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Abstract 

Metal-halide perovskites possess an unprecedented combination of electronic and optical 

properties resembling those of traditional inorganic semiconductors yet can be processed at low 

temperatures from solution. Additionally, these materials have short estimated energy payback 

times and high potential for integration into tandem-on-silicon solar cells. The latest record 

single junction perovskite solar cell has reached a certified efficiency of 25.8% and perovskite-

silicon tandem solar cells have reached an efficiency of 33.7%. Nevertheless, numerous research 

challenges remain towards commercialization, including efficiency, stability, scalability, and Pb 

toxicity. The research within this thesis focuses on a materials driven approach to reduce non-

radiative losses in perovskite photovoltaics for single junction and tandem-on-silicon 

applications. 

 I will first describe the synthesis, characterization, and material properties an NDI side 

chain copolymer incorporating cinnamate crosslinking groups. We demonstrate the polymer’s 

high transparency, thermal stability, photocrosslinking, and n-doping via solution and sequential 

processes. We implement this polymer in PSCs and characterize its solar-cell device 

performance relative to an uncrosslinked homopolymeric counterpart in n-i-p devices with a 

MA-free perovskite absorber. Next, I will discuss a large photoluminescence-based screening of 

passivation materials. Candidate passivators were screened across a variety of perovskite 

compositions. A benzylammonium trifluoromethanesulfonate salt, BAOTf, was identified as a 

highly effective passivation molecule, allowing for the fabrication of solar cells exhibiting very 

low hysteresis with PCEs >19% with a MA-free mixed-cation mixed-halide perovskite absorber 

(Cs17Br25). Finally, the reactivity of amines and ammoniums with formamidinium salts was 

explored. Understanding solution reactivity of amines with formamidinium salts enabled the 
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synthesis, isolation, and implementation of the product(s) formed in these reactions as additives 

and surface passivation agents in perovskites. This work helped to elucidate the role of the 

amine/ammonium additives in controlling FA-containing perovskite growth and crystallization 

processes. 
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1 An Overview of Hybrid Metal-Halide Perovskites for Photovoltaics 

1.1 Preface: Metal-Halide Perovskites and Renewable Energy 

Climate change is perhaps our greatest existential threat. Decarbonizing the economy will 

be necessary to reduce greenhouse gas emissions. Central to this goal is the need for 

development and deployment of renewable energy. Of all carbon-neutral sources of energy, 

sunlight is the largest.1 The sun provides the earth with ~120,000 TW; If we covered just 0.16% 

of the Earth’s surface with 20% efficient solar panels, we could generate ~38 TW, exceeding 

projected power needs of ~25 TW in 2040.2 A variety of solar cell technologies have been 

developed; however, thin film metal-halide perovskites represent a promising low cost 

alternative to existing solar technologies.  Metal-halide perovskites possess an unprecedented 

combination of electronic and optical properties resembling those of traditional inorganic 

semiconductors yet can be processed at low temperatures from solution. Additionally, these 

materials have short estimated energy payback times and high potential for integration into 

tandem-on-silicon solar cells.3 Nevertheless, numerous research challenges remain towards 

commercialization, including efficiency, stability, scalability and Pb toxicity. Research on 

perovskite solar cells may allow for improved efficiency and long-term stability of these devices, 

improving photovoltaic technology and our ability to sustainably source energy. 

The conversion of light to electricity has been extensively studied and optimized over the 

last century. Becquerel first discovered the photovoltaic effect in 1839.4 Nearly a century later in 

1941, the first silicon solar cell was demonstrated by Ohl at Bell Labs with a power conversion 

efficiency (PCE) of less than 1%.5 Today crystalline silicon solar cells represent the 

overwhelming majority of photovoltaic market share (>85%) with laboratory modules reaching 

>25% PCE and commercial modules reaching up to 22%. Various alternatives to first generation 
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silicon technologies have been developed within the within the photovoltaic research sector, 

including so-called second-generation technologies using thin films such as cadmium telluride 

(CdTe) and copper indium gallium diselenide (CIGS). Finally, third generation photovoltaic 

technologies consist of emerging technologies such as dye-sensitized, quantum dot, metal-halide 

perovskite, and organic solar cells. 

Amongst emerging photovoltaic technologies, organic-inorganic hybrid perovskites are 

especially promising and have generated tremendous research interest. Lead-halide perovskites 

were first reported in photovoltaic devices in 2009 with a PCE of 3.8%.6 The latest record single 

junction perovskite solar cell has reached a certified efficiency of 25.8% and perovskite-silicon 

tandem solar cells have reached an efficiency of 33.7%.7 Their high efficiency, tunable bandgaps 

(especially for tandems), and ability to leverage years of existing research and materials used in 

organic and dye sensitized solar cells are a few of the merits of this emerging technology which 

has led to their use in a variety of optoelectronic devices even beyond solar cells, including light 

emitting diodes, photodetectors, and x-ray detectors.8 The research within this thesis focuses on a 

materials driven approach to reduce non-radiative losses in perovskite photovoltaics for single 

junction and tandem-on-silicon applications.  

1.2 Semiconductor Physics and Photovoltaics: A Short Overview 

Numerous in-depth descriptions of photovoltaic principles exist and as such, only a brief 

overview will be provided here. Photovoltaic devices operate via the absorption of photons with 

sufficient energy to generate excited states or excitons (exceeding the threshold photon energy) 

followed by generation of free carriers. The detailed balance equation, shown below in Equation 

1.1, describes the thermodynamic limit of the efficiency of a solar cell based upon the solar 
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spectrum, the absorber bandgap, and recombination rate.9 The terms are defined below in Table 

1.1. 

η(𝑥𝑔, 𝑥𝑐, 𝑡𝑠, 𝑓) =
𝐼[𝑉(𝑚𝑎𝑥)]𝑉(𝑚𝑎𝑥)

𝑃𝑖𝑛𝑐
= 𝑡𝑠𝑢(𝑥𝑔)𝑣(𝑓, 𝑥𝑐, 𝑥𝑔)𝑚 (

𝑣𝑥𝑔

𝑥𝑐
)            Equation 1.1  

Variable Definition Description Value in detailed 

balance limit 

calculation 

xg xg=Eg/kTs The ratio of the 

bandgap of the 

absorber, Eg, to the 

product of the 

Boltzmann constant, 

k, and the 

temperature of the 

sun, Ts. 

 

xc xc=Tc/Ts The ratio of the 

temperature of the 

cell, Tc, to the 

temperature of the 

sun, Ts. 

 

ts ts The probability that a 

photon with hv > Eg 

incident on the 

surface will produce 

an electron-hole pair.  

ts = 1 

f Fs = AfωtsQs The total rate of 

generation of 

electron-hole pairs 

from incident solar 

radiation.  

f = fω/2 (assuming a 

planar cell radiating 

from both sides) 

Table 1.1: Variables in the detailed balance equation, their calculation, a brief description and 

their assumed value in the detailed balance limit. 

 

The parameters u(xg), v(xg, xc, f), and m(vxg/xc) are the ultimate efficiency factor, the ratio 

of the open-circuit voltage or Voc to the bandgap of the cell, Eg, and the impedance matching 

factor which is a function of the ratio of the Voc to thermal voltage for the cell, respectively. The 

ultimate efficiency factor accounts for spectrum losses for a given absorber bandgap (where 

energy from above bandgap photons is lost to thermalization and sub-bandgap photons cannot be 

collected to generate electron-hole pairs). The impedance matching factor describes the fill factor 
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(FF), or the ratio of the maximum power from the solar cell to the product of the VOC and short 

circuit current, Isc. Simply put, the maximum power point, or MPT, occurs where the IV product 

is largest. 

A critical assumption in the detailed balance limit is that all photogenerated carriers 

recombine radiatively. In practice, non-radiative recombination can severely limit the efficiency 

of the solar cell. Mechanisms of recombination will be thoroughly discussed in the following 

sections as the reduction of non-radiative recombination in perovskites is a central theme of this 

thesis. 

1.2.1 Overview of Inorganic and Organic Semiconductors 

Extensive discussions of fundamental concepts in semiconductors can be found throughout 

the literature: vacuum level, band structure, conduction and valence bands, Fermi levels, work 

function, electron affinity, ionization energy, carrier mobility, and conductivity. As such I refer 

the reader to the following references: 

1. Kittel, C., Introduction to Solid State Physics. John Wiley & Sons, Inc: 2005. 

 

2. Mott, N. F.; Davis, E. A., Electronic Processes in Non-Crystalline Materials. Oxford 

University Press: 2012. 

 

3. Brédas, J.-L.; Marder, S. R., The WSPC Reference on Organic Electronics: Organic 

Semiconductors. World Scientific: 2016; Vol. 1. 

 

4. Kahn, A., Fermi level, work function and vacuum level. Materials Horizons 2016, 3 (1), 

7-10. 

 

5. Bredas, J.-L., Mind the gap! Materials Horizons 2014, 1 (1), 17-19. 

 

6. Karl, N., Charge carrier transport in organic semiconductors. Synth. Met. 2003, 133-134, 

649-657. 

 

7. Coropceanu, V.; Cornil, J.; da Silva Filho, D. A.; Olivier, Y.; Silbey, R.; Brédas, J.-L., 

Charge Transport in Organic Semiconductors. Chem. Rev. 2007, 107 (4), 926-952. 
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8. Cahen, D.; Kahn, A., Electron Energetics at Surfaces and Interfaces: Concepts and 

Experiments. Adv. Mater. 2003, 15 (4), 271-277. 

 

 

1.2.2 Carrier Generation and Recombination 

1.2.2.1 Carrier Generation 

 

Carrier generation takes place via a series of steps. When the energy of an impinging 

photon equals or exceeds the bandgap of the absorber an electron can be excited from the 

valence band into the conduction band of the material. This creates an excited state or exciton (a 

coulombically bound hole-electron pair) which then can dissociate to generate free carriers. In 

materials with a high dielectric constant, as is the case for many inorganic materials such as 

silicon, cadmium telluride, and perovskites, Wannier-Mott excitons are formed, which extend 

over a large range within the lattice, and are weakly bound relative to free charges (with binding 

energies on the order of 10s of meV) and so can rapidly dissociate to form these free carriers 

because of electric field screening. On the other hand, Frenkel excitons form within organic 

semiconductors (as in the case of organic solar cells), where the dielectric constant is low and 

therefore the exciton binding energy is large (often 100s of meV). There are various approaches 

towards the optimization of carrier generation including reducing reflection losses and parasitic 

absorption at the transparent electrode and charge-transport layers (caused in part by differences 

in the refractive indices of these materials and the absorber layer).10  
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The nature of the bandgap of the absorber material has an important consequence on the 

absorption and thickness of the device. An ideal material would exhibit a large absorption 

coefficient and long carrier diffusion lengths. Direct bandgap materials, or materials where the 

conduction band minimal-energy state and the valence band maximal-energy state coincide with 

respect to the crystal momentum (k-vector), exhibit much stronger optical transitions and 

therefore only require thin films of the absorber (hundreds of nanometers thick in the case of 

perovskites). On the other hand, indirect bandgap materials, or materials where the conduction 

band minimal-energy state and the valence band maximal-energy state do not coincide with 

respect to the crystal momentum (k-vector), exhibit weaker absorption and require thicker 

Figure 1.1: Plot of energy vs. crystal momentum (k) illustrating the difference between direct 

(left) and indirect (right) bandgap materials.  
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absorber layers (hundreds of microns thick in the case of Si). The thickness of the material must 

be counterbalanced by the carrier diffusion lengths. In the case of silicon, minority carrier 

diffusion lengths are sufficiently large (100s of μm) to tolerate a relatively large device 

thickness. In perovskites, carrier diffusion lengths often exceed a micron, which is much longer 

than the thickness of the absorber layer.11 The subsequent section will briefly discuss the 

interplay between recombination and the carrier diffusion length. 

1.2.2.2 Carrier Recombination 

 

Efficient management of carrier recombination is amongst the most important aspects of 

achieving an efficient solar cell. Electrons in the conduction band can recombine with holes in 

the valence band via several different processes. There are three major types of recombination in 

semiconductors: radiative recombination, Auger recombination, and trap-assisted or Shockley–

Read–Hall (SRH) recombination (Figure 1.2).  

 
Figure 1.2: Recombination mechanisms in solar cells. Reproduced from Satpathy and Pamuru 

with permission.12 

1.2.2.2.1 Band-to-band Radiative Recombination 

 

Radiative recombination occurs when an electron from the conduction band recombines 

with a hole from the valence band and emits a photon. Perhaps counterintuitively, a reciprocity 
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relation exists such that a good solar cell must also be a good light emitting diode (LED). The 

radiative emission of photons is an essential process towards equilibrium and does not constitute 

energy loss.13 As such, radiative recombination should be maximized and will occur to large 

extent in direct bandgap semiconductors. The relationship between the open-circuit voltage 

(VOC) of a solar cell and the external luminescence quantum efficiency, EQEEL, is defined from 

the  reciprocity relationship below (Equation 1.2).9  

𝑉𝑂𝐶
𝑐𝑒𝑙𝑙 =  𝑉𝑂𝐶

𝑟𝑎𝑑  −  
𝑘𝑇

𝑞
|ln(𝐸𝑄𝐸𝐸𝐿)|            Equation 1.2  

 
The open-circuit voltage of the cell, VOC

cell, is equal to radiative limit open-circuit voltage, 

VOC
rad, minus the product of the thermal voltage at the operating temperature, kT/q, and the 

natural logarithm of the electroluminescence external quantum efficiency of the cell operating as 

a light emitting diode (LED). Thus, to approach the maximum VOC, a material must exhibit near 

unity external luminescence.  

 A related quantity is the quasi-Fermi level splitting (QFLS), which is a measure of the 

difference between the electron quasi-Fermi level, or EF,e, and the hole quasi-Fermi level, or EF,h. 

The quasi-Fermi levels are useful to describe the populations of the conduction and valence band 

under non-equilibrium conditions, such as upon photoexcitation.14 The precise positions of the 

quasi-Fermi levels are difficult to measure, however the photoluminescence quantum yield 

(PLQY) can be used to estimate QFLS by a closely related expression (Equation 1.3). 

𝑄𝐹𝐿𝑆 =  𝑄𝐹𝐿𝑆𝑟𝑎𝑑  − 𝑘𝐵𝑇 |ln(PLQY)|            Equation 1.3  

Notably, the internal QFLS is not always equal to the energy equivalent to the external VOC; the 

latter can be smaller for a variety of reasons including voltage loss due to misaligned contacts or 

the introduction of different non-radiative recombination pathways.15 Furthermore, any process 

which reduces radiative recombination will reduce the lifetime of charge carriers, the VOC, and 



 9 

the efficiency of the cell.16 Lastly, it is noteworthy that radiative recombination can be further 

beneficial in that an emitted photon can be reabsorbed in a process called “photon recycling” 

which can enable longer length scales for transport through multiple recombination-emission 

events.17  

1.2.2.2.2 Auger recombination  

 

Auger recombination occurs when a third carrier interacts with an electron and hole such 

that the electron and hole recombine, and an electron is promoted to a higher energy level. This 

results in the promoted electron relaxing via a phonon to the conduction band. This is a type of 

non-radiative recombination loss, which can occur in some solar cells, especially when the 

carrier concentration is high.12 

1.2.2.2.3 Shockley-Read-Hall recombination 

 

The presence of traps enables the conversion of energy to phonons. Traps can occur in 

the bulk or on the surface of a material because of imperfections in the material such as dangling 

bonds or impurities. These defects or imperfections create energy states within the bandgap of 

the material which enable non-radiative loss. These defects occur more prominently at the 

surfaces or grain boundaries of materials. As discussed in the radiative recombination section, 

non-radiative recombination via this mechanism heavily influences the quasi-Fermi level 

splitting and the VOC.16 

1.2.2.2.4 Surface recombination velocity (SRV) 

 

Lastly, a measure of the recombination rate at surfaces is called the surface recombination 

velocity, S, in units of cm/sec. It occurs from the drift or diffusion of electrons or holes towards 

recombination centers at the surface.18 At a surface with no recombination, carriers do not move 

towards the surface and the surface recombination velocity is 0 cm/sec. At a surface with infinite 
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recombination, the surface recombination is limited by the maximum carrier velocity. 

Decreasing the rate of depletion of carriers will increase the carrier lifetime and efficiency of the 

cell.19 

1.3 Hybrid Organic Inorganic Perovskites 

There are many relevant reviews covering the optoelectronic properties of lead-halide 

perovskites. The following section only intends to briefly introduce these materials in the context 

of this thesis and to motivate the research directions undertaken. I refer the reader to any of the 

excellent reviews below. 

1. Green, M. A.; Ho-Baillie, A.; Snaith, H. J., The emergence of perovskite solar cells. 

Nat. Photonics 2014, 8 (7), 506-514. 

 

2. Mitzi, D. B., Introduction: Perovskites. Chem. Rev. 2019, 119 (5), 3033-3035. 

 

3. Jena, A. K.; Kulkarni, A.; Miyasaka, T., Halide Perovskite Photovoltaics: 

Background, Status, and Future Prospects. Chem. Rev. 2019, 119 (5), 3036-3103. 

 

4. Kim, J. Y.; Lee, J.-W.; Jung, H. S.; Shin, H.; Park, N.-G., High-Efficiency Perovskite 

Solar Cells. Chem. Rev. 2020, 120 (15), 7867-7918. 

 

5. Lin, X.; Cui, D.; Luo, X.; Zhang, C.; Han, Q.; Wang, Y.; Han, L., Efficiency progress 

of inverted perovskite solar cells. Energy Environ. Sci. 2020, 13 (11), 3823-3847. 

 

6. Snaith, H. J., Present status and future prospects of perovskite photovoltaics. Nat. 

Mater. 2018, 17 (5), 372-376. 

 

7. Correa-Baena, J.-P.; Saliba, M.; Buonassisi, T.; Grätzel, M.; Abate, A.; Tress, W.; 

Hagfeldt, A., Promises and challenges of perovskite solar cells. Science 2017, 358 

(6364), 739-744. 

 

8. Stoumpos, C. C.; Kanatzidis, M. G., The Renaissance of Halide Perovskites and Their 

Evolution as Emerging Semiconductors. Acc. Chem. Res. 2015, 48 (10), 2791-2802. 

 

9. Park, N.-G., Perovskite solar cells: an emerging photovoltaic technology. Mater. 

Today 2015, 18 (2), 65-72. 

 

10. Correa-Baena, J.-P.; Abate, A.; Saliba, M.; Tress, W.; Jesper Jacobsson, T.; Grätzel, 

M.; Hagfeldt, A., The rapid evolution of highly efficient perovskite solar cells. 

Energy Environ. Sci. 2017, 10 (3), 710-727. 
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1.3.1 Perovskite Crystal Structures 

Perovskite refers to calcium titanate (CaTiO3), a mineral named after Russian 

mineralogist Count Lev A. Perovskiy.8 This term has commonly been used to refer to a larger 

class of compounds with formula ABX3 and a crystal structure that is the same as, or similar to, 

that of calcium titanate; the crystal structure consists of octahedrally coordinated B site cations, 

corner sharing X site anions, and A site cations situated within the cuboctahedral cavities.20 

Halide perovskites are the primary materials of interest for solar applications and usually consist 

of methylammonium (MA+), formamidinium (FA+), and/or cesium (Cs+) as A site cations; lead 

(Pb2+), or tin (Sn2+) as B site cations; and iodide (I-), bromide (Br-), and/or chloride (Cl-) 

occupying the X sites. 

 

 

 

 

 

 

 

 

 

A simple expression has been developed to help determine the possible constituent anions 

and cations for the formation of three-dimensional perovskites. The Goldschmidt tolerance factor 

(Equation 1.3) can be determined from the ionic radii to rationalize the structures formed with 

Figure 1.3: An idealized illustration of a cubic perovskite structure of methylammonium lead iodide 

(MAPbI3). The methylammonium cation is surrounded by 12 iodides within the cuboctahedral 

cavity while the lead dications (gray) exhibit 6-fold coordination to the halide ions (blue). Note that 

MAPbI3 exists as a tetragonal phase, which is a lower symmetry structure closely related to this 

cubic structure, at room temperature. 
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various cations and anions, where rA, rB, and rX are the ionic radii of the A-site, B-site, and X-site 

atoms, respectively.21-22  

𝑡 =
(𝑟𝐴+𝑟𝑋)

√2(𝑟𝑥+𝑟𝑏)
     Equation 1.3 

Three-dimensional halide perovskites are typically formed values of t between 0.8 and 1.0; 

values for CsPbI3, MAPbI3, and FAPbI3 increase from 0.81 to 0.91 to 0.98, respectively.23-24  

The structure can deform from cubic to tetragonal or orthorhombic with varying anion 

and cation size and with changes in temperature. MAPbI3 forms a stable and photoactive 

tetragonal phase at room temperature but exhibits an orthorhombic to tetragonal phase transition 

at 162 K and a tetragonal to cubic phase transition at 327 K.25-26 FAPbI3 can form either the black 

photoactive orthorhombic perovskite phase (α-FAPbI3) or the yellow hexagonal non-perovskite 

phase (δ-FAPbI3), where formation of α-FAPbI3 typically relies upon annealing at temperatures 

greater than 150 °C. Humid, ambient air can induce the degradation of α-FAPbI3 to δ-FAPbI3.
27

 

Lastly, CsPbI3 can adopt four distinct polymorphs where most relevant phases are the 

photoactive α-phase commonly applied in solar cells which can degrade to the non-photoactive 

δ-phase.28 
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Figure 1.4: Example structures of (A) 3D, (B) 2D, and (C) 1D perovskites. Representation of 

(D) vertex-sharing, (E) edge-sharing, and (F) face-sharing 1D perovskite structures. Reproduced 

from Tremblay et al. with permission.29
 

Whilst most perovskite research for solar applications has focused on three-dimensional 

(3D) perovskites, it should also be noted that other hybrid metal-halide compositions can form 

structures with reduced dimensionality of the metal-halide sublattice; these include two 

dimensional (2D) perovskites and one dimensional (1D) perovskites, as well as structures that 

cannot be regarded as being derived from the perovskite structure. Lower dimensional 

perovskites are generally less suitable for photovoltaics on their own due to their wider 

bandgaps, but 2D lead-halide perovskites (LHPs) have successfully been used in conjunction 

with bulk 3D structures to produce very efficient solar cells.30-31 Two dimensional perovskites 

consist of sheets of corner-sharing PbX6 octahedra separated by layers of larger organic cations 

(generally described by the formula A2BX4 or A’BX4, where A is a monovalent cation and A’ is 

a divalent cation). One-dimensional perovskites can exist in varying stoichiometries depending 

upon the connectivity of the PbX6 octahedra (vertex- vs. edge- vs. face sharing octahedra). Low 
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dimensional perovskites have concomitant, but at this time less thoroughly understood 

stereochemical rules, determining their growth.32 

1.3.2 Optoelectronic Properties of Lead-Halide Perovskites 

Halide perovskites possess numerous advantageous optoelectronic properties for a variety 

of device applications, especially solar cells. Hybrid organic-inorganic perovskites (HOIPs) 

exhibit strong optical absorption and are direct bandgap semiconductors.33 3D perovskites 

exhibit low exciton binding energies (as a consequence of their high dielectric constant) allowing 

for the generation of free carriers under illumination at room temperature.34 Additionally, 3D 

perovskites exhibit long hole and electron diffusion lengths and high hole and electron 

mobilities.11, 35  

The position of the valence and conduction bands of lead-halide perovskites is mostly 

determined by the orbital overlap between the metal and halide ions, whilst the A site cation 

more minimally affects the band structure as a result of steric and coulombic interactions.36 A 

useful model is the case of the zero dimensional (PbI6)
4- ion, where the highest occupied 

molecular orbital (HOMO) is formed primarily from overlap of the Pb 6s–I 5p σ-antibonding 

orbitals and the lowest unoccupied molecular orbital (LUMO) is formed from both from the Pb 

6p–I 5p π-antibonding and Pb 6p–I 5s σ-antibonding orbitals. The HOMO and LUMO in (PbI6)
4- 

are ultimately the basis for the valence band and conduction bands in three dimensional halide 

perovskite material, respectively.37-38  

As such, the bandgap of perovskites can be tuned by modifying or alloying the halide 

composition, the A site cation, or the divalent metal (by using other metals like Sn2+).39 Within 

an analogous series of congeners the bandgap trend for halides is I < Br < Cl, mostly resulting 

from changes to the valence band position. These changes of the band positions can be visualized 
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in the energy level diagram derived from a combination of photoelectron spectroscopy data and 

optical data (Figure 1.5).40 Finally, reduction in the dimensionality typically also increases the 

bandgap.41 

 
 

Figure 1.5: Energy level diagram of the various primary ABX3 3D metal halide perovskites. 

Adapted from Tao et al. with permission.40  

1.3.3 Device Structures and Processing Methods 

The structure of perovskite solar cells has evolved considerably since their introduction 

through an increased understanding of the perovskite absorber properties and a variety of device 

engineering approaches. The first cells utilized nanocrystalline particles of MAPbI3 and 

MAPbBr3 as sensitizers on a framework of microporous titania—where the perovskite 

functioned to absorb light and produce excitons and the bulk metal-oxide was used for charge 

transport.6 Later, Lee et al. reported cells which replaced the mesoporous n-type TiO2 layer with 

insulating Al2O3 as a scaffold atop compact TiO2 (Figure 1.6 (a)).42 This report was 

groundbreaking in the way that it demonstrated that a sensitization approach was not necessary.43 

Another important development was the first highly efficient planar cells (Figure 1.6 (b)). Liu et 

al. showed that nanostructured layers were not a requirement, which enabled a variety of 

simplified device architectures.44 Several years later, the first efficient inverted (p-i-n) perovskite 
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solar cells were demonstrated by multiple groups.45-47 Inverted cells use a sandwich architecture 

but unlike “normal” or n-i-p cells, consisted of a hole transport layer atop the bottom (front) 

transparent electrode and an electron transport layer atop the perovskite at the top (rear) 

electrode. Today, all the approaches depicted in Figure 1.6 are used, although inverted 

architectures are perhaps the most promising due to their greater stability and easier integration 

into tandem on silicon cells.  

 

 
 
 

Figure 1.6: Depiction of the common device structures in perovskite solar cells. (a) n-i-p or 

regular mesoporous electron transporting layers (represented by network of white circles). (b) 

Planar n-i-p regular heterojunction approach. (c) Planar p-i-n or inverted structure. Adapted from 

Lin et al. with permission.48  

Most perovskite solar cells are fabricated using solution processing. Solution processing 

can be advantageous for several reasons. Firstly, it should be noted that the highest efficiency 

perovskite solar cells reported in the open literature have been solution processed.49 Additionally, 

solution processing is considered to be a low-cost fabrication method. An alternative but less 

commonly used method for processing PSCs is via vacuum deposition. This is advantageous for 

several reasons. Vacuum deposition is compatible with temperature-sensitive substrates, allows 

for conformal coatings on non-planar substrates, is solvent-free and allows for straightforward 
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implementation into tandem solar cells.50 Vacuum processing is an established technique in the 

electronic industry demonstrating high throughput and reliability. Finally, vacuum deposition can 

enable processing of interfacial materials with limited solubility or solubility not orthogonal to 

the perovskite layer (sequential deposition).51 

1.3.4 Research Challenges 

Research on perovskite solar cells has focused primarily on three areas: efficiency, 

stability, and scalability. There are many viable research approaches towards one or multiple of 

these areas, including: active layer (absorber) engineering, modifying existing and developing 

new transport layers; surface and interface passivation; theoretical and computational modeling; 

fabrication of flexible or semitransparent devices; lead-sequestration or replacement; and 

perovskite-perovskite, perovskite-CIGS, and perovskite-silicon tandem cells (of which much of 

the research focuses on the aforementioned approaches).52 Of course, even within these broad 

areas, there are more specific topics of interest. As this thesis primarily focuses on new electron 

transport layers and passivation approaches, the remaining section of research challenges will 

highlight some seminal works and state of the art approaches within these areas. 

1.3.4.1 Surface Passivation 

An important research area to improve efficiency and stability of perovskite solar cells is 

surface passivation. Perovskite films contain a high density of defects which can affect charge 

recombination and ion migration, both critical aspects for high performance and long term 

stability of devices.53 At the surface or interface of perovskite films, there are discontinuities in 

the crystal lattice which create defect energy states within the bandgap. Deep traps are states 

created by charged defects which lie between the valence and conduction bands. These traps 

increase the rate of nonradiative recombination as described by Shockley–Read–Hall (SRH) 
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theory.16 Shallow traps are considered to have a lesser effect on the rate of non-radiative 

recombination, however, can result in ion migration under an electric field.53  

 

 
 

Figure 1.7: Imperfections in polycrystalline perovskite films and passivation approaches. 

Adapted from Lin et al. with permission.53  

Deep traps decrease the splitting of electron and hole quasi‐Fermi levels which lead to a 

decrease in the open circuit voltage (VOC) of the solar cell. The relationship between VOC and 

recombination was described previously in the section on band-to-band radiative recombination 

in Equation 1.2. Recall that the external electroluminescence quantum efficiency (EQEEL) was 

demonstrated to be a major limiting factor in the solar cell device performance.16 Thus, a high 

performance solar cell must also be a highly efficient LED.16 Most successful passivation 

molecules suppress non-radiative recombination which is demonstrated by enhanced 

photoluminescence intensity and lifetime, along with enhancements in PCE mostly as a result of 

large increases in the Voc.
53 
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Figure 1.8: Calculated transition energy levels for various defects within MAPbI3. (a) intrinsic 

acceptors. (b) intrinsic donors. Gray boundaries indicate the relative positions of the valence and 

conduction bands. The point defects included represent vacancies (VMA, VPb and VI), interstitials 

(MAi, Pbi and Ii), and substitutions (MAPb, PbMA, MAI, PbI, IMA, and IPb). Reproduced from Yin 

et al. with permission.54
 

Perovskite films have several types of defects which increase the rate of nonradiative 

recombination. They fall into several major categories which include: intrinsic point defects, 

impurities, two-dimensional extended defects (including grain boundaries), and three-

dimensional defects such as lead clusters.53 Most defects at the surface are a result of 

undercoordinated halide ions (X-) and lead (Pb2+) ions. The energies of various defects and their 

location relative to the bandgap of MAPbI3 from first principles calculations are shown in figure 

1.8.54 Successful passivation of undercoordinated ions has been accomplished both via 

coordination and ionic bonding.53 Additionally, passivation approaches vary in that molecules 

can either be added to the perovskite precursor solution or deposited via spin coating atop a 

perovskite film.55 

Passivation by coordination of Lewis acids and Lewis bases is a widely utilized approach. 

Lewis basic molecules, which are thought to coordinate to undercoordinated Pb ions,  
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include thiophene, pyridine, benzylamine, and trioctyl phosphine oxide (TOPO).56-58 It should be 

noted, however, that primary or secondary amines may react with formamidinium in certain 

perovskite inks.59-60 Some examples of Lewis acidic molecules include fullerenes and 

iodopentafluorobenzene. Iodopentafluorobenzene is thought to act as a halogen bond donors 

capable of passivating undercoordinated halogen anions, whereas fullerenes may either 

coordinate to undercoordinated halide ions or coordinate Pb–I antisite defects (PbI3
−).53, 57, 61-62   

Ionic passivation interactions are another approach towards the passivation of perovskites. 

Various alkali metal halide salts as well as some transition metal halide salts have produced very 

high efficiencies.53 Two especially noteworthy examples include incorporation of potassium 

iodide and incorporation of rubidium iodide.63-64 Many organic ammonium iodide salts have 

been used as passivation agents including phenylethylammonium iodide (PEAI) and 

butylammonium iodide.65-66 It should also be note that these ammonium salts can induce the 

formation of wide bandgap layered phases when added to the precursor solution.67-68 Another 

approach which falls within this category is the use of zwitterionic passivation agents. A tert-

butyl-phenylalanine derivative was found to be very effective in reducing non-radiative 

recombination and thus increasing open circuit voltage (Voc).
55 

Figure 1.9: Examples of Lewis base passivators (blue) and halogen bond passivator (red). From 

left to right: thiophene, pyridine, trioctylphosphine oxide (TOPO), and pentafluoroiodobenzene. 
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Numerous surface passivation agents have been identified and have produced very high 

device efficiencies in the literature.55, 57, 69 However, several challenges remain. Firstly, some 

passivation agents are extremely effective for increasing the photoluminescence quantum yield 

(PLQY) of films but are insulating and cannot be implemented in devices.70 Furthermore, many 

candidate passivation molecules are not commercially available and thus this has limited the 

chemical space of what has been explored so far. The synthesis of new molecules may aid in the 

identification of new passivation agents and in identification of the precise mode(s) of chemical 

interaction. Finally, the precise chemical nature of the interaction of the passivation molecule 

with the traps is difficult to elucidate. Various passivation treatments may work well for a 

specific perovskite composition but few “universal” passivation agents have been identified, 

especially for methylammonium-free compositions.71 

1.3.4.2 Electron Transport Materials 

 

PSCs incorporate charge-carrier transport layers that are used between the perovskite 

absorbing layer and charge collecting electrodes. These layers are used to selectively transport a 

charge carrier (either holes or electrons) to the appropriate electrode.72 Electron transporting 

materials (ETMs) for PSCs should have good energy alignment with the perovskite layer and a 

high electron (n-type) mobility. Not only should the LUMO of the ETM align closely with the 

conduction band of the perovskite, but also the HOMO of the ETM should function to block hole 

transport as a result of poor energy alignment (lower HOMO energy) with the valence band of 

the perovskite.73 Additionally, these materials should be soluble in a solvent that does not 

dissolve the perovskite layer (when deposited by solution processing), provide uniform film 

coverage, and act to passivate defects in the perovskite layer.72 Ideal charge transport layers 

should not contribute to non-radiative losses when in contact with the perovskite.74 In certain 
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device architectures (like n-i-p in single junction cells and in tandem solar cells) it is critical that 

charge extraction layers have minimal absorption in the visible region to reduce parasitic 

absorption.75 

A variety of inorganic and organic electron transport layers have been explored for use in 

perovskite solar cells. To date, TiO2 is the most widely used electron transport material in 

PSCs—owing at least in part to its widespread use in dye-sensitized solar cells (DSSCs).76 TiO2 

possesses good conduction band alignment (-4.1 eV) for commonly used perovskites such as the 

triple cation (CsMAFA) perovskite (4.0 eV)77 and relatively good electron mobility (0.1-4 

cm2 V−1 s−1).78 In spite of this, there are some disadvantages including its UV light instability, 

photocatalytic properties, and generally high sintering temperatures (>450 °C,79 although novel 

processing techniques have been used to enable fabrication of TiO2 ETMs at lower 

temperatures80-81). SnO2 represents an excellent alternative material which has been widely 

implemented in highly efficient cells.49 Tin (IV) oxide exhibits good energy alignment and high 

electron mobility (exceeding 400 cm2 V−1 s−1).82 SnO2 layers can be processed by spin coating 

and chemical bath deposition at lower temperatures.83 Another less widely used ETL is ZnO, 

which can be fabricated via low-temperature solution processes; however, perovskites atop ZnO 

exhibit low thermal stability and so far devices have yielded more modest efficiencies.84 

Alternative metal oxides and sulfides such as CdS,85 BaSnO3,
86 Nb2O5,

87 and SrTiO3
88 have also 

recently been explored as alternatives.89 

Devices utilizing organic semiconductors as interfacial layers in PSCs possess some 

advantages over their inorganic counterparts. Specifically, the optoelectronic properties are more 

easily adjusted through structural modifications, device processing is easier, batches are more 

reproducible, and flexible devices can be produced when fabricated on certain substrates, 
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improving versatility.72-73 These organic semiconductors are typically either small molecules or 

polymers. Small molecules provide certain advantages over polymers in that they are 

monodisperse, synthesized reliably and reproducibly, and have adjustable structure-packing 

features. On the other hand, polymeric materials can be advantageous as ETMs due to enhanced 

control of morphology and improved compatibility with other layers.73 Furthermore, polymeric 

materials may be crosslinked to impart solvent resistance to allow subsequent solution 

processing of other layers, and, in some cases, to improve stability to moisture and/or immobilize 

dopant ions.73, 75  

Of the existing organic semiconductor ETMs, fullerenes have been used as and have 

produced relatively efficient devices in p-i-n architectures. Fullerenes offer good charge 

transporting properties and have been reported to passivate the perovskite surface,53 but exhibit 

poor solubility and lack long term stability.90 The perovskite/C60 interface represents a 

substantial source of non-radiative losses within inverted perovskite solar cells.91-92 Thus, 

identifying new electron transport layers may help to overcome these interfacial losses. 

Alternative ETMs that are more transparent might offer improved performance, decreased 

interfacial losses, and better device stability. Furthermore, solution processable polymeric and 

crosslinkable materials may increase processing flexibility.  

Rylene diimides, widely explored for the 

fabrication of n-channel organic field-effect transistors 

(OFETs), are a family of molecules with favorable energy 

alignment and electron transport properties.93 Perylene 

diimides (PDIs) have been explored as electron transport 

materials as small molecules (including related dimers 
Figure 1.10: PDI dimer reported by 

Cheng and coworkers 
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and other derivatives). Cheng and coworkers developed a high efficiency (PCE of 17.1%) p-i-n 

device with the PDI dimer shown in figure 1.10. Their ETM exhibited a mobility similar to 

PCBM, but offered improved stability when stored in humid, dark and atmospheric conditions 

for 15 days.72 A polymeric PDI, naphthodiperylenetetraimide-vinylene-based polymer (NDP-V), 

was implemented in a n-i-p device. The material exhibited higher mobility than PCBM as well as 

improved device efficiency relative to the PCBM reference device (16.5% vs 15.3%).94 

Naphthalene diimides as ETMs in PSCs have 

produced some of the highest device efficiencies of all non-

fullerene ETMs. Naphthalene diimides (NDIs), like PDIs, are 

relatively easily synthesized and are highly soluble in many 

organic solvents.72 Only a limited number of groups have 

investigated this motif for PSCs. Of all small molecule NDIs 

used in perovskite solar cells, the homochiral NDI-PhE molecule shown in Figure 1.11 has 

produced the most efficient devices. Kwon and co-workers reported an efficiency of 20.5% in a 

p-i-n device where the modified structure improved 3-D isotropic electron transport properties 

relative to their previously reported bis-1-indanyl functionalized NDI.72, 95-96 NDI polymers, in 

spite of good LUMO alignment, have demonstrated lower PCE relative to their small molecule 

counterparts. One of the most efficient devices was fabricated using PFN-Ox-doped N2200. The 

doped device showed improved efficiency (16.8%) relative to the undoped device (15.0%).97 

Figure 1.11: Homochiral NDI 

reported by Kwon and 

coworkers. 
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Azaacenes are a class of molecules which may be 

synthesized rather easily and are highly soluble in solvents 

favorable for solution processing, like dichlorobenzene. Several 

groups have reported azaacenes used in p-i-n devices with 

efficiencies exceeding 18%.90, 98 Wang et al. reported a HATNT 

derivative (Figure 1.12) and attributed performance 

improvements to improved mobility and suppressed non-

radiative recombination relative to a PCBM control device. Lastly, several other non-fullerene 

small molecules for electron transport which don’t fit into the above categories have been used in 

perovskite solar cells. Indaceno-based molecular ETMs used in PSCs have demonstrated 

efficiencies of up to 19.5% with a high Voc of 1.11 V.73 

There are several examples of fullerene-based crosslinkable ETMs, specifically utilizing 

silanes and benzocyclobutenes as crosslinkable groups.99-100 To my knowledge, few others have 

explored crosslinkable non-fullerene small molecules and polymers as ETMs. Zhu et al. reported 

a HATNA small molecule derivative functionalized with three methacrylate groups which could 

be crosslinked via thiol-ene reaction thermally at ∼110 °C. Undoped devices had a relatively low 

PCE of 12.0% but upon doping device performance was improved with a PCE of 18.2%. In the 

same work, they also report an “all-crosslinked” device (where both the ETM and HTM were 

crosslinked) with a PCE of 16.1%. Both devices showed improved stability relative to a PCBM 

reference device in ambient conditions.101 On the other hand, crosslinkable hole transport 

materials (HTMs) have been more extensively explored in the literature with a variety of 

crosslinking methods including thiol-ene reaction as well as incorporation of styrene analogues, 

benzophenones and cinnamates as crosslinking groups/methods.75, 102-103 

Figure 1.4: HATNT 

reported by Wang and 

coworkers. 
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In addition to pointing out a lack of crosslinkable ETMs, it is also necessary to point out 

that the majority of the non-fullerene ETMs reported use p-i-n (inverted) device architectures, 

where the transparency of the ETM is of little relevance. Thus, many of these materials may be 

less suitable for n-i-p devices as well as tandem devices (especially p-i-n tandems). New research 

should focus on identifying existing and synthesizing new molecules with a higher optical 

transparency in the visible region to reduce parasitic absorption and enable versatility in their 

device applications. 

1.4 General Overview and Organization of Thesis 

 

This thesis addresses several current issues relevant to PSCs. Chapter 2 describes the 

synthesis, characterization, and material properties of an NDI side chain copolymer 

incorporating cinnamate crosslinking groups. We demonstrate the polymer’s high transparency, 

thermal stability, photocrosslinking, and n-doping via solution and sequential processes. Finally, 

we demonstrate its applicability in PSCs through characterization of solar-cell device 

performance relative to its uncrosslinked homopolymeric counterpart in n-i-p devices with a 

MA-free perovskite absorber. 

In chapter 3, a large photoluminescence-based screening of passivation materials is 

described. Candidate passivators were screened across a variety of perovskite compositions. A 

benzylammonium trifluoromethanesulfonate salt, BAOTf, was identified as a highly effective 

passivation molecule, allowing for the fabrication of solar cells exhibiting very low hysteresis 

with PCEs >19% with a MA-free mixed-cation mixed-halide perovskite absorber (Cs17Br25).  

In chapter 4, the reactivity of amines and ammoniums with formamidinium salts was 

explored. Understanding solution reactivity of amines with formamidinium salts enabled the 

synthesis, isolation, and implementation of the product(s) formed in these reactions as additives 
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and surface passivation agents in perovskites. This work helped to elucidate the role of the 

amine/ammonium additives in controlling FA-containing perovskite growth and crystallization 

processes. 

In chapter 5, I discuss the limitations of this research and offer some potential new research 

directions. I describe possible approaches for the development of new non-fullerene electron 

transport materials, methodology for screening passivation agents to mitigate interfacial losses, 

and the potential to further elucidate the role of formamidinium adducts in lead-halide perovskite 

inks and films. 
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2 Photo-Crosslinkable Naphthalene Diimide Polymer for Solution-Processed n-i-p 

Perovskite Solar Cells 

 

 

Figure 2.1: Graphical abstract depicting the reverse J-V scan of the champion device, the 

polymer structure, and the device architecture. 
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2.1     Introduction 

Hybrid organic-inorganic lead halide perovskite solar cells are a rapidly emerging 

photovoltaic technology that has reached power conversion efficiencies (PCEs) exceeding 26%.1 

Typically perovskite solar cells incorporate charge-selective transport layers which are used 

between the perovskite absorber and charge-collecting electrodes. Metal-oxide electron-transport 

layers (ETLs) have been widely used in n-i-p perovskite solar cells for a variety of reasons 

including their moderate to high electron mobilities, good energy alignment with the perovskite 

conduction band, and wide bandgaps that reduce parasitic absorption and offer hole-blocking 

capability.2,3 TiO2 remains the most common ETL used in state-of-the-art n-i-p cells but requires 

high processing temperatures and exhibits photo-instability.4 A variety of modified processing 

techniques have been developed to reduce surface defects and to enable processing of TiO2 at 

lower temperatures.5,6,7 Alternatively, SnO2 has been used due to its better photostability, higher 

electron mobility, and ability to be processed at lower temperatures.8,9 Another less widely used 

ETL is ZnO which can be fabricated via low-temperature solution processes; however, perovskites 

atop ZnO exhibit low thermal stability and so far devices have yielded more modest efficiencies.10 

Recently, alternative metal oxides and sulfides such as CdS,11 BaSnO3,
12 Nb2O5,

13 SrTiO3,
14 and 

others have also been explored as alternatives.3  

Organic electron transport materials represent another possible alternative to metal oxides. 

Organic semiconductors offer processing flexibility, tailored energy level alignment, and 

opportunities to decrease non-radiative recombination losses at the electron-extraction 

interface.15,16 Of the existing organic semiconductor ETLs, fullerenes have been widely adopted 

and have produced efficient devices in both normal (n-i-p)17 and more commonly in inverted (p-i-

n) architectures.18 Fullerenes offer good charge-transport properties but have poor solubility, and 
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suboptimal transparency in the visible. However, fullerenes can be a substantial source of 

interfacial recombination losses,16,19 and devices incorporating fullerenes as ETLs generally lack 

long term stability.20,21 Chemically insolubilized fullerene layers have been utilized by various 

groups to improve stability and enable solution processing.22,23  

Alternative non-fullerene organic ETLs have been employed as small molecules and 

polymers including perylene diimides,24,25 naphthalene diimides,26,27,28 and azaacenes.29,30 

Amongst these candidate classes of materials, naphthalene diimides are particularly attractive as 

they possess high transparency throughout the visible region, electron affinities comparable with 

those of perovskites combined with high hole-blocking ionization energies, and in some cases, 

good electron transport properties.31 Furthermore, the synthesis of naphthalene diimides is 

straightforward and can be readily modified to tune both their solubility and electron affinity via 

substitution at the imide and naphthalene core positions.32 Naphthalene diimide acceptors have 

been incorporated in a number of polymeric architectures for various applications in organic 

electronics,33 but less widely in perovskite photovoltaics. Hole-transporting polymers such as 

PTAA,34,35 Poly-TPD,36 PEDOT:PSS37 and P3HT38 have been more widely and successfully 

incorporated as hole-transporting materials in perovskite solar cells, where they can be 

advantageous over small molecules due to their excellent film-forming properties, enhanced 

control of morphology, and improved compatibility with other layers.2 Furthermore, polymeric 

materials may be crosslinked to impart solvent resistance, which can allow for subsequent solution 

processing of other layers, and, in some cases, to improve stability to moisture and/or immobilize 

dopant ions.2,39 Numerous crosslinking approaches have been used for transport layers in the 

literature;40 however, cinnamates represent a particularly attractive approach as the crosslinking 
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reaction is selective, they are tolerant of molecular redox dopants, and they can be crosslinked via 

mild photoirradiation.39,41,42  

We previously reported the use of a naphthalene diimide side chain homopolymer that 

achieved stabilized PCEs of >13.5% in n-i-p perovskite solar cells.43 Seeking to improve upon this 

work, we report here the synthesis, characterization, and material properties of a related new 

copolymer (NDI-CL) which incorporates cinnamate crosslinking groups. We demonstrate this 

polymer’s high transparency, thermal stability, photo-crosslinking, and n-doping via solution and 

sequential processing. We demonstrate its applicability in perovskite solar cells through 

characterization of solar cell device performance relative to its uncrosslinked homopolymeric 

counterpart (NDI-1) in n-i-p devices with a MA-free perovskite absorber (MA+ = 

methylammonium). 

2.2     Experimental 

General 

All chemicals were purchased from commercial sources and used as received, unless stated 

otherwise. Column chromatography was carried out using silica gel (46-63 µm, Sorbent) as the 

stationary phase, and thin-layer chromatography (TLC) was performed on precoated silica-gel 

plates (0.25 mm thick, 60F254, EMD, Germany) and visualized under UV light. Nuclear magnetic 

spectroscopy measurements were carried out on Bruker Avance III 400 or Avance III HD 500 

MHz instruments and calibrated using the solvent residual as an internal reference (CHCl3,7.26 

ppm 1H NMR, 77.16 ppm 13C NMR). Polymers were analyzed using a Tosoh EcoSEC HLC 8320 

GPC system equipped with a TSKgel SuperHZ-L column with CHCl3 eluant containing 0.25% 

NEt3 at a flow rate of 0.45 mL/min at 40 ºC. All number-average molecular weights and 

dispersities were calculated from refractive index chromatograms using PStQuick Mp-M 
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polystyrene standards. Elemental analyses were carried out by Atlantic Microlabs using a LECO 

932 CHNS elemental analyzer. 

Materials and methods 

All precursors were used without further purification and were stored in a nitrogen-filled 

glovebox. Formamidinium iodide (FAI, Greatcell), cesium iodide (CsI, Sigma), lead iodide (PbI2, 

Sigma) and lead bromide (PbBr2, Sigma) were dissolved in a mixture of anhydrous N,N-

dimethylformamide (DMF, Sigma) and anhydrous dimethyl sulfoxide (DMSO, Sigma) (volume 

ratio of 4:1) to prepare a 1.2 M solution of FA0.83Cs0.17Pb(I0.75Br0.15)3 according to the 

stoichiometry. 

Patterned indium tin oxide (ITO, from thin film devices) glass substrates and glass 

substrates were cleaned by sequentially sonicating in water containing ~2% Micro-90 detergent, 

DI water, acetone, and isopropanol (IPA) for 10 min, respectively, followed by plasma-cleaning 

for 5 min. The perovskite precursor solution was filtered through a PTFE filter before use and 50 

µL of the solution was deposited on top of the substrate and spin-coated at 4000 rpm for 60 s. 

When ~35 s remained, 120 µL anhydrous chlorobenzene (CB, Sigma) antisolvent was dropped 

from the top. The perovskite films were then annealed at 100 °C for 30 s and 150 °C for 10 min.1 

The preparation of perovskite films was carried out in a nitrogen-filled glovebox. 

Films for crosslinking and contact angle measurements 

To prepare films of NDI-CL, NDI-CL was dissolved in anhydrous chlorobenzene (10 

mg/mL). 100 μL of the resultant solution was deposited statically and spin coated at 1000 rpm for 

60s atop 1 in x 1 in O3 cleaned glass substrates (ITO substrates in the case of contact angle 

measurements). The films were annealed for 10 min at 100°C. The films were crosslinked using 

an Analytik-Jena compact UV lamp (UVGL-25) at 365 nm for 20 min.   
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Solar cell fabrication 

To fabricate the Cs17Br15 devices, NDI-1and NDI-CL were dissolved in anhydrous 

chlorobenzene (CB) with a concentration of 1 mg/mL. 60 L of the solution was deposited onto 

the ITO substrate before spin-coating at 3000 rpm for 30 s. NDI-CL was then irradiated under UV 

(UVGL-25 Compact UV Lamp) light at 365 nm (~5 cm above the film) for 20 min to crosslink 

the polymer. The Al2O3 (Sigma) was diluted in isopropyl alcohol (IPA) with a volume ratio of 

1:150, which was spin coated at 3000 rpm for 30 s, followed by annealing at 100 °C for ~1 min. 

The perovskite films were deposited in the same way as mentioned above. Spiro-OMeTAD (Xi’an 

Polymer light technology Corp.) was used as the hole transport layer. The HTL solution was 

prepared by dissolving 60 mg of Spiro-OMeTAD in 700 µL CB, with addition of 22.5 µL 4-tert-

butylpyridine (t-BP, Sigma-Aldrich) and 15.5 µL of Li-TFSI solution (520 mg/mL in acetonitrile, 

ACN, Sigma-Aldrich). The 60 µL HTL solution was spin coated on top of perovskite at 3000 rpm 

for 30s in a nitrogen-filled glovebox. Subsequently, the half stack solar cell devices were stored in 

a desiccator for 24 h. To complete the device fabrication, 80 nm Au was thermally evaporated onto 

the devices. 

Solar cell characterization 

Current-voltage (J-V) characteristics under 1 Sun equivalent illumination were measured 

using an ORIEL LSH-7320 ABA LED solar simulator in a nitrogen-filled glovebox, which is 

calibrated with a filtered KG3 Silicon reference solar cell certified by the National Renewable 

Energy Laboratory (NREL). The effective area of the solar cell is ~0.0453 cm2. J-V scans were 

carried out with a Keithley 2400 controlled by a program written in LabView. The voltage values 

are scanned at a 0.02 V step in the range of -0.1 V to 1.2 V. The steady-state power output was 

carried out by measuring the solar cells at maximum power point (MMP) and 1 Sun intensity. The 
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shunt resistances of perovskite solar cells were estimated by following Lee et al.,2 using the lumped 

equivalent circuit model and differentiating the J-V curve to obtain the shunt resistance at short-

circuit current. 

Drift diffusion simulations by SCAPS 

The effect of cathode work function on device performance was studied by simulations 

with a device structure of ITO/Perovskite/Spiro-OMeTAD/Au shown in Figure 2.13. We varied 

the work function of cathode from 4.01 eV to 4.51 eV with a step size of 0.1 eV. The surface 

recombination velocity at both electrodes was fixed at ~ 1000 cm/s. The simulation parameters for 

perovskite were adopted from Jariwala et al.3 except that the thickness of perovskite layer was set 

at 500 nm.1 The parameters of Spiro-OMeTAD were adopted from Bouazizi et al.4 

X-ray diffraction 

A Bruker D8 Powder X-ray diffractometer (XRD) with a high-efficiency Cu anode microfocus X-

ray source and sensitive Pilatus 100K large-area 2D detector was used to study the crystal 

information of perovskite films.  

UV-vis absorption spectroscopy 

UV-vis absorbance spectra of the perovskite films were measured on an Agilent 8453 UV-Vis 

Spectrometer with wavelength in the range of 200-1100 nm. UV-vis absorbance spectra of the 

polymers were measured on a Cary 5000 UV-Vis-NIR Spectrophotometer. 

Atomic Force Microscopy (AFM) 

The AFM images were collected using an Asylum Research MFP3D mounted on an inverted 

optical microscope with a 75 kHz tip. 
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Scanning Kelvin probe microscopy (SKPM) 

The SKPM images of NDI polymer-modified ITO substrates were measured with an Asylum 

Research MFP3D mounted on an inverted optical microscope by using 325 kHz tip under dark. 

Time-resolved photoluminescence (TRPL) 

TRPL was measured by using a PicoQuant Picoharp 300 TCSPC system equipped with a 

640 nm pulsed diode laser. The laser was pulsed at repetition rates of 1 MHz, excited from ITO 

side. The PL emission was filtered using a 700 nm long-pass filter before being directed to the 

detector. The PL lifetime was fitted by using a stretched exponential  decay function as shown in 

previous work.5 

PL emission 

PL emission (excited at 640 nm) was measured using Edinburgh FLS1000 spectrometer 

with a Xenon lamp light source. A PMT-980 detector was used for PL measurements. 

Scanning electron microscopy (SEM) 

SEM images were acquired by using a FEI Sirion SEM at 2 kV accelerating voltage. The 

sample structure was ITO/NDI/Al2O3/perovskite. 

Cyclic Voltammetry 

Electrochemical measurements were carried out in dry deoxygenated dichloromethane 

solutions of 0.1 M in tetra-n-butylammonium hexafluorophosphate using a BAS 100 B/W 

Potentiostat, a glassy carbon working electrode, a platinum auxiliary electrode, and, as a pseudo-

reference electrode, a silver wire anodized in 1 M aqueous potassium chloride. Potentials were 

referenced to ferrocenium / ferrocene by using ferrocene as an internal reference. Cyclic 

voltammograms were recorded at a scan rate of 100 mVs–1. 
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Contact Angle Goniometry 

Measurements were conducted on a ramé-hart goniometer, using water and diiodomethane 

as probe liquids (0.2 µL). A drop (typically two repetitions at different spots on the substrate) was 

quickly placed on the surface, the needle was pulled back, and the drop shape was captured 

immediately with the camera. Measurements were collected in triplicate for each drop at an 

interval of 20 s. Images were analyzed with drop shape analysis software to determine the contact 

angle by the method most suitable for each given drop, usually height-width, and the results were 

averaged. The error bars displayed are the calculated uncertainty based on the standard deviation. 

The displayed images in Figure 2.15 are at t0. 

Thermogravimetric Analysis (TGA) 

Measurement was performed on a Mettler Toledo TGA 2 over 30-800 °C, at 

20.00 °C/min, and with a N2 flow rate of 20.0 mL/min. 

Differential Scanning Calorimetry (DSC) 

Measurement was performed on TA Instruments Q200 Differential Scanning Calorimeter 

(DSC) with a ramp rate of 10.00 °C/min. 

Materials: 

 

Figure 2.2: Structures of organic materials used in this study. 
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Synthesis: 

The NDI monomer, the polymer NDI-1, and cinnamate alcohol were synthesized according 

to previously reported literature procedures.6,7 (N-DMBI)2 and 4-Bx were also synthesized 

according to previously reported procedures.8,9  

Cinnamate Monomer 

 

Figure 2.3: Synthesis of cinnamate monomer. 

3-(4-((E)-3-methoxy-3-oxoprop-1-en-1-yl)phenoxy)propyl-bicyclo[2.2.1]hept-5-ene-2-

carboxylate, Cinnamate monomer, was synthesized via a Steglich esterification.39 1.00 g (4.23 

mmol) of cinnamate alcohol and 0.76 g (5.50 mmol) exo-5-norbornene-2-carboxylic acid were 

added to an oven dried 50 mL two neck round-bottomed flask with a stirring bar. The flask was 

then fitted with a septum, then pumped and refilled with nitrogen 3 times. Then 15 mL of 

anhydrous dichloromethane (DCM) was added, and the mixture was stirred until dissolution. Then 

1.75 g (8.46 mmol) of N,N′-Dicyclohexylcarbodiimide (DCC) and 0.036 g (0.296 mmol) of 4-

dimethylaminopyridine (DMAP) were dissolved in 5 mL of anhydrous DCM. The resulting 

solution was added dropwise via syringe to the reaction mixture. The reaction was stirred 

overnight. The solvent was removed under reduced pressure and the resulting mixture was 

triturated with MeOH. The resulting solid was purified by flash chromatography (80:20 

DCM:EA). The collected fractions were concentrated under reduced pressure. The resulting solid 
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was recrystallized from a mixture of DCM and methanol, filtered, and dried under high vacuum to 

collect a white solid product (0.917g, 61%). 1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 16.0 Hz, 

1H), 7.51 – 7.42 (m, 2H), 6.94 – 6.85 (m, 2H), 6.31 (d, J = 16.0 Hz, 1H), 6.17 – 6.06 (m, 2H), 4.29 

(t, J = 6.2 Hz, 2H), 4.09 (t, J = 6.2 Hz, 2H), 3.79 (s, 3H), 3.02 (ddd, J = 3.2, 1.6, 0.8 Hz, 1H), 2.91 

(s, 1H), 2.27 – 2.18 (m, 1H), 2.14 (quintet, J = 6.2 Hz, 2H), 1.91 (dt, J = 11.9, 4.0 Hz, 1H), 1.50 

(dt, J = 8.3, 1.6 Hz, 1H), 1.42 – 1.31 (m, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 176.35, 167.90, 

160.71, 144.61, 138.23, 135.81, 129.87, 127.34, 115.46, 114.93, 64.68, 61.24, 51.73, 46.75, 46.48, 

43.26, 41.75, 30.48, 28.75. HRMS (ESI) m/z calculated for C21H25O5 [(M+H)+]  357.1697, found 

357.1689. Anal. Calcd for C21H25O5: C, 70.77; H, 6.79; N, 0. Found: C, 70.74; H, 6.65; N, 0. 
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1H NMR: 

 

Figure 2.4: 1H-NMR spectrum of cinnamate monomer in CDCl3. 
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13C-NMR 

 

Figure 2.5: 13C{1H} NMR spectrum of cinnamate monomer in CDCl3. 
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Cinnamate copolymer 

 

Figure 2.6: Synthesis of cinnamate copolymer. 

poly-[(5-(7-hexyl-1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo[lmn][3,8]phenanthrolin-2(1H)-

yl)pentyl norbornene-2-carboxylate)-ran-((E)-3-(4-(3-methoxy-3-oxoprop-1-en-1-

yl)phenoxy)propyl norbornene-2-carboxylate)], Cinnamate copolymer, was synthesized via a 

ring opening polymerization (ROMP) with the so-called Grubbs I initiator.8, 38 0.50 g (0.90 mmol) 

of NDI monomer and 0.137 g (0.385 mmol) of cinnamate monomer were added to an oven dried 

round-bottomed flask equipped with a stirring bar. The flask was purged and refilled with nitrogen 

three times. The solids were dissolved in anhydrous DCM (7 mL) under nitrogen. "First 

generation” Grubbs initiator (10.5 mg, 0.0128 mmol) was added to a separate vial, purged and 

refilled with nitrogen three times, then dissolved in dichloromethane (1.0 mL). The resulting 

solution was added to the reaction mixture via syringe. The reaction mixture was stirred overnight. 

The reaction was quenched by the addition of excess ethyl vinyl ether. The resulting solid was 
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dissolved in dichloromethane and precipitated in MeOH three times and subsequently was isolated 

by vacuum filtration as a yellow solid (0.542 g, 85%). 1H NMR (400 MHz, CDCl3) δ 8.67 (s, 4H), 

7.52 (s, 0H), 7.36 (s, 1H), 6.81 (s, 1H), 6.20 (s, 1H), 5.35 (s, 2H), 5.17 (s, 1H), 4.23 (s, 1H), 4.14 

(s, 5H), 4.04 (s, 3H), 3.75 (d, J = 4.6 Hz, 1H), 3.06 (s, 0H), 2.94 (s, 0H), 2.67 (s, 2H), 2.50 (s, 3H), 

2.11 – 2.04 (m, 2H), 1.92 (s, 2H), 1.75 – 1.67 (m, 8H), 1.58 (s, 3H), 1.49 – 1.37 (m, 5H), 1.33 (d, 

J = 14.3 Hz, 1H), 1.33 (s, 3H), 1.16 (s, 1H), 0.92 – 0.84 (m, 3H). Anal. Calcd for 

[C33H36N2O6]0.7[C21H25O5]0.3: C, 71.07; H, 6.60; N, 3.52. Found: C, 70.53; H, 6.72; N, 3.75. GPC 

analysis in CHCl3: Mn = 45.4 kDa, Mw/Mn = 1.17. 

1H NMR 

 

 
Figure 2.7: 1H-NMR spectrum of cinnamate copolymer in CDCl3. 
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Figure 2.8: Cyclic voltammogram of NDI monomer 0.1 M NBu4PF6 in DCM. Referenced to 

ferrocenium / ferrocene by using ferrocene as an internal reference. E1/2
0/- = 1.10 V and E1/2

-/2- = 

1.50 V vs. FeCp2
0/+. 

2.3     Results and Discussion 

2.3.1   Polymer Synthesis 

Figure 1 shows the polymer structures and their syntheses. The naphthalene diimide monomer (1) 

and the corresponding homopolymer (NDI-1, see Figure 2.2 for its molecular structure) were 

synthesized for this work (Mn = 54.5 kDa, Đ = 1.50) following methods previously reported.43 The 

cinnamate norbornene monomer was synthesized over two steps (Figure 2.3): the commercially 

available methyl 4-hydroxycinnmate (2) was etherified to methyl 4-(3-hydroxypropoxy)cinnamate 

(3) by deprotonation with anhydrous potassium carbonate and alkylation with 3-bromo-1-propanol 

in N,N-dimethylformamide (DMF). The norbornene cinnamate monomer (4) was then synthesized 

by a Steglich esterification with exo-5-norbornenecarboxylic acid using dicyclohexylcarbodiimide 

(DCC) and catalytic 4-dimethylaminopyridine (DMAP). The polymer (NDI-CL) was synthesized 

by ring-opening metathesis polymerization (ROMP) of the naphthalene diimide monomer and 

cinnamate monomer in a 7:3 ratio, respectively, with Grubbs 1st generation catalyst in 
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dichloromethane (DCM) (Mn = 45.4 kDa, Đ = 1.17).  The polymer exhibited good solubility in 

low polarity solvents commonly used in device processing such as chloroform, chlorobenzene, 

and dichlorobenzene. 

 

Figure 2.9: Synthesis and molecular structure of NDI-1 and cinnamate copolymer (NDI-CL). 

2.3.2   Polymer Crosslinking, n-Doping and Thermal Characterization 

We characterized the optical properties and crosslinking of thin films of NDI-CL cast from 

chlorobenzene. The UV-Vis absorption spectrum of NDI-CL prior to crosslinking shows a 

vibronically structured feature similar to that of small-molecule unsubstituted NDIs (Figure 

2.10a),32 with a broad unstructured absorption peaking at ca. 310 nm attributable to the absorption 

of the para-alkoxy-substituted cinnamate moiety.41 We then photo-irradiated the films at 365 nm 

with a handheld UV lamp for 25 minutes; the observed changes in the absorption spectrum over 

time – the absorbance of the cinnamate feature decreases to reach a near minimum after ca. 20 

minutes irradiation (Figure 2.10a) – we attribute to the [2 + 2] cycloaddition reaction of the 

cinnamate. Subsequently in Figure 2.11 we demonstrate the solvent resistance of the films towards 

both the casting solvent and the perovskite ink solvent mixture, chlorobenzene and 4:1 

DMF:DMSO (DMSO = dimethyl sulfoxide), respectively, by spin coating each solvent atop the 

crosslinked films and showing negligible changes in the absorption spectrum. 
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Figure 2.10 (a) UV-vis absorption spectrum of NDI-CL film on glass with increasing irradiation 

time with 365 nm handheld UV lamp. (b) Conductivity of solution and sequentially doped NDI-1 

and NDI-CL films, LOD represents limit of detection. (c) Thermogravimetric analysis (TGA) of 

NDI-CL polymer and derivative weight. (d) Differential scanning calorimetry of NDI-CL polymer. 

 

Figure 2.11: (a) Solvent resistance of photo-crosslinked film towards polymer casting solvent, 

chlorobenzene (CB). (b) Solvent resistance of photo-crosslinked film towards perovskite casting 

solvent, volume ratio 4:1 of DMF:DMSO.  

Once we had established an effective crosslinking protocol, we sought to investigate the 

charge-transport properties of these materials. In the absence of doping, the conductivities were 

below the limit of detection (<10-10 S/cm) of our apparatus. We used the highly reducing but 

moderately air-stable dimeric benzimidazole dopant, (N-DMBI)2, as a reducing agent.44 Solution 

doping was carried out on NDI-1 (9 mol % dimeric dopant) without the addition of a crosslinker. 

Solution doping of the copolymer (9 mol % dimeric dopant) was followed by crosslinking. We 
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also investigated a sequential doping protocol where a dopant solution (6 mg/mL) was applied to 

the crosslinked film followed by chlorobenzene washing step. For sequential doping, NDI-1 was 

crosslinked by 5% weight addition of an oligomeric azide crosslinker, 4Bx, shown in Figure 2.2 

followed by photoirradiation at 254 nm for 5 minutes.45 Figure 2.10b shows that all polymer dopant 

systems exhibit modest conductivities (10-9–10-6 S/cm). Additionally, solution-doped NDI-1 

exhibited better conductivity by several orders of magnitude compared to the solution-doped and 

crosslinked NDI-CL. Sequentially-doped and crosslinked NDI-CL had slightly better conductivity 

than its solution-doped and crosslinked counterpart, perhaps because the polymer morphology was 

less interrupted by the doping process. In summary, doping of these side chain naphthalene diimide 

polymers improves their conductivity, but only achieving values of 10-9–10-6 S/cm, which is less 

than other state-of-the-art n-doped electron-transporting polymers, which can reach conductivities 

of 1.1×10-3 S/cm.46 

We also characterized the thermal properties of NDI-CL (without photo-crosslinking) by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), shown in Figure 

2c and 2d, respectively. The TGA indicates the decomposition temperature of the polymer, Td, 

defined as temperature at which 5% of mass is lost, is ca. 335 °C. The first DSC cycle shows a 

small endotherm around 80 °C which likely reflects loss of trapped solvent (note in Figure S6 trace 

of DCM present according to 1HNMR spectroscopy). Additionally, a melting peak is observed 

around 135 °C in the first cycle. However, after the thermal history of the polymer has been 

cleared, we observe no transitions up to 200 °C in the second cycle. The excellent thermal stability 

of the polymer implies compatibility with high temperature annealing steps for the deposition of 

other layers in perovskite solar cell devices. 
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2.3.3 Workfunction of Polymer Thin-Films 

 

Figure 2.12: SKPM surface potential images of (a) NDI-1 and (b) NDI-CL modified ITO 

substrates. Scale bar in both images is 1 µm. 

 

We dissolved NDI-1 and NDI-CL in anhydrous chlorobenzene to form solutions with a 

concentration of 1 mg/mL prior to spin-coating onto ITO substrates. The thickness of the NDI 

polymer films was estimated to be ~ 4 nm using atomic force microscopy (AFM) measurements 

(Figure 2.12). In addition, the naphthalene diimide polymers cover the ITO substrate conformally 

(Figure 2.12). We further measured the work function of NDI-1 and crosslinked NDI-CL modified 

ITO using scanning Kevin probe microscopy (SKPM) with highly oriented pyrolytic graphite 

(HOPG) as the reference. We obtain uniform and homogeneous surface potential distributions with 

both NDI-1 and NDI-CL layers, which is beneficial for the charge collection at the interface 

(Figure 2.12).47 We measured the work function of NDI-CL/ITO to be ~ 4.36 eV, which is lower 

than that of NDI-1/ITO (~ 4.55 eV), and in agreement with a previous report.48 We performed 

drift-diffusion simulations with Solar Cell Capacitance Simulator (SCAPS)49,50 to understand the 

impact of the reduced work function of the electron-collecting electrode on the perovskite solar 

cell’s performance. We varied the work function of the electron-collecting electrode and found 

that the reduced work function will in theory, increase the device VOC (Figure 2.13). 
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Figure 2.13: Drift-diffusion simulation results performed by SCAPS. (a) Schematics of energy 

diagram used for simulations. The influence of the work function of cathode on the device 

performance: (b) VOC, (c) PCE, (d) FF and (e) JSC. The simulation parameters for the perovskite 

were adopted from previous work3, and parameters of Spiro-OMeTAD are adopted from the 

literature.4 The blue and red dashed lines in (a) represent the measured work functions of  NDI-

1/ITO and NDI-CL/ITO. The blue and red diamonds in (b) and (c) stand for average data points 

of solar cell devices made using the NDI-1 and NDI-CL. 

 

2.3.4 Solar Cell Device Architecture and Performance 

  

Figure 2.14: (a) Device structure used in this study (n-i-p). (b) Statistical distribution of stabilized 

maximum power point (MPP). (c) Characteristic J-V curves (solid dots indicate reverse scan and 

hollow dots indicate forward scan) of perovskite solar cells based on NDI-1 and NDI-CL ETLs. 

(d) Statistical distribution of VOC values obtained from reverse scans. 

 



 57 

To compare device performance, we focused our analysis on the mixed-cation mixed-

halide perovskite FA0.83Cs0.17Pb(I0.83Br0.15)3 (we denote as Cs17Br15, FA+ = formamidinium), which 

has a bandgap of 1.63 eV.19 Figure 2.14a shows the n-i-p device architecture used in this study. As 

in the previous study of NDI-1, we utilized a sparse dispersion of Al2O3 nanoparticles on top of the 

naphthalene diimide polymers to improve wettability and obtain continuous perovskite films as 

the neat films of both polymers were hydrophobic (Figure 2.15).51 The Al2O3 nanoparticles should 

only cover partial of the surface area of the polymers and help improve wetting.52 

 

Figure 2.15: Water contact angles of NDI polymers on O3 cleaned ITO. Harmonic mean-

determined surface energies (γs) broken into their polar (γs
p) and dispersion (γs

d) components after 

O3 cleaning of ITO and deposition of NDI polymers. 

 

 

Table 2.1: Photovoltaic figures of merit. 
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Figure 2.16: Additional photovoltaic parameters. (a) Comparison of (a) FF, (b) JSC, (c) PCE, and 

(d) hysteresis of NDI-1 and NDI-CL devices based on reverse scan. 

 

We used Spiro-OMeTAD as the hole transport layer (HTL) and gold as the top electrode. 

Figure 2.14c shows the characteristic J-V curves for NDI-1 and NDI-CL devices under 1 Sun 

illumination and clearly indicates that device using NDI-CL gives a higher VOC than the device 

using NDI-1, as expected based on the work-function measurement. In addition, NDI-CL also 

reduces device hysteresis. We measure a maximum VOC of ~1.08 V for NDI-CL solar cell. Figure 

3b and 3d show the statistical distribution of maximum power point (MPP) and VOC with all other 

photovoltaics parameters summarized in Table 2.1 and Figure 2.16. Overall, when using the 

crosslinked polymer, we see a consistent increase of VOC (~ 30 mV on average) and FF, and thus 

PCE based on the reverse scan. The enhanced VOC in NDI-CL-based solar cell devices is 

qualitatively consistent with the predictions from our SCAPS drift-diffusion simulations. We 

speculate that the enhanced FF might also be due to crosslinked NDI-CL blocking the shunting 

path between the perovskite and the ITO electrode or reduced non-radiative recombination at the 

polymer/perovskite interface (see below). Based on the lumped equivalent circuit model,53 we 
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estimate the shunt resistance of NDI-CL based perovskite solar cell to be 5270 ± 350 Ω·cm2, which 

is double that of NDI-1 based device (2210 ± 210 Ω·cm2, Figure 2.17). In addition, we obtain 

stabilized power outputs (SPO) efficiencies of ~ 12.28% and ~ 10.33% for solar cells using NDI-

CL and NDI-1, respectively (Figure 2.14b and Table 2.1). 

 

Figure 2.17: The shunt resistance of perovskite solar cell devices with NDI-1 and NDI-CL (based 

on reverse scan). 

2.3.5   Perovskite Morphology and Photoluminescence (PL) Lifetime and Emission 

To understand the differences in performance between NDI-1 and NDI-CL devices, we 

examined the influence of NDI-1 and NDI-CL on the quality of perovskite film formation. Figure 

2.18a shows the X-ray diffraction (XRD) patterns of perovskite Cs17Br15 on top of NDI-1 and 

NDI-CL modified ITO substrates. The peak positions, full width at half maximum (FWHM), and 

peak intensities are indistinguishable, and we conclude therefore that the crystallinity of perovskite 

Cs17Br15 remains the same. In addition, the UV-vis absorption spectra show nearly identical 

absorption for Cs17Br15 films deposited on the two different substrates (Figure 2.18b). Figure 

2.18c and 2.18d show the photoluminescence (PL) lifetime and PL emission of Cs17Br15 on NDI-

1 and NDI-CL modified ITO substrates. We measure a longer lifetime (~74 ns) with stretched 

exponential fitting for perovskite on NDI-CL-modified ITO in comparison to that on NDI-1 (~25 
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ns) when excited from the ITO side with 640 nm wavelength. Accordingly, the PL emission of 

Cs17Br15 on NDI-CL is ~6.5 times higher than that of Cs17Br15 on NDI-1, which is consistent 

with enhanced PL lifetime, suggesting a potential reduction of defect density at the bottom 

interface. The suppressed non-radiative recombination may be due to a chemical passivation effect 

of NDI-CL, or simply reduced coupling between the NDI and perovskite due to the cinnamate, 

which may be partially responsible for the improved device performance observed with NDI-CL, 

especially improvements in the VOC.  

  

Figure 2.18: (a) XRD patterns, (b) UV-vis absorption spectra, (c) time-resolved PL (excited from 

ITO side with 640 nm laser) and (d) steady-state PL emission (excited from ITO side with 640 nm 

wavelength) of Cs17Br15 films coated on NDI-1 and NDI-CL.  

The morphology and grain structure of perovskite films also play an important role in 

device performance.54,55 We use scanning electron microscopy (SEM) imaging to investigate the 

morphology of Cs17Br15 perovskite films deposited on NDI-1- and NDI-CL-modified ITO 

substrates. Figures 2.19a and 2.19b show top view SEM images of Cs17Br15 perovskite films on 

NDI-1 and NDI-CL. The perovskite films are dense and pin-hole free on both NDI-1- and NDI-
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CL-modified ITO substrates with smooth and clean surfaces, indicating good film quality. Figures 

2.19c and 2.19d show the corresponding grain size distributions for the two cases (approximating 

that SEM morphology corresponds to grain structure, while acknowledging that this 

approximation can be inaccurate55). The average grain sizes we obtained from the SEM images 

(~324 ± 99 nm vs. ~289 ± 108 nm) are similar for Cs17Br15 perovskite on NDI-1- and NDI-CL-

modified ITO substrates. The surface roughness of the perovskite film on NDI-CL-modified ITO 

is ~13.6 nm, slightly lower than that of perovskite on NDI-1, which is ~18.5 nm (Figure 2.20). A 

slightly smoother perovskite film on NDI-CL should also be beneficial for device performance. 

  

 

Figure 2.19: Top view SEM images of perovskite Cs17Br15 on (a) NDI-1 and (b) NDI-CL 

modified ITO substrates. Corresponding grain size distributions of perovskite Cs17Br15 on (c) 

NDI-1 and (d) NDI-CL modified ITO substrates.  
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Figure 2.20: AFM images of perovskite films on (a) NDI-1 and (b) NDI-CL. 

2.4     Conclusions 

In summary, we report a photo-crosslinkable naphthalene diimide copolymer as ETL for 

solution processed perovskite solar cells. The crosslinked ETL, NDI-CL, exhibits both high 

transparency of over 90% in the visible region, and high thermal stability (~ 300 °C). NDI-CL 

modified ITO shows a slightly lower work function than ITO modified with the non-crosslinked 

NDI-1. Our solar cell device results show that the crosslinked NDI-CL polymer leads to slightly 

higher VOC, FF, PCE, and less hysteresis than its non-crosslinkable NDI-1 counterpart. The average 

VOC is enhanced to ~1.08 V from ~ 1.05 V with stabilized PCE increasing to 12.28% from 10.33% 

on average. We ascribe the improved performance to the decreased work function of the NDI-CL 

modified ITO, and higher shunt resistance with crosslinked naphthalene diimide polymer-based 

perovskite solar cells. This work demonstrates that crosslinked polymer ETL works for perovskite 

solar cells, which provides new insights into design of polymer electron-transport materials for 

perovskite solar cells. 
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3 Highly Emissive and Defect-Free Perovskite Films: Design Rules Towards New 

Passivation Molecules 

 

 

 

 

 

 

 
 
 
 

Figure 3.1: Graphical abstract depicting selected molecules or groups of molecules examined to 

understand design rules of passivation molecules. 

This project was a collaboration with Brieuc Le Dé, Esteban Rojas-Gatjens, Sarthak 

Jariwala, Yangwei Shi, Ashley Marshall, Jian Wang, James Drysdale, and Joel Smith. Brieuc Le 

Dé and Esteban Rojas-Gatjens helped with FA0.83Cs0.17Pb(I0.85Br0.15) (Cs17Br15) film 

preparation and passivator screening. James Drysdale, Ashley Marshall, and Joel Smith helped 

with screening passivators on FA0.7Cs0.3PbI3, FA0.83Cs0.17Pb(I0.75Br0.25)3 (Cs17Br25), and 

CsPbI2Br films. Sarthak Jariwala, Jian Wang, and Yangwei Shi helped to screen passivators on 

MAPbI3, Cs17Br15 and Cs17Br25 films. Yangwei Shi also prepared and optimized photovoltaic 

devices.  

This work was supported by the U.S. Department of Energy’s Office of Energy 

Efficiency and Renewable Energy (EERE) under the Solar Energy Technology Office (SETO), 

Award Number DE-EE0008747, and the Office of Naval Research (ONR), Award Number 

N00014-20-1-2587. I also wish to acknowledge support of this project by the Department of 

or Ionic? 
• Counterio

n effects? 

Passivated Film 

↑ PLQY 

Control Film 



 69 

Education Graduate Assistance in Areas of National Need (GAANN) program at Georgia 

Institute of Technology (Award #P200A180075). 

  



 70 

3.1     Introduction 

 

As discussed in chapter 1, lead halide perovskites (LHPs) have rapidly emerged as 

materials of significant interest for a variety of optoelectronic applications, especially solar 

cells.1-5 LHPs can be processed into thin films via relatively simple solution processing 

techniques such as spin-coating, yet possess numerous favorable optoelectronic properties such 

as tunable bandgaps, low exciton binding energies, large absorption coefficients, high ambipolar 

charge mobilities, and long charge diffusion lengths.6-9 Improvements to device performance and 

stability have been achieved through various material and device engineering approaches such as 

absorber layer compositional engineering, design of new of charge selective layers, and surface 

passivation. Despite considerable research, it remains an outstanding challenge to further 

decrease non-radiative losses to approach the theoretical performance limits and achieve 

maximum VOC—especially at the top interface with C60 within inverted (p-i-n) perovskite solar 

cells.10  

 While most semiconductors are highly sensitive to defects,11 LHPs have widely been 

described as “defect-tolerant” materials.12 Nevertheless, defects in the bulk and at the surfaces of 

films can be detrimental to device performance. Defects can occur as a result of imperfections in 

the lattice consisting of vacancies (vacant lattice sites that are missing atoms/molecules), 

interstitials (extra atoms/molecules at a site in the lattice where there is not usually an atom), and 

antisite substitutions (incorrect atoms/molecules occupying lattice sites).13 The presence of these 

defects produces traps or energetic states within the bandgap of the perovskite that enhance the 

rate of non-radiative recombination. Additionally, non-radiative recombination can be induced 

from interfaces by contact with transport layers14— the perovskite/C60 interface-induced traps of 

p-i-n cells account for the greatest loss within state-of-the-art cells.15 To achieve the maximum 
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open circuit voltage (VOC) for a semiconductor material in a solar cell, non-radiative 

recombination pathways must be minimized.16   

A range of passivation approaches have been explored towards optimizing the efficiency 

and stability of PSCs. The predominant approach in the literature involves the use of various 

substituted ammonium cations, which are thought to fill A-site vacancies,17 but can in some 

cases induce the formation of 2D perovskites at the interface.18-19 A similar, but distinct approach 

involves the use of neutral amine additives,20-21 where any amine can take part in proton 

exchange with MA+ and FA+, but it has recently been reported that primary and secondary 

amines are capable of reacting with formamidinium precursors in solution and on the surface.22-23 

Other Lewis bases have been employed with the aim of coordinating otherwise undercoordinated 

Pb ions.24 Various other approaches include the use of halogen bonding derivatives,25 molecules 

with acidic functional groups,26 and zwitterions.27 

Clearly, extensive empirical observations on the passivation of perovskites have been 

reported with marked increases in efficiency and stability; however, systematic studies 

examining a variety of functional groups or isolating a single variable are less common.28-30 

Furthermore, efficient passivation approaches for MA-free perovskites, which offer superior 

stability to their MA-containing counterparts, are relatively underexplored to date.31 This work 

examines passivation effects across a series of molecules and across a series of varying 

perovskite compositions, including MA-free wide-bandgap perovskites, in order to attempt to 

identify further variables specific to the defects that can be present in a given composition. We 

examine a “core” series of benzylamines and benzylammonium salts, while controlling for 

several variables: degree of methylation of amine, degree of methylation of ammonium, and the 

counterion of the ammonium salts. Additionally, we survey several other “families” of 
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compounds consisting of various Lewis bases, as well as amines and ammoniums with redox-

active moieties to facilitate charge extraction. 

3.2     Experimental 

 
Materials and methods: 

All precursors were used without further purification and were stored and prepared in a 

nitrogen-filled glovebox. Formamidinium iodide (FAI, Greatcell), Cesium iodide (CsI, 99.999% 

metal basis, Alfa Aesar), lead iodide (PbI2, perovskite grade, Tokyo Chemical Industries ltd (TCI)) 

and lead bromide (PbBr2, 99.998% metals basis, Alfa Aesar) were dissolved in a mixture of 

anhydrous N,N-Dimethylformamide (DMF, Sigma) and anhydrous dimethyl sulfoxide (DMSO, 

Sigma) with a volume ratio of 4:1 to prepare a 1.2 M solution of FA0.83Cs0.17Pb(I0.75Br0.25)3 or 

FA0.83Cs0.17Pb(I0.75Br0.15)3  according to stoichiometry.   

MeO-2PACz and Me-4PACz were purchased from TCI. Patterned indium tin oxide (ITO, 

from Xin Yan Technology ltd) glass substrates and glass substrates (purchased from VWR) were 

cleaned by sequentially sonicating in water containing ~2% Micro-90 detergent, deionized water, 

acetone, and isopropanol (IPA) for 10 mins, respectively, followed by UV-Ozone cleaning for 23 

minutes. The perovskite precursor solution was dissolved and stored in the glovebox before 

spincoating. The perovskite ink was filtered with a 0.2 µm PTFE filter before use and 40 µL of the 

solution was deposited on top of the substrate and spin-coated for 10 s at 1000 rpm (200 rpm/s) 

and 35 s at 5000 rpm (800rpm/s). 330 µL anhydrous anisole (Sigma) antisolvent, filtered with 0.45 

µm PTFE filter, was dropped from above when 5s remained. The perovskite films were then 

annealed at 100 °C for 40 mins. The preparation of perovskite films was performed in a nitrogen-

filled glovebox.1  
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Solar cell fabrication (Cs17Br25): 

For the device structure used in this study, Me-4PACz (TCI) was used as the hole 

transport layer and was prepared with a concentration of 0.5 mg/mL in anhydrous ethanol 

(Sigma). 100 µL of the HTL solution was deposited onto the ITO substate before spin-coating 

with 3000 rpm for 30 s, followed annealing at 100 °C for 10 mins inside of the glovebox. To 

obtain continuous perovskite films, Al2O3 (Sigma, diluted in IPA with 1:150 volume ratio) 

nanoparticle was dynamically spun onto the substrates and then annealed for ~ 2 mins. The 

perovskite films were deposited in the same as mentioned above. The BzAOTs and BzAOTf 

molecules were dissolved in anhydrous isopropanol with a concentration of 10 mM. The 

interlayer solutions were dynamically spin-coated onto the perovskite films at 3000 rpm for 30s 

without further annealing. The control devices were dynamically spin-coated with IPA solution 

to exclude the impact of IPA solvent. After that, 30 nm C60 and 5 nm Bathocuproine (BCP) 

were thermally evaporated onto the perovskite layer. For C60, the deposition rate was from 0.2 

Å/s for 5 nm to 0.5 Å/s for the rest of the total 25 nm. The deposition rate for BCP was 0.2 Å/s. 

100 nm Ag was then thermally evaporated with an evaporation rate of 0.5 Å/s for the first 10 nm 

to 1 Å/s for the rest of the 90 nm.  

Solar cell fabrication (Cs17Br15): 

To fabricate the Cs17Br15 devices, an HTL solution (MeO-2PACz, TCI) was prepared 

with a concentration of 1 mmol/L in anhydrous ethanol.1 100 L of the solution was put onto the 

ITO substate before spin-coating with 3000 rpm for 30 s. The substrates were then annealed at 

100 °C for 10 mins. The perovskite films were deposited in the same manner as described above.2 

BAI, NBAI, and NNBAI surface passivation solutions (10mM in IPA) were dynamically spin-

coated onto the perovskite films at 3000 rpm for 30s without further annealing. After perovskite 
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deposition and surface passivation, 30 nm C60 and 5 nm Bathocuproine (BCP) were thermally 

evaporated onto the perovskite layer. For C60, the deposition rate was from 0.2 Å/s for 5nm to 0.5 

Å/s for the rest of the total 25 nm. The deposition rate for BCP was 0.2 Å/s. Finally, 100 nm Ag 

was thermally evaporated with an evaporation rate of 0.5 Å/s for the first 10 nm, and increased to 

1 Å/s for the remaining 90 nm. 

Solar Cell Performance Testing: 

For solar cell performance measurement, current-voltage (J-V) scans under 1 Sun 

equivalent illumination were measured using an ORIEL LSH-7320 ABA LED solar simulator in 

a nitrogen-filled glovebox, which is calibrated with Silicon reference solar cell certified by 

NREL. The effective area of the solar cell is 0.0453 cm2. J-V scans were performed with a 

Keithley 2400 controlled by a LabView program. The voltage values are scanned at a 0.02 V 

step in the range of -0.1 V to 1.24 V. The steady-state power output was carried out by 

measuring the solar cells under the bias of the maximum power point (MMP) and 1 Sun 

intensity.  

Photoluminescence quantum efficiency (PLQE):  

PLQE results are determined using a 532 nm continuous wave laser (CrystaLaser LC) as 

the excitation source to illuminate the samples in an integrating sphere (Hamamatsu photonics 

K.K). The beam intensity was fixed equal to 60 mW/cm2. The power density was verified using 

an optical beam profiler. The PLQE is calculated using the following formula: 

 

𝑃𝐿𝑄 =  
𝐼𝑒𝑚,𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐼𝑒𝑚.  𝑏𝑙𝑎𝑛𝑘

𝐼𝑒𝑥𝑐,𝑏𝑙𝑎𝑛𝑘− 𝐼𝑒𝑥𝑐,𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100   Equation 3.1 
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Where Iem,sample and Iem,blank are the integrated area under the curve in the emission region (650-950 

nm) of the sample and the bare glass blank, respectively. The Iexc,sample and Iexc,blank are the integrated 

area under the curve in the excitation region (450-630 nm) of the sample and the bare glass blank 

respectively. 

Time Resolved Photoluminescence:  

The TRPL spectra at 405 nm excitation were acquired using an Edinburgh FLS1000 

spectrometer with EPL-405, a 405 nm picosecond pulsed diode laser. The repetition rate is 

controlled by an internal trigger input and was set to 1 MHz. The emission and excitation slits 

were controlled to have an emission signal frequency of 1 to 2% of the start rate. The slits were 

kept constant for all measurements and the film stage was moved in the x-direction to maximize 

the emission. A PMT-900 detector was used in TCSPC mode with an instrumental response width 

of approximately 600 ps. 

Synthesis of Passivation Materials: 

 

N-methylbenzylammonium iodide (NBAI) 

 

 
Figure 3.2: Synthesis of N-methylbenzylammonium iodide (NBAI). 

 

N-methylbenzylammonium iodide (NBAI): 1H NMR (400 MHz, DMSO-d6) δ 8.66 (s, 2H), 7.51 

– 7.39 (m, 5H), 4.13 (s, 2H), 2.58 (s, 3H). Anal. Calcd for C8H12NI: C, 38.57; H, 4.86; N, 5.62. 

Found: C, 38.67; H, 5.01; N, 5.60. 
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Figure 3.3: 1H-NMR of N-methylbenzylammonium iodide (NBAI). 

 

 

N,N-dimethylbenzylammonium iodide (NNBAI) 

 

 
 

Figure 3.4: Synthesis of N,N-dimethylbenzylammonium iodide (NNBAI). 

 

 

N,N-dimethylbenzylammonium iodide (NNBAI): 1H NMR (500 MHz, CDCl3) δ 7.67 – 7.59 (m, 

2H), 7.53 – 7.44 (m, 3H), 4.20 (s, 2H), 2.74 (s, 7H). Anal. Calcd for C9H14NI: C, 41.08; H, 5.36; 

N, 5.32. Found: C, 41.27; H, 5.34; N, 5.32. 
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Figure 3.5: 1H-NMR of N,N-dimethylbenzylammonium iodide (NNBAI). 

 

 

N,N,N-trimethylbenzylammonium iodide (NNNBAI) 

 

 
 

Figure 3.6: Synthesis of N,N,N-trimethylbenzylammonium iodide (NNNBAI). 

 

 

N,N,N-trimethylbenzylammonium iodide (NNNBAI): 1H NMR (400 MHz, D2O) δ 7.63 – 7.48 

(m, 5H), 4.48 (s, 2H), 3.08 (s, 9H). Anal. Calcd for C10H16NI: C, 43.34; H, 5.82; N, 5.05. Found: 

C, 43.38; H, 5.82; N, 5.04. 
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Figure 3.7: 1H-NMR of N,N,N-trimethylbenzylammonium iodide (NNNBAI). 

 

 

 

Benzylammonium triflate (BAOTf): 

 

 
Figure 3.8: Synthesis of benzylammonium triflate (BAOTf). 

 

 

Benzylammonium triflate (BAOTf): 1H NMR (500 MHz, DMSO-d6) δ 8.06 (s, 3H), 7.48 – 7.35 

(m, 5H), 4.04 (s, 2H). 19F NMR (471 MHz, DMSO-d6) δ -77.75. Anal. Calcd for 

C8H10F3NO3S: C, 37.36; H, 3.92; N, 5.45. Found: C, 37.46; H, 3.91; N, 5.34. 
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Figure 3.9: 1H-NMR of benzylammonium triflate (BAOTf). 
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Figure 3.10: 19F-NMR of benzylammonium triflate (BAOTf). 
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Benzylammonium Tosylate (BAOTs) 

 

 
 

Figure 3.11: Synthesis of benzylammonium tosylate (BAOTs). 

 

Benzylammonium Tosylate (BAOTs):1H NMR (500 MHz, DMSO-d6) δ 8.06 (s, 3H), 7.50 – 

7.43 (m, 5H), 7.44 – 7.34 (m, 2H), 7.11 (dt, J = 7.7, 0.7 Hz, 2H), 4.03 (s, 2H), 2.29 (s, 3H). Anal. 

Calcd for C14H17NO3S: C, 60.19; H, 6.13; N, 5.01. Found: C, 59.98; H, 6.18; N, 5.00. 

 

 

 
Figure 3.12: 1H-NMR of benzylammonium tosylate (BAOTs). 
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Benzylammonium Tetrafluoroborate (BABF4) 

 

 
 

Figure 3.13: Synthesis of benzylammonium tetrafluoroborate (BABF4). 

 

 

Benzylammonium Tetrafluoroborate (BABF4): 
1H NMR (500 MHz, CD3CN) δ 7.50 – 7.40 (m, 

5H), 6.43 (s, 3H), 4.15 (s, 2H). 19F NMR (471 MHz, CD3CN) δ -151.43, -151.48. Anal. Calcd 

for C7H10BF4N: C, 43.12; H, 5.17; N, 7.18. Found: C, 43.33; H, 5.26; N, 7.17. 

 

 

 

 
 

Figure 3.14: 1H-NMR of benzylammonium tetrafluoroborate (BABF4). 
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Figure 3.15: 19F-NMR of benzylammonium tetrafluoroborate (BABF4). 
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3.3     Results and Discussion 

 

3.3.1 Scope of Passivation Molecules 

 

Our passivation studies largely centered around benzylamine derivatives and 

benzylammonium salts, which have been extensively reported in the literature to passivate and 

improve the stability of lead-halide perovskites.20, 32-33 We selected these molecules to 

systematically examine whether the previously reported passivation effects are imparted by the 

cation, the corresponding neutral amine, the (pseudo)halide counterion, or some combination or 

reaction product of these species. Examining neutral amines with otherwise identical extents of 

N-methylation allowed us to examine the importance of the protonation state of the amine. 

Several other salts and Lewis basic compounds were also screened for their efficacy. 

Varying the counterion enables several new research possibilities. Notably most 

commercial alkylammonium and phenylalkylammonium halides are virtually insoluble in 

chloroform, making the study of the effect of deposition solvent with a single passivation salt 

near-impossible. Some counterions, such as tosylate, increase the lipophilicity of the salt and 

enable deposition from relatively more non-polar solvents such as chloroform. Indirectly this 

Figure 3.16: Benzylamine-based passivation molecules (left) and other passivation 

molecules (right) selected and synthesized (where necessary) for study. 
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approach can allow one to examine the importance of the deposition solvent, where previous 

studies have emphasized the possible surface reconstruction when depositing passivators from 

isopropyl alcohol.34 Other counterions may be able to induce a surface dipole, which could affect 

the workfunction of the perovskite. Finally, different counterions may enable different types of 

intermolecular interactions such as chelation or hydrogen bonding, or offer other properties such 

as non-coordination or intrinsic thermal stability.  

A variety of potential imperfections can exist with the lattice and at surface terminations. 

Cationic species may interact with A-site vacancies, neutral amines may either become 

protonated and thus act like their cationic counterparts or fill halide vacancies by coordinating 

undercoordinated lead, and anionic species may also fill halide vacancies.  Increasing the degree 

of methylation of the benzylammonium iodide salts will decrease the quantity of hydrogen bond 

donors within the cation. This could in turn impact the ability of the cationic species to form 2D-

perovskite heterostructures at the surface. Quaternary ammonium salts exhibit improved 

solubility in lower polarity solvents such as chloroform, which may increase their processing 

window. Additionally, quaternary ammonium salts cannot be readily deprotonated, which may 

improve their stability and prevent equilibria involving formation of the neutral basic amines in 

solution. 

3.3.2 Synthesis and Characterization of Passivation Molecules 

 

Benzylamine, N-methyl-benzylamine, N,N-benzylamine, (3-

aminopropyl)trimethoxysilane, (N-methylaminopropyl)trimethoxysilane, (N,N-

dimethylaminopropyl)trimethoxysilane, triphenylmethanethiol, triphenylphosphine sulfide, and 

cetrimmonium bromide were purchased from commercial sources and their purities were verified 

by 1H-NMR spectroscopy.  
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Benzylammonium iodide (BAI), N-methylbenzylammonium (NBAI), N,N-

dimethylammonium iodide (NNBAI), benzylammonium bromide (BABr), and benzylammonium 

chloride (BACl) salts were synthesized by protonation of benzylamine with the appropriate acids 

according to a procedure from the literature.35 N,N,N-trimethylbenzylammonium iodide 

(NNNBAI) was synthesized by quaternization of N,N-dimethylbenzylamine with methyl iodide 

according to a literature procedure.36 Benzylammonium trifluoromethylsulfonate (BAOTf), 

benzylammonium p-toluenesulfonate (BAOTs), and benzylammonium tetrafluoroborate 

(BABF4) were synthesized by protonation of benzylamine with the appropriate acids via 

modified literature procedures.37 

3.3.3 Scope of Perovskite Compositions 

 

In addition to systematically screening passivation agents, we also sought to examine the 

impact of the agents across a series of perovskite compositions. Prior passivation studies have 

largely focused on single perovskite compositions; however, the composition may influence the 

type or density of traps. We selected two wide-bandgap tandem-relevant MA-free mixed-halide 

perovskites as the core compositions—Cs17Br15 and Cs17Br25, shown in Table 3.1. MA-free 

compositions have been demonstrated to exhibit superior stability to their MA-containing 

counterparts, addressing a critical issue towards hybrid perovskite commercialization.38 

Historically, the VOC of wide bandgap perovskites has been limited by their radiative efficiency 

and identifying efficient passivation approaches towards this compositional space has proven 

more elusive.31, 39-40 We also screened a formamidinium-cesium triiodide perovskite where 

halide vacancies can only take the form of iodide vacancies and halide migration is nonexistent. 

Finally, we screened an all-inorganic ultra-wide bandgap perovskite, CsPbI2Br, where A-site 
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defects could only involve cesium. The archetypal MAPbI3 (MAPI) perovskite is included for 

comparison. 

 

 

3.3.4 Preparation of Perovskite Films (at Georgia Tech) 

 

In order to screen passivation approaches and to increase overall throughput, we first 

sought to replicate the FA0.83Cs0.17Pb(Br0.15I0.85)3 or “Cs17Br15” perovskite composition selected 

by our University of Washington (UW) collaborators at Georgia Tech.44 Cs17Br15 films were 

prepared with 5% stoichiometric excess of PbI2. The structural and optoelectronic properties of 

Cs17Br15 films have been reported in the literature.31 In order to validate the consistency and 

quality of the films prepared we prepared, we examined their structure by XRD. As shown in 

Figure 3.17, the diffraction pattern obtained for a film we prepared closely matched with that of a 

film prepared at UW indicating the crystal structure of the perovskite was consistent.  

Perovskite Bandgap (Eg) Description 

FA0.83Cs0.17Pb(I0.85Br0.15) 

“Cs17Br15” 

1.63 eV31 MA-free formamidinium-cesium mixed-halide 

perovskite composition. 

FA0.83Cs0.17Pb(I0.75Br0.25)3 

“Cs17Br25” 

1.70 eV22 

 

Wide bandgap MA-free formamidinium-

cesium mixed-halide perovskite composition. 

FA0.7Cs0.3PbI3 

 

1.52 eV41 Formamidinium-cesium triiodide perovskite 

composition. 

CsPbI2Br 1.92 eV42 Ultra-wide bandgap, all inorganic composition. 

MAPbI3 

“MAPI” 

1.59 eV43 Archetypal MAPI perovskite composition. 

Table 3.1: List of perovskite compositions, their bandgaps, and a brief description of the 

composition. 
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After verifying the structural consistency of the films, we sought to confirm their 

photoluminescent properties by measuring the PL lifetime via time-correlated single photon 

counting (TCSPC). Achieving similar lifetimes allowed us to effectively screen passivators on 

films and validated the comparable optoelectronic quality of the films. Measurements on a series 

of control films (unpassivated) fabricated and measured at Georgia Tech exhibited average PL 

lifetimes almost identical to control films fabricated and measured at UW as shown in Figure 

3.18. The PL lifetime of films were measured in the Silva group using a Chimera time correlated 

single photon counting (TCSPC) instrument. The data was fitted with a stretched exponential.21-

22, 31, 45-46 

Figure 3.17: Comparison of XRD analysis of Cs17Br15 films prepared at (a) Georgia Tech and 

(b) University of Washington. Inset photo in (a) shows the appearance of the perovskite films 

fabricated at GT. 

University of Washington Georgia Tech  

XRD Comparison 

(a) (b) 
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3.3.5 Passivation Screening of Cs17Br15 Perovskite Films (at Georgia Tech) 

 

Once the optoelectronic quality of the control perovskite films was established, a series of 

screening experiments were carried out. Initially, we examined two series of (neutral) amines. 

We selected derivatives of APTMS and benzylamine, as both of the parent compounds have 

been reported as effective passivators for perovskites.20, 31 Previously, XPS was used to 

demonstrate that APTMS acts as both a Lewis base but is also present in a protonated state, 

whereas the passivation mechanism for benzylamine was not explored experimentally. In 

addition to the “parent” primary amines, we also explored secondary and tertiary amines with 

otherwise identical levels of N-methylation. We hypothesized that the primary amine functional 

groups might universally be most effective with a trend of decreasing effectiveness for secondary 

and tertiary amines due to decreased numbers of hydrogen bond donors. The amines were spin-

PL Lifetime Comparison 

University of Washington 

(a) (b) 
Georgia Tech  

Figure 3.18: PL lifetimes (calculated from stretched exponential fit) of control films fabricated 

at (a) Georgia Tech. PL lifetimes of control and APTMS passivated films fabricated at UW. 
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coated atop Cs17Br15 films from a 3% v/v solution of amine in chlorobenzene and the 

passivated films were annealed at 160°C for 5 mins.20 

 

  The data shown in Figure 3.19 suggest two different trends exist for the passivation with 

amines. Benzylamine-passivated films exhibit a longer lifetime than the N-methylbenzylamine-

passivated films, which in turn are longer than the lifetimes of the control films. The N,N-

dimethylbenzylamine-passivated film exhibits a decreased lifetime compared to the control film 

(and to the other primary and secondary benzylamine derivatives). However, derivatives of 

APTMS clearly do not show the same trend. All films treated with APTMS-derivatives show an 

increased lifetime compared to their control film counterparts and exhibit longer lifetimes than 

Trends in APTMS derivatives and benzylamine derivatives 

1° amine 2° amine 3° amine 
(a) (b) (c) 

(d) (e) (f) 

Figure 3.19: Time-correlated single photon counting (TCSPC) traces of control and passivated films 

of Cs17Br15 perovskite with primary, secondary, and tertiary amines. (a-c) Passivation with 

benzylamine derivatives. (d-f) Passivation with APTMS derivatives.   
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benzylamine passivated films. This suggests that the operative passivation mechanism for 

aminoalkyl-trialkoxysilanes may be different from that for simple amines. Thus, it is likely that 

the oligomerized siloxane functional group plays a role in passivation. 

3.3.6 Passivation on Cs17Br25 Perovskite 

 

Broader screening studies were carried out at the University of Washington and Oxford 

University. Photoluminescence lifetime measurements from TCSPC were carried out at the 

University of Washington and photoluminescence quantum yield (PLQY) measurements were 

carried out at Oxford University.  

3.3.6.1 Time-Correlated Single Photon Counting (UW) 

 

The passivators were spin coated atop perovskite films from a 10 mM solution in 

isopropanol (IPA) or chlorobenzene (CB). 
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Figure 3.20 shows a subset of the molecules screened at the University of Washington. 

Despite multiple reports of a pronounced passivation effect, including one report of carrier 

lifetimes exceeding 6 µs, in the literature30, 47-48, the benzylammonium iodide treated film in Fig 

3.20 (a) exhibited a shorter lifetime than the control Cs17Br25 film. The remaining 

benzylammonium iodide derivatives with increasing degree of methylation Fig. 3.20 (b-d) show 

comparable lifetimes between the control and passivator treated films. Consistent with previous 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 

Figure 3.20: TCSPC traces of passivated (orange) and control (blue) films of: (a) BAI, 

benzylammonium iodide; (b) NBAI, N-methyl-benzylammonium iodide; (c) NNBAI, N,N-

dimethyl-benzylammonium iodide; (d) NNNBAI, N,N,N-trimethyl-benzylammonium iodide; (e) 

BABr, benzylammonium bromide; (f) BAOTf, benzylammonium triflate; (g) BAOTs, 

benzylammonium tosylate; (h) BABF4, benzylammonium tetrafluoroborate; (i) BACl, 

benzylammonium chloride; (j) CTAB, cetrimonium bromide; (k) Ph3PS, triphenylphosphine 

sulfide; (l) TritylSH, triphenylmethanethiol. 
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literature reports on other perovskite compositions30, 32, benzylammonium bromide and chloride 

treated films exhibited increased lifetimes relative to their control counterparts, shown in Fig. 

3.20 (e) and (i), respectively. Varying the counterion from halides to triflate, tosylate, and 

tetrafluoroborate, shown in Fig. 3.20 (e) and (i), respectively, did not show any pronounced 

passivation effects. In Fig. 3.20 (j), CTAB showed a pronounced passivation effect which was 

consistent with previous literature reports.49-50 Finally, as shown in Fig. 3.20 (k) and (l), 

respectively, the Lewis basic triphenylphosphine sulfide showed a very minor improvement to 

the PL lifetime while triphenylmethanethiol did not improve the lifetime. 

Lastly, the PL lifetime increased most dramatically for the benzylamine passivated film, 

shown in Figure 3.21. This result is consistent qualitatively with our observations at Georgia 

Tech, but quantitatively the film shows a much larger passivation effect overall. In summary, 

varying the counterion within the benzylammonium salts to other halides such as bromide and 

chloride did exhibit a small passivation effect. Other changes to include pseudohalides and 

tetrafluoroborate counterions did not demonstrate any passivation effect on this particular 

composition. Varying the degree of methylation also did not produce any pronounced  

Figure 3.21: TCSPC traces of benzylamine 

passivated (orange) and control (blue) films. 
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passivation effect. Cetrimonium bromide produced the most prominent increases to the lifetime 

relative to the control film. 

3.3.6.2 Photoluminescence Peak Position and Photoluminescence Quantum Yield (Oxford) 

 

 

Figure 3.22 shows a subset of the molecules screened at Oxford on the Cs17Br25 

composition. Screening via PLQY provides a slightly easier and more quantitative comparison 

across a series of samples. The control and IPA treated samples exhibited nearly identical PLQY, 

verifying that treatment with the carrier solvent for the majority of the passivation agents 

negligibly changed the PLQY and that any other associated changes must be due to a passivation 

effect. Amongst the benzylammonium salts, the quaternary ammonium salt, NNNBAI, produced 

the largest increase in PLQY. The benzylammonium salts with increasing degree of methylation 

did not produce an increase in the PLQY and, in fact, the PLQY decreased after treatment. The 

PL spectra in Fig 3.22 (b) were somewhat inconsistent with the PLQY data, perhaps due to 

etching effects, which can give the appearance of increased PL that is not accounted for in the 

absence of an integrating sphere. 
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Figure 3.22: Photoluminescence properties of control and passivated Cs17Br25 films. (a) PLQY of 

control and passivated films; (b) Photoluminescence peaks of control and passivated films; (c) 

Photoluminescence peak positions of control and passivated films. 
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Amongst the varying counterion series of molecules, only benzylammonium chloride 

increased the PLQY relative to the control. The pseudohalide and tetrafluoroborate counterions 

did not produce pronounced changes to the PLQY. Nevertheless, a clear trend can be observed 

showing the PL peak position shifting towards shorter wavelength with BACl, minimal change 

with BABr, and a shift towards longer wavelength with BAI. Generally, passivation effects 

produce an hypsochromic shift because of decreased traps with the bandgap, which increases 

QFLS. However, depending on the composition of the perovskite, this may be counteracted by 

the incorporation of halides, which will shift the bandgap and the PL peak position. We observe 

this effect for the PL position but interestingly do not observe a universal increase in the PLQY. 

Notably the neutral amine NNBA produced a pronounced passivation effect, whereas BA 

and NBA negatively impacted the PLQY. Longer illumination times produced even higher 

PLQY, under the so called “NNBA-long” label. While this composition is different in that it has 

a higher bromide content, this result is contradictory to the result obtained at Georgia Tech on 

Cs17Br15 films—highlighting the sensitive nature of the processing window for these 

passivation treatments and the difficulty in drawing conclusions from single data points. 
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3.3.7 Passivation on CsPbI2Br Perovskite 

 

3.3.7.1 Photoluminescence Peak Position and Photoluminescence Quantum Yield (Oxford) 

 

Figure 3.23 shows a subset of the molecules screened at Oxford on the Cs17Br25 

composition. The control and IPA treated samples exhibited very different PLQY, meaning the 

carrier solvent for the majority of the passivation agents likely also changed the PLQY. It is also 

noteworthy that a secondary lower energy PL peak appeared around 735 nm which is indicative 

of halide segregation. 

Amongst the benzylammonium salts, benzylammonium tetrafluoroborate showed the 

most pronounced increase. The PLQY more than doubled, but surprisingly, the PL peak shifted 

bathochromically. The quaternary ammonium salt, NNNBAI, produced a substantial increase in 

PLQY. Increasing the degree of methylation in the other benzylammonium iodide salts 

(secondary and tertiary ammoniums) did not yield any favorable improvement in the PLQY; in 

fact, the PLQY declined following the treatment. Amongst the varying counterion series of 

molecules, except for BABF4, no other surface treatments increased the PLQY relative to the 

control. The neutral amines did not show a clear trend for the CsPbI2Br films as BA and NNBA 

exhibited a passivation effect, while NBA had a detrimental effect on the PLQY.  
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Figure 3.23: Photoluminescence properties of control and passivated CsPbI2Br films. (a) PLQY of 

control and passivated films; (b) Photoluminescence peaks of control and passivated films; (c) 

Photoluminescence peak positions of control and passivated films. 
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3.3.8 Passivation on FA0.7Cs0.3PbI3 Perovskite 

 

Figure 3.24: PLQY of control and passivated FA0.7Cs0.3PbI3 films. 

 

Several passivation treatments were demonstrated to be effective for the FA0.7Cs0.3PbI3 

films. The control and IPA treated films exhibited a marginal difference in PLQY indicating that 

any increases in PLQY from the passivation treatments could likely be ascribed to the 

passivation molecule, and not the IPA carrier solvent. The largest improvement in PLQY was 

observed from the BABr treatment. Similarly, BAI and BACl treatments increased the PLQY, 

but not the same magnitude. Amongst the non-halide counterions, BABF4 showed relatively 

large improvement in the PLQY, whilst BAOTs showed smaller improvements. Interestingly, the 

benzylammonium triflate was detrimental to the PLQY and etched the film.  

The benzylammonium iodide salts with varying degrees of methylation at the ammonium 

produced varied results. NNBAI significantly improved the PLQY, while the quaternary 

ammonium compound, NNNBAI, and the secondary ammonium compound, NBAI, both 

resulted in decreased PLQY. Lastly, the benzylamine treated film showed substantial gains in 

PLQY relative to the control.  
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3.3.9 Passivation on MAPI Perovskite? 

 

3.3.10 Device Results 

 

 

 

 

 

 

   

 

Aging encapsulated films can provide insights into how the passivation treatments 

influence the stability of the perovskite. For the most part, the initial films exhibited higher 

PLQY than their unencapsulated counterparts (Fig 3.25). Only the BABr and BABF4 treated 

films in Fig. 3.25 (a) exhibited higher PLQY than the control. After aging, the PLQY for all 

films dropped considerably as shown in Figure 3.25 (b). The smallest loss in PLQY and highest 

absolute aged-PLQY was observed for the benzylammonium triflate treated half-stack. Most of 

the passivation treatments showed a dramatic decrease in PLQY after aging, with almost all 

dropping over an order of magnitude. BABr, BAI, and BAOTs all dropped, but the post-aging 

PLQY values remained above that of the control. 

 

 

 

 

 

Figure 3.25: PLQY of PMMA-encapsulated FA0.7Cs0.3PbI3 films (a) before and (b) 

after aging for 18 hours. 
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3.3.9 Solar Cell Device Results 

 

In addition to photoluminescence studies on perovskite films and device “half-stacks”, 

we sought to further explore these materials in full devices. Passivation studies on full device 

stacks offer more insight into passivation of the perovskite/C60 interface. 

3.3.9.1 Primary, Secondary, and Tertiary Benzylammonium Iodides 

 

To compare device performance, we focused our analysis on the mixed-cation mixed-

halide perovskite, Cs17Br15, which has a bandgap of 1.63 eV.19 Figure 3.26 shows the p-i-n 

device architecture used in this study. A self-assembled monolayer of [2-(3,6-dimethoxy-9H-

carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) was deposited atop ITO as the hole transport 

layer (HTL).51 The passivation molecules were dissolved in IPA (10 mM) and dynamically spin-

coated on the perovskite. C60 and bathocuproine (BCP) were thermally evaporated onto the 

perovskite layer as the electron transport layer (ETL). Finally, silver (Ag) was thermally 

evaporated as the top electrode. 

 

ITO 

MeO-2PACz 

Cs17Br15 

Passivation Layer 

C
60

/BCP 

Ag 

Figure 3.26: Device architecture and selected benzylammonium iodide passivation 

materials.  
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Figure 3.27: JV curves of champion devices. Forward (dashed lines) and reverse scans (solid 

lines) of devices: (blue) control Cs17Br15 device, (orange) BAI passivated device, (green) NBAI 

passivated device, and (red) NNBAI passivated device. 
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Figure 3.28: Control and passivated solar cell device figures of merit. (A) Open-circuit voltage, 

VOC, (B) Power conversion efficiency, PCE, (C) Short-circuit current density, JSC, and (D) Fill 

factor. 

 The solar cell devices indicate a pronounced passivation effect for the BAI treated films 

relative to the control. The VOC, which is closely linked to radiative efficiency of the absorber, 

increased dramatically on average and to a champion value of 1.18 V. The average and 

champion fill factors and power conversion efficiencies also increased considerably. A slight 

decrease in the JSC was observed, possibly due to the insulating properties of the passivation 

layer and its thickness. The secondary and tertiary ammoniums, NBAI and NNBAI resulted in 

decreased device performance across the VOC, JSC, and FF. 
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3.3.9.2 Benzylammonium Sulfonates for Efficient Perovskite Solar Cells 

 

 

In our analysis of the device performance of benzylamine sulfonate passivators, we 

studied a wide gap, mixed-cation mixed-halide perovskite, Cs17Br25, which has a bandgap of 

1.70 eV.22 Figure 3.29 shows the p-i-n device architecture used in this study. A self-assembled 

monolayer of [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz) was 

deposited atop ITO as the hole transport layer (HTL) and a layer of alumina nanoparticles 

(Al2O3) were deposited to increase wettability towards the perovskite solution.52-53 The 

passivation molecules were dissolved in IPA (10 mM) and dynamically spin-coated on the 

perovskite. C60 and Bathocuproine (BCP) were thermally evaporated onto the perovskite layer as 

the electron transport layer (ETL). Finally, silver (Ag) was thermally evaporated as the top 

electrode. 

 

 

 

 

 

 

 

 

 

 

OTf: calculated dipole 
moment: -4.4 D 

OTs: Calculated dipole 
moment: -11.6 D 

Figure 3.29: Device architecture and selected benzylammonium sulfonate 

passivation materials. Dipole moments calculated by Dunham Group, Electrical and 

Computer Engineering Department, University of Washington. 
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 Solar cell devices fabricated with both passivation molecules show improvements over 

the control device. The JSC is virtually unchanged, with the most substantial gains in efficiency 

coming from the fill-factor and VOC. However, BAOTs treated devices show a considerable 

amount of hysteresis, whereas very minimal hysteresis is observed for the BAOTf treated 

devices. The pronounced differences in hysteresis are the subject of ongoing investigation. 

3.4    Conclusions 

A wide variety of candidate passivators were screened across a variety of perovskite 

compositions. Isolating single variables, as was the original intent of this study, has proven very 

difficult due to few consistent trends in PL data with structure-property relationships in 

passivators. Nevertheless, we have successfully identified BAOTf as a highly efficient 

  Reverse Forward 

PCE (%) 19.61 16.81 

VOC (V) 1.204 1.197 

FF (%) 79.85 69.37 

JSC (mA/cm2) 20.41 20.26 

  Reverse Forward 

PCE (%) 17.50 16.49 

VOC (V) 1.154 1.148 

FF (%) 74.00 70.13 

JSC (mA/cm2) 20.50 20.48 

  Reverse Forward 

PCE (%) 19.64 19.33 

VOC (V) 1.203 1.197 

FF (%) 79.90 78.97 

JSC (mA/cm2) 20.43 20.39 

Figure 3.30: J-V curves of (a) control, (b) benzylammonium tosylate (BAOTs), and (c) 

benzylammonium triflate (BAOTf) champion devices. (d) Statistics for calculated hysteresis 

index for each device batch. 
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passivation molecule. Further characterization is necessary and ongoing, but at this time we can 

note the high efficiency and reduced hysteresis leading to highly efficient wide bandgap, tandem 

suitable, MA-free perovskite solar cell devices. 

Simple PL lifetime or PLQY-based screening studies remain one of the most effective 

tools to evaluate potential passivation molecules. PLQY may be superior if a 2D perovskite is 

suspected to have formed. However, PL screening approaches can sometimes fall short if the 

losses arising from the electron selective or hole-selective contact-induced traps are not 

accounted for. Likely knr is relatively slow without the electron-selective fullerene layer, and as 

such, some screened passivators may not have a substantial effect on neat films. Indeed, in the 

cases of solar cell devices, the VOC improved dramatically, in contrast to the initial screening 

studies which didn’t necessarily identify these passivation materials. Additionally, these 

experiments are highly sensitive to a huge number of variables. Control films must be of a 

sufficiently high optoelectronic quality (relatively defect free which can be influenced 

considerably by the quality of the precursors), stoichiometric excess of inorganics or organics 

must be carefully considered, and the effects of aging should not be ruled out. Lastly, certain 

passivation approaches should not always be considered innocent, and the subject of the 

reactivity of various amines with other perovskite constituents will be explored in further detail 

in the subsequent chapter.  
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4     Exploring the Reactivity of Amines and Formamidinium Cations in Perovskite Inks 

 

 

 

 

 

 

 

 

 

Figure 4.1: Graphical abstract demonstrating transamination reactions possible in perovskite 

precursor solutions. 
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4.1     Introduction 

 

As discussed in Chapter 1, metal-halide perovskites have rapidly come to prominence over 

the last decade for their remarkable optoelectronic properties.1-2 These properties have enabled 

their application in various optoelectronic devices including photodetectors, LEDs, and solar 

cells. More complex approaches for the processing of lead-halide perovskites (LHPs) have 

evolved as devices incorporating these materials have increased in efficiency. Recently, 

precursor solution aging, the use of various additives, and certain passivation approaches have 

been revealed to lead to unintended chemical reactions which are sometimes overlooked.  

Several previous studies have examined the reaction chemistry that can take place in 

perovskite inks. One study identified the transamidation reaction between the common 

processing solvent N,N-dimethylformamide (DMF), and methylamine which results in 

dimethylammonium halide incorporation into films.3 Dou et al. used time-of-flight secondary ion 

mass spectrometry (ToF-SIMS) to confirm the transamidation reaction with DMF upon aging the 

widely used triple cation perovskite composition reported by Saliba et al.4-5 Subsequent studies 

utilized dimethylammonium halide additives to tune the bandgap, improve crystallization, and 

improve solar cell device performance.6-8  

Van Gompel et al. identified trace quantities of ammonium iodide (NH4I) in commercial 

formamidinium iodide (FAI) and the potential for FAI to degrade to ammonium iodide (NH4I) to 

form ammonium lead iodide (NH4PbI3) in acidic precursor solutions.9 Reactions of PbI2 with 

amines have been identified in the literature. Researchers have demonstrated that degradation of 

alkylammonium lead halide perovskites to Pb0 can occur in perovskite precursor solutions10-11 as 

well as in films in the dark and under irradiation.12 Others have identified N-formylation 
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reactions between amine additives in perovskite precursor solutions, which was suggested to be 

initiated via acidic hydrolysis of DMF.13  

Others have reported the reaction of FA+ and MA+ in aged mixed-cation perovskite 

precursors to form N-methylformamidinium (MFA+) or N,N’-dimethylformamidinium (DMFA+) 

cations and ammonium halide.14-16 Valenzano et al. observed the same reaction, although noted 

that the presence of Cs+ slowed the exchange kinetics.17 Some impurities such as trace acetate or 

lead oxide contained in the perovskite precursors were found to catalyze the exchange reaction in 

mixed cation perovskite inks.18 Trace triiodide (I3
-) was found to catalyze degradation of MA+ 

and FA+ perovskites via deprotonation, where formamidine can decompose rapidly.19 

Recently, amine and ammonium additives and surface passivators have become more 

prominent and the potential for a transimination reaction with amines other than MA has been 

identified. A surface transimination reaction with FA+ was identified to take place upon 

deposition of 3-(aminomethyl)pyridine (3-APy) atop perovskite thin films allowing for very high 

solar cell device perfomance.20 Very recently, the ubiquitous surface passivators 

phenyethylammonium (PEA+) and butylammonium (BA+) were found to undergo deprotonation 

followed by transimination reaction with FA+ in perovskite films.
21

 

In Chapter 3, I discussed a variety of passivators. Several passivators contained neutral 

amine functional groups. In contrast to a post-perovskite growth deposition, a related passivation 

approach involves the addition of a passivation agent in the precursor solution. Our collaborators 

at the University of Washington (UW) and Oxford University adapted an approach using 

ethylene diamine (EDA) to widen the bandgap of the resulting “hollow” perovskite22 in the 

mixed-cation mixed-halide (Cs17Br25) perovskite composition for silicon-perovskite tandems. 

They also explore passivation with benzylamine addition to the precursor solution.  
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Consequently, we explored the reactivity of amines and ammoniums with formamidinium 

salts and built upon our accumulated knowledge of their solution chemistry to synthesize and 

utilize product(s) formed in these reactions as additives and surface passivation agents in 

perovskites. This work helps to elucidate the role of the amine/ammonium additives in 

controlling FA-containing perovskite growth and crystallization processes.  

4.2     Experimental 

 

General 

All chemicals were purchased from commercial sources and used as received unless 

stated otherwise. Column chromatography was carried out using silica gel (46-63 µm, Sorbent) 

as the stationary phase, and thin-layer chromatography (TLC) was performed on precoated 

silica-gel plates (0.25 mm thick, 60F254, EMD, Germany) and visualized under UV light. 

Nuclear magnetic spectroscopy measurements were carried out on Bruker Avance III 400 or 

Avance III HD 500 MHz instruments and calibrated using the solvent residual as an internal 

reference (DMSO, 2.50 ppm 1H NMR). 

Materials:  

Lead bromide (PbBr2, 99.998% metals basis), and cesium iodide (CsI, 99.999% metal 

basis) were purchased from Alfa Aesar. Lead iodide (PbI2, perovskite grade) was purchased from 

Tokyo Chemical Industries ltd. Formamidinium iodide (FAI, >99.99%) and methylammonium 

iodide (MAI, >99.99%) were purchased from Great Cell Solar. Ethylenediamine (puriss. p. a., 

absolute ≥99.5%), ethane-1,2-diammonium iodide (EDAH2I2), ethane-1,2-diammonium bromide 

(EDAH2Br2), lead acetate trihydrate (99.999% trace metals basis), dimethylformamide (DMF, 

anhydrous), dimethyl sulfoxide (DMSO, anhydrous), and anisole (anhydrous) were purchased 

from Sigma-Aldrich.  
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Synthesis:  

The synthesis of FA0.83Cs0.17Pb(I1-xBrx)3 thin films was all conducted inside a N2 filled 

glovebox. The FA0.83Cs0.17Pb(I0.75Br0.25)3 precursor solutions of 1.2M were prepared dissolving 

0.75 mmol of PbI2, 0.45 mmol of PbBr2,0.204 mmol of CsI and 0.996 mmol of FAI in 0.8 mL 

DMF and 0.2 mL of DMSO. Solutions of 1.45M were prepared mixing 0.9 mmol of PbI2, 0.54 

mmol of PbBr2, 0.25 mmol of CsI and 1.204 mmol of FAI in 0.8 mL DMF and 0.2 mL DMSO. 

All the solutions were stirred overnight at 600 rpm. After stirring, the solutions were filtered with 

a 0.2 µm PTFE filter. Ethylenediamine (EDA) was added to the precursor solution after 

overnight stirring in molar percentages of 1, 10, 20, 40 (density = 0.899 g/mL). Solutions were 

deposited after a few hours following EDA addition. Glass substates (2.5  2.5 cm) were cleaned 

through a sequential sonication of 10 minutes in soap solution, deionized water, acetone, and 

isopropanol (IPA). Cleaned glass substrates were ozone cleaned for 30 min before spin coating. 

The precursor solution (80 µL) was deposited on the glass substrates and spin coated for 10 s at 

1000 rpm (200 rpm/s) and 35 s at 5000 rpm (800 rpm/s). Anisole (Sigma Aldrich) was used as 

antisolvent and dropped (330 µL) after 40 s. Anisole was filtered using a 0.45 µm PTFE filter 

before usage. The films were annealed at 100 °C for 45 min. Then the films were stored under N2 

in the dark. Films were encapsulated with a glass substrate (2.5 x 2.5 cm) using a 2-part epoxy 

resin-polymercaptan glue (Epoxy Adhesive C-POXY 30 by CECCORP) mixed in ratio 1:1. 

Encapsulation was performed inside the glove box. Encapsulated films were left inside the glove 

box overnight before characterization.  

Time Resolved Photoluminescence:   

The TRPL spectra at 405 nm excitation were acquired using an Edinburgh FLS1000 

spectrometer with EPL-405, a 405 nm picosecond pulsed diode laser. The repetition rate is 
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controlled by an internal trigger input and was set to 1 MHz. The emission and excitation slits 

were controlled to have an emission signal frequency of 1 to 2% of the start rate. The slits were 

kept constant for all the measurements and the film stage was moved in the x direction to 

maximize the emission. A PMT-900 detector was used in time-correlated single photon counting 

(TCSPC) mode with an instrumental response width of approximately 600 ps.  

Hyperspectral microscope:   

Hyperspectral measurements were performed using a Photon etc. IMA upright 

microscope fitted with a transmitted darkfield condenser and a 60X objective (Nikon Plan RT, 

NA 0.7, CC 0-1.2). The excitation was done using a mercury halide lamp (Nikon ultrahigh 

pressure 130 W mercury lamp) passing through a 500 nm short-pass filter and emission was 

collected through a 500 dichroic filter and 550 nm long-pass filter. The lamp has six levels of 

light intensity, and all the measurements were taken using the lowest intensity (ND32) with total 

incident power on the sample of 256 μW. The Hyperspectral Microscope uses a tunable Bragg 

filter to image a sample at specific wavelengths. The sample is imaged throughout the spectral 

range and these images are combined into a single “Hyper Cube”, which carries spectral 

information at each pixel. This allows for diffraction limited imaging, rather than being 

constrained by the spot size of the fiber optic cable. Post-processing was done in the proprietary 

Photon etc. PHySpec Software.  

X-ray Diffraction:  

XRD patterns were obtained using a Bruker D8 Discover with IμS 2-D XRD System (Cu 

Kα radiation at 50 W). Powder XRD patterns and structural views were calculated and rendered 

using VESTA.3  
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ToF-SIMS:  

ToF-SIMS spectra were acquired on a IONTOF TOF.SIMS5 spectrometer using a 25 

keV Bi3+ cluster ion source in the pulsed mode. Spectra were acquired for both positive and 

negative secondary ions over a mass range of m/z = 0 to 800. The ion source was operated with 

at a current of 0.09 pA and spectra were acquired using an analysis area of 200 μm x 200 μm 

using 256 x 256 pixels.  

Reagent Synthesis:  

 

Figure 4.2: Synthesis of 4,5-dihydroimidazole (imidazoline). 

 
4,5-dihydroimidazole (imidazoline), was synthesized according to a modified literature 

procedure.23 An oven-dried three-neck 100mL round-bottomed flask was equipped with a stir bar 

and air condenser and purged and refilled with nitrogen three times. 50 mL of anhydrous toluene 

was added via cannula. Dry ethylene diamine (6.82 mL, 64.8 mmol) and technical grade 

dimethylformamide diacetal (4.13mL, 61.7 mmol) were added sequentially added via syringe. 

The reaction was heated at 80°C for 72 hrs. The solvent was removed under reduced pressure 

and the product was purified by either Kugelrohr short-path distillation or vacuum distillation. A 

white, hygroscopic, waxy solid was obtained in low yield. 1.18 g (27%).  1H NMR (400 MHz, 

CD3CN) δ 6.95 (s, 1H), 3.41 (d, J = 1.1 Hz, 4H). 1H NMR (400 MHz, CDCl3) δ 7.10 – 7.05 (m, 

1H), 4.75 (s, 1H), 3.75 (s, 2H), 3.35 (s, 2H). 
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Figure 4.3: 1H NMR (400 MHz, CD3CN). 
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Figure 4.4: 1H NMR (400 MHz, CDCl3). 
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4.3     Results and Discussion 

 

4.3.1 Scope of Amines and Ammoniums in Perovskite Inks 

 

 

 
 

Figure 4.5: Selected passivation agents and solution additives in perovskite solar cells. From left 

to right: phenethylammonium bromide (PEABr), dimethylammonium chloride (DMACl), and 

(3-aminopropyl)trimethoxysilane (APTMS). 

 

Considering our initial findings with ethylene diamine and benzylamine, we sought to 

explore the reactivity of alternative passivation agents and solution additives. We suspected that 

treatments utilizing protonated ammonium species would be less likely to react with FAI in 

solution. Nevertheless, we wanted to thoroughly examine the reactivity of both amines and 

ammoniums. Specifically, we checked the reactivity of a primary ammonium, 

phenethylammonium bromide (PEABr), a secondary ammonium, dimethylammonium chloride 

(DMACl), and another primary amine, (3-aminopropyl)trimethoxysilane (APTMS). 

Phenethylammonium derivatives, including PEABr, are amongst the most widely used 

passivation treatments in PSCs in the literature and have produced very efficient cells.24-26 

Dimethylammonium chloride has been extensively studied as an additive in perovskite inks.6-8 

(3-Aminopropyl)trimethoxysilane (APTMS) was briefly introduced in Chapter 3 (with other 

silanes of varying N-methylation) as a passivation agent and has been used in the literature to 

achieve very small surface recombination velocities and good solar cell performance via both 

solution and vapor deposition methods.27-28  
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4.3.2 Nuclear Magnetic Resonance (NMR) Solution Studies 

 

4.3.2.1  Screening Reactivity of Amines and Ammoniums 

 

We examined the reactivity of the additives via comixing the amine/ammonium and FAI in 

equimolar amounts (~0.1M) in DMSO-d6. We monitored the reactions by 1H-NMR spectroscopy 

at times of 0, 2, 4, 6, 8, and 24 hours. The integrals were normalized using the residual DMSO 

proton resonance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

We first examined the reaction of PEABr and FAI. The initial (bottom) and final spectra 

(top, after 24 hours) are shown above in Figure 4.6. We can see that the spectra do not change 

T
24h

 

T
0h

 

Figure 4.6: 1H-NMR spectra of the initial mixture of PEABr and FAI in DMSO-d6 at T0h (bottom) and 

at T24h (top) in DMSO-d6. The arrow in the top spectrum indicates possible formamidinium C-H peak of 

mono-subsituted phenethylammonium-formamidinium.  
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considerably after allowing the solution to react for 24 hours—even after 2hours the spectra are 

nearly identical. Only a very small amount of what appears to be the mono-substituted 

phenethylammonium-formamidinium is observed. The integral can be used to roughly quantitate 

the amount of mono-substituted product at ~4%.  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Next, we examined the reactivity of DMACl and FAI in DMSO-d6. The initial (bottom) 

and final spectra (top, after 24 hours) are shown above in Figure 4.7. We can see that the spectra 

do not change considerably after allowing the solution to react for 24 hours—even after 2 hours 

T
24

 

T
0h

 

 
Figure 4.7: 1H-NMR spectra of the initial mixture of DMACl and FAI in DMSO-d6 at T0h 

(bottom) and at T24h (top). 



 121 

the spectra are nearly identical. Unfortunately, the N-CH3 protons of dimethylammonium are 

mostly obstructed by the residual water signal. The most significant change in the spectra is 

likely due to the N-H proton exchange. Two very small (below limit-of-quantitation (LOQ)) 

peaks are observed at 2.98 and 3.18 ppm which could indicate the formation of an extremely 

small amount of the mono-substituted dimethylammonium-formamidinium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unlike the ammonium species discussed above, the neutral APTMS undergoes rapid 

chemical transimidation as evidenced by 1H-NMR spectroscopy shown in Figure 4.8. Several 

reactions are likely taking place. Proton transfer reactions take place to protonate the APTMS to 

T0h (mix) 

FAI 

APTMS 

Figure 4.8: 1H-NMR spectra of FAI (bottom), a mixture of APTMS and FAI (middle), and 

APTMS (top). The blue highlights indicate peaks attributed to the mono-APTMS-FA-adduct.  
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some extent, accounted for, in part, by the N-H proton at 5.03 ppm (this peak can shift 

considerably, likely due to the resonance representing an average NH/OH peak due to rapid 

proton exchange with residual H2O). Consistent with our observations in the case of ethylene 

diamine and benzylamine, we can observe the formation of the mono-substituted APTMS-FAI 

adduct from the peaks highlighted in blue. Specifically, we see two new peaks that likely 

correspond to the E and Z isomers of the mono-substituted APTMS-FAI at 7.85 and 7.70 ppm. 

We also can observe the formation of a new peak 3.47 ppm, likely corresponding to the aliphatic 

CH2 protons that are adjacent to the FA-adduct NH. The integration in the downfield region 

(near 7.5 ppm) indicates the formation of two isomers of the mono-transiminated product. This 

analysis is consistent with other unreported data from our group on the isomers of mono-

transiminated FAI with benzylamine. 

 

  

Figure 4.9: Proposed E and Z isomers of mono-transiminated FAI adducts of (3-

aminopropyl)trimethoxysilane (APTMS). 

Overall, neutral amines react rapidly and form appreciable amounts of transiminated 

products (on timescales more quickly than an NMR spectrum can be measured). In contrast, it 

appears that the protonated ammonium species do not appreciably react with FA+ in solution—

especially when considering typically shorter times from solution preparation to deposition. This 

doesn’t rule out the potential for ammonium ions to react in solutions with appreciable amounts 
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of base (e.g., in DMF, where dimethylamine is often a significant impurity), in solutions at 

elevated temperatures, during annealing, or under harsh aging conditions. 

4.3.2.2 Exchange Reaction(s) in Solution 

 

We also sought to understand the stability of the FA-adducts in solutions containing FAI 

to examine the extent to which substituted formamidiniums might engage in further reactions. 

We monitored the exchange reaction by comixing N,N’-benzylformamidinium and FAI in 

equimolar amounts (~0.1M) in DMSO-d6. We monitored the reaction by 1H-NMR spectroscopy 

at times of 0, 2, 4, 6, 8, and 24 hours. The integrals were normalized using the residual DMSO 

peak.  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.10: 1H-NMR spectra of mixture N,N’-benzylformamidinium and FAI at t=24h. 

Methine C-H peaks and benzylammonium iodide CH2 are color coded and were used to track 

the reaction.  
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 The most distinct peaks in the 1H-NMR spectra are the methine C-H peaks which were 

used to monitor the exchange reaction. In figure 4.10 above, the methine peaks are shaded to 

match the corresponding structure on the left. A small amount of residual benzylammonium 

iodide from the preparation of N,N’-benzylformamidinium iodide can be observed at 4.01 ppm, 

corresponding to the aliphatic CH2 protons. 

 

Figure 4.11: Integrals of peaks from 1H-NMR spectra of N,N’-benzylformamidinium and FAI of 

mixture vs. time. Compete spectra shown in above in Figure 4.10. 

To best track the reaction progress within these complicated spectra, the integrals for 

each of the methine peaks (and aliphatic CH2 protons in the case of benzylammonium) were 

plotted versus time. Overall, there is minimal change in the integral of each peak over time, 
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indicating that the bis-substituted benzylformamidinium is relatively stable, especially on the 

timescale of solution preparation and film deposition. 

4.3.3 Synthesis and Characterization of Imidazoline and an Imidazolinium Acetate Salt 

 

We have previously described the use of ethylene diamine as an additive for wide 

bandgap, tandem-relevant perovskite compositions. One of the key findings from this work was 

that both NMR studies on the ink chemistry and ToF-SIMs on the resultant films indicated that 

ethylene diamine reacted with formamidinium ion in solution to produce the 4,5-

dihydroimidazolium (or imidazolinium) ion (which can be considered an N,N’-disubstituted FA+ 

derivative in which the substituent bridges the N atoms). The performance improvements and 

stability of the devices led us to attempt to cleanly isolate the 4,5-dihydroimidazolium and use it 

as an additive rather than forming it in situ. We identified and explored several synthetic 

methods to form the neutral heterocyclic and salts of its conjugate acid.  

 

 

 

 

 

 

 

 

 



 126 

 

 
 

Figure 4.12: An overview of the synthetic methods explored—the left shows methods for the 

preparation of neutral 4,5-dihydroimidazole whereas the right shows a method for the 

preparation of the acetate salt of its conjugate acid. Method C is highlighted as it was used for 

the scaled-up reaction.  

 

We first tried to isolate the neutral heterocycle using method B, as the reagents required 

are more commonly available. This reaction may have produced some product but it was likely 

converted to its bicarbonate salt upon exposure to CO2 with residual water. Subsequently we 

tried to isolate the acetate salt of the protonated heterocycle via method E.29 While this method 

produced the product, there was still an appreciable amount of ethylene diammonium diacetate 

(~10 mol %) which was inseparable from the product (both via liquid-liquid extraction, and 

deprotonation and protection with tert-butyloxycarbonyl (BOC) protecting group followed by 

flash chromatography). 

Methods A, C and D are all advantageous as the side product in those reactions is not 

water (which drastically complicates isolation of the product in B).23, 30-31 Methods A and C 

worked well “in my hands.” Method C was chosen for a larger scale reaction due to the 

commercial availability of the acetal precursor and ease of isolation given the absence of TMS-
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containing byproducts. Using this method, we prepared ~500 mg of neutral 4,5-

dihydroimidazole. The structure and purity were confirmed by 1H-NMR in CDCl3 and CD3CN.  

4.3.4 Characterization of Imidazoline-passivated Perovskites 

 

While it is clear from our previous work that EDA is converted to imidazolinium and the 

resulting devices exhibit good performance and stability, the precise role of imidazolinium was 

not fully established. Studying the direct addition of imidazoline to the perovskite precursor may 

help to elucidate its role and may offer a more reproducible method for improving device 

performance and stability. 

 

Figure 4.13: Time-resolved photoluminescence measurements of Cs17Br25 perovskite films 

without additive (ctrl, black trace),  with 1 mol% imidazoline additive (Imn 1%, orange trace), 

and 5.8 mol% imidazoline additive (Imn 5.8%, purple trace) increases the lifetime. 

  

 We first sought to characterize the photoluminescence and structural properties of 

perovskite thin-films incorporating the imidazoline (Imn) additive. Time-resolved 

photoluminescence measurements shown in Figure 4.13 indicate a longer lifetime  upon addition 

of imidazoline (Imn). Increasing the concentration of the imidazoline from 1 mol% to 5.8 mol% 

allows for further improvement to the PL lifetime. Structural changes to the perovskite thin films 
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were observed with X-ray diffraction (XRD), shown below in Figure 4.14. The control film is 

consistent with previous reports for this composition and contains a small amount of PbI2. 

Addition of 1 mol% Imn does not appreciably change the phases present, whereas upon addition 

of 5.8 mol% the diffraction pattern is consistent with simulations (previously reported in the 

literature) indicating a 1D face sharing perovskite phase (ImnHPbI)3.
32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

We also characterized the lateral heterogeneity in the Cs17Br25 films with the Imn additive. 

The hyperspectral images, shown below in Figure 4.15, show that the control films are more 

heterogenous than the films with the Imn additive. Increasing the amount of Imn additive from 1 

mol% (orange box) to 5.8 mol% increases the homogeneity of the PL and decreases the emission 
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Figure 4.14: X-ray diffraction (XRD) patterns control (black), 1 mol% Imn (orange), and 5.8 

mol% Imn (purple) pervoskite Cs17Br25 films. Asterisks indicate diffraction peaks consistent 

with 1D face-sharing ABX3 formula. 
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wavelength, an effect consistent with passivation. More homogeneous PL is associated with a 

lesser degree of halide segregation in mixed-cation mixed-halide perovskites.33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lastly, time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were 

carried out to verify the formation of the protonated ImnH+ cation. In Figure 4.16 A, it was 

observed that the Imn additive approach leads to a homogenous incorporation of ImnH+ throughout 
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Figure 4.15: Hyperspectral PL intensity map of the control (black box), 1 mol% Imn (orange box), 

and 5.8 mol% Imn. (purple box). Excitation was achieved with a white lamp with short pass filter at 

500 nm. The emission was recorded using a 500 nm dichroic and 650 nm long pass filter. 
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consistent with the formation of EDAH2
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the film, whereas the surface passivation approaches lead to a relatively sharp decreases in 

C3H7N2
+ mass fragment with increased sputter time. Increasing the concentration unsurprisingly 

also increases the amount of Imn at the surface of the film. It is noteworthy that a surface treatment 

with ethylene diammonium diiodide leads to no increase at the surface over the control. 

It is also useful to measure the C2H10N2
2+ mass fragment consistent with the formation of 

EDAH2
2+. In the case of the addition of Imn, there is a negligible increase in the EDA dication 

fragment indicating that the Imn molecule is able to be processed without degradation to EDA. 

Unsurprisingly treatments using EDA and EDAI2 increase the amount of EDAH2
2+ at the surface 

of the film. 

4.4     Conclusion 

 The reactivity of several amines and ammoniums with formamidinium iodide was reported. 

Ammonium cations do not readily undergo transimination reactions with formamidinium iodide. 

This result is perhaps unsurprising when one considers the ubiquity of triple cation (CsMAFA) 

perovskite, where methylammonium is analogous to the amines screened here. This does not fully 

rule out the possibility of the reaction at elevated temperatures, or under harsh aging conditions in 

thin films. A neutral amine (APTMS) that has been used in PSCs was reported to undergo rapid 

transimination reaction, consistent with our previous observations for ethylene diamine and 

benzylamine additives. The transimination reaction that takes place is substantial and distinct from 

the previous prevailing assumption in the literature that simple proton transfer reactions are the 

operative and predominant reaction. Finally, a reaction product from the use of ethylene diamine 

in FA-containing perovskite precursors, imidazoline, was synthesized. This molecule was 

controllably added to perovskite precursor solutions and used as a passivation treatment, and 

offered similar results compared to ethylene diamine treatments (in terms of increased PL lifetime 



 131 

and PL homogeneity). Subsequent and ongoing work will focus on incorporating these materials 

into PSC devices. 
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5 Conclusions 

 
In chapter 1, an overview of the potential of PSCs as well as major research challenges 

were presented. In chapter 2, the synthesis, characterization, and material properties of two 

solution processable electron transport polymers were reported: a homopolymer (NDI-1) and a 

crosslinkable copolymer (NDI-CL) which incorporated cinnamate crosslinking groups. We 

demonstrated the polymer’s high transparency, thermal stability, photocrosslinking, and n-

doping via solution and sequential processes. Finally, we demonstrated its applicability in PSCs 

through characterization of solar-cell device performance relative to its uncrosslinked 

homopolymeric counterpart (NDI-1) in n-i-p devices with a MA-free mixed-cation mixed-halide 

perovskite absorber (Cs17Br15). 

In chapter 3, a large photoluminescence-based screening of passivation materials was 

completed. Candidate passivators were screened across a variety of perovskite compositions. The 

photoluminescence data were somewhat inconsistent, and it was difficult to identify clear trends 

associated with the structures of the selected passivation molecules.  A benzylammonium 

trifluoromethanesulfonate salt, BAOTf, was identified as a highly effective passivation molecule, 

allowing for the fabrication of solar cells exhibiting very low hysteresis with PCEs >19% in a 

MA-free mixed-cation mixed-halide perovskite absorber (Cs17Br25).  

In chapter 4, the reactivity of amines and ammoniums with formamidinium salts was 

explored. Understanding solution reactivity of amines with formamidinium salts enabled the 

synthesis, isolation, and implementation of the product(s) formed in these reactions as additives 

and surface passivation agents in perovskites. This work helped to elucidate the role of the 

amine/ammonium additives in controlling FA-containing perovskite growth and crystallization 

processes. 
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5.1     Potential Innovations in Electron Transport Materials 

 

Perhaps the most significant limitation of the side-chain NDI homopolymer and copolymer 

structures we studied was the relatively poor charge transport characteristics of even the n-doped 

polymers. In devices, we were likely able to overcome this issue because of the relatively thin 

layers (<5nm) of the respective polymers. As such, continued work within this area should focus 

on improving the electron transporting characteristics (perhaps best assessed via electron 

mobility measurements, especially if the polymer(s) are to be used without doping). Better 

electron transporting characteristics will enable thicker layers that will be required to implement 

these materials within inverted (p-i-n) device architectures that are most relevant for tandem-on-

silicon applications.  

Modifying the existing side-chain NDI polymer and copolymer structures is one clear but 

likely incremental step towards improving electron transport layers for PSCs. While the side 

chain polymer approach has worked relatively well for charge transport in various arylamine-

based hole transport materials (HTMs),1-2 some of which exhibit hole mobilities of up to 1 × 

10−4 cm2 V−1 s−1,3-4 a survey of the literature indicates few examples of side chain electron-

transporting polymers with good conductivity or electron mobility. Previous work within our 

group on an analogous PDI polynorbornene polymer showed a rather low electron mobility (<5 

× 10−5 cm2 V−1 s−1).5 

One exception in this survey of the literature was a report of the side chain perylene 

diimide (PDI) polymers shown below in Figure 5.1.6 Both polymers showed a greater than three 

orders of magnitude increase in electron mobility following and annealing step at 210 °C (to a 

value of 1.2 × 10−3 cm2 V−1 s−1 for both polymers). Notably, the block copolymer that was 

diluted with domains of insulating polystyrene showed identical mobility to the homopolymer 
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following the annealing step. While higher annealing temperatures may not work for layers 

processed atop the perovskite, they should be compatible if processed beneath the perovskite at 

the transparent (front) electrode in n-i-p architectures. The lower optical transparency of PDIs in 

the visible region is a limitation, but it may be possible to achieve mitigate this problem by using 

thin films or by designing analogous polymers incorporating NDIs.  

 

Figure 5.1: Chemical structures of the polymers: (a) poly(perylene bisimide acrylate) (PPerAcr) 

and (b) diblock copolymer polystyrene-block-poly(perylene bisimide acrylate).6 

 

5.1.1 Alternative Crosslinking Approaches 

 

While the NDI-CL copolymer was able to be crosslinked to some extent, exploring other 

crosslinking approaches may enable faster crosslinking times, more densely crosslinked films, 

and increased compatibility of the crosslinker with the electroactive NDI unit. The crosslinking 

times were relatively long compared to previous reports of cinnamate crosslinking. This may 

have been in part due to a photoinduced electron transfer from the cinnamate to the naphthalene 

diimide. This may also explain the lesser extent of crosslinking. As reported in chapter 2, we 
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have prepared a small test batch of NDI copolymer incorporating 10 mol% of a 

benzocyclobutene comonomer, which can dimerize at temperatures around 120 °C. Also 

reported in chapter 2, we have prepared a test batch of NDI copolymer incorporating 50 mol% of 

an NDI monomer with a cinnamate (rather than 4-methoxycinnamate), which may not be as 

susceptible to take part in a photoinduced electron transfer to the NDI. Finally, we only briefly 

explored the use of an oligomeric azide, “4Bx,” in the context of sequential doping of the NDI 

homopolymer in chapter 2. Using azido or diazarinyl oligomers may allow for the most simple 

implementation of crosslinking the homopolymeric system (because of the their ability to 

functionalize C-H bonds in the polymer).7-8 

5.1.2 Mainchain Electron Transporting Polymers 

 

The limited demonstration of side-chain electron transporting polymers leads one to 

consider two major polymeric alternatives: conjugated polymers and non-conjugated mainchain 

polymers. Numerous conjugated polymers have been reported in the literature with good electron 

mobilities and have even been incorporated into perovskite solar cells;9-11 however, the 

decreased transparency of these materials in the visible spectrum will increase their parasitic 

absorption (especially in tandem cells). This limitation led us to consider non-conjugated 

polymers with higher transparency, although likely at the expense of preferred morphology for 

charge transport in our side-chain polymers. Recently, the Baran group reported an n-type 

oligo(ethylene glycol) naphthalene diimide conjugated polymer, which was used in MAPI solar 

cells between a layer of PCBM and the silver cathode. Polymer films showed absorption to ~600 

nm but this was likely a non-factor for the fabricated p-i-n devices which reached power 

conversion efficiencies greater than 17%.12 There are likely various other n-type conjugated 
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polymers with acceptable losses in transparency as a trade-off for their superior charge transport 

properties.  

Non-conjugated mainchain electron transporting polymers, particularly polyionenes, have 

been reported in the literature as effective cathode buffer layers in organic solar cells (OSCs).13-15 

It may be possible to leverage these materials for perovskite solar cells. Literature reports have 

characterized their high transparency throughout the visible region as well as their moderate 

conductivities and electron mobilities. A major limitation towards the implementation of these 

polymers in PSCs is their limited solubility in preferred solvents for ETM deposition (especially 

when deposited atop the perovskite in p-i-n device configurations, where good solvents for the 

polymers, such as trifluoroethanol, may etch FA-containing perovskite films).16 

5.1.3 Small Molecule Electron Transport Materials 

 

Finally, non-fullerene small molecules may represent a viable alternative. As discussed in 

Chapter 1, using small molecules instead of polymers has several implications for the synthesis 

and processing of these materials. Small molecules are monodisperse, are synthesized reliably 

and reproducibly, and have adjustable structure-packing features.2, 17 Lastly, some small 

molecules are processable via vacuum deposition techniques, which may be advantageous for 

their implementation into existing semiconductor manufacturing infrastructure.18 There are 

several reports of PSCs incorporating NDI small molecules in efficient inverted cells.19-20 Other 

non-fullerene electron transport materials such as phenazine and triazine derivatives may also be 

suitable.21-22 
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5.2 Innovations in Passivation Studies 

 

5.2.1 Modifications to Screening Approach 

 

While a large number of passivation materials were screened across a series of perovskite 

compositions, it was difficult to draw conclusions that translated to the performance of these 

materials as passivators in devices. A more robust PL screening method would involve also 

depositing the top charge transport layer (typically C60 or PCBM in p-i-n devices). The contact 

introduces non-radiative recombination pathways that are not accounted for in the PL screening 

of neat thin films. This simple modification to our screening approach would enable us to more 

readily identify materials for reduced non-radiative losses at the inferior (at least in terms of 

recombination) electron selective contact in methylammonium-free wide-bandgap perovskites.23 

A variety of perovskite compositions were explored; however, narrow bandgap 

perovskites incorporating Sn-Pb alloys have become more prominent recently, especially for the 

application as bottom cells in all-perovskite tandems.24-26 Alloying the B-site cation presents new 

potential defects including the oxidized Sn4+ species. It is likely that the unique defects and 

imperfections present in this LHP compositional space will interact differently with passivators. 

Finally, a large data set was generated from the PL-based passivator screening. Machine learning 

(ML) approaches may offer a method towards understanding subtle differences in the passivation 

effects observed. ML approaches have recently been demonstrated to identify passivation 

molecules for PSCs.27-29 

5.3 Elucidating Reactions of Amines and Ammoniums in Perovskites 

 

5.3.1 Increasing the Scope 

 

From this work and the work of others it should be apparent that the reaction of amines 

with formamidinium salts is almost universal. Nevertheless, the extent to which the reaction 
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products are incorporated into films for other commonly used passivation/additive approaches is 

not completely clear. It would also be useful to understand the impact of thermal annealing, post-

deposition effects such as thermal annealing. ToF-SIMs was used to detect the formation of 

formamidinium adducts in our EDA studies and could be applied to study the effects discussed 

above. More specifically, solution NMR experiments on films may not reflect the precise 

molecular structures incorporated into the film as this technique requires redissolution of the 

perovskite. ToF-SIMs is a relatively sensitive technique which can directly probe solid-state. 

 

5.3.2 Single Crystal Growth of Imidazolinium-based Iodoplumbates  

 

With the imidazoline and imidazolinium salts in hand, the next research step involves 

attempts to grow single crystals of their (presumably 2D) perovskites (note that the related 

imidazolium cation has been demonstrated to form a 2D perovskite structure).30 Clean isolation 

of the single crystals will enable us to improve our interpretation of the XRD of Cs17Br25 films 

with ethylene diamine (EDA) additive.  

5.4 Final Conclusions 

Nobel laureate Herbert Kroemer stated the now famous phrase, “the interface is the 

device.”31 This statement applies well to perovskite solar cell devices, especially in the context of 

this thesis, as the interfaces can introduce a variety of non-radiative recombination pathways. 

The design of new ETMs should not trade-off electron transporting characteristics in favor of 

transparency. Reiterating the conclusions discussed in section 1.2.1, photoluminescence studies 

on passivation materials must study the passivation material(s) in between the perovskite and the 

charge transport layer (to be deposited atop it in the device). Finally, work in Chapter 4 only 

begins to advance our understanding of and underscores the importance of investigating the 

complex chemistry possible in lead-halide perovskites (LHPs).  
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