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Abstract 

Polymer thin films used in many modern technologies, such as light emitting 

diodes, solar cells, flexible electronics, and sensors, are fabricated in numerous ways. Of 

these methods, solution-based processing techniques are the most common with 

established commercial manufacturing and high throughput. However, these 

approaches face multiple disadvantages when applied to device heterostructures that 

are essential for optoelectronic devices. In contrast, vacuum-based techniques are 

amenable to multi-layer films with varying composition, regardless of polymer 

solubility. Resonant infrared, matrix-assisted pulsed laser evaporation (RIR-MAPLE) 

allows for the deposition of finely tuned polymer structures, such as uniquely graded 

heterostructures, which solution processing techniques cannot achieve. The primary 

contribution of this dissertation is to bring to light general design rules for complex 

emulsions that comprise the targets used in RIR-MAPLE to deposit polymer thin films 

containing crystalline domains. 

Initially, design rules are discussed that lead to the formation of pinhole-free 

polymer films that also contain crystalline domains. This work addresses a fundamental 

challenge to promote the crystalline phase, as opposed to the more prevalent amorphous 

phase, while also maintaining high-quality film surfaces. These design rules are then 

expanded to include the effects of overall emulsion composition on the resulting 
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emulsion morphology. In order to maximize the content of the crystalline polymer phase 

in thin films, the use of various surfactants (not yet applied to RIR-MAPLE emulsion 

targets) is investigated due to the unique interactions that occur, thereby determining 

the emulsion morphology. As a result, the impact of surfactant molecular structure on 

the resultant film properties is described for the first time. Finally, the design rules 

identified for complex emulsions are used in a fundamentally different emulsion 

chemistry to verify the extent to which these rules are generally applicable.  
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Chapter 1 Introduction  

Semi-crystalline behavior in conjugated polymers has been an important topic of 

research for many years. Polymers such as polyfluorene (PFO)[1], [2] and 

poly(vinylidene fluoride) (PVDF)[3]–[6] have been studied for their semi-crystalline 

features, which enhance certain properties of the polymers. This dissertation will focus 

on the design rules for the complex emulsions used as targets in emulsion-based, 

resonant infrared, matrix-assisted pulsed laser evaporation (RIR-MAPLE) deposition of 

such crystalline polymers. Crystalline polymers, at least in the case of PFO and PVDF, 

are often formed by methods that introduce defects into the films through the use of 

poor solvents[7] or mechanical deformation,[8] respectively. Through the use of 

emulsion-based, RIR-MAPLE, these crystalline polymers can be formed as thin films 

without the introduction of defects that can impede eventual application as devices.  

 

1.1 Crystalline Polymers 

1.1.1 PFO 

PFO is considered a strong candidate for blue polymer light emitting diodes 

(LEDs) due to its high color purity and photoluminescence quantum yield.[9] 

Amorphous PFO (α-PFO) is the standard phase of the polymer that lacks order. The 

semi-crystalline phase, denoted β-PFO, forms by the planarization of molecular chains  
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Figure 1.1: Planarization of PFO chains that occurs in β-PFO. Adapted from Gupta et 

al. (Copyright 2016, Elsevier B.V.) 

in solution, provided that the solvent allows self-interactions to occur shown as Figure 

1.1. [10]. 

The semi-crystalline β-PFO phase is desirable because, even in small 

concentrations, β-PFO dominates the optical characteristics of thin films due to 

significantly higher carrier mobilities throughout the planarized phase domains.[11] 

Additionally, due to a shift in the conjugation length of β-PFO during planarization of 

the PFO backbone, the band gap of the polymer red shifts, allowing optical 

characterization, such as UV-Vis absorbance and photoluminescence spectroscopies, to 

be used to determine the presence of β-PFO.[10], [12]–[14] In limited device studies, this 

change in carrier transport has resulted in increased color purity, brightness (34,326 cd 

m-2), luminous efficiency, and external quantum efficiency (3.33%) in LEDs.[15],[13] In 

addition, improved carrier transport should allow lower operating voltages,[13] thereby 

increasing device lifetime through decreased ohmic heating.[16],[17]  
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Figure 1.2: AFM image of spin coated PFO film. β phase concentration increases from 

left to right. Adapted from Peet et al. (Copyright 2008, Advanced Materials) 

It has been shown that poor solvents of PFO, when evaporated slowly, allow 

sidechain interactions to occur, thus forming thin films with β-PFO phase domains.[10] 

Thus, β-PFO can be deposited via spin coating, drop casting or solvent annealing;[18] 

yet, all of these techniques degrade the film morphology, shown in Figure 1.2, [19] and 

limit the performance of devices due to increased contact resistance and scattering. A 

dipping process also has been used to attain semi-crystalline phases in spin-coated films, 

but the technique has not yielded β-PFO concentrations greater than 1.32% .[15] 

Alternatively, the synthesis of β-PFO can be induced by deposition with additives, such 

as quantum dots [20] or paraffin. [21] As a consequence of solution-based deposition via 

poor solvents, additives, or additional processing steps (such as solvent annealing), the 

morphology of thin films with β-PFO tend to have higher surface roughness than 

amorphous films, especially as the content of β-PFO increases. Moreover, if the 

concentration of β-PFO is too low (< 42% determined by UV-Vis absorbance 
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measurements), the semi-crystalline phase within the thin film is not stable over time. 

[22] 

Thus, while the incorporation of β-PFO at concentrations of approximately 42% 

(as determined by UV-Vis absorbance measurements) yields stabilization of the phase 

within thin films, thereby potentially improving the device performance of blue LEDs, 

higher film content of the semi-crystalline phase also yields degradation of surface 

characteristics due to the formation of pinholes.[22] Therefore, the ability to deposit thin-

films with high content of β-PFO and high-quality surface morphology, simultaneously, 

is a significant challenge to taking advantage of these semi-crystalline phase domains 

within the context of blue LEDs. 

Through the study of β-PFO, several studies came across another distinct phase 

of PFO, but the naming of which has not been decided. In general, β-PFO is determined 

as a mostly planar backbone, with all monomers lying in the 160°-180° range. Other 

studies have found that there is another shift in the absorbance spectrum and the PL 

when the monomers lie in the 140°-160° range. [23], [24] This is called the γ- or α’-phase, 

due to it being considered a relaxed β-phase, partially transitioned back to the α-phase 

and often shows up in small concentrations with the β-phase.[25] This phase appears in 

highest concentration when the temperature of a β-PFO film is raised above the glass 

transition temperature and then allowed to cool.[26] However, if the film is allowed to 
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melt and reform, it will then be a fully amorphous or α-PFO film. Hence the name α’-

PFO in some cases. 

 

1.1.2 PVDF 

To further study the effects of emulsion targets on RIR-MAPLE deposition, 

another polymer system with crystalline phases must be studied. The strongest 

candidate for study is poly(vinylidene fluoride), which is dielectric material featuring 

several different crystalline phases that enable ferroelectric, piezoelectric or pyroelectric 

properties.[5], [8], [27]–[30] The crystalline behavior of PVDF is due to its chemical 

structure, a long carbon chain with equal parts hydrogen and fluorine. The 

electronegativity of hydrogen and fluorine are vastly different, leading to the formation 

of polar segments of the chain where -CF2- segments exist. The polarity of the polymer 

chain, depending on the orientation of portions of the chain, leads to the formation of 

several crystalline phases of the polymer. 

Crystalline PVDF phases are characterized by differences in the structure of the 

polymer. The polymer configures itself by a few different methods to form each phase. 

The α-, β-, and γ-phases of PVDF form through structural changes on the polymer chain 

level as opposed to a intermolecular level.[31] These configurations are shown in Figure 

1.3[32]. Configurations can be described as a series of trans- and gauche- conformations. 

Where trans- indicates that the carbon atoms are changing sides of the polymer chain 
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and gauche- indicates a 120 ° bond angle. α-PVDF is designated as the alternation 

between trans- and gauche- conformations in the carbon chain while β-PVDF is an all 

trans- (zigzag) configuration. When the carbon chain appears as a series of gauche 

conformations, it is called γ-PVDF. Upon close examination of all of these 

configurations, it can be seen that the β-PVDF forms a very strong dipole moment with 

all fluorine atoms on the same side of the chain, whereas similar dipoles form on the α 

and γ forms of PVDF, but in a much diminished state due to the cancelation of some of 

the dipole vectors. 

However, a fourth known phase, δ-PVDF, can form that exhibits many similar 

properties to β-PVDF such as ferroelectricity due to their similar dipole. This phase 

presents with intermolecular ordering that adjusts the polarization of the film, shown in 

Figure 1.4, compared to α-PVDF.[5] Taking note of the locations of the fluorine atoms 

(purple), looking at α-PVDF the fluorine atoms are alternating sides of the 2D sheet 

depicted whereas the fluorine atoms in δ-PVDF all orient themselves on the same side of 

the 2D sheet. The ordering of the fluorine atoms in this way creates a dipole. 
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Figure 1.3: Depictions of structure difference between α-PVDF, β-PVDF, and γ-PVDF. 

Adapted from Mishra et al. (Copyright 2019 Wiley-VCH) 
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Figure 1.4: Depiction of structure difference between α-PVDF and δ-PVDF Adapted 

from de Leeuw et al. (Copyright 2013 Nature Materials) 

Of the four crystalline phases of PVDF, β-PVDF is an interesting polymer for the 

study of polymer crystallinity promoted through the use of emulsion-based, RIR-

MAPLE. β-PVDF is highly studied for its use as a ferroelectric polymer, but due to 

difficulty fabricating β-PVDF, PVDF-TrFE is often substituted because it orients in the β-

phase without additional processing. This comes at a cost, however, because the 

addition of the TrFE copolymer reduces the Curie temperature (195 °C to 111 °C) which 

reduces the usability.[28], [33] β-PVDF is arranged in such a way that it has a dipole, 

allowing for ferroelectric behavior. Since PVDF does not have long side chains like PFO, 

the same design rules that induce crystallinity in PFO will not be effective. Currently, 

most semi-crystalline PVDF films are fabricated through the use of mechanical 

deformation films which is not applicable to thin film processing.[4] 
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1.2 Emulsion-Based, RIR-MAPLE 

Matrix-assisted pulsed laser evaporation (MAPLE) has been demonstrated as an 

alternative polymer deposition technique.[34] In most MAPLE approaches, an 

ultraviolet (UV) laser is utilized to provide energy for sublimating the matrix in a frozen 

solution target. The pulsed laser is directed through a window in the vacuum chamber 

toward a target solution frozen by liquid nitrogen. The frozen target rotates while the 

laser rasters across the target in order to ensure uniform ablation of the target. However, 

the UV laser used to provide energy to the target matrix, i.e. the solvent in which the 

target organic material is dissolved, also provides enough energy for polymer chain 

scission.[35]  

The switch to an infrared laser, a deposition technique known as RIR-MAPLE, 

provides a low energy solution to the problem of degrading polymers. This gentle 

process has been shown to preserve the molecular weight [36] and chemical composition 

[37] of deposited polymers. RIR-MAPLE has been utilized in deposition of polymers, 

nanoparticles,[38], [39] and metal-halide perovskite films.[40], [41] Moreover, RIR-

MAPLE allows for deposition of layered and bulk heterojunction structures without 

concern for compatibility of solvents [42], [43]. It has been shown to be a viable 

technique to deposit polymers in organic solar cells (OSCs)[42], biosurfaces[44], [45] , 

and optical coatings.[43][46]  
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A schematic diagram of the RIR-MAPLE growth chamber is shown in Figure 1.5. 

The IR laser used in the system (Er:YAG) emits 2.94 µm wavelength radiation, which is 

resonant with hydroxyl bonds. As a result, targets must contain hydroxyl groups to 

resonantly absorb the laser energy. For polymer thin films, hydroxyl bonds are 

introduced to the target in the continuous water phase of complex emulsions. Such 

emulsions are required because most polymers of interest (i.e. conjugated polymers 

applicable to optoelectronic devices) are soluble in hydrophobic organic solvents that 

constitute an oil phase. Thus, the hydroxyl bonds in the water-ice phase of frozen 

emulsions resonantly absorb laser energy, resulting in sublimation of the frozen matrix. 

The laser energy is absorbed by the water-ice, preventing absorption by the polymer. 

Kinetic energy from the sublimation is transferred to emulsified polymer particles 

within the matrix, and these particles are transferred intact from the target to the 

substrate.  
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Figure 1.5: Schematic diagram of RIR-MAPLE deposition system.  

 A schematic diagram explaining existing knowledge of the relationships among 

emulsion stability, chemistry, and emulsified particle/droplet size distribution is shown 

in Figure 1.6. The figure shows each of the components of an emulsion used for RIR-

MAPLE. The figure describes the relationship between polymer particle size and the 

stability of an emulsion. When particle size is low, emulsion stability is high and the 

resulting film morphology, when a thin film is formed with RIR-MAPLE, is improved. It 

was found that when solvents with low vapor pressure and low miscibility in water are 

used to dissolve the polymer as the oil phase in an emulsion, the film morphology is 

improved. In turn, the film morphology is shown to be highly related to the device 

performance, in this case external quantum efficiency (EQE) of organic solar cells.[42] 
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Figure 1.6: Emulsion schematic. Adapted from Ge et al. (Copyright 2016, the American 

Chemical Society) 

As mentioned earlier, the current understanding of the emulsion-based process 

is that emulsified polymer particles are transferred to the substrate directly from the 

flash-frozen emulsion target. This mechanism is visible in deposited films that have been 

imaged from a cross section in a scanning electron microscope (Figure 1.7). The films 

appear to have been built up from a continuous addition of sphere-like polymer 

globules. This indicates that the polymer particles that form in the emulsion are directly 

transferred. Since the laser radiation is absorbed by the water in the emulsion, the 

polymer globules should remain intact through the transfer process to the suspended 

substrate. In addition, simulated morphology of emulsions used as growth targets 

confirmed the formation of spherical, emulsified polymer particles.[42] 
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Figure 1.7: SEM image of thin film formed by emulsion-based, RIR-MAPLE showing 

the stacking of polymer particles to form a contiguous thin film. Adapted from Ge et 

al. (Copyright 2016, the American Chemical Society) 

Specifically, dissipative particle dynamics was used to simulate the effect of 

primary solvent miscibility in water on emulsion droplet size. It was found that lower 

miscibility in water correlated to emulsions comprising compact, spherical droplets. 

Thus, while there is working knowledge for the growth mechanisms of polymer 

thin-film deposition by emulsion-based, RIR-MAPLE, design rules for emulsion 

chemistry are largely unknown. The use of emulsion targets eliminates laser absorption 

by the target polymer, resulting in a very gentle deposition technique, but the emulsion 

introduces a level of complexity that other pulsed laser deposition techniques do not 

experience. With better understanding of the emulsion morphology and how that 
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morphology translates into the deposited films, greater control of organic film properties 

could be achieved.  

An emulsion is a subcategory of a colloid, where the particles suspended in a 

liquid are themselves composed of a normally immiscible liquid. Suspended particles 

accumulate charge on their surfaces, forming a double layer boundary with the 

surrounding medium. The electric potential of this interfacial double layer that forms 

due to the surface charges on emulsified particle is referred to as the zeta potential. 

Generally, a higher zeta potential corresponds to suspended particles more readily 

repelling one another in the emulsion, increasing the emulsion stability. Surfactants can 

be also used to further assist in the stability of the system. Increasing concentrations of 

surfactant in a stable emulsion will allow more surface to be coated, decreasing the 

emulsion particle size. However, due to the non-conductive nature of surfactants, this 

must be done with care in order to ensure that the film deposited retains its conductive 

properties.  

 The emulsions utilized for RIR-MAPLE have several components: primary 

solvent, secondary solvent, water, and a surfactant. These emulsions generally utilize 

trichlorobenzene (TCB) as the primary solvent due to its low vapor pressure (allowing 

the frozen emulsion to remain in solid form under vacuum) and poor miscibility in 

water (allowing domains of nonpolar solvent and water to form through the use of a 

surfactant). Phenol is utilized in emulsions as a secondary solvent to further reduce the 
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vapor pressure and to increase the concentration of hydroxyl bonds. In previous work, 

this has been shown to effectively reduce surface roughness in films deposited by RIR-

MAPLE in every condition studied.[47] Additionally, phenol has a high miscibility in 

water, meaning that the phenol exists in the emulsion as an additive to the water. 

Current practice suggests that the inclusion of sodium dodecyl sulfate (SDS), a common 

surfactant, at a concentration of 0.001 %wt. in water, tends to effectively stabilize 

emulsions used in RIR-MAPLE without excessively reducing the conductivity of 

deposited films. While water is generally used as the continuous phase of the emulsion 

matrix to absorb the laser energy resonant with hydroxyl bonds, any solvent with 

hydroxyl bonds could be used. 

The work shown in this dissertation will describe more precise design rules for 

the emulsion chemistry used in RIR-MAPLE polymer thin film deposition, especially in 

the context of promoting a specific crystalline phase or accommodating an emulsion 

chemistry different from oil-in-water emulsions. 

 

1.3 Dissertation Overview 

In Chapter 2, a series of PFO thin films were deposited in order to study the 

various effects of the emulsion on promoting the crystalline phase via RIR-MAPLE. The 

alkyl chains that allow the formation of the crystalline domains of the polymer also lead 

to entanglement in the film during deposition, resulting in the formation of many 
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pinholes. Through a series of experiments involving the preparation of emulsions for 

RIR-MAPLE, pinhole-free β-PFO films were formed. Chapter 3 discusses the effect of 

changing overall emulsion concentrations on the resulting film properties. Emulsions 

were characterized using dynamic light scattering to determine particle size, as well as 

direct observation of frozen emulsions via cryogenic transmission electron microscopy. 

The images shown will describe how emulsion design has a great effect on the 

morphology of an emulsion. In Chapter 4, the effects of surfactant choice and post-

deposition annealing are investigated to determine the impact on PFO thin films and to 

increase the concentration of the crystalline β-PFO phase. The effects of the surfactant 

interaction on the emulsion morphology will be discussed. Chapter 5 describes 

collaborative work that was performed to demonstrate one possible application of PFO 

thin films. Specifically, hybrid nanocomposite thin films of PFO and a two-dimensional 

nanomaterial, deposited by RIR-MAPLE, were demonstrated as a transparent cathode. 

In Chapter 6, for the deposition of PVDF, a new emulsion chemistry based on reversed 

emulsions was developed. The requirement of a new emulsion recipe provided an 

opportunity to confirm design rules developed during the deposition of PFO. Finally, in 

Chapter 7, future work is proposed to build upon the design rules that have been 

identified through this dissertation. 
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Chapter 2 Deposition of pinhole-free β-PFO 

2.1 Overview 

Studying the effect of emulsion parameters on particle size and resulting film 

morphology for β-PFO will help to understand the process-structure-property 

relationship of RIR-MAPLE for the controlled deposition of semi-crystalline polymer 

phase domains. The overall goal of this work is to identify emulsion conditions that 

yield pinhole-free, relatively smooth films in which the general surface morphology 

does not change significantly as the β-PFO content is increased. 

Emulsion-based, RIR-MAPLE is a potential solution for this challenge to the thin 

film deposition of β-PFO because it enables polymer/solvent combinations that are 

difficult to implement in more conventional, solution-based techniques. In the case of 

PFO, RIR-MAPLE prevents oxidation during α-PFO deposition that has been observed 

in UV-MAPLE deposition.[48], [49] Specifically, UV-MAPLE was used to deposit PFO 

with various solvents, and β-PFO was observed in one film using tetrahydrofuran (THF) 

as the solvent matrix. However, oxidation of the PFO was also observed,[48], [49] that is, 

PFO side chains reacted with oxygen causing the formation of a ketone group that leads 

to the emission of green light from PFO.[50], [51] Emulsion-based, RIR-MAPLE protects 

PFO, which is very sensitive to high energy processing due to this easy formation of a 

ketone group. The polymer does not interact with the laser energy directed at the target. 
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Instead, the laser energy is resonantly absorbed by the hydroxyl bond vibrational modes 

present in the water-ice matrix of the target.  

Since poor solvents are required to deposit β-PFO, emulsion-based, RIR-MAPLE 

offers a unique opportunity to deposit PFO films without negatively affecting film 

morphology as the semi-crystalline phase is increased through the use of low vapor 

pressure solvents which are also conditions that are compatible with RIR-MAPLE. 

Therefore, in this work, the emulsion chemistry and RIR-MAPLE growth conditions 

were investigated to determine the growth recipe that would yield a significant 

concentration of β-PFO, while maintaining high-quality films (defined by the absence of 

pinholes). 

 

2.2 Materials Characterization 

Atomic force microscopy (AFM) measurements of root mean squared (RMS) 

surface roughness and film thickness were conducted to determine the surface quality of 

each film using a Digital Instruments Dimension 3100 in tapping mode. A quality factor 

was defined as the RMS surface roughness divided by the film thickness, such that a 

smaller value indicates smoother films. 

Ultraviolet-visible absorbance (UV-Vis) and photoluminescence (PL) 

spectroscopy measurements are sufficient to identify the crystallinity of PFO films [26]. 

In addition to the dominant characteristic peak at 380 nm caused by an increase in 
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conjugation length, UV-Vis absorbance shows a characteristic shoulder at 430 nm when 

β-PFO is present in the film. In the presence of β-PFO, the characteristic PL peak at 428 

nm for α-PFO demonstrates a red-shift to 442nm.[52] Emission from this red-shifted 

peak is far greater than the 428 nm peak, even for low concentrations of β-PFO. The UV-

Vis absorbance spectra of thin films deposited by RIR-MAPLE were measured using the 

Shimadzu UV-3600 UV-Vis-NIR Spectrophotometer to compare the amount of ß-PFO 

present by the relative intensities of the amorphous (α-PFO) and crystalline (β-PFO) 

peaks. PL spectroscopy was performed using Horiba Jobin Yvon LabRam ARAMIS, 

with photo-excitation from a 325 nm HeCd laser.  

The emulsified polymer particles that have been observed in polymer thin films 

deposited by RIR-MAPLE are conducive to measuring particle size through dynamic 

light scattering (DLS). [42] DLS was performed using the Nano Plus HD Particle Sizer, 

which implements an auto-correlation function to relate particle motion to particle 

diameter through the concept of Brownian motion and the Stokes-Einstein relationship. 

Measurements were made in the emulsion phase using glass cuvettes at 25 °C with the 

accumulation time set to 5 sec to avoid measuring a settled emulsion. Measurements of 

this kind can indicate the particle size of an emulsion but have several limiting factors 

that are related to the stability of the emulsion. Taking these into consideration, all DLS 

measurements in this chapter are performed quickly after shaking the cuvette using the 

same recipe to allow for a similar degree of emulsion settling taking place between each 
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measurement. Particle size measurements will assist in the determination of emulsion 

stability while varying parameters of the emulsion for testing in this chapter. A large 

particle size, in the case of these studies, generally indicates that the emulsion was not 

stable and resulted in the emulsion settling during measurement. RIR-MAPLE utilizes 

meta-stable emulsions to reduce the concentration surfactants required, reducing their 

effect on the electrical properties on devices. 

 

2.3 Thin-Film Deposition 

2.3.1 Primary Solvent Selection 

Five different primary solvents were investigated in PFO emulsion target recipes 

for thin film deposition by RIR-MAPLE. The polymer concentration used in the 

emulsions was 5 mg/mL, the target emulsion recipe was 1:0.25:3 (primary 

solvent:phenol:water) by %vol, and the deposition time was set to four hours. Table 2.1 

shows the primary solvent properties and resulting thin film surface morphology after 

deposition by RIR-MAPLE, while Figure 2.1 shows the corresponding AFM images and 

the photoluminescence and UV-Vis absorbance spectra. Cyclopentanone yielded the 

roughest film with large polymer aggregates, while trichlorobenzene yielded the 

smoothest film. Importantly, as demonstrated by PL and UV-Vis absorbance spectra, the 

presence of β-PFO was observed only for dichlorobenzene and trichlorobenzene 

primary solvents.  
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Figure 2.1: AFM images (20 µm x 20 µm with different scales for the image height) (a), 

PL spectra (b), and UV-Vis absorbance spectra (c) of films deposited by emulsion-

based, RIR-MAPLE using different primary solvents in the emulsion target. The red-

shifted β-PFO luminescence peak is indicated by (*), and the β-PFO absorbance peak 

is indicated by (#). 

The fact that no β-PFO was observed in thin films deposited from cyclopentanone is 

interesting because this solvent does yield β-PFO in solution-based deposition.[10], [12] 

However, cyclopentanone does not possess important properties required for the 

primary solvent in RIR-MAPLE target emulsions (i.e., low vapor pressure and low 

solubility-in-water); therefore the deposited films had low film quality. Due to lower 

RMS surface roughness and higher β-PFO content in films deposited using 

trichlorobenzene as the primary solvent, this solvent was selected for all subsequent 

RIR-MAPLE deposition studies in this work. It is also important to note that the  
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Table 2.1: Primary solvent properties for PFO deposition by emulsion-based, RIR-

MAPLE and resulting film surface morphology as measured by AFM (the indicated 

error represents the standard deviation for each measurement determined from three 

AFM images in different locations across the film.) 

Primary Solvent 

Vapor 

Pressure 

(kPa) 

Solubility-

in-Water 

(g/100g) 

Film 

Thickness 

(nm) 

Film 

Roughness 

(nm) 

Quality 

Factor 

Trichlorobenzene 0.038 0.00488 40.3±0.4 15.2±3.7 0.38 

Pseudocumene 0.88 0.0057 261.7±11.8 177.7±25.3 0.68 

Cyclopentanone 1.5 0.9175 151.7±10.6 422±154.6 2.78 

Toluene 2.9 0.053 197.3±32.3 250.4±32.3 1.27 

Dichlorobenzene 0.16 0.0156 21.5±3.3 37.6±8.5 1.75 

 

trichlorobenzene primary solvent did result in the observation of some minor pinholes 

in the film that could be problematic for devices. 

 

2.3.2 Emulsion Temperature 

Trichlorobenzene, used as the primary solvent in the standard RIR-MAPLE 

emulsion, was capable of forming small concentrations of β-PFO. The goal of the work 

presented in this chapter is to promote the β-PFO domains over α-PFO. The most 

fundamental condition is the temperature of the emulsion prior to freezing with liquid 

nitrogen in the MAPLE target cup; to study its effect on PFO crystallinity. PFO solution 

temperature has already been studied in regards to spin coated films.[26] Three 
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emulsion temperatures were studied in order to gain insight into its effect on the 

fabrication of PFO films containing β-PFO. The emulsions were prepared normally and 

then allowed to heat to the appropriate temperature on the hotplate for 20 minutes. The 

temperatures studied were 25 °C, 35 °C, and 45 °C. 

The UV-Vis and PL spectra are shown in Figure 2.2, indicating that both 

emulsions quenched from 35 °C and 45 °C increase the concentration of β-PFO when 

used to fabricate a film using RIR-MAPLE. However, it appears that 35 °C produces the 

most β-PFO, likely due to factors that have been concluded in previous studies. The 

crystallization of PFO relies heavily on the interactions of its side chains which 

eventually cause the backbone of PFO to align, an increased temperature will cause 

these aligned backbones to separate. Whereas, 25 °C is likely too low to allow sufficient 

side chain interactions to occur. Ultimately, 35 °C would be used for all future emulsion 

preparation to produce films with greater concentration of β-PFO domains. 
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Figure 2.2: PL spectra (a), and UV-Vis absorbance spectra (b) of films deposited by 

emulsion-based, RIR-MAPLE using emulsions of differing temperatures prior to 

quenching. The red-shifted β-PFO luminescence peak is indicated by (*), and the β-

PFO absorbance peak is indicated by (#). 

 

2.3.3 Mixing Conditions 

Previous work to promote β-PFO has shown, conclusively, that crystalline 

domains form through self-interactions of the side chains.[53] Therefore, to increase the 

concentration of β-PFO, the length of time for which the RIR-MAPLE emulsion target 

was mixed prior to freezing was increased. Higher polymer concentration has also been 

shown to increase self-interactions, so a polymer concentration of 20 mg/mL was used 

for the emulsion target preparation. As a result of the higher polymer concentration, the 

deposition time was reduced to one hour to compensate for more rapid deposition. Five 

mixing conditions were studied using the standard emulsion ratio from the primary 

solvent study (1:0.25:3 of primary solvent:phenol:water by %vol.). The emulsions were 

mixed for 0, 5, 10, 15, and 20 minutes at 800 RPM on a hotplate set to 35 °C. Each 

emulsion was measured with DLS to determine the emulsified polymer particle size, 
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and deposited films were characterized by AFM and PL. Table 2.2 shows the thin film 

surface morphology after deposition by RIR-MAPLE and the emulsified particle size, 

while Figure 2.3 shows the corresponding AFM images and PL spectra. In general, the 

film surface morphology did not change significantly as the emulsion mixing time 

increased. In contrast, the emulsified particle size and film thickness increased as the 

emulsion mixing time increased. In addition, the content of β-PFO in the deposited films 

increased as the mixing time increased, with the highest content occurring for mixing 

times of 15 and 20 minutes. Unfortunately, the presence of pinholes also increased as the 

emulsion mixing time increased.  
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Figure 2.3: AFM images (20 µm x 20 µm) (a) and PL spectra (b) of films deposited by 

emulsion-based, RIR-MAPLE using different emulsion mixing times. The red-shifted 

β-PFO luminescence peak is indicated by (*). 

Table 2.2: Film surface morphology and emulsion particle sizes for PFO films 

deposited by emulsion-based, RIR-MAPLE with different emulsion mixing times (the 

indicated error represents the standard deviation for each measurement determined 

from three AFM images in different locations across the film.) 

Emulsion 

Mixing Time 
Thickness (nm) 

Roughness 

(nm) 
Quality Factor 

Particle Size 

(nm) 

0 mins 19.5±3.9 18.2±1.2 0.93 1680 

5 mins 6.8±3.1 17.3±4.3 2.5 40000 

10 mins 25.4±9.2 13.9±0.9 0.55 75000 

15 mins 22.7±6.5 19.2±6.8 0.85 100000 

20 mins 53.7±6.6 26.8±5.6 0.5 100000 

 



 

27 

2.3.4 Phenol Concentration 

Because the use of secondary solvents, or additives, have been shown to promote β-PFO 

[19] [54], the concentration of phenol within the target emulsion was investigated to 

determine if the content of crystalline domains in PFO could be increased. Using 

trichlorobenzene as the primary solvent and a polymer concentration of 20 mg/mL, five 

emulsions were prepared and allowed to mix on a hotplate at 35 °C for 20 minutes, each 

containing a different ratio of the secondary solvent phenol. The target emulsion ratio 

used was primary solvent:secondary solvent:water (by % vol.) of 1:x:3, where x 

represents the ratio of the phenol. This phenol concentration was varied such that x = 0, 

0.15, 0.25, 0.35, 0.5. Each emulsion was measured with DLS to determine the emulsified 

polymer particle size, and deposited films were characterized by AFM and PL. Table 2.3 

shows the thin film surface morphology after deposition by RIR-MAPLE and the 

emulsified particle size, while Figure 2.4 shows the corresponding AFM images and PL 

spectra. The film surface properties were comparable for all films, and the emulsified 

particle size seemed to peak around a phenol concentration of 0.25. AFM images 

demonstrated pinholes in all films with the phenol secondary solvent; however, without 

phenol, a contiguous polymer film was not deposited. Increasing the phenol 

concentration within the target emulsion yielded a larger concentration of β-PFO, as 

demonstrated by the PL spectra, which could indicate that phenol concentration beyond 

its solubility-in-water  
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Figure 2.4: AFM images (20 µm x 20 µm) (a) and PL spectra (b) of films deposited by 

emulsion-based, RIR-MAPLE with different concentrations of the secondary solvent, 

phenol. The red-shifted β-PFO luminescence peak is indicated by (*). 

Table 2.3: Film surface morphology and emulsion particle sizes for PFO films 

deposited by emulsion-based, RIR-MAPLE with different phenol concentrations 

(1:x:3, primary solvent : secondary solvent : water) (the indicated error represents the 

standard deviation for each measurement determined from three AFM images in 

different locations across the film.) 

Secondary Solvent Phenol 

Concentration (x) 

Thickness 

(nm) 

Roughness 

(nm) 

Quality 

Factor 

Particle 

Size (nm) 

0 N/A 6.6±1.4 N/A 0 

0.15 31.4±13 24.4±8.6 0.78 10000 

0.25 53.7±6.6 26.8±5.6 0.5 100000 

0.35 38.8±9.4 28.3±17 0.73 40000 

0.5 31±1.3 21.6±13 0.7 2000 
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(0.078 vol% @ 20 °C) caused the secondary solvent to interact more strongly with the 

polymer [55]. 

2.3.5 Substrate Temperature 

For each of the previous studies, the observation of pinholes in the deposited 

films became more frequent with higher concentration of β-PFO. The likely cause of 

these pinholes is the slow evaporation of any primary solvent that reached the substrate, 

coupled with the fast deposition rate of PFO due to the high polymer concentration (20 

mg/mL). The RIR-MAPLE system is equipped with a substrate heater managed by a 

Eurotherm system, allowing for precise control over the temperature of the substrate. 

Therefore, the substrate growth temperature was varied to determine if the additional 

thermal energy could help eliminate the observed pinholes: passive (or no substrate 

heating, ~ 10 °C), 25 °C, 50 °C, and 100 °C growth temperatures were investigated. 

Figure 2.5 shows the corresponding AFM images and PL spectra. The width and depth 
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Figure 2.5: AFM images (20 µm x 20 µm) (a) and PL spectra (b) of films deposited by 

emulsion-based, RIR-MAPLE with different substrate growth temperatures. The red-

shifted β-PFO is indicated by (*). 

of the observed pinholes decreased as the substrate growth temperature increased due 

to more rapid evaporation of the trichlorobenzene primary solvent that reached the 

substrate via entanglement with the polymer. Table 2.4 shows that a substrate growth 

temperature of 50 °C yielded the lowest quality factor, indicating the smoothest film. 

However, the elevated substrate growth temperatures also decreased the concentration 

of β-PFO in the films. β-PFO was completely removed from the film for a substrate 

growth temperature of 100 °C. 
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Table 2.4: Film surface morphology for PFO films deposited by emulsion-based, RIR-

MAPLE with various heating conditions for the substrate through deposition (the 

indicated error represents the standard deviation for each measurement determined 

from three AFM images in different locations across the film.) 

Condition Thickness (nm) Roughness (nm) Quality Factor 

Passive (Uncontrolled) 53.7±6.6 26.8±5.6 0.5 

25 °C 40.8±10.4 17.3±6.3 0.42 

50 °C 75.5±10.9 18.7±2.9 0.25 

100 °C 35.0±8.7 20.5±4.2 0.59 

 

2.3.6 Deposition Rate Reduction 

A severe reduction in pinhole formation is required for these films to become 

device-worthy. The deposition rate must be reduced in order to produce pin-hole free 

films. Being a vacuum-based process, it was hypothesized that solvent became trapped 

in the film and slowing the transfer of PFO to the substrate will reduce the possibility of 

solvent becoming entangled in the film, allowing time for it to evaporate prior to further 

PFO transfer. Using the same emulsion design principles discussed above, a 5mg/mL 

emulsion was produced at 1:0.25:3. The deposition time for this emulsion was 4 hours, 

increasing by an order of 4 to account for the reduction in PFO concentration in the 

emulsion. This film yielded the highest quality film; while the pin-hole size and 

concentration was greatly reduced they still appeared in the film, seen in Figure 2.6 with 

accompanying photoluminescence spectrum The next chapter will  
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Figure 2.6: PL spectrum (a) and AFM micrograph (b) of the film produced from a 

reduction in PFO concentration using the emulsion design parameters identified in 

this chapter. 

discuss how pinholes were removed from the film entirely. The film yielded a thickness 

of 110.1 nm and a roughness value of 16nm resulting in a quality factor of 0.15. 

 

2.4 Conclusions 

Through the use of emulsion-based, RIR-MAPLE, numerous films were 

deposited in order to explore the impact of emulsion conditions on the emulsified 

polymer particle size, film surface morphology, and β-PFO content, with the overall goal 

of identifying an emulsion condition in which β-PFO semi-crystalline phase domains 

can be deposited without the introduction of pinholes. Ultimately, β-PFO content was 

increased in a nearly pinhole-free film by: i) using trichlorobenzene as the primary 

solvent, which is a poor solvent of PFO and enables the semi-crystalline phase domains 

to form; ii) using a lower PFO concentration , which reduces the deposition rate and 

permits the primary solvent within the particle to evaporate in vacuum during 
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deposition such that the primary solvent is not trapped within the film and cannot lead 

to subsequent pinholes; iii) setting the concentration of phenol in water to ~ 0.083 g/mL, 

which is the solubility-in-water of phenol (corresponding to an emulsion recipe of 

x:0.25:3 primary solvent:phenol:water) and using an emulsion mixing time of 20 min, 

which both stabilize the emulsion; and iv) depositing the film at a substrate temperature 

of 50 °C, which eliminates pinholes while still allowing the formation of β-PFO. 

Following these emulsion design principles, an emulsion was used to deposit a 

generally pinhole-free film containing β-PFO. 

The deposition of generally pinhole-free thin films containing β-PFO by 

emulsion-based, RIR-MAPLE is an important result because it could enable a direct 

investigation of the impact of this crystalline phase on the performance of PFO-based 

LEDs. Such studies have been difficult to accomplish using spin-casting because of the 

degradation in surface quality (i.e., presence of pinholes) that occurs when poor solvents 

or additives are used to promote β-PFO. [19] [22] In addition, in solution-based 

deposition of these films, as the β-PFO content increases, the film quality decreases. In 

contrast, this study has demonstrated that the films remain pinhole free as the content of 

β-PFO increases, as indicated in the AFM images and PL spectra of Figure 2.6.  

This work shows an importance to fully remove pinholes from PFO films 

deposited with RIR-MAPLE. Since it is clear that the solvent becomes entangled in the 

film during deposition, indicated by the removal of pinholes as the substrate heating is 
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increased, the next chapter focuses on a pair of emulsions that are designed to prevent 

solvent entanglement.  
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Chapter 3 Morphology of Complex Emulsions 

3.1 Overview 

In the previous chapter, several design rules were articulated to deposit small 

concentrations of β-PFO without sacrificing film quality due to entangled solvent. These 

design rules included several emulsion preparation protocols to induce crystalline 

domains into the emulsion, such as heating and mixing the emulsion prior to freezing in 

the target cup, appropriate solvent concentrations, and the heating of the substrate 

during deposition to allow for quick solvent evaporation, thereby reducing 

entanglement in the film and eliminating voids (or pinholes). 

It is hypothesized that the emulsion morphology holds a high level of correlation 

with the resulting film morphology when utilizing emulsion-based, RIR-MAPLE. 

Simulations performed using dissipative particle dynamics show a strong correlation 

with the formation of spherical particles within an emulsion and low film roughness as 

measured in atomic force microscopy (AFM).[42] Therefore, in this chapter, this 

hypothesis will be studied further by the investigation of two emulsion recipes that 

reduce the PFO concentration in order to prevent solvent entanglement, and thereby 

avoid pin-holes in deposited films. Both emulsion recipes used a PFO concentration in 

the total emulsion that is half of the standard 5 mg/mL. However, in each case, the 

halved concentration was achieved in a different way: one directly decreased PFO 

concentration (low-water content), and the other increased concentration of the water 
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and surfactant components (high-water content). These emulsions were characterized by 

DLS, and thin films were deposited from these emulsion targets using RIR-MAPLE for 

characterization by AFM, PL spectroscopy, and scanning electron microscopy. In 

addition, cryogenic transmission electron microscopy (cryo-TEM) was used to image the 

emulsions under conditions most similar to the target used during RIR-MAPLE 

deposition. 

  

3.2 Emulsion and Film Characterization 

In order to promote spherical particles that yield smooth films with high quality 

[42], the polymer concentration was lowered to 5 mg/mL in 6mL of water (high-water 

content) or 2.5 mg/mL in 3mL of water (low-water content) and a third condition, 5 

mg/mL also in 6 mL of water but at the original phenol concentration,, resulting in an 

emulsion ratio of 1:0.25:6. All of these films were compared to a baseline film from 

Chapter 2: 5 mg/mL, 1:0.25:3. The reduction in polymer concentration decreases the 

deposition rate by diluting the overall polymer concentration, thereby enabling the 

primary solvent (TCB) to evaporate from the substrate or film surface prior to deposition 

of additional material, which helps to eliminate pinholes. Due to the slow deposition 

rate, the deposition time was increased to six hours to achieve the desired film thickness. 

The substrate growth temperature was set to 50 °C to try to balance the trade-off 

between β-PFO content and the presence of pinholes as discussed in Chapter 2.  
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Figure 3.1: (a) AFM images (20 µm x 20 µm) and (b) PL spectra of films deposited by 

emulsion-based, RIR-MAPLE using different emulsion ratios of the primary solvent, 

secondary solvent, and water matrix. The red-shifted β-PFO is indicated by (*). 

Figure 3.1a shows the measured AFM images. The left-most image, the 5 mg/mL, 

1:0.25:3 emulsion recipe (baseline from Chapter 2) shows pinholes in the film due to 

trapped solvent, consistent with the fact that it was deposited at a rate approximately 

four times faster than the remaining three films. AFM images shown in Figure 3.1a also 

indicate that maintaining the phenol concentration at its solubility level in water 

(x:0.25:3), in terms of the emulsion recipe ratio, resulted in films free of undissolved 

polymer, as seen in the thin films fabricated from 5mg/mL, 1:0.25:3 and 2.5 mg/mL, 

1:0.5:6. The 5mg/mL, 1:0.25:6 growth condition shows numerous small defects which 

result from undissolved polymer in an unstable emulsion.  
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Table 3.1 shows the thin film surface morphology after deposition by RIR-

MAPLE with different polymer concentrations and emulsion ratios, as well as the 

emulsified particle sizes measured by DLS. The most obvious trend is that the particle 

size decreased by two orders of magnitude for the high-water content emulsions. Most 

likely, this reduction in particle size is related to the overall surfactant concentration in 

the emulsions. The surfactant concentration in water was held constant at 0.001 %wt. for 

the low- and high-water content emulsions; however, the total amount of surfactant in 

the emulsion, with respect to the polymer concentration, increased for the high-water 

content emulsion such that there was greater likelihood of forming smaller, spherical 

particles. Figure 3.1b also indicates that β-PFO is present in all 4 films at fairly low 

concentrations as the spectrum shows the α-PFO beside the red-shifted ß-PFO peak (*). 

Table 3.1: Film surface morphology and emulsion particle sizes for PFO films 

deposited by emulsion-based, RIR-MAPLE with various polymer concentrations and 

emulsion ratios (the indicated error represents the standard deviation for each 

measurement determined from three AFM images in different locations across the 

film). 

Condition Thickness (nm) 
Roughness 

(nm) 
Quality Factor 

Particle Size 

(nm) 

5 mg/mL 

1:0.25:3 
110.1±13.5 16±0.57 0.15 10,000 

2.5 mg/mL 

1:0.25:3 
26.8±3.9 13.6±4.6 0.51 40,000 

5 mg/mL 

1:0.25:6 
16.1±1.6 8.0±0.93 0.50 600 

5 mg/mL 

1:0.5:6 
26.6±1.9 9.6±3.3 0.36 500 
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Cryo-TEM is able to give a far more representative image of the emulsion 

conditions during RIR-MAPLE deposition because it can be frozen and imaged in a time 

frame comparable to film deposition. Once cryogenically frozen, the emulsion cannot 

aggregate which leads to problems with many emulsions when measured using DLS, 

due to settling in the room temperature emulsion. Therefore, two emulsion ratios of 

interest were investigated further using cryo-TEM. The high-water content (5 mg/mL, 

1:0.5:6) and low-water content (2.5 mg/mL, 1:0.25:3) emulsions yielded very similar film 

surface properties, yet the particle sizes measured by DLS different by two orders of 

magnitude, with the low-water content recipe having much larger particles. Being that 

the particle size is thought to directly correlate to the film surface roughness; these 

emulsions warranted further investigation by cryo-TEM to determine the emulsion 

morphology under growth conditions. 

 Through the use of the vitrification robot, FEI Mark III, emulsions of the two 

recipes were flash frozen onto Lasie TEM grids. The vitrobot automates most of the 

procedure required to vitrify samples for cryo-TEM while maintaining a 100% humidity 

environment in the interior. The environment created by the instrument prevents the 

evaporation of water within the emulsion before the sample has been vitrified. The final 

process required 2 μL of emulsion to be deposited on the grid with a micropipette. The 

vitrobot was set to a blot time of 3 seconds, and subsequently plunged the grid and 

emulsion into frozen ethane. The grids were transferred into grid carriers and 
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maintained cryogenic temperatures throughout the experiment by storing the grids in a 

liquid nitrogen dewar. The TEM used for this experiment was a FEI Tecnai G2 Twin 

with a cryogenic sample holder manufactured by Gatan. For these images, the cryo-

holder was cooled until stable below -180 C. Then, the frozen grid and sample ring were 

transferred into the holder, which was closed to avoid contamination by extraneous 

water vapor. The holder was transferred into the TEM, and the system was given 30 

minutes to an hour to equilibrate before images were taken. Final images were taken at 

200 kV with the intensity set to give an exposure time of roughly 7 seconds at low 

magnification.  

Two images are compared at the same magnification in Figure 3.2, showing a 

clear and distinct difference in the formation of the emulsified particles within the 

emulsions. It appears that the difference in the emulsion recipe allows for particle of 

approximately the same size but the particles appear to form giant networks linking 

themselves together in the low-water content emulsion (Figure 3.2b) as opposed to the 

high-water content emulsion (Figure 3.2a), where the particles appear to remain 

separated. This is likely related to the zeta potential of each emulsion being different. 

The zeta potential is a repulsive force between particles in a colloid or emulsion, whose 

magnitude gives an indication as to how strong these forces are. The second emulsion 

appears to have a weak zeta potential, allowing the particles to coalesce. This result 

allows for greater understanding of the particle size measurements from DLS in which 
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Figure 3.2: (a) TEM image performed on the emulsion recipe 1:0.5:6 with 5 mg/mL PFO 

in TCB. (b) TEM image of another emulsion at the same magnification performed on 

the 1:0.25:3 emulsion containing 2.5 mg/mL PFO in TCB showing greater networking 

between particles than the other emulsion recipe. Overlaid circles indicate roughly 

the same particle size despite larger degree of networking. 

the particle size for the low-water content emulsion was 40,000 nm, though this value 

did not have logical consistency with other measurements. The network of particles that 

have formed explains this observation. 

 

3.3 LED Device Fabrication and Characterization 

 Fabrication of PFO-based devices requires several sequential process steps, 

deposited on ITO-coated glass substrates (Xin Yan Technology). After cleaning of the 

substrates with acetone, isopropanol, and a minute of oxygen plasma, PEDOT:PSS 

(Clevious PVP AI 4083) was spin coated to form a 100 nm layer. The contacts were then 

cleared manually with water prior to baking to drive off additional solvent at 110 °C for 
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Figure 3.3: Energy diagram of a PFO based blue PLED with a cathode comprised of 

LiF/AL. 

10 minutes. Now, PFO is deposited using RIR-MAPLE at a thickness of approximately 

50 nm. Following the MAPLE deposition, the substrate is transferred into an Angstrom 

evaporator for the fabrication of the contacts. It is here that LiF at a thickness of 1nm and 

aluminum at a thickness of 120nm are deposited. The LiF is used to lower the work 

function of the lithium through alloying, improving the characteristics of PFO-based 

LEDs.[56] 

The results in Figure 3.4 show that the 5mg/mL PFO in an emulsion ratio of 

1:0.5:6 (high-water) formed poor films for LEDs. While the high-water devices were 
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capable of emitting light characteristic of PFO as shown in Figure 3.4a and inset, these 

devices behaved as a resistor, indicating that there was rate of recombination in the 

device. This is a result of the highly segregated emulsified particles present in the frozen 

emulsion which is then transferred to the device during RIR-MAPLE. Contrasting this 

device, the low-water device in Figure 3.4 band its J-V characteristics in Figure 3.5 show 

typical performance for a PFO device, with a strong EL peak at the characteristic 

wavelength for β-PFO (*) and behaves as a diode. This indicates that, while two 

emulsions may appear to yield similar films, the devices may behave radically different. 

The differences in device performance are altered by emulsion morphology. 
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Figure 3.4: Electroluminescence from the two emulsions: (a) 5mg/mL in 1:0.5:6 and (b) 

2.5 mg/mL in 1:0.25:3. Insets of (a) and (b) show images indicating a drastic difference 

in brightness for (b). (*) indicates the location of the β-PFO peak. 
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Figure 3.5: Current density vs voltage characteristics of devices fabricated from the 

two emulsions, 5mg/mL in 1:0.5:6 and 2.5 mg/mL in 1:0.25:3J-V characteristics show 

that the 5mg/mL in 1:0.5:6 device behaved as a resistor while 2.5 mg/mL in 1:0.25:3 

exhibited typical diode characteristics. 

 

3.4 Conclusions 

Cryo-TEM images were successfully acquired for emulsions used in RIR-

MAPLE. Two different emulsions, high-water content and low-water content, were 

seemingly very similar from film surface properties, yet they yielded vast differences in 

emulsion morphology, as measured by both DLS and cryo-TEM images. The films were 

used in the fabrication of LED devices in order to compare their performance on a more 
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practical level. The LEDs were compared through electroluminescence spectroscopy and 

current density vs. voltage measurements. These results indicated that a high degree of 

networking in the emulsified state yielded a better performing diode. The information 

gathered in this chapter adds a new design consideration when preparing emulsions for 

RIR-MAPLE: emulsion ratios should be tuned to allow for a degree of networking 

between polymer particles by reducing the concentration of water in the overall 

emulsion. In addition, using the cryo-TEM technique enables imaging of emulsion 

recipes to gain better understanding the effect on device performance. 

The successful fabrication of devices utilizing PFO active regions now provides 

an avenue for the study of design rules for the promotion of crystalline domains for use 

in LEDs. As a result, the next chapter will focus on a study of surfactant interactions in 

emulsions that lead to the formation of β-PFO and processing conditions that allow for 

the fabrication of LEDs with higher concentrations of β-PFO.
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Chapter 4 The Role of Surfactants and Annealing  

4.1 Overview 

Emulsion-based, RIR-MAPLE relies on a surfactant to blend the non-polar and 

polar components of the matrix into a metastable mixture long enough for it to be frozen 

prior to film deposition. Sodium dodecyl sulfate (SDS) was selected early in the history 

of emulsion-based, RIR-MAPLE and a concentration was determined that allowed for 

the emulsion to remain stable while also remaining undetectable in X-ray diffraction 

scans.[57] Other surfactant selections may yield more optimal results for the deposition 

of β-PFO, as is indicated in a mixture of PFO and chloroform with the addition of a 

phospholipid. The phospholipid interacted with the PFO side chains in such a way that 

allowed β-PFO to form in a solvent that typically yields a pristine α-PFO film.[58] It will 

be important to understand how the surfactant interacts with PFO in the emulsion state 

to promote the deposition of β-PFO. 

To study the interactions of PFO with surfactants in the context of emulsions 

targets for RIR-MAPLE, several surfactants were selected due to their structure. The 

conclusions made about surfactant interactions will lead to design rules for the 

fabrication of PFO thin films with higher concentrations of β-PFO than presented in 

chapter 2. These films would ultimately be utilized in the fabrication of LEDs leading to 

concerns about annealing conditions of PFO and reduction of crystallinity, so an 

annealing study was also performed. 
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4.1.1 Surfactant Selection for PFO 

A full study will investigate the effects of multiple hydrophobic surfactant tails 

(as in the phospholipids) and hydrophobic aromatic rings. Long, hydrophobic carbon 

tails, such as the single tail in SDS (which serves as the reference surfactant in this 

study), have the potential to interact with PFO alkyl chain in the same a manner that 

induces β-PFO in PFO-PFO interactions. Fortunately, sodium dodecyl sulfate was the 

historical surfactant used in RIR-MAPLE and may have assisted in the formation of beta 

phase in many initial films. Didodecyldimethylammonium bromide (DDMABr) and 

tridodecylmethylammonium iodide (TDMAI) are surfactants comprising two or three 

hydrophobic carbon tails, respectively. Figures of the surfactants (SDS), DDMABr, and 

TDMAI are shown as Figure 4.1a, b, and c, respectively. 

Alternatively, hydrophobic aromatic rings could assist in the formation of β-PFO 

by promoting alignment of the monomer backbones with the surfactant via the aromatic 

rings, which has been described through a study of solvents with aromatic rings.[59] 

Figure 4.1d contains an image of the surfactant sodium benzylfulfonate (SBS), the 

surfactant selected with an aromatic ring that most closely resembles our control, SDS. 

To complete the study, the addition of such a surfactant containing both a hydrophobic 

carbon tail and an aromatic ring was included in the study. This surfactant, sodium 

dodecylbenzenesulfate (SDBS), is included as Figure 4.1e. 
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Figure 4.1: Chemical structure of each of the surfactants utilized in emulsions: (a) 

sodium dodecylsulfate (SDS), (b) didodecyldimethylammonium bromide (DDMABr), 

(c) tridodecylmethylammonium iodide (TDMAI), (d) sodium benzylsulfate (SBS), and 

(e) sodium dodecylbenzenesulfate (SDBS). 

 

4.1.2 Annealing Considerations in PFO 

In addition to these surfactant studies, another approach explored to increase the 

concentration of β-PFO in thin films was post-deposition annealing. Annealing was 

investigated due to the practical concern that the top LED electrode (LiF/Al) must be 

annealed in order to achieve good electrical contact. Because the glass transition 

temperature of PFO is comparable to typical annealing temperatures used for electrodes, 

β-PFO concentrations achieved by RIR-MAPLE deposition could become amorphous if 

the post-deposition annealing recipe is too aggressive, as has been observed for spin-

coated films.[26] If β-PFO domains are lost due to annealing, then any potential increase 

in β-PFO concentration would be irrelevant. Therefore, PFO thin-films deposited using 

the low-water recipe were subjected to post-deposition annealing with temperatures 

ranging from 75 °C (minimum electrode annealing temperature) to 105 °C (> PFO glass 
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transition temperature) in 10 degree increments. Annealing was performed for 10 

minutes on a hotplate in a nitrogen environment.  

 

4.2 Surfactant Effect on Film Morphology 

Figure 4.2(a) shows the AFM images (20 µm x 20 µm) of PFO thin films 

deposited by RIR-MAPLE using the five different surfactants under investigation. In 

general, the AFM images are typical of polymer thin films deposited by RIR-MAPLE. 

That is, circular features are observed that correspond to emulsified polymer particles 

impinging on the surface in droplets. These droplets are released and transferred by 

sublimation of the water-ice matrix in the emulsion. The corresponding surface 

morphology characteristics (film thickness, RMS surface roughness, and quality factor) 

are summarized in Table 4.1. As shown in Table 4.1, as the number of hydrophobic 

carbon tails on the surfactant molecule increases from one to three (SDS to DDMABr to 

TDMAI, respectively), the film thickness decreases. However, the RMS surface 

roughness does not exhibit any strong trend with the number of carbon tails, and films 

deposited using DDMABr (with two carbon tails) exhibit the largest surface roughness 

among surfactants without an aromatic ring. As a result, the quality factor increases as 

the number of carbon tails increases, and SDS has the lowest quality factor, indicating 

the standard RIR-MAPLE emulsion target surfactant yields the smoothest films. For 

surfactant molecules containing an aromatic ring (SBS and SDBS), the film thickness for 
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SBS (with only an aromatic ring) is comparable to that for SDS, while SDBS (with an 

aromatic ring and a carbon tail) yields a much thinner film. However, both surfactants 

with an aromatic ring yield much larger RMS surface roughness values, leading to 

quality factors that are large, indicating rough films overall.  

The PL and UV-Vis absorbance spectra for PFO thin films deposited by RIR-

MAPLE using the different surfactants are shown in Figures 5 (b) and (c), respectively. 

The PL spectra are normalized to the characteristic peak for β-PFO (denoted by *) in 

order to observe how efficiently photoexcited excitons are transferred to the crystalline 

phase with a lower energetic band gap. As seen in Figure 5(a), the characteristic peak for 

amorphous PFO (~428nm) is quenched as the peak for β-PFO becomes dominant for 

each surfactant. The PL spectra provide evidence that β-PFO is present in the film, 

without quantifying the amount; yet, it is clear that the amorphous PFO peak is 

quenched most for the SBS surfactant with one aromatic ring. The UV-Vis absorbance 

spectra are normalized to the characteristic peak for amorphous PFO. In this case, the 

characteristic peak for β-PFO (denoted by #) can quantify the concentration of the 

crystalline polymer phase present in the thin film. In the case of SBS, the β-PFO 

absorbance peak has the largest intensity; however, the peak absorbance wavelength is 

slightly red-shifted compared to the other films. In any case, the percentage of β-PFO 

present in the films deposited using each surfactant is shown in Table 4.1. The standard  
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Figure 4.2: (a)AFM images, (b) PL spectra normalized to the β-PFO peak, and (c) UV-

Vis absorbance spectra normalized to the amorphous PFO peak obtained from PFO 

thin films deposited by RIR-MAPLE from emulsions using different surfactants (* 

and # indicate the characteristics peaks for β-PFO in PL and UV-Vis absorbance 

spectra, respectively). 

surfactant, SDS, yields β-PFO content of 9 %, which is comparable to previous work. 

While there is no obvious trend in β-PFO content with the molecular structure of the 

surfactant, content > 10 % is achieved for DDMABr, SBS (with some possible 

contribution from γ-phase PFO), and SDBS. Thus, greater β-PFO content can be 

achieved in PFO thin films deposited by RIR-MAPLE using surfactants with more than 

one carbon tail or an aromatic ring. It is important to note that the films comprising 

greater β-PFO concentration are also characterized by larger RMS surface roughness and 

higher quality factors. In fact, SDBS yields a quality factor > 1, which means that the  
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Table 4.1: Surface morphology of PFO thin films deposited by emulsion-based, RIR-

MAPLE using different surfactants (the indicated error represents the standard 

deviation determined from three AFM images in different locations across the film). 

Surfactant 

Film Thickness, T 

(nm) 

RMS Surface 

Roughness, R (nm) 

Quality Factor, 

R/T 

Β-PFO, % 

SDS 48.8±6.8 16.4±3.5 0.33 9% 

DDMABr 43.4±11.9 27.6±5.2 0.64 14% 

TDMAI 13.1±1.4 12.2±2.5 0.93 7% 

SBS 48.3±8.3 36.7±4.9 0.76 18% 

SDBS 29.4±6.5 44.3±10.7 1.50 11% 

 

measured RMS surface roughness exceeds the film thickness. For this reason, the film 

quality of SDBS is not viable for device fabrication. 

 

4.3 Annealing Effect on Film Morphology 

Figure 4(a) shows the AFM images (20 µm x 20 µm) of PFO thin films deposited 

by RIR-MAPLE using the standard SDS surfactant and subjected to different post-

deposition annealing temperatures. The corresponding surface morphology 

characteristics are summarized in Table 4.2. While the film thickness for each of these 

films is ~ 48.8 nm, the RMS surface roughness tends to decrease as the annealing 

temperature increases to 95 °C, beyond which the surface roughness increases at an 

annealing temperature of 105 °C. As a result, the quality factor also tends to decrease as 
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the annealing temperature increases to 95 °C, which yields the lowest value of 0.22. The 

PL and UV-Vis absorbance spectra for PFO thin films deposited by RIR-MAPLE using 

the standard surfactant, SDS, and different annealing temperatures are shown in Figure 

4.3(b) and (c), respectively. The PL spectra are normalized to the characteristic peak for 

β-PFO (denoted by *). As the annealing temperature is increased, the amorphous PFO 

peak at 428 nm is quenched. In addition, as seen in the UV-Vis absorbance spectra 

(normalized to the characteristic peak for amorphous PFO), the characteristic peak for β-

PFO (denoted by #) increases in intensity with increasing annealing temperature. The 

corresponding increase in β-PFO concentration with post-deposition annealing 

temperature is shown in Table 4.2. However, at 105 °C, the characteristic absorbance 

peak for β-PFO is not observed. Instead, a slightly relaxed crystalline phase identified as 

γ is observed in the UV-Vis absorbance spectrum with a shoulder between α-PFO (380 

nm) and β-PFO (430 nm), at approximately 390 nm.[24], [25] This transition to γ-PFO 

also contributed to the observed increase in RMS surface roughness for post-deposition 

annealing at 105 °C. Nonetheless, increasing the post-deposition annealing temperature 

to 95 °C yielded a β-PFO concentration as high as 21%, which represents an order of 

magnitude increase compared to the film deposited using SDS without post-deposition 

annealing (9 %). Thus, for the SDS surfactant, using post-deposition annealing at 95 °C 

simultaneously reduced the RMS surface roughness of the deposited films and increased 

the β-PFO concentration significantly. 
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Figure 4.3: (a)AFM images, (b) PL spectra, and (c) UV-Vis absorbance spectra obtained 

from PFO thin films deposited by RIR-MAPLE using SDS and different post-

deposition annealing temperatures (* and # indicate the characteristics peaks for β-

PFO in PL and UV-Vis absorbance spectra, respectively). 

Table 4.2: Surface morphology of PFO thin films deposited by emulsion-based, RIR-MAPLE 

using SDS and different post-deposition annealing temperatures (the indicated error 

represents the standard deviation determined from three AFM images in different locations 

across the film). 

Anneal 

Film Thickness, T 

(nm) 

RMS Surface 

Roughness, R (nm) 

Quality Factor, R/T β-PFO, % 

No Anneal 48.8±6.8 16.4±3.5 0.34 9% 

75°C 48.8±6.8 11.5±0.24 0.23 14% 

85°C 48.8±6.8 13.6±2.8 0.28 15% 

95°C 48.8±6.8 10.6±0.89 0.22 21% 

105°C 48.8±6.8 16.3±6.82 0.33 N/A 
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4.4 Combined Effects of Surfactant and Annealing 

Figure 4.4(a) shows the AFM images (20 µm x 20 µm) of PFO thin films 

deposited by RIR-MAPLE using three selected surfactants and subjected to a 95 °C post-

deposition anneal in each case. The corresponding surface morphology characteristics 

are summarized in Table 4.3. Universally, the RMS surface roughness decreases with the 

application of a post-deposition anneal, decreasing the quality factor in all cases. 

Additionally, Figure 4.4(b) and (c) show an increase in β-PFO concentration in PL and 

UV-Vis absorbance spectra, respectively (indicated by * and #). ß-PFO concentrations are 

recorded in Table 4.3, which shows that crystalline domains increase in all cases with the 

application of a post-deposition anneal at 95 °C. 
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Figure 4.4: (a) AFM images of PFO thin films deposited by RIR-MAPLE from 

emulsions using surfactants that yield highest β-PFO content. (b) PL spectra and (c) 

UV-Vis absorbance spectra obtained from PFO thin films deposited using the same 

surfactants, with and without post-deposition annealing at 95 °C (* and # indicate the 

characteristic peaks for β-PFO in PL and UV-Vis absorbance spectra, respectively). (d-

f) UV-Vis absorbance spectra (with and without post-deposition annealing at 95 °C), 

shown in the vicinity of the β-PFO peak, for films deposited by RIR-MAPLE using 

SDS, DDMABr, and SBS, respectively. 

The films deposited with SDS (Figure 6d) and DDMABR (Figure 6e) surfactants 

each yielded an increase in β-PFO concentration to 21% following the post-deposition 

anneal, as determined by UV-Vis absorbance spectroscopy. This may indicate that some 

limit exists for the maximum concentration achievable with this particular emulsion  
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Table 4.3: Surface morphology of PFO thin films deposited by emulsion-based, RIR-

MAPLE using surfactants to increase β-PFO and a post-deposition annealing 

temperature of 95 °C (the indicated error represents the standard deviation 

determined from three AFM images in different locations across the film). 

Surfactant 

Film Thickness, 

T (nm) 

RMS Surface 

Roughness, R (nm) 

Quality Factor, 

R/T 

β-PFO, % 

SDS (Control) 48.8±6.8 16.4±3.5 0.33 9% 

SDS (annealed) 48.8±6.8 10.6±0.9 0.22 21% 

DDMABr 43.4±11.9 27.6±5.2 0.64 14% 

DDMABr (annealed) 43.4±11.9 12.5±1.8 0.29 21% 

SBS 48.3±8.3 36.7±4.9 0.76 16% 

SBS (annealed) 48.3±8.3 14.8±2.2 0.45 18% 

 

morphology. In solution-based films, a limit of 42% exists, but the films are unconfined 

geometrically in two dimensions, allowing for β-PFO domains to form fairly 

unrestricted. However, the morphology of the emulsion defines a polymer particle 

confined in three dimensions, thereby limiting the free space where β-PFO can form. 

Additionally, the film deposited with DDMABr shows a more abrupt transition from β-

PFO to the characteristic peak of PFO, indicating that the SDS film is absorbing more 

photons in the region between characteristic peaks of α and β phases. These peaks 

suggest the presence of small concentrations of γ-PFO, leading to the conclusion that 

DDMABr is better in assisting in the complete transition to β-PFO due to having more 

hydrophobic tails. 
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The film deposited with the surfactant SBS did not show the same increase in β-

PFO concentration as measured by UV-Vis absorbance spectroscopy: as shown in Figure 

6(f), the film resulted in a 2% increase in β-PFO. This film also shows a blue-shift back to 

the original location of the β-PFO shoulder following the post-deposition anneal. The 

shifted peaks of the SBS film indicate that the SBS surfactant is disrupting the usual 

formation of PFO in RIR-MAPLE emulsions. UV-Vis absorbance and calculated β-PFO 

concentration also show that the β-PFO domains form readily during deposition but not 

much β-PFO domain growth occurs during annealing. The lack of growth indicates that 

the β-PFO crystals may not be forming within polymer particles but instead may be 

forming outside of well-ordered polymer particles as undissolved polymer, disallowing 

the growth of β-PFO domains that would otherwise take place throughout the polymer 

particle.  

 

4.5 Conclusions 

Through the use of various surfactants and an annealing step, it was possible to 

increase β-PFO concentration in emulsion-based, RIR-MAPLE films beyond that 

achieved previously. This work indicates that the surfactant selection has a large impact 

on the as-deposited concentration of β-PFO, while the annealing step of 95 °C is able to 

further increase concentrations of β-PFO to a maximum of 21%, limited by the geometry 
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of polymer globules that are deposited from polymer particles that are frozen into the 

MAPLE target. A surfactant consisting of carbon tails appears to be the most compatible 

with this process, while a surfactant with aromatic rings is capable of fabricating films 

with β-PFO; these crystalline domains are likely unincorporated into the polymer 

particles, potentially resulting in poor device performance. 

Surfactants play a large role in the formation of emulsions for the fabrication of 

PFO thin films with high concentrations of β-PFO. New design rules regarding 

surfactant selection must be considered. The two surfactant tails of DDMABr interact 

with PFO in a manner that produces β-PFO without the formation of γ-PFO seen in SDS 

films. SBS, lacking hydrophobic tails, disrupted the typical emulsion morphology 

resulting in poor film quality. Further work will be required to determine which films 

produce devices with highest luminance. 
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Chapter 5 PFO/MXene Hybrid Nanocomposites 

5.1 Overview 

Composite films offer a great advantage to improve material properties that can 

lead to increased device performance through the combination of material properties. 

Depositing very thin composite films using traditional solution processing approaches is 

a challenge due to differences in material solubility.[60] As a result, composite materials 

are often not compatible with traditional solution processing techniques,[60] inspiring 

the need to develop novel approaches to deposit composite films. Utilizing RIR-

MAPLE’s unique ability to simultaneously deposit a polymer through the emulsion-

based approach and a nanomaterial, a PFO/ Ti3C2Tx 2D nanosheet electrode was 

fabricated and tested. Design rules studied in this dissertation can be effectively applied 

to the polymer portion of the cryogenically frozen target while allowing the dispersion 

chemistry of the nanoparticle to remain isolated. The pulsed laser will sequentially 

ablate different materials due to the rotation of the target and raster pattern of the laser, 

allowing the materials to be deposited by alternating laser plumes such that they mix on 

the nanoscale in the deposited thin film. 

The PFO system described in previous chapters was used as a host polymer for 

the formation of an electrode through the incorporation of Ti3C2Tx 2D nanosheets (or 

MXene) as a charge collector. This study was performed in collaboration with Dr. Jeff 

Glass and Alec Ajnsztajn , who characterized the material post-deposition.[61] 
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5.2 PFO/MXene Hybrid Nanocomposite Electrode 

Supercapacitor electrode materials are one application that can benefit from 

being deposited as a thin composite film because it allows for the creation of films that 

combine energy and power dense storage with other properties, such as high optical 

transmittance and/or flexibility.[60] Composite films are an ideal choice for transparent 

energy storage because it enables multi-functional films with both a capacitive material 

and a transparent conductive material. While composite materials have been shown to 

help increase the capacitive behavior and transparency of supercapacitor electrodes, the 

film properties are limited by solution processing deposition techniques.[60], [62] 

Specifically, there are restrictions on the materials that can be combined, it can be 

difficult to deposit homogenous films, and control over material composition is 

diminished. Thus, a novel approach is needed to create better composite films for 

transparent supercapacitor electrodes. 

Ti3C2Tx 2D nanosheets, a member of the recently discovered MXene family,[63] 

were combined with polyfluorene (PFO) for study as a transparent supercapacitor 

electrode material using RIR-MAPLE as the deposition technique. MXenes were chosen 

to provide high capacitance,[63]–[65] while PFO was chosen to improve optical 

transparency due to high transmittance in visible light.[66] It is important to note that 

PFO has been used previously as a composite supercapacitor electrode material, and 

PFO has been deposited using emulsion-based, RIR-MAPLE[52], [67], [68]. In addition, 
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MXenes are best dispersed in polar solvents, which are not compatible with the 

solubility of PFO. Thus, solution-based deposition of composite thin films with both 

materials is challenging.  

In contrast, RIR-MAPLE allows for concurrent deposition through the use of a 

partitioned, rotating target comprising separate mixtures for the PFO and MXene. 

Known as sequential deposition, the partitioned target is irradiated by the rastered 

Er:YAG laser while the target rotates to deposit the different components of the film.[42] 

The final film composition reflects the composition of the partitioned target. Thus, the 

RIR-MAPLE deposition of composite thin-films comprising MXenes in a PFO polymer 

matrix for application as transparent supercapacitor electrodes with significantly 

improved performance (i.e., capacitance and transparency) is an important 

demonstration of achieving a multi-functional film comprising two materials with 

complementary properties, yet incompatible solubility. This approach could greatly 

expand the materials options available to achieve state-of-the-art transparent 

supercapacitor electrodes. 

 

5.2.1 Film Deposition 

MXene flakes were created according to Ghidiu et al.[65] by the Glass group. 

MXene suspensions were created by dispersing the isolated MXene powder into DI 

water to a concentration of 12 mg/ml. The suspension was bath-sonicated (Branson 5510) 
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for 10 min, after which it was centrifuged for 30 min at 1500 rpm (Allegra X-22R 

Centrifuge). PFO emulsions were prepared by dissolving PFO (MilliporeSigma Product 

#571652) in trichlorobenzene (CAS 120-82-1) at a concentration of 20 mg/mL for 3 hr. in 

an inert N2-atmosphere at 60 oC while stirred at 400 rpm. The resulting PFO solution was 

mixed with phenol (CAS 108-95-2) and DI water containing 0.001% by weight sodium 

dodecyl sulfate (SDS) (CAS 151-21-3). The resulting emulsion composition was 1:0.25:3 

(trichlorobenzene:phenol:SDS/water). This mixture was shaken and stirred at 35 oC for 

an additional 20 min. This emulsion follows some, but not all, of the design rules 

indicated in Chapters 2 and 3. In order to produce a rougher film, which leads to greater 

charge collection, a high concentration of PFO was selected while utilizing the emulsion 

preparation methods that led to a stable emulsion.  

While target mixtures were prepared, the target cup within the RIR-MAPLE 

system was pre-cooled with liquid nitrogen to -196 oC. The partitioned target cup area 

was adjustable using a mold and varied systematically to change the MXene/PFO 

composition within deposited films. The samples were named according to their area 

percentage of PFO (P) and Mxene (M) (PxxMxx). The prepared MXene suspension and 

PFO emulsion were added in 0.5 mL quantities to the designated regions of the target 

cup to ensure flash-freezing within 10-30 sec. Once frozen, the chamber pressure was 

reduced to approximately 10-5 Torr and maintained throughout the deposition. The 2.94 

μm Er:YAG laser with an average fluence of 2 J/cm2 was pulsed at a frequency of 2 Hz 
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with a pulsed duration of ~ 90 µs. Films were deposited on glass, silicon and 

polyethylene terephthalate (PET) substrates for 4 hr.  

Scanning electron microscopy (SEM) images were collected using a FEI XL30 

SEM-FEG at an accelerating voltage of 5 kV. Energy-dispersive X-ray (EDX) spectra 

were collected using a Bunker XFlash 4010 at 25 kV. UV-Vis transmission spectra were 

taken between 300 and 720 nm on a Shimazdu UV-3600 with a dwell time of 1 s, and the 

transmittance of the film was taken as the data point at 550 nm in the transmission 

spectra. 

 

5.2.2 Results 

To understand the impact of composition (as determined by the RIR-MAPLE 

partitioned target area) on the capacitive and optical properties of the deposited 

MXene/PFO composite films, six different compositions were deposited, named 

according to the MXene:PFO mixture area percentage within the target cup (Table 5.1). 

SEM imaging was performed to characterize the film morphology based on 

composition. As shown in Figure 5.1, the film morphology varied dramatically across all 

compositions from just a few flakes of MXene occurring in the P50M50 composition, to 

having large regions of MXene flakes in the P25M75 and P15M85 compositions. The 

presence of MXene flakes was further confirmed by EDS spectroscopy, in which Ti was 

seen in the bright flakes present in the SEM images that contained MXene.  



 

66 

Table 5.1: List of electrode names tested where the percentages refer to the 

area of the target in RIR-MAPLE as well as naming convention. 

Electrode Name 
PFO Target Area 

Percentage% 

MXene Target Area 

Percentage% 

P100 100 0 

P75M25 75 25 

P50M50 50 50 

P25M75 25 75 

P15M85 15 85 

M100 0 100 

 

 

Figure 5.1: SEM images of different film compositions deposited in RIR-MAPLE 

labelled according to Table 4.1. MXene flakes appear as bright white regions within 

each of these films, while the darker regions are the PFO matrix. 
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Figure 5.2: Comparison of reported areal capacitances for various material systems 

reported in literature. 

These promising results are enabled by the RIR-MAPLE sequential deposition 

that blends film components on the nanoscale without phase segregation such that 

multi-functional films can be achieved.[45] This nanoscale blending increases the film 

conductivity, while avoiding the challenges of percolation that occur in nanoparticle-

based composite films, and improves optical properties due to the presence of PFO.[69] 

Figure 5.2 compares the reported areal capacitances for ten different material 

systems, including this work, demonstrating that the MXene/PFO composite system 

enabled by RIR-MAPLE deposition possesses good optical characteristics for application 
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in transparent energy storage. A picture of the P15M85 electrode is shown in the inset to 

Figure 5.2, demonstrating its transparency.  

 

5.3 Conclusions 

Through the use of RIR-MAPLE, a novel composite structure was fabricated in 

which MXene flakes were embedded in a PFO-polymer matrix. The ability to control the 

electrode composition and to deposit a composite film with nanoscale blending or 

organic and inorganic components allowed for an increase in the transparency of the 

electrodes without significant changes in electrochemical performance (areal 

capacitances of >20 mF/cm2 at >75 % transmittance). These findings open new avenues 

for further investigation into composite materials that can be created using the RIR-

MAPLE technique. Such avenues include: i) binary, ternary, and quaternary material 

systems, ii) controlled surface morphology by deposition conditions, iii) deposition onto 

non-planar substrates, and iv) patterned area deposition. Thus, RIR-MAPLE is a 

promising deposition technique for constructing tailored composite energy electrodes. 

 Additionally, the design rules discussed at length in this dissertation for the 

fabrication of polymer emulsions are able to be utilized with all emulsion design 

parameters optimized for the deposition of a polymer thin film. This requires the 

cryogenically frozen target cup that is partitioned for each of the components of the 

nanocomposite to perform the material blending, allowing for the components to be 
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optimized individually, removing the need for a new set of design rules when including 

nanoparticles in RIR-MAPLE thin films. The laser will ablate each of the components 

separately and sequentially, allowing the materials to combine into a homogenous thin 

film on the substrate. 

If all design rules for the emulsion fabrication had been followed, films from this 

study would have been significantly smoother. Since film smoothness was not a goal for 

this work, to increase surface roughness and deposition rate, a greater concentration of 

PFO was used than Chapters 2 and 3 indicated by design rule for the formation of pin-

hole free films. 
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Chapter 6 PVDF Deposition using Reversed Emulsions 

6.1 Overview 

To better explore design rules for complex emulsions, it is necessary to consider 

polymers that are not compatible with the typical oil-in-water emulsion. While TCB is a 

primary solvent capable of dissolving most polymers of interest (due to their nonpolar 

nature), several polymers that could be useful for optoelectronic devices are not 

compatible with TCB as a primary solvent or oil-in-water emulsions. Such polymers 

include polyvinylidene difluoride (PVDF), polymethylmethacrylate (PMMA), 

polyamide (PA,) polycarbonate (PC) and acrylonitrile butadiene styrene (ABS). 

Historically, RIR-MAPLE has been unable to deposit any of these polymers due to 

fluorine atoms that introduce polarity into the polymer.  

The focus of this chapter is the deposition of PVDF because it has multiple 

crystalline phases, similar to PFO, yet the chemistry is not compatible with the typical 

oil-in-water emulsion. Furthermore, the study of an emulsion-based approach for the 

deposition of PVDF will be beneficial for the deposition of all other polymers that 

exhibit similar properties as PVDF, namely the highly electronegative segments leading 

to its solubility in polar solvents. These materials are often chemically resistant or 

mechanically strong, both due to the strong, highly electronegative bonding. The 

discovery of methods to deposit these materials would open a new world of potential 

applications for emulsion-based, RIR-MAPLE. In addition, the different chemistry of 
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PVDF helps ascertain the extent to which the design rules elucidated for PFO are 

transferrable to different systems. 

Previous work has shown that emulsion targets can be reversed to allow 

deposition of water-soluble polymers from water-in-oil emulsions. In this work, 

PEDOT:PSS films were deposited by RIR-MAPLE using a PEDOT:PSS/water mixture, 

trichlorobenzene, and phenol, all of which was emulsified with the surfactant, BriJ, to 

form a water-in-oil emulsion. However, this exact approach does not enable deposition 

of PVDF, or any of the other polymers listed above, because they are not soluble in 

water. In the case of PVDF, there exist very few solvents that are capable of dissolving 

the polymer completely. Dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) 

are capable of dissolving the polymer. Due to safety concerns, all experiments were 

performed using DMSO, which is less toxic. Importantly, recent work has shown that 

thin films of methyl ammonium lead iodide, i.e. a hybrid perovskite, can be deposited 

using solutions in DMSO and monoethylene glycol (MEG).[40] This information 

contributes to the design of several solvent matrices to study the water-in-oil emulsion.  

 

6.2 Solvent Matrix and Film Morphology 

Several emulsion matrix designs were investigated since PVDF does not dissolve 

in trichlorobenzene, the standard primary solvent in polymer emulsions which is 

required to dissolve the polymer, requiring the development of new design rules for this 
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system. A few studies were conducted in order to provide insight into new design rules 

for the fabrication of thin films of polymers containing fluorine atoms. The first study 

was to use a solution of PVDF 5mg/mL in a dispersion of DMSO, required to dissolve 

PVDF and either water or MEG at a ratio of 1:1. A dispersion is required in this case in 

order to add hydroxyl bonds to the solvent matrix; both water and MEG supply 

hydroxyl bonds required for the Er:YAG laser energy to be absorbed by the target. 

Second, was to replace the trichlorobenzene component of the emulsion chemistry 

discussed in earlier chapters with DMSO, creating an emulsion recipe of 5 mg/mL PVDF 

in DMSO at a ratio of 1:0.25:3 (DMSO:phenol:water). And finally, a reversed emulsion is 

proposed where a dispersion of DMSO, water, and phenol is emulsified in a bulk of 

trichlorobenzene with a surfactant BriJ, at a concentration of 5 mg/mL PVDF in DMSO 

an emulsion ratio of 2:0.1:1:1 (TCB:phenol:DMSO:water). 

Both dispersions studied, DMSO:MEG and DMSO:water, yielded non-

contiguous films with very high surface roughness such that the substrate surface was 

visible. Dispersions are incompatible with the deposition of PVDF; however, the 

dispersion has been used in the formation of contiguous films for hybrid perovskites, 

indicating that the high molecular weight of the polymer is causing it to remain behind 

in the target as the laser evaporates the solvent matrix. Figure 6.1 shows the results of 

dissolving PVDF in a dispersion of DMSO with MEG (Figure 6.1a) or water (Figure 

6.1b). These images show that the film formation was not contiguous; the large dark 
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Figure 6.1: AFM images of PVDF samples fabricated with two dispersion preparation 

methods: 5mg/mL of PVDF is dispersed in a 5 mg/ml 1:1 of DMSO with either (a) 

MEG or (b) water.  

areas show the substrate between patches of PVDF. Contrasting this in Figure 6.2, this 

shows AFM images from the three PVDF emulsions and indicates a contiguous thin 

film. Figure 6.2a shows the film fabricated from an emulsion of DMSO:phenol:water 

(1:0.25:3), while Figure 6.2b and Figure 6.2c show reversed emulsions of 

TCB:phenol:DMSO:water at ratios of 2:0.1:1:1 and 2:0.17:1:1, respectively. Table 6.1 

tabulates the data output from the AFM for thickness and roughness (non-contiguous 

films thickness listed as N/A) of PVDF. Since this method was highly successful in the 

deposition of perovskite thin films and not the PVDF thin films, this shows that the 

dispersion method of preparing RIR-MAPLE targets may only be successful in ionic or 

compounds with small molecules, not large polymer structures. 

The standard emulsion matrix (oil-in-water) yielded a rougher surface than is 

typically expected in our process with trichlorobenzene. This is likely due to the use of a 

polar solvent, which is unable to properly emulsify, interacting with the bulk water  
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Figure 6.2: AFM images of PVDF thin films created from various emulsion 

preparation methods. (a) 5mg/mL of PVDF is emulsified in DMSO which is prepared 

in the standard method. PVDF is also prepared in a water-in-oil emulsion at a 

concentration of 5mg/mL dissolved in a dispersion of 1:1 DMSO:water and then 

emulsified with BriJ-42 surfactant in TCB and two different phenol concentrations: 

(b) 2:0.1:1:1 and (c) 2:0.17:1:1. 

Table 6.1: Film surface morphology for PVDF films deposited by RIR-MAPLE with 

various polymer concentrations and emulsion matrixes (the indicated error 

represents the standard deviation for each measurement determined from three 

AFM images in different locations across the film). 

Condition Thickness (nm) Roughness (nm) Quality Factor 

5 mg/mL 

DMSO:MEG  
N/A 84.4±32 N/A 

5 mg/mL 

2:.1:1:1  
104±8.9 89.5±32 0.86 

5 mg/mL 

2:.17:1:1 
157±7.6 49.7±16 0.32 

5mg/mL 

1:0.25:3 
119±9.0 49.9±3.5 0.42 

5mg/mL 

DMSO:water 
N/A 12.3±0.71 N/A 

 

instead of forming a stable emulsion. Two reversed emulsions (water-in-oil) were 

fabricated with two different phenol concentrations to test this hypothesis. 
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The reversed emulsion, 2:0.1:1:1, derived from a recipe used previously for the 

deposition of PEDOT:PSS yielded a film of fairly poor quality. Though, as discussed in 

Chapter 2, the surface roughness of an emulsion-based, RIR-MAPLE film is lowest when 

the phenol concentration approaches the solubility in water. In the other reversed 

emulsion, 2:0.17:1:1, phenol was added to the mixture at slightly above its solubility in 

water to account for some of the phenol being soluble in DMSO, since this value is 

unknown but is expected due to the polar nature of both solvents. With the addition of 

more phenol to the solvent matrix, we see the same decrease in surface roughness and 

an increase in film thickness due to improved emulsion stability as was seen in previous 

work with phenol, resulting in an improvement in the film quality factor. The resulting 

quality factor of 0.32 is sufficient for use in devices previously fabricated with emulsion-

based, RIR-MAPLE. 

 

6.3 Conclusions 

The dispersions of MEG and DMSO that were highly effective in the deposition 

of MAPbI and other perovskite thin films were not capable of the deposition of high 

molecular weight polymers. This is likely due to the sheer size of the polymer particles 

in comparison to the minute size of colloidal components that are deposited in the case 

of MAPbI. Thus, a reversed emulsion approach using a dispersion of DMSO and water 

was concluded to be the best approach to deposit higher quality thin films of PVDF 
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using emulsion-based, RIR-MAPLE. The result shows that an emulsion is preferable to 

dispersion in multiple material systems, indicating that this should be included as a 

design rule for future polymer depositions. 

It was also found that the design rule dictating phenol concentration applies to 

both oil-in-water and water-in-oil type emulsions. As a result of this conclusion, it is 

clear that all emulsions for use in the fabrication of thin films by RIR-MAPLE should 

include a concentration of phenol equivalent to its solubility in water at the temperature 

that the emulsion is prepared. Additionally, PFO design rules related to temperature 

and stirring, do stabilize the emulsion but were not explicitly studied. Since PVDF does 

not oxidize, a nitrogen atmosphere is not required; any part of the emulsion preparation 

and dissolve time will depend on the particle size of PVDF obtained. Additionally, to 

speed up the dissolve process, the dissolve process can occur under highly elevated 

temperature due to its high level of stability. The design rules to increase polymer 

particle networking will likely apply because all polymer crystallization form through 

ordering of polymer chains but will need to be studied to deduce impact.
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Chapter 7 Conclusion 

7.1 Conclusion 

The body of work presented in this dissertation has led to the articulation of 

several design rules that provide for greater compatibility with polymer systems. These 

design rules impact polymer dissolution, emulsion stability, emulsion morphology, and 

surfactant selection. 

PFO must be dissolved at an elevated temperature due to its poor solubility in 

TCB which is required for both MAPLE compatibility and β-PFO formation. The 

oxidation potential of PFO, exacerbated by the elevated temperature, requires that it be 

dissolved in a nitrogen atmosphere. PVDF, however, being thermally stable and 

chemically resistant can be dissolved at an elevated temperature without concern for 

oxidation. As a result, preparation consideration must be considered for each polymer in 

order to ensure desired material properties. 

Emulsion stability, in both liquid and solid form, requires several considerations. 

First, the phenol concentration is dependent on the water concentration in the emulsion. 

Phenol concentration for emulsion ratios must be calculated based on its solubility in 

water, 0.083 g/mL or a volume ratio of approximately 0.25:3 (phenol:water). 

Additionally, emulsion stability is achieved after 20 minutes of mixing, following the 

addition of all components, at a temperature of 35 °C. The emulsion must then be 

actively shaken by hand and quickly frozen in thin layers before settling is allowed to 



 

78 

occur. These conditions, while optimized on polymer systems that proved difficult for 

implementation with RIR-MAPLE, will carry over into all polymer systems. 

Emulsion morphology can be tuned to yield a stable network of interconnected 

particles of polymer/solvent. The ability to tune this network is adjusted through the 

further addition of water, phenol, and surfactant into the emulsion. In order to create an 

emulsion with a high degree of networking, an emulsion recipe with a low 

concentration of water is desired. When an emulsion containing discrete particles is 

desired, the relative concentration of water can be increased. 

Emulsion morphology can be further tuned for the polymer system being 

deposited. In order to deposit a polymer that has a tendency to become entangled in 

TCB, the polymer concentration must be decreased to deposit pinhole free films. It is 

also possible to deposit polymer systems that are completely insoluble in TCB through 

the use of a reversed emulsion with ratios 2:0.17:1:1 (TCB:phenol:DSMO:water). In this 

design, the polymer is now dissolved in DMSO which is then dispersed in water. This 

multicomponent system is then emulsified in TCB to form a reversed emulsion.  

Surfactant tails and aromatic rings interact with polymers in various ways to 

both stabilize the emulsion and to assist in the formation of crystalline phases in PFO. In 

PFO, aromatic rings assisted in the formation of β-PFO but in a way that interfered with 

normal emulsion formation, disallowing the formation of polymer particles in the 

emulsion state. However, emulsion tails were capable of forming stable emulsions while 
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also assisting in the formation of β-PFO domains while in the emulsion phase. 

Therefore, a surfactant with two alkyl chains increases crystallinity in PFO, while a 

surfactant with three alkyl chains negatively affects the stability of the emulsion. In 

general, the specific surfactant interaction with a given polymer must be determined in 

order to obtain the most stable emulsion and desired film properties. 

 

7.2 Future Work: PVDF 

Emulsion parameters were investigated in this dissertation in order to 

successfully deposit thin films of PVDF, but further work is needed to study the 

crystalline behavior of PVDF through emulsion-based, RIR-MAPLE. The study of 

polymer particle size and polymer particle interactions in relation to PVDF film and 

device properties is required to confirm that polymer particle networking will improve 

device performance and can also increase crystallinity. 

Of the four crystalline phases of PVDF, β-PVDF is the most interesting in the 

study of polymer crystallinity promoted through the use of emulsion-based, RIR-

MAPLE. β-PVDF is arranged in such a way that it has a dipole, allowing for ferroelectric 

behavior. Since previous work has shown that RIR-MAPLE can be used to deposit 

polymer/nanomaterial composites in Chapter 6, β-PVDF can add greater impact to that 

work. Since PVDF does not have long side chains like PFO does, it is unlikely that the 

same method, as used to induce β-PFO, will produce the same results. Preliminary work 
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indicates that the solvent evaporation rate plays a role in the formation of crystalline 

phases of PVDF in emulsion-based, RIR-MAPLE, but a full study is required to fully 

understand the impact. XRD and FTIR characterization can be performed in order to 

determine the phase characteristics of the PVDF that is formed in emulsion-based, RIR-

MAPLE.  

Additional experiments should be performed to assess the crystalline behavior of 

PVDF thin films deposited by RIR-MAPLE as it relates to the solvent evaporation rate 

in-situ. By altering the temperature on the substrate heater, the evaporation rate of 

solvents will be altered in a way that may allow different morphologies of PVDF to 

form. If the evaporation rate is insufficient in yielding a large enough concentration of 

crystalline PVDF, the addition of an electric or magnetic field has been promising in the 

deposition of this material in other systems. Crystalline PVDF has been deposited using 

an electrostatic spray-assisted vapor deposition which occurs without the need for a 

vacuum system.[70] However, methods such as this will not be able to provide the film 

morphology required for production environments for the semiconductor field that 

could benefit from the fabrication of β-PVDF for use in negative capacitance transistors. 

 

7.3 Future Work: Reversed Emulsions 

The work with PVDF has opened the possibility of deposition of many new 

polymer systems that have not been studied with the emulsion-based, RIR-MAPLE 
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technique. It is important to keep in mind during this work that some polymers that are 

immiscible in trichlorobenzene are designed to be soluble in water and will, as a result, 

contain hydroxyl bonds. These hydroxyl bonds will resonantly absorb the laser energy 

from the Er:YAG laser which could lead to some negative effects on deposited films. 

Further study of reversed emulsions will lead to the discovery of new design 

rules for the formation of reversed emulsions. Several studies have yet to be performed 

in order yield better film morphology in reversed emulsions. Several suggestions for 

further study of reversed emulsions, following the studies performed in this 

dissertation, involve the manipulation of several reversed emulsion components: 

DMSO:water ratio, dispersion:TCB ratio and BriJ concentration. 

 

7.4 Future Work: Optimal Surfactant Concentration for 
Crystallization of PFO 

The current selection for surfactant concentration is dependent on whether or not 

it can be detected in XRD spectra, or if it has a measureable impact on the conductivity 

of the film. In the case of PFO, it was found that the emulsion-based technique reached a 

limit in the concentration of β-PFO that was able to be deposited in this manner, but in 

the literature,[54], [71], [72] it is found that the limit is approximately 42%, nearly twice 

as large as what this deposition method was able to obtain. The limit is imposed on 

standard solution processing techniques due to being geometrically constrained in one 
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Figure 7.1: An image of the formation of β-PFO domains in a two dimensional film 

but overlaid with another layer of constraint. Indicating a new limitation added to the 

formation of β-PFO in films. (Adapted from Advanced Materials copyright 2013.)  

dimension [2] but in the case of emulsion-based, RIR-MAPLE, the growth of β-PFO is 

confined in three dimensions. (Depicted in Figure 7.1)  

To continue this work, the formation of a series of experiments with varying 

concentrations of surfactant, potentially allowing for the growth of emulsified polymer 

particles that are both smaller (greater concentration of surfactant) and larger (smaller 
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concentration of surfactant) than those currently formed by the current iteration of the 

emulsion recipe. Determining a recipe that allows for the greatest size of emulsified 

polymer particles may greatly increase the ability for polymers to form networks of 

crystalline chains, greatly increasing the crystallinity of thin films deposited by this 

method. A full study would allow the ability to indicate if there exists a point of 

diminishing returns or there is a point where polymer particles are too large to deposit 

effectively.  

Increasing the concentration of surfactant in the PFO system or many conductive 

systems would likely run into similar issues determined in Chapter 3, where the 

particles were too isolated from one another to perform well in a device setting. But if 

there were a non-conductive system where the surfactant and polymer behave in a 

similar manner, it could yield some interesting results with very high concentrations of 

additives to increase the crystallinity of the polymer system. 

 

7.5 Future Work: Polymer Crystallization through an Applied 
Field 

The literature shows several cases where the crystalline phases of PVDF can be 

found by applying an electric or magnetic field to the thin film.[6], [30], [73] There also 

exists at least one case where crystalline PVDF was formed in-situ through an 

electrostatic spray technique.[70] Due to the electronegative nature of the PVDF chain, 

the electric and/or magnetic field can interact with the polymer in-situ. It is important to 
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study the effects of the solvent evaporation rate as well to learn whether or not the 

polymer must also be interacting with a solvent for this crystallization to occur. A recent 

publication shows a similar method to change the morphology of a PFO thin film post 

deposition through a solvent anneal combined with the application of an electric 

field.[74] This study shows that the crystallization of a polymer during deposition 

requires solvent interaction in addition to the application of a field in the case of PFO. 

Solvent interactions in PFO deposited through RIR-MAPLE are inevitable as discussed 

during Chapter 2, indicating this may be a useful method to further increase β-PFO 

concentration. The development of an apparatus and a technique in which an RIR-

MAPLE operator can adjust the field applied to the substrate in-situ could open the door 

to many crystalline polymer systems.  
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