide further investigations. 
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Despite its instability, CdS retains several advantages in the respects that it is 

compatible with high-performance PSCs, requires a low energy input for deposition, and 

is fabricated by a quick and scalable process. Future work might therefore focus on first 

determining whether the interfacial instability poses a long-term threat to efficient device 

operation, or if PSCs can be operated indefinitely as long as the temperature remains 

below a critical threshold. If the latter is true, CdS-based PSCs might still be commercially 

attractive, and further efforts should therefore focus on boosting device performance. If 

not, it may be worthwhile to investigate interface passivation strategies—for example, by 

depositing thin diffusion barriers on the CdS film prior to perovskite deposition. These 

barriers might be several monolayer-thick films of alumina or similarly inert oxides. Just 

as the reaction between CdS and MAPbI3 exemplifies a more general class of interfacial 

instabilities in halide semiconductors, pursuit of passivation layers may prove to be an 

essential step in the development of technologies based on these materials, and provide 

useful scientific knowledge beyond the limited area of PSCs.  

3.3 Delafossite CuCrO2 Hole Transport Layer 

The motivation for studying CuCrO2 is much the same as that for studying CdS. 

Low-temperature processing, earth-abundance, and performance are needed as urgently 

for the HTL as for the ETL, and development of the former is therefore a complementary 

challenge to the latter. Similar considerations apply as in the case of the ETL, with many 
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promising organic HTLs being cost-prohibitive while many p-type ceramic materials 

require unacceptably high processing temperatures.  Delafossite copper oxides are a class 

of materials that may offer a promising answer to this problem. Materials with this crystal 

structure have general chemical formula CuMO2, where M is a trivalent cation (usually a 

metal) such as B, Al, Sc, Cr, Fe, Co, Ga, Y, Rh, In, or La, and other monovalent metals may 

be substituted for Cu, including Ag, Pt, or Pd.231, 265-270 Many delafossites display properties 

that are nearly ideal for an HTL in MAPbI3 solar cells—i.e., well-matched VBM, high work 

function/strong p-type doping, and a wide band gap. Some prior reports have proven 

their potential in this role, including CuGaO2, which can be deposited on top of the 

perovskite at room temperature and lead to PCE over 18%,54 and multiphase films 

comprising CuCrO2, CuCr2O4, and binary oxides prepared by a sol-gel process, leading to 

PCE over 17%.271 Despite their demonstrated success, both of these HTLs have some 

drawbacks. Plate-like CuGaO2 nanoparticles composing the film result in rough and 

porous morphology, which may be problematic from the perspective of device stability 

due to the possibility of percolating voids that facilitate ingress of harmful atmospheric 

species. The multiphase HTL is undesirable because some of these phases have band 

positions that are unsuitable for hole extraction (e.g., CrOx)271 or low band gaps that might 

parasitically absorb light (e.g., CuOx),272-274 limiting the efficacy of the layer. CuCrO2 

represents a favorable alternative to these materials, which can be obtained in phase-pure 
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nanoparticle form using microwave-assisted hydrothermal synthesis.231 These particles 

are much smaller and more isotropic than what may be obtained for CuGaO2, permitting 

the formation of more compact films. Here, we employ CuCrO2 films, prepared by spin 

coating solutions of nanoparticles prepared by conventional hydrothermal synthesis, as a 

room-temperature deposited HTL in MAPbI3 solar cells that reach stabilized PCE >14%. 

Using a synthesis of theory and experimental measurements, we further investigate 

structure-property relationships in the CuCrO2 nanoparticles and discover that, although 

not all particle crystallographic orientations are ideal for hole extraction, this shortcoming 

is neutralized using a nanoparticle deposition approach. Doing so randomizes these 

orientations, preserving favorable transport properties and accounting for the high 

performance that we obtain for the solar cells. 

3.3.1. The Band Structure of Delafossite CuCrO2 

Like many layered compounds, the delafossite crystal structure comprises 

different polytypes that depend on how the component layers are stacked. The basic 

structural motifs of delafossite CuCrO2 are layers of edge-sharing CrO6 octahedra, 

between which are intercalated triangular sheets of Cu cations.270 Depending on how the 

CrO6 layers are stacked, either a hexagonal 2H or rhombohedral 3R polytype may form 

(Figure 17), corresponding to ABABAB… and ABCABCABC… stacking sequences, 

respectively.270 Here, “A,” “B,” and “C” refer to possible positions of the CrO6 layers. Ball 
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and stick models of the polytypes reveal an additional distinguishing feature, which is 

that in the 2H polytype, the inclination of the CrO6 octahedra alternates between adjacent 

layers, whereas in the 3R polytype the inclination is the same in every layer. The DFT 

calculations predict an intriguing aspect of this structure, which is that, although previous 

reports suggest that the 3R phase is stable and 2H is metastable,232-233, 275 the formation 

energy difference between these phases is only 1 meV. It is therefore ambiguous as to 

which phase is truly favorable, implying that both polytypes are likely to be present in 

experimental attempts to synthesize these materials. 
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Figure 17: Crystal structures of the 2H and 3R polytypes of delafossite CuCrO2 
(a); comparison of the band positions of delafossite CuCrO2 relative to MAPbI3 (b); 
band structures of the 2H and 3R polytypes (c). Reproduced by permission of The Royal 
Society of Chemistry from Ref. 234. 

Given the possibility of the presence of multiple polytypes, the band structures of 

both were calculated to determine whether there might be important consequences for the 

optoelectronic properties of the films (Figure 17). The band structures were calculated at 

the LDA+U level of DFT, taking U = 3.7 and 6.5 eV for Cr and Cu, respectively. Although 
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there are subtle differences between the 2H and 3R band structures, the CBM and VBM 

are largely unaffected by the difference in structure. The overall film properties should 

therefore be relatively insensitive to the polytype composition of the film, as long as it 

comprises phase-pure delafossite CuCrO2. The overall similarity of the band structures 

reflects the similarity of the polytype structures. Note especially that interlayer ordering 

is mediated by the intercalated Cu sheets, and the Cu—O bonds that form between them 

and the chromium oxide layers. This bonding geometry is largely unaffected by the 

inclination of a given octahedral layer, so it is not particularly surprising that the 

formation energy of a given polytype is insensitive to the layer stacking sequence. 

We conclude the discussion of the CuCrO2 band structure by noting that, as for 

most layered crystal structures, the configurational anisotropy is associated with a 

corresponding carrier transport anisotropy. The minimum hole effective mass in the plane 

of the CrO6 sheets is 2.1 m0, whereas the largest out-of-plane effective mass is 47.7 m0. 

Although this latter value is undesirable for hole transport across the film, this problem 

can be alleviated by leveraging the nanoparticle-based deposition approach used in this 

work. As noted previously, a key advantage of this process is that these nanoparticles 

possess a small size, low aspect ratio, and generally isotropic shape,231 in contrast with 

CuGaO2, which adopts a particle morphology of flakes or platelets that is more typical of 

layered compounds.54, 276 These attributes should allow formation of films that are not only 
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densely packed, but randomly oriented. This randomization should form percolation 

networks among transport-favorable crystallographic directions connecting the top and 

bottom surfaces of the film and thereby recovering its hole-extracting efficacy, as shown 

schematically in Figure 18. A final note regarding theoretical property predictions is that 

GW calculation of the ionization potential and electron affinity yields values of 5.1 and 1.9 

eV, respectively (Figure 17), which are ideally suited to hole extraction from MAPbI3 and 

furnish a band gap wide enough for minimal light absorption. 

 

Figure 18: Schematic illustration of hole percolation through a CuCrO2 
nanoparticle film, demonstrating how randomization of crystallographic orientation 
neutralizes the presence of unfavorable transport directions. 

3.3.2. Properties of CuCrO2 Films 

The component CuCrO2 nanoparticles were first characterized by XRD to confirm 

the proper phase composition (Figure 19). The resulting patterns are encouragingly 



 

112 

 

similar to those reported by Xiong et al.237 as well as those obtained from other 

hydrothermal processes,277-278 but the irregular shapes of the peaks, particularly the (10l) 

series, raise some questions. The broadening and asymmetry of these peaks combined 

with overlap of many of the 2H and 3R peaks somewhat complicates the analysis of the 

XRD patterns. Describing the nanoparticle XRD pattern as a superposition of these two 

structures may be an oversimplification, however. Similar features have been observed in 

XRD patterns of delafossite CuScO2,279 and more generally in other layered inorganic 

compounds that can also be prone to stacking disorder, such as graphite280 or MoS2.281 In 

the case of CuScO2, certain reflections—i.e., the (110) and (00l) peaks, which are 

indistinguishable between 2H and 3R polytypes—remain sharp and undistorted, while 

the others broaden, shift, or become asymmetric. These effects are attributed to stacking 

faults,279 which will naturally be noticeable for the orientations that mix on- and off-axis 

directions with respect to the basal plane but will not affect orientations such as (00l) or 

(110) because these defects cannot disrupt the ordering along these planes. As noted 

above, the small energy difference between 2H and 3R polytypes in CuCrO2 implies that 

the overall structure is highly insensitive to the stacking of adjacent layers, leading to 

conditions where stacking faults should be expected to form. The existence of these defects 

is thus a plausible explanation for these somewhat unusual features of the XRD patterns 

(note additionally that the peaks should be broad regardless of whether stacking faults 
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are present, due to the small size of the nanoparticles). Another key point is that because 

the in-plane ordering of the CrO6 layers is unaffected by these defects and that carrier 

transport is only favorable within the plane, the existence of stacking faults will be entirely 

inconsequential for the performance of films composed of these nanoparticles. The XRD 

patterns do not contain peaks that can be readily assigned to other possible phases such 

as CuO, Cu2O, Cr2O3, or CuCr2O4. 
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Figure 19: XRD pattern of CuCrO2 nanoparticles, together with stick patterns for 
the 2H and 3R polytypes (a); TEM images of the nanoparticles showing lattice fringes 
corresponding to the 2H-(002)/3R(003) reflections (b) and 2H-(101) or 3R-(101) or (012) 
reflections (c). Reproduced by permission of The Royal Society of Chemistry from Ref. 
234. 

TEM images confirm the small size of the nanoparticles, ~10 nm (Figure 20), and 

display lattice fringes matching prominent d-spacings in the XRD patterns: 5.75 Å, 

matching the 2H-(002)/3R-(003) peak at 15.4°, and 2.51 Å, matching the peak at 35.7° and 

the 2H-(101) or possibly 3R-(101) or (012) reflections (Figure 19). XPS measurements 
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(Figure 20) of the as-synthesized nanoparticle powders are consistent with expected metal 

valences of Cu+ and Cr3+, increasing confidence that impurity phases are absent (at least, 

those containing other valences). We may therefore conclude that the nanoparticles are 

indeed the target CuCrO2 phase, albeit a mixture of heavily stack-faulted polytypes; as 

noted above, however, this disorder should not impact the HTL film properties. 

 

Figure 20: TEM image of CuCrO2 nanoparticles (a) showing small size and low 
aspect ratio of the particles; XPS spectra of Cr, Cu, and O peaks (b) in the nanoparticles. 
Reproduced by permission of The Royal Society of Chemistry from Ref. 234. 
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Figure 21: SEM images of CuCrO2 films on ITO for different coating cycles and 
hence film thicknesses, demonstrating conformal coverage of the substrate even for the 
thinnest films (3 coats/~15 nm). Scale bars for high-magnification images (a-c): 500 nm; 
scale bars for low magnification images (d-f): 1 μm. Reproduced by permission of The 
Royal Society of Chemistry from Ref. 234. 

CuCrO2 films were prepared by suspending the nanoparticles in alcohol and spin 

coating the resulting dispersion onto soda-lime glass or ITO substrates for 

characterization or device fabrication, respectively. The small size and low aspect ratio of 

the nanoparticles allows the formation of films that are very thin without sacrificing 

compactness. The film thickness is controlled by repeatedly spin coating onto the same 

substrate, with SEM images for films prepared using 3, 6, or 9 coating cycles showing that 

ITO can be completely covered even within 3 coats (Figure 21). AFM measurements 

corroborate these results and indicate low RMS roughnesses (Figure 22), although they 

increase with thickness: 9.0, 13.7 and 14.3 nm over a 5 μm × 5 μm area for 3, 6 and 9 coats, 

respectively. UV-vis spectra of CuCrO2 films on glass indicate increasing absorption 
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below ~380 nm with thickness, accompanied by a much subtler increase in broadband 

absorption (Figure 23). Tauc plots indicate either a direct transition at 3.25 eV or an 

indirect transition at 3.1 eV. The latter is in excellent agreement with the band structure 

calculations, which indicate a 3.2 eV indirect gap. Ellipsometry measurements (Figure 23) 

indicate that the extinction coefficient k(λ) has the same behavior as the UV-vis spectra. 

Fitting of the 3, 6, and 9-coat films indicates respective thicknesses of 15, 30, and 45 nm. 

Photoelectron spectroscopy in air (PESA) measurement of the CuCrO2 films yields an 

ionization energy of 5.31 eV (Figure 23), close to both the calculated value as well as the 

VBM of MAPbI3. The work function as measured by Kelvin probe force microscopy is 5.36 

eV, indicating strong p-type doping. The combination of wide band gap, well-matched 

VBM, and high hole concentration is therefore ideal for use as the HTL in MAPbI3 solar 

cells. 
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Figure 22: AFM images of bare ITO (a,e) and ITO/CuCrO2 (b-d,f-h) films, 
corroborating the conformal coverage seen in Figure 21 and demonstrating roughnesses 
that are roughly equal to the size of the nanoparticles themselves, which indicates that 
nanoparticle aggregation is unfavorable. Reproduced by permission of The Royal 
Society of Chemistry from Ref. 234. 
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Figure 23: UV-vis absorption measurements of CuCrO2 films deposited on glass 
(a); Tauc plots of the same films, indicating a direct band gap at ~3.3 eV (b); ellipsometry 
measurements of the refractive index n (red line) and extinction coefficient k (black 
line) on a CuCrO2 film on glass (c); PESA measurements of a CuCrO2 film on glass (d), 
from which an ionization energy of 5.31 eV is extracted. Reproduced by permission of 
The Royal Society of Chemistry from Ref. 234 

3.3.3. MAPbI3 Solar Cells Using a CuCrO2 HTL 

Perovskite films were spin coated onto ITO/CuCrO2 substrates using a modified 

recipe developed by Ahn et al.98 These films were characterized by XPS, XRD, and SEM to 

verify their quality and to detect possible interactions between the perovskite and 
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substrate. The XRD pattern of a representative film comprises peaks characteristic of 

MAPbI3 and the ITO substrate, indicating that the film is essentially phase pure (Figure 

24). The perovskite peaks themselves are sharp, indicating high crystallinity and good 

grain size. SEM images corroborate this impression (Figure 24), displaying a 

microstructure composed of compact, large grains. Some bright rod-like features can be 

observed in lower-magnification SEM images, which may be small inclusions of PbI2 that 

are below the threshold of detection by XRD, or else are oriented in a way that does not 

produce intense reflections. XPS measurement of the ITO/CuCrO2/MAPbI3 film stack 

yields only the expected component elements of MAPbI3 (i.e., C, N, I, Pb) but not Cu or Cr 

(Figure 24). While this observation does not prove that the interface is perfectly inert, it 

appears to be significantly more so than that with CdS, an encouraging sign that bodes 

well for the stability of prospective devices. Overall, the perovskite film characterization 

indicates that they are suitable for integration into solar cells, by virtue of the large grains, 

lack of secondary phases evident in XRD, and reasonably quiescent interface. 
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Figure 24: XRD pattern (a) of an MAPbI3 film deposited on ITO/CuCrO2, 
showing strong and sharp reflections characteristic of good crystallinity; low (b) and 
high (c) magnification images of a corresponding MAPbI3 film, showing a compact 
network of large grains; XPS spectrum of a corresponding MAPbI3 film (d), displaying 
only elements that are characteristic of the perovskite (i.e., C, N, I, Pb) but none from 
the CuCrO2 substrate. Reproduced by permission of The Royal Society of Chemistry 
from Ref. 234. 

Devices were completed by evaporating a C60/BCP bilayer onto the 

ITO/CuCrO2/MAPbI3 stack as ETL, followed by Ag anodes. Thickness of the CuCrO2 HTL 

was varied by using different coating cycles, affording films 15, 17, 21, 23, 30, 33, and 45 

nm thick according to ellipsometry measurements. The device schematic is shown in 

Figure 25 together with a corresponding cross-sectional SEM image and band diagram, 

drawn using the PESA and optical measurements for CuCrO2 and literature values for the 

other layers.282 J–V measurements (Figure 26 and Table 3) of the devices show that the 

optimal thickness is 23 nm. As in the case of CdS, there is a similar attenuation in JSC with 



 

122 

 

thickness that may be predominantly ascribed to parasitic absorption. This effect is 

duplicated in the EQE curves of representative devices (Figure 26), where a clear increase 

in severity of the shortwave notch correlates with an increase in thickness. Development 

of the notch is accompanied by a weaker broadband reduction, which might also relate to 

the relatively weak increase in sub-band gap absorption of the CuCrO2 films noted in the 

previous section. The VOC does not appear to be impacted in any meaningful way by the 

CuCrO2 thickness. The fill factor exhibits the greatest range of variation, and as such has 

the greatest overall impact on efficiency, which bears the same general dependence on 

CuCrO2 thickness as the fill factor. At higher thickness, fill factor is reduced, most likely 

due to an increase in the series resistance of the HTL. At low thickness, the film 

presumably becomes more vulnerable to voids or other discontinuities as the thickness 

approaches the size of the component nanoparticles. It is a testament to the packing ability 

of these nanoparticles that optimal performance can be obtained from films that are only 

a little over twice as thick as the particles themselves, and sensible in view of the AFM 

measurements that indicate film roughness to be roughly equal to the nanoparticle 

diameter, which demonstrates their resistance to aggregation. Although the device J–V 

characteristics display hysteresis, the difference between the forward and reverse scans is 

small, indicating a relative absence of trap states at the perovskite/HTL interface. 

Performance also increased slightly when devices were aged overnight in the dark in a 



 

123 

 

N2-filled glovebox. The best-performing device (using a 23 nm thick CuCrO2 layer) 

improved to 14.33% (13.94%) forward (reverse) scan PCE after this treatment, up from 

13.25% (13.10%) (Figure 26). Time-dependent photocurrent measurements provide close 

agreement with the J–V scans, showing stabilized efficiency of 14.2% at 0.8 V applied bias 

(Figure 26). 

 

Figure 25: Device schematic of the CuCrO2-based solar cells (a); cross-sectional 
SEM image of one such device (b); band diagram of the corresponding layers in the 
devices (c). Reproduced by permission of The Royal Society of Chemistry from Ref. 234. 
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Figure 26: Open-circuit voltage (a), short-circuit current (b), fill factor (c), and 
PCE (d) of CuCrO2-based PSCs for various ETL thicknesses, estimated from forward 
(blue) and reverse (red) J–V scans; EQE measurements of representative devices for each 
thickness of HTL (e); J–V curves (f) and stabilized photocurrent/efficiency (g) of the 
best-performing device. Reproduced by permission of The Royal Society of Chemistry 
from Ref. 234. 
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Table 3: Average solar cell parameters for various CuCrO2 film thicknesses from 
forward (reverse) J–V sweeps using a measurement delay time of 1 s. Uncertainty is 
represented by the sample standard deviation. For 15, 17, 21, 23, 30, 33, and 45 nm films, 
19, 10, 5, 13, 30, 13, and 21 devices were measured for each respective thickness. 

CuCrO2 Thickness Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

15 nm 0.934 ± 0.022 
(0.937 ± 0.029) 

20.2 ± 0.3 
(20.1 ± 0.3) 

57.1 ± 5.4 
(56.4 ± 6.5) 

10.8 ± 1.2 
(10.6 ± 1.4) 

17 nm 0.937 ± 0.008 
(0.950 ± 0.008) 

19.5 ± 0.5 
(19.1 ± 0.5) 

62.6 ± 1.6 
(64.9 ± 1.5) 

11.5 ± 0.4 
(11.8 ± 0.3) 

21 nm 0.963 ± 0.027 
(0.975 ± 0.027) 

18.8 ± 0.8 
(18.6 ± 0.8) 

65.6 ± 2.4 
(67.1 ± 3.4) 

11.8 ± 0.5 
(12.1 ± 0.5) 

23 nm 0.920 ± 0.010 
(0.935 ± 0.017) 

20.0 ± 0.3 
(19.7 ± 0.2) 

69.5 ± 3.1 
(69.2 ± 2.9) 

12.8 ± 0.6 
(12.7 ± 0.6) 

30 nm 0.926 ± 0.016 
(0.935 ± 0.023) 

19.7 ± 0.5 
(19.1 ± 0.7) 

65.7 ± 3.1 
(67.0 ± 3.0) 

12.0 ± 0.7 
(12.0 ± 0.7) 

33 nm 0.917 ± 0.022 
(0.927 ± 0.015) 

18.7 ± 0.8 
(17.5 ± 1.0) 

64.4 ± 2.2 
(68.2 ± 1.6) 

11.0 ± 0.5 
(11.0 ± 0.5) 

45 nm 0.928 ± 0.015 
(0.932 ± 0.025) 

19.0 ± 0.4 
(18.2 ± 0.5) 

60.2 ± 2.9 
(63.2 ± 3.5) 

10.6 ± 0.6 
(10.7 ± 0.7) 

 

3.3.4 Outlook for the CuCrO2 HTL 

Theoretical and experimental investigation of the properties of CuCrO2 films 

together with assessment of their performance in MAPbI3 solar cells indicate that they do 

indeed live up to their promise as low-cost, efficient HTLs.  Shortcomings inherent to the 

delafossite crystal structure—i.e., phase disorder stemming from coexistence of 

isoenergetic polytypes, propensity to form stacking faults, and the existence of 

crystallographic directions unfavorable for hole transport—are alleviated using the 

nanoparticle approach for film deposition or otherwise not critical for device operation. 

This approach facilitates not only the formation of smooth and conformal films, but also 

randomization of crystallographic orientations, necessary to assure good hole transport 
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from the perovskite to the electrode. The resulting films are shown to work effectively as 

HTLs, as evidenced by the demonstration of PCE > 14%, illustrating that CuCrO2 may 

offer a resolution to the challenge of finding a material that is both effective and cheap in 

terms of both material and processing costs.  

While this work demonstrates that CuCrO2 can satisfy the essential objectives of 

increasing solar cell efficiency and reducing cost, we have not investigated the stability of 

CuCrO2-based PSCs in detail. Assessing this aspect of device operation will be crucial to 

determine whether CuCrO2 proves compatible with the architecture of commercially 

viable PSCs, and future work should therefore focus on this objective. In that spirit, long-

term stability tests of CuCrO2-based PSCs are currently underway in collaboration with 

researchers at the National Renewable Energy Laboratory, which will provide more 

insight into whether the benefits of this material are sustainable under prolonged power-

generating conditions. 
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4. Lamination of Hybrid Perovskite Thin Films 
A key drawback of conventional PSC processing approaches, particularly in the 

context of stable device architectures, is that each device layer is fabricated sequentially. 

This approach is especially problematic for layers deposited on top of the perovskite 

absorber, since its intolerance to heat and common solvents precludes the use of a wide 

range of top contact materials. Crucially, such materials include many rugged ceramics 

that could otherwise serve as effective moisture barriers as well as efficient ETLs or HTLs. 

Consequently, most PSC designs involve organic semiconductors, which yield high 

efficiency but offer poor environmental resistance and are often very expensive. For these 

devices, stability must be guaranteed by encapsulating them, an effective but costly step. 

Another problem posed by layer-by-layer approaches in the context of manufacturing is 

the reduction in throughput when all fabrication steps are completed serially, 

highlighting an opportunity to streamline fabrication if some of these steps may instead 

be performed in parallel.  

Lamination offers a way to provide the stability afforded by encapsulation while 

increasing throughput, since two halves of the device can be fabricated simultaneously, 

then brought together in the final step. Lamination of PSCs has thus far been performed 

in a variety of ways, including solid-state fusion of perovskite films deposited on 

opposing substrates,142, 283 exfiltration of solvent from a perovskite precursor solution in a 
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capillary formed between substrates,284 exfiltration of solvent from a “wet” hole transport 

layer in a similar capillary with the perovskite pre-deposited on one of the substrates,285 

or melting of a conductive glue to bond a transparent conductive oxide (TCO)-coated 

substrate to a premade cathode/HTL/perovskite/ETL stack.286 All of these methods except 

the last share the common drawback that lamination occurs relatively slowly, requiring 

10 minutes or more (in some cases, hours),284-285 obviously undesirable in the context of a 

production line, although devices with reasonable PCE (10-15%) can be produced. The 

conductive glue approach occurs more quickly, on the scale of a few minutes, but has 

delivered less inspiring performance, with the best reported PCE <10%.286 Further 

challenges for lamination methods are that relatively little is known about the behavior of 

perovskites used as the absorber under the elevated temperatures (often 150 °C or more) 

and pressures involved, and the possibility of reactions with adjoining materials that may 

be dormant at conventional processing temperatures. 

In this chapter, we aim to better understand behavior of hybrid perovskites under 

the more unusual conditions experienced during lamination, with the goal of 

demonstrating improved solar cell performance from a rapid (<5 min) lamination 

procedure. To determine the most promising device architecture and lamination 

approach, we begin with the absorber. We first consider the behavior of two perovskite 

absorber candidates, a partially meltable Ruddlesden-Popper perovskite with chemical 
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formula β-MePEA2MA3Pb4I13, and the well-studied prototypical hybrid perovskite 

MAPbI3. (Here, β-MePEA+ represents a phenethylammonium cation with a methyl group 

attached on the carbon nearest to the phenyl ring in the ethylammonium chain—i.e., β-

methylphenethylammonium or 1-ammonium-2-phenylpropane.) We have previously 

demonstrated that the 2D perovskite β-MePEA2PbI4 melts before decomposition,186 a 

highly unusual feature of Pb-based perovskites that is likely due to steric hindrance from 

the β-methyl group, by analogy to other low-melting perovskites based on branched 

alkylamine cations.187 We anticipate that the higher-n members of the β-MePEA-derived 

Ruddlesden-Popper series (i.e., β-MePEA2MAn-1PbnI3n+1, for which β-MePEA2MA3Pb4I13 is 

the “n = 4” member) may exhibit favorable melting characteristics, facilitating substrate 

lamination approaches using the perovskite melt itself as the adhesive. As the other 

reported lamination processes involve non-meltable MAPbI3, it is also worthwhile to 

understand this compound’s behavior under a wide range of temperatures and pressures. 

Following from this understanding of how these perovskites behave in isolation, the next 

step is to investigate the potential for interaction of the perovskite with the ETL and HTL 

materials SnO2 and NiOx, both of which have a reputation for delivering high solar cell 

performance as well as operational stability.287-288 Finally, applying knowledge gained 

from studies of the intrinsic and interfacial properties of the absorber materials, we 
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fabricate laminated MAPbI3 solar cells using a quick, high pressure process that reach PCE 

of over 10%.  

This work represents a collaboration with Dr. Tianyang Li in Prof. David Mitzi’s 

group at Duke University, who assisted in the synthesis and preparation of precursor salts 

and solutions and provided helpful advice over the course of the project. The text in this 

chapter is original to this dissertation and is the sole work of its author. 

4.1 Experimental Methods 

4.1.1. Hot Pressing of Perovskite Films 

To subject perovskite films to processing conditions relevant for laminating, the 

author designed and constructed a homemade press (Figure 27). The press consists of two 

stainless steel plates bearing boreholes to accommodate cartridge heaters, thermocouples, 

and cooling channels. The bottom plate is stationary, while the top plate affixes to the end 

of a ram driven by a pneumatic cylinder backed by a regulated nitrogen bottle. Gas is then 

directed to the upper or lower chamber of the cylinder via a dual ball valve to lower or 

raise the plate, respectively. The hot plates are mechanically isolated from possible 

misalignment of the ram and the press baseplate by two sheets of high-temperature 

silicone. A Mykroy® ceramic slab between each plate and silicone sheet serves as a 

thermal barrier. The pressure Pfilm experienced by the film can be calculated from the 

cylinder pressure Pcyl (as read off the regulator gauge), the internal area of the piston (a 
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known quantity, Acyl ≈ 15.9 in2 = 102.6 cm2), and the contact or overlap area of the substrate 

or substrates being pressed (Afilm ≈ 4 cm2, unless otherwise noted). The force F exerted by 

the gas in the cylinder is the same as that experienced by the film, and may be related to 

Pcyl and Pfilm as follows: 

𝑃𝑃cyl𝐴𝐴cyl = 𝐹𝐹 = 𝑃𝑃film𝐴𝐴film. 

For the specified cylinder and film configuration, the pressure multiplication factor to 

convert the pressure in the cylinder to that experienced by the film is therefore the ratio 

of their areas: 

𝑃𝑃film = 𝑃𝑃cyl
𝐴𝐴cyl
𝐴𝐴film

≈ 25.7𝑃𝑃cyl. 

For the setup used in this work, the bottle regulator limits the cylinder pressure to about 

120 psi, thus limiting the maximum exertable pressure on a 2 cm square film to about 3100 

psi. The lowest regulated pressure is 5 psi, corresponding to an equivalent film pressure 

of about 120 psi. The temperatures of top and bottom plates are controlled independently, 

enabling application of a temperature gradient. The thermocouples are placed as close as 

possible to the region of the plate contacting the substrate to estimate film temperature as 

accurately as possible. Channels in both plates are connected to a cold water tap in the 

lab, allowing the plates to be rapidly cooled while the films are still under pressure 

(shutoff valves in the cooling lines enable the plates to be cooled independently).  
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In a typical experiment to gauge the effects of a given temperature and pressure 

on a film, the plates are preheated to the desired temperature. Once that temperature is 

reached, a stack comprising a substrate with the film under test, a thin PTFE sheet 

(preventing transfer of the film off the substrate), and a top substrate (to prevent the PTFE 

sheet from sticking to the top plate) are placed on the bottom plate, and the top plate is 

lowered onto the stack. After a specified duration (60 s unless otherwise noted), the plates 

are cooled by opening the cold water tap, and the pressure is slowly relieved in the 

meantime. Once the plates have both cooled below 50 °C, the top plate is raised and the 

stack is removed. The film is then exposed by carefully peeling off the PTFE sheet and 

thereafter characterized or used to make a device, as described in section 4.1.3. Bonding 

of substrates is achieved by a similar method, where no PTFE is used and the film-coated 

substrates are placed face to face in the press. The bonded substrates can be separated 

afterwards for characterization by forcing a razor blade into the gap between them. 

Fabrication of devices via this method is described further in section 4.1.4. 
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Figure 27: Schematic and photograph of the home-built press used in this work. 

4.1.2. Fabrication of Perovskite Films 

All perovskite films described in this chapter were initially prepared by spin 

coating and then subsequently subjected to the hot-pressing treatment (either to achieve 

lamination or to simply apply heat/pressure). Soda-lime glass (Electron Microscopy 
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Sciences, 1.2 mm thick) or patterned ITO-coated glass substrates (Kintec, 10 Ω/sq, 1.1 mm) 

were sonicated for 10 min in acetone, rinsed with deionized water, gently scrubbed in 

isopropanol, sonicated for a further 10 min in isopropanol, blow-dried, and then plasma-

cleaned under a mixture of Ar and O2 for 10 minutes immediately before use. (β-

MePEA)2(MA)3Pb4I13 films were prepared by spin coating (4000 rpm for 25 s) a 

stoichiometric solution of the precursors in DMF wherein [Pb2+] = 1 M, then annealing the 

resulting films on a ceramic hot plate at 100 °C for 5 min. The solution used to deposit 

MAPbI3 films was prepared by dissolving 1 g PbI2, 327.6 mg MAI, and 18.0 mg KI in 1.38 

mL DMF and 0.154 mL DMSO. This solution was spun at 4000 rpm for 25 s; 12 s after 

starting the spin, 1 mL diethyl ether was cast onto the substrate, following a slightly 

modified process developed by Ahn et al.98 The films were thereafter annealed at 60 °C for 

1 min on an aluminum hot plate and at 110 °C for 10 min on a ceramic hot plate. All 

solutions were filtered through a 0.2 μm PTFE syringe filter before use. 

4.1.3. Preparation of Hot-Pressed Half-Devices for Interfacial Studies 

NiOx-based solar cells were prepared in an ITO/NiOx/MAPbI3/C60/BCP/Ag 

architecture starting from a hot-pressed half-device. First, ITO-coated soda-lime glass 

substrates (Kintec, 10 Ω/sq, 1.1 mm thick) were sonicated in acetone for 10 min, rinsed in 

deionized water, gently scrubbed in isopropanol, sonicated in isopropanol for 10 min, 

blow-dried under an air stream, and then plasma cleaned in a mixture of Ar and O2 for 10 
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min. Immediately after cleaning, NiOx films were fabricated by dropping a 0.1 M solution 

of nickel(II) acetate tetrahydrate (99+%, Acros Organics) and ethanolamine (anhydrous, 

Sigma Aldrich) in ethanol (Koptec, 200 proof) directly onto the ITO substrates through a 

0.2 μm PTFE syringe filter. The substrates were then spun at 4000 rpm for 40 s, and 

thereafter transferred to a ceramic hot plate and annealed at 300 °C for 1 hour.289 The films 

were then transferred into a nitrogen-filled glovebox while still hot for the perovskite film 

deposition. The perovskite deposition and hot pressing treatment are conducted as 

described in section 4.1.1 (using the PTFE separator sheet). Thereafter, the perovskite-

coated substrates were transferred to an Angstrom EvoVac thermal evaporator for ETL 

and anode deposition. First, 30 nm of C60 (>99.5%, Lumtec) were evaporated onto the 

substrates at ~2 Å/s by resistively heating a Mo boat; then, 5 nm of bathocuproine (BCP) 

was evaporated at <1 Å/s, also from a Mo boat. The devices were then transferred to a 

shadow mask and thereafter returned to the evaporator for deposition of the anodes. Ag 

anodes were deposited by evaporating 60 nm Ag (Fisher Scientific, 99.9%) at >5 Å/s from 

an Al2O3-coated W boat onto the freshly deposited ETL. All evaporation processes were 

conducted at a base pressure of 2 × 10-6 Torr. 

SnO2-based solar cells were prepared using an ITO/SnO2/MAPbI3/Spiro-

OMeTAD/Au architecture. ITO substrates were cleaned as described above, except 

instead of a 10 min plasma cleaning cycle, the substrates were UV/ozone-treated for 15 
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min. SnO2 films were prepared by diluting an aqueous stock dispersion of SnO2 

nanoparticles (15 wt%, Alfa Aesar) in deionized water in a 1:5 volume ratio and spin 

coating the diluted dispersion onto the freshly cleaned ITO substrates at 3000 rpm for 30 

s. Following Dunfield et al.,283 the SnO2 dispersion was briefly sonicated before deposition 

but was not filtered to avoid degradation of the filter by the alkaline dispersion. After spin 

coating, the films were annealed at 150 °C for 30 min and thereafter UV/ozone-treated for 

15 min. The films were then transferred to a nitrogen-filled glovebox for the perovskite 

film deposition. The perovskite film deposition and hot pressing were carried out as 

described in section 4.1.1 (using the PTFE separator sheet). Afterward, the films were 

transferred to a glovebox filled with low-humidity air (∼22% relative humidity at 21 °C), 

where the HTL was deposited by spin coating a solution containing 72.3 mg Spiro-

OMeTAD (99.7% sublimed grade, Borun Chemical), 28.8 μL 4-tBP (96%, Sigma-Aldrich), 

and 17.5 μL of a 520 mg/mL stock solution of Li-TFSI (99.95%, Sigma-Aldrich) dissolved 

in acetonitrile (99.5%, Sigma-Aldrich), at 3000 rpm for 30 s. The Spiro-OMeTAD solution 

was filtered through a 0.2 μm PTFE syringe filter immediately before use. Devices were 

stored overnight in the low-humidity glovebox in the dark, then completed by 

evaporating 80 nm of Au (Kamis, 99.999%) at <1 Å/s through a shadow mask onto the 

Spiro-OMeTAD layer using an Angstrom EvoVac thermal evaporator. The Au deposition 
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rate was kept at 0.1 Å/s for the first 5 nm, 0.2 Å/s for the next 5 nm, and only then brought 

up to 1 Å/s for the remainder of the deposition. 

4.1.4. Fabrication of Fully Laminated Devices 

Laminated devices were prepared using an approach originally developed by 

Ouyang and Yang290 for organic LEDs and later applied to PSCs by Spyropoulos et al.286 

Briefly, this technique relies on an interaction between the widely-used conducting 

polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) and the 

sugar alcohol D-sorbitol, which has a low melting point of 98-100 °C.290 Melting a thin 

layer of D-sorbitol onto a PEDOT:PSS film was reported to lead to very effective bonding 

of substrates while maintaining good electrical conductivity.290 In this context, this 

approach is used to bond an ITO/SnO2/MAPbI3/Spiro-OMeTAD partial device stack 

(substrate) to an ITO/PEDOT:PSS/D-sorbitol cathode stack (superstrate) to form 

laminated, self-encapsulating solar cells. The ITO coating on the substrate is patterned 

into eight non-contiguous “fingers” that act as the anode for each device, while the coating 

on the superstrate comprises a single strip serving as the cathode for all of the devices 

(Figure 28). Overlap of the ITO electrodes determines the device active area. Note that 

there is some uncertainty in the net overlap area of the substrate and superstrate, as they 

are supplied as 2 cm squares and 1-2 mm off the vertical (horizontal) sides of the substrates 

(superstrates) must be cut by hand to allow electrical contact during J–V measurements. 
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Uncertainty in the net overlap area may cause the actual film pressure to vary although 

the cylinder pressure is the same, as well as introduce error into electrode overlap area 

estimation. Due to the possibility of substrate/superstrate misalignment, the active area of 

each device is ultimately determined by taking a photograph and drawing a box 

representing the overlap area in ImageJ software, with dimensions calibrated by the 

distance between the uncut edges of the substrate (2 cm). 

 

Figure 28: Schematic of the contact patterns used for the laminated devices in 
this work. The substrate is patterned with eight ITO “fingers” (light green) that serve 
as the anode for each individual device, while the superstrate is patterned with a single 
strip of ITO (light blue) that serves as a common cathode for all eight devices. The 
active area of each device (yellow) is determined by the overlap of each anode with the 
cathode. Not drawn to scale. 
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Patterned ITO substrate cleaning, SnO2, MAPbI3, and Spiro-OMeTAD film 

fabrication were performed as described in section 4.1.3, except that the perovskite films 

were not hot pressed under PTFE before the Spiro-OMeTAD deposition, and the Spiro-

OMeTAD precursor solution was prepared without the 4-tBP and Li-TFSI dopants (to 

avoid the possibility of their migration during lamination) and spin coated in a nitrogen- 

rather than air-filled glovebox. Separately, ITO-coated superstrates were prepared by 

sonicating in acetone for 10 min, rinsing in deionized water, gently scrubbing in 

isopropanol, sonicating in isopropanol for 10 min, blow-drying under an air stream, and 

then plasma-cleaning in a mixture of Ar and O2 for 10 min. PEDOT:PSS (high-conductivity 

grade, PH 1000, Ossila) was thereafter deposited by spin coating in air at 4000 rpm for 30 

s from an aqueous dispersion that was used as received, without dilution or filtration. The 

as-deposited films were then transferred to a nitrogen-filled glovebox, where they were 

annealed at 140 °C for 10 min. Afterward, a 12 mM solution of D-sorbitol (≥99.5%, Sigma 

Aldrich) in isopropanol (anhydrous, Sigma Aldrich) was spin coated onto the 

PEDOT:PSS-coated substrates at 4000 rpm for 25 sec; this step was also performed in the 

glovebox. 

Once both sets of half-devices—i.e., ITO/SnO2/MAPbI3/Spiro-OMeTAD and 

ITO/PEDOT:PSS/D-sorbitol—were fabricated, the devices were completed by placing one 

of each face to face (Spiro-OMeTAD contacting D-sorbitol) in the press. The devices were 
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pressed in air at 120 °C for 60 s at a cylinder pressure of 80 psi. Because the nominally 2 

cm square ITO substrates had to be cut on each side by 1-2 mm to provide an overhang to 

allow electrical contact, the effective overlap dimensions that determine the film pressure 

are ~17±1 mm square (Figure 28). The pressure multiplication factor in this case 

corresponds to  

𝑃𝑃film = 𝑃𝑃cyl
𝐴𝐴cyl
𝐴𝐴film

= 𝑃𝑃cyl
15.9 in2

0.45±0.05 in2
≈ 35.3−3.5

+4.5𝑃𝑃cyl. 

Therefore, an 80 psi cylinder pressure in this scenario corresponds to a film pressure of 

2800−280+360 psi. After the specified heat treatment, the plates were cooled by flowing cold 

water through them while gently reducing pressure, and the finished device was 

thereafter removed from the press.   

4.1.5. Device and Film Characterization 

PSCs were characterized after fabrication by J–V and EQE measurements. Device 

J–V curves were collected using an Oriel solar simulator and Keithley 2401 sourcemeter 

under 1 sun AM1.5G illumination, calibrated using a reference Si solar cell from Newport 

Co. and maintained at 1 sun during measurement using a reference photodiode. The 

active area of non-laminated devices was defined using a shadow mask with 0.1 cm2 

apertures, while the laminated devices were measured unmasked. As noted in section 

4.1.4, laminated device area is determined by photographic estimation of the electrode 

overlap area. Each (J,V) point was sampled after a 1 s delay immediately following 
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application of the bias. Stabilized photocurrent/efficiency measurements were collected 

using the same apparatus. After biasing at a selected voltage, current was recorded at a 1 

Hz sampling rate. AC EQE measurements were taken with an Enlitech QE-R instrument 

using excitation from a monochromated Xe lamp optically chopped at 165 Hz. 

XRD patterns of thin films were collected using a Panalytical Empyrean powder 

X-ray diffractometer with a Cu Kα source and 45 kV/40 mA X-ray tube voltage/current. 

XRD peak intensity and breadth were determining by profile fitting in Panalytical 

HighScore software. X-ray photoelectron spectra were collected using a Kratos Analytical 

Axis Ultra spectrometer using monochromated Al Kα radiation. SEM images and videos 

were taken on an FEI Apreo scanning electron microscope using beam voltage/current of 

2 kV/25 pA (images) or 10 kV/100 pA (videos). SEM grain size analysis was conducted 

using the line intercept method in ImageJ software, using separate images from three 

different points on each film, and averaging the grain size from three transects on each 

image. Fitting of grain size/temperature data to the Turnbull relation was accomplished 

using a custom function in the MATLAB Curve Fitting Toolbox. PL spectra were recorded 

using a Horiba Jobin Yvon LabRam ARAMIS spectrometer using a Melles Griot 633 nm 

He-Ne laser as the excitation source. 
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4.2. Investigation of Perovskites under Elevated Temperature 
and Pressure  

A central question regarding development of laminated PSCs regards which 

perovskite material should be used as the absorber. This choice is likewise informed by 

the range of processing conditions that materials under consideration can tolerate. 

Different materials, in turn, may offer varying functionalities that facilitate certain 

lamination strategies. As discussed in section 2.5.1, perovskites incorporating certain large 

organic cations, especially those based on branched alkylamine tethering groups, melt 

before decomposition and therefore offer a straightforward pathway to lamination—i.e., 

by using the perovskite itself as an adhesive. A drawback to this method is that meltable 

perovskites are all 2D layered compounds, possessing band gap energies higher than ideal 

for photovoltaic energy conversion and poor carrier transport properties perpendicular 

to the layers. Ruddlesden-Popper perovskites—i.e., those having crystal structures in 

which the perovskite layers are multiple lead halide octahedra thick due to blending of 

large and small organic cations—have lower band gaps and favor crystallographic 

orientations that are more conducive to carrier extraction in solar cell geometries. These 

phases have been previously used to fabricate solar cells with promising efficiency and 

high stability.291 It is therefore of interest to determine whether Ruddlesden-Popper 

phases can unite the ability to melt with properties that are reasonable for photovoltaics. 
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As an alternative to Ruddlesden-Popper perovskites, we also consider the 

prototypical perovskite MAPbI3, which possesses much better properties for 

photovoltaics and has been employed in the laminated devices discussed at the beginning 

of this chapter. A key drawback of MAPbI3, however, is that it does not melt, meaning 

that other approaches must be employed to fabricate laminated devices, such as solid-

state fusion142, 283 of opposing MAPbI3 films, or melt-processing of other device layers such 

as D-sorbitol.286, 290 Characterizing the behavior of both Ruddlesden-Popper and MAPbI3 

perovskites under elevated temperature and pressure will help to establish which 

material is best suited to serve as the foundation of efficient laminated solar cells. 

4.2.1. (β-MePEA)2(MA)3Pb4I13 

As functionalization of the phenethylammonium cation can greatly reduce the 

melting temperature of the pure 2D lead iodide perovskite,186 we focus on the (β-

MePEA)2(MA)n-1PbnI3n+1 Ruddlesden-Popper perovskite for which the layer number n = 4. 

This composition is targeted with the expectation that more favorable orientation and 

band gap than available in lower-n members will offset the drawbacks of the rising 

melting point as these compositions become more like MAPbI3 (i.e., as n → ∞). As the hope 

is that melting these compounds will allow substrates to bond, experiments concerning 

this compound therefore focus on film behavior in this scenario. Note that intermediate-

n Ruddlesden-Popper perovskites do not generally form single-phase films, but generally 
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comprise inclusions of both higher and lower-n perovskites.8, 292 The term (β-

MePEA)2(MA)3Pb4I13 is therefore used to refer to a nominal composition based on the 

stoichiometry of the precursors, rather than representing that a single phase is present in 

the film. 

 

Figure 29: Normalized XRD patterns (a) on ITO-coated substrates and PL spectra 
of hot-pressed (β-MePEA)2(MA)3Pb4I13 films over portions of the substrates where glass 
(b) or ITO (c) is exposed. Perovskite phases in the XRD patterns are indicated by the 
layer number “n,” while PbI2 and ITO are respectively indicated by “#” and “*.” 

 We first examine the behavior of (β-MePEA)2(MA)3Pb4I13 films laminated for 1 

minute at different temperatures, at a constant cylinder pressure of 20 psi/film pressure 

of ~500 psi. Films spin-cast from an equimolar solution of the perovskite precursors in 

DMF onto ITO-coated substrates are placed face-to-face in the press, and treated at the 

specified temperature. The XRD pattern of the spin-cast film (Figure 29) indicates that it 

is largely amorphous and dominated by broad reflections at ~14 and 28° that are 

characteristic either of 3D MAPbI3 (“n = ∞”) or Ruddlesden-Popper perovskites with their 

basal planes perpendicular to the substrate. These reflections are indistinguishable 



 

145 

 

because they originate from common structural motifs in both layered and 3D 

perovskites. A weaker peak belonging to “n = 1” (β-MePEA)2PbI4 is also visible, 

corresponding to an orientation with basal planes parallel to the substrate. At the lowest 

pressing temperature of 200 °C, the n = 1 peaks diminish while peaks assignable to the n 

= 3 phase appear (also corresponding to an orientation with the perovskite layers parallel 

to the substrate). At this temperature, the substrates do not bond together, which is a 

reasonable result because no component of the structure melts by this point. At and above 

220 °C, the substrates do bond, presumably because the n = 1 phase inclusions have melted 

and recrystallized after transitioning through this material’s melting point at ~207 °C.186 

Both n = 1 and n = 3 phases are still apparent in the XRD pattern. At 240 °C, the n = 1 and 

n = 3 phases are still present and are complemented by an n = 2 series of diffraction peaks 

(once again, corresponding to perovskite layers parallel to the substrate). At 260 °C, a 

dramatic change takes place—i.e., the overall intensity of the pattern increases 

substantially, mostly due to the appearance of a strong n = 2 peak series. Further increase 

of pressing temperature to 280 °C maintains the strength of the XRD pattern, but with 

greater parity among the contributions from n = 1, n = 2 and n = ∞.  

 PL measurements on the (β-MePEA)2(MA)3Pb4I13 films (Figure 29) appear to 

consist of a single peak centered at roughly 1.65 eV. This peak most likely arises from the 

well-known carrier funneling effect in multiphase Ruddlesden-Popper perovskite films 
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that results in emission from the highest-n phases present in the film.8, 292 This energy 

indicates the presence of phases that are nearly equivalent to 3D MAPbI3 (i.e., n = ∞). 

Luminescence from other Ruddlesden-Popper phases is not evident despite their 

signatures in the XRD patterns. The PL intensity has a strong dependence on processing 

temperature. Up to 220 °C, the intensity is relatively static, but it quenches by an order of 

magnitude at 240°C and further still at 260 °C. Up to 260 °C, there is relatively little 

difference between regions of the film over glass versus those over the ITO contacts, 

suggesting that electrical influences on PL quenching—i.e., carrier extraction or 

surface/interface recombination—are not especially relevant. Above 280 °C, the PL over 

glass is partially recovered (though still low), but the PL over ITO remains quenched. 

These results may indicate possible temperature-activated interactions between the 

perovskite and ITO that may have an adverse impact on electrical properties (such as 

migration of In or Sn). They do, however, indicate that temperatures up to ~220 °C are 

relatively safe in terms of preserving the optoelectronic quality of the perovskite. This 

temperature is also compatible with substrate bonding due to the ability of the n = 1 

component of the perovskite to melt by this point, an encouraging sign for the prospect 

of laminating devices.  

Based on these observations, we conclude that while it may be possible to melt-

process (β-MePEA)2(MA)3Pb4I13 films at temperatures ~220 °C, this process is risky, as the 
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PL quenches rapidly at temperatures not far above those necessary for bonding. 

Furthermore, although the crystalline phase composition determined by XRD in films 

bonded at 220 °C appears to be predominantly either MAPbI3 or favorably-oriented 

intermediate-n Ruddlesden-Popper perovskite, the weakness and breadth of the XRD 

peaks indicates a low-crystallinity film likely to pose carrier transport or recombination 

problems. Crystallinity of the films does not improve until well after the PL has quenched, 

and the dominant phase in this case is the n = 2 layered perovskite, which has unfavorable 

orientation for carrier extraction. In view of the challenges inherent in the Ruddlesden-

Popper perovskites, it is worth investigating whether MAPbI3 films display similar 

thermal sensitivity, since it should be much less challenging to obtain band gaps and 

crystal structures compatible with efficient photovoltaic energy conversion using the 3D 

material. 

4.2.2. MAPbI3 

As the most widely studied and well-known hybrid perovskite, understanding the 

behavior of MAPbI3 under heat and pressure should provide knowledge that is maximally 

useful to a large cross-section of the field and likely generalizable to related 3D systems, 

in addition to its value in determining lamination processing limits. MAPbI3 films 

prepared by spin coating onto soda-lime glass substrates were pressed at various 

temperatures and pressures for one minute as described in section 4.1.3. XRD patterns of 



 

148 

 

the films (Figure 30) do not indicate a significant change in the associated phase 

composition (in contrast to (β-MePEA)2(MA)3Pb4I13) apart from the emergence of a PbI2 

peak at ~12.5° for all films pressed at 250 °C. The emergence of PbI2 as a secondary phase 

is unsurprising, as MAPbI3 films are well-known to decompose rapidly when annealing 

temperature exceeds 150 °C.293 Annealing under pressure is therefore highly effective at 

stopping decomposition from occurring at temperatures <250 °C. However, even for 250 

°C processing, it is likely that decomposition is localized near the edges of the film, where 

misalignment of the sub- and superstrates may expose some portions. A subtler feature 

of the XRD patterns is that the intensity of the (110) and (220) MAPbI3 peaks grows 

substantially stronger as the temperature increases, particularly at 250 °C, while that of 

the other MAPbI3 peaks does not. This behavior suggests that abnormal grain growth may 

occur, with a lower surface energy associated with (110) orientation favoring the growth 

of these grains. Overall, these results clearly demonstrate that annealing MAPbI3 under 

pressure retards decomposition quite effectively, allowing the benefits of higher 

temperature to be gained during lamination.  
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Figure 30: Normalized XRD patterns of MAPbI3 films hot pressed at various 
temperature and pressures (a); closeups of regions containing the PbI2 and tetragonal 
MAPbI3 110 peak (b) and tetragonal MAPbI3 220 and 310 peaks (c). Peaks belonging to 
MAPbI3 are denoted by an asterisk (*), and the PbI2 peak is denoted by a pound sign 
(#).  

SEM images (Figure 31) confirm that grain growth takes place during the pressing 

procedure, with a monotonic relationship between pressing temperature and final grain 

size as estimated by the line intercept method (Table 4). Again, pressure does not appear 

to have nearly as strong an influence on grain size as temperature does, and it is unclear 

whether there is a systematic dependence at all. These data may be fit to the Turnbull 

model of solid-state grain growth, as discussed in Section 2.3.4, averaging over pressure 
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(which does not enter the model) and using the pre-exponential constant k0 and molar 

activation energy Q as fit parameters to the rate constant k = k0 exp(-Q/RT). The best fit 

yields k0 = 8.9 × 1010 nm2/min and Q = 46.4 kJ/mol, which may alternatively be expressed 

as an activation energy of Ea = 0.48 eV. This result is intuitively rewarding, as grain growth 

should be mediated by ion diffusion, and similar values of activation energy for diffusion 

have been reported in the literature.294-295 There is evidence of some morphological 

distortion, particularly at higher temperatures, presumably in regions where the film is in 

especially close contact to the PTFE overlayer. In these regions, the surfaces of the grains 

become substantially rougher, and there are linear striations resembling the structure in 

the PTFE sheet, which presumably transfer to the surface of the film more effectively at 

higher temperatures. 

Table 4: Grain sizes of MAPbI3 films pressed at various temperatures and 
pressures for 1 min. Uncertainty is represented by the sample standard deviation. 

 500 psi 1000 psi 1500 psi 2100 psi 
125 °C 305 ± 45 332 ± 46 295 ± 27 383 ± 73 
150 °C 448 ± 72 422 ± 45 563 ± 136 486 ± 126 
200 °C 800 ± 155 793 ± 177 799 ± 122 884 ± 239 
250 °C 1582 ± 568 1712 ± 437 1267 ± 235 1297 ± 454 
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Figure 31: Top-view SEM images of MAPbI3 films on glass, hot pressed for 1 
minute at the specified temperature and pressure (all scale bars 1 μm). 

To determine the impact of hot pressing on the optoelectronic properties of the 

perovskite films, PL measurements were performed (Figure 32). The overall PL intensity 

of films pressed at 125 and 150 °C, averaging over pressure, is considerably higher than 

that of the unpressed film, but drops below the baseline at higher temperatures, although 

it can remain quite close even at 250 °C. The reduction in PL intensity at higher 

temperatures may relate to the onset of decomposition as witnessed in the XRD patterns, 

but may also derive from light scattering due to the increased surface roughness of the 

films processed at higher temperatures. While the possibility of PL loss with increased 

pressing temperature is potentially concerning for device performance, it is obvious that 
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the charge-generating capacity of MAPbI3 is substantially more robust to these conditions 

than that of (β-MePEA)2(MA)3Pb4I13. Thus, in view of the relatively tolerant PL and the 

obvious improvement in grain size with temperature (easily explained by a classical 

coarsening model), hot pressing is a potentially attractive process even outside the context 

of lamination. These results suggest that MAPbI3 is a better candidate for integration into 

laminated devices than (β-MePEA)2(MA)3Pb4I13, given that it affords a wider processing 

window without substantial loss in optoelectronic quality. Therefore, we focus our 

attention on MAPbI3 for the interface and device studies in the remainder of this chapter. 

 

Figure 32: PL spectra of hot-pressed MAPbI3 films on soda-lime glass. Spectra 
are averaged over 3 spots each on films pressed at 500, 1000, 1500, and 2100 psi, for a 
total of 12 spectra for each pressing temperature (except for the unpressed films, for 
which 3 spots on only one film were used). 
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4.3. Stability of MAPbI3-NiOx and MAPbI3-SnO2 Interfaces 

Although the results of pressing MAPbI3 films on inert glass substrates are 

promising, interfaces are critical to device operation, and it is thus crucial to understand 

and mitigate possible adverse interactions at junctions. In this section, we examine the 

effects of hot pressing half-device stacks comprising MAPbI3 in contact with NiOx and 

SnO2 on ITO-coated substrates, which are thereafter completed in the usual manner to 

give solar cells using traditional device architectures. These materials (NiOx and SnO2) 

have been widely hailed in the PSC literature as HTL and ETL candidates, respectively, 

that are compatible with high levels of performance as well as good operational device 

stability.287, 296 It is reasonable to hope that these relatively rugged oxides should form 

stable interfaces with halide perovskites even at higher temperatures. To address this 

issue, we investigate the properties and device performance of MAPbI3 films and solar 

cells constructed after hot pressing in the manner described above, in the hopes of 

discovering robust interfaces, focusing on devices processed at different temperatures at 

a cylinder pressure of 20 psi/film pressure of ~500 psi.  
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4.3.1. The MAPbI3-NiOx Interface under Elevated Temperature and 
Pressure 

 

Figure 33: Top-view (a) SEM images and normalized XRD patterns (b) of hot-
pressed MAPbI3 films on ITO/NiOx substrates using film pressure of ~500 psi. Scale 
bars are 1 μm. XRD reflections corresponding to MAPbI3 are labeled with their 
respective Miller indices; those belonging to other phases (PbI2, ITO) are labeled with 
the name of that phase. 

To study the interactions between MAPbI3 and NiOx, MAPbI3 films were subjected 

to the same temperature treatments as described above at 20 psi cylinder pressure/513 psi 

film pressure, and on ITO/NiOx substrates rather than glass. XRD patterns of these films 

(Figure 33) are similar to those on glass, with a weak PbI2 peak appearing in the patterns 

of the films pressed at or above 200 °C, gradual attenuation of the non-(hh0) peaks of 

MAPbI3 relative to the (110) and (220) peaks, and no notable emergence of secondary 
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phases aside from PbI2. SEM images (Figure 33) also indicate a monotonic increase in grain 

size with temperature, as well as structure in some of the grains processed at higher 

temperature that is probably due to interaction with the PTFE sheet. XPS measurements 

do not show the presence of Ni at the surface of the films (Figure 34), an encouraging sign 

that suggests that, if there is an interaction with NiOx during pressing, it is at least 

localized near the interface and does not readily propagate through the film. At or above 

200 °C, however, peaks that are clearly assignable to fluorine and oxygen appear in the 

XPS spectra. The presence of the former is an almost certain indication that the PTFE sheet 

is no longer inert at these temperatures, partially transferring to the perovskite. The 

presence of the latter is unsurprising since the pressing process is carried out in air, and 

probably implies that surface oxidation accelerates at higher temperatures. A very weak 

set of peaks possibly assignable to the In 3d doublet also appears to be present, signifying 

that indium from the ITO substrate may also penetrate the film. There is no clear 

consensus on the impact of indium incorporation in MAPbI3. Wang et al.297 have indicated 

that adding InCl3 to the MAPbI3-xClx precursor solution in single-step spin-cast films can 

be associated with an improvement in solar cell performance, although it may be 

associated more with enhancement of initially inferior morphology rather than reflecting 

better optoelectronic properties. A more recent study by Zhou et al.298 using InI3 

incorporation in the precursor solution of pure MAPbI3 films prepared by “solvent 
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engineering” indicates that, while PL and solar cell performance can tolerate In 

incorporation levels on the order of 1%, at 5% or above, both PL intensity and PCE are 

drastically reduced without as dramatic a change in morphology. In view of these 

conflicting reports, the prospective impact of In diffusion remains ambiguous. 

 

Figure 34: Normalized XPS spectra of MAPbI3 films on ITO/NiOx substrates hot 
pressed under various temperatures at 500 psi (a); close-up views of the 250 °C spectrum 
indicating the presence of In (b) and F (c). The spectra presented here are averaged over 
2 spots on each sample. 

Solar cells using films produced by the above process were completed by 

evaporating a C60/BCP ETL followed by a silver anode onto the films after hot pressing, 

with associated device performance summarized in Figure 35 and Table 5. Although the 



 

157 

 

unpressed devices are quite good, with the best featuring PCE of 17.5% and fill factor of 

>80%, the pressed devices suffer from a monotonic decline in PCE, short-circuit current, 

and fill factor with increased processing temperature. The open-circuit voltage of the 

devices pressed at 150 °C does improve slightly relative to the unpressed devices, but 

further increasing processing temperature induces a decline similar to that for the other 

device parameters. J–V measurements show that the current magnitude is reduced at both 

forward and reverse bias, signifying a large increase in the overall series resistance of the 

device. The J–V curves do not make it immediately clear whether this effect might be due 

to increase in contact resistance or formation of carrier extraction barriers at interfaces, or 

due to bulk property changes in the absorber or other layers of the device.  

Contextual clues can be used to develop and evaluate possible hypotheses to 

explain the loss in performance. While a change in the intrinsic resistivity of the MAPbI3 

film cannot be discounted, characterization of the pressed films on both glass and NiOx 

do not suggest that the bulk properties of the pressed films differ greatly from the 

unpressed ones. However, XPS provides clear evidence of surface interaction at the top 

interface, particularly at higher temperatures, that might lead to the transfer of a thin layer 

of insulating PTFE at the absorber/ETL junction, thereby impeding electron extraction. 

Note, however, that device performance degradation occurs at temperatures below that 

at which F is visible in the film XPS spectrum. The presence of indium in the absorber may 
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also have a detrimental effect on its optoelectronic properties, but again, this feature is not 

observed until temperatures much higher than those at which device performance 

initially degrades. Alternatively, there is ample precedent for the possibility of reaction at 

perovskite-inorganic interfaces, as described in chapter 3 for CdS, but also by other 

researchers for systems like ZnO,56 MoO3,229 or CuSCN.228 Although NiOx is commonly 

believed to present a stable interface,288, 299 typical device processing and operation 

conditions are far less exigent in terms of temperature than hot pressing, and this process 

may therefore stimulate reaction pathways that are usually inactive.  

 

Figure 35: Forward (a) and reverse (b) J–V sweeps of representative hot-pressed 
(at 500 psi film pressure) MAPbI3 solar cells using an ITO/NiOx/MAPbI3/C60/BCP/Ag 
architecture.  

Table 5: Device performance parameters of hot-pressed 
ITO/NiOx/MAPbI3/C60/BCP/Ag solar cells at 500 psi film pressure and various 
temperatures, taken from forward (reverse) J–V sweeps at 1 s measurement delay time. 
Uncertainty in the measurements is represented by the sample standard deviation. For 
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unpressed, 150, 200, and 250 °C devices, 8, 6, 6, and 4 devices of each respective type 
were measured. 

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

Unpressed 1.018 ± 0.007 
(1.016 ± 0.007) 

20.60 ± 0.47 
(20.44 ± 0.45) 

74.53 ± 4.77 
(77.89 ± 2.62) 

15.65 ± 1.29 
(16.18 ± 0.82) 

150 °C 1.054 ± 0.015 
(1.051 ± 0.016) 

19.80 ± 0.86 
(19.86 ± 0.83) 

58.25 ± 5.78 
(64.85 ± 5.35) 

12.19 ± 1.55 
(13.55 ± 1.53) 

200 °C 0.987 ± 0.030 
(0.941 ± 0.066) 

10.32 ± 3.60 
(10.52 ± 2.78) 

30.69 ± 5.19 
(34.22 ± 5.40) 

3.30 ± 1.59 
(3.52 ± 1.58) 

250 °C 0.934 ± 0.025 
(0.904 ± 0.010) 

5.87 ± 0.80 
(5.95 ± 1.46) 

36.66 ± 3.96 
(31.29 ± 3.60) 

1.99 ± 0.21 
(1.65 ± 0.26) 

 

To better understand the possibility of interfacial reactions, we employ the 

methods used to characterize the interaction of MAPbI3 with CdS developed in Chapter 

3. Assuming, as in the above case, that the greatest potential for reactivity comes from 

MAI due to its ability to decompose into a strong acid (HI), we test for interactions by spin 

coating MAI from a 1 M DMF solution onto NiOx-coated glass substrates and annealing 

the resulting films on a ceramic hot plate at various temperatures for 10 min. Even as low 

as 120 °C, a dramatic change appears in the films within a minute of placing them on the 

hot plate. As-spun MAI films on NiOx substrates are essentially colorless, but become 

noticeably darker after annealing, acquiring a more graphite-like appearance as the 

annealing temperature increases (Figure 36). XRD patterns of the films likewise indicate 

that, while peaks in the pattern of the MAI film annealed at 100 °C can all be assigned to 

MAI, at 120 °C new peaks emerge that are characteristic of the (003), (006), and (0012) 

reflections of NiI2 (Figure 36). At higher temperatures, these peaks continue to grow as the 
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MAI peaks shrink until they disappear entirely, leaving a pure NiI2 film at ≥180 °C. By 

analogy to the reaction with CdS, we may invoke a similar reaction scheme. First, MAI 

decomposes into methylamine and hydrogen iodide: 

 MAI(s) → CH3NH2(g) + HI(g) (15) 

Second, the hydrogen iodide attacks the NiOx (for simplicity, here we assume x = 1), 

producing water vapor and NiI2: 

 2 HI(g) + NiO(s) → H2O(g) + NiI2(s) (16) 

Putting these steps together, we can write the net reaction: 

 2 MAI(s) + NiO(s) → 2 CH3NH2(g) + H2O(g) + NiI2(s) (17) 

If we apply this scheme to the context of the reaction of a perovskite film with the NiOx 

layer, we can modify the above reaction as follows: 

 2 MAPbI3(s) + NiO(s) → 2 CH3NH2(g) + H2O(g) + NiI2(s) + 2 PbI2(s) (18) 

This reaction can therefore explain how breakdown of perovskite at the interface might 

lead to the formation of an extraction barrier. Here, 2 moles of PbI2 are generated for every 

mole of NiI2, so this phase is likely to be the dominant one at the interface. Since its band 

alignment relative to the perovskite is unfavorable for carrier extraction (of either type),65 

it is reasonable to conclude that accumulation of PbI2 at the interface is responsible for the 

increased series resistance of hot-pressed MAPbI3 devices using an NiOx HTL. Note also 
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that the black color of NiI2 makes this phase undesirable from the perspective of parasitic 

light absorption, independent of its effects on carrier blocking.  

 

Figure 36: Normalized XRD patterns and photographs of MAI films deposited 
on glass/NiOx substrates and afterward annealed for 10 min, which turn darker with 
increasing temperature, indicating the formation of NiI2. The XRD patterns confirm 
that NiI2 is indeed the dominant crystalline component of the darkest films. 

Further evidence of reaction at the MAPbI3-NiOx interface comes from cross-

sectional SEM images of standard unpressed devices. Under normal imaging conditions 

(electron beam voltage/current of 2 kV/25 pA), the cross-sectional images are 
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unremarkable, in general showing reasonable grain structures and layer thicknesses given 

the processing conditions. At higher beam energy, more typical of that necessary for EDX 

measurements (beam voltage/current of 10 kV/100 pA, 20 times more energetic than 

conventional image acquisition), a remarkable transformation occurs. Within seconds of 

reaching a magnification in which the device cross-section fills most of the imaging frame, 

secondary phases begin to appear at the base of the absorber, near the interface with NiOx 

(Figure 37). Over the course of a minute, these secondary phases develop into a mostly 

continuous layer at the interface ~100 nm thick. There is also a subtler contemporaneous 

change in the device, which is that the MAPbI3 layer itself partially collapses, losing a 

portion of its thickness. This change occurs slowly and is not readily apparent in real time, 

but can be easily distinguished by speeding up the frame rate of video data of the stack’s 

evolution under the electron beam. These observations suggest that it is indeed possible 

for the MAPbI3 film to interact with NiOx given a sufficiently high energy input, and that 

this reaction partially consumes the perovskite to form the interfacial secondary phase. 

 

Figure 37: Evidence of reactivity between MAPbI3 and NiOx: freeze-frames at 0, 
20, and 40 s from SEM videos of unpressed NiOx-based MAPbI3 solar cells at high beam 
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power density reveal the formation of secondary phases near the HTL interface, the 
appearance of which is indicated by red arrows. All scale bars are 200 nm. 

Although discovery of this reaction implies that the bottom interface is 

problematic, it does not conclusively establish whether roughness, interaction with PTFE 

at the top interface, or In diffusion in the hot-pressed devices also contribute to a loss in 

performance. To understand whether these issues are real or not, it is necessary to identify 

a stable bottom interface and investigate devices in the corresponding architecture. As a 

final note, this discovery has implications beyond laminated devices, as the MAI-NiOx 

reaction occurs to a significant degree even at 120 °C, a temperature that is within the 

range used in conventional PSC processing techniques. This instability is particularly 

concerning for techniques relying on a high ambient chemical potential of MAI, as these 

conditions should make this reaction even more favorable. Knowledge of this reaction 

should therefore be valuable information for device makers working with NiOx, and 

should alert those using other materials that absence of similar reactions cannot be taken 

for granted, even for materials that are widely assumed to be inert. 

4.3.2. The MAPbI3-SnO2 Interface under Elevated Temperature and 
Pressure  

 The reactivity of ostensibly stable materials such as NiOx demonstrates that one 

cannot take their robustness for granted, particularly when one of the probable 

decomposition products of the overlying material is a strong acid. With this viewpoint in 
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mind, we embark on an analogous study focused on SnO2, which likewise has a reputation 

as an efficient,300-301 stable,302 and otherwise “wonderful”287 ETL in PSCs and is therefore 

an excellent candidate for integration into hot-pressed and laminated devices. Focusing 

first on the XRD patterns (Figure 38) of MAPbI3 films on ITO/SnO2 substrates pressed at 

150, 200, and 250 °C at a cylinder/film pressure of 20/500 psi for 1 min (exactly as in the 

case of NiOx), we note a number of similar features to those observed for the films on glass 

or ITO/NiOx. The overall intensity of the (110) and (220) peaks gradually rises relative to 

the other MAPbI3 peaks, and a peak belonging to PbI2 emerges at higher temperatures. 

SEM images also reveal a monotonic coarsening of the grains with increasing 

temperature, similar to that observed for the other substrates (Figure 38).  
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Figure 38: Top-view (a) SEM images and normalized XRD patterns (b) of hot-
pressed MAPbI3 films at ~500 psi film pressure on ITO/SnO2 substrates. Scale bars are 
1 μm. XRD reflections corresponding to MAPbI3 are labeled with their respective 
Miller indices; those belonging to other phases (PbI2, ITO) are labeled with the name 
of that phase. 

XPS spectra of the perovskite films (Figure 39) likewise indicate the appearance of 

oxygen and fluorine 1s peaks at 250 °C, a result consistent with the films on ITO/NiOx 

substrates and most likely signifying a stronger interaction with the ambient atmosphere 

and the PTFE overlayer enabled by higher temperatures. As in the case of NiOx, weak 

indium 3d peaks emerge, once again suggesting that In from the TCO diffuses readily into 

the absorber as pressing temperature increases. 
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Figure 39: Normalized XPS spectra of MAPbI3 films on ITO/SnO2 substrates hot 
pressed under various temperatures at 500 psi (a); close-up views of the 250 °C spectrum 
indicating the presence of In (b) and F (c). The spectra presented here are averaged over 
2 spots on each sample. 

Solar cells incorporating the hot-pressed ITO/SnO2/MAPbI3 half-devices were 

completed by spin coating a Spiro-OMeTAD HTL followed by evaporation of Au 

cathodes. A summary of device performance is given in Figure 40 and Table 6. Analysis 

of the J–V curves displays a striking difference when compared to the behavior of the 

equivalent NiOx-based devices. Rather than experiencing a loss in performance, the 

devices remain stable and may even slightly improve on average when pressed at 150 and 

200 °C, although optimal performance is reached at 150 °C and declines monotonically 
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thereafter, predominantly due to a loss in short-circuit current (a trend that is reproduced 

in EQE measurements of representative devices). This result is important on the one hand 

because it shows that the hot pressing process is capable of improving device 

performance. On the other, the rapid loss in the performance of the NiOx-based devices 

with pressing temperature cannot be explained by roughness, interface chemistry 

modification by the PTFE top cover, or In diffusion from the bottom ITO contact, since 

those same issues are characteristic of the top interface in the SnO2-based devices as well. 

These processes may still adversely affect the SnO2 devices, contributing to their decline 

in performance in higher temperatures, but not to the extent witnessed in the NiOx 

devices.  

 

Figure 40: Forward (a) and reverse (b) J–V sweeps of representative hot-pressed 
ITO/SnO2/MAPbI3/Spiro-OMeTAD/Au solar cells at 500 psi film pressure and various 
temperatures, demonstrating relative stability of their performance. 

Table 6: Device performance parameters of hot-pressed 
ITO/SnO2/MAPbI3/Spiro-OMeTAD/Au solar cells at 500 psi film pressure and various 
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temperatures, taken from forward (reverse) J–V sweeps at 1 s measurement delay time. 
Uncertainty in the measurements is represented by the sample standard deviation. For 
unpressed, 150, 200, and 250 °C pressed devices, 26, 22, 17, and 20 of each respective type 
were measured. 

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

Unpressed 1.057 ± 0.010 
(1.062 ± 0.012) 

20.43 ± 0.29 
(20.34 ± 0.29) 

55.84 ± 8.23 
(59.50 ± 8.23) 

12.07 ± 1.65 
(12.86 ± 1.82) 

150 °C 1.048 ± 0.008 
(1.051 ± 0.010) 

20.38 ± 0.49 
(19.91 ± 0.79) 

56.78 ± 4.62 
(64.15 ± 3.00) 

12.15 ± 1.20 
(13.42 ± 0.79) 

200 °C 1.040 ± 0.013 
(1.035 ± 0.015) 

19.28 ± 0.94 
(18.89 ± 1.29) 

58.42 ± 4.14 
(62.81 ± 3.83) 

11.75 ± 1.38 
(12.30 ± 1.29) 

250 °C 0.988 ± 0.027 
(0.993 ± 0.026) 

17.88 ± 2.57 
(17.68 ± 2.22) 

53.58 ± 6.84 
(52.34 ± 12.77) 

9.63 ± 2.42 
(9.46 ± 3.13) 

 

Although we might reasonably anticipate that the relative robustness of device 

performance implies that the SnO2-MAPbI3 interface is indeed as inert as its reputation 

would suggest, it is nevertheless interesting to repeat the MAI-oxide reaction to see 

whether further information can be learned. Using the same process as for NiOx, i.e., spin 

coating MAI films onto SnO2 films deposited on glass and thereafter annealing at various 

temperatures for 10 min, we observe a subtle and surprising effect. Between annealing 

temperatures of 75 and 160 °C, the XRD patterns of the films (Figure 41) are dominated 

by MAI, except at 160 °C, in which no peaks can be discerned, presumably because the 

MAI has evaporated from the substrate entirely. However, in a narrow range from 90 to 

110 °C (or possibly 120 °C), a weak peak appears at 2θ = ~25°. Although its weakness 

makes it difficult to identify conclusively, its position matches relatively well to the most 

intense peak of the powder pattern of SnI4, which may signify that a reaction between 
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MAI and SnO2 takes place at similar temperatures to that between MAI and NiOx. The 

reason that this peak emerges in only a narrow annealing temperature range is probably 

that SnI4, like many high-valence metal halides, itself is quite volatile, with a melting point 

of ~143 °C.303 (The melting point of NiI2, by contrast, is 797 °C,304 so it is reasonable to 

expect this phase to be much more persistent.) Below 90°C, the reaction is most likely too 

slow to proceed appreciably, and a negligible amount of SnI4 forms. As temperatures 

approach its melting point, however, any SnI4 that is formed may sublime so rapidly that 

it cannot be detected. At intermediate temperatures, however, the generation rate 

presumably exceeds the sublimation rate enough to allow a detectable amount of solid 

SnI4 to be entrapped in the film. This result is especially surprising considering that the 

hot-pressed devices maintain their performance at temperatures well in excess of those at 

which reaction occurs. It is possible, however, that the weakness of the SnI4 XRD peak 

may signify that, although the reaction happens, it may be relatively slow; however, the 

volatility of SnI4 makes it difficult to conclusively establish whether this explanation is 

correct by this method alone. 
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Figure 41: Evidence of reactivity between MAI and SnO2: XRD patterns indicate 
the appearance of SnI4 at moderate temperatures, likely reflecting a balance between 
the need for temperatures high enough to drive the reaction and those low enough to 
limit sublimation of the SnI4 reaction product.  

 To verify the identity of the putative SnI4 XRD peak, the MAI-SnO2 reaction was 

conducted in the hot press, retarding the escape rate of volatile species at higher 

temperatures. MAI films were spin coated onto SnO2-coated glass substrates as above and 

annealed at 100 °C for 10 minutes to drive off the DMF solvent, then placed face to face in 

the press at various temperatures. XRD patterns of the resulting films (Figure 42) show 

that, although there is relatively little change at 120 °C, the peak at ~25° increases 
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dramatically at 150 °C and above, and is accompanied by a much weaker peak at ~52°. 

Both peaks can be assigned to the (222) and (444) reflections of SnI4. The weakness of the 

latter peak compared to the former agrees well with published data (International Centre 

for Diffraction Data Pattern 00-006-0232).305 At 200 °C, the overall pattern is weaker 

relative to the background, which signifies that MAI and SnI4 vapors manage to escape 

the film during the pressure treatment despite being confined. These data clearly show 

that MAI can react with SnO2 to a similar degree as with NiOx, although the temperature 

threshold for vigorous reaction is higher, which may explain the comparative robustness 

of corresponding hot-pressed devices. 
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Figure 42: XRD patterns of results of reactions between MAI and SnO2 films 
under pressure, allowing the volatile SnI4 product to be retained at higher temperatures 
than possible using a conventional hot plate anneal. MAI peaks are indicated by 
exclamation points (!), while SnI4 peaks are indicated by their corresponding Miller 
indices. 

4.4. Fully Laminated MAPbI3 Solar Cells 

The preceding sections establish that, although both SnO2 and NiOx may react with 

MAPbI3 or its precursors at temperatures necessary for lamination, devices based on the 

former are considerably more stable than the latter. Therefore, SnO2 is used as the basis 

for laminated device construction. To bond the device halves together, we employ the 

method developed by Ouyang and Yang,290 using a conductive glue comprising a stack of 
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D-sorbitol and PEDOT:PSS as the adhesive, as described in section 4.1.4. Pressing the half-

devices together at 120 °C allows the D-sorbitol to melt; when cooled, it resolidifies, 

bonding the substrates together. As noted in the previous section, this temperature is also 

relatively safe from the perspective of reaction with SnO2. The completed device 

architecture is ITO/SnO2/MAPbI3/Spiro-OMeTAD//D-sorbitol/PEDOT:PSS/ITO. Note that 

in this case, 4-tBP and Li-TFSI dopants are not included in the Spiro-OMeTAD HTL, due 

to concerns that they might diffuse into other device layers during lamination. Devices 

laminated at the above temperature for 1 min at 80 psi cylinder pressure/~2820 psi film 

pressure appear well-bonded across most of the electrodes (Figure 43). J–V measurements 

of these devices indicate relatively consistent performance, with average forward 

(reverse) sweep VOC of 1.024 ± 0.008 V (1.023 ± 0.008 V), JSC of 21.64 ± 0.80 mA/cm2 (21.58 ± 

0.87 mA/cm2), FF of 44.94 ± 3.90% (51.19 ± 3.02%), and PCE of 9.97 ± 1.07% (11.30 ± 0.73%). 

The champion device reaches a forward (reverse) sweep efficiency of 11.65% (12.39%), 

with minimal hysteresis (Figure 43). EQE measurements of this device reach a maximum 

of ~90%, although the integrated JSC value of 19.3 mA/cm2 is somewhat lower than the 

22.6–22.8 mA/cm2 values obtained from J–V sweeps (Figure 43). This discrepancy suggests 

that the photographic area determination method may overestimate the JSC and therefore 

PCE of the devices. The fill factor is obviously the parameter demanding the most urgent 

improvement, and the shallow slope of the J–V curves near open circuit indicates that 
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reducing series resistance may be most effective at increasing device performance. 

Nevertheless, the maximum EQE of 90% is unambiguous proof that the device is highly 

efficient at absorbing and extracting carriers, and that further optimization of the devices 

to reduce series resistance and manage light collection stands to greatly boost 

performance.  

A potentially useful feature of these PV devices is that they are bifacial, allowing 

light to be collected from either the front or the back side. Comparison of the EQE spectra 

of the best device when illuminated from the ETL versus the HTL side shows that the 

former configuration is ~15% more efficient overall (JSC = 19.3 mA/cm2) than the latter (JSC 

= 16.3 mA/cm2), but that both are reasonably effective (Figure 43). The HTL side EQE 

spectrum is somewhat more complex, most likely reflecting optical interference due to the 

larger number of intervening layers between the light source and the absorber for this 

configuration. Moreover, Spiro-OMeTAD and PEDOT:PSS are pale yellow and dark blue, 

respectively, which may contribute to parasitic absorption of light by these layers. Note 

that the device J–V data reported above correspond to the more efficient ETL side 

illumination. Overall, these preliminary results are highly promising for their potential to 

produce efficient and robust devices. The high EQE and VOC signify that the absorber can 

maintain high optoelectronic quality through lamination. While the fill factor remains to 
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be improved, it is highly likely that careful optimization of the ETL, HTL, and D-sorbitol 

layers will help to reduce series resistance and thereby boost power conversion efficiency. 

 

Figure 43: Photograph of a laminated sub- and superstrate stack, with individual 
devices indicated by thin white rectangles (a); J–V curves of the best-performing device, 
collected using a 1 s measurement delay (b); EQE spectra of the best-performing device 
when illuminated through the ETL (c) or HTL side (d). 
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4.5. Discussion and Prospects for Laminated Devices 

Investigation of the heat and pressure stability of perovskites and their interfaces 

with common and ostensibly stable carrier extraction materials has revealed several 

unexpected facets of these systems, with considerable implications, not only for 

lamination approaches, but any film deposition methods that rely on an excess of the 

organic ammonium halide. While melt-processable layered perovskites appear to suffer a 

significant loss in optoelectronic quality not far above temperatures necessary to (at least 

partially) melt them, the prototypical 3D hybrid perovskite, MAPbI3, is remarkably 

resistant to degradation when pressed at temperatures that would rapidly destroy it 

under ordinary conditions. In fact, it improves under such conditions if one accepts that 

significant grain growth is inherently desirable from the perspective of improved carrier 

transport and reduction of channels for ion migration as well as ingress/egress of 

adventitious chemical species/decomposition products. This result alone proves that the 

hot pressing and lamination concepts are sound in principle, and that the relevant device 

details are likely to be controlled by the interfaces. Accordingly, studies of interface 

materials judged to be most promising for this application reveal that the harsher 

conditions experienced during hot pressing can activate heretofore unknown reactions at 

interfaces with both NiOx and SnO2, although the severity of the former is greater. In the 

NiOx case, the effect of hot pressing on the performance of half-devices ranges from 
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moderately to extremely detrimental as the pressing temperature increases, while in 

equivalent SnO2-based devices the performance is remarkably stable. Applying this 

knowledge to the production of laminated devices using a reaction-resistant 

ITO/SnO2/MAPbI3/Spiro-OMeTAD/D-sorbitol/PEDOT:PSS/ITO architecture enables 

power conversion efficiency of over 10%. That these devices are produced by a lamination 

step occurring over a timescale of minutes is highly promising for the prospect of high-

throughput production of rugged and efficient perovskite solar cells.  

Beyond the scope of laminated devices, this work also has important bearing on 

other perovskite deposition techniques, many of which rely on the participation of excess 

organic ammonium halides, often at relatively high temperatures for extended periods of 

time, and thus entailing considerable risk of reactions with the substrate. The discovery 

and characterization of these reactions underscores the importance of managing the 

interfaces with soft halide semiconductors, especially those incorporating organic salts 

with the potential of dissociating into particularly aggressive species such as hydrogen 

iodide. This work provides a blueprint for the study of further interface materials and 

how to adjudicate their suitability for halide semiconductor device processing schemes, 

and as such should be of considerable value to the scientific community. 

While this work represents a promising step in an exciting new direction, much 

work remains to be done to establish lamination as a commercially viable device 
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fabrication technique for PSCs. The most obvious problem is that the efficiency of 

laminated devices is still far below that of conventionally fabricated solar cells, and future 

work should therefore focus on improving and optimizing each component of the device. 

Series resistance appears to be a particularly persistent challenge. Therefore, careful 

attention to the choice and processing of the ETL and HTL, as well as any layers that may 

be added to facilitate lamination, will be critical to reducing resistance. Moreover, while 

the laminated SnO2-based architecture is robust to high temperatures, interfacial reaction 

in these devices remains a possibility. Therefore, development of diffusion barriers, as 

noted in Chapter 3, may be very helpful in preventing such reactions, and may facilitate 

a broader selection of architectures incorporating more reactive materials, such as NiOx. 
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5. RIR-MAPLE Deposition of Hybrid Perovskites 
One of the most important and unique aspects of hybrid perovskites and related 

halide semiconductors in general is that they offer the potential of uniting inorganic 

frameworks with intricate organic moieties. This fact would seem to be trivial based on 

the name “hybrid organic-inorganic materials.” However, the most intensively studied 

hybrid perovskites are functionally inorganic semiconductors, as their optoelectronic 

properties are directly derived from the inorganic valence and conduction bands, which 

are straddled by the gap between the highest occupied and the lowest unoccupied 

molecular orbitals (HOMO and LUMO) in the organic.306-307 For many common choices of 

organic cation, even those too large to fit within the 3D perovskite structures, the HOMO-

LUMO gap is too wide to interact with visible light. Even properties of hybrid perovskites 

that are intuitively associated with the organic, such as mechanical softness or lattice 

anharmonicity, are broadly characteristic of the metal halide framework rather than the 

hybrid nature of the material.31-32, 36 Note that the organic cation still has a significant 

indirect influence on material properties; for example, the melting temperature of hybrid 

perovskites is very sensitive to the nature of the organic part, as discussed in Chapter 2.186-

187, 189 The templating effect of the organic can also have an effect on the electronic structure 

in the inorganic lattice, enforcing structural distortions such as bond angle variations that 

can subtly shift the band gap.308 
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Introducing large, optically active organic molecules (generally based on π-

conjugated structural motifs) into hybrid structures offers a much greater opportunity to 

study substances with properties that are unlike any that have been previously 

investigated and resist classification into conventional types of materials. There are a 

number of examples in the literature of such compounds, many of which are perovskites 

or at least relatives with similar chemical composition and structural motifs.25, 27-28, 309-315 

Many of these compounds live up to their promise and display interesting properties (or 

are predicted to), such as the formation of internal quantum well structures between the 

organic and inorganic moieties,26 or rapid conversion of excitons in the organic part from 

singlet to triplet states, mediated by carrier transfer through the inorganic part.28 These 

encouraging preliminary results indicate that hybrid materials of sufficient complexity 

may represent an entirely new subfield of materials science. This area will likely be a 

productive field of study for many years to come, as the great diversity of organic 

molecules that might be integrated within hybrid compounds, together with the 

combinatorial possibilities of the wide range of chemistries and structures afforded by the 

inorganic framework, virtually guarantee that there are myriad unheard-of substances 

waiting to be discovered. It is therefore highly probable that hybrid organic-inorganic 

materials will be regarded as at least one of the next great frontiers in materials science. 
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A major impediment to study of such compounds is that they are difficult to 

synthesize, particularly in the thin film form necessary to enable sensitive optical 

measurements, or crucially, device fabrication. Although there have been some attempts 

to develop techniques for depositing thin films of these materials, existing methods lack 

the flexibility necessary to enable the full range of film chemistry and device functionality. 

For example, Mitzi and co-workers used SSTA (as discussed in section 2.4.1.2) to deposit 

thin films of lead halide perovskites incorporating thiophene-derived organic cations.25, 27, 

158 Although SSTA appears to be effective in this context, it suffers from a lack of 

controllability and the possibility of damaging sensitive organic precursors, due to a large 

thermal input over a brief period of time. Era et al.313 have introduced a gentler method 

based on a Langmuir-Blodgett process, in which monolayers of the target phase 

accumulate on a substrate through multiple immersion processes. However, the 

structural and optical properties of these materials were not rigorously characterized, and 

some lingering doubts therefore remain as to how effective this approach is at delivering 

the targeted perovskites. An inherent disadvantage of the Langmuir-Blodgett approach is 

the requirement that substrates (and by extension, films in intermediate stages of 

deposition) be repeatedly immersed in solution. This feature not only constrains the 

choice of substrates to those that can tolerate immersion, but also introduces the 

possibility of film redissolution, which has proven problematic in some cases for similar 
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techniques such as perovskite film deposition by solid-solution reactions, as discussed in 

Chapter 2. These problems are especially relevant in the context of device fabrication, 

where substrate-solution interactions might be fatally detrimental to performance. The 

success of materials exploration in the nascent field of hybrid organic-inorganic 

compounds therefore still requires development of a reliable and versatile thin-film 

deposition method.  

The purpose of this chapter is to introduce a technique, RIR-MAPLE, that shows 

great promise for resolving this challenge, and to demonstrate that it is indeed capable of 

doing so. MAPLE processes were first invented in the late 1990s by the Naval Research 

Laboratory as a modification of conventional PLD optimized for handling organic thin 

films.316 However, the initial use of UV lasers with high photon energy (3.5–6.4 eV) was 

problematic because of the possibility of photochemical reactions.317 RIR-MAPLE was 

developed as a way to avoid these reactions by making use of a much less energetic IR 

laser.318 An important advantage of RIR- over UV-MAPLE is that the laser absorption can 

be targeted to occur specifically within the frozen solvent matrix, providing a useful 

means of precisely controlling the nature of the laser-target interaction and therefore how 

the ablation process proceeds.319 The physical state of the target itself can also play a key 

role in film development. The use of emulsions, for example, can be exploited to achieve 

fine control over polymer and composite film morphology.320-322  
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Prior to the work discussed in this chapter, RIR-MAPLE has never been used to 

deposit crystalline hybrid materials, yet it possesses many valuable characteristics in this 

context. Targeting of the laser absorption within the solvent avoids the deposition of 

energy into potentially sensitive organic molecules (a compelling advantage over SSTA), 

while the low concentration (~1-20 mM) of the solutions needed for RIR-MAPLE mitigates 

problems due to solubility of the precursors, making it less of an issue if the organic and 

inorganic precursors are mutually only sparingly soluble in a given solvent. This 

flexibility starkly contrasts with conventional solution processing methods like spin 

coating, where much higher concentrations (~1 M) are typically necessary to obtain films 

of useful thicknesses. Another major advantage of RIR-MAPLE is that solvent-substrate 

interactions, while possible, should not constrain the choice of substrates or underlayers 

because it does not involve prolonged contact with the solvent in the liquid state. Like 

other vacuum-based deposition methods, RIR-MAPLE offers a great degree of flexibility 

in how the compositional profile of the film may be controlled, as growth conditions can 

be changed at different times throughout film deposition, allowing optoelectronic or other 

properties to be varied as a function of depth. Unlike other vacuum-based methods, 

however, controlling relative rates of evaporation of the inorganic and organic precursors 

is much more straightforward because the target is ablated uniformly, and thus the 

stoichiometry of the precursors in solution should transfer to the film in a one-to-one 
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manner. By combining the beneficial aspects of solution and vacuum processing, it is 

reasonable to expect that this hybrid process will be an effective technique for the 

deposition of hybrid materials. 

In this chapter, design rules for depositing hybrid perovskites by RIR-MAPLE are 

established by focusing first on a comparatively simple and well-studied system—i.e., the 

archetypal perovskite MAPbI3. To validate the process and ensure that the films produced 

are of reasonable optoelectronic quality, PSCs are fabricated and characterized using RIR-

MAPLE-deposited films as the absorber, leading to cells with efficiency of over 12%. 

Having established that these films perform acceptably, we turn to the task of 

incorporating larger organic cations. Following the predictions of Liu et al.26 that lead 

halide perovskites comprising oligothiophene-derived cations should exhibit tunable 

quantum well behavior depending on the length of the thiophene chain as well as the 

halogen chemistry, we focus on the deposition of three representative members of this 

family that are expected to lead to three distinct types of excited state behavior: exciton 

migration to the organic part, exciton migration to the inorganic moiety, and exciton 

separation across the organic/inorganic interface. Adapting the process developed for 

MAPbI3 leads to successful film deposition of all three perovskites, allowing their optical 

properties to be investigated in detail and, not only corroborating the predicted quantum 

well alignments, but revealing additional subtleties in their photophysical behavior. The 
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work in this chapter is drawn largely from results that have been recently published in 

the Journal of Electronic Materials161 and ACS Energy Letters,162 as well as a manuscript that 

is under review by Materials Horizons. These results represent a collaborative effort among 

researchers at Duke University, North Carolina State University, and the University of 

North Carolina at Chapel Hill, and the author is heavily indebted to E. Tomas Barraza, 

Yuankai Liu, Dr. Wangyao Ge, and Chenqi Zhao in Prof. Adrienne Stiff-Roberts’s group 

at Duke, for performing the RIR-MAPLE film depositions and otherwise helping develop 

the process; to Seyitliyev Dovletgeldi, Andrew Barrette, and Gamze Findik in Prof. Kenan 

Gundogdu’s group at NC State, for performing advanced optical measurements on the 

films; to Dr. David Dirkes in Prof. Wei You’s group at UNC-Chapel Hill for synthesizing 

oligothiophene precursor salts used in the preparation of target solutions; to Garnett Liu 

in Prof. Volker Blum’s group at Duke for performing DFT calculations of the band 

alignments in the oligothiophene perovskites; to Dr. Manoj Jana in Prof. David Mitzi’s 

group at Duke for providing single crystal data helpful for benchmarking the properties 

of the thin films; and to Profs. Stiff-Roberts, Gundogdu, You, Blum and Mitzi for guidance 

on the project. The author’s own contributions were to coordinate and direct the project 

in collaboration with the professors, prepare the substrates and solutions used in the film 

deposition, characterize the films, fabricate and characterize solar cells, analyze the 
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resulting data, and use the knowledge gained thereby to direct the research. The text in 

this chapter is original to this dissertation and is the sole work of its author. 

5.1 Experimental Methods 

5.1.1. Deposition of MAPbI3 Films by RIR-MAPLE 

In a typical MAPbI3 film fabrication run, deposition of perovskite films by RIR-

MAPLE was achieved by forming a 10 mg/mL solution of PbI2 (Alfa Aesar, 99.999%) and 

MAI (Dyesol) in a prespecified stoichiometry (usually 2:1 or 1:1 MAI:PbI2). The solvent 

was a 1:1 mixture (by volume) of DMSO and monoethylene glycol (MEG) or glycerol (both 

solvents from Sigma Aldrich, anhydrous grade). Solutions were prepared in a nitrogen-

filled glovebox (<0.5 ppm O2 and H2O). Approximately 6 mL of this solution was poured 

into a stainless steel cup in the deposition chamber and frozen by flowing liquid nitrogen 

through the copper stage holding the cup, while substrates were affixed to a rotating 

platen at the top of the chamber. A nitrogen gas purge cycle was done throughout cooling 

in order to prevent condensation of residual moisture on the target, with chamber 

pressure kept between 10 to 100 Torr until target cup temperature reached -196 °C. Once 

the target solution was frozen and chamber pressure crossed the 10-4 Torr threshold, 

deposition was initiated by rastering a Big Sky Laser 2.94 μm Er:YAG laser across the 

target, which was rotated at 4 rpm. A pulse repetition frequency of 2 Hz and laser fluence 

of 125-135 mJ/cm2 were used for all depositions. The total length of the deposition ranged 
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from 2 to 4 hours, and the target-to-substrate throw distance was 7 cm except for the film 

used for TRPL measurements, for which it was 6 cm. Temperature control could be 

achieved using an infrared lamp located above the substrate platen; in absence of 

temperature control, the substrate temperature was approximately 10 °C due to the cold 

target block in the vacuum chamber. 

5.1.2. Fabrication of MAPbI3 Solar Cells 

PSCs were fabricated by sonicating patterned FTO-coated glass slides (Kintec, 10 

Ω/sq) in acetone and isopropanol for 10 min each, followed by plasma cleaning in a 

mixture of Ar and O2 for a further 10 min. Nickel oxide films were deposited from a 0.1 M 

solution of nickel(II) acetate tetrahydrate (99+%, Acros Organics) and ethanolamine 

(Sigma Aldrich) in ethanol (Koptec, 200 proof), which was spin-cast onto the cleaned FTO 

substrates at 4000 rpm for 40 sec, then annealed on a hot plate at 510 °C for 1 hour.289 

Perovskite films were deposited onto the nickel oxide films by the RIR-MAPLE method 

described above, from a DMSO:MEG solution employing a 1:1 MAI:PbI2 target 

stoichiometry, no substrate temperature control, and a 4 hr deposition time. After the 

deposition, the films were annealed in a nitrogen-filled glovebox at 110 °C for 10 min. 

Thereafter, the substrates were transferred to an Angstrom EvoVac thermal evaporator 

for ETL and anode deposition. First, 30 nm of C60 (>99.5%, Lumtec) were evaporated onto 

the substrates at ~2 Å/s by resistively heating a Mo boat; then, 5 nm of bathocuproine 
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(BCP) was evaporated at <1 Å/s, also from a Mo boat. The devices were then transferred 

to a shadow mask and thereafter returned to the evaporator for deposition of the anodes. 

Ag anodes were deposited by evaporating 60 nm Ag (Fisher Scientific, 99.9%) at >5 Å/s 

from an Al2O3-coated W boat onto the freshly deposited ETL. All evaporation processes 

were conducted at a base pressure of 2 × 10-6 Torr. 

5.1.3. Deposition of Oligothiophene Perovskite Films by RIR-MAPLE 

Solutions were prepared by dissolving equimolar amounts of the oligothiophene 

and lead halide salts in a 1:1 by volume mixture of DMSO and MEG. Approximately 6 mL 

of the solution was then deposited into a stainless steel cup within the RIR-MAPLE 

deposition chamber at room temperature, which was then evacuated. Once the chamber 

pressure reached 10 Torr, the target cup began to be cooled by flowing liquid nitrogen 

through the cooling block surrounding the cup. The chamber pressure was then cycled 

between 10 and 100 Torr by backfilling with nitrogen until the target reached -196 °C. At 

this point, the chamber pressure was raised to 250-275 Torr to allow the target to freeze, 

and thereafter pumped down to the final base pressure of 10-4 Torr, at which point laser 

evaporation of the target could begin. Unless otherwise noted, the target-substrate throw 

distance was 7 cm, and the deposition duration was 3 h. 

Films for optical and XRD measurements were deposited on soda-lime glass 

(Electron Microscopy Sciences, 1.2 mm thick) or quartz (GM Associates, 1 mm thick) 
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substrates. Films for SEM measurements were deposited on indium tin oxide (ITO) coated 

soda-lime glass substrates (10 Ω/sq, 1.1 mm thick). Before deposition, substrates were 

cleaned by sonication in acetone, then isopropanol for 10 minutes each, and thereafter 

plasma cleaned in a mixture of Ar and O2 for 10 min. Specific growth considerations 

regarding each perovskite composition are listed below. AE4TPbI4. Films were prepared 

using 4 mM and 8 mM solutions; the latter was used in conjunction with a 4 cm target-to-

substrate distance and 6 h deposition time to produce thick samples for XRD and PL 

measurements. After deposition, the films were annealed in a nitrogen-filled glovebox 

containing <0.1 ppm H2O and O2 on a ceramic hot plate at 200 °C for 30 min. AE2TPbI4. 

Films were prepared using 4 mM and 6 mM solutions. After deposition, they were 

annealed on a ceramic hot plate in a nitrogen-filled glovebox at 150 °C for 10 min. 

AE4TPbCl4. Films were prepared using a 2 mM solution due to solubility restrictions, but 

the throw distance was reduced to 4 cm and the deposition time increased to 6 h to 

compensate for the reduction in film thickness resulting from the lower concentration. 

After deposition, the films were annealed on a ceramic hot plate in a nitrogen-filled 

glovebox at 125 °C for 5 min. 

5.1.4. Characterization of RIR-MAPLE Perovskite Films and Solar 
Cells 

XRD patterns were collected using a Panalytical Empyrean powder X-ray 

diffractometer using Cu Kα radiation and operating voltage/current of 45 kV/40 mA. 
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Reference XRD patterns for the oligothiophene perovskites were calculated from the CIF 

files of the calculated structures using CrystalDiffract software. SEM images were 

collected using an FEI XL-30 microscope in ultra-high resolution mode using a 5 kV 

accelerating voltage, or an FEI Apreo scanning electron microscope using 2 kV/25 pA 

beam voltage/current. Grain size was estimated from SEM images using ImageJ software 

to draw transect lines (whose lengths were calibrated using the image scale bar) and 

counting the number of grains intercepted by these lines. Atomic force microscopy images 

were obtained using a Digital Instruments Dimension 3100, utilizing a tapping frequency 

of 1 Hz, a voltage ranging from 0.9-1.1V, and resolution of 512 samples/line and 512 

lines/image. Light absorption data were determined using a Shimadzu UV-3600 UV−vis-

NIR spectrophotometer. PL spectroscopy on MAPbI3 films was performed using a Horiba 

Jobin Yvon LabRam ARAMIS instrument, using excitation by a Melles Griot 633 nm HeNe 

laser. For the oligothiophene perovskites, PL and PLE measurements were conducted 

using an Edinburgh Instruments FS290 fluorimeter using a monochromated 450 W Xe arc 

lamp as the excitation source, and a detector using a thermoelectrically cooled 

Hamamatsu R2658P photomultiplier tube. TRPL measurements were taken using time-

correlated single photon counting, with a tunable Ti:sapphire femtosecond-pulsed laser 

(150 fs pulse, 4 MHz) with excitation and emission at 710 and 770 nm, respectively. TAS 

measurements were taken using a Helios system, with pump and probe generated by the 
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output from a Libra regenerative amplifier with a Coherent OPerA Solo for tuning the 

pump and CaF2 crystal generation for the white light probe. Newport mechanical delay 

stages were used to control the delay time between the pump and probe beams. J–V curves 

were taken using a Keithley 2401 sourcemeter and an Oriel solar simulator calibrated by 

a reference Si solar cell from Newport Co. and maintained at 1 sun intensity by a reference 

photodiode. The active area of all devices was defined by a shadow mask with 0.1 cm2 

apertures. Each (J,V) point was sampled after a 1 s delay immediately following 

application of the bias. Stabilized photocurrent measurements were also taken using the 

device measurement arrangement described above. While biasing at a specified voltage, 

photocurrent was sampled at a rate of 1 Hz. AC EQE measurements were taken using an 

Enlitech QE-R tool, using a monochromated Xe lamp and 165 Hz chopping frequency. 

5.2 MAPbI3 Solar Cells with Absorber Deposited by RIR-MAPLE 

Because RIR-MAPLE has not previously been used to deposit crystalline hybrid 

materials, there is little guidance on the best way to adapt it to the deposition of MAPbI3. 

However, it is apparent that, because the most important process in RIR-MAPLE is the 

interaction between the laser and the solution, solvent choice is the primary consideration. 

There are two important constraints in this regard: first is the requirement that the solvent 

possess O—H bonds, which are resonant with the 2.94 μm Er:YAG laser used in the 

deposition system; second, the solvent must be able to dissolve the perovskite precursors. 
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MAI is soluble in a wide range of organic solvents, but PbI2 is not, and is a well-known 

example of an insoluble salt amenable to only a few highly polar solvents. Most contain a 

double-bonded oxygen atom, which serves as a Lewis base to which the Pb atom, a Lewis 

acid, can coordinate.93, 323-324 Bubbling methylamine gas through solvents that do not 

ordinarily dissolve PbI2 substantially improves their efficacy, presumably through a 

similar mechanism.138 However, none of these solvents satisfy the first criterion of 

possessing O—H bonds. As a result, we must consider mixtures of solvents that 

individually fulfill the above requirements. Initial attempts at blending the good PbI2 

solvent DMF with alcohols such as ethanol, methanol, or phenol were doubly ineffective. 

Addition of the alcohol to stable solutions of the perovskite precursors in DMF 

immediately caused precipitation of light yellow solids, most likely MAPbI3∙DMF or a 

related precursor-solvent complex. Despite their undesirable heterogeneity, these slurries 

were used for trial depositions, resulting in multiphase aggregations on the substrate that 

were far from the desired dark and continuous films. This problem was resolved by 

turning to a slightly different class of alcohols. Polyalcohols such as ethylene glycol and 

glycerin have slightly higher dipole moments (making them more like most good PbI2 

solvents), as well as multiple hydroxyl groups per molecule. Therefore, a smaller 

proportion relative to the primary PbI2 solvent achieves the same overall O—H bond 

density compared with a monoalcohol such as ethanol or phenol. 1:1 blends by volume of 
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DMSO with either glycerol or MEG were found to form stable solutions of the perovskite 

precursors. The latter solvent blend (1:1 DMSO:MEG) is particularly effective, and forms 

the basis for the remainder of the work discussed in this chapter. 

 

Figure 44: SEM images of MAPbI3 films deposited by RIR-MAPLE using a 2:1 
molar ratio of MAI:PbI2 (a), or a 1:1 ratio (b) from solutions using a 1:1 by volume 
mixture of DMSO and MEG. Reprinted by permission from Springer Nature: The 
Journal of Electronic Materials, Ref. 161, Copyright 2017. 
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Figure 45: FTIR spectra of MAPbI3 films on glass deposited by RIR-MAPLE 
from solutions with 2:1 (left panel) and 1:1 (right panel) MAI:PbI2 stoichiometry. 
Vibrational modes ν10, ν3, ν9, ν1, and ν7 are characteristic of the MA+ cation and indexed 
according to prior reports325-326 as asymmetric CH3 bending, symmetric NH3 bending, 
asymmetric NH3 bending, symmetric NH3 stretching, and asymmetric NH3 stretching; 
νOH is indicative of adventitious hydroxyl groups. Adapted by permission from 
Springer Nature: The Journal of Electronic Materials, Ref. 161, Copyright 2017. 

Having established a good solvent for perovskite deposition, the next 

consideration is solute stoichiometry. Initial film depositions were conducted under the 

assumption that it was necessary to prepare MAI-rich target solutions to compensate for 

the volatility of this moiety relative to PbI2. PLD deposition of MAPbI3, for example, 

requires organic to inorganic halide stoichiometries in the target of 4:1 or more.159-160 As-

deposited films from either DMSO:glycerol or DMSO:MEG solutions using a 2:1 MAI:PbI2 

stoichiometry have similar morphologies, with close-packed grains but with somewhat 
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blurred edges, suggesting the presence of an amorphous phase (Figure 44). As it is also 

possible for the solvent to co-deposit in MAPLE processes, particularly when they have 

high boiling points (as in the case of DMSO, MEG, and glycerol), it is plausible that the 

amorphous appearance may relate to residual solvent in the films. Further evidence for 

this possibility is seen in Fourier transform infrared (FTIR) spectra, in which a broad O—

H absorption peak is visible in films prepared by RIR-MAPLE from either DMSO:glycerol 

or DMSO:MEG solutions; the latter is shown in Figure 45 for various annealing 

temperatures and MAI:PbI2 stoichiometries. Although the existence of this peak is 

undesirable and potentially troublesome, it is found that annealing films grown from 

DMSO:MEG targets after the deposition for 10 min leads to a gradual attenuation of this 

peak with temperature. The O—H peak completely disappears by 150 °C, signifying that 

it is possible to drive off the solvent.  

XRD patterns of corresponding films (Figure 46) provide additional insight into 

the phase evolution within the films. As-deposited films appear to contain a significant 

amount of MAPbI3 as evidenced by reflections characteristic of the (110) and (001) series, 

but there is also a substantial set of peaks at lower angle. As the annealing temperature of 

the films is increased, the intensities of these peaks decrease, while the MAPbI3 reflections 

converge toward a strongly (110)-oriented, phase pure film at 150 °C. The non-perovskite 

peak can be assigned to a chemical relative of the perovskite, MA4PbI6∙2H2O.174 It is unclear 
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whether this phase arises due to interaction with trace moisture present during the 

deposition, or if the as-deposited films initially consist of a mixture of MAPbI3 and 

amorphous MAI that can then react with ambient humidity (as during XRD 

measurements conducted in air) to produce the hydrate. Identification of the hydrate 

provides an alternative interpretation of the origin of the O—H peak in the FTIR spectra, 

as its strength directly correlates with that of the hydrate peak in the XRD patterns at each 

annealing temperature. Regardless of its origins, the coexistence of this MAI-rich phase 

with MAPbI3 is clear evidence that the 2:1 MAI:PbI2 stoichiometry is excessive, despite the 

volatility of MAI. 
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Figure 46: XRD patterns of MAPbI3 films deposited by RIR-MAPLE from a 
solution with 2:1 MAI:PbI2 stoichiometry and annealed at various temperatures for 10 
min. Peaks belonging to tetragonal MAPbI3 are indicated by the corresponding Miller 
indices. Adapted by permission from Springer Nature: The Journal of Electronic 
Materials, Ref. 161, Copyright 2017. 

Given the apparent transfer efficacy of MAI, a 1:1 solute stoichiometry was 

employed next. This change resulted in a significant improvement in film properties 

overall. Comparison of SEM images of RIR-MAPLE-grown perovskite films on glass 

substrates with subsequent anneal at 110 °C for 10 minutes reveals that those from a 1:1 

MAI:PbI2 precursor solution possess a much smoother and more uniform morphology 

than those from a 2:1 stoichiometry (Figure 44). The overall morphology resembles what 
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might be expected from thermal evaporation, consisting of small, close-packed grains 

conformally covering the substrate. The XRD pattern (Figure 47) of an equivalent film is 

characteristic of phase-pure tetragonal MAPbI3, with enhanced (110) orientation relative 

to a spin-cast film prepared by a conventional “solvent engineering” method reported by 

Ahn et al.98 Moreover, normalized PL spectra (Figure 47) of the RIR-MAPLE-grown and 

spin-cast films overlap closely, signifying similar optoelectronic properties. Additionally, 

FTIR spectra of MAPbI3 films grown from stoichiometric solution do not exhibit any O—

H peaks at all, even in the as-deposited films (Figure 45). This result either signifies that 

excess MAI can play a role in solvent uptake, or simply reflects that formation of the 

hydrate MA4PbI6∙2H2O is less favorable in the absence of excess MAI. These results are 

particularly encouraging because they conclusively demonstrate that precursor transfer 

is one-to-one in RIR-MAPLE, at least to the level that can be detected using techniques 

such as XRD.  
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Figure 47: Comparison of PL (633 nm excitation) spectra (a) and XRD patterns 
(b) of RIR-MAPLE-deposited MAPbI3 on glass from a 1:1 MAI:PbI2 solution, versus a 
spin-cast film prepared by a standard “solvent engineering” process developed by Ahn 
et al.98 Reprinted by permission from Springer Nature: The Journal of Electronic 
Materials, Ref. 161, Copyright 2017. 

The final step in the validation of RIR-MAPLE as a technique for depositing 

device-quality MAPbI3 films is to build and test solar cells. Devices were fabricated using 

an FTO/NiOx/MAPbI3/C60/BCP/Ag device architecture similar to that discussed in Chapter 

4. MAPbI3 films were fabricated on FTO/NiOx substrates, as described above from a target 

solution with 1:1 precursor stoichiometry, and annealed after the deposition at 110 °C for 

10 min. The morphology of these films resembles those on glass, comprising small but 

close-packed and conformal grains with an average size of ~124 nm (Figure 48). Although 

this morphology appears to be very similar to spin-cast films on the scale of the grains, 

atomic force microscopy (AFM) images reveals that film uniformity on scales on the order 

of 20–50 μm is quite different (Figure 49). On these scales, there is a network of craterlike 

features with a root-mean-square (RMS) roughness of 55–62 nm, whereas in the spin-cast 
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films the AFM images display no such heterogeneity and have much lower RMS 

roughnesses. On a 5 μm scale, however, the RMS roughness values of the RIR-MAPLE-

deposited and spin-cast films are equivalent, although their topography is still distinct. In 

the RIR-MAPLE films, adjacent grains are much closer to one another in height, while in 

spin-cast films there is significantly more scatter, although the grain size in both 

techniques appears to be similar. The differences in morphology between these techniques 

and the complexity of the RIR-MAPLE-deposited film suggests that it could be very 

interesting to further unravel the processes that determine film growth; such 

investigation, however, is beyond the scope of this dissertation. 
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Figure 48: Properties of MAPbI3 films deposited by RIR-MAPLE: SEM images 
of the film as deposited (a) and annealed at 110 °C for 10 min (b); XRD patterns of the 
equivalent films (c); UV-vis absorption and PL (633 nm excitation) spectra of an 
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annealed film on glass (d). The films in (d) were annealed at 110 °C for 10 min. Adapted 
with permission from Ref. 162. Copyright 2017 American Chemical Society. 

 

Figure 49: AFM images of RIR-MAPLE-deposited films (annealed at 110 °C for 
10 min) versus spin-cast films. Adapted with permission from Ref. 162. Copyright 2017 
American Chemical Society. 

XRD patterns are also similar to those of the equivalent films on glass (Figure 48), 

consisting of MAPbI3 peaks with a relatively strong (110) orientation (in addition to 
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contributions from the FTO substrate) for a film annealed at 110 °C. Interestingly, there 

are also very weak contributions from peaks at lower angles in the XRD pattern of the as-

deposited film that may be assigned to MA2Pb3I8∙2DMSO, signifying that some solvent 

still co-deposits with the precursors. However, as this intermediate is frequently invoked 

as a benign or even beneficial inclusion97, 99 and is easily driven off by the post-deposition 

anneal, it is not especially concerning. Optical properties of the films annealed at 110 °C 

(Figure 48) do not differ in any remarkable way from the expected characteristics of 

MAPbI3. The band gap may be estimated from the UV-vis absorption spectrum by fitting 

a Gaussian to the derivative of absorbance with respect to energy, yielding a value of 1.629 

eV at the inflection point. Fitting a Gaussian to the PL spectrum of the same film yields a 

peak energy of 1.619 eV, from which we may calculate a Stokes shift of 10 meV, in 

reasonable agreement with other reports and thus signifying an absence of defects near 

the band edge that may cause band gap fluctuations. TRPL measurements of a MAPLE 

film grown on glass and annealed at 110 °C (Figure 50) indicate a non-radiative 

recombination lifetime of ~68 ns, a reasonable value comparable to those that have been 

obtained for spin-cast films (cf. MAPbI3 films discussed in Chapter 3, which are 

compatible with solar cell PCE >15% despite having lower lifetimes, on the order of 30 ns). 

These data increase our confidence in RIR-MAPLE to produce films of comparable quality 

to other techniques, which are thus suitable for device applications. 
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Figure 50: Device schematic (a) and cross-sectional SEM image (b) of a 
representative solar cell used in this study; TRPL decay curve of an RIR-MAPLE-
deposited MAPbI3 film on glass (c). Adapted with permission from Ref. 162. Copyright 
2017 American Chemical Society. 

Solar cells were completed by evaporating a C60/BCP ETL followed by Ag anodes 

onto films equivalent to those described above (Figure 50), and thereafter characterized 

under standard AM1.5G conditions. The average forward (reverse) scan device 

parameters of six such solar cells from two separate batches are as follows: VOC = 0.957 ± 

0.021 V (0.939 ± 0.020 V); JSC = 16.3 ± 1.4 mA/cm2 (16.5 ± 1.3 mA/cm2); FF = 64.8 ± 1.9% (60.8 

± 3.4%); PCE = 10.1 ± 1.1% (9.4 ± 1.1%). Here, the uncertainty is estimated from the sample 
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standard deviation. For the champion device, the equivalent values are VOC = 0.966 (0.934) 

V; JSC = 18.2 (18.3) mA/cm2; FF = 67.3 (58.8)%; and PCE = 11.8 (10.0)% (Figure 51). EQE 

measurements of this device agree well with the J–V measurements, yielding an 

integrated JSC of 18.2 mA/cm2 under AM1.5G (Figure 51). Measurement of time-dependent 

photocurrent for this device indicates a stabilized efficiency of 12.2% at a bias of 0.8 V 

(Figure 51), which was the highest efficiency of a PSC in which the absorber was fabricated 

by a laser ablation process at the time these results were published (December 2017). 

Although considerably lagging the state of the art in PSCs, this level of performance is 

nonetheless encouraging, and a concerted effort in optimizing devices would likely lead 

to substantial increases in efficiency. However, the key point is that the device results 

concretely demonstrate the ability of RIR-MAPLE to deposit device-quality films of 

hybrid crystalline materials. 

 

Figure 51: Device characteristics of the best-performing solar cell in this study: 
J–V curves (a), external quantum efficiency (b), and stabilized photocurrent/efficiency 
measurements (c). Adapted with permission from Ref. 162. Copyright 2017 American 
Chemical Society. 
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5.3 Deposition of Hybrid Perovskites Incorporating Complex 
Organic Molecules by RIR-MAPLE 

Having established that RIR-MAPLE lives up to its promise for working with 

hybrid materials, we may now turn to more interesting hybrids that incorporate larger 

and potentially “active” organic cations. Although there is in principle a nearly limitless 

array of organic molecules that might offer interesting properties, we are best served by 

selecting a system that most exemplifies the advantages of incorporating them. The key 

importance of the presence of large, conjugated organics is that their HOMO-LUMO gap 

can be reduced to narrow enough values such that electrons, holes, or excitons may be 

easily exchanged between the different structural components. 2D hybrid perovskites 

share many similarities with quantum well heterostructures, and those incorporating 

large organics may be classified accordingly. It would be most desirable to study a system 

that exhibits as many different types of quantum well behavior as possible, thereby 

unequivocally demonstrating the flexibility of these hybrid systems.  

Such a family of hybrid perovskites is readily accessible: lead halide perovskites 

AEnTPbX4 incorporating bis(ethylammonium)-functionalized oligothiophenes, where n 

is the number of thiophene rings in the oligomer chain, and X is Cl, Br, or I. In these 2D 

structures, adjacent PbX42- sheets are linked together by the AEnT2+ cations, which are 

tethered to the inorganic layers on either end of the thiophene chain by the 

ethylammonium groups. In a recent DFT study of several members of this family (n = 4 
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for all three halides, and X = Br for n = 1, 2, 3, 4, or 5), Liu et al.26 observed that members of 

this family could theoretically encompass both Type 1 (straddling gap) and Type 2 

(staggered gap) quantum well structures. These structures may further be subdivided 

according to the relative ordering of the inorganic and organic energy levels. Per the 

scheme of Liu et al.,26 which convention we shall adopt here, a quantum well where the 

inorganic CBM is higher than the organic LUMO is denoted Type A; otherwise, it is Type 

B. Because the organic levels tend to be higher in energy than the inorganic levels, type A 

structures are somewhat more difficult to access, and Type 2A structures in particular 

cannot be attained for the AEnTPbX4 family (at least, those investigated by Liu et al.).26 

However, this fact is relatively inconsequential for the present study because we are 

primarily concerned with illustrating how the changing composition of the perovskite can 

lead to qualitatively distinct physical effects. Type 2 structures lead to the same physical 

effect regardless of the energy level ordering—i.e., exciton separation across the 

organic/inorganic interface. The distinction between Type 1A and 1B structures is more 

important because the fate of the excitons is more apparent from the expected optical 

properties of the hybrid structure. In the former, excitons migrate to the organic part, 

leading to luminescence from only this component, while in the latter, excitons migrate to 

the inorganic part, and luminescence is therefore characteristic of this moiety. In Type 2 

structures, separation of the excitons is expected to quench the luminescence in either 
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Type A or B structures. These structures and their expected excited state behavior are 

depicted in Figure 52. Another advantage of using this system is that several of its 

members have been made and characterized,25, 27 providing a useful benchmark for 

assessing the success of RIR-MAPLE at reproducing the properties of already-known 

hybrid perovskites based on large organic cations. 

Given the existence of three distinct luminescence characteristics (organic, 

inorganic, quenching) available from the AEnTPbX4 system, we therefore focus on three 

compositions representative of each type: for Type 1A, AE4TPbCl4; for Type 1B, AE2TPbI4; 

for Type 2B, AE4TPbI4. Note that AE2TPbI4 was not one of the compounds originally 

investigated by Liu et al.,26 but extrapolating their calculations indicates that it should be 

Type 1B. To validate this intuition, DFT calculations were performed to supplement those 

of Liu et al.26 that do indeed confirm the expected nature of this compound. Figure 52 

shows a schematic of the crystal structures of each composition along with their 

corresponding band structure. The band structures are drawn to scale according to the 

results of Liu et al.26 and the calculations performed for this work on AE2TPbI4. 
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Figure 52: Band diagrams (a-c) and crystal structures (d-f) of AE4TPbCl4 (a,d), 
AE2TPbI4 (b,e), and AE4TPbI4 (c,f), schematically illustrating their predicted excited 
state behavior.  

To deposit thin films of these perovskites by RIR-MAPLE, we employ the same 

procedure used for MAPbI3, with the slight modification of reducing solution 

concentration to better accommodate the limited solubilities of the organic ammonium 

halide precursors, which can be as low as 2 mM for the most challenging composition, 

AE4TPbCl4. The same solvent blend, 1:1 DMSO:MEG by volume, is retained. After the 

deposition, the films are annealed according to composition-specific protocols judged to 
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be appropriate by comparison to the prior work of Mitzi et al.27 on AE4TPbX4 films 

deposited by SSTA. XRD patterns of the resulting films are shown in Figure 53, alongside 

theoretical patterns calculated from the crystal structures corresponding to the hybrid 

DFT results that generated the band structures shown in Figure 52. In general, the film 

and calculated patterns are in good agreement, and the peaks can be assigned plausible 

Miller indices that appear to be consistent between compositions. The lattice parameter 

corresponding to interlayer spacing in AE4TPbCl4 appears to be underestimated by the 

calculated patterns, but the (h00) series is still distinguishable and the relative intensity of 

the peaks in this series is consistent between experimental and computational data. The 

film XRD patterns share several notable characteristics besides the appearance of similar 

families of Miller indices. One is that the peaks are all fairly broad and not particularly 

strong relative to the background, a feature that indicates relatively small grain size. 

Another intriguing feature is that multiple series of reflections are evident. This feature 

contrasts with typical behavior of 2D layered perovskites, whose XRD patterns typically 

consist of a single series of strong, sharp, and equally spaced peaks signifying a preferred 

orientation in which the inorganic sheets lie parallel to the substrate. The comparative 

randomness of the oligothiophene perovskite film texture probably relates to the more 

isotropic bonding in these structures. Most 2D perovskites incorporate monovalent rather 

than divalent cations, thus forming a van der Waals gap between adjacent layers. As a 
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result, interlayer bonding is much weaker than intralayer bonding, allowing crystallites 

of these materials to grow much faster in the plane of the sheets compared to the 

perpendicular direction and accounting for the flake-like morphology of crystals of these 

materials and their tendency to lie flat on the substrates. In the oligothiophene 

perovskites, more isotropic bonding presumably leads to more isotropic crystal growth.  

 

Figure 53: Cu Kα XRD patterns of oligothiophene-based perovskite films 
deposited by RIR-MAPLE, referenced to calculated XRD patterns from the crystal 
structures predicted by hybrid DFT. 

While the XRD patterns give confidence in the successful formation of the targeted 

perovskites, additional proof appears in the optical properties of the films, as shown in 

Figure 54. An unambiguous optical signature of the 2D perovskites is an exciton peak that 

appears near 330 nm for lead chloride perovskites, and near 520 nm for lead iodides. These 

features are clearly visible in UV-vis absorption spectra of each composition in the 

expected places, confirming perovskite formation. The dominant spectral features in the 
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perovskite film spectra are attributable to absorption by the oligothiophenes themselves, 

which may be seen for bi- and quaterthiophene in the UV-vis spectra of RIR-MAPLE 

deposited films of the precursor salts AE2T∙2HI and AE4T∙2HI. Also given in Figure 54 

are PL spectra of the perovskite and precursor salt films, comparison of which 

demonstrates that each perovskite possesses luminescence characteristic of its predicted 

quantum well structure. For AE4TPbCl4, the PL spectrum is obviously dominated by the 

organic moiety (as evinced by its similarity to the spectrum of AE4T∙2HI) demonstrating 

the Type 1A nature of this system. In AE2TPbI4, the PL spectrum comprises a single peak 

close to the exciton peak in the absorption spectrum, while luminescence characteristic of 

AE2T∙2HI is absent. These results are thus consistent with the expected Type 1B nature of 

this system. Finally, the PL spectrum of AE4TPbI4 resembles that of AE4TPbCl4 but is 

substantially weaker, in agreement with the expectation that the luminescence of this 

Type 2 material shall be quenched by exciton dissociation.  
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Figure 54: Optical spectra of AE4TPbCl4 (a), AE2TPbI4 (b), AE4TPbI4 (c), and the 
oligothiophene precursor salts AE2T∙2HI (d) and AE4T∙2HI (e). PL spectra are collected 
using excitation by a monochromated Xe lamp at 280 nm (a), 335 nm (b-e); PLE spectra 
are collected using a monochromated Xe lamp at emission wavelengths of 600 nm (a,e), 
560 nm (b), 570 nm (c), or 430 nm (d). All optical data are scaled as noted in the figure. 
In (b-d), the increase in the PLE signal at longer wavelengths is due to collection of 
scattered excitation light.  
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Further insight into carrier or exciton transfer processes is provided by 

photoluminescence excitation (PLE) spectroscopy (Figure 54), wherein the intensity of 

emission at a specific wavelength is tracked as a function of excitation wavelength. 

Comparing the PLE spectra of AE4TPbCl4 and AE4T∙2HI at an emission wavelength of 

600 nm (i.e., characteristic of excitons in the organic) shows that although they are quite 

similar, there is a shortwave shoulder off the main peak in the former but not the latter. 

This feature closely aligns with the exciton peak, and therefore signifies that excitons 

generated within the inorganic part can contribute to luminescence of the organic, 

providing additional evidence for the Type 1A band alignment of this material. 

Equivalent behavior is evident in AE2TPbI4, where the PLE spectrum for 560 nm emission 

contains a broad feature at short wavelengths presumably characteristic of excitons in the 

organic and their transfer to the inorganic. There is also a peak in the PLE spectrum 

evident at 490 nm that does not correspond in any obvious way to the absorption spectra 

of either AE2TPbI4 or AE2T∙2HI, but may originate from a charge-transfer state at the 

organic-inorganic interface. As for the PL, the PLE spectrum of AE4TPbI4 taken for 

emission wavelength near the maximum resembles but is much weaker than the 

equivalent spectrum of AE4TPbCl4. 
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Figure 55: TAS spectra of AE4TPbCl4, AE2TPbI4, and AE4TPbI4 (a); decay 
kinetics of characteristic spectral features in each perovskite (b,c,e); TAS spectra of 
AE4T∙2HI and AE4TPbCl4 (d); schematic of excited state behavior in AE4TPbI4 (f). 
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A final technique that may be employed to characterize excited state behavior and 

photophysical properties is transient absorption spectroscopy (TAS). In this technique, the 

film is excited by a pulse of high-energy light (the pump) that drives the system into an 

excited state. At various times afterward (typically from 100s of fs to 10s of ns), the sample 

is subjected to a broadband beam of white light (the probe), in this case from 400 to 800 

nm. The excited state dynamics may then be tracked by monitoring the differential 

absorption of the probe beam (here, reported as the ratio of the change in film 

transmittance ΔT to the steady-state transmittance T). The result is a three-dimensional 

dataset with delay time between the pump and the probe and probe wavelength as 

independent variables and ΔT/T as the dependent variable. Evolution of different spectral 

features with time may be correlated with excited carriers in different parts of the 

structure; spectra taken at different delay times thus provide snapshots of the distribution 

of the excited states throughout the energy landscape. The first panel of Figure 55 provides 

one such snapshot for each perovskite composition, taken at a 15 ps delay time. The 

spectrum of AE2TPbI4 possesses a strong photobleach (PB2) near 520 nm that clearly 

corresponds to excitons in the inorganic layer, and a weaker bleach (PB1) at short 

wavelengths. These features are also visible in the spectrum of AE4TPbI4, which 

additionally possesses two photoinduced absorption features at 640 and 700 nm (PIA1 

and PIA2, respectively). PIA1 and PIA2 form the dominant features in the spectrum of 



 

217 

 

AE4TPbCl4, and are also observable in the spectrum of AE4T∙2HI, making them 

characteristic of the organic quaterthiophene moiety. It is common for both excitons and 

free carriers in organic materials to exhibit such PIA features at energies below 

(wavelengths above) the absorption edge.327-328 The features labeled S1 and S2 are due to 

scattered light from the pump beam and are ignored in the analysis of the TAS spectra. 

The features in each of the perovskite thin film spectra are broadly sensible in view of 

their respective band alignments. In AE2TPbI4, the strongest features are attributable to 

excitons in the inorganic moiety, while in AE4TPbCl4, they originate from the organic. In 

AE4TPbI4, prominent features arise from both parts of the structure, reflecting 

dissociation of the excited state into both parts of the structure. 

 

Figure 56: Evolution of TAS spectra of AE4T∙2HI using a 425 nm pump 
excitation (a), AE4TPbCl4 using a 400 nm pump excitation (b), and AE4TPbCl4 using a 
325 nm pump excitation (c). 

Having identified the important spectral features that distinguish the various 

components of the excited state, we now examine their evolution. In AE2TPbI4, the decay 
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dynamics of PB1 and PB2 are almost identical, suggesting that excitons transfer to the 

inorganic part very quickly, such that the excited state dynamics are dominated by the 

response from this part of the structure. For AE4TPbCl4, both PIA1 and PIA2 abruptly rise 

after excitation, then decay with similar kinetics. The physical origins of these features 

may be elucidated by a more detailed analysis of their evolution in both AE4T∙2HI (which 

serves as a proxy for the neat quaterthiophene) and AE4TPbCl4 films. (Figure 56). As is 

well known in organic compounds, excitons and polarons (or free carriers) can both lead 

to PIA features below the band gap.327-328 We may therefore tentatively assign PIA1 and 

PIA2 to these populations, although it is not immediately clear which is which. In 

AE4T∙2HI, PIA1 and PIA2 have essentially the same dynamics, but when AE4TPbCl4 is 

excited with a 400 nm pump, PIA2 is enhanced. This result is initially puzzling because it 

would ordinarily be expected that, for a Type 1B structure, the excited state should remain 

in the organic. However, closer inspection of the band diagram—in particular, the 

resonance between the inorganic CBM and organic LUMO—shows that electrons 

generated in the organic by the pump are likely to diffuse into the inorganic part, reducing 

the exciton population. Thus, we may assign PIA2 to hole polarons that are trapped in the 

organic because the barrier for their emission into the inorganic part is much higher; PIA1 

may then be assigned to the excitons. Finally, when the AE4TPbCl4 film is excited with a 

330 nm pump, which can excite electrons in both moieties, the overall intensity of both 
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PIA1 and PIA2 increases, consistent with the expectation that the exciton and polaron 

yields should both increase. 

The dynamics of AE4TPbI4 are particularly interesting. By contrast with 

AE4TPbCl4, while PIA2 rises during the initial excitation then decays monotonically as 

before, PIA1 suffers a mild decay that appears to onset during the initial excitation (PIA2 

is still rising at this point), this decay reverses and PIA1 rises again, this time reaching a 

maximum value higher than its initial rise. This maximum intensity is maintained until 

roughly the end of the first 100 ps, then PIA1 too begins its long, final decay. At the end 

of the experiment (~6 ns), PIA1 still maintains more than half of its original intensity, 

implying that the time constant for the long decay is probably between 10 and 20 ns. This 

behavior is rather surprising, as it cannot be explained by the conventional Type 2 

quantum well structure, and suggests that excitons generated in the organic ultimately 

come to rest once again as excitons in the organic. Although this effect seemingly 

contradicts the quantum well model, it can be explained by noting that the participation 

of the organic implies that these perovskites are not solely traditional quantum well 

systems, but possess additional subtleties due to the possibility of interaction with triplet 

states. Moreover, prior measurements of the triplet state energy of quaterthiophene 

suggest a value of 1.7 eV,329 slightly less than the energy difference between the inorganic 

CBM and organic HOMO in AE4TPbI4 of ~1.8 eV (according to the calculations of Liu et 
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al.26), which would otherwise represent the lowest-energy excited state. Therefore, there 

should be a driving force for electrons in the inorganic part to form triplet excitons in the 

organic by pairing with holes in that moiety. With this vital piece of information, the 

excited state behavior of AE4TPbI4 may now be explained in its entirety. In the initial 

excitation, occurring within the first picosecond, excitons are generated within both 

components of the structure. From ~0.5–3 ps, electrons transfer to the inorganic part, 

lessening the organic exciton signal (PIA1), and holes transfer to the organic part, causing 

the organic hole polaron signal (PIA2) to rise, as predicted by the conventional quantum 

well model. However, electrons that have accumulated in the inorganic part can then 

transfer back to the organic to form triplet excitons over the range of 10–100 ps, which 

causes PIA1 to rise above its original maximum because it now contains excitons that were 

originally excited in both the organic and the inorganic parts. After 100 ps, the triplet 

excitons presumably decay by non-radiative pathways; otherwise, they would emit 

phosphorescence that would have been detected in the steady-state PL measurements.  

The behavior of AE4TPbI4 perfectly illustrates the exciting potential of hybrid 

organic-inorganic perovskites to generate unique and exotic physical effects. Rather than 

showing that the quantum well model is incorrect, it shows that additional interactions 

become relevant due to the particular properties of each moiety, leading to synergistic 

effects that would not be possible in either compound alone. Singlet excitons cannot easily 
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convert to triplet states in pristine organic materials, at least not at rates that successfully 

compete with non-radiative recombination, due to the unfavorability of spin flips in 

systems composed predominantly of light atoms. By transferring carriers to the inorganic 

part, singlet excitons can be efficiently funneled into triplet states, allowing otherwise 

impossible excited state populations. By the same token, introducing the possibility of 

carrier transfer to triplet states takes these hybrid structures beyond the traditional 

quantum well model, providing new avenues for manipulating physical properties. It is 

also entirely conceivable that conventional Type 2 behavior might be recovered, if desired, 

by tuning the triplet energy relative to the inorganic bands such that exciton reformation 

is no longer energetically favorable. The behavior available in large organic-inorganic 

hybrids is unprecedented among other classes of materials, and it is shown from this work 

that RIR-MAPLE is a superior method for their deposition in thin film form. 

5.4 Outlook for RIR-MAPLE-Deposited Perovskites 

The successful demonstration of RIR-MAPLE as a means for obtaining thin films 

of complex hybrid perovskites is an important step forward that will allow the research 

community to investigate this materials family in much greater detail than previously 

possible. Furthermore, the ability to easily deposit thin films also makes device fabrication 

a much more realistic proposition, greatly facilitating the development of technologies 

based on these materials. It is therefore likely that this work will open up a large number 
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of intriguing avenues for future research, ranging from materials exploration into a 

broader range of organic and inorganic structural motifs, detailed investigations into 

emergent physical properties, and fundamental studies on film growth mechanisms, both 

specific to RIR-MAPLE and more broadly applicable to hybrid materials in general.  

The research reported in this chapter points to several challenges, including 

managing roughness of RIR-MAPLE-deposited hybrid perovskite films and improving 

their grain size. However, because of the extreme flexibility of the process, many tunable 

variables may provide resolutions to these challenges, such as solvent blending, laser 

wavelength, substrate temperature, or solution additives. Future work should therefore 

investigate how these variables can be manipulated to achieve desired film 

microstructure. As little is known about what happens to the precursors between 

evaporation by the laser and their assembly on the substrate in the final film, in situ studies 

of plume dynamics and film growth would be of great value not only for improving 

deposition control, but for the fundamental scientific knowledge gained by studying this 

unique process in more detail. Due to the broad horizons of complex-organic hybrid 

materials and the myriad unresolved questions regarding how they form and how to 

control their growth, study of these compounds has the potential to become a highly 

active field of research, in which RIR-MAPLE will likely play an integral role. 
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6. Thermal Evaporation of Indium(I) Iodide Thin Films 
In the final research chapter of this dissertation, we turn to halide semiconductors 

beyond perovskites. This work is motivated by the fact that the most successful halide 

perovskites require the use of or may decompose into chemicals that are highly toxic. Even 

Sn-based perovskites suffer from this problem. Sn is not intrinsically toxic like Pb, but SnI2 

is nearly as hazardous to human and environmental health as PbI2,330-332 undermining 

potential advantages of Sn-based over Pb-based perovskites. A further problem is that the 

divalent state of Sn is highly unstable, posing a major challenge for device longevity. It is 

therefore worthwhile to explore other chemical relatives of perovskites beyond those 

based on Pb2+ or its less stable congeners Sn2+ and Ge2+. In doing so, we stand not only to 

discover other excellent but less hazardous materials, but also to better understand 

physical factors underpinning the success of the lead halide perovskites. One such 

proposed feature is the involvement of a cation that retains its lone pair s orbitals, not only 

reducing the hole effective mass but also leading to antibonding interactions between 

these s orbitals with the other component of the valence band edge, halide p orbitals. 

Metals nearby to Pb in the periodic table can also retain their lone pairs, such as In+ and 

Sb3+, or Tl+ and Bi3+. Although these materials have the same electronic structures as Sn2+ 

and Pb2+, respectively, their valences imply that halides of these materials are not 

compatible with the conventional perovskite crystal structure. Nevertheless, these lone-
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pair metal halides might possess similar optoelectronic properties to halide perovskites, 

as the character of the bands should be the same—i.e., a valence band composed of metal 

s and halogen p orbitals, and a conduction band composed of metal p states. Sn, Bi, Sb, 

and Tl have been investigated as alternatives to Pb in halide semiconductor photovoltaics 

with varying degrees of success,333-345 although none have come close to replicating the 

outstanding performance of Pb-based perovskites.  

Monovalent indium has been largely ignored, perhaps because this oxidation state 

is, like Sn2+, highly unstable and therefore likely to lead to films and devices with high 

environmental sensitivity. Nevertheless, indium(I) iodide displays some encouraging 

carrier lifetime and lifetime-mobility product measurements, although its reported band 

gap is somewhat higher than ideal (2.0 eV).346-348 It is therefore interesting to inquire 

whether this material is, like other lone-pair metal halides, photovoltaic, and what a more 

thorough investigation of its properties might help us to learn about this class of materials 

in general. In this chapter, we deposit thin films of InI, characterize their structural, 

compositional, and optoelectronic properties, and integrate them into solar cells. We find 

that indium(I) iodide is indeed a photovoltaic material, although the films are likely to be 

compromised by a high density of deep defects. The material in this chapter is drawn from 

work recently published in Chemistry of Materials,349 in collaboration with Prof. Ian Hill of 

Dalhousie University, who performed and analyzed photoelectron spectroscopy 
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measurements on InI films, and with Profs. Yanfa Yan of the University of Toledo and 

David Mitzi of Duke University, who provided guidance on the project. All other tasks, 

including designing and conducting the experiment, film and device characterization, 

data analysis, and discussion were performed by the author. The text in this chapter is 

original to this dissertation and is the sole work of its author. 

6.1. Experimental Methods 

6.1.1. Deposition of InI Films 

In a typical deposition, several grams of InI (99.999%, anhydrous, from Sigma 

Aldrich or Alfa Aesar) were loaded into a quartz crucible and placed in a Radak source in 

an Angstrom Engineering Evovac thermal evaporator from a nitrogen-filled glovebox 

(<0.1 ppm O2 and H2O). Substrates (soda-lime glass from Electron Microscopy Sciences, 

1.2 mm thick; glass/ITO/CdS with glass/ITO from Kintec, 10 Ω/□ on 1.1 mm thick glass, 

CdS as deposited below) are affixed to a rotating platen suspended from the top of the 

chamber. For SnI2 treatment experiments, 10 or 20 mg/mL solutions of SnI2 (Beantown 

Chemical, 99.999%, anhydrous) in DMF (Sigma Aldrich, anhydrous) were spin coated at 

4000 rpm for 25 s onto the substrates, which were thereafter annealed at 100 °C on a 

ceramic hot plate for 10 min. The SnI2 solution was filtered through a 0.2 μm PTFE syringe 

filter before use. The entire process was conducted in a glovebox under flowing nitrogen 

atmosphere. After pumping the chamber down to a base pressure of 2 μTorr, the source 
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temperature was ramped up at ~20 °C/min with substrates blocked from the source by a 

shutter, until reaching a deposition rate of 2 Å/s, at which point the substrate shutter was 

opened. This rate was then maintained through the end of the deposition. Generally, the 

source temperature rises from ~170 to ~230 °C over the course of the deposition. In most 

cases, films were characterized as deposited, except for those used for PL, which were 

encapsulated under poly(methyl methacrylate) (Sigma Aldrich, average Mw ~120 kDa) by 

spin coating a 20 mg/mL chlorobenzene (Sigma Aldrich, anhydrous) solution at 4000 rpm 

for 25 s under flowing nitrogen in a glovebox. 

6.1.2. Characterization of InI Films 

XRD measurements were collected using a Panalytical Empyrean powder X-ray 

diffractometer with Cu Kα radiation and operating voltage/current of 45 kV/40 mA. SEM 

images were collected on a FEI XL-30 high-resolution scanning electron microscope using 

5 kV accelerating voltage. UV-vis-NIR spectra were collected using a Shimadzu UV-3600 

spectrophotometer using a glass slide as reference. PL spectra were collected using a 

Horiba Jobin Yvon LabRam ARAMIS spectrometer with excitation by a Kimmon Koha 

442 nm He-Cd laser. XPS measurements performed at Duke University were made using 

a Kratos Analytical Axis Ultra spectrometer using a monochromated Al Kα source. 

Elemental quantification was performed with CasaXPS software, using the strongest 

peaks in the spectrum corresponding to each element. Data were taken from two spots on 
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each sample and averaged to yield the values presented in Table 1. Thin films of InI 

(99.999%, anhydrous, Sigma Aldrich) on ITO-coated glass slides for XPS, UPS, and IPES 

measurements at Dalhousie University were deposited from heated Al2O3 crucibles in a 

Trovato Manufacturing thermal evaporator in an Ar-filled glovebox. Samples were 

transferred via home-built vacuum suitcase to the photoelectron spectroscopy system, 

preventing any air exposure. XPS was performed at 1 x 10-10 Torr base pressure using a 

SPECS PHOIBOS 150 analyzer and an unmonochromated twin anode (Mg/Al) X-ray 

source.  UPS was performed in the same system, using He I/II emission (21.22/40.8 eV).  

IPES was performed in isochromat mode using a home-built low-energy electron gun and 

a channel electron multiplier coated with KCl as a photocathode, and a long-pass SrF2 

window.  This combination results in a bandpass photon detector with a mean energy of 

9.5 eV and a full width at half-maximum of 0.5 eV.  The energy scales of the UPS and IPES 

measurements are aligned against the Fermi edge of sputtered polycrystalline Ag. 

SEM/EDX measurements were taken using an Oxford Instruments INCA PentaFET-x3 

detector mounted on a Hitachi S-4700 cold cathode field emission scanning electron 

microscope, with an accelerating voltage of 20 kV. 

6.1.3. Fabrication and Characterization of InI Solar Cells 

ITO substrates (Kintec, 10 Ω/sq on 1.1 mm thick glass) were sonicated for 10 min 

in acetone, transferred to an isopropanol bath and lightly scrubbed, then sonicated for a 
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further 10 min each in isopropanol, Alconox detergent, and deionized water, and kept 

immersed in a fresh deionized water bath until the CdS deposition. CdS was deposited 

according to a procedure that we have reported previously and is discussed in Chapter 3. 

Briefly, the cleaned ITO substrates were immersed in a continuously stirred aqueous 

solution of 1.5 mM CdSO4 (Sigma Aldrich, 99.99%), 75 mM thiourea (Sigma Aldrich, 99%), 

and 0.94 M NH4OH (J. T. Baker, 28-30 wt%) and maintained at 72 °C in the jacketed beaker 

for 6 min and 30 s. Immediately following the deposition, the substrates were sonicated 

for 10 min in deionized water and thereafter blow-dried with air and then plasma cleaned 

in O2 for 10 min. The substrates were then transferred to a nitrogen-filled glovebox, where 

the SnI2 treatment, if applicable, was performed as described in section 6.1.1. Substrates 

were then transferred under nitrogen to the glovebox containing the thermal evaporator 

for the InI deposition, which was performed as described above. 20 mg/mL of P3HT 

(Sigma Aldrich, regioregular, average Mw 85-100 kDa) was dissolved in chlorobenzene 

(Sigma Aldrich, anhydrous). The resulting solution was filtered through a 0.2 μm PTFE 

filter before spin coating at 3000 rpm for 30 sec onto the freshly deposited InI films under 

flowing nitrogen in a glovebox. Devices were then finished by evaporating 80 nm Au 

(Kamis, 99.999%) contacts through a shadow mask at <1 Å/s onto the substrates, at a base 

pressure of 2 μTorr, using an Angstrom EvoVac thermal evaporator. The Au deposition 
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rate was kept at 0.1 Å/s for the first 5 nm, 0.2 Å/s for the next 5 nm, and only then brought 

up to 1 Å/s for the remainder of the deposition. 

J–V curves were collected using a Keithley 2401 sourcemeter and Oriel solar 

simulator, initially calibrated using a reference Si solar cell from Newport Corp. and 

maintained at 1 sun irradiance by a reference photodiode. The active area of all devices 

was defined using a shadow mask with 0.1 cm2 apertures. Each (J, V) point was sampled 

after a 1 s delay following application of the bias. Stabilized photocurrent measurements 

were taken using the same apparatus. While biasing the device at a specified voltage, 

photocurrent was sampled at a rate of 1 Hz. AC EQE measurements were taken using an 

Enlitech QE-R instrument using a monochromated Xe light source with a 165 Hz optical 

chopping frequency and no applied electrical or light bias. 

6.2. Indium(I) Iodide Film Deposition and Characterization 

As in the case of perovskite deposition by RIR-MAPLE, there is no prior 

experimental work on which to build in terms of suggesting an optimal deposition 

technique for InI, and this decision must be made using knowledge gained a priori. The 

most basic decision of whether to rely on solution or vapor methods is informed by the 

low solubility of InI in most organic solvents, as well as the possibility of redox chemistry 

facilitated by the propensity of In+ to oxidize to the more stable trivalent state. Thus, 

vapor-based methods appear to be a safer and more reliable method to guarantee films of 
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acceptable quality. The gentlest and most straightforward of these methods, single-source 

thermal evaporation, is therefore selected as having the highest likelihood of success.  

InI films were first evaporated onto unheated soda-lime glass substrates for basic 

characterization. XRD patterns of the resulting films are consistent with phase-pure InI, 

and are characteristic of random crystallographic texture (Figure 57). This result is 

somewhat intriguing for a layered compound such as InI, whose crystal structure consists 

of two atom-thick rock salt-like slabs (Figure 57). The slabs are shifted by half a unit cell 

along the a axis relative to one another, however, such that the interlayer bonding is a van 

der Waals attraction (nevertheless, relatively strong) between In atoms rather than In—I 

bonds, the dominant bonding motif within the layers themselves. The In—In bonds (3.57 

Å, 2 per In atom) are only marginally longer than the In—I bonds (3.46 Å, 4 per In atom; 

3.25 Å, 1 per In atom). Thus, these materials behave significantly less anisotropically 

compared with other binary lone-pair metal halides such as PbI2 or BiI3, and it is not 

especially surprising that the XRD patterns reflect this structural feature. However, the 

strongest peak belongs to the (040) orientation corresponding to alignment of the InI 

layers with the plane of the substrate. This preference may signify that the tendency of the 

basal plane to align with the substrate still exerts some influence over orientation, just not 

to the usual degree of other layered compounds. SEM images reveal a compact 

microstructure with small (~100 nm) grains. As discussed in previous chapters, this 
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morphology is common in perovskite films prepared by thermal evaporation, suggesting 

that similar growth mechanisms might be at work for this related compound. 

 

Figure 57: Properties of InI films evaporated onto glass substrates: crystal 
structure of InI (a); top-view SEM image of the InI film (b); XRD pattern of the film (c); 
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UV-vis absorption spectrum and Tauc plot (inset) of the film, indicating a 2.0 eV direct 
band gap (d); PL spectrum of an InI film on glass, capped with PMMA (e). Reprinted 
with permission from Ref. 349. Copyright 2018 American Chemical Society. 

Optical and electronic measurements of the InI films on glass (Figure 57) are 

consistent with the expectation of a semiconductor with a 2.0 eV direct band gap. The 

absorption onset in the UV-vis spectrum occurs at ~620 nm, and a 2.00 eV band gap value 

may be obtained from the Tauc plot of this transition, in accordance with other reports. 

Note that there appears to be anomalous absorption of light below the band gap. This 

feature is attributable to thin-film interference effects, revealed by extending the spectra 

to infrared wavelengths that show shifting of the interference fringes’ spectral positions 

as film thickness varies (Figure 58). The PL spectrum of an InI film on glass (and capped 

with poly(methyl methacrylate) to protect the film during measurement) agrees well with 

the UV-vis measurements, peaking at 2.02 eV. This peak is weak, however, suggesting 

that there may be a high density of deep traps in the film.  
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Figure 58: UV-vis-NIR spectra of several different thicknesses of InI films on 
glass, demonstrating that the apparent sub-band gap oscillations in absorbance are due 
to thin-film interference. Reprinted with permission from Ref. 349. Copyright 2018 
American Chemical Society. 

Ultraviolet photoemission spectroscopy (UPS) measurements (Figure 59) using He 

I excitation (hν = 21.2 eV) of InI evaporated onto ITO substrates indicate that the films 

possess a work function of 4.8 eV, as estimated from the secondary electron cutoff at 16.4 

eV. The valence band edge is estimated to occur at 0.8 eV below the Fermi level, 

corresponding to an ionization energy of 5.6 eV. Inverse photoemission spectroscopy 

(IPES) indicates a conduction band edge at ~1.2 eV above the Fermi level, corresponding 

to an electron affinity of 3.6 eV (Figure 59). The UPS and IPES measurements are combined 

to estimate a fundamental electronic band gap of 2.0 eV, in excellent agreement with 

optical measurements and providing further confidence in the assignment of InI as a 

direct band gap material. 
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Figure 59: Photoelectron spectroscopy measurements on thermally evaporated 
InI films: secondary electron cutoff in the UPS spectrum (a), valence band maximum 
from the UPS spectrum and conduction band minimum from the IPES spectrum (b), 
along with a Gaussian fit to the latter spectrum; XPS spectrum of an InI film (c). 
Reprinted with permission from Ref. 349. Copyright 2018 American Chemical Society. 

The composition of the InI films was also investigated by XPS (Figure 59). Films 

grown on both glass and ITO substrates contain peaks belonging to indium, iodine, and 

adventitious carbon, as well as a substantial amount of oxygen, even in films that are 
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never exposed to air between growth and measurement. The presence of oxygen at the 

surface of the films is not especially surprising given the propensity of In+ to oxidize, and 

may arise from interactions with trace oxygen or moisture in gloveboxes or even in the 

evaporation chamber itself. The films on glass also appear to be I-deficient, which may 

connect with a local enhancement of oxygen at the surface of the film, possibly as a surface 

oxide. 

As noted in Chapter 2, interaction between the film precursors and the substrate 

is the dominant interaction controlling film growth in vapor processes. The choice and 

surface condition of the substrate therefore has a defining impact on the structure of the 

resulting films, and is a useful parameter that may be manipulated to attain desirable 

properties. In particular, a substrate with a strongly favored crystallographic orientation 

may lead to preferred orientation in the film deposited on top, as in, for example, epitaxial 

processes. The substrate does not necessarily require similar crystal structure or even 

similar film chemistry to promote this kind of registered growth. Note also that species 

can diffuse from the substrate into the film during or after growth, possibly changing its 

properties. Here, we employ thin layers of SnI2 to influence the formation of the 

evaporated InI film on glass substrates and ITO/CdS half-devices. SnI2 possesses strongly 

preferred orientation (Figure 60) and is likewise chemically similar to InI since In+ and Sn2+ 

are isoelectronic, possibly reducing harm of Sn substitution on In sites. SnI2 is deposited 
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by spin coating from DMF solutions at concentrations of 10 or 20 mg/mL at 4000 rpm, and 

annealing afterward at 100 °C for 10 min. Like InI, SnI2 is air-sensitive, and thus this 

deposition is carried out in a nitrogen-filled glovebox. 

 

Figure 60: XRD pattern of a spin-cast SnI2 film on glass, displaying a strongly 
preferred orientation. Reprinted with permission from Ref. 349. Copyright 2018 
American Chemical Society. 

As anticipated, the nature of the substrate leads to substantial differences in the 

XRD patterns of the InI films, even without the SnI2 treatment (Figure 61). While the (040) 

peak is dominant in the films on glass, it is considerably attenuated in those on ITO/CdS, 

wherein the (111) peak is most intense. The SnI2 treatment has the same effect on both sets 

of films, which is to increase the relative strength of the (0k0) reflections monotonically 

with the concentration of the SnI2 solution. This effect is most striking for the films on 
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glass, which already begin with strongly preferred orientation. At 20 mg/mL SnI2, peaks 

other than the (0k0) series are barely visible. A similar but less dramatic change 

characterizes the films on ITO/CdS, to the extent that the (040) peak becomes dominant at 

20 mg/mL but does not quite surpass the (111) peak at 10 mg/mL. For both types of 

substrates, a peak at 11.6° emerges that can be assigned to InSn2I5, showing that the 

substrate reacts with the film during growth. Nonetheless, the presence of SnI2 seems to 

be highly effective at influencing the orientation of the InI film. It might do so by 

promoting epitaxial growth, or templating film formation from an interfacial layer of 

InSn2I5. This compound is also layered and should also strongly favor an orientation with 

its basal plane parallel to the substrate. SnI2 may also modulate grain growth by the action 

of Sn diffusing into the InI film from below.     
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Figure 61: Influence of the substrate on the crystallographic orientation of InI 
films deposited on glass (a) or ITO/CdS (b) with varying levels of SnI2 treatment. 
Adapted with permission from Ref. 349. Copyright 2018 American Chemical Society. 

The substrate also has an intriguing effect on the composition, as determined from 

XPS. As mentioned before, the O 1s peak is a significant component of the photoelectron 

spectra of films deposited on untreated glass, and is likewise visible in films on all other 

substrates (Figure 62). However, comparison of the elemental quantifications of these 
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spectra indicates that the substrate can exert considerable influence over the oxygen 

content, as well as the overall I:In stoichiometry. In particular, ratios of both I:In and I:O 

tend to increase with the concentration of the SnI2 solution (Table 7), indicating that films 

preferring a stronger (0k0) orientation may be more resistant to oxidation, and possess a 

more ideal stoichiometry. In particular, the I:In ratios for 20 mg/mL SnI2 treatment on glass 

and ITO/CdS substrates are 0.98 and 0.97, respectively, a notable change from the values 

of 0.80 and 0.91 on the equivalent untreated substrates.  

The correlation between the XRD and XPS data raises the question of whether the 

same physical mechanism might be invoked to account for the trends witnessed in both. 

As noted previously, (0k0)-dominated films largely comprise crystallites lying with their 

basal planes parallel to the substrate. It follows from this geometry that the top surface of 

the InI film also presents these planes. Because the van der Waals gap also lies in the same 

plane, this orientation corresponds to surfaces with the lowest probability of exposed 

dangling bonds. These defects might more readily be attacked by ambient oxygen, 

although this process is still possible if the surface is terminated in the middle of rather 

than between the rock salt slabs. In all other orientations, the surface must present 

dangling bonds because the film-atmosphere interface necessarily intersects the slabs. 

Additionally, the van der Waals gaps may act as diffusion channels into which 



 

240 

 

adventitious species can more easily penetrate the film (by analogy to 2D layered 

perovskites).105  

Other substrate-dependent variations in composition may also be relevant. All of 

the films fabricated on SnI2-treated substrates evince surface Sn:In ratios of 0.02, signifying 

that a significant amount of Sn diffuses to the top of the film (contribution from the 

substrate to the XPS signal is unlikely in view of the compactness of the grain structure 

seen in SEM, as seen in Figure 63). Additionally, Cd is also visible in the films deposited 

on ITO/CdS, although its presence appears to be partially suppressed by the SnI2 layer. 

As discussed in Chapter 3, similar behavior has been witnessed for MAPbI3 deposited on 

CdS, although this amount of Cd does not appear to be detrimental to the optoelectronic 

properties.57 The presence of Cd and Sn in the films may nevertheless affect how the films 

evolve during growth. 

Table 7: Elemental ratios from quantification of XPS spectra of InI films on glass 
and ITO/CdS substrates for various SnI2 treatments (given as concentration of the 
precursor solution in mg/mL). 

 glass ITO/CdS 

SnI2 none 10 20 none 10 20 

I:In 0.80 0.96 0.98 0.91 0.92 0.97 

I:O 0.71 0.92 1.13 1.72 1.71 2.46 

Sn:In 0.00 0.02 0.02 0.00 0.02 0.02 

Cd:In - - - 0.04 0.02 0.02 
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Figure 62: XPS spectra of InI films deposited on various substrates with 
different levels of SnI2 treatment. The red arrow in each panel indicates the position of 
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the oxygen 1s peak. Adapted with permission from Ref. 349. Copyright 2018 American 
Chemical Society. 

 

Figure 63: SEM images of InI films evaporated onto ITO/CdS substrates for 
varying levels of SnI2 treatment. Reprinted with permission from Ref. 349. Copyright 
2018 American Chemical Society. 

6.3. Solar Cells Using InI as the Absorber 

Having characterized the thermally evaporated InI films, solar cells were 

completed by spin coating poly(3-hexylthiophene-2,5-diyl) (P3HT) onto the 

ITO/CdS(/SnI2)/InI half-devices and thereafter evaporating Au cathodes. The CBM of CdS 

and the LUMO of P3HT are expected to be conducive to both electron and hole extraction 

from InI, respectively, and should not present any electrical barriers. The SnI2 treatments 

described above are likewise employed on a subset of samples to ascertain their impact 

on device performance. The device operating characteristics appear in Table 8. All solar 

cells measured display a photovoltaic effect, with modest VOC near 0.4 V and JSC near 2 

mA/cm2. The highest-performing group of solar cells corresponds to the 10 mg/mL SnI2 

treatment, with average forward J–V scan efficiency of 0.39%. Although there is significant 
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hysteresis in these devices, this group of cells maintains a clear advantage in JSC in both 

scan directions, substantially higher forward scan efficiency than both untreated and 20 

mg/mL devices, and statistical parity in reverse scan efficiency with the untreated devices. 

The forward scan appears to be a more reliable gauge of the true efficiency, as stabilized 

photocurrent measurements indicate closer agreement with this scan than the reverse. 

This behavior is evidenced by plotting the J–V curves of the best-performing device (also 

from 10 mg/mL SnI2 treatment) along with the (J,V) point corresponding to the stabilized 

efficiency measurement (0.38%), which lies much closer to the forward than the reverse 

scan (Figure 64 and Figure 65). Overall, these results suggest that there is some slight yet 

limited benefit to the SnI2 treatment. However, excessive amounts appear to interfere with 

electron extraction, possibly due to blocking by either an SnI2 layer that is too thick, or 

accumulation of InSn2I5 (as seen in the corresponding film XRD patterns, as discussed 

above) at the interface. 
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Figure 64: Device schematic (a), band diagram (b), J–V curves (c) and EQE (d) of 
the best-performing InI solar cell in this study. The green star in (c) represents the (J,V) 
point of the stabilized photocurrent/efficiency measurement of this device. Reprinted 
with permission from Ref. 349. Copyright 2018 American Chemical Society. 

Table 8: Average device parameters of InI solar cells for various SnI2 treatments 
(given as concentration of the precursor solution in mg/mL), taken from forward 
(reverse) J–V sweeps using a 1 s measurement delay time. Uncertainty in the 
measurements is quantified by the sample standard deviation. 

SnI2 treatment VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

none 
0.37 ± 0.03 
(0.38 ± 0.02)  

1.90 ± 0.09 
(1.66 ± 0.13) 

38.6 ± 2.3 
(34.5 ± 3.7) 

0.28 ± 0.03 
(0.22 ± 0.04) 
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10 
0.45 ± 0.01 
(0.33 ± 0.02) 

2.14 ± 0.09 
(1.99 ± 0.16) 

40.2 ± 1.9 
(29.7 ± 2.7) 

0.39 ± 0.04 
(0.19 ± 0.03) 

20 
0.45 ± 0.03 
(0.27 ± 0.03) 

1.84 ± 0.07 
(1.83 ± 0.12) 

38.9 ± 2.5 
(30.6 ± 2.5) 

0.32 ± 0.04 
(0.15 ± 0.02) 

 

EQE measurement of the best-performing solar cell (Figure 64d) is consistent with 

other device and film measurements. The integrated JSC corresponding to AM1.5G 

illumination is 2.4 mA/cm2, higher than but still close to the 2.1 mA/cm2 value measured 

in J–V scans and time-dependent photocurrent measurements. The discrepancy may be 

due to the relatively small spot size of the beam relative to the full device active area, 

which may therefore sample a part of the device that is locally better than the average 

performance of the whole cell. The longwave EQE onset (as calculated from the maximum 

slope of the EQE with respect to wavelength) occurs at 625 nm, corresponding to an 

energy of 1.98 eV that agrees well with the value obtained from UV-vis, PL, UPS, and IPES 

measurements and thus confirms that InI is indeed the source of the photocurrent 

generated by the cell. 
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Figure 65: Stabilized photocurrent and efficiency measurements of the best-
performing InI solar cell at short-circuit (first 20 s) and the maximum power point 
(remainder of the time). Reprinted with permission from Ref. 349. Copyright 2018 
American Chemical Society. 

6.4 Photovoltaic Potential and Outlook for InI 

This work demonstrates clearly that InI is, like many other lone-pair metal halides, 

a photovoltaic material. However, the low performance of the solar cells raises questions 

about the nature of defects in this material and their potential effects on devices. DFT 

calculations by Biswas and Du350 suggest not only that iodine vacancies (VI) lie deep 

within the band gap, but also that Schottky defects, or paired vacancies of indium (VIn) 

and iodine, have a low formation energy. The presence of these compound defects may 

therefore pin the Fermi level at midgap, and are expected to be very difficult to remove 

because of their low formation energy. Other calculations348, 351 concur that VI should have 
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a low formation enthalpy and that, although the lone-pair metal can be helpful in 

preventing cation vacancies from lying too deep within the band gap, it is not able to do 

so for anion vacancies.351  

Shi and Du352 further indicate that the details of the crystal structure can be very 

important for determining whether anion vacancies in halide semiconductors are deep or 

shallow, and provide additional insight into the influence of the lone pair metal. Because 

the frontier s states are occupied, the conduction band (from which the anion vacancy 

states are derived) is composed largely of p orbitals. Unlike s orbitals, the spatial 

anisotropy of these states implies that their overlap (the extent of which determines the 

depth of the anion vacancy within the band gap) has a strong dependence on the geometry 

of the crystal structure. Shi and Du352 illustrate this effect using the example of TlBr, which 

has a defect-tolerant CsCl structure at room temperature but can also adopt a defect-

intolerant rock salt structure. The key difference is that in the former, the Tl 6p states that 

contribute to VBr do not point towards the position where the anion should be, and thus 

do not have significant overlap when it is missing. In the rock salt structure they overlap 

strongly, and the p orbitals from the six adjacent Tl atoms can therefore easily hybridize 

to form a strongly localized—i.e., deep—level.352 Similar logic explains the depth of VI in 

InI, whose structure is derived from rocksalt, and for which hybridization of five In 5p 

orbitals adjacent to the missing iodine atom can therefore form similarly deep levels. 
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This theoretical background helps rationalize the experimental results. First, 

Biswas and Du350 predict that the presence of low-formation energy Schottky defects 

should pin the Fermi level at approximately 0.8 eV above the VBM. This prediction is 

exactly in line with the UPS/IPES measurements described in Section 6.2. While this 

agreement does not prove that Schottky defects are responsible for the measured work 

function, it is highly suggestive and a plausible explanation for the observations. It also 

further implies that other measurements indicating high density of deep traps (weak PL 

and low solar cell performance, particularly VOC) are consistent with the presence of hard-

to-remove iodine vacancies. Moreover, the XPS measurements indicate in all cases that 

the films are I-deficient, suggesting that formation of VI is favorable independent of 

whether Schottky defects are present or not. These observations further emphasize the 

possible importance of the SnI2 substrate treatment. In all cases, a SnI2-coated substrate 

increases the I:In ratio in the films and may therefore lead to an improvement in the 

electronic properties of the material, accounting for evident ability of this treatment to 

boost film performance. It is, however, important to emphasize that the I:In stoichiometry 

is not the only feature of the films affected by the substrate, and that other factors, such as 

presence of oxygen, diffusion of Sn or Cd, or intrinsic favorability of (0k0)-oriented films 

from the perspective of surface defects, may instead account for or at least contribute to 

the improvement in performance. 
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Although many questions about this material remain, this work is significant in 

several respects. It is the first report of a solar cell based on not only InI but monovalent 

indium halide semiconductors in general, and shows that the class of photovoltaic lone-

pair metal halides can be extended to indium-based materials as well. This work also 

provides experimental measurements that agree well with theoretical predictions of 

material properties, making an important step towards validation of these calculations 

and improving confidence in our overall understanding of these systems. The synergistic 

knowledge gained from experiment and theory shows that, although InI may not be the 

photovoltaic material of the future, we have learned important lessons about structure-

property relationships that may be used to inform the rational design of new materials of 

similar chemistry. For example, searching for crystal structures without significant spatial 

overlap of the In 5p orbitals may lead to more defect-tolerant semiconductors. A 

promising avenue for future study is therefore to investigate other In(I)-based halide 

semiconductors, and to determine whether they adopt crystal structures that might lead 

to more favorable defect properties.   
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7. General Conclusions 
The work contained in this dissertation represents several important steps forward 

in our understanding of halide semiconductor thin film processing and device fabrication. 

Beyond advancing the state of the art in earth-abundant electron and hole transport 

materials compatible with low-temperature processing (i.e., CdS and CuCrO2), a 

particularly useful discovery is that materials used in device construction that are 

commonly believed to be inert and reliable, such as CdS, NiOx, and SnO2, are in fact not 

necessarily so when paired with hybrid halide semiconductors such as MAPbI3. This 

vulnerability does not necessarily prohibit the fabrication of efficient solar cells, but can 

be problematic in the context of many conventional processing schemes. An open 

question is whether these reactions are likely to undermine long-term device operational 

stability, or equivalently, what the reaction kinetics are at temperatures between 20-100 

°C—i.e., a plausible range for outdoor solar cell operation in a variety of climates. In any 

case, these results emphasize the importance of not only electronic but also chemical 

passivation of interfaces in PSCs and related devices. This issue is an important facet of 

the much wider stability problem in these devices, and as such it is likely that this work 

will inform and support future efforts to conquer these challenges. 

Although interface reactivity is a pressing problem, this work has also shown that 

even MAPbI3, which is very sensitive to thermal decomposition,, can be highly robust to 
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much higher temperatures than it can normally tolerate if confined under pressure, with 

important features such as photoluminescence intensity remaining remarkably stable 

even up to temperatures as high as 250 °C. Moreover, although layered Ruddlesden-

Popper perovskites can be more susceptible to PL quenching, it is nevertheless possible 

to bond substrates without appreciable loss of emission intensity. These discoveries open 

up high-temperature processing approaches as viable means to improve such film 

attributes as grain size and preferred orientation. Furthermore, aided by a strong 

understanding of film and interface behavior under high temperature and pressure, this 

work demonstrates that self-encapsulating laminated device architectures can be a 

promising solution to the stability problem. 

This dissertation has also broadened the portfolio of thin film deposition 

techniques for more unconventional materials, by introducing RIR-MAPLE as a method 

that is uniquely well suited to manage the deposition challenges involved in hybrid halide 

semiconductors incorporating large, conjugated organic cations. Efforts to adapt this 

process for the deposition of hybrid perovskites have not only demonstrated the first PSC 

fabricated using a MAPLE process, but culminated in the development of a hybrid DFT-

informed paradigm for rational design of complex organic-based perovskites exhibiting a 

wide range of photophysical behaviors. Some of these behaviors are unique to these 

hybrid quantum well systems due to synergy between the organic and inorganic 
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components, and their ability to freely exchange photogenerated electrons and holes. The 

promise of RIR-MAPLE, as well as theoretical predictions of the band structures of several 

potentially interesting structures, have been validated by advanced optical measurements 

that conclusively demonstrate how excited state behavior can be tuned by changing the 

compositions of the inorganic and organic moieties. This work therefore demonstrates 

that hybrid DFT can be a valuable tool in designing complex-organic hybrid materials, 

and offers a reliable experimental platform for validating those predictions. The ability to 

obtain high-quality thin films via a maximally flexible deposition method also enables 

fabrication of optoelectronic devices incorporating these materials. By unveiling a 

straightforward path for the fabrication and characterization of the exciting and vastly 

underexplored class of hybrid materials incorporating optoelectronically active organic 

moieties, the author anticipates that this work may well be regarded as foundational in 

the nascent sub-field of materials science focused on hybrid materials. 

Finally, the work in this dissertation has also made a first step in the investigation 

of another class of photovoltaic halide semiconductors—i.e., those based on monovalent 

indium. This work has not only developed a simple strategy for the deposition of InI thin 

films by thermal evaporation, but integrated these films into solar cells, demonstrating for 

the first time that In+ can serve as the basis for photovoltaic materials, like its relatives Sn2+, 

Sb3+, Tl+, Pb2+, and Bi3+. Although the performance of InI solar cells is somewhat anemic, 
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there are compelling theoretical and experimental explanations for the origins of deep 

defects in this material. It is conceivable that, armed with this knowledge, other In+-

derived halide semiconductors (e.g., ternary or possibly quaternary compounds) might 

possess crystal structures that are less susceptible to the formation of harmful defects and 

possibly lead to much improved optoelectronic performance. 

Overall, this work establishes several interesting directions for future scientific 

investigation. It has demonstrated that interfacial reactivity in halide semiconductor 

devices cannot be ignored and that this problem must be considered along with much 

better understood features of their stability. It paves the way for the development of more 

conventional device architectures created by lamination rather than the less industrially 

commodious layer-by-layer deposition scheme. It opens a gateway for the study of exotic 

hybrid materials with unique physical properties and the fabrication of devices based on 

them. Last, it establishes that indium-based halide semiconductors may be an intriguing 

avenue for exploration of photovoltaic and other optoelectronic devices. Based on these 

merits, the author is proud to submit this dissertation for inclusion as part of the 

permanent scientific record. 
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