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ABSTRACT 

 

The overall goal of the research projects herein is to fabricate low-cost and efficient 

thin-film perovskite and organic solar cells.  The fabrication of a planar-heterojunction 

perovskite solar cell was first optimized by investigating factors that influence perovskite 

thin film formation.  The optimized sequential spin-coating method produces uniform 

perovskite thin films and yields devices achieving power conversion efficiencies beyond 

13 %.  Secondly, cheap, organic hole-transporting materials based on a triphenylamine core 

were investigated as alternatives to spiro-OMeTAD in perovskite solar cells, but poor 

solubility led to deficiencies in photovoltaic performance.  Finally, it was shown that both 

solution processing techniques and molecular design can influence the morphology, 

electronic properties and crystallinity of thin films consisting of a fullerene-free donor-

acceptor pair for applications in organic solar cells.  It was determined that solution 

processing and the molecular composition of photoactive materials influences thin film 

properties and device performance in perovskite and organic solar cells. 
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CHAPTER 1 - INTRODUCTION  

1.1 Background: Solar Photovoltaic Technology 

As the global demand for energy is projected to rise over the next few decades,1 

clean, renewable sources of energy are becoming increasingly important.  Energy-capture 

systems such as wind, solar and hydroelectric are important to offset the dependence on 

fossil fuels for energy conversion.   

Solar energy is particularly promising given the vast resource provided by the Sun.  

For example, 4.3×1020 J of energy from the Sun strikes the Earth every hour, which greatly 

exceeds the amount of energy consumed in the United States in an entire year.2,3  Other 

strategies exist to capture energy from the Sun (e.g., solar thermal, solar fuels, etc.), but 

solar photovoltaic (PV) technology is the conversion of solar energy directly into 

electricity.   

There are three general types of photovoltaic technology: first-, second- and third-

generation.  First-generation PV utilizes crystalline silicon as the active material; it is the 

most widespread PV technology and currently dominates the market.  Second-generation 

thin-film PV technologies, including CIGS (copper indium gallium selenide), GaAs, CdTe, 

can be made with lower quantities of materials, but typically consist of scarce and/or toxic 

elements.  Third-generation photovoltaic technologies utilize soluble photoactive materials.  

Therefore, the active layers can be formed via common printing and coating techniques,4 

offering the potential for rapid roll-to-roll (R2R) printing on an industrial scale.5  These 

techniques can be performed at low temperatures, which opens the door for lightweight and 

flexible substrates such as foils and plastics.  In general, from first- to second- to third-

generation photovoltaics, the overall production cost can be reduced, but power conversion 
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efficiencies (PCEs) also decrease.  It is therefore a challenge to increase the PCE of third-

generation PV to realize low-cost and efficient solar cells. 

Two promising third-generation PV technologies are perovskite solar cells (PSCs) 

and organic solar cells (OSCs).  PSCs have rapidly gained attention in the scientific 

community since their discovery in 2009.6  To date, the most efficient lab-scale perovskite 

solar cells deliver a PCE greater than 19 %.7  Although these were small area (10 mm2) 

devices, they have the potential to compete with multi-crystalline Si solar cells, which 

demonstrate PCEs of ca. 21 % in larger-area modules.8 

 Organic solar cells employ organic ˊ-conjugated polymers or small molecules as 

light-harvesters.  While less efficient than PSCs and other inorganic photovoltaic 

technologies, OSCs have also seen great improvements in efficiency over the past three 

decades.  Since one of the first reports of a functional organic solar cell in 1986 by Tang,9 

the efficiency of devices has improved from under 1% to the record of 11% in 2015.8   

Despite similarities in operating principles, perovskite and organic solar cells have 

significant differences.  Therefore, a discussion of both systems in terms of materials and 

device operation is warranted. 

1.2. Perovskite Solar Cells (PSCs) 

1.2.1. Perovskite Materials 

The term ñperovskiteò refers to the class of crystal structures named after the 

Russian mineralogist Perovski.  In general, perovskites have an ñABX3ò chemical formula, 

where the A and B cations are 12- and 6-coordinate with respect to the X anion (X is a 

halogen or oxygen).  For years, inorganic-organic perovskites have remained interesting 

materials in electronic applications for their abundance, conductivity and excitonic 

properties.10,11  In these materials, the size of the ñAò cation governs the dimensionality of 
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the structure.  Small monovalent cations such as methylammonium (MA) and 

formamidium form 3D structures,12 whereas large aryl groups can form the 2D layered 

structure.13ï15  The 3D structure is more relevant in photovoltaics for its lower bandgap and 

lower exciton binding energy.16 

In 2009, Kojima et al., demonstrated the successful fabrication of a solar cell using 

methyl ammonium lead iodide (CH3NH3PbI3 or ñMAPbI3ò) as the light-harvesting 

sensitizer (the crystal structure is shown in Figure 1.1).6  MAPbI3 continues to be used as 

the standard active layer for PSCs, but improvements in device and material design (e.g., 

the replacement of electrolyte with solid-state organic hole-transporting layers (HTLs))17 

have led to vast increases in performance and stability.   

 
Figure 1.1.  An image of the 110 projection of MAPbI3 simulated using Vesta software 

from crystal structure information acquired by Stoumpos et al.18  The PbI6 octahedra are 

darkened for visual contrast.  The Pb, I, C and N atoms are represented by black, purple, 

brown and silver icons, respectively. 

 

1.2.2. Photovoltaic Mechanism in Perovskite Solar Cells 

Photovoltaic performance in devices, whether in PSCs or OSCs, requires the 

absorption of photons, which is dependent on both the i) bandgap and ii) extinction 

coefficient of the active material.  Materials for photovoltaic applications are generally 
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designed and/or selected to match the bandgap with the region of the solar spectrum that 

displays the greatest flux, that is, the visible region which corresponds to wavelengths from 

400 to 700 nm.   

In general, a photovoltaic device operates by absorbing photons and generating 

charge carriers.  Photoexcitation and charge generation occurs in the active layer which 

contains the photoactive material.  The operation of a PSC is illustrated in Figure 1.2 a). 

Since MAPbI3 has a high dielectric constant (Ů ~ 18),19 photoexcitation in the perovskite 

generates free charge carriers; the electrons and holes separate immediately.20  Electrons 

are the mobile charges and ñholesò refer to the vacancies left by the electrons.  The free 

electrons and holes move through conduction band minimum (CBM) and the valence band 

maximum (VBM), respectively, within the perovskite thin film active layer.  The electrons 

diffuse to the interface of the electron-transporting (ETM), are transferred to the CBM of 

the ETM and are then collected at the cathode.  In the PSCs used in the studies herein, TiO2 

is used as the ETM.  Although TiO2 has a very wide bandgap (~ 3 eV)21 and may be viewed 

as an insulator, the CBM of TiO2 aligns with the CBM of CH3NH3PbI3 and is therefore 

accessible for electron transfer.22  On the opposite side of the active layer, holes diffuse to 

the interface of the hole-transporting material (HTM) and are transferred to the highest 

occupied molecular orbital (HOMO) of the HTM.  In Figure 1.2 a), holes are depicted as 

moving charges, however, a more accurate picture is movement of electrons from the anode 

to fill the vacancies in the valence band maximum (VBM) of the perovskite left after 

photoexcitation.  Using ultraviolet photoelectron spectroscopy (UPS), the VBM for 

MAPbI3 has been measured to be ī5.43 eV versus energy of an electron in vacuum.17  It 

was also possible to determine the CBM (ī3.93 eV) by applying the optical bandgap. 
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Figure 1.2.  a) An energy level diagram illustrating the mechanism of charge generation in 

a PSC and b) a diagram depicting the device architecture of a PSC. 

 

1.2.3. Device Construction 

 Thin-film perovskite solar cells s (and organic solar cells) are constructed in 

layered, ñsandwichò-style devices, with each layer contributing to the generation of current.  

Complementary charge-transporting materials make contact with the active layer to extract 

the charges and generate a current.  Charge transport is facilitated by movement of electrons 

from the higher-energy levels of the active material to the lower-energy levels of adjacent 

materials along a gradient.  For this reason, selection of materials with appropriate energy 

levels is critical.  Figure 1.2 b) depicts the typical device design or ñarchitectureò for a 

PSC.  Alternative architectures referred to as ñinvertedò devices exist for PSCs23ï26 

however, these are not discussed herein.  The devices are fabricated layer-by-layer on a 

glass substrate coated with a transparent conductive oxide, such as fluorine-doped tin oxide 

(FTO), that allows light to enter the device.  The active layer is positioned in the middle of 

the device, with charge-transport layers making physical contact above and below.  

In ñnormalò PSC devices, FTO serves as the cathode, where electrons are collected.  

The second layer is a dense thin film of TiO2 which is both a hole-blocking and electron-

transporting layer (ETL).  The third layer is the perovskite active layer, which is the site of 
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photoexcitation.  Covering the perovskite is the hole-transporting layer (HTL) which 

consists of a wide bandgap organic semiconductor (e.g., 2,2ô,7,7ô-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9ô-spirobifluorene (spiro-OMeTAD), vide infra) that both 

harvests free holes from the perovskite and blocks the flow of electrons in the wrong 

direction (thus reducing the instances of recombination).  Lastly, the top metal contact 

(usually Ag or Au) acts as the anode, which ñcollects holesò or supplies electrons to system. 

1.3. Organic Solar Cells 

1.3.1. Organic Semiconductor Materials 

Organic semiconductors have conjugated structures with alternating double-single 

bonds and a continuous overlap of p-orbitals.  This results in extensive ˊ-electron 

delocalization and a narrowing of the bandgap energy, which is the difference in energy of 

the HOMO and the lowest-unoccupied molecular orbital (LUMO).  These electronic 

properties allow for the absorption of photons. 

Organic semiconductors exist in two categories: donors and acceptors.  In general, 

acceptors have lower molecular orbital energy levels (relative to the ionization energy of 

hydrogen in vacuum) and correspondingly higher electron-affinity.  Donors have elevated 

LUMO levels and therefore a lower electron affinity.  The photoactive layer of an organic 

solar cell consists of an electron donor and an electron acceptor in physical contact.  Figure 

1.3 depicts the structures of some common organic materials that function in organic solar 

cellss.  Some of the best-performing acceptors are fullerene derivatives, such as phenyl-

C61-butyric acid or ñPCBM,ò which will be discussed in greater detail in subsequent 

chapters.  Also shown are examples of a polymer (poly 3-hexylthiophene or ñP3HTò) and 

small-molecule (5,5ô-bis[(4-(7-hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-
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c]pyridine]-3,3ô-di-2-ethylhexylsilylene-2ô2ô-bithiophene or ñDTS(PTTh2)2ò)
27 donor 

material. 

 
Figure 1.3.  Examples of ˊ-conjugated organic materials for OSCs. 

 

1.3.2. Photovoltaic Mechanism in Organic Solar Cells 

The photovoltaic mechanism in OSCs is illustrated in Figure 1.4 a).  In contrast to 

perovskite materials, organic semiconductors have lower dielectric constants (Ů ~ 3).28  

Consequently, light-absorption of the donor in an organic solar cell generates a bound 

electron-hole pair known as an exciton.  The exciton migrates to the D-A interface, where 

it can then dissociate into free charge carriers.29  However, dissociation of the exciton is 

met by a Coulombic barrier known as the binding energy.  As shown by Hill et al.,30 the 

binding energy of organic semiconductors can be quite large (i.e., 0.4 to 1.4 eV) which 

necessitates a sufficient energy offset between the LUMO of the donor and the LUMO of 

the acceptor to induce charge separation.  After separation, the free electrons and holes are 

transported through the acceptor and donor, respectively, and collected at the electrodes.   
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Figure 1.4. a) An energy level diagram illustrating the mechanism of charge generation in 

an OSC and b) a diagram depicting the device architecture of an OSC. 

 

1.3.3. Organic Solar Cell Device Architecture 

In conventional organic solar cell devices (Figure 1.4 b)), indium-doped tin oxide 

(ITO) serves as the anode (the site of hole-collection).  The second layer is the hole-

transporting layer, which is a mixture of conductive polymers poly(3,4-

ethylenedioxythiophene) and polystyrene sulfonate in what is known as PEDOT:PSS.  The 

third layer is the active layer composed of an interface of the donor and acceptor.  The two 

materials come into contact at a D-A heterojunction, which is facilitated by the design of 

the active-layer.  It is important to note that OSCs can also be built with an inverted 

architecture,31 however these designs were not implemented in the projects herein and are 

therefore not discussed.   

Two main types of active-layers in OSCs exist: a planar heterojunction (PHJ) and a 

bulk heterojunction (BHJ) (depicted in Figure 1.5).  Since the exciton diffusion length in 

organic semiconductors is very short (10-20 nm), PHJ cells must have very thin donor and 

acceptor films to allow the excitons to reach the D-A interface before they decay.  In 

contrast, the BHJ consists of an intimate mixture of the two materials, creating percolating 
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networks within the ñbulkò of the active layer.32  A BHJ film is formed simply by dissolving 

the two materials in a common solvent, casting the solution, and allowing the donor and 

acceptor to self-assemble into distinct domains.  Advantageously, BHJ active layers can be 

made thicker (~100 nm) than a PHJ, allowing for a greater quantity of light-absorbing 

material, and consequently higher current output.  Lastly, the top contact is a low work-

function metal, such as Al as the cathode.  Metals are typically deposited by thermal 

evaporation under vacuum. 

 
Figure 1.5.  Cross-sectional illustrations of OSC devices, comparing planar and bulk 

heterojunction active layers in a conventional-style architecture. 

 

1.4. Solar Cell Device Testing and Performance Metrics  

Testing the photovoltaic performance is critical for the assessment of a solar cell 

and the quality of the functional materials (e.g., hole-transporting materials in a perovskite 

solar cell or a D-A pair in an organic solar cell).  Measurement of the current (I) produced 

by the cell as a function of applied bias or voltage (V) generates an I-V curve (illustrated in 

Figure 1.6).   
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Figure 1.6.  An illustration of I-V curves for a SC tested in the dark and in the light (i.e., 

under illumination).  

 

In many cases, current is reported per unit area of the cell as a current density (J).  

By convention, the photogenerated current is negative on the I-V curve and the product of 

I and V is the power generated by the device (P): 

P = IV. (1) 

 

 From the I-V (or J-V) curve, many important parameters can be determined.  First, 

the open-circuit voltage or Voc, occurs when no current flows external to the cell.  The 

maximum Voc of a perovskite solar cell  is the difference in potential energy between the 

CBM of the ETL (e.g., TiO2) and the VBM of the HTL; in other words, the Voc is the 

difference in potential energy of the excited electron and the collected hole.33  Comparably, 

the Voc of an organic solar cell is limited by potential difference between the LUMO of the 

acceptor and the HOMO of the donor.  The second parameter is the short-circuit current 

(Isc or Jsc) which occurs when the voltage equals zero and represents the maximum current 
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output of the SC.  Multiplying I by V gives P as a function of V which gives the maximum 

power (Pmax) generated by the cell.  The current and voltage at the maximum power point 

on the I-V curve are Imax and Vmax, respectively.  The power conversion efficiency (PCE or 

ɖ) is the ratio of Pmax to the power of the incident light (Pin) and is given by the equation: 

PCE = 
Pmax

Pin
 Ȣ 

  (2) 

 

Another indicator of the overall quality of the cell is the fill-factor (FF), which is 

represented graphically by the ratio of the areas depicted on the I-V curve.  The fill factor 

can be calculated by using Equation (3), which is given by: 

FF = 
Imax Ā Vmax 

Isc Ā Voc 
 Ȣ 

(3)  

In the absence of light, a solar cell can be modelled as a diode, with current passing in one 

direction only (see circuit diagram in Figure 1.7).  When illuminated, the cell produces a 

photo-generated current (I l).  The total output current (I) for an ideal cell is given by 

Equation (4) and is the difference of I l and the diode current (ID).  Equation (4) is given by: 

I = ID  Il = I0 (e(qV/nkT) 1) Il Ȣ 

. (4) 

In Equation (4), q is the elementary charge of an electron (1.6×10-19 C), k is the Boltzmann 

constant (1.38×10-23 J/K) and T is the operating temperature in Kelvin.   
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Figure 1.7.  Circuit diagrams for an ideal solar cell operating under dark and light 

conditions and for a real cell, showing sources of parasitic resistances.  By convention, the 

anode and cathode are defined as the sites of hole and electron collection, respectively.  The 

ñ+ò and ñīò signs indicates the polarity of the applied bias during solar cell operation. 

 

However, in a real solar cell, there are voltage losses due to parasitic series 

resistance (RS) and parallel or shunt resistance (RSH).  RS is related to the thickness of the 

active layer, conductivity of the materials, electrode interfaces and carrier mobilities.  RSH 

is reflective of the amount of structural and morphological defects in the active layer; 

defects decrease RSH, thereby decreasing photovoltaic performance.34  Taking these factors 

into account expands the diode current equation to: 

I  = ID  Il = I0 (e(q(V+IĀRS)/nkT) ρ  Il +
V + IĀRS

RSH
 Ȣ 

 (5) 
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The effect of RS and RSH on the I-V curve is represented in Figure 1.8.  RS and RSH can be 

calculated as the inverse slope of the curve and open-circuit and short-circuit, respectively.   

 
Figure 1.8.  An illustration of I-V curves showing the detrimental effects on FF with a) 

increasing RS and b) decreasing RSH. 

 

1.5. Thin Film Formation for Solar Cell Applications 

In the context perovskite and organic solar cells, a solid thin-film is formed after 

nucleation of the material on a substrate and subsequent growth of ñdomains.ò  The 

electronic, chemical and structural properties of the material in the thin-film are heavily 

dependent on the method of deposition.  As mentioned before, the most attractive 

techniques use solutions of the dissolved material to produce the active layers (i.e., 

solution-processing).  Among the myriad of solution deposition techniques that exist (and 

have been reviewed in-depth),35  spin-coating is used almost exclusively for both laboratory 

work and research and development on small-area substrates. While spin-coating is 

generally not used in commercial applications, it is an ideal technique for high-throughput 

screening of materials (as is the case for the projects undertaken in this thesis).  Other 

coating and printing methods such as slot die coating, spray-coating, screen printing and 
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ink-jet printing are compatible with roll-to-roll (R2R) printing, which can be employed on 

large rolls of flexible substrates. 

In the studies conducted herein, spin-coating is used exclusively as the method of 

film-formation (see illustration in Figure 1.9).   Spin-coating is accomplished by first 

dispensing the solution onto the substrate.  The substrate is then rapidly rotated up to a 

desired rotational velocity or ñspin-speedò (ɜrot), measured in revolutions per minute (rpm).  

Most of the overlying solution is immediately ejected from the surface, leaving a thin ñwetò 

film of solution.  As the solvent evaporates during the spin cycle, the material precipitates 

or crystallizes on the substrate surface, forming a solid dry thin-film. 

 
Figure 1.9.  An illustration of the stages involved in the spin-casting procedure. 

 

Two characteristics of the resulting spin-cast film that are critical to device 

performance are: i) film thickness (h) and ii) morphology, or the physical arrangement of 

the nano-scale domains.  Both characteristics are largely dependent on the spin-coating 

parameters, such as ɜrot, initial solution concentration (c0), viscosity (ɛ0), and density (ɟ).  

Since film thickness has been shown to depend on inverse square root of spin speed and is 
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directly proportional to c0, 
36 h can be controlled relatively easily based on the relationship 

given by Equation (6):  

 È θ 
ɛ0

ɟ Ā ɜrot
1/2 c0 Ȣ  

. (6) 

However, the morphology is often more difficult to predict than h.  Therefore, controlled 

experimentation and use of characterization tools to observe the thin-film morphology is 

necessary to optimize the spin-coating conditions.  

1.6. Project Goals 

 The overall goal of the research projects herein is to investigate the thin film 

properties of the active layers for the production of low-cost and efficient perovskite (e.g., 

CH3NH3PbI3) and organic solar cells.  The goal of the first project (Chapter 3) is to 

fabricate an efficient perovskite solar cell.  The methods involved in the deposition of 

perovskite thin films from solution (i.e., the solution-processing conditions) are probed and 

correlated to the morphology of perovskite thin films and the performance of the devices.  

The second goal of the project (Chapter 4) is reduce the overall cost of the perovskite solar 

cell by using cheaper organic hole-transporting materials.  The third goal is to assemble a 

low-cost non-fullerene donor-acceptor pair for the active layer of an organic solar cell 

(Chapter 5).  The effect of solution-processing techniques and molecular design on the 

thin-film morphology, electronic properties and crystallinity are investigated for 

complementary donor-acceptor pairs. 

  



16 

 

CHAPTER 2 ï CHARACTERIZATION TECHNIQUES  

In order to understand how materials form thin films in  perovskite and organic solar 

cells, techniques that elucidate the physical and chemical properties of materials in both 

bulk form and in thin films are critical.37  This section describes the characterization 

techniques and procedures that are applied to perovskite and organic materials and used 

throughout this thesis.   

2.1. Optical Microscopy (OM) 

One of the simplest forms of microscopy is optical microscopy (OM).  Since images 

acquired by this technique are of low-resolution, it is limited to detecting micrometre-sized 

topological film features for rapid screening.  However, more powerful techniques are 

required to view nano-sized film features.  OM images were acquired under transmitted 

light using a Zeiss Axio Imager and processed using the Zeiss Zen software package. 

2.2. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) allows the acquisition of higher-resolution 

images than OM.  A focused beam of electrons is raster scanned across the sample surface.  

Secondary electrons are ejected from the sample and detected to generate a 2D image of 

the film surface.  In this thesis, SEM was used exclusively to image the surfaces of 

perovskite films as a tool to detect pinholes and assess film coverage.  All surface SEM 

images were acquired using a Phenom G2 Pro bench-top SEM with backscatter detection, 

in the laboratory of Prof. Jeffery Dahn. 

2.3. Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is advantageous over the aforementioned forms 

of microscopy for the ability to elucidate the three-dimensional (3D) topography of the film 

surface for quantification of domain sizes and height deviations.  For this reason, AFM is 
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especially useful for imaging the surfaces of the active layers in organic solar cells for 

which the domain sizes and the degree of D-A phase separation are critical to PV 

performance.  AFM is a form of scanning probe microscopy (SPM) in which a physical 

probe traces across the sampleôs surface, generating a 3D image (see Figure 2.1).  As the 

probe or ñtipò is brought near the sample surface, interaction forces (e.g., chemical bonding, 

Van der Waals, electrostatic forces, magnetic forces, etc.) between the sample and tip cause 

the cantilever to deflect.  On the Bruker Innova AFM used herein, the degree of deflection 

is monitored by a laser.   

A sample can be imaged in one of two ways: under constant height mode or constant 

force mode.  In both cases, a raster scan involves the tip tracing over the surface of the 

sample in the xy plane.  During a scan in constant height mode, the z position of the 

cantilever is fixed.  Changes in the deflection signal are monitored using a piezoelectric 

crystal and are recorded as a function of position.  In constant force mode, signal from a 

feedback controller is applied to a piezoelectric crystal which moves the position of the tip 

(z) to maintain constant cantilever deflection.  All experiments herein were performed using 

constant force mode. 

 
Figure 2.1.  An illustration of the operation of an AFM. 
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There are two common modes of AFM topography: contact and tapping mode.  

Contact mode is simpler; the cantilever deflection is static as the tip traces over the sample.  

In contrast, during tapping mode, the cantilever oscillates at a resonant frequency and the 

amplitude of the oscillation is maintained by the feedback controller.  Since the tip 

alternately contacts and lifts from the sample surface during tapping mode, frictional forces 

are reduced; the result is a less-destructive technique. 

AFM experiments were conducted in tapping mode using a Bruker Innova 

microscope and NanoDrive (v 8.02) software.  The AFM instrument was located in the 

laboratory of Prof. Ian Hill.  Square images of 5 × 5 µm in dimension were acquired by 

scanning at a rate of 0.3 Hz and sampling 256 points per line.  Each image was processed 

using the Nanoscope Analysis software package.   

Three parameters can be used to quantify the surface morphology of a thin film 

using the Surface Roughness Tool in the NanoDrive program: i) the 3-dimensional image 

surface area, ii) RRMS, the root mean square (RMS) average of height deviations relative 

to the mean image data plane, iii) Ra, the average of the absolute values of the surface 

height deviations relative to the mean plane, and iv) Rmax, the vertical distance between 

the highest and lowest data points in the image.  Zi is the deviations of the height from the 

mean data plane in the ith pixel of the image.  N is the number of pixels in the image.  

RRMS and Ra are calculated from the following expressions: 

RRMS = (
ВZi2

N
)1/2 , and 

 (7) 
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Ὑa = 
1

N
 |Zi|

N

i = 1

 . 

 (8) 

2.4. X-ray Diffraction (XRD)  

XRD experiments are used to: i) identify the materials present and ii) assess the 

crystallinity of materials within the thin films.  Insight into the arrangement of molecules 

within the crystallites in the films can be gained using Braggôs Law: 

nɚ = 2dsinɗ (9) 

where n is an integer, ɚ is the wavelength of incident radiation from the instrument, ɗ is the 

angle of incidence of X-rays with respect to the atomic planes of the crystal and d is the 

separation distance of the atomic planes (i.e., spacing).  The Rigaku diffractometer used for 

the XRD experiments has a Cu-KŬ radiation source, so the X-rays produced have a 

wavelength of 1.54 Å.38   

XRD patterns were acquired using a Rigaku Ultima IV X-ray diffractometer 

equipped with a CuKŬ radiation source, scintillation detector, fixed monochromator and 

285 nm focusing slit.  The film-coated substrates were mounted into the instrument on a 

metal platform.  Experiments were run using the RINT2200 Right software package with 

divergence and receiving slit widths of 10 mm and 0.3 mm, respectively, and an offset 

angle of 0°.  Powder patterns were acquired by continuous scans, collecting data as counts 

per second (cps) and scanning at a rate of 2° per minute.  The patterns in each data set were 

normalized such that the level of the noise is equivalent, that is, the intensity of the pattern 

at a Bragg angle of 3.05°. 

2.5. UV-Visible (UV-Vis) Spectroscopy  
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 UV-Visible spectroscopy (UV-Vis) can be performed on conjugated organic 

molecules in solid-state thin films or dissolved in solution.  The absorption profile provides 

information about the energy of the light absorbed by the material, which is related to the 

bandgap energy (Eg), or the difference between the HOMO and LUMO energy levels.  Eg 

is determined from the wavelength of the onset of absorption (ɚonset), or the longest 

wavelength of visible light that is absorbed by the material, and applying Equation (10): 

Eg =
hĀc

ɚonset
 Ȣ 

 (10) 

In Equation (10), h is the Planck constant (4.136×10ī15 eVĀs) and c is the speed of light 

in vacuum (2.998×108 m/s).  All UV -Vis spectra were acquired using an Agilent Cary 60 

spectrophotometer with the Cary Scan software program.  For thin-film experiments, the 

film-coated glass substrates were mounted vertically into the instrument with the glass side 

facing the radiation source.  The instrument was first zeroed using a clean glass slide as a 

blank.  Spectra were acquired by scanning from 900 nm to 200 nm at a rate of 600 nm/min.  

The spectra were normalized to the peak absorbance value.  All solution samples were 

prepared by stirring a weighed quantity of each material in a vial with CHCl3 or 

chlorobenzene (CB) as the solvent until dissolved.  After transferring the solutions into 

quartz cuvettes, UV-Vis spectra were acquired by scanning from 900 nm to 200 nm at a 

rate of 600 nm/min.   

2.6. Photoluminescence (PL) Spectroscopy  

 The term photoluminescence (PL) refers to the emission of photons following 

photoexcitation.  Photoexcitation occurs when electrons are promoted to higher-energy 

states upon absorption of light.  As the electrons relax to the ground-state via various 
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mechanisms, photons can be re-radiated and detected by the PL instrument.  During PL 

experiments, the sample is irradiated by visible light of a particular wavelength (excitation 

wavelength, ɚex) and an emission spectrum is recorded. 

The film-coated substrates were mounted vertically into the instrument with the 

film-side facing the radiation source at a 45Á angle.  For emission experiments, ɚex was 

selected as the wavelength at which maximum absorption for the particular material occurs 

in a thin film (determined from the results of thin-film UV-Vis experiments).  Excitation 

and emission slit widths were set to 20 nm.  Spectra were acquired by scanning at a rate of 

600 nm/min. 

2.7. Cyclic Voltammetry (CV) 

CV was used to measure the onset of oxidation and reduction of the materials, which 

corresponds to the ionization potential (HOMO) and electron affinity (LUMO), 

respectively.  This information is critical in D-A organic solar cells, where the efficient 

charge separation at the D-A interface depends on appropriate alignment of the HOMO and 

LUMO energy levels.  

CV experiments for organic materials were conducted using solution samples.  A 

BASi CV instrument was equipped with an N2 bubbler as well as an Ag/AgCl electrode, Pt 

wire and glassy-carbon electrode as the pseudo-reference, counter electrode and working 

electrode, respectively.  Measurements were conducted using the BASi Epsilon EC 

software program.  Samples were prepared with a concentration of ~1 mg/mL by dissolving 

each material in anhydrous CH2Cl2 with ~0.1 M tetrabutylammoniumhexafluorophosphate 

(TBAPF6) as the supporting electrolyte.  All solutions were purged with N2(g) and then 

scanned at 50, 100 and 150 mV/s as-is and at 100 mV/s after the addition of a ferrocene 
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(Fc) standard.   The resulting voltammograms were referenced to the oxidation potential of 

Fc/Fc+, which corresponds to the HOMO energy level at a value of 4.80 eV below the 

vacuum level.39  The values of the HOMO and LUMO energy levels of the organic 

compounds were obtained by comparing the onset of oxidation and reduction, respectively, 

to the HOMO energy of ferrocene. 
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CHAPTER 3 ï THIN FILM FORMATION IN PEROVSKITE SOLAR CELL S 

3.1. Background 

3.1.1. Solution-Processed Perovskite Solar Cells 

The combination of interesting material properties and the reported high 

performance of perovskite solar cellss make perovskites an attractive field of study.  For 

this reason, it was a collective decision to develop a research program in the Welch and 

Hil l laboratories focused on the development and characterization of materials for PSCs. 

Before the study of novel materials could be conducted, it was necessary to develop 

an in-house fabrication procedure for reproducible and high-efficiency standard devices to 

serve as controls.  While many reports in the literature exist, fabricating a PSC is not a 

straight-forward process and ultimately depends on film formation of the active layer.  This 

chapter serves as an account of the challenges encountered during the development of a 

functional perovskite solar cell. 

3.1.2. Active Layer Components and Device Architecture 

There are two general types of active layers for PSCs: Meso-structured and planar 

heterojunction (PHJ) (see Figure 3.1).  In mesostructured PSCs the perovskite material is 

housed within a mesoporous scaffolding of semiconducting (e.g., TiO2)
17 or insulating 

(Al 2O3)
40,41 nanoparticles.  In contrast, a planar heterojunction perovskite solar cell does 

not contain the mesoporous oxide layer; the active layer is simply an unsupported thin film 

of perovskite material.42,43  While preliminary mesoporous devices were fabricated (results 

are not reported in this thesis), the PHJ architecture was selected for further optimization 

due to its simplicity in construction.   
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Figure 3.1.  Device architectures for planar and meso-structured perovskite solar cells. 

For planar perovskite solar cells, a mixed halide perovskite (CH3NH3PbI3-xClx) is a 

preferred material for planar architectures because of the longer electron-hole diffusion 

length44 than its pure-halide45 counterpart (CH3NH3PbI3).  Nevertheless, pure-halide (i.e., 

MAPbI3) perovskites have been used in planar cells with high efficiencies.24,46  For this 

reason, MAPbI3 is the perovskite material used in the studies throughout this thesis.   

Regardless of the material selection, film uniformity of the perovskite active layer 

is critical for high performance devices and is difficult to achieve.  It has been demonstrated 

that controlled vapour deposition is an effective method that can achieve uniform films and 

highly efficient planar cells with both mixed- and pure-halide perovskite active layers.24,47  

However, this method is expensive and challenging on an industrial scale.  On the other 

hand, solution-processing is a cost-effective method for active layer deposition and is 

necessary to realize large-scale R2R production of perovskite solar cells.48 

3.1.3. Methods of Solution-Processed Perovskite Thin Films 

One of the most important factors that influences the performance of a planar 

heterojunction perovskite solar cell is the active layer film morphology (e.g., crystal grain 
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size, crystal distribution, overall uniformity and coverage, absence of pinholes, etc.).  

Furthermore, the film morphology is largely dependent on the processing methods and 

conditions applied during film formation.   

Three well-documented methods exist for perovskite film formation from solution: 

i) Co-Deposition.  The perovskite is formed in-situ by spin-coating a single 

solution containing the two constituents (i.e., methyl ammonium iodide 

(CH3NH3I or ñMAIò) and lead (II) iodide (PbI2)).
17,49 

ii)  Sequential Dip-Coating (SDC).  A film of the metal halide is first deposited on 

the substrate via spin-coating and then dipped into a solution containing the 

ammonium salt.  In this method, (which was first documented by Liang et al),50 

PbI2 and MAI react to form the final perovskite film.  This method has proven 

to be an effective active-layer processing technique in perovskite solar cells, 

helping to fabricate devices that achieve over 15% efficiency.46,51  In addition, 

modifications to the two-step method to control PbI2 crystal growth via solvent 

engineering have been discovered that yield devices with over 16%.52  

iii)  Sequential Spin-Coating (SSC).  Similar to the SDC method, a thin film of PbI2 

is first deposited onto the substrate.53  Subsequently, a film of MAI is spin-

coated on top of the PbI2 layer.  Heating the layers stimulates the interdiffusion 

of MAI ions into the underlying PbI2 film, forming the perovskite, MAPbI3.  

The first goal in this project was to screen previously-reported methods for perovskite 

film formation.  However, processing conditions vary from lab to lab ï the optimal 

conditions for film formation reported in the literature are not universal.   Furthermore, it 

was found that many subtle techniques and ñtricks-of-the-tradeò are often excluded from 

experimental sections of ñhigh-impactò papers.  For these reasons, it was important to 
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identify variables and perform controlled sets of optimization experiments to develop a 

custom in-house method for perovskite film formation.  Methods for both SDC and SSC 

were developed and discussed herein. 

3.2. Sequential Dip-Coating Experimental Methods  

3.2.1. PbI2 and MAPbI 3 Thin Films 

Thin films of PbI2 and MAPbI3 were prepared via spin-coating on TiO2-coated glass 

substrates to determine the optimal processing conditions.  The procedure for making these 

films was as follows. 

25 mm × 25 mm glass slides were first cleaned in the following order: i) scrubbing 

with mixture of deionized (DI) H2O and Sparkleen® detergent, ii) rinsing with DI H2O, iii) 

rinsing with acetone, iv) rinsing with isopropanol, v) drying under a stream of air and iv) 

UV/ozone treatment for 15 min.  

The clean substrate was first mounted onto the chuck of a Laurell spin-coater.  To 

form the dense TiO2 layer, the precursor solution (see Appendix A for preparation 

procedure) was dispensed onto the center of the 625-mm2 substrate through a 0.45 ɛm 

PVDF filter using a 1 mL syringe in one aliquot of 0.3 mL.  The film was then spun at 2000 

rpm (ramp = 2050 rpm/s) for 45 seconds.  The coated substrates were placed in clean 

Pyrex® petri dishes and then placed in a sintering oven.  The temperature was ramped up 

to 500 °C at a rate of 30 °C/min and held at 500 °C for 30 min.  The films were then 

removed from the oven and cooled to room temperature (RT). 

To form the PbI2 films, PbI2 solutions with N,N-dimethylformamide (DMF) as the 

solvent were prepared (see Appendix A for preparation procedure).  At a concentration of 

1.0 M, the solution was supersaturated at RT and had to be cast at an elevated temperature.  

The dilute solutions (i.e., 0.5 M and 0.75 M) were cast at RT. 
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The TiO2-coated glass substrates were used either heated (on a hotplate) or unheated 

(at RT).  After placing the substrate onto the chuck of the spin-coater, approximately 0.3 

mL of solution was retracted from the vial using a 1.0 mL syringe and dispensed onto the 

center of the substrate through a 0.45 µm PTFE filter in a single aliquot.  The spin-coater 

was then run at speeds of either 1000, 3000 and 5000 rpm for 30 s.  For heated substrates, 

the average elapsed time from removal of the substrate from the heat source and solution 

deposition was 30 s. 

The dipping solutions were prepared by weighing the dried MAI  (dried in a vacuum 

oven overnight prior to solution preparation) into a 30 mL beaker, adding the appropriate 

amount of isopropanol to form a 10 mg/mL solution and then stirring the solution at RT 

(using a stir bar and a hotplate) for approximately 15 min.  The synthesis of MAI is 

described in Appendix B.  To initiate the conversion into a MAPbI3 perovskite film, the 

PbI2 films were briefly rinsed a beaker containing isopropanol, removed, and then 

immersed in the beaker containing the MAI  solution.  The beaker was gently swirled by 

hand for 60 s to promote uniform diffusion of the MAI across the entire PbI2 film surface.  

After 60 s, the substrate was removed from the dipping solution using tweezers, rinsed in a 

beaker of isopropanol and finally dried under a stream of filtered air or N2.  The perovskite 

films were characterized as-is without further processing and stored in an Ar-filled 

glovebox.  The SDC procedure is illustrated in Figure 3.2. 
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Figure 3.2.  Photographs depicting the stages of the SDC procedure. 

3.2.2. Perovskite Solar Cell Fabrication Using Sequential Dip Coating 

The 25 mm × 25 mm FTO-glass substrates were first cleaned by the following 

procedure: i) scrubbing the surface with lab detergent (Sparkleen®) and DI H2O, ii) 

sonicating in a solution of DI H2O and Sparkleen® for 15 min, iii) sonicating in acetone 

for 15 min, iv) sonicating in ethanol for 15 min, iv) rinsing in DI H2O and v) UV/ozone 

treatment for 20 min.   

The TiO2 film was deposited immediately following UV/ozone treatment using the 

method described in Section 3.2.1.  Before entering the oven, the four corners of the 

substrate were carefully wiped with a CleanSwab® dampened with 37% HCl to expose the 

underlying FTO.  The substrates were then placed in a Pyrex® petri dish and then baked in 

the sintering oven at 500 °C for 30 min.  After cooling to room-temperature, the substrates 

were either heated on a hotplate to establish the desired Tsubstrate or used unheated. 

Only 1.0 M PbI2 solutions were used to make PbI2 films for PSCs.  For deposition 

on heated substrates, the substrates were removed from the hotplate and quickly placed 

onto the chuck of the spin-coater.  Approximately 0.3 mL of the hot PbI2 solution was 

retracted into a 1.0 mL syringe and then quickly dispensed onto the center of the heated 

substrate through a 0.45 µm PTFE filter in one aliquot.  The spin-coater was then run at 
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speeds of either 1000 or 3000 rpm for 30 s.  The four corners were then wiped with 

CleanSwab® dampened with DMF to expose the underlying FTO.  The PbI2 films were 

converted into MAPbI3 in all devices following the procedure outlined in Section 3.2.1.  

To form the hole-transporting layer, the solution containing p-doped spiro-

OMeTAD (see Appendix A for preparation procedure) was dispensed onto the perovskite 

layer through a 0.45 µm PTFE filter and then spun at a rate of 4000 rpm for 30 s under 

ambient conditions.  The four corners were then wiped with a CleanSwab® dampened with 

chlorobenzene to expose the underlying FTO.   

 The top metal contact was deposited via thermal evaporation.  The substrates were 

loaded top-down into a metal mask and then mounted in a custom-built bell-jar thermal 

evaporator.  A silver slug was used as the metal source in a tungsten-wire basket.  The bell-

jar was evacuated using a diffusion pump to a pressure less than 4×10-6 Torr.  A 75-nm 

thick layer of silver was deposited onto the substrates by thermal evaporation.  After 

removal from the bell-jar, the devices were immediately transferred into an Ar-filled 

glovebox where they were tested and subsequently stored. 

3.3. Perovskite Solar Cell Device Characterization 

For photovoltaic measurements, solar cell devices were illuminated using a 

calibrated light source.  A National Institute of Standards and Technology (NIST)-traceable 

calibrated photodiode (Newport 818-UV-L) in conjunction with a near infrared absorptive 

filter (Thorlabs NENIR60A) was used to measure the output power density of the Xe arc 

lamp (Sciencetech SS0.5K) below 800 nm, where the spectrum of the source closely 

matches the solar spectrum and covers the absorption range of all photoactive materials 

used in this thesis.  This provided a power density of 100 (±1) mW/cm2 of AM 1.5G 

spectrum over relevant wavelengths, or the equivalent of 1.00 Suns.  Each device had an 
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area of 0.032 cm2 and was tested in separate measurements.  One exposed FTO corner was 

contacted with the negative (black) electrode and the Ag top contact of a device was 

contacted by gently approaching a thin gold-wire that was connected to the positive (red) 

electrode (illustrated in Figure 3.3).  Current-voltage (I-V) curves were then measured 

using a Keithley source-measure unit, scanning from +2.0 V to short-circuit (0.0 V) unless 

otherwise stated. 

 

Figure 3.3.  A photograph of a substrate with 16 completed PSC devices.  The points of 

contact to the positive and negative electrode are indicated by red and black arrows, 

respectively. 

 

3.4. Results and Discussion ï Sequential Dip-Coating 

While investigating the sequential dip-coating (SDC) method for perovskite thin 

film formation, it was found that the morphology of the final perovskite film is largely 

dependent on the morphology of the initial PbI2 film.  A major issue was the formation of 

large, needle-like crystals of PbI2, which formed cloudy, non-continuous films with poor 

substrate-coverage, unsuitable for the active layer of PSCs.  Perovskite active layers with 

maximum surface coverage are desired in devices to prevent shunt pathways and short-
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circuits.  Therefore, methods that generate dense perovskite layers with a uniform 

distribution of crystallites are favoured. 

Rapid cooling of the hot solution during spin-coating of the PbI2 was identified as 

a cause for the large-crystal growth.  Various spin-coating parameters were systematically 

controlled to investigate the effect on film morphology.  The solution concentration 

(Csolution), spin speed (ɜrot), and substrate temperature (Tsubstrate) were found to have the most 

significant effect on film morphology.  Conditions including the solution temperature 

(Tsolution, Figure C1) and atmosphere (Figure C2) were also investigated and are discussed 

in Appendix C.   

3.4.1. Solution Concentration (Csolution) and Spin Speed 

The most common solution used in the literature for the deposition of the PbI2 film 

during the two-step perovskite deposition method is a 1.0 M (461 mg/mL) solution in DMF.  

While this solution has proven to yield thick, uniform films in devices with high 

efficiencies, its use is problematic: it is a supersaturated solution at room temperature and 

must be deposited at elevated temperatures (i.e., ñhot-castò).  Following this procedure, 

there is a tendency for the PbI2 to rapidly crystallize on the substrate before the film is spun.  

By reducing the concentration, it is possible to deposit a homogeneous solution of PbI2 

without the need for hot-casting.   Figure 3.4 depicts OM images of PbI2 films deposited 

from solutions of different concentrations and different spin speeds onto substrates held at 

room temperature.  It was observed that film uniformity and coverage increases with 

increasing spin velocity ï a phenomenon that was also observed by Cohen et al.54  The 

crystalline domain sizes decrease with increasing spin velocity.  This is attributed to the 

higher rate of solvent evaporation as the spin speed is increased.  From the optical 

microscope images, it is clear that perovskite films cast from 1.0 M solutions provide better 
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substrate coverage and are more desirable as active layers in PSC devices than those cast 

from more dilute solutions (Figure 3.5).  For this reason, all further modifications to 

processing conditions in this study were performed using 1.0 M solutions. 

 

Figure 3.4.  Optical microscope images of PbI2 films spin-cast on TiO2 compact films 

showing the effect of precursor-solution concentration.  The 0.5 and 0.75 M solutions were 

deposited at room temperature and spun for 90 s.  The 1.0 M solution was deposited at 70 

°C and spun for 30 s.  All films were cast onto room-temperature substrates. 

 

 

Figure 3.5.  SEM images of the CH3NH3PbI3 films after conversion of the PbI2 films via 

SDC, showing the effect of precursor-solution concentration.   
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3.4.2. Substrate Temperature (Tsubstrate) 

To reduce the rate of cooling of the solution after dispensing it onto the cold 

substrate, films were cast onto heated substrates (from 50 °C up to 150 °C) and compared 

to those cast onto unheated substrates (Figure 3.6).  It is important to note that the substrate 

cools considerably between the time of heating and the time when the solution is dispensed.  

To determine the substrate temperatures (Tsubstrate), a thermocouple probe was attached to 

the surface of the substrate using Kapton® tape.  The initial substrate temperature 

(Tsubstrate,initial) was recorded while the substrate was resting on the hotplate with a surface 

temperature of  Thotplate.  These measurements were recorded after at least 10 minutes of 

heating.  The final substrate temperature (Tsubstrate,final) was recorded 30 s after the substrate 

was removed from the heat source and placed on the chuck of the spin-coater.  The 

measurements for substrate temperatures are listed in Table 3.1. 

It was observed that glass microscope slides, which are considerably thinner than 

the FTO-coated glass substrates used for device fabrication, have a higher rate of cooling.  

For instance, if a glass microscope slide and an FTO-coated glass substrate are heated to 

100 °C and 75 °C, respectively, both will cool to a temperature of 60 °C after being placed 

on the chuck of the spin-coater for 30 s (i.e., Tsubstrate,final is ~ 60 °C).   

Table 3.1.  Initial and final (i.e., after 30 s) temperatures of glass and FTO substrates heated 

on a hotplate set to a surface temperature of Thotplate. 

Tsubstrate,initial 

(°C) 

Thotplate 

(°C) 

Tsubstrate,final 

(°C) (Glass) 

Tsubstrate,final 

(°C) (FTO) 

50 66 40 46 

75 92 49 59 

100 117 60 69 

125 135 65 85 

150 160 73 105 
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Figure 3.6 depicts the films cast on substrates heated to 100 °C just prior to 

deposition are more uniform and consist of smaller domains than those cast on room-

temperature substrates.  The additional heating step in the processing procedure is 

beneficial for two reasons: First, water is removed from the surface on the substrate, 

allowing better contact with PbI2 ions and nucleation sites.  Second, the heated substrate 

helps to maintain the elevated temperature of the supersaturated solution, thus preventing 

rapid cooling of the solution and corresponding crystallization of the solute.  For example, 

it is observed that the films spun on unheated substrates at 1000 rpm consist of large needle-

shaped crystals, whereas the films cast on heated substrates consist of significantly smaller 

grains.  By spin-coating at a slow speed and heating the substrate (e.g., 1000 rpm), thicker 

films can be produced that provide comparable coverage to films spun at higher speeds.   

 
Figure 3.6.  The effect of spin velocity and substrate temperature.  SEM images of PbI2 

films spin-cast on TiO2 compact films at different temperatures and the corresponding 

CH3NH3PbI3 films after conversion via dipping.  All films were spin-cast from a 1.0 M 

PbI2 solution in DMF held at 70 °C and spun for 30 s. 

 



35 

 

Although the film cast on a R.T.-substrate consists of needle-like crystals and large 

voids, substrate temperatures of 50 °C and above resulted in more uniform surface coverage 

and no needle growth (see Figure 3.7).  Intermediate temperatures (50 and 75 °C) resulted 

in a honeycomb PbI2 morphology whereas the films cast on the substrates at the highest 

temperatures (100, 125, 150 °C) consisted of larger grains.  After conversion to the 

perovskite via dipping into the MAI solution, the films cast on all substrates heated to 

temperatures above 50 °C display similar morphologies that consist of micron sized 

cuboidal crystallites. 

 

Figure 3.7.  The effect of substrate temperature.  SEM images of PbI2 films spin-cast on 

TiO2 compact films at different temperatures and the corresponding CH3NH3PbI3 films 

after conversion via dipping.  All films were spin-cast from a 1.0 M PbI2 solution in DMF 

held at 70 °C at a spin speed of 3000 rpm for 30 s.  

 

3.4.3. Device Performance Using Sequential Dip Coating 

Based on the optical microscope and SEM images acquired for the PbI2 films, it is 

clear that substrate temperature has a significant effect on morphology.  To correlate the 

morphological changes to PV performance, PHJ perovskite solar cell were fabricated on 

substrates heated to a range of temperatures.   
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When keeping the spin speed constant at 3000 rpm, increasing the temperature of 

the substrate decreases cell performance in terms of efficiency and current density (Figure 

3.8 and Table 3.2).  However, the devices with PbI2 films cast at 1000 rpm benefit from 

substrate heating (Figure 3.9 and Table 3.3).  By heating the substrate to 100 °C prior to 

deposition, the resulting devices display a higher shunt resistance.  This is in agreement 

with the optical microscope images of the PbI2 and perovskite films; films cast on the heated 

substrates show visibly greater coverage and correspondingly higher RSH.   

 
Figure 3.8.  a) J-V curves for the best-performing PSCs with PbI2 films deposited at 3000 

rpm on substrates heated and unheated substrates.  b) A plot of the average PCE of PSC 

devices with PbI2 films deposited at 3000 rpm as a function of substrate temperature.  For 

each substrate temperature, error bar range extends from the lowest- to the highest-observed 

PCE among five representative devices. 

 

Table 3.2. J-V performance metrics for the best-performing PSCs fabricated with PbI2 

films deposited at 3000 rpm on substrates heated and unheated substrates.  The average 

metrics for five sample devices (at each substrate temperature) are also provided with 

standard deviations in the brackets. 

╠ɜrot (rpm)  
Tsubstrate 

(°C) 
 Voc (V) Jsc (mA cm-2) PCE (%) FF 

3000 R.T. 
Best Cell 0.97 ī18.20 9.76 0.56 

Average 0.93(0.02) ī18.12(0.26) 7.48(2.01) 0.44(0.11) 

3000 100 
Best Cell 0.93 ī14.52 5.31 0.39 

Average 0.92(0.01) ī14.43(0.56) 4.99(0.42) 0.38(0.02) 

3000 150 
Best Cell 0.62 ī8.67 1.91 0.36 

Average 0.56(0.07) ī8.79(1.01) 1.76(0.14) 0.36(0.00) 
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Figure 3.9.  J-V curves of the best-performing PSCs with PbI2 films deposited at 1000 rpm 

on substrates heated to different temperatures.  OM images of the active layers are also 

shown. 

 

Table 3.3. J-V performance metrics of the best-performing PSCs with PbI2 films 

deposited at 1000 rpm on substrates heated to different temperatures.  The average 

metrics for five sample devices (at each substrate temperature) are also provided with 

standard deviations in the brackets.  The shunt resistances listed are for the best-

performing devices only. 

ɜrot 

(rpm) 

Tsubstrate 

(°C) 
 Voc (V) Jsc (mA cm-2) PCE (%)  FF 

Shunt 

resistance 

(ɋ cm-2) 

1000 RT 
Best Cell 0.75 ī11.39 2.86 0.34 9.0×10-4 

Average 0.72(0.08) ī9.32(2.85) 1.99(0.88) 0.28(0.03) - 

1000 100 
Best Cell 0.99 ī11.67 3.94 0.34 2.1×10-5 

Average 0.89(0.03) ī10.54(2.92) 2.67(1.09) 0.27(0.04) - 

 

3.5. Experimental Methods ï Sequential Spin Coating 

 Inconsistencies in device performance using the SDC method led to an investigation 

of an alternative method of perovskite film formation: sequential spin-coating (SSC), which 

is illustrated in Figure 3.10.    

 

Figure 3.10.  Photographs of films depicting stages of the SSC procedure. 
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TiO2 films were first prepared on cleaned glass substrates as per the procedure 

outlined in Section 3.2.1.  After the substrates were cooled to RT, PbI2 films were spin-

coated onto the TiO2-coated substrates by dispensing the hot (70 °C) PbI2 solution (1.0 M 

in DMF) onto the substrate through a 0.45 ɛm PTFE filter using a syringe and then spinning 

at 6000 rpm for 60 s.  The substrates were immediately removed from the spin-coater and 

placed on a hotplate with a surface temperature of 70 °C for 5 min to remove excess DMF.  

The substrates were cooled to RT before depositing the MAI layer.   

MAI solutions of varying concentrations were prepared dissolving dry MAI crystals 

in isopropanol in 4 mL glass Teflon-capped vials and stirring at room temperature.  MAI 

films were spin-coated onto the dry PbI2 films by dispensing the MAI solution onto the 

substrate through a 0.45 ɛm PVDF filter using a syringe and then spinning at 6000 rpm for 

60 s.  The PbI2/MAI layered films were then annealed on a hotplate at 100 °C for 1 h.  Films 

for all PSC devices were annealed in an Ar-filled glovebox, for reasons that are explained 

in Section 3.6.1.  

3.6. Results and Discussion ï Sequential Spin Coating 

3.6.1. Annealing Conditions 

 After both the PbI2 and MAI layers have been deposited, heat is required to drive 

the interdiffusion of MAI into the lattice of the underlying PbI2.  Lead iodide can be 

described as a ñquasi two-dimensionalò material since the 2D atomic planes of lead iodide 

are arranged in layered stacks.55  The spaces between the atomic planes have been shown 

to facilitate the intercalation of small molecules, such as methylammonium iodide.52  To 

confirm the presence of CH3NH3PbI3 in the thin films, the experimental XRD patterns were 

compared against a simulated pattern of CH3NH3PbI3 obtained from the crystal structure 

data reported by Stoumpos et al. (see Figure 3.11).  Annealing under inert atmosphere at 
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100 °C for 1 hour results in full conversion to the perovskite, as indicated by absence of the 

110 PbI2 peak (2ɗ = 12.6°) in the thin-film XRD patterns Figure 3.11.  On the other hand, 

the films that were annealed in ambient conditions for 1 hour contained unconverted PbI2.  

It is possible that the moisture in air contributes to degradation of the perovskite into lead 

iodide, which has been demonstrated in a previous study by Kelly et al.56  No significant 

differences were observed in terms of morphology for the films annealed in ambient versus 

those annealed in inert atmosphere (see Figure 3.12).  Based on these results, all subsequent 

perovskite films were annealed in an Ar-filled glovebox. 

 

Figure 3.11.  XRD pattern of a PbI2 thin film on TiO2 compared to CH3NH3PbI3 films after 

annealing at 100 °C for 1 h in inert (black trace) or ambient (grey trace) atmosphere.  The 

simulated powder pattern (blue trace) was obtained from the CH3NH3PbI3 crystal structure 

data (in the form of a cif file) reported by Stoumpos et al.18  The corresponding lattice 

planes for each of the diffraction peaks in the PbI2 pattern ((001), (002) and (003)) were 

identified according to Burschka et al.51  The peaks corresponding to the major lattice 

planes in the CH3NH3PbI3 patterns ((110), (220) and (330)) were identified based on the 

analysis performed by Dualeh et al.57  
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Figure 3.12.  2D AFM topographical maps of the surface of two perovskite films formed 

by the sequential spin-coating method ï one was annealed in ambient and one annealed in 

an inert atmosphere. 

 

3.6.2. MAI Concentrations 

 In order to establish the correct stoichiometry between the PbI2 and MAI layers for 

complete perovskite conversion, a series CH3NH3PbI3 films were formed by sequential spin 

coating using different concentrations of MAI solution.  For all films, the PbI2 spin speed 

(6000 rpm), PbI2 solution concentration (1.0 M), MAI spin speed (6000 rpm), PbI2-MAI 

annealing time (60 min) and annealing temperature (100 °C) were kept constant.   

XRD was used to detect the phases of the materials present in the final films (Figure 

3.13).  The intensity of the (110) PbI2 peak (2ɗ = 12.6°) decreased linearly with increasing 

MAI concentrations, indicating that less PbI2 remains unreacted in the film (Figure 3.14).  

Visually, the films with a higher MAI loading appear darker and more optically dense due 

to the higher quantities of MAPbI3 (see photographs of films in Figure 3.13).    As shown 

in the XRD patterns in Figure 3.13, perovskite thin films spin-coated with MAI solutions 

less than 50 mg/mL all contained (001), (002) and (003) PbI2 diffraction peaks of 

significant intensity.  A plot of the relative intensity of the (001) PbI2 peak in the perovskite 

powder patterns as a function of MAI concentration is provided in Figure 3.14 and shows 
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a linear decrease in peak intensity with increasing MAI concentration.  This provides 

evidence for presence of unreacted starting material and incomplete perovskite conversion 

when using dilute MAI concentrations.   

 

Figure 3.13.  XRD patterns of MAPbI3 thin film formed via the sequential spin-coating 

method with different concentrations of MAI precursor solution.  All films were annealed 

at 100 °C under inert atmosphere after spin-coating the MAI and PbI2 layers.  A powder 

patterns of a PbI2 neat film is included at the bottom of the plot for comparison.  Also shown 

are photographs of the MAPbI3 films, showing progressive darkening of the film with 

increasing MAI concentration. 
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Figure 3.14.  Relative XRD peak intensities for the highest-intensity peak of a) PbI2 and b) 

MAI plotted as a function of MAI precursor concentration.  The relative peak intensity was 

determined by dividing the integrated intensity of the (001) PbI2 peak (IPbI2) by the sum of 

IPbI2 and the intensities of the MAPbI3 (110) peak (2ɗ = 14.1°).  Areal peak intensities were 

calculated by applying a Pearson VII function using Jade software.  Although error bars 

are included in the plot, they are not visible.  Measures of uncertainty associated with the 

calculated peak intensities are listed in Table D1 in Appendix D. 

 

3.6.3. Device Performance Using Sequential Spin-Coating 

 Perovskite solar cell devices were fabricated to determine the optimal MAI 

precursor solution concentration for the sequential spin-coating method.  All other 

components in the devices were fabricated following the same procedures used for the 

devices made via the dip method.  Devices made with the higher loading of MAI (50 

mg/mL) were more efficient as indicated by the J-V curves in Figure 3.15.  These results 

are comparable to devices made using similar procedures, in which the reported PCEs of 

sample devices are 13.4 %58,59 and 15.4 %.53  Comparing the J-V results to the XRD 
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patterns in Figure 3.13, the higher device performance in the devices fabricated with a 

more concentrated MAI solution is attributed to the more complete perovskite conversion. 

 

Figure 3.15.  J-V curves for the best-performing PSC devices fabricated via the SSC 

method using an MAI concentration of 40 mg/mL (red curve) and 50 mg/mL (blue curve).  

Performance metrics for the best-performing device and the average of five sample devices 

are given in the table to the right of the curves.  The values in brackets are the standard 

deviations. 

 

3.7. Conclusions 

It has been demonstrated that simple adjustments in processing parameters can have 

large effects on the morphology of perovskite thin films during both dip-coating and spin-

coating procedures.  In particular, solution concentration and substrate temperature are key 

variables to monitor during the dip method.  The dipping step in the SDC method was 

difficult to reproduce for two reasons.  First, the conversion rate from PbI2 to perovskite 

varied from batch-to-batch.  Second, drying of the film with the air gun led non-uniformity 

across the substrates.  These factors led to batch-to-batch inconsistencies and even 

variations in performance among the devices on the same substrate. 

In contrast, the sequential spin-coating method allowed more control over conversion 

of the perovskite and morphology of the film, producing more consistent films and high-

performing devices.  Therefore, the spin-coating method was selected for use in subsequent 
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device fabrications as the project moved forward to the next chapter: investigating new 

hole-transporting materials in PSCs. 

It is important to consider the thermal properties of CH3NH3PbI3 when investigating the 

two aforementioned methods of perovskite film formation.  CH3NH3PbI3 has two known 

phase transitions at temperatures of 162.7 K (~110 °C) and 326.6 K (~54 °C).60,61  Since 

the perovskite made using the dip method is not heated during or after the conversion 

process, it remains in a single phase.  In contrast, the perovskite is heated above its upper 

transition temperature (54 °C) following the sequential spin-coating procedure, resulting in 

a phase transition that marked by a significant crystal lattice volume expansion.62  The work 

by Bi et al.59 suggests that prolonged heating of a CH3NH3PbI3 thin film above the upper 

transition temperature (e.g., at 100 °C) promotes the growth of larger crystallites.  The 

result is a compact and continuous perovskite active layer with devices showing improved 

device FF and PCE compared to those that were heated for shorter durations.  This work 

provides evidence for beneficial changes in morphology upon heating above the 

CH3NH3PbI3 and may explain the superior performance of devices made via the sequential 

spin method over the dip method. 
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CHAPTER 4 ï ORGANIC HOL E-TRANSPORTING MATERIA LS FOR 

PEROVSKITE SOLAR CEL LS 

4.1. Background 

Achieving a robust and reproducible method for the fabrication of efficient planar 

heterojunction solar cells was an important outcome of Chapter 3.  Although high 

efficiency is among one of the top priorities in the development of PSCs, another important 

consideration is the cost.  The goal for Chapter 4 is to investigate cheaper alternatives for 

organic hole-transporting materials in perovskite solar cells. 

Spiro-OMeTAD was the first solid-state organic hole-transporting material  used in 

perovskite solar cells17 and continues to be the industry-standard.  However, spiro-

OMeTAD is expensive due to the multifaceted synthesis of its starting materials.63  It is 

therefore important to develop economical HTMs synthesized from low-cost starting 

materials to reduce the overall cost of PSCs.   

Design of a new organic HTM requires the piecewise attachment of -́conjugated 

functional groups.  Ideally, a cheap building block, such as triphenylamine (TPA), is at the 

centre or ñcoreò.  The TPA core adopts a pseudotetrahedral three-dimensional (3D) 

geometry (see Figure 4.1 a)).64  This structural motif has been proven to yield effective 

hole conductors for a variety of organic electronic applications.65ï69  Each of the three 

phenyl groups can be functionalized at para positions forming the three ñside-armò units.  

The result is a 3D propeller-shaped molecule.  This design motif has proven to be successful 

for other TPA-based HTMs in PSCs, yielding high efficiencies (see Figure 4.1).70,71  
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Figure 4.1.  a) A structural representation of the design motif for HTMs with a TPA core.  

Two examples of propeller-shaped small-molecule HTMs used in PSCs ((b)70 and (c)71) 

are also shown. 

 

Using the motif depicted in Figure 4.1 a), side-arms can be designed with different 

functionalities to build TPA-based derivatives with different electronic properties.72  Three 

functional groups commonly used for organic ́ -conjugated materials are thiophene, furan 

and phthalimide (shown in Figure 4.1); these groups can be adopted in the side-arms.  A 

discussion of the prevalence of thiophene as an electron-donating component in small-

molecule (Figure E1) and polymer hole-transporting materials (Figure E2) in PSCs is 

provided in Appendix E. 

Herein, a low-cost TPA core is used to build a series of hole-transporting materials, 

each with a different side-arm composition.  The effect of both molecular composition and 

film-forming properties on the performance TPA-based HTMs in perovskite solar cells is 

investigated.  By engineering side-arms with different functionalities (i.e., a different 

combination of electron-donating (donor) and electron-withdrawing (acceptor) units), it is 

possible to tune the electronic properties.  Therefore, the HOMO can be adjusted to a 

suitable level conducive to hole-extraction from the perovskite active layer.   
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4.2. Materials and Methods 

4.2.1. Materials 

The molecular structures of all organic materials used in this study are given in 

Figure 4.2.  The molecular formula and molecular weight for each of the materials are 

provided in Table 4.1.  The first hole-transporting material is 5,5',5''-(5,5',5''-

(nitrilotris(benzene-4,1-diyl))tris(2-hexylthiophene), designated as ñHTM01ò.  HTM01 is 

the simplest and smallest molecule in the series with a TPA core flanked by a thiophene 

unit for the purpose of extending ˊ-conjugation.  The hexyl chains increase solubility in 

organic solvents.  This compound has been previously synthesized by others via lithiation 

and transmetallation.73  In Welch lab, Arthur Hendsbee successfully synthesized HTM01 

via direct arylation as an alternative and facile procedure.   

The second compound in this study  is 5,5',5''-(5,5',5''-(nitrilotris(benzene-4,1-

diyl))tris(furan-5,2-diyl))tris(2-octylisoindoline-1,3-dione), or ñHTM02ò.  HTM02 (also 

synthesized by Arthur Hendsbee) has two structural differences compared to HTM01: i) 

replacement of the thiophene unit with a furan group and ii) addition of an electron-

deficient phthalimide acceptor group.  The furyl units were selected for two reasons.  First, 

it is considered to be a sustainable and ñgreenò alternative to thiophene as a building block 

in functional materials since it is derived from biological feedstocks.74ï76  Second, 

substitution of furan for thiophene as donor units in organic semiconductors can result in 

an increase in hole mobility, as demonstrated by recent work in the Welch and Hill labs77 

and by others.78,79  The phthalimide groups are electron-deficient and stabilize the frontier 

energy levels of the molecule HTM02 relative to HTM01, resulting in a decrease in the 

LUMO energy and a corresponding decrease in the bandgap energy.    
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The third compound is named HTM03.  HTM03 is largest, most complex molecule.  

Similar to HTM02, HTM03 has furan-phthalimide D-A units.  A diketopyrrollopyrrole 

(DPP) unit in the center of the side-arm was inserted to stabilize the frontier energy levels, 

particularly the LUMO, to reduce the bandgap energy relative to HTM02.  Large branched 

alkyl chains (i.e., 2-ethylhexyl) help to disrupt strong ˊ-ˊ intermolecular interactions 

between DPP units,80 which improves solubility.  1-ethylpropyl or ñswallowtailò end caps 

were used in place of the hexyl chains present in HTM01 and HTM02.   

The fourth hole-transporting material is 7,7ô-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-

b:4,5-bô]dithiophene-2,6-diyl)bis(6-fluoro-4-(5ô-hexyl-[2,2ô-bithiophen]-5-yl)benzo[c]-

[1,2,5]thiadiazole), which is also known as p-DTS(FBTTh2)2, but is labelled as ñHTM04ò 

throughout this chapter.  This material demonstrates high hole-mobility81 and has similar 

HOMO energy levels as HTM01, HTM02 and HTM03.  For this reason, it is appropriate 

for use as a hole-transporting material in this study.  HTM04 is also well-known as a high-

performance two-dimensional (2D) donor material in small-molecule organic solar cells.82
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Figure 4.2.  Molecular structures of the five HTMs investigated in this study.  The TPA 

cores are coloured blue and thiophene units are coloured red. 

 

Table 4.1. The chemical formula and molecular weight of each HTM used in the study. 

HTM  Chemical Formula 
Molecular Weight 

(g/mol) 

HTM01 C48H57NS3 744.17 

HTM02 C72H66N4O9 1131.34 

HTM03 C147H168N10O18 2263.01 

HTM04 C64H72F2N4S8Si 1219.87 

Spiro-OMeTAD C81H68N4O8 1225.45 

 

4.2.2. Thin-film Formation via Spin Coating 

 To characterize each hole-transporting material individually, thin-films were spin-

cast on glass substrates.  Precursor solutions were prepared by combining the weighed solid 

compound and the measured volume of solvent (chlorobenzene) in a 4.0 mL Teflon-capped 

vial with a stir bar.  The materials were weighed using an analytical balance and the solvent 

was measured using a 1000-ɛL micropipette.  Solutions of spiro-OMeTAD, HTM01 and 
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HTM02 were stirred overnight at RT and solutions of HTM03 and HTM04 were stirred on 

a hotplate set to 90 °C. 

The 25 mm × 25 mm glass substrates were cut from microscope slides.  The 

substrates were cleaned prior to use by scrubbing the surface with a mixture of lab detergent 

(Sparkleen®) and DI H2O and then rinsing thoroughly with DI H2O.  The substrates were 

then sequentially rinsed with acetone and ethanol prior to UV/ozone cleaning for 20 min.   

Substrates were loaded onto the chuck of a Laurell spin-coater immediately after 

UV/ozone treatment.  The solutions of spiro-OMeTAD, HTM01 and HTM02 were cast at 

RT whereas the solutions of HTM03 and HTM04 were hot-cast due to their lower 

solubility.  Each solution was retracted from the vial using a 1 mL syringe.  Approximately 

200 ɛL of solution was then dispensed onto the center of the substrate through a 0.45 ɛm 

PTFE filter in one aliquot.  The spin-coat program was then run using the parameters 

specified in Table 4.2.  The high solubility of spiro-OMeTAD in organic chlorinated 

solvents permits casting from a solution that is higher in concentration than the TPA HTMs 

and HTM04. 

Table 4.2.  HTM deposition parameters. 

HTM  

Concentration 

in CB 

(mg/mL) 

Solution 

Deposition 

Temperature 

(°C) 

Spin Speed 

(rpm)  

Spin 

Duration 

(s) 

Spiro-OMeTAD 80 25 4000 30 

HTM01 25 25 1000 90 

HTM02 25 25 1000 90 

HTM03 25 70 1000 90 

HTM04 25 70 1000 90 

 

4.2.3. PSC Fabrication Procedure 

All devices were made with the same architecture: FTO/TiO2 

compact/CH3NH3PbI3/HTM/MoO3/Ag.  The FTO glass substrates and TiO2 layers were 
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prepared as described in Chapter 3.  The perovskite active layers were formed via the 

optimal sequential spin-coating method also described in Chapter 3.   

After the active layers were converted to perovskite, the devices were removed from 

the glovebox.  All HTMs were deposited onto the perovskite layer in air via spin-coating 

from chlorobenzene solutions and filtered through 0.45 µm PTFE filters.  No dopants were 

used in the devices comparing the different hole-transporting materials.  However, a 

detailed discussion of the effect of dopants on HTM performance can be found in 

Appendix F with a comparison of JV curves for devices made with doped and undoped 

spiro-OMeTAD in Figure F1.  Deposition parameters for each HTM are given in Table 

4.2.  The top metal contact was deposited by thermal evaporation at < 4.0×10-6 torr in a 

custom-built bell-jar evaporation system.  A 10-nm layer of molybdenum (VI) oxide 

(MoO3) was first deposited followed by 75 nm of Ag.  The purpose of using a MoO3-Ag 

top contact was to replace the commonly-used Au contact and reduce the overall cost of 

the system.83
  The final active area of each device was 0.032 cm2. 

After fabrication, the devices were promptly transferred into an Ar-filled glovebox, 

which was the location for J-V testing and the site of post-testing storage.  To account for 

hysteresis in the J-V curves, each cell was scanned first from a forward bias (+ 2.0 V) to 

short-circuit (0.0 V) and then in the opposite direction.  Each scan was repeated with three 

different scan delays (5 ms, 10 ms and 100 ms) at a sampling rate of 0.01 V/step.   

4.3. Results and Discussion 

4.3.1. Material Characterization  

Figure 4.3 shows an energy level diagram of the components of the PSC devices.  

HOMO and LUMO energy levels of the organic hole-transporting materials were 

determined by cyclic voltammetry (CV plots shown in Figure 4.4).  The onset of oxidation 
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for each of the HTMs was measured as the intersection of the baseline of the CV plot and 

the line tangent to the first oxidation peak.  These potential values were referenced to the 

oxidation potential of ferrocene, which has been measured previously to be 4.80 eV, and 

are listed in Table 4.3.39  Detailed methods for the CV experiments and calculations of the 

energy levels can be found in Section 2.7.  It was confirmed that the HOMO levels of all 

five HTMs were similar (~5 eV) and at an appropriate level for hole-extraction at the 

perovskite interface. 

Energy levels of the other components are included in the diagram for comparison 

and are based on literature reports.  The valence band maximum and the conduction band 

minimum of the perovskite (CH3NH3PbI3) were previously determined by others.17  The 

conduction band minimum of ī5.5 eV for an air-exposed film of MoO3 is representative of 

n-type MoO3 charge-transport layers used in organic electronic devices.84  In perovskite 

solar cells, MoO3 is used as an n-type material to assist charge transfer from the HTMs to 

Ag, a high work-function electrode.  Dense TiO2 acts as the electron-transport/hole-

blocking layer with a work function of ī4.0 eV.85  The work function of fluorine-doped 

tin-oxide (FTO), the electron-collecting electrode, is ī4.5 eV based on measurements 

conducted using X-ray photoelectron spectroscopy (XPS).86 
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Figure 4.3.  Energy level diagram for all components in the PSCs.  The HOMO and LUMO 

levels for HTM01-04 were determined by CV, with coloured bars representing the 

bandgap.  Only the HOMO level was measured for spiro-OMeTAD.  The CBM and VBM 

for CH3NH3PbI3 were determined by others.7    

 

 
Figure 4.4.  a) Full cyclic voltammograms (CVs) for each of the HTMs used in the study.  

b) A zoomed plot of the CVs for the HTMs, depicting the onset of oxidation for each of the 

five HTMs.  All CVs were acquired by scanning at a rate of 100 mV/s.  The values of the 

HOMO and LUMO levels were calculated by comparing the onset of oxidation and 

reduction (respectively) to the normal hydrogen electrode (NHE), assuming that the 

HOMO of Fc/Fc+ is equal to 4.80 eV.12  CVs for HTM01, HTM03 and HTM04 were 

acquired by Arthur Hendsbee, Jetsuda Areephong and Seth McAfee, respectively. 
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UV-Vis absorption spectra for the five HTMs are shown in Figure 4.5, with a 

summary of electronic parameters given in Table 4.3.  Optical bandgap energies (Eg) 

acquired from both solution and thin-film spectra are defined by the onset of absorption 

(ɚonset), which was measured to be the wavelength at which the line tangent to the lowest-

energy peak and the baseline intersect.  In all of the HTMs, the onset of absorption 

wavelength for the thin-film spectra is longer (i.e., red-shifted) relative to that of the 

solution spectra (ɚonset,solution).  This change is attributed to solid-state ordering within the 

thin films, which is known to enhance electron delocalization through the ˊ-conjugated 

backbone of organic small-molecule semiconductors.87  Spiro-OMeTAD and HTM01 have 

similar absorption profiles with maximum film absorption (373 and 377 nm, respectively) 

in the near-UV region.  HTM02 has an intermediate optical bandgap, with maximum 

absorption at 445 nm for the thin film.  HTM03 and HTM04 have the smallest Eg with 

onset of absorption at 715 and 759 nm, respectively (for thin films).  The narrow bandgap 

and corresponding low-energy absorption of HTM03 is attributed to the additional DPP 

unit in the side-arm. 

 

Figure 4.5.  UV-Vis absorption spectra of HTMs acquired for a) solution samples with 

CHCl3 as the solvent and b) thin-films on glass substrates. 
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Table 4.3.  Summary of optical and electronic parameters of HTMs. 

HTM  
Eox vs. 

Fc (V) 

EHOMO  

(eV) 

Eg,solution 

(eV) 

Eg,film 

(eV) 

ɚonset,solution 

(nm) 

ɚonset,film 

(nm) 

Spiro-OMeTAD 0.55 ī5.09 2.98 2.96 416 419 

HTM01 0.14 ī4.94 3.02 2.95 411 420 

HTM02 0.26 ī5.09 2.43 2.38 510 520 

HTM03 0.24 ī5.04 1.81 1.73 685 715 

HTM04 0.23 ī5.03 1.86 1.63 665 759 
 

4.3.2. Perovskite Solar Cell Fabrication and Testing 

  All devices fabricated without an HTL displayed evidence of shorts and produced 

no photocurrent, suggesting that the perovskite layer itself has pinholes ï a source of shunt 

pathways.  On the other hand, all devices with HTLs displayed diode-like J-V curves with 

no evidence of shorts (see Figure 4.6).  A summary of the device performance metrics for 

the best and average cells is provided in Table 4.4.  Furthermore, it may be filling -in deep 

pinholes in the rough perovskite active layer and may be blocking shunt pathways.    

 

Figure 4.6.  J-V curves of the best-performing cells with different HTLs.  Also shown is 

an illustration of the configuration of the planar PSCs. 
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Table 4.4.  A summary of performance metrics for the best cells (i.e., those with the highest 

PCE) with different HTLs.  The plots were obtained by scanning from +2.0 V to 0.0 V at 

a rate of 10 ms per data point under an illumination of 1.5 G.  The average metrics for five 

sample devices (each with a different HTL) are also provided with standard deviations in 

the brackets.  The shunt and series resistances listed are for the best-performing devices 

only. 

HTL   Voc (V) 
Jsc (mA 

cm-2) 
PCE (%) FF 

Shunt 

Resistance 

(ɋ/cm2) 

Series 

Resistance 

(ɋ/cm2) 

Spiro-

OMeTAD 

Best 0.88 17.16 6.58 0.43 1.65×106 0.04 

Average 0.85(0.04) 16.36(1.28) 5.57(0.67) 0.40(0.03) - - 

HTM01 
Best 0.97 8.84 3.51 0.41 2.49×102 0.04 

Average 0.94(0.03) 7.96(0.62) 2.83(0.43) 0.38(0.02) - - 

HTM02 
Best 0.92 4.18 1.99 0.52 5.68×102 19.98 

Average 0.88(0.08) 3.91(1.04) 1.61(0.43) 0.48(0.13) - - 

HTM03 
Best 0.85 3.40 0.89 0.31 3.44×105 8.47 

Average 0.87(0.04) 3.34(0.36) 0.88(0.06) 0.30(0.01) - - 

HTM04 
Best 0.89 10.02 2.76 0.31 1.74×105 0.02 

Average 0.80(0.08) 7.47(3.04) 1.79(0.94) 0.28(0.03) - - 

 

HTM01 performed the best among the TPA hole-transporting materials and 

displayed the highest Jsc and PCE.  Since the Voc of all devices is similar, Jsc is the major 

contributing parameter to the observed differences in PCE and overall performance.  

Interestingly, the two HTMs with thiophene units (i.e., HTM01 and HTM04) displayed the 

highest Jsc compared to the two HTMs with the furan-phthalimide units.  This may suggest 

that the thiophene unit plays a role in the hole-extraction from the perovskite or hole-

transport to the metal contact.  Compared to spiro-OMeTAD, all four new HTMs resulted 

in devices with lower photocurrents, corresponding to lower overall performance.   

4.3.3. Hole-Transporting Layer  Surface Morphology 

Figure 4.7 shows AFM images of the hole-transporting layer surfaces acquired 

after device fabrication and testing.  An image of the bare perovskite layer is shown for 

comparison. The bare perovskite film consists of micron-sized crystalline grains with large 
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height deviations that resemble ñmountainsò and ñvalleysò.  Ideally, the HTM would 

conform to the rough surface of the perovskite and provide uniform coverage across the 

entire active layer.  Such morphology would result in devices of consistent HTL thickness, 

and therefore, consistent PV performance.  It is more likely, however, that the HTM will 

tend to planarize the films, partially filling in the low ñvalleysò while resulting in thinner 

coverage on the ñmountainsò.  Herein, AFM was used to assess the morphology of each 

HTL in terms of grain size and overall surface roughness.   

It is observed that Spiro-OMeTAD forms the smoothest, most planar film over the 

underlying perovskite layer with the lowest value of root-mean square roughness (RRMS) 

(see Table 4.5).  The spiro-OMeTAD solution was also significantly more concentrated 

than the others.  This may explain how spiro-OMeTAD effectively fills-in gaps between 

the large perovskite domains and forms a planar surface over the perovskite crystals.  From 

the roughness parameters listed in Table 4.5, the roughness of the HTL appears to decrease 

from HTM01 to HTM02 to HTM03.  Although error bars on the roughness parameters are 

not provided, the uncertainty in the values is quite high; the area that was sampled (one or 

two 5×5 µm scans per sample) is very small relative to the entire HTL surface.   
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Figure 4.7.  2D AFM images of HTL surfaces of the five hole-transporting materials under 

study.  An image of a neat perovskite film (i.e., no HTL) is shown for comparison. 

 

Table 4.5.  Roughness parameters of HTL films on perovskite films obtained from 2D 

AFM images.  The parameters were calculated over an area of 25 µm2. 

 

No HTL 

(Neat 

perovskite) 

Spiro-

OMeTAD 
HTM01 HTM02 HTM03 HTM04 

Surface Area (µm²) 26 24 28 24 25 24 

RRMS 
a (nm) 35 12 58 28 17 20 

Ra 
b
 (nm) 28 10 40 21 13 14 

Rmax 
c
 (nm) 246 86 445 228 132 170 

a RRMS, the root mean square (RMS) average of height deviations relative to the mean image data plane.  b 

Ra, the average of the absolute values of the surface height deviations relative to the mean plane.  c Rmax, the 

vertical distance between the highest and lowest data points in the image. 

 

4.4. Conclusions 

A design strategy for organic hole-transporting materials has been demonstrated 

with applications in PSCs using a TPA-core and highly modular side-arms.  By keeping 

the HOMO level constant among the HTMs, the effects of shape, size, and conjugation 

length on thin-film morphology and device performance could be compared.  Following 

this approach, the molecular structures of the HTMs could be easily modified, such as the 
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exchange of electron-rich (e.g., thiophene and furan) side-arm functionalities.  As a result, 

electronic properties such as the HOMO level can be tuned to an appropriate value for hole 

extraction from the perovskite.  Furthermore, a trend was observed in the performance of 

the TPA-based hole-transporting materials and the type of functionalities used in the side-

arms: devices with the HTM including a thiophene unit (HTM01) in the side-arm produced 

higher photocurrent than those with HTMs containing the furan-phthalimide unit (HTM02 

and HTM03).  The bandgap energy of the HTM does not appear to have a significant 

influence on PV performance since HTM02 and HTM03 display similar performance, yet 

HTM03 has a significantly smaller bandgap.  Comparison of the TPA-based donors to 

HTM04 confirmed that another thiophene-containing molecule (albeit, linear in shape) 

generated greater photocurrent than those with furan-phthalimide.  Furthermore, HTM04 

has a significantly narrower bandgap than HTM01 yet displays a similar Jsc in PSC devices. 

It was shown that the surface roughness of the hole-transporting layer formed by 

HTM01, HTM02, HTM03 and HTM04 was not significantly different and therefore was 

not a major factor in the observed differences in PV performance.  However, it was 

observed that spiro-OMeTAD forms a smoother layer than the other four HTMs, which 

may be attributed to the high solution concentration.  The high solubility of spiro-OMeTAD 

gives it the ability to better planarize the rough perovskite film and contributes to the high 

PCE. 

Development of simple TPA-based hole-transporting materials via facile synthetic 

methods is commercially relevant.  Having identified a unique structure-performance 

relationship, further investigation of the effect of heterocycles in the sidearm units of such 

HTMs may proceed.  Future optimization in the molecular design of TPA-based HTMs 

could focus on adjustments to the side-arm units including:  
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i. The use of sulfur-based heterocyclic functionalities; 

ii.  Exchanging R-groups (e.g., methoxy) to enhance solubility, affording the 

preparation of solutions with higher concentrations, which would lead to 

thicker HTL film-formation and better coverage of the perovskite surface. 

4.5. Future Work  

Two other important factors to consider in the development of alternative HTMs 

are air and thermal stability.  In order to be viable as a commercial material, the HTM must 

be able to operate in humid and at elevated temperatures.  For this reason, it is proposed 

that the following comparative experiments be conducted for the series of HTMs: 

i. Thermogravimetric analysis (TGA) to monitor physical changes to the 

materials under heat exposure; 

ii.  Photovoltaic performance (e.g., J-V) measurements under controlled 

atmospheric conditions (e.g., elevated humidity levels). 

From this study, it was discovered that the molecular structure of the side-arms of 

the TPA-based hole-transporting can influence performance in perovskite solar cells.  

Modifications to HTM01 and HTM02 can be made to further investigate the effect of 

thiophene, furan, phthalimide and combinations of the three.  Figure 4.8 depicts the 

molecular structures of two new HTMs.  HTM01 is modified by replacing the thiophene 

unit with furan, whereas the furan unit in HTM02 is replaced by thiophene while keeping 

the phthalimide group present.  It is proposed that by fabricating devices with four different 

hole-transporting materials under the same, controlled processing conditions, insight into 

the relationship of hole-transport in perovskite solar cells and the functional groups in the 

HTM can be gathered.  This methodology is advantageous with modular designs such as 
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HTM01 and HTM02 since new derivatives can be readily synthesized and screened for 

device performance.  

 

Figure 4.8.  Proposed modifications to HTM01 and HTM02 for future studies in TPA-

based HTMs. 

 

In a separate study discussed in Appendix G, non-conjugated polymers were 

investigated as inert additives in hole-transporting layers of perovskite solar cells.  It was 

shown that addition of non-conjugated polymers can  increase the performance of devices 

(Figure G1 for J-V curves) by improving the planarity of the hole-transporting layer 

formed by HTM04 (see Figure G2 for AFM images).  This strategy is a proposed as a 

viable technique to enhance device performance in perovskite solar cells and can be applied 

to new TPA-based hole-transporting materials as well.  
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CHAPTER 5 ï STAR-SHAPED DONOR MATERIA LS FOR SMALL -

MOLECULE O RGANIC SOLAR CELLS  

5.1. Background 

5.1.1. Transition from Hole-transporting Materials to Donors 

It was shown in Chapter 4 that the molecular composition and film-forming properties 

of the TPA-based hole-transporting materials can influence device performance in PSCs.  

Ultimately, the select TPA-based compounds were not ideal candidates for HTMs ï all 

three displayed significantly lower performance than spiro-OMeTAD in perovskite solar 

cells.  However, these materials might be better suited for other photovoltaic applications. 

The three newly designed small molecules used as HTMs in PSCs all have appropriate 

energy levels and absorption profiles to be considered for use as donor components in 

organic solar cells.  In some instances, such compounds can serve in both PSC and OSC 

devices.  For example, in a recent paper by Cheng et al. a single organic compound was 

used for the dual-purpose as a hole-transporting material in a perovskite solar cell and as a 

donor in a bulk heterojunction organic solar cell.88  Similarly, HTM04 (aka p-

DTS(FBTTh2)2) is a high-performance donor material in OSCs,82,89 but it was shown in 

Chapter 4 to also function as an HTM in PSCs.   

5.1.2. Selection of a Complementary Acceptor 

It is of interest to develop fullerene-free organic solar cells.  In small-molecule 

organic photovoltaic systems, fullerene derivatives, such as phenyl-C61-butyric acid methyl 

ester (PC61BM or PCBM), are the gold-standard electron-acceptors.  However, fullerenes 

are expensive, difficult to synthesize and display weak absorption of visible light;90,91 

factors that are disadvantageous in OSCs.  The goal herein is to investigate the new TPA 

small molecules as donors with custom-built non-fullerene acceptors.   
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Fullerenes, such as PCBM, have a spherical three-dimensional (3D) shape and a 3D 

-́conjugated pathway (see Figure 5.1).  As result, charge transport in fullerenes is 

isotropic;92 charge carriers are transported in all directions through the fullerene. The 

success of fullerenes as acceptors in organic solar cells is largely attributed to its shape, 

which allows for high electron mobility in three dimensions.93  In fact, the high-

dimensionality and 3D shape is a sought-after trait for the design of non-fullerene acceptors 

(see Figure H1 in Appendix H for examples of 3D non-fullerene acceptors).   

 In contrast, planar organic molecules are two-dimensional (2D) in shape, yet have 

a ́ -conjugated pathway that runs in one plane (i.e., a 1D ˊ-conjugated pathway along the 

length of the molecule),92  A well-known example of an organic molecule with a 2D shape 

is HTM04, aka ñp-DTS(FBTTh2)2ò (Figure 5.1).82  

 
Figure 5.1.  An illustration of the concept of opposing molecular geometry in donor-

acceptor BHJ OPVs. 
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Some of the best-performing small-molecule OSCs consist of a 3D fullerene 

acceptor with a planar 2D donor.94  For clarity, these types of systems will be referred to as 

ñ2D-3Dò systems herein (indicated by a red arrow in Figure 5.1).  The dissimilarity in 

shape between the two complementary materials is thought to drive self-assembly and 

produce a solid-state morphology in bulk heterojunction active layer that is conducive to 

efficient charge transfer, separation and extraction.  These pathways are essential for charge 

transportation and collection at the electrodes.  Similar to PCBM, TPA-based compounds 

also demonstrate high dimensionality and assume a 3D shape.  Evidence for the sp3-

hybridization of the N-atom at the TPA core in other related organic semiconductors has 

been demonstrated by others using density functional theory (DFT) calculations64 and is 

suggested to be the result of steric interactions between the side-arm units.92  As a result, 

the molecule assumes a 3D propeller-shape with ́ -conjugated pathways extending in three 

dimensions. To date, all TPA donor materials reported in the literature for use in OSCs are 

accompanied with a fullerene acceptor (e.g., C60, PC61BM, PC71BM, etc.),  While there 

have been some examples in the literature of 3D TPA donors in OSCs achieving modest 

PCEs between 3%95ï97 and 4%,98 the issue of the use of fullerene acceptors remains 

unaddressed. 

5.1.3. Custom-Made D-A Pairs 

 Developing fullerene-free OSCs requires a D-A pair with the following criteria:  

i) Distinct geometry/topology to ensure phase separation, allowing for the 

formation of homogeneous percolation pathways within the active layer and 

charge transport to the electrodes, 

ii)  Complementary light absorption to maximize photon-harvesting, 
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iii)  HOMO/LUMO energy levels that are offset to ensure efficient electron 

transfer (LUMO of donor to LUMO of acceptor and HOMO of donor to 

HOMO of acceptor), 

iv) Thermal and air stability, 

v) Low cost with a low embodied energy, 

vi) Photo-stability. 

The goal herein is to utilize the TPA-based hole-transporting materials developed in 

the previous chapter as donor molecules in fullerene-free organic solar cells.  It is now 

reported how the molecular structure of such compounds will affect the electronic, 

structural and morphological properties in thin-film D-A systems.  In this case, 3D trigonal 

pyramidal conjugated molecules, such as those with a TPA core, are ideally paired with a 

planar 2D acceptor to form a ñ3D-2Dò system and satisfy the first criterion (indicated by 

the blue arrow in Figure 5.1).  Although the geometries of these compounds are agreeable, 

the absorption, electronic properties and thin-film morphology must be characterized to 

ensure that the other criteria are met.   

5.2. Materials and Methods 

5.2.1. Materials 

 Molecules D1, D2 and A1 were synthesized in the Welch lab by Arthur Hendsbee.  

The structures of the compounds are depicted in Figure 5.2.  The 3D, TPA-based donor 

compounds are named ñD1ò and ñD2ò for simplicity.  The reader is reminded that ñD2ò is 

named ñHTM02ò in Chapter 4.  D1 and D2 differ only in the terminal alkyl chains; D1 

has bulky 1-ethylpropyl (aka ñswallowtailò) groups while D2 has linear hexyl chains.   

A linear, 2D acceptor with a DPP core was selected as the acceptor.  This 

compound, which is named ñA1ò for the purpose of this chapter, has been previously 
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reported to have favourable optoelectronic properties for electron transport.99  A1 contains 

two bridging thiophene units that connect the DPP core to the electron-deficient 

phthalimide end-caps.  The terminal and core alkyl groups are swallowtail and octyl chains, 

respectively.  The design of this compound allows for the substitution of a variety of R-

groups that can influence molecular interactions and self-assembly in the solid-state (vide 

infra).  

In order to purify the organic compounds used in this work, standard organic 

purification techniques were applied by Arthur Hendsbee, including organic extractions, 

column chromatography, filtrations and recrystallizations.  1H and 13C nuclear magnetic 

resonance (NMR) spectroscopy and mass spectrometry were used to confirm the identity 

of the molecules as well as to detect organic impurities.  In addition, elemental analysis was 

used to confirm the absence of impurities such as inorganic compounds (e.g., SiO2, which 

is a potential contaminant during chromatography) that are not visible using other methods.  

The samples of each material used herein were qualitatively deemed to be pure when the 

analytical methods listed above detected no extraneous signals.  It is recognized that this 

method of purity assessment is dependent on the detection limit of each instrument.  

Although each of the analyses provides a qualitative assessment of sample purity, 

quantitative measurements of purity were not conducted. 
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Figure 5.2.  Molecular structures of D1, D2 and A1. 

 

5.2.2. Thin-film Formation via Spin Coating 

All thin-films were formed via spin-coating from solution.  Unless otherwise stated, 

single-component thin-films were spun from solutions using CHCl3 as the solvent with a 

concentration of 10 mg/mL.  D1:A1 and D2:A1 blend-film solutions used CHCl3 as the 

solvent with a total solid concentration of either 30 or 20 mg/mL (e.g., 10 mg of D1 and 10 

mg of A1 per 1 mL for a 20 mg/mL blend solution).  Neat solutions (i.e., no solvent 

additives) were prepared by combining the weighed (using an analytical balance) solid 

compound(s) and the measured volume (using a micropipette) of CHCl3 in a 4.0 mL Teflon-

capped vial with a stir bar.  Solutions were gently heated for 10 min under stirring and then 

allowed to stir overnight at room-temperature to dissolve the materials. 
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The films were spin-cast using a spin speed of 1000 rpm for a duration of 90 s.  A 

description of the spin-coating procedure for organic thin-films can be found in Section 

4.2.2. 

5.2.3. Organic Solar Cell Fabrication Procedure 

OSC devices were fabricated on 25 mm × 25 mm pre-patterned ITO-coated glass 

substrates.  Substrates were cleaned by gently scrubbing the surface with a solution of DI 

H2O and Sparkleen® lab detergent using a soft toothbrush.  The substrates were then 

sonicated vertically in a solution of DI H2O and Sparkleen® for 15 min after which they 

were rinsed thoroughly with DI H2O, dried under a stream of filtered air, and then sonicated 

vertically in acetone for 15 min.  The process was then repeated, but using ethanol as the 

solvent.  The substrates were then treated under a UV/ozone lamp for 20 min.  

 Immediately following UV/ozone exposure, a layer of PEDOT:PSS was deposited 

as the HTL from a chilled aqueous colloidal suspension purchased from Heraeus (Product: 

CleviosTM AI 4083).  The substrate was mounted onto the chuck of the spin-coater and 

approximately 0.3 mL of the dispersion was dispensed onto the surface through a 0.45 ɛm 

PVDF filter before spinning at 2000 rpm for 45 s.  The film was removed at the edges of 

the substrate using a lint-free Texwipe® dampened with DI H2O to expose the ITO 

contacts.  The PEDOT:PSS film was then annealed on a hotplate with a surface temperature 

of 140 °C for 10 min.  Annealing the PEDOT:PSS film at such temperature has been shown 

by others to increase its conductivity, resulting in better-performing devices.100 

 After cooling the substrates to room-temperature, the active layer was deposited by 

spin-coating the surface using blend solutions.  The total solids concentration of the 

solutions was 20 mg/mL with a 1:1 weight ratio of donor to acceptor, using CHCl3
 as the 

solvent.  For each active layer, 0.2 mL of solution was filtered directly onto the substrate 
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through a 0.45 ɛm PTFE syringe filter followed by spinning at 1000 rpm for 90 s.  The ITO 

contacts were then exposed by scraping away the blend film using a razor blade.  Once all 

active layers were spun, the substrates were promptly cycled into the glovebox and 

mounted into a substrate holder with a metal shadow mask. 

 The top metal contact was deposited using an in-house designed thermal evaporator 

equipped with two evaporation sources.  Calcium was loaded into an alumina crucible as 

the first source and aluminum pieces were secured to a tungsten filament as the second 

source.  Once the substrates were transferred into the evaporation chamber, the system was 

pumped down to <1×10-6 torr.  The metal cathode was formed by sequential thermal 

evaporation of 7.5 nm of Ca and 100 nm of Al.  The chamber was allowed to cool for 30 

min under vacuum before the substrates were transferred directly into the glovebox where 

they were promptly tested. 

5.2.4. Organic Solar Cell Testing 

Device testing was performed using a Keithley 236 Source-Measure Unit in an Ar-

filled glovebox under 100 (±1) mW/cm2 illumination (AM 1.5G).  J-V measurements were 

collected for each of the 18 devices on each substrate by scanning first from 1.2 V to -0.2V, 

1.2 V to -6.2 V and finally from 1.2 V to -0.2 V, at a rate of 0.05 V/step with a delay of 5 

ms between steps. 

5.3. Results and Discussion, Part I 

5.3.1. Materials Characterization, Part I 

The first step in the study was to select a suitable solvent for the preparation of thin-

film precursor solutions.  Ideally, solutions with high concentrations are preferred for spin-

coating to ensure uniform coverage of the substrate and adequate film thickness (i.e., 100 

nm).  For this reason, it is favourable to use solvents in which the active materials are highly 
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soluble.  The approximate solubility of each of the three materials in three different solvents 

with varying polarity (in order of decreasing polarity: ethyl acetate, 2-methyl 

tetrahydrofuran, and chloroform (CHCl3)) were determined by an undergraduate honours 

student, Liz Kitching.  The solubilities were quantified from a calibration curve constructed 

using solution UV-Vis data.  All three of the materials displayed the highest solubility in 

CHCl3.  For this reason, all subsequent solutions in this study were prepared using CHCl3 

as the solvent.   

 UV-Vis absorption spectra for the three materials are plotted in Figure 5.3 a).  The 

absorption profiles of D1 and D2 are almost identical.  This can be explained by the 

structural similarity of the two materials; both contain the same light-absorbing ˊ-

conjugated backbone.  The absorption of A1 extends to longer wavelengths than both of 

the donor materials and is reflective of its narrow bandgap.  This can be explained by the 

presence of the DPP chromophore; electrons are localized in low-lying molecular orbitals 

at the DPP core,101 and low-energy photons are sufficient to induce electronic transitions.  

By combining either D1 or D2 with A1, the materials absorb across a broad range of the 

visible-light spectrum, fulfilling the second criteria for a D-A pair: complementary light 

absorption. 

The CV plots for the three materials are shown in Figure 5.3.  As expected, D1 and 

D2 exhibit very similar CVs, owing to their similar molecular structures.  The oxidation 

potentials of both donor compounds are well-defined by the sharp oxidation peaks, 

allowing accurate elucidation of the HOMO levels.  The bandgap energies (Eg,CV) for each 

of the materials are listed in Figure 5.3 d) and were obtained by taking the difference 

between the calculated HOMO and LUMO energy levels.  These values are in good 

agreement with the values of the bandgap (Eg,onset) that were measured from the UV-Vis 
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onsets of absorption (ɚonset).  A description of how Eg,onset is calculated from ɚonset is 

provided in Section 2.5.  A1 has a high oxidation potential, corresponding to a deep HOMO 

level.  The energy offset between the LUMO levels of D1 and A1 and D2 and A1 are 0.53 

eV and 0.48 eV, respectively.  In order for charge separation to occur, the offset must be 

larger than the exciton binding energy.  Comparison of the energy offsets to the binding 

energies of other organic small molecules,30 suggests that the offsets may be sufficient for 

charge separation.  Therefore, the third criterion for a D-A pair is fulfilled: appropriate 

energy level alignment.  

 
Figure 5.3. a) UV-Vis absorption spectra for solution samples of D1, D2 and A1 using 

CHCl3 as the solvent. b) CV plots for D1, D2 and A1. c) An energy-level diagram for D1, 

D2 and A1, showing the HOMO and LUMO energy levels. d) A table summarizing the 

optoelectronic properties of the three materials, where Eg,CV and Eg,optical are the bandgap 

energies determined by CV and UV-Vis, respectively, and ɚonset is the wavelength at the 

onset of absorption, that is, the longest wavelength absorbed by the material. 
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5.3.2. Thin-film Characterization , Part I  

The D1-A1 and D2-A1 systems meet the criteria for a suitable D-A pair and can be 

investigated in thin film systems.  It is important to understand the properties of each 

material in independent systems before blend films are made.  Neat films of D1, D2 and 

A1 were spin-cast on cleaned glass substrates for the purpose of solid-state thin-film 

characterization.  Each film was thermally annealed at incrementally higher temperatures 

for a duration of 10 minutes in a procedure referred to as ñsequential thermal annealing.ò  

Thermal annealing is a common processing technique applied to thin-films in OPV 

applications to induce morphological changes and dramatic increases in PCE.102ï104  

Furthermore, it is important to understand how an organic material responds to heat in a 

thin film solar cell; under normal operation in full-sun exposure, the temperature of a solar 

cell will inevitably rise. 

Figure 5.4 depicts UV-Vis absorption spectra for neat films of each of the three 

materials before and after sequential thermal annealing.  The absorption spectra of D1 and 

D2 exhibit only slight changes upon thermal annealing; a slight blue-shift in the low-energy 

band of D1 and an overall decrease in the intensity of the absorption of both D1and D2 is 

observed with increasing annealing temperature.  In contrast, A1 exhibits significant 

changes in the band structure after annealing, suggesting that electronic changes occur 

within the material.  Most notably, three bands merge in the red-region of the spectrum 

(between 550 and 700 nm). 
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Figure 5.4.  UV-Vis absorption spectra acquired by Liz Kitching for neat films of a) D1, 

b) D2 and c) A1 during the sequential thermal annealing experiment.  The absorption 

spectrum was first acquired for each as-cast film.  Each film was then annealed by placing 

the substrate onto a hotplate heated at 100 °C for 10 min after which a second absorption 

spectrum was acquired.  This process was repeated, sequentially annealing at incrementally 

higher temperatures. 

 

Thin-film blends of D1 and A1 and D2 and A1 were spin-cast on glass substrates 

by Liz Kitching.  Similar to the one-component films, sequential thermal annealing was 

applied to the blend films and UV-Vis absorption spectra acquired after each annealing 

step.  The absorption spectra of the blend films are depicted in Figure 5.5.   

 
Figure 5.5.  UV-Vis absorption spectra acquired for blend films of a) D1-A1 and b) D2-

A1 during the sequential thermal annealing experiment.  Solutions for both blends were 

prepared using the donor and acceptor compounds in 1-to-1 weight ratios. 
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The spectra of both unannealed (i.e., as-cast) blend films reveal two distinct bands 

in the region between 550 and 700 nm that are absent in the A1 as-cast neat film (see Figure 

5.3 c)).  The resolution of these bands suggests that the presence of the donor influences 

the solid-state ordering of A1 in the thin-film blend.  Similar to the phenomenon observed 

in the neat film of A1, thermal annealing results in a change in the band structure of A1 

within both blend films; three bands emerge upon annealing.  From the UV-Vis spectra in 

Figure 5.4, it is clear that the absorption of the donor and acceptor is unbalanced in the 

blend films; the magnitude of absorption of D1 and D2 is considerably greater than that of 

A1.  For this reason, blends with higher quantities of A1 relative to the donor were 

investigated.  UV-Vis spectra (Figure I1) and XRD powder patterns (Figure I2) for films 

with varying ratios of donor and acceptor are provided in Appendix I . 

The interactions between the donors and A1 within the blend films were further 

probed using photoluminescence (PL) spectroscopy (Figure 5.6).  In this experiment, the 

thin film samples were irradiated with monochromatic light of a wavelength, ɚex.  A 

photodetector collected the emitted light across a range of wavelengths (ɚem), providing 

evidence for fluorescence.  PL spectra of D1 and D2 neat films were first acquired using 

an excitation wavelength of 443 nm and collecting emitted radiation from 500 to 900 nm.  

The A1 neat film displayed minimal fluorescence when excited at the wavelength of 

maximum absorbance (i.e., 587 nm).  For this reason, the PL spectrum of A1 is not shown.   
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Figure 5.6.  PL spectra comparing the fluorescence of one-component donor films with 

two-component donor-acceptor (1:1 weight ratio) blend films.   

 

As illustrated in Figure 5.6 a) and b), both D1 and D2 exhibit significant 

fluorescence in single-component samples.  That is, the electrons are effectively excited 

from the LUMO to the HOMO and subsequently relax to the ground state, emitting a photon 

in the process.  However, the blend films with equal quantities of donor and acceptor 

display negligible fluorescence.  This indicates that the exciton dissociates at the D-A 

interface, separating into free charge carriers.  The electrons are effectively transferred from 

D1 or D2 to A1, and are provided with alternate relaxation pathways.  As a result, electrons 

do not relax from the LUMO to the HOMO of the donor and the intensity of the 

fluorescence is reduced or ñquenchedò.  PL quenching provides additional evidence for D-

A interactions within the blends, which is a favourable trait for materials in organic solar 

cells.   

 Thus far, all experiments described were conducted on both D1-A1 and D2-A1 

systems in parallel.  For the purpose of streamlining the optimization of thin-films for 

application in organic solar cells, one system is subsequently studied in greater depth.  

Since D1 and A1 have identical alkyl end-caps (i.e., swallowtail), which suggests molecular 

compatibility, the D1-A1 system was selected for further optimization.   
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It is important to consider the crystallinity of the materials within the active layer; 

formation of well-ordered crystalline domain can enhance charge transport.
105  The changes 

in the absorption profiles of the blend films induced by thermal annealing (see Figure 5.5) 

are indicative of electronic changes that may be related to the crystallinity or solid-state 

ordering of the materials.  To further probe the structure of the films, XRD experiments 

were conducted.  XRD patterns of thin films of D1 and A1 are shown in Figure 5.7 a) and 

b), respectively, and are compared to a two-component blend film (1:1 weight ratio of D1 

and A1, Figure 5.7 c)) before and after annealing at an intermediate temperature (150 °C). 

 

Figure 5.7.  XRD patterns of one-component thin-films of a) D1 and b) A1 and c) a two-

component D1-A1 blend film acquired before and after thermal annealing for 120 min at 

150 °C.  The scans were acquired with a range between 3° and 20°, however, no diffraction 

peaks were observed above 2ɗ = 10°.  Thus, only narrow range is used to clearly the show 

the peaks. 

 

Based on the absence of diffraction peaks for any of the as-cast films, it is assumed 

that the materials are amorphous within the films or consist of sub-nanometre grains.  Upon 

annealing, the pattern of D1 does not change; no diffraction peaks are observed in the as-

cast nor the annealed film, indicating that the material remains amorphous.  However, a 

single diffraction peak is observed for the A1 film at 2ɗ = 4.3° after annealing ï an 

indication of solid-state ordering.  After annealing the blend film, a peak emerges at the 

same position as in the A1 film, indicative of crystallization of A1 domains.   
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In a separate experiment, the effect of annealing temperature on crystallinity of the 

blends is illustrated by comparing XRD patterns of films annealed at 150 °C and at 180 °C 

(see Figure 5.8).  Annealing at a higher temperature results in a diffraction peak at the same 

angle as the film annealed at 150 °C and of the annealed A1 film.  This suggests that A1 

assumes the same crystalline phase regardless of the annealing temperature.  However, the 

film annealed at high temperature displays a peak of higher-intensity; an indication of the 

growth of larger crystallites. 

 
Figure 5.8.  XRD patterns of separate films of D1-A1 blends (1:1 weight ratio) comparing 

the effect of annealing temperature on crystallinity.  The films were annealed for 30 minutes 

at either 150 or 180 °C. 

 

5.3.3. Organic Solar Cell Testing, Part I 

 Based on the differences in the absorption spectra (Figure 5.5) and XRD patterns 

(Figure 5.7 and 5.8) of the blend films, it is clear that electronic and structural changes 

occur upon thermal annealing.  To determine the effect of thermal annealing on PV 

performance, OSCs were fabricated on three separate substrates using D1:A1 active layers 

employing a conventional device architecture (see Figure 5.9 b)).  A detailed fabrication 

procedure can be found in Section 5.2.5.  Before deposition of the metal cathode, each 
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substrate was annealed on a hotplate in the glovebox at a different temperature (or tested 

without annealing). 

All devices displayed linear J-V curves, with very high series resistance and very low 

Jsc.  Regardless of annealing condition, very little photocurrent was generated suggesting 

that the system was not operational in OSC devices.   

 
Figure 5.9. a)  J-V curves of representative devices with D1-A1 active-layer blends in a 

1:1 ratio.  b)  An illustration of the layered ñconventionalò-style architecture.  c) A table of 

performance metrics.  d) Photographs of the completed devices. 

 

 To gain insight into the cause of the poor device performance, AFM images of the 

active layers were acquired after device testing (Figure 5.10).  The images reveal the 

topography of the active layer surfaces and allow for quantification of the domain sizes.  

The as-cast film consists of very small domains with minimal phase-separation.  Annealing 

at 150 °C induces growth of larger features that are likely crystalline domains of A1 which 

correspond to the diffraction peak observed in the XRD pattern.  The film annealed at 180 

°C consists of large columnar crystallites up to a micron in breadth.  These images correlate 
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well with the XRD patterns and confirm the growth of larger crystallites upon high-

temperature annealing.  The large features observed in the images of the annealed films are 

likely crystalline domains of A1. 

 
Figure 5.10. 2D AFM images of the D1:A1 active-layer surfaces of the OSC devices. 

5.3.4. Conclusions, Part I 

 The binary blend of D1 and A1 was determined to be a poor system for use in 

organic solar cells.  Despite evidence for PL quenching (Figure 5.6), and therefore 

molecular compatibility as a D-A pair, preliminary devices performed poorly.   

AFM reveals very different morphologies between as-cast and annealed films, none 

of which are likely to display good performance as the active layer in OSCs.  Based on the 

AFM and XRD data, it can be concluded that: i) the amorphous nature of the as-cast films 

consists of few charge-transport or percolation pathways and ii) the over-crystallization of 

A1 upon annealing forms domains that are too large for efficient charge generation.    

 For this system, control of the D-A film morphology was used as a strategy to 

improve the PV performance.  Two strategies that can be used to influence the film 
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morphology are: i) solution-processing techniques and ii) molecular engineering.  Two 

examples of solution-processing techniques are the addition of solvent additives and 

solvent-vapour annealing (SVA).   In a preliminary study described in Appendix J, it was 

observed that addition of solvent additives (Figure J1) and solvent-vapour annealing 

(Figures J2 and J3) modifies the absorption properties of the materials.  However, the 

focus of the project herein is to apply a molecular design strategy to tune the self-assembly 

of the acceptor and enhance the morphology of the thin films.   

5.4. Results and Discussion, Part II 

5.4.1. New Acceptors: A Molecular Design Strategy 

 Moving forward, the unfavourable over-crystallization of the acceptor was 

addressed through molecular design.  The molecular structure of the 2D acceptor was 

modified to influence its self-assembly within the thin film.  D1 continued to be used as the 

donor in the system for its 3D shape and amorphous nature.   

One of the simplest approaches to changing the self-assembly and crystallinity of 

A1 is by modifying the alkyl chains, taking advantage of the facile synthetic procedure and 

infinite tunability of this molecular framework.  By substituting different alkyl chains for 

the octyl and swallowtail groups at the central and terminal positions of A1, respectively, 

the solid-state self-assembly can be controlled to change the morphology of the resulting 

thin films.  Following this approach, another graduate student researcher in the Welch lab, 

Arthur Hendsbee, synthesized a series of derivatives of A1 (Figure 5.11), each with 

different functional units and/or alkyl chains (Table 5.1).  Each derivative was designed to 

be less crystalline than A1 to avoid the large-domain phase separation observed in the D1-

A1 system (recall Figure 5.10).  Since the major driving force for crystallization in ˊ-
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conjugated materials is ˊ-ˊ interactions between adjacent molecules, side chains were 

selected to disrupt the ˊ-ˊ interactions and reduce the tendency to crystallize. 

 
Figure 5.11.  Molecular structures of A1 and the four new acceptor derivatives. 

 

Table 5.1.  Molecular components used in the acceptor derivatives. 

 Central R-groups Terminal R-group End-Cap Unit  

A1 Octyl 1-Ethylpropyl Phthalimide 

A2 2-Ethylhexyl 1-Ethylpropyl Phthalimide 

A3 2-Ethylhexyl Octyl Phthalimide 

A4 Octyl Octyl Napthalimide 

A5 2-Hexyldecyl Octyl Phthalimide 

 

Similar to A1, A2 has terminal swallowtail R-groups, but has a branched 2-

ethylhexyl chain stemming from the DPP core as opposed to the linear octyl chains on A1.  

A3 differs from A2 with the substitution of the swallowtail groups for octyl chains.  The 

bulky branched chains at the core are expected to increase the spatial separation of the DPP 

units of adjacent molecules thereby weakening the ˊ-ˊ interactions and reducing the 

tendency to crystallize.  In comparison, the linear octyl chains of A1 display strong van der 

Waals forces, which drive the molecules into a stacking crystalline arrangement.  Similar 

to A3, A5 has terminal octyl chains, but larger branching central groups (2-hexyldecyl).  
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A4 is unique with larger naphthalimide groups as the terminal electron-withdrawing units 

in place of phthalimide.  Compared to phthalimide, naphthalimide groups induce a greater 

torsional strain within the ˊ-conjugated backbone, resulting in a less-planar molecule and 

weaker ˊ-ˊ interactions. 

5.4.2. Materials Characterization, Part II   

 To determine if each of the new acceptors is electronically-compatible with D1, CV 

experiments were conducted and the HOMO and LUMO energy levels were calculated 

based on the oxidation and reduction potentials, respectively.  A description of how the 

energy levels were calculated is provided in Section 4.3.1.  The energy level diagram in 

Figure 5.12 a) shows the relative positions of the frontier molecular orbitals compared to 

those of D1.  Normalized CV plots are provided in Figure 5.12 b).  The similar energy 

levels of the all five acceptors can be explained by the similar conjugated backbone 

structure.   

 
Figure 5.12. a) Energy levels of the frontier molecular orbitals of D1 and the five acceptors 

determined by CV.  The coloured bars represent the bandgaps of each material.  b) CV 

plots for the acceptor derivatives, normalized such that the current of the first oxidation 

peak is set to unity.  The onsets of oxidation and onset of reduction for each material were 

used to determine the HOMO and LUMO energy levels, respectively.  Each CV was 

acquired by scanning at a rate of 100 mV/s. 
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5.4.3. Thin -film Characterization , Part II  

Thermal annealing was applied to thin-film blends of D1-Ax systems as a 

processing technique.  The high-temperature condition (i.e., 180 °C) was selected to gain 

insight into the robustness of the system against crystallization.  UV-Vis spectra were 

acquired on two separate films of each blend: i) one unannealed film and ii) a different film 

annealed at 180 °C for 10 min after spin-casting.  All films were spin-cast onto glass 

substrates from CHCl3 solutions at concentrations of 20 mg/mL with a donor:acceptor 

weight ratio of 1:1 (D1:Ax).   

The UV-Vis absorption spectra are compared in the left-hand column of Figure 

5.13.  For all unannealed/as-cast blend films, the absorption of D1 (350-500 nm) is 

considerably more intense than the absorption attributed to the acceptor (550-700 nm).  

Significant changes in the absorption profiles of the blends with A2 and A3 are observed 

after annealing (Figure 5.13 b) and c), respectively).  For the D1-A2 blend, three notable 

changes occur with annealing.  First, the two high-energy bands attributed to D1 are blue 

shifted, similar to what is observed in the D1-A1 blend.  Second, a third band is observed 

in the A2 region, increasing the overall breadth of the absorption.  Third, there is an overall 

relative increase in intensity of the low-energy absorption. 

For the D1-A3 film, there is a large red-shift in the low-energy (A3) absorption 

upon annealing.  The two bands also become more distinct with a greater energy-separation.  

Like A2, a third low-intensity absorption band emerges at the high-energy (blue) end of 

absorption (580 nm).  Also worthy of note is a blue-shift in the low-energy band of D1 

from 445 to 425 nm. 
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 In contrast, the blend with A4 shows no change in absorption when annealed.  The 

absorption of A4 is characterized by a single broad band and absorbs weakly compared to 

the other five acceptors in blends with D1. 

For the D1-A5 system, only slight differences are observed in the absorption of the 

annealed film versus the as-cast film.  A new shoulder in the A5 absorption is observed at 

low-energy, which increases the onset of absorption from 695 to 715 nm.  No change is 

observed in the high-energy region of the spectrum, indicating that the absorption of D1 is 

not influenced by annealing conditions in this system. 

The XRD powder patterns for all of the blend films are also shown in Figure 5.13 

(g-k) in the right-hand column.  Similar to the D1-A1 system, all other blend films display 

no diffraction peaks before annealing.   When annealed, the blends with A1, A2 and A3 

display a single diffraction peak at angles of 4.25, 5.75 and 6.15°, respectively.  Although 

a value for d can be determined based on the XRD patterns using Braggôs Law, no crystal 

structure data for these compounds were obtained (attempts were made to grow single 

crystals, but yielded no crystals with large enough dimensions for single-crystal XRD 

experiments).  For this reason, it cannot be concluded whether the peak in each of the three 

powder patterns corresponds to ́ -ˊ or alkyl-alkyl spacing.  

Even after annealing at high temperature, no peaks are observed in the D1-A4 blend 

film.  These patterns are in agreement with UV-Vis spectra, suggesting that neither 

electronic nor structural properties of either material in the blend change after annealing.  

A single broadened peak can be distinguished from the noise in the post-annealed D1-A5 

film.  The breadth and low-intensity of the peak suggests that crystalline domains form 

upon annealing, but are of very small dimensions. 
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Figure 5.13.  Thin-film characterization of D1:Ax blended films (1:1 by-weight) as-cast 

(dashed lines) and after thermal annealing at 180 °C for 10 min (solid lines).  UV-Vis 

absorption spectra (a-e) and XRD patterns (g-k) are shown in the left- and right-hand 

columns, respectively.  The scans were acquired with a range between 3° and 20°, however, 

no diffraction peaks were observed above 2ɗ = 10°.  Thus, only a narrow range is depicted. 
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The AFM images reveal the morphology of the thin-film blends and are shown in 

Figure 5.14.  When unannealed, all blend films display a featureless morphology with no 

indication of phase separation; this is in agreement with the lack of diffraction peaks in the 

XRD patterns. Similar to the D1-A1 blend (shown again in Figure 5.14 for comparison), 

the D1-A2 and D1-A3 blends develop large crystalline domains upon annealing.  The D1-

A2 annealed blend consists of large mountainous domains measuring microns in lateral 

dimension, with height deviations up to 200 nm.  The D1-A3 blend has smaller, more-

compact pebble-like features.   

The annealed film of the D1-A4 blend becomes more textured after annealing; 

however, the features are very small.  Based on the lack of diffraction peaks in the XRD 

pattern (Figure 5.13 j) ) these features are likely to be amorphous or too small to result in 

diffraction peaks.  Similar to the blend with A4, the A5 blend film roughens upon annealing 

with large waves spanning microns across the substrate.  The roughening is likely formation 

of the crystalline domains that give rise to the broadened diffraction peak observed in the 

XRD pattern in Figure 5.13 k). 
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Figure 5.14.  2D AFM topographical images of the surfaces of 1:1 thin-film blends of D1 

with acceptors A1, A2, A3, A4 and A5, as-cast and after annealing at 180 °C for 10 min. 
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5.4.4. Organic Solar Cell Testing, Part II 

 To compare the PV performance of each new donor-acceptor system as the active 

layer in OSCs, a batch of devices was fabricated on five different substrates with a 

conventional device architecture.  The fabrication procedure is outlined in Section 5.2.5.  

The metal cathode was deposited onto the unannealed (i.e., as-cast) active layers.  All 

devices were tested as-cast and then annealed on a hotplate at 180 °C for 10 min in the 

glovebox before re-testing the annealed devices.  The J-V curves of all devices were linear 

with very high series resistance and minimal current; no effect was observed from 

annealing.  However, only one batch of devices was made for these D-A combinations.  

Since the control devices with (p-DTS(FBTTh2)2 and PCBM as the donor and acceptor, 

respectively) had poorer PCEs than in previous batches, it is possible that other materials 

in the cells (e.g., PEDOT:PSS) could have been defective.  

5.4.5. Conclusions, Part II  

 In Part II of this project, it was demonstrated that molecular design (e.g., R-groups 

and naphthalimide units) influences the electronic and film-forming properties of a series 

of DPP-based small-molecule derivatives paired with a 3D TPA-based donor.  

 Based on the absorption spectra, XRD and AFM images, conclusions can be drawn 

about the effect of R-groups on the self-assembly the materials within solid-state thin-film 

blends.  Among the five acceptor derivatives studied, A1, A2 and A3 clearly respond to 

heat most significantly as indicated by i) changes in the absorption properties (UV-Vis), 

and ii) development of large crystalline domains (XRD and AFM) upon annealing.  These 

conditions are not favourable for organic photovoltaic applications ï the morphology needs 

to be robust and resistant to heat in functional solar cells since the cells will increase in 

temperature during regular cell operation under full-sun exposure. 
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 In contrast, the solid-state ordering of A4 appears to be quite resistant to heat.  It 

can be speculated that the substitution of the napthalimide unit for phthalimide reduces the 

ordering of the molecules and is responsible for the lack of crystallinity in the film.  

However, the lack of order in the thin-film may not be ideal; if no ordered domains exist, 

charge-transport pathways will not be formed and no current will be generated by the cell.  

In this case, charge-mobility measurements would be needed for confirmation. 

 A5 exhibits the ñbest-of-both-worldsò scenario: the film is amorphous as-cast, but 

develops crystalline networks once annealed at high-temperature; a processing condition 

that can easily be implemented into the fabrication of cells on an industrial scale.  These 

properties suggest that the blend contains charge-transporting percolation networks and that 

the morphology and electronics will remain in-tact under normal cell operation. 

5.5. Outlook and Future Work 

Ultimately, fabrication employing each of the blends using a conventional-style 

architecture yielded non-functional organic solar cell devices.  The reason for the poor 

performance and low current is unknown based on the current data.  Nevertheless, several 

approaches exist for troubleshooting non-functioning systems: 

i) Device engineering ï investigating alternative device architectures.  For 

example, other members of the Hill lab have discovered that ñinvertedò solar 

cell designs can perform better than conventional cells when using the same 

active layer blends. 

ii)  Applying additional experimental techniques to further characterize the blends 

and provide a better understanding of the materials.  For example, charge-

transport properties of the materials (e.g., hole-mobility) of D1 and D2 by 

fabricating thin-film transistors (TFTs) are important to understanding the cause 
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of the low photocurrents generated by the preliminary devices.  It is also of 

interest to investigate the thermal stability of the materials using TGA, 

especially when high-temperature annealing is used as a processing technique.  

These data are also relevant to the application of D2/HTM02 as the hole-

transporting layer in PSCs (Chapter 4). 

iii)  Synthesizing more acceptor derivatives with different R-groups.  The organic 

semiconductors presented in this study are infinitely tunable ï using the results 

gathered in this study and the trends observed in the effect of side-chain 

engineering on the electronic and structural properties, efforts can now be 

focused on derivatives with the best properties.  For example, it has been shown 

that branched chains at the DPP core effectively reduce crystallinity and domain 

sizes in solid-state thin films. 

iv) Continuing to optimize processing conditions of the existing materials to tune 

the blend properties.  This strategy includes the application of techniques such 

as solvent additives, solvent vapour annealing and inert polymer additives.  

Preliminary investigations of solvent additives and solvent vapour annealing 

were performed and are discussed in Appendix J. 

v) Substitution of other functionalities.  For example, A1 has three types of 

functional units: i) DPP, ii) thiophene and iii) phthalimide.  Each of these units 

can be replaced by analogous units (e.g., furan) that can alter both the electronic 

properties (e.g., absorption, bandgap, etc.) and self-assembly (e.g., d-spacing, 

crystallinity, domain sizes, etc.).   

While each of these five possible directions holds promise, strategies iv) and v) were 

selected while continuing to work with similar materials.  It is clear that the DPP-based 
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compounds demonstrate interesting electronic and structural responses to processing 

conditions.  For this reason, a related compound (i.e., AX in Figure 5.15) was selected as 

an electron donor paired with a promising non-fullerene acceptor.  Strategies outlined in 

iv) were applied to this new system.  Solution-processing techniques were shown to change 

the electronic, structural and morphological properties of thin-films and could be used to 

enhance device performance when applied to the fabrication of organic solar cells. 

 
Figure 5.15.  A comparison of the structures of A2 and AX with thiophene and furan units 

highlighted in red and green, respectively. 
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CHAPTER 6 ï CONCLUSIONS 

The first step in the program was to design a fabrication procedure for high-

efficiency perovskite solar cells (Chapter 3).  Reproducible formation of dense, uniform 

perovskite films via the dip-coating method is inherently challenging.  Methods that 

increased control over the perovskite conversion step (e.g., deposition via sequential spin-

coating) ultimately improved both film quality and reproducibility, leading to better control 

devices.  The first goal in the project (see Section 1.6) was achieved; the best-performing 

devices fabricated using the established procedure achieved a power conversion efficiency 

of 13.43% (see Appendix F), which is comparable to reports made in the literature.59  

Development of a detailed protocol for perovskite solar cell fabrication was important for 

not only these projects, but for future endeavours in the Welch and Hill laboratories 

including the development of novel organic hole-transporting materials. 

Once a reproducible fabrication procedure for efficient perovskite solar cells was 

established, new economical hole-transporting materials were investigated to address the 

issue of the high-cost of spiro-OMeTAD (Chapter 4).  Triphenylamine-based hole-

transporting compounds (HTM01, HTM02 and HTM03) were selected along with a well-

known small molecule donor (HTM04) used in high-performance organic solar cells.  The 

simplest hole-transporting material (HTM01) was shown to give the best performance in 

perovskite solar cells among the triphenylamine compounds.  The bandgap of the hole-

transporting materials was shown to have little effect on device performance.  For example, 

HTM03 and HTM04 both have narrow bandgaps yet display significantly different 

performance.  Compared to the triphenylamine-based HTMs, spiro-OMeTAD formed the 

smoothest film over the perovskite active layer, suggesting that it provided better coverage 

and may explain its better performance as hole-transporting material in perovskite solar 
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cells.  In order to achieve the goal of developing a low-cost and efficient HTM for 

perovskite solar cells using the triphenylamine core, efforts should be focused on increasing 

solubility in order cast thicker and more uniform hole-transporting layers. 

Despite the relatively poor performance of the custom-built triphenylamine-based 

compounds as HTMs in perovskite solar cells, they demonstrate potential as donors in 

organic solar cells (Chapter 5).  The TPA hole-transporting compounds were paired with 

custom-built acceptors to create fullerene-free donor-acceptor pairs.  By characterizing the 

absorption properties (using UV-Vis spectroscopy) and energy levels (using cyclic 

voltammetry), organic materials could be assessed for compatibility as donors and 

acceptors in organic solar cells.  The final goal of the project was achieved; two non-

fullerene materials were selected (i.e., D1 and A1) that met the three of the five criteria for 

a promising donor-acceptor pair.  Thermal annealing was shown to have an effect on both 

the electronic and structural properties of D1-A1 blend films.  However, the morphologies 

of the D1-A1 thin films were not appropriate for organic solar cell active layers; the large 

domain sizes contributed to the poor PV performance.  To address the challenge of 

achieving thin films with a good morphology, new 2D acceptors were tested for 

compatibility with D1.  Molecular design and alkyl chain modifications were shown to 

significantly change the self-assembly of the A1 derivatives in solid-state thin-film 

systems.  Although these thin film blends were shown to give poor PV performance, the 

design strategy demonstrates the tunability of organic semiconductors and ease of 

modifying the properties of organic thin-films.   

In summary, the processing conditions used for thin-film formation affects 

electronic, structural and morphological properties which ultimately influence device 

performance in solution-processed perovskite and organic solar cells.  Understanding how 
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spin-coating techniques influence the thin-film properties of both perovskites and organic 

semiconductors is necessary for i) optimization of solar cells and ii) development of new 

functional materials.  Through further investigation of processing conditions and 

development of new derivatives of organic semiconductors, low-cost and efficient solution-

processed perovskite and organic solar cells can be realized. 
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APPENDIX A  ï SOLUTION PREPARATIONS  

TiO 2 Precursor Solution Preparation 

To form the compact TiO2 layer, a precursor solution containing titanium (IV) 

isopropoxide (Ti(iPrO)4), purchased from Sigma-Aldrich, Product No. 377996-25ML, 

99.999% purity) was prepared using a modified procedure outlined by Abrusci et al.85  Two 

solutions were prepared in separate 8 mL vials.  The first vial contained 2530 ɛL of ethanol 

and 35 ɛL of a stock solution of 2.0 M HCl (prepared in air).  The second solution contained 

2530 ɛL of ethanol and 370 ɛL of Ti(iPrO)4 (prepared in the glovebox).  The first solution 

was added dropwise to the second solution while the second was stirred in air to form the 

final sol-gel solution. 

PbI2 Solution Preparation 

A 1.0 M PbI2 solution was prepared by weighing 461 mg of PbI2 (purchased from 

Alfa-Aesar, Product No. 12724, 99.9985% purity) in a 4- or 8-mL Teflon-capped vial and 

adding 1000 ɛL of dry DMF and a stir bar.  The solid was dissolved by heating and stirring 

on a hotplate and maintained at the desired temperature throughout the deposition 

procedure.  The temperature of the solution was recorded by attaching a thermocouple 

probe to the outer wall of the vial.   The 0.5 M and 0.75 M PbI2 solutions were prepared in 

a similar fashion, but dissolved by stirring at RT.   

Spiro-OMeTAD (Doped) Solution Preparation 

The HTM solution was prepared using the recipe described by Liu et al.46: 80 mg 

of spiro-OMeTAD (purchased from Sigma-Aldrich, Product No. 792071-1G, 99% purity), 

28.5 µL of 4-tert-butylpyridine (tBP, purchased from Sigma-Aldrich, Product No. 142379-

25G, 96% purity) and 17.5 µL of a 520 mg/mL solution of lithium-

bis(trifluoromethane)sulfonimide (Li-TFSI, purchased from Sigma-Aldrich, Product No. 
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544094-5G, 99.95% purity) in acetonitrile was combined and dissolved 1 mL of 

chlorobenzene.  The solid spiro-OMeTAD was weighed onto a weigh paper and then 

transferred to a 4.0 mL Teflon®-capped vial.  tBP, chlorobenzene and the Li-TFSI solution 

were transferred separately into the vial using micropipettes.  The mixture was dissolved 

using a stir-bar and stirring at RT.   
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APPENDIX B ï SYNTHESIS OF CH3NH3I  

The synthesis of CH3NH3I was performed using the procedure documented by Im 

et al. as a guideline.106  A 250 mL round-bottom flask was loaded with 27 mL of 55 wt-% 

HI(aq) (BC Scientific, Product No. 0152-01), 30 mL of a 40% aqueous solution of 

methylamine (Fisher Scientific, Product No. 00983) and a stir bar.  The reaction mixture 

was stirred in an ice bath in air for 3 h.  The solvent was removed using a rotary evaporator, 

leaving behind a brown solid.  The solid product was slurried in diethyl ether for 30 minutes 

and filtered using a Buchner funnel.  This process was repeated twice more to wash the 

product.  The washed final product was recrystallized from a minimum amount of ethanol, 

cooled, and filtered to recover white crystals.  The crystals were washed with diethyl ether 

and dried in a vacuum oven overnight.  The solid crystalline product was stored in an Ar-

filled glovebox prior to use.    
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APPENDIX C ï OTHER FACTORS INFLUENCING LEAD IODIDE FILM 

MORPHOLOGY  

 

Solution Temperature (Tsolution) 

It was determined that the minimum value of Tsolution for complete dissolution of a 

1.0 M solution of PbI2 in DMF was 50 °C.  Increasing Tsolution above the threshold 

temperature (i.e., 50 °C) results in perovskite films with smaller crystallites (Figure C1).  

However, there are no significant differences between the films cast from solutions held at 

70, 90, 110, and 130 °C in terms of crystallite size and distribution.   

 
Figure C1.  The effect of solution temperature.  SEM images of PbI2 films spin-cast on 

TiO2 compact films at different temperatures and the corresponding CH3NH3PbI3 films 

after conversion via dipping.  The solution was spin-coated using a spin speed of 3000 rpm 

for 30 s onto TiO2-coated substrates heated at 100 °C.   

 

The Effect of Atmosphere  

By depositing onto a hot substrate or performing the deposition under an inert (i.e., 

Ar) atmosphere, film coverage can be drastically improved.  In both cases, the films exhibit 

smaller grain sizes and better coverage than the unheated film in ambient.  It is also 

observed that the film spun under ambient conditions with a heated substrate had a lower 

frequency of pinholes than the one spun in the glovebox (see Figure C2).  This 

demonstrates that inert conditions are not required for uniform film formation ï simply 


