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 ÉÚÛÙÈÊÛ 

Thin film deposition techniques are indispensable to the development of modern 

technologies as thin film based optical coatings, optoelectronic devices, sensors, and 

biological implants are the building block s of many complicated technologies, and their 

performance heavily depends on the applied deposition technique. Particularly, the 

emergence of novel solution-processed materials, such as soft organic molecules, 

inorganic compounds and colloidal nanoparticles , facilitates the development  of flexible 

and print ed electronics that are inexpensive, light weight, green and smart, and these thin 

film  devices represent future trends for  new technologies. One appealing feature of 

solution -processed materials is that they can be deposited into thin films using solution -

processed deposition techniques that are straightforward, inexpensive , high throughput 

and advantageous to industrialize  thin film based devices. However, solution-processed 

techniques rely on wet deposition, which ha s limitations in certain  applications , such as 

multi -layered film deposition of similar materials  and blended film deposition of 

dissimilar materials. These limitations cannot be addressed by traditional , vacuum-based 

deposition techniques because these dry approaches are often too energetic and can 

degrade soft materials, such as polymers, such that the performance of resulting thin film 

based devices is compromised. 
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The work presented in this dissertation explores a novel  thin film deposition 

technique, namely emulsion-based, resonant infrared, matrix -assisted pulsed laser 

evaporation (RIR-MAPLE) , which  combines characteristics of wet and dry deposition 

techniques for solution -processed materials. Previous studies have demonstrated the 

feasibility of emulsion -based RIR-MAPLE to deposit uniform  and continuous organic, 

nanoparticle and blended films , as well as hetero-structures that otherwise are difficult to 

achieve. However, fundamental understanding of the growth mechanisms that govern 

emulsion-based RIR-MAPLE is sti ll missing,  which  increases the difficulty of using 

rational  design to improve the performance of initial RIR-MAPLE devices that have been 

demonstrated. As a result, it is important to study the fundamentals of emulsion -based 

RIR-MAPLE  in order to  provide insight into the long-term prospects for this thin film 

deposition technique. 

This dissertation explores the fundamental deposition mechanisms of emulsion-

based RIR-MAPLE  by considering the effects of the emulsion target composition (namely, 

the primary solvent, secondary solvent, and surfactant ) on the properties of deposited 

polymer films. The study  of primary solvent effects on hydrophobic polymer deposition  

helps identify  the unique method of film formation for emulsion -based RIR-MAPLE , 

which  can be described as cluster-by-cluster deposition of emulsified particles that yields  

two levels of ordering  (i.e., within the clusters and among the clusters). The generality of 

this film formation mechanism is tested by applying the lessons learned to hydrophilic 
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polymer  deposition . Based on these studies, the deposition design rules to achieve smooth 

polymer films , which are important for different device applications , are identified 

according to the properties of the polymer . 

 After discussion of the  fundamental  deposition mechanisms, three applications of 

emulsion-based RIR-MAPLE, namely thin film deposition of  organic solar cells, 

polymer/ nanoparticle hybrid solar cells , and antimicrobial /fouling -release 

multifunctional films , are studied . The work  on organic solar cells identifies the ideal 

deposition mode for blended film s with nanoscale domain sizes, as well as demonstrates 

the relationship s among emulsion target composition, film properties , and corresponding 

device performance. The studies of poly mer/nanoparticle hybrid solar cells demonstrate 

precise control of colloidal nanoparticle  deposition , in which the  integrity  of nanoparticles 

is maintained and a distinct film morphology  is achieved when co-deposited with 

polymers. Finally,  the application  of antimicrobial and fouling -release multifunctional 

films demonstrate s the importance of blended film deposition with nanoscale phase 

separation, a key feature to achieving reusable bio-films that can kill bacteria when 

illuminated with ultraviolet light.  

Thus, this dissertation provide s great insight to the fundamentals of  emulsion-

based RIR-MAPLE , serves as a valuable reference for  future development , and paves the 

pathway for wider adoption  of this unique thin film deposition technique , especially for  

organic solar cells.  
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Although often overlooked , thin film based technologies have already become 

ÐÕËÐÚ×ÌÕÚÈÉÓÌɯÛÖɯ×ÌÖ×ÓÌɀÚɯÌÝÌÙàËÈàɯÓÐves [1]. From traditional corrosion resistant coatings 

[2], to optical coatings [3], modern microelectronic devices [4], sensors [5], biological 

implants  [6] and many other application s, thin film based technologies have changed the 

way people live to make life much easier than decades ago. To maximize the power of 

thin film based technologies, the understanding and  control of  thin film deposition are 

essential, having ÈÓÙÌÈËàɯÈÛÛÙÈÊÛÌËɯÙÌÚÌÈÙÊÏÌÙÚɀɯÌÍÍÖÙÛÚɯÈÓÓɯÖÝÌÙɯÛÏÌɯÞÖÙÓËɯÍÖÙɯÔÈÕàɯyears. 

Generally speaking, thin films can be categorized as metallic thin films, inorganic thin 

films and organic thin films. Among the three, the deposition of organic thin films differs  

from the other two because organic materials can be solution -processed. The relatively 
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weak van der Waals forces between organic molecules makes them soluble in a variety of 

solvents, which facilitates the use of wet deposition techniques as simple approaches to 

conduct organic thin film deposition.  

Despite the simplicity  of such deposition, the wet process has inherent  limitations 

for the deposition of multi -layered and blended organic thin films because the solubility 

characteristics of each layer or each component, respectively, must be carefully 

considered. To overcome the limitations of wet deposition, traditional , vacuum-based, 

dry deposition techniques  that are typically used for metallic and inorganic thin films , 

such as chemical vapor deposition (CVD) and physical vapor deposition (PVD), can be 

considered to deposit organic thin film s. However, these dry deposition techniques have 

their own limitations when applied to organic thin films. The CVD technique, which is 

based on chemical reactions in the vapor phase, is not a general method that can be 

applied to the abundant diversity of  organic materials that exist. In contrast, the PVD 

technique does not rely on chemical reactions to form thin film s, and is a better choice for 

organic thin film deposition. In fact, PVD techniques, such as thermal evaporation and 

sputtering deposition , have already been applied  successfully for the deposition of small 

organic molecules. Unfortunately, these techniques cannot be used for the deposition of 

high molecular weight polymer thin film s. The physical processes of PVD techniques used 

to evaporate pure, polymer materials to gas phase (e.g., heating, ion or electron-beam 
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bombardment, laser ablation) can destroy the long polymer chain s. Therefore, the 

deposition of polymer thin films by PVD has been difficult.  

For these reasons, matrix-assisted pulsed laser evaporation (MAPLE) [7-9] stands 

out as a dry deposition technique that is capable of depositing polymer films with very 

little  degradation  of the polymer chain . The MAPLE technique is a variation of pulsed 

laser deposition (PLD) [10] that adds the idea of using a matrix  material to shield the target 

material from incident laser energy. The incorporation of a matrix in the polymer target 

enables resonant absorption  of energy from the laser, which helps mitigate the problem 

of polymer degradation by avoiding direct vaporization of the polymer molecules  from 

absorbing the laser energy. As a result, unlike other PVD techniques , MAPLE deposition 

does not occur on the atomic scale, but on the molecular scale. In this chapter, the MAPLE 

technique is introduced from its original motivation to current status. The evolution of 

MAPLE  to the RIR-MAPLE techni que, and eventually  to the emulsion-based RIR-MAP LE 

technique, is also elaborated to illustrate  the development of MAPLE -related deposition  

over the years. Therefore, this chapter provides  the fundamental  background required to  

help understand the technical details expanded upon in the following chapters.  

1.1 Motivation of Matrix -Assisted Pulsed Laser Evaporation  

Functional thin films based on organic materials have a wide range of applications 

in modern technology, including or ganic electronics and optoelectronics [11-13], optics 

[14], sensors [15], and advanced bio-surfaces [16]. These organic thin films are light weight  
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and flexible , and most important ly , can be deposited by solution-processed deposition 

techniques at very low cost. Basic solution-processed deposition techniques involve three 

steps: a) dissolution of the organic materials into an appropriate solvent (preparation of 

ink), b) spreading of the prepared solution onto the substrate, and c) drying of the solution  

for  thin film formation. Depending on the specific solution -processed deposition 

technique, the desired properties of the prepared solution and the methods to spread the 

solution  are different, which determine  the deposition rate, film morphology, 

accompanying  film defects, and the scale-up compatibility (such as roll -to-roll 

manufacturing ). Different solution -processed deposition techniques are compared and 

summarized in Table 1.1 [17].  

Table 1.1: Comparison of different solution -processed deposition techniques. 

Ink waste: 1 (none), 2 (little), 3 (some), 4 (considerable), 5 (significant). Pattern: 0 (0-dimensional), 1 (1-dimensional), 2 

(2-dimensional), 3 (pseudo/quasi 2/3-dimensional), 4 (digital master). Speed: 1 (very slow), 2 (slow<1 m min-1), 3 

(medium 1-10 m min-1), 4 (fast 10-100m min-1), 5 (very fast 100-1000 m min-1). Ink preparation: 1 (simple), 2 (moderate), 

3 (demanding), 4 (difficult), 5 (critical). Ink viscosity: 1(very low < 10 cP), 2(low 10-100 cP), 3 (medium 100-1000 cP), 4 

(high 1000- 10,000 cP), 5 (very high 10,000-100,000 cP). Reprinted from reference 17 with permission from Elsevier . 

Techniques 
Ink 

waste 
Pattern Speed 

Ink 

preparation  

Ink viscosity 

(cP) 

R2R 

compatible 

Spin-coating 5 0 - 1 1 No 

Doctor Blade 2 0 - 1 1 Yes 

Casting 1 0 - 2 1 No 

Spraying 3 0 1-4 2 2-3 Yes 

Knife -over-edge 1 0 2-4 2 3-5 Yes 

Meniscus 1 0 3-4 1 1-3 Yes 

Curtain  1 3 4-5 5 1-4 Yes 

Slide 1 3 3-5 5 1-3 Yes 

Slot-die 1 1 3-5 2 2-5 Yes 

Screen 1 2 1-4 3 3-5 Yes 

Ink jet  1 4 1-3 2 1 Yes 

Gravure 1 2 3-5 4 1-3 Yes 

Flexo 1 2 3-5 3 1-3 Yes 

Pad 1 2 1-2 5 1 Yes 
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Nowadays, solution -processed deposition techniques are widely used for organic 

thin film  deposition due to their simplicity, flexibility, low cost, and high throughput; 

however, these advantages are accompanied by some limitations. For example, solution-

processed deposition techniques exert little  control over the morphology of blended films , 

and the ability to deposit blended films containing hydrophilic and hydrophobic 

materials, or to deposit multi -layered films w ith similar  solubility characteristics , is 

limited . 

For solution -processed deposition techniques, the limited control over blended 

polymer film morphology stems from the most critical process that leads to a dry solid 

film on the substrate, i.e., the evaporation of solvent th at determines the phase distribution 

between different components [18]. Particularly, as the solvent starts to evaporate from 

the spread solution, the concentrations of solutes increase at the top of the film . Therefore, 

the more soluble component preferential ly  accumulates at the air-solution  interface, 

leaving the less soluble component at the bottom. This effect typically leads to the vertical 

phase separation of the two polymer components. For crystalline polymer blends, the 

microstructure of the blended film is determined by the order of crystallization of the two 

×ÖÓàÔÌÙÚȭɯ ÚɯÛÏÌɯÚÖÓÝÌÕÛɯÌÝÈ×ÖÙÈÛÌÚȮɯÛÏÌɯŗÙÚÛɯ×ÖÓàÔÌÙɯÛÖɯÊÙàÚÛÈÓÓÐáÌɯÔÈàɯÉÌɯÌß×ÌÓÓÌËɯÛÖɯ

the top or bottom of the solution as the second polymer cry stallizes, which often results 

in crystallization induced phase separation. These different types of phase separation [19] 

prevent the intimate, nanoscale blending of different polymer components and are not 
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ideal for some applications. To prevent phase separation, the influence of solvent 

evaporation needs to be minimized, especially considering that the solvent  

thermodynamically  facilitates the phase separation. 

Another disadvantage of solution -processed deposition techniques is that their 

applicability is dependent on the solubility of the organic materials. As a result, solution -

processed depositions are not useful for  blended films in which the components have 

different solubility characteristics (e.g., blends of hydrophilic and hydrophobic materials) , 

and they have limited ability to deposit multi -layered films in which the components have 

similar solubility characteristics. In the former case, the different co mponents cannot 

dissolve into a common solvent, and the blended solution is unavailable for deposition. 

In the latter case, the solvent of the top layer re-dissolves the deposited layer below, 

leading to a smeared interface rather than distinct , layered fi lms.  

Thus, the limitations of solution -processed deposition originate from the 

unavoidable , wet nature of these techniques. If the polymer thin films were deposited in 

a dry state, solvent-induced phase separation could  be avoided and the solubility 

characteristics of each component would  not need to be considered in the deposition of 

blended or multi -layered films.  In practice, thermal and sputtering evaporation are 

common, vacuum-based, dry PVD techniques for deposition of certain crystalline organic 

materials, like oligomers and small molecules [10]. In general, these PVD techniques are 

atomic deposition processes that involve the vaporization of target materials and 
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subsequent nucleation and growth  on the substrate. However, this principle cannot apply 

to polymer deposition because: a) polymer s may degrade before reaching the melting 

point at which significant vapor pressure is achieved for thin film deposition ; and b) 

breaking long polymer  chains into small units for subsequent re-polymerizatio n on a 

substrate is thermodynamically less favorable than the typical  recrystallization of 

crystalline inorganic  materials. As a result, in order to deposit polymers using PVD, 

physical processes that break polymer chains should be avoided. This requirement 

implies that the energy of a physical process should be absorbed somehow by another 

medium o r matrix that coexist s in a polymer deposition target.  

Based on this strategy, matrix -assisted pulsed laser evaporation (MAPLE) was 

developed [9, 20], which has been successfully demonstrated for the thin film deposition 

of certain polymer systems. The MAPLE technique is a type of PVD, and is distinct from  

pulsed laser deposition (PLD) because it uses a solvent as the target matrix to absorb 

incident  laser energy. In MAPLE deposition, the target organic material  is dissolved into 

a solvent (the host matrix) and then frozen into a solid target by liquid nitrogen. The solid 

target is then irradiated  by a laser, which generates a plume comprising  vaporized 

solvents and solid target organic materials. Ideally, only t he host solvent absorbs the 

energy from the laser and evaporates. The remaining solute organic molecules are 

promoted from the target and deposited onto the substrate in a relatively dry state.  



 

8 

Therefore, the MAPLE technique benefits from several promising features to 

deposit organic materials, especially polymers, compared to solution -processed 

deposition and to other dry , vacuum-based PVD techniques. This is exactly the motivation 

to study and develop the MAPLE technique  further , especially considering that MAPLE 

deposition , as initially  conceived, is not ideal for thin film deposition of most polymer s. 

Since the original  invention of MAPLE from PLD , the technique has evolved to include 

resonant infrared matrix -assisted pulse laser evaporation (RIR-MAPLE)  and emulsion-

based RIR-MAPLE , in order  to better satisfy specific needs. Knowing the course of 

development of MAPLE -related techniques, and the resulting improvement s in polymer 

thin film deposition,  are important to understand ing the significance of the newest 

emulsion-based RIR-MAPLE approaches described in this dissertation.  

1.2 History and Evolution of Matrix -Assisted Pulsed Laser 

Evaporation  

 Evaporative thin film growth by pulsed laser ablation of target materials has been 

explored ever since the invention of the laser in the late 1960s [21, 22]. After slow 

development  for 20 years, this thin film growth technique was expanded and popularized 

as a fast and reproducible technique to grow inorganic superconducting oxide films [23], 

and has been known as PLD since the 1980s. In PLD, an energetic ultraviolet (UV) and 

ultrafast pulsed laser is focused on the target material and vaporize s the material into a 

forward -directed plasma plume that flu xes onto the substrate. The generated plume 
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contains atomic, diatomic, molecular, ionic and other low -mass material species that all 

contribute to the active species that participate in the nucleation and subsequent growth 

of the thin film on the substrate . While PLD has been demonstrated as a reliable deposition 

technique for inorganic materials, its application to the deposition of organic materials 

has not yielded consistent results. Early work from R. Srinivasan showed that a film of 

poly(ethylene terephthalate) (PET) deposited by PLD was mixed with numerous 

unidentified molecules  [24], indicating that the deposited PET film was no longer the same 

as the starting PET material  in the deposition target. The presence of fragmented species 

in PLD deposited organic thin films is due to the fact that the photon energy of commonly 

used UV excimer lasers (e.g., KrF, 5.0 eV; ArF, 6.4 eV) is much higher than the typical 

bonding energy in organic materials (~ 3.5 eV). As a result, the organic materials undergo 

photochemical reactions and decompose during the deposition. Unlike inorganic 

crystalline materials, in which  recrystallization from fragmented species is 

thermodynamically favorable, organic materials tend to be more amorphous in nature, 

and are difficult to recrystallize from  fragmented species. This is particularly an issue for 

polymeric materials, in which  the fragmented chains are very unlikely to be re -

polymerized . Even if re-polymeriz ation occurs to some extent, the deposited polymers are 

very unlikely to have the exact same molecular weight as the starting polymer in the 

target. 
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 To minimize the degradation  of organic films , especially polymer films,  deposited 

by PLD, MAPLE was developed at the Naval Research Laboratory in 1999 [25]. The key 

innovative idea o f MAPLE is the incorporation of solvents as the matrix to absorb UV 

laser energy (also known as UV-MAPLE) . In UV-MAPLE, the target polymer  is dissolved 

in the matrix solvent , and the entire solution is subsequently frozen by liquid nitrogen 

(LN 2) to make a solid target for laser irradiation . The participation of the matrix solvent to 

absorb laser energy leads to three possible deposition scenarios (Figure 1.1). In the first 

scenario, a chunk of iced target polymer  is ejected by the laser to the substrate, which  then 

melts and dr ies to form the thin film. I n this case, the laser energy is not able to completely 

vaporize the frozen solvent matrix ( Figure 1.1(a)). In the second scenario, the laser energy 

is completely and solely absorbed to vaporize the solvent matrix, leaving isolated polymer 

chains to landed on the substrate intact (Figure 1.1(b)). In the third scenario, the laser 

energy is so high that both the matrix solvent and target polymer  absorb significant 

amounts of laser energy (Figure 1.1(c)). In this case, the polymers undergo photochemical 

reactions during deposition, leading to fragmented species co-existing in a degraded film. 

Thus, the choice of matrix solvent and the amount of laser energy absorbed by the solvent 

play important roles in determining which scenario occurs during deposition. The second 

scenario is ideal because it leads to non-degraded organic thin films without solvent 

contamination ; however, in practice, it is difficult to determine which scenario is achieved. 

In fact, the reported studies of UV-MAPLE deposition of pol ymers show inconsistent 
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results in that some types of polymers can be deposited without degradation, while others 

undergo significant molecular weight reduction  [20]. Despite these inconsistencies, the 

idea of using a matrix to reduce organic material degradation has enabled a growing 

number of theoretical and experimental  studies of UV-MAPLE. The demonstrated 

applications of UV-MAPLE films  mainly focus on drug delivery [26], gas sensors [27] and 

other biomedical applications  [20]. However, studies of UV-MAPLE  application  to 

optoelectronic devices are limited with very poor performance [28], most likely  due to the 

fact that deposition of  conjugated polymers used in organic optoelectronic devices does 

not yield  the ideal deposition scenario. 

 

Figure 1.1: A schematic diagram of three possible deposition scenarios that can occur 

during  MAPLE deposition. (a) The laser energy is not absorbed efficiently by the solvent 

matr ix, ejecting iced polymers  target to the substrate. (b) The laser energy is absorbed 

completely by the solvent matrix, leaving dry polymer  chains to deposit onto the substrate 

(ideal). (c) The laser energy is not only absorbed by the solvent matrix, but also by the 

polymer , which  breaks polymer chains and leaves fragmented polymer to deposit on the 

substrate. 
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 To achieve the ideal deposition scenario, maximizing laser absorption by the 

solvent matrix and minimizing laser absorption by the target organic material are 

essential. To realize this goal, one can tune the laser wavelength so that it is resonant to a 

specific bond that is present only in the molecules of the solvent matrix , but not the target 

polymer . Because the vibrational frequencies of most molecular bonds in organic solvents 

are in the infrared (IR) region, it is a good idea to use an IR laser to replace the UV laser 

used in the MAPLE technique in order to enhance the efficiency of laser energy absorption 

by the solvent matrix. In addition, the relative ly  low energy of IR lasers compared to UV 

lasers reduces the possibility of breaking polymer chains, which potentially minimize s 

polymer degradation  during deposition . As a result of these two considerations, the UV-

MAPLE technique evolved to include  resonant infrared MAPLE or R IR-MAPLE, which is 

designed to deposit organic materials, especially polymers, using an IR laser. In early 

work, RIR-MAPLE was successfully applied to deposit the electroluminescent polymer , 

poly[2 -methoxy-5-(2-ethylhexyloxy) -1,4-phenylenevinylene]  (MEH -PPV), from  a 

chloroform  matrix at 8.2 µm [29] and a conductive polymer , polyaniline , from a methanol 

matrix at 2.94 µm [30]. It was found that the FTIR spectra of the deposited polymer films 

were identical to the starting polymers, demonstrating  the anticipated advantage of RIR-

MAPLE compared to UV -MAPLE to deposit polymer films.  
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1.3 Emulsion-Based, Resonant Infrared, Matrix -Assisted Pulsed 

Laser Evaporation  

 Altho ugh the RIR-MAPLE technique provides a gentler way to deposit polymeric 

materials, it is not a general technique that can be applied easily to different types of 

organic material systems. For each organic material , the choice of solvent matrix is 

determined by the solubility of the organic material. If the solubility  is poor in a given 

solvent, the deposition w ill  not be uniform because the material is not dispersed in the 

target at a molecular level in the first place. In addition, once the solvent and target organic 

material are determined, the wavelength of the IR laser must be tuned to be resonant only 

with  molecular bonds in the solvent matrix, and not those in the target organic material. 

It is well known that tuning the laser wavelength at will is not a trivial task. Using a free 

electron laser is one option, but such a light source is not cost effective or realistic for broad 

application . 

 To make RIR-MAPLE a more general technique that can deposit most organic 

material systems, Ryan Pate developed a novel approach to prepare the deposition target, 

that is, instead of using the organic solution as the deposition target, a frozen emulsion is 

used as the deposition target to disperse the organic materials [31]. This improvement 

resulted in  the emulsion -based RIR-MAPLE technique. A detailed schematic and 

description  of emulsion-based RIR-MAPLE is shown in Figure 1.2. Figure 1.3 highlights 

the main differences among PLD, MAPLE, RIR-MAPLE and emulsion -based RIR-MAPLE 

to illustrate the evolution of MAPLE -related techniques. To understand emulsion-based   
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Figure 1.2: Schematic diagram of an emulsion-based RIR-MAPLE system: an infrared 

Er:YAG  laser pulse enters a vacuum chamber through the optical systems. It irradiates a 

solid frozen emulsion target with the guest organic material (polymers) dispersed inside. 

The generated organic material plume is deposited onto the substrate, whereas the 

emulsion host matrix is vaporized by the laser energy and pumped away. The 

compositi on and morphology of the frozen emulsion target are also shown in the zoomed 

figure , in which the organic solvent is dispersed as droplets in the continuous water phase. 

The hydrophobic polymer only dissolves in  the organic solvent and tends to aggregate 

into clusters that are confined inside the organic solvent droplets.  

RIR-MAPLE, it is necessary to re-examine the concept of an emulsion. An emulsion is a 

mixture of two or more liquids that are normally immiscible. In emulsion -based RIR-

MAPLE, the frozen emulsion target comprises an organic solvent containing  the dissolved 

target organic material and de-ionized (DI) water that is immiscible with the organic 

solvent. The water in the emulsion plays the role of the matrix to absorb the laser energy. 
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By using water, a commercially -available Er:YAG laser that operates at a wavelength of 

2.94 ϟÔɯcan be applied in the RIR-MAPLE system to specifically target -OH (hydroxyl) 

bonds in the emulsion  (only present in water) [32]. As a result, as long as the organic 

material does not contain -OH bond s, emulsion-based RIR-MAPLE can always be used to 

deposit the material such that only the emulsion matrix, i.e. mostly water, absorbs the 

laser energy. Therefore, the idea of the emulsion target signif icantly increases the 

generality of RIR-MAPLE for deposition of most organic materi al systems. 

 

Figure 1.3: Comparison among (a) PLD, (b) UV-MAPLE, (c) RIR-MAPLE and  (d) 

Emulsion-based RIR-MAPLE techniques in terms of deposition target, type of laser and 

deposition species. 
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The discovery of emulsion-based RIR-MAPLE opened a new research area for the 

MAPLE technique because thin film deposition using an emulsion target is expected to be 

different from that using a solution target. The composition  of the emulsion, the type of 

emulsion, and the state of organic molecules in the emulsion can all alter the properties of 

the deposited films. Initial studies from Ryan Pate in dicated that emulsion -based RIR-

MAPLE could deposit the conjugated polymer  MEH -PPV, with  full coverage of the 

substrate [31]. Follow -on studies discovered that the hydroxyl concentration in the 

emulsion determine d the RIR-MAPLE deposition scenario and the level of solvent 

contamination in the film  [33]. Pate suggested that Ɂablativeɂ deposition occurs when the 

hydroxyl concentration in the emulsion is low, which lead s to splashing of un-vaporized 

liquid ejecta onto the substrate and rough, solvent-contaminated film s. On the other hand, 

a high concertation of hydroxyl bonds in the emulsion leads to Ɂevaporativeɂ deposition, 

in which a smoother and less contaminated film can be deposited. Based on this 

deposition principle, Pate standardized the emulsion-based deposition  recipe for most 

organic materials empirically. This emulsion recipe contains a primary solvent to dissolve 

the target organic material, a secondary solvent (typically phenol or benzyl alcohol ) to 

stabilize the frozen target in vacuum and to enrich the hydroxyl bond  concentration, and 

DI water to provide  the most hydroxyl bonds. In addition,  0.001wt% surfactant, typically 

sodium dodecyl sulfate (SDS), is prepared in the DI water to help emulsify the solution 
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and stabilize the emulsion. The volume ratio between the primary solve nt, secondary 

solvent and DI water is 1:1:4 for most of his studies.  

 Follow ing Ryan PateɀÚ studies, Ryan McCormick systematically studied the effect 

of emulsion-based RIR-MAPLE on the molecular weight of common polymer s, including  

poly(methyl methacrylat e) (PMMA), poly(3 -hexylthiophene -2,5-diyl) (P3HT) and MEH -

PPV [34]. It was found that  the molecular weight of these polymers was not reduced by 

the RIR-MAPLE process, not even for PMMA  with a molecular weight as high as 350 kDa, 

validating the key benefit of emulsion-based RIR-MAPLE.  Another fundamental study 

explored by Ryan McCormick was to determine whether  or not the 0.001wt% SDS 

surfactant in DI water could incur undesirable impacts on deposited P3HT film s. His 

studies showed that P3HT film s deposited from emulsion targets containing 0.001wt% 

SDS did  not contain significant amount s of SDS such that the small molecule structure 

was not detected by X-ray diffraction,  and the mobility of the P3HT film s was not 

deteriorated by the presence of any trivial amount of surfactant  that incorporated within 

the film . In fact, the presence of 0.001% SDS was crucial to making a stable emulsion, from  

which deposited film s were smoother and had higher hole mobility than films deposited 

from a bad emulsion target prepared without any SDS.  

 While  understanding of emulsion -based RIR-MAPLE is far from complete, several 

applications have already been demonstrated showing the unique capabilities of the 

technique. Ryan Pate demonstrated an all-polymer distributed Bragg reflector (DBR) 
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based on eight pairs of alternating layers of P3HT and PMMA deposited by emulsion -

based RIR-MAPLE  [35], showing the capability to deposit multi -layered structures with 

polymers having similar solubility. Ryan McCormick demonstrated anti -reflection 

polymer coatings by etching away PMMA from a polystyrene (PS)/PMMA blended film 

to create a gradient refractive index structure [36]. This application demonstrates that 

emulsion-based RIR-MAPLE can blend two polymers with  nanoscale domain sizes 

because the pore sizes in the etched film were consistent with the requirements for an 

effective medium in the visible range , a crucial requirement  to achieve the gradient 

refractive index structure for application to anti-reflection coatings. Ryan McCormick also 

initiated bulk -heterojunction organic solar cell fabrication by emulsion -based RIR-

MAPLE. Although the efficienc ies of the initial organic solar cells fabricated using 

emulsion-based RIR-MAPLE were  below 1%, the device performance already 

demonstrated significant improvement over organic solar cells  fabricated by UV -MAPLE  

[28]. This improvement shows the potential of emulsion -based RIR-MAPLE  for  

application to organic optoelectronic device fabrication , which extends beyond solar cells 

to include  organic light emitting diodes (OLEDs) and organic photodetectors.  

 Thanks to these promising features of emulsion-based RIR-MAPLE , further 

systematic explorations of this technique are desirable. A fundamental understanding of 

the relationship s between the emulsion composition  and the properties of deposited film s 

is the key to better utiliz ing emulsion-based RIR-MA PLE and to engineering the emulsion 
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recipe to deposit films with desirable  properties for different applications. This 

dissertation helps fulfill this goal by explicitly identifying important film formation 

mechanisms for emulsion-based RIR-MAPLE and apply ing this knowledge to improve 

the performance of device applications , especially organic solar cells. 

1.4 Overview of Research 

The goal of this dissertation is to build  upon the previous work to  further u nveil 

the fundamental mechanisms of emulsion-based RIR-MAPLE. Specifically, the impact of 

primary solvent, secondary solvent and surfactant within the emulsion target are studied 

in the context of deposition  of different types of polymers and nanoparticles, and for 

application  to photovo ltaics and antimicrobial multifunctional films . 

In Chapter 2, the influence of the emulsion target composition  on the properties of 

deposited polymer films is discussed by examining the primary solvent, secondary 

solvent and surfactant, separately. Moreover, the types of polymers (i.e. hydrophobic, 

hydrophilic) are also studied in the context of emulsion target composition effects, 

indicating that the types of emulsion (i.e. water-in-oil , oil -in-water) should be carefully 

designed when different types of po lymers are chosen for deposition. Based on the 

studies, a detailed RIR-MAPLE deposition mechanism using emulsion target s is 

proposed, and general rules of thumb to deposit smoo th polymer films using emulsion -

based RIR-MAPLE are summarized. The conclusions of the studies in this chapter 

contribute to the fundamental understanding of emulsion -based RIR-MAPLE.  
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Chapter 3 studies the application of emulsion -based RIR-MAPLE in the fabrication 

of organic solar cells. The chapter discusses the importance of the sequential deposition 

mode to achieve blended polymer/fullerene derivative  films with  nanoscale domains. In 

addition , Chapter 3 extends results from Chapter 2 in that the effects of emulsion target 

composition are studied in terms of organic solar cell performance , thereby constructing 

the relationship s among deposition technique, film properties and device performance.  

Finally, proof -of-concept tandem organic solar cells fabricated by emulsion-based RIR-

MAP LE are demonstrated indicating the importance of choice of the intermediate layers. 

The conclusions from Chapter 3 show the potential  of emulsion-based RIR-MAPLE for  

organic solar cell fabrication, especially its ability to deposit blended film s with  nanoscale 

domains and to deposit multi -layered structures. 

In Chapter 4, emulsion-based RIR-MAPLE is intro duced to deposit nanoparticles. 

The deposition of colloidal , semiconducting CdSe and metallic , Ag nanoparticles are 

studied in the context of polymer /nanoparticle hybrid solar  cells. It is found that  RIR-

MAPLE deposited hybrid nanocomposite film s exhibit a relatively random distribution 

of nanoparticles. The hybrid nanocomposite films do not have the significant  phase 

segregation that is typically  observed in similar  films deposited by spin -casting. In 

addition, the deposition of large Ag nanoparticles is demonstrated by emulsion -based 

RIR-MAPLE in a controlled manner w ithout sacrificing the plasmonic effect. The surface 

coverage of silver nanoparticles can be precisely controlled and the nanoparticles can be 



 

21 

deposited on a variety of  substrates. The conclusions from Chapter 4 indic ate that 

emulsion-based RIR-MAPLE is a general technique that can deposit organic materials, as 

well as nanoparticles. 

Chapter 5 extends emulsion-based RIR-MAPLE into the biomedical field, and 

blended multifunctional film s exhibiting both bacteria killing and releasing propert ies are 

demonstrated. The nanoscale separation between the bacteria killing component and the 

bacteria releasing component is the key to achieve the functionality of the blended film. 

This application also demonstrates the capability of emulsion -based RIR-MAPLE to  blend 

the hydrophobic bacteria killing component with the hydrophilic bacteria releasing 

component, which  is difficult to achieve by solution -processed deposition techniques. 

Finally, i n Chapter 6, conclusions of this dissertation and suggestions for future 

work are provided  to help guide the improvement of  emulsion-based RIR-MAPLE as a 

standard organic thin film deposition technique that has potential for industry in a wide 

variety of  applications. 
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MAPLE -related techniques have a wide range of parameters available to modify 

the process in order  to achieve controllable deposition and to obtain films  with desirable 

properties for a given application . The primary  tuning parameters include laser fluence, 

laser repetition rate, deposition pressure, substrate temperature, and target-to-substrate 

distance. For emulsion-based RIR-MAPLE, the use of an emulsion target adds another 

mechanism to tune the properties of deposited films. Particularly, the composition of the 

emulsion target is expected to have direct and significant impact on the properties of 

deposited films, determining the deposition scenario, level of solvent contamination, film 

surface roughness, and internal chain packing of molecules. From previous studies, the 

typical emulsion composition was determined empirically , comprising primary solvent, 
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secondary solvent and DI water containing  surfactant. In this chapter, the effect of 

emulsion composition is exp lored by studying each component separately (i.e., effects of 

primary solvent, secondary solvent and surfactant) in order to better understand the role 

of each component and to help establish clearly the advantages of using emulsions as the 

target. In addi tion, this chapter provides evidences that the solubility characteristics of the 

target organic material influence the overall behavior of the emulsion, indicating the 

target organic material  has to be considered explicitly as part of the emulsion composition. 

Informed by better  understanding of the effects of emulsion composition on the properties 

of deposited films, a more precise and detailed deposition mechanism for  emulsion-based 

RIR-MAPLE is proposed, which provides a framework  to design emulsion recipes for 

different types of target organic materials  and for different applications.  

2.1 Primary Solvent Effect on Hydrophobic Polymer Deposition  

The first emulsion component  examined is the primary solvent. In previous work , 

the main consideration for selecting a given primary solvent was that it could  dissolve the 

target organic material. Typically, for a specific target organic material, many good 

solvents exist from which to choose, and the selection of a particular primary solvent was 

somewhat arbitrary.  This investigation of the  primary solvent effect on the deposition of 

hydrophobic polymers  seeks to determine if primary solvents that provide good solubility 

are equally likely to yield  stable emulsions and thin films with the same  properties. 
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To study the primary solvent effect on hydrophobic pol ymer deposition , the wide 

band gap conjugated polymer, poly(3 -hexylthiophene -2,5-diyl) (P3HT) ( Figure 2.1(a)) and 

the narrow  band gap conjugated polymer, poly[2,6 -(4,4-bis-(2-ethylhexyl) -4H-

cyclopenta[2,1-b;3,4-ÉɀȼËÐÛÏÐÖ×ÏÌÕÌȺ-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) (Figure 

2.1(b)), are used as two model materials. These two  hydrophobic conjugated polymers are 

heavily studie d and widely used to fabricate organic solar cells (OSCs) [37, 38]. Therefore, 

they are ideal material systems to study a new technique, such as emulsion-based RIR-

MAPLE , because they have many well -known properties and behaviors documented in 

the application to OSCs. 

 

Figure 2.1: The chemical structures of (a) P3HT and (b) PCPDTBT. 

The guidelines to select primary solvents for this investigation followed two rules. 

First, the polymer must have decent solubility in the chosen primary solvents. For P3HT, 

PCPDTBT, and many other conjugated polymers used in OSCs, methylbenzene (known 

as toluene), 1,2-dimethybenzene (known as o-xylene), tetrahydrofuran  (THF), chloroform, 

chlorobenzene (CB), and 1,2-dichlororbenzene (o-DCB) are experimentally demonstrated 
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as good solvents and are applied in the spin -casting process. Second, in order to identify 

which solvent property affects RIR -MAPLE deposition the most, the chosen primary 

solvents should have properties that follow identifiable trends. Given this consideration, 

1,2,4-trimethylbenzen e (known as pseudocumene) and 1,2,4-trichlorobenzene (TCB) are 

included such that two families of solvents, alkyl aromatic solvents (toluene, o -xylene, 

pseudocumene) and chlorinated aromatic solvents (CB, o-DCB, TCB), with clear trends in 

physical properti es are considered in this study. As seen in Table 2.1, for either solvent 

family, as the number of side groups increases (CH3- or Cl- for alkyl aromatic solvents and 

chlorinated aromatic solvents, respectively), the solvent density increases, and the vapor 

pressure and solubility -in-water decrease. In total, eight potential solvents were 

considered for the study, and the important physical parameters of each solvent are 

summarized in Table 2.1 [39]. Experimentally, it is found that uniform and stable 

emulsions cannot be formed when using THF and chloroform as primary solvents for 

PCPDTBT. Hence, these two primary solvents were not included in the investigations; 

however, the reasons why these two solvents cannot lead to good emulsions are discussed 

later based on the emulsion mechanisms identified in this work.  

Considering th at emulsion-based RIR-MAPLE has many different tuning 

parameters that could affect deposition, it  is essential to keep every other factor the same 

except for the primary solvent. In this study, for all P3HT  (M w = 70 KDa) and PCPDTBT 

(M w = 15-25 KDa) depositions, the primary solvent was varied among the selected 
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solvents, whereas the secondary solvent was phenol in each emulsion target. SDS was 

used as the surfactant in DI water at a concentration of 0.001wt% for each emulsion target. 

A constant volume ratio  of primary solvent: phenol : DI water was used at 1:0.25:3. All 

depositions were conducted at a target-to-substrate distance of 7 cm, with the laser fluence 

around 2 J/cm2 per pulse at a 2 Hz repetition rate  (pulse width ~ 90 µs). The substrate 

temperature during deposition was not actively controlled , and silicon substrates were 

used for non -optical  measurements, while glass substrates were used for optical 

measurements. 

Table 2.1: Physical properties of selected primary solvents.  

Solvents  
Density 

 (g/cm3) 

Vapor Pressure  

(Kpa), 25°C 

Solubility -in-water 

(g/100g) 

Toluene 0.87 2.9 0.053 

o-Xylene 0.88 0.93 0.018 

Pseudocumene 0.88 0.88 0.0057 

Chlorobenzene  1.1 1.2 0.0472 

1,2-Dichlorobenzene  1.3 0.16 0.0156 

1,2,4-Trichlorobenzene  1.5 0.038 0.00488 

Chloroform  1.5 21 0.792 

Tetrahydrofuran  0.89 20 30 

  

To study the effect of primary solvent  on polymer film deposition, multiple 

characterization techniques were compared. For both P3HT and PCPDTBT films, atomic 

force microscopy (AFM) and cross-sectional scanning electron microscopy (SEM) were 

used to study surface morphology of deposited films. Figure 2.2 and Figure 2.3 show the 
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AFM  height images of P3HT and PCPDTBT films deposited from different primary 

solvents, respectively. The scanning  size for these AFM images was 25 µm x 25 µm, and 

this relatively large scanning  size ensures that the images represent the overall quality of 

the film surface, rather than localized surface quality . The root-mean-square (RMS) 

surface roughness was also obtained from the AFM images using the software NanoScope 

Analysis 1.5 and is shown in Table 2.2. As can be seen, for both P3HT and PCPDTBT, the 

films deposited from chlorinated aromatic solvents were generally  smoother than films 

deposited from alkyl aromatic solvents (except that  the pseudocumene PCPDTBT film 

was smoother than the CB PCPDTBT film). Within each family of solvents, the RMS 

surface roughness decreased from CB to o-DCB to TCB for chlorinated aromatic solvents, 

and it decreased from toluene to o -xylene to pseduocumene for alkyl aromatic solvent s. 

 

Figure 2.2: AFM images of P3HT films deposited from chlorinated  aromatic solvents (a) 

toluene, (b) o-xylene, (c) pseudocumene, and alkyl aromatic solvents (d) chlorobenzene, 

(e) 1,2-dichlorobenzene, (f) 1,2,4-trichlorobenzene. 
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Figure 2.3: AFM images of PCPDTBT films deposited from chlorinated  aromatic solvents 

(a) toluene, (b) o-xylene, (c) pseudocumene, and alkyl aromatic solvents (d) 

chlorobenzene, (e) o-dichlorobenzene,  (f) 1,2,4-trichlorobenzene. 

Table 2.2: RMS surface roughness of P3HT and PCPDTBT films deposited by emulsion-

based RIR-MAPLE using selected primary solvents. The RMS roughness values are 

obtained by averaging three AFM images on different areas of the films. The values in 

brackets are the standard deviation of the RMS roughness for each film calculated from 

three images. 

 

To observe the surface features of the deposited films more clearly, cross-sectional 

SEM images also were taken of the deposited films. Figure 2.4 and Figure 2.5 show the 

Primary Solvents 
RMS Surface Roughness (nm)  

P3HT PCPDTBT 

Toluene 105.33(8.34) 134.33(8.99) 

o-Xylene 61.97(2.11) 44.10(2.65) 

Pseudocumene 51.17(0.97) 40.97(3.14) 

Chlorobenzene 41.33(1.89) 45.43(4.83) 

1,2-Dichlorobenzene 19.37(0.71) 19.13(1.54) 

1,2,4-Trichlorobenzene 11.87(0.84) 9.51(0.77) 
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cross-sectional SEM images of P3HT and PCPDTBT films deposited from the two solvent 

families. For the rough P3HT and PCPDTBT films, corresponding to prominent bright 

spots in the AFM height images (e.g., toluene films), the SEM images demonstrated very 

large polymer clusters (on the order of micrometer size), which clearly were observed to 

be scattered across the films. Apart from the scattered large clusters, the remainder of 

these rough films were  continuous with  wavy nanoscale features. For the smooth P3HT 

and PCPDTBT films (e.g., o-DCB, TCB film), few large polymer clusters were observed on 

the films, and the films had smooth features similar to spin -cast films.  

 

Figure 2.4: Cross-sectional SEM images of P3HT films deposited from chlorinated 

aromatic solvents (a) toluene, (b) o-xylene, (c) pseudocumene, and alkyl aromatic solvents 

(d) chlorobenzene, (e) o-dichlorobenzene, (f) 1,2,4-trichlorobenzene. The red scale bar is 

shown in (f) and is the same for all other images. 



 

30 

 

Figure 2.5:  Cross-sectional SEM images of PCPDTBT films deposited from chlorinated 

aromatic solvents (a) toluene, (b) o-xylene, (c) pseudocumene, and alkyl aromatic solvents 

(d) chlorobenzene, (e) o-dichlorobenzene, (f) 1,2,4-trichlorobenzene. The red scale bar is 

shown in (f) and is the same for all other images. 

Generally speaking, films deposited from MAPLE -related techniques are rougher 

than film s deposited from spin -casting. While the reported UV-MAPLE deposited films 

often show undesirable surface features that can significantly increase the RMS surface 

roughness, such as deflated balloon [40], interconnected filament [41], and elongated 

nanofiber [41], the reported RMS surface roughness for spin-cast films typical ly  range 

from less than 1 nm [42] to a little more  than 10 nm [43]. However, as demonstrated by 

the surface characterization of the films above, emulsion-based RIR-MAPLE  can tune the 

RMS surface roughness of deposited films from sub -ten nanometers to more than one 

hundred nanometers, simply by changing the primary solvent used to deposit the films. 

This tunability is advantageous for emulsion-based RIR-MAPLE to be used in different 
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applications, e.g., rough film s may be beneficial for gas sensors, whereas smooth films are 

more favored for  electronic and optoelectronic devices. 

2.2 Mechanisms of Primary Solvent Effect : Vapor Pressure and 

Solubility -in -Water  

The frozen target emulsion used for emulsion -based RIR-MAPLE deposition of 

hydrophobic polymers is an oil-in-water (o/w) emulsion , in which the organic liquid 

phase (including primary solvent, secondary solvent, and dissolved target polymer) is 

uniformly dispersed as droplets in the continuous water phase. Based on the results of 

surface characterization, it can be concluded that both P3HT and PCPDTBT films are 

smoother when deposited from a primary solvent with lower vapor pressure and lower 

solubility -in-water. In the following discussion, two hypot heses are proposed to explain 

why these factors strongly affect the surface roughness of the deposited films, eventually 

leading to the proposed, unique  mechanism of thin film formation that differentiates 

emulsion-based RIR-MAPLE from other MAPLE -related techniques.  

The first hypothesis is that low vapor pressure primary solvents lead to smoother 

films because the sublimation rate of the frozen target in vacuum is reduced. One 

important fact to emphasize is that the frozen emulsion target in the vacuum ch amber is 

not in its equilibrium state over the co urse of the deposition process. Due to its vapor 

pressure, the frozen solvent in the emulsion target  can sublimate in vacuum over time, 

even without laser irradiation . As more frozen solvent molecules sublimate, the polymer 
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concentration on the surface of the frozen target emulsion increases. It has been 

demonstrated that films deposited from targets containing highly concentrated polymers 

are rougher than films deposited from targets with low concentrations of polymer s [44]; 

therefore, a low vapor pressure primary solven t helps prevent an increase in polymer 

concentration at the target surface over time that is detrimental to the deposition of 

smooth films. A secondary effect of a low vapor pressure primary solvent is that the 

reduced sublimation rate of the frozen host m atrix can prevent the matrix composition of 

the target from changing over time under vacuum. Given that the different components 

of the host matrix (primary solvent, secondary solvent and water) sublimate at different 

rates, a change in the matrix composition can remove the target emulsion from the desired 

evaporative scenario, which occurs for a high concentration of -OH bonds. Thus, 

minimizing the matrix sublimation rate of the entire target emulsion by using a low vapor 

pressure primary solvent improves the consistency of the deposition. 

The second hypothesis is that primary solvents with lower solubility -in-water 

yield more stable emulsions with smaller organic solvent droplets containing smaller 

polymer clusters. The films deposited from smaller polymer  clusters in the emulsion have 

smaller surface feature sizes and higher polymer chain packing density, leading to 

smoother films. To elucidate the role of solubility -in-water, the composition and 

microstructure of the emulsion must be examined more closely.  

The common knowledge that describes the behavior of mixing two liquids can be 
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ÚÜÔÔÈÙÐáÌËɯÈÚɯɁÓÐÒÌɯËÐÚÚÖÓÝÌÚɯÓÐÒÌɂȭɯFor the traditional two -phase emulsion, in which  

polymer is  not involved, the two liquid phases are not alike (water is a polar phase and 

primary  solvent is a non-polar phase) and, hence, are not miscible. From the perspective 

of thermodynamics, the classic GibbsɬDeuhem equation [45] that describes the Gibbs free 

energy for the liquid -liquid interface can be used to predict emulsion behavior and is 

shown as Equation 2.1: 

                                       ▀╖Ɑ ╢Ɑ▀╣ ═▀♬В▪░▀Ⱨ░                                         (2.1) 

where ὛὨὝ is the entropy term, ὃὨ‎ is the interfacial energy term (A is the interface 

area, ‎ is the interfacial tension), and ВὲὨ‘ is component term (ὲ is the number of 

moles of component i in the interface layer, ‘ is the chemical potential of component i ). 

At constant temperature and composition, the entropy term and component term 

can be ignored and the Equation 2.1 becomes Equation 2.2: 

             ♬
⸗╖Ɑ

⸗═╣ȟ▪░
                                                               (2.2) 

For the interface between two dissimilar  phases, such as water and primary  

solvent, the interfacial tension ‎ is positive . As a result, the interfacial area between the 

water and organic solvent tend s to be reduced naturally  in order to keep the Gibbs free 

energy as low as possible. As a result, the primary solvent tends to separate from water 

by forming a distinct layer above or below the water (depending on the relative density 

of the primary solvent to water) . This planar interface yields the lowest interfacial area 

and represents the extreme case of reducing interfacial free energy. By shaking or 
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sonication (energy input to the system), the separate layer of primary solvent c an be 

broken into small droplets and dispersed in the water  temporarily , leading to the 

formation of an emulsion. While the solvent droplet size in the target emulsion usually is 

not monodisperse, the statistical average of the droplet size can be determined, and it is 

partially affected by the miscibility of the primary solvent in water (solubility -in-water of 

primary solvent). In general, if the solubility -in-water of the primary solvent is low, the 

solvent droplet size is relatively la rge because interfacial tension , ‎, is larger and the 

tendency to form a planar interface is stronger.  As a result, smaller solvent droplets are 

driven to coalesce quickly into larger droplets in order to reduce the interfacial area  with 

water. If surfactant is present in the emulsion, the interfacial tension of primary solvent 

and water can be reduced by the adsorption of surfactant at the interface. In addition, the 

surfactant also acts as the steric hindrance, preventing solvent droplets from continuing 

to coalesce and, subsequently, leading to emulsion flocculation.     

As revealed by the surface characterization of hydrophobic polymer films 

deposited by emulsion -based RIR-MAPLE, i f a third phase (i.e., the hydrophobic 

polymer ) is added to a traditional two -phase o/w  emulsion, the interplay among the 

primary solvent, water and polymer c an change the emulsion behavior . In this case, the 

bonding  strength between polymer and primary solvent molecules , relative to that 

between water and primary solv ent molecules, must be considered. A graphic 

representation of the three-phase, o/w emulsion microstructure  is shown in  the Figure 2.6.  
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Figure 2.6:  Graphic representation of composition and microstructure of the emulsion 

used in RIR-MAPLE. The hydrophobic , intertwined polymer chains are confined within  

the nonpolar solvent droplets. The solvent droplets are uniformly dispersed in the 

continuous water phase. The polymer cluster size differs  depending on the confining  

solvent droplet size. The presence of surfactant prevents the solvent droplets from 

coalescing and resulting in emulsion flocculation.  

 

Figure 2.7: Graphic representation of three-phase, o/w emulsion. The top left shows 

solvent molecules that bond with polymer chains and envelop them, forming a droplet 

inside the water molecules. The top right shows the competition between the bonding of 

a solvent molecule to a polymer chain and the bonding of  a solvent molecule to a water 

molecule.   
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Figure 2.7 shows the concept of competitive bonding in a three-phase, o/w emulsion 

containing polymer, primary solvent and water. It is important to note that the bonding 

of water molecules to hydrophobic polymer molecules are ignored because hydrophobic 

polymer s are insoluble in water.  

To illustrate the importance to emulsion formation of competitive bonding within  

three-phase system, the organic solvents TCB, chloroform, and THF are used as three 

representative primary solvents  for PCPDTBT emulsions, with solubility -in-water that 

differ by orders of magnitude (Figure 2.8).  The bonding strength to water molecules is 

lowest for TCB (solubility -in-water is 0.00488g/100g), and increases for chloroform 

(solubility -in-water is 0.792g/100g) and THF (solubility -in-water is 30g/100g), which were 

found to yield poor emulsions as discussed in Section 2.1. Experimentally, when TCB is 

used as the primary solvent, a very good, milk y emulsion is formed. In this case, the 

bonding strength of TCB and PCPDTBT molecules is larger than the bonding strength of 

TCB and water molecules (due to the very low solubility -in-water of TCB). The TCB 

droplets are attracted and repelled by PCPDTBT and water molecules, respectively, 

thereby preventing coalescence of the solvent, which result s in good dispersion in water. 

In contrast, when chloroform is used as the primary solvent, a poor emulsion is formed 

such that solvent droplets coalesce very quickly, resulting in larger polymer clusters 

confined within the solvent droplets . In this case, the poor emulsion results because the 

bonding strength of chloroform  and water molecules is comparable to the bonding 
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strength of chloroform and PCPDTBT molecules (due to the partial miscibility of 

chloroform in water indicated by the increased solubility -in-water). Finally,  when THF is 

used as the primary solvent, the PCPDTBT directly precipitates out from solution as bulk 

solid particles. This precipitation of the target polymer occurs because the bonding 

strength of THF and water molecules is larger than the bonding strength of THF and 

PCPDTBT molecules (due to high solubility -in-water of THF). The bonding of THF and 

water molecules directly exposes PCPDTBT molecules to excess water, and the PCPDTBT 

molecules precipitate out because they cannot bond to water molecules.  

 

Figure 2.8: Schematic representation of different emulsions formed by using primary  

solvents with different solubility -in-water values. The transition  of a good, meta-stable 

emulsion (TCB emulsion), to an unstable emulsion (chloroform emulsion) , and finally to 

a non-emulsion (THF emulsion) , is shown from left to right by both schematic 

representations and real pictures. 
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From this illustration,  it can be concluded that the larger the bonding strength 

between primary solvent and polymer molecules, compared to that between primary 

solvent and water molecules, the smaller the organic solvent droplet size in the 

corresponding emulsion. Therefore, the average droplet size of a three-phase, o/w 

emulsion for a primary solvent with lower solubility -in-water can be smaller than the 

droplet size expected for  a traditional two -phase, o/w emulsion. Alternatively, the 

presence of the hydrophobic polymer within the primary solvent could be seen as an 

indirect way to reduce the interfacial tension with water. It should be highlighted that this 

behavior is based on the relative strengths of two b onding f orces. Thus, the solubility -in-

water of the primary solvent is only one of the two  parameters that affects the solvent 

droplet size in the emulsion and the eventual surface roughness of deposited film s. 

However, because the solubility of organic materials in different solvents that measures 

bonding strength between polymers and solvents is more difficult to obtain than the 

solubility -in-water that measures the bonding  strength between solvents and water, the 

solubility -in-water alone is used to provide an i nitial estimate of  the emulsion droplet size. 

Based on this solubility -in-water hypothesis, from Table 2.1, the solvent droplet size 

should decrease from CB, to o-DCB, to TCB for the chlorinated aromatic solvents and 

decrease from toluene, to o-xylene, to pseudocumene for the alkyl aromatic solvent s. It is 

more difficult to predict  the droplet size when comparing solvents from different  families 

because the bonding strength between solvent and polymer may var y significantly.  
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2.3 Formation of Thin Films  in Emulsion -Based RIR-MAPLE   

 Based on the discussion of three-phase, o/w emulsions, it is clear that the choice of 

primary solvent affect s droplet size in the emulsion , and thus, the polymer cluster size 

within the solvent droplet . However, the exact mechanism by which  these polymer 

clusters are translated into deposited films , and the influence of these polymer clusters on 

film  properties, remain unclear. In this section, the mechanism of thin film formation in 

the emulsion-based RIR-MAPLE process is proposed, and additional materials 

characterization help support this hypothesis . 

2.3.1 Deposition of Polymer Films as Clusters  

As discussed earlier, in the target emulsion, hydrophobic polymers disperse in the 

continuous water phase as clusters contained in the solvent droplet . During deposition, 

the water-ice phase of the emulsion absorbs the incident laser energy, evaporates, and is 

pumped away, leaving the polymer to deposit on the substrate as polymer clusters. Thus, 

the film deposi ted from the emulsion t arget results from the cluster-by-cluster stacking of 

the polymer. These polymer clusters do not necessaril y have the same size and shape, and 

the cluster stacking is not likely to exhibit close packing, which leads to a) uneven surfaces 

and b) voids insid e the film (as depicted in Figure 2.9). To help prove this hypothesis, a 

cross-sectional SEM image of a PCPDTBT film deposited by o-DCB is shown in Figure 2.9 

(a), from which the polymer clusters can be clearly identified.  
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Figure 2.9: (a) Schematic illustration of the film formation mechanism in emulsion -based 

RIR-MAPLE process. The surface roughness and internal voids of the film are highlighted 

by blackline. A cross-sectional SEM image of the film shows the presence of polymer 

clusters. (b) Schematic illustration of the two order scales for polymer packing in the RIR -

MAPLE deposited film .  

This proposed film formation mechanism in emulsion -based RIR-MAPLE relates 

film surface roughness to polymer cluster size and to emulsion droplet size. As the 

polymer cluster size become smaller, the resulting film surface becomes smoother because 

the film is formed by the stacking of smaller polymer clusters. As described earlier, for 

chlorinated aromatic solvents, the solvent droplet size is expected to decrease from CB, to 

o-DCB, to TCB, as determined by the solubility -in-water of the primary solvent . From 

Table 2.2, it can be seen that the deposited film roughness (for both P3HT and PCPDTBT) 

also decreases from CB, to o-DCB, to TCB. The same trend is observed for alkyl aromatic 

solvents. Together, these results indicate that polymer films are deposited as polymer 

clusters. 

The size of the polymer cluster affects not only the surface roughness of the film, 

but also the polymer packing density of the film. Film  voids originate from polymer 



 

41 

clusters that are not close-packed, which can potentially reduce the film stiffness .  This 

affect becomes more significant as the polymer cluster size increases. To verify this 

hypoth esis, contact resonant atomic force microscopy (CR-AFM) measurements were 

conducted to characterize the stiffness of PCPDTBT films deposited from TCB, o-DCB and 

CB. These measurements were conducted courtesy of Qing Tu in Professor Stefan 

9ÈÜÚÊÏÌÙɀÚɯÎÙÖÜ×ɯat Duke University. In CR -AFM, the tip is in contact with the testing 

film. A piezoelectric transducer is coupled to the film and emits longitudinal acoustic 

waves (sine waves) into the film, causing out-of-plane vibration of the film surface. The 

transducer sweeps acoustic waves in a wide range of frequency, but with the same 

amplitude. Then, the vibration frequency of the cantilever , in response to the applied 

acoustic waves, is measured by a 4-section photo-diode. The resonance frequency of the 

cantilever is selected and recorded by a lock-in amplifier. This resonance frequency of the 

cantilever is proportional to the stiffness of the film that is in contact with the tip and can 

be used to gauge the stiffness of the film [46]. Table 2.3 summarizes the average resonance 

frequencies that were measured (over 10 um x 20 ϟÔɯÚÊÈÕɯÚÐáÌȺɯÞÏÌÕɯÛÏÌɯÛÐ×ɯÞÈÚɯÐÕɯÊÖÕÛÈÊÛɯ

with a bare silicon substrate and with PCPDTBT films deposited by RIR -MAPLE from 

different chlorinated solvents. The frequency error shown in Table 2.3 is the RMS 

frequency deviation from the mean value, indicating the uniformity of the film. As can be 

seen, the silicon substrate has the highest cantilever resonance frequency because it has 

the hardest surface. Among PCPDTBT films, the film deposited from TCB shows the 
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highest resonance frequency, followed by o-DCB and CB. This result indicates that the 

films deposited from solvents with lower vapor pressure  and lower solubility -in-water 

(such as TCB) are generally stiffer. Considering that all of the deposited films are the same 

material (PCPDTBT), the observed differences in stiffness of these films could only be due 

to the difference of packing density of the polymer clusters. The frequency error in the 

table also shows that the uniformity of the more tightly packed films i s better than loosely 

packed films. 

Table 2.3: Average cantilveler resonance frequency of the PCPDTBT films deposited from 

different chlorinated primary solvents in CR -AFM measurement. Bare silicon is the 

reference for comparison . 

Films 
Average cantilever resonance frequency  

ȹƕƔϟÔɯßɯƖƔϟÔɯÚÊÈÕɯÚÐáÌȺ 
Frequency error 

Silicon substrate 221.62 kHz 1.67 kHz 

TCB film  210.50 kHz 13.54 kHz 

o-DCB film  204.93 kHz 17.49 kHz 

CB film  200.11 kHz 20.37 kHz 

  

2.3.2 Polymer Films with Two Levels of Ordering  

The presence of voids in the polymer film is only one aspect of internal 

morphology resulting from deposition by emulsion-based RIR-MAPLE. In fact, the 

internal morphology of the polymer film can be seen as comprising two different order s 

of packing (Figure 2.9(b)): the packing of polymer chains within  polymer clusters, and the 

packing among polymer clusters. While the voids in the film are mainly determined by 

the packing among polymer clusters, the crystallinity of the film could be det ermined by 

both types of packing. To indirect ly  characterize the crystallinity of the films, ultraviolet ɬ
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visible (UV -Vis) absorbance measurements were conducted on the P3HT and PCPDTBT 

films deposited from different primary solvent s. From UV-Vis absorbance spectra of 

P3HT films (Figure 2.10(a)), it can be seen that the vibrionic peak near 625 nm is more 

pronounced for alkyl aromatic solvents that have larger surface roughness, which 

indicates the polymer chains may be more ordered [47] in larger polymer clusters than in 

smaller polymer clusters. Different from P3HT films, the UV -Vis absorbance spectra for 

the PCPDTBT films (Figure 2.10(b)) show the chlorinated aromatic solvents (plus 

pseudocumene) yield a more ordered PCPDTBT film due to closer packing between the 

polymer clusters, indicated by a relative red shift of the absorbance peak [38, 48]. The 

contradictory results from P3HT and PCPDTBT indicate that the crystallinity of the 

polymer films also depend s on the nature of the polymer. In this example , the P3HT is 

more crystalline than PCPDTBT. The exact mechanism of how primary solvents affect 

polymer packing within  the emulsion droplets still needs to be explored in future studies.   

 

Figure 2.10: The UV-Vis absorbance spectra of (a) P3HT films and (b) PCPDTBT films 

deposited from selected primary solvents  by emulsion-based RIR-MAPLE . 
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Another important property of polymer film s deposited by emulsion -based RIR-

MAPLE is th at the orientation of the polymer chains within the film is mor e isotropic 

compared to spin-cast films. The orientation of the polymer chains in the polymer film is 

significant because it can indicate the charge transport properties in different direction s. 

Generally, in the polymer film, the conjugated backbone lies parallel to the substrate 

surface (in-plane direction), while the insulating side chains  (represented by [100]) ÖÙɯϣ-ϣɯ

stacking between different polymer chains (represented by [010]) can be oriented in-plane 

or out -of-plane (perpendicular to the substrate surface).  For organic thin-film transistors 

with a lateral device geometry, in-plane orientation  ÖÍɯϣ-ϣɯÚÛÈÊÒÐÕÎ is desired, while out -

of-plane orientation ÖÍɯϣ-ϣɯÚÛÈÊÒÐÕÎɯis desired for devices with a vertical geometry, such 

as organic solar cells. Previous studies compared the orientation of P3HT films deposited 

by emulsion-based RIR-MAPLE and by spin -casting using grazing-incidence, wide angle 

x-ray scattering (GIWAXS) measurements [49]. It was found that , unlike  P3HT films 

deposited by spin-casting, P3HT films deposited by emulsion-based RIR-MAPLE do not 

have a dominant [100] orientation in the out-of-plane (OOP) direction . This conclusion 

indicates that the process of emulsion-based RIR-MAPLE is fundamentally different from 

spin-casting. Based on the understanding from this work  as well as the deposition 

mechanism identified in this chapter , it would be interesting to explore any relationships 

that could exist between polymer chain orientation and the chosen primary solvent to   
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Figure 2.11: Normalized GIWAXS 1D scan of P3HT films deposited from different 

primary solvents in (a) IP direction and (b) OOP direction.  The (100) peak is at q value 

near 0.4 Å-1 and the (010) peak is at q value near 1.7 Å-1. 

deposit the polymer. Therefore, GIWAXS was also used to examine the primary solvent 

effect on the orientation of P3HT films. Figure 2.11 shows the normalized GIWAXS, one-

dimensional  (1D) scan of P3HT films deposited from different primary solvents in both 

the in-plane (IP) and OOP direction s. Table 2.4 summarizes the relative peak intensity of 

(100) over (010). As shown, all P3HT films have  a strongly dominant (100) orientation in 

the OOP direction, while the [100] orientation in the IP direction  is still domi nant, but less 

so (except the TCB film) . Among the P3HT films,  the contribution of [100]  orientation 

decreases in the IP direction as the solvent droplet size increases in the same solvent 

family, indicated by the increase of the (010)/(100) value from CB to TCB and toluene to 

pseudocumene. On the contrary, the contribution of [100]  orientation increases in the OOP 

direction as the solvent droplet size decreases in the same solvent family, indicat ed by the 
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decrease of the value of (010)/(100) from CB to TCB and toluene to pseudocumene. While 

a trend in the orientation based on primary solvent selection is observed, more studies are 

required to propose an exact mechanism explaining the GIWAXS results and to better 

understand the two orders of packing in polym er films deposited by emulsion -based RIR-

MAPLE.  Until to the time of fully understanding the mechanism, we can rationally use 

emulsion-based RIR-, /+$ɯÛÖɯÛÜÕÌɯÛÏÌɯÍÐÓÔɀÚɯÊÏÈÙÎÌɯÛÙÈÕÚ×ÖÙÛɯ×ÙÖ×ÌÙÛàɯÐÕɯËÐÍÍÌÙÌÕÛɯ

directions for different applications.   

Table 2.4: The relative peak intensity of (010) peak over (100) peak in 1D scan both in IP 

and OOP direction. 

Solvent IP(010/100) OOP(010/100) 

Toluene 0.43 0.039 

o-Xylene 0.38 0.041 

Pseudocumene 0.80 0.015 

Chlorobenzene 0.29 0.069 

o-Dichlorobenzene 0.86 0.023 

1,2,4-Trichlorobenzene 1.16 0.011 

 

2.4 The Impact of Phenol as the Secondary Solvent  

While the primary solvent effect and film formation mechanism for hydrophobic 

polymer films deposited by emulsion -based RIR-MAPLE has been explained in the 

context of a three-phase, o/w emulsion, in reality, the emulsion recipe also contains 

secondary solvent and SDS surfactant. In the previous discussions, the effects of primary 

solvent were determined  without considering the presence of the secondary solvent or 
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surfactant in order  to simplify the analysis. Such simplification is reasonable given that 

the primary solvent accounts for 80% volume of organic solvents  in the emulsion recipe. 

However, in practice, the inclusion of the secondary solvent is essential for good quality 

emulsions and cannot be ignored. Figure 2.12 shows two PCPDTBT emulsions using TCB 

as primary solvent , with and without the secondary solvent phenol. It can be seen clearly 

that a good emulsion cannot be formed without secondary solvent phenol. The initial 

understanding of the purpose of the secondary solvent (phenol) in the emulsion is to 

increase the -OH concentration , as well as to reduce the overall vapor pressure of the 

emulsion so that it remains stable in vacuum over time. However, from Figure 2.12, it can 

ÉÌɯÐÕÍÌÙÙÌËɯÛÏÈÛɯ×ÏÌÕÖÓɯÈÓÚÖɯÈÊÛÚɯÈÚɯÈɯÚ×ÌÊÐÈÓɯɁÚÜÙÍÈÊÛÈÕÛɂɯÛÖɯÏÌÓ×ɯÍÖÙÔɯand stabilize the 

emulsion. To better understand the impact of  the secondary solvent phenol, PCPDTBT 

films deposited from TCB emulsion s with a different amount s of phenol w ere 

characterized by AFM. The RMS surface roughness values are shown in the Table 2.5. It 

can be seen that comparable film roughness is achieved when the films are deposited with 

the phenol volume ratio in the range of 0.1 to 0.5. However, if the phenol is not added at 

all, the stable emulsion cannot be formed. On the other hand, if too much phenol is added, 

the film roughness increases significantly due to the high solubility -in-water of the 

phenol, which does not satisfy the requirement of being a good primary solvent for a 

smooth film. The fact that only a small amount of phenol is needed to emulsify the 

solution and to deposit smooth film s indicates phenol can serve two roles: that of 



 

48 

surfactant in small amount s and that of primary solvent  in large amounts. In fact, phenol 

structure contains a benzene ring and a hydroxyl group (Figure 2.12(c)). The benzene ring 

is the hydrophobic part  of the molecule, similar to the  dodecyl tail in SDS, and the 

hydroxyl group is the hydrophilic part of the molecule, similar to the  ionic sulfate head in 

SDS. As a result, small amounts of phenol molecules in the emulsion most likely function 

as a surfactant, remaining at the interface between primary solvent and water in the 

emulsion, which help keep the emulsion stable. It is important to note that it is not a goo d 

 

Figure 2.12: PCPDTBT emulsion prepared from TCB as the primary solvent with (a) 

phenol and (b) without phenol as the secondary solvent.  (c) Chemical structure of the 

phenol molecule. 

Table 2.5: RMS roughness of PCPDTBT films deposited from TCB as primary solvent with 

different amount of phenol as the secondary solvent. 

TCB:Phenol:DI water (volume ratio)  RMS roughness (nm) 

1:0:3 NA (not an emulsion)  

1:0.1:3 11.87(2.43) 

1:0.25:3 11.10(0.89) 

1:0.5:3 15.23(0.33) 

1:1:3 22.23(1.79) 
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idea to increase the amount of phenol in order to replace all SDS in the emulsion,  because 

the phenol acts more like a primary solvent than a surfactant when the amount of phenol 

is increased. 

2.5 Deposition of Hydrophilic Polymers and Surfactant Effect  

At this point , the primary and secondary solvent effects have been discussed in 

the context of hydrophobic polymer deposition. The deposition mechanisms could be 

very different for hydrophilic polymer deposition. One obvious difference is that an 

emulsion target i s not necessary for hydrophilic polymer deposition because such 

polymers are water soluble. Even if an emulsion is still used to perform hydrophilic 

polymer deposition, the guideline s to choose the primary solvent and to design the 

emulsion composition  could be very different because the hydrophilic polymer tends to 

bond with water molecules  instead of organic solvent molecules. These differences 

require examination of the role of surfactant and other factors that have not been 

considered yet in detail.  In this section, the polymer poly(3,4 -ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) (Figure 2.13) is used as a model material to study 

hydrophilic polymer deposition. PEDOT:PSS is widely used as the hole transport layer 

(HTL) in organic solar cells, thus the conclusions obtained here are also useful for 

application of  emulsion-based RIR-MAPLE to fabricate organic solar cells. 
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Figure 2.13: The chemical structure of hydrophilic polymer PEDOT:PSS. 

2.5.1 Emulsion vs Non-emulsion Target  

For the hydrophilic polymer  (PEDOT:PSS) deposition  study , a comparison was 

made first to examine the differences of RIR-MAPLE deposition using an emulsion and a 

non-emulsion (i.e., solution ) ÈÚɯÛÏÌɯÛÈÙÎÌÛȭɯ3ÏÌɯ×ÜÙÊÏÈÚÌËɯ/$#.3ȯ/22ɯȹɯ"ÓÌÝÐÖÚɚɯ/5/ɯ (ɯ

4083 ) was originally received as a water solution. To ensure a comparable deposition rate 

to the hydrophobic polymer deposition (20 nm/hr), the as -received PEDOT:PSS water 

solution was further dilu ted with DI water such that 1 volume PEDOT:PSS was added to 

1.5 volume DI water. After dilution, the concentration of the starting PEDOT:PSS  water 

solution was roughly 5mg/ml (estimated based on deposition rate) . The DI water is 

considered to be the prima ry solvent , analogous to the hydrophobic polymer deposition. 

The diluted PEDOT:PSS water solution was used as the starting material for further 

investigation and is referred to as PEDOT:PSS solution. 

While the starting PEDOT:PSS water solution can be directly used to perform RIR -

MAPLE deposition, the PEDOT:PSS can also be deposited from an emulsion target, which 

can be achieved simply by adding non -polar organic solvent into the PEDOT:PSS water 
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solution. Table 2.6 shows the different recipes for PEDOT:PSS deposition used in this 

study, which includes both solution and emulsion target s. The measured RMS surface 

roughness of the PEDOT:PSS films deposited from these recipes are also shown in Table 

2.6. The emulsion recipes follow the convention established for hydrophobic polymer 

deposition, namely  primary solvent: secondary solvent: DI water , for  easy comparison 

and to ensure the PEDOT:PSS concentration in the entire emulsion is the same. However, 

the actual purpose for each emulsion component  may not be the same as in the case of 

hydrophobic polymer deposition . From recipe a to recipe c, an attempt was made to 

emulsify the solution by adding phenol. Once the solution turns into an emulsion (recipe 

c), the corresponding film roughness decreases significantly. From recipes d to f, an 

attempt was made to emulsify the solution by adding three different types of organic 

primary solvents : TCB, CF and THF. While CF and THF cannot make an emulsion for the 

hydrophobic polymer PCPDTBT, all three primary solvents  lead to a good emulsion for 

the hydrophilic polymer , PEDOT:PSS. Based on the conclusions obtained from 

hydrophobic polymer deposition, it is expected th at the film roughness should decrease 

from THF, CF to TCB. However, it can be seen from Table 2.6 that, although TCB still 

yields the smoothest film, it is not significant ly  different from the film s deposited from 

THF and CF. In addition, t he RMS roughness of the film deposited from CF is larger than 

that from  THF, contrary to expectations. In fact, with close examination of  recipes c, d, e,  
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Table 2.6: RMS surface roughness of PEDOT:PSS films deposited from several recipes to 

examine the difference of emulsion and non -emulsion targets. 

Deposition Recipe Emulsion 
RMS roughness 

(nm) 

a. 1(PEDOT solution) : 0.25(Water) : 3(Water) No 97.5(9.19) 

b. 1(PEDOT solution) : 0.25(Phenol) : 3 (SDS water) No 84.2(13.56) 
c. 1(PEDOT solution) : 0.5(Phenol) : 3(SDS water) Yes 52.0(11.73) 
d. 1(TCB) : 0.25(Phenol) : 3(1PEDOT solution + 2 SDS water) Yes 45.45(2.90) 
e. 1(CF) : 0.25(Phenol) : 3(1PEDOT solution + 2 SDS water) Yes 61.0(14.28) 
f. 1(THF) : 0.25(Phenol) : 3(1PEDOT solution + 2 SDS water) Yes 56.05(12.66) 

 

f, it is reasonable to conclude that the surface roughness of the films deposited from 

emulsion targets are comparable, regardless of primary solvent,  and are generally much 

lower than the surface roughness for  film s deposited directly from the water solution. 

This observation that emulsion target s usually lead to smoother film s than water solution 

targets for hydrophilic polymer deposition is not limited to PEDOT:PSS. Figure 2.14 

shows the AFM images of another hydrophilic polymer , polyethylene glycol (PEG), 

deposited from emulsion and water target s. It can be seen that the size of polymer clusters 

across the surface are reduced significantly by using an emulsion target instead of a water 

solution target, consistent with PEDOT:PSS deposition. This interesting finding raise s a 

few questions: What are reasons that emulsion targets lead to smoother film s than 

solution target s? Why do all emulsion targets lead to films with comparable surface 

roughness for hydrophilic polymer deposition , regardless of primary solvent , while the 

roughness differs significantly for hydrophobic polymer deposition?  
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Figure 2.14: AFM images of PEG polymer films deposited from (a) an emulsion target 

prepared by the mixed solution of water and phenol and from (b) a non -emulsion target 

prepared by only water  solution . 

To answer these questions, it is essential to examine emulsion targets for 

hydrophilic polymers. Unlike hydrophobic polymer s, hydrophilic  polymer molecules in 

the emulsion are no longer contained with in the organic solvent as clusters dispersed in 

the continuous water phase. These hydrophilic polymers are actually dissolved in the 

continuous water phase. As a result, hydrophilic polymer s are no longer deposited as 

polymer clusters defined by emulsion droplet size. On the contrary, the polymers are 

deposited directly from the c ontinuous water phase, which can result in a significant 

amount of polymer chain s collisions when frozen water in the target is evaporated by 

absorbing incident laser energy. The polymer chains eventually collide to form  large 

polymer aggregates that contr ibute to the large surface roughness of the deposited films. 

Figure 2.15 describes the different dispersion states of hydrophilic and hydrophobic 

polymer s in the emulsion.  
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Figure 2.15: Schematic representation of the dispersion states of (a) hydrophobic and (b) 

hydrophilic polymers in  the emulsion targets. 

To examine the process of polymer chain collision  more closely, water removal 

process by laser ablation is considered. First, the deposition of hydrophilic polymers 

directly from pure water solution is addressed. When the incident laser impinges upon  

the frozen water target, the water molecules in the laser spot region are melted, then 

evaporated, and eventually pumped a way. During this time , the polymer molecules in 

the laser spot region regain mobility in water after the frozen water molecules are melted 

by the laser. Then, as the melted water molecules gradually evaporate, the polymers 

molecules tend to collide with ea ch other while continuing to be  dissolved in the water 

that remains in the target, which leads to large polymer aggregates. Eventually, as all the 

water molecules are evaporated, these polymer aggregates become larger and eventually  

are ejected onto the substrate due to the pressure difference between the positive pressure 

near the surface of the target (due to the evaporated water) and the negative pressure in 
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the chamber (due to the pumping system ). The polymer aggregates are the origin of the 

large surface roughness of the deposited film s. In fact, this deposition description  can be 

applied to any MAPLE system in which  a good solvent, alone, is used as the matrix for 

resonant laser absorption such that the solvent is removed during deposition.  

The deposition scenario changes when organic solvent is added to the water 

solution. The addition of organic solvent create s solvent droplets dispersed within  the 

continuous water phase. Even though the solvent droplets do not directly confine the 

polymer into smaller clusters, they can divide the continuous water phase into different 

regions. The solvent droplets can act as barriers to prevent the collision of polymers from 

adjacent regions during the water removal process because the hydrophilic polymers are 

repelled by the solvent droplets , as shown in Figure 2.16. Although solvent droplets  can 

 

Figure 2.16: Schematic diagram depicts solvent droplets separating the continuous water 

phase into different region s and preventing polymer chains in each region from colliding 

to form  large aggregates.  
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help prevent the collision of polymer chains into large aggregates, they cannot prevent all 

collision s because the solvent droplets are mobile in the emulsion and do not completely 

partition the  emulsion into different regions. Thus, the surface roughness of the deposited 

hydrophilic polymer films is higher than the roughness of hydrophobic polymer films , in 

which  the polymers are completely confined within organic solvent droplets.  

2.5.2 Types of Emulsion: Surfactant Effect  

The model of three-phase, o/w emulsions has been used to describe both 

hydrophobic and hydrophilic polymer deposition  by emulsion -based RIR-MAPLE, and 

the hydrophilic PEDOT:PSS films deposited from both water solution and emulsion 

targets are much rougher than the hydrophobic films deposited using emulsion targets. 

Better understanding of the influence of the surfactant added to DI water could help 

explain this difference and help determine an approach  to deposit PEDOT:PSS films with 

roughness comparable to hydrophobic polymer film s (~10 nm).  

The emulsion type discussed so far has been o/w, i.e., dispersion of organic solvent 

droplets within  the continuous water phase. It is also possible to make a water-in-oil (w/o) 

emulsion, in which  water droplets are dispersed within the  organic solvent continuous 

phase. Based on the proposed film formation mechanism for emulsion -based RIR-

MAPLE, a w/o emulsion should be ideal for deposition of smooth hydrophilic polymer 

film s because the water droplets would  contain polymer clusters that prevent the collision 

of polymer  molecules into aggregates, just as the solvent droplets do in the case of 
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hydrophobic polymers. One challenge to using w/o emulsion s in emulsion -based RIR-

MAPLE is that the continuous oil phase, i.e. organic solvents, must be the dominant phase 

(in volume). However, RIR -MAPLE requires water to be the dominant phase in order to 

efficiently a bsorb the laser energy and deposit smooth film s, as discussed in Chapter 1. In 

addition, in order to achieve a w/o emulsion, the SDS surfactant is no longer ideal because 

the hydrophilic -lipophilic balance (HLB) number of SDS is too high and not able to make 

a w/o emulsion. The HLB number of a surfactant indicates whether the surfactant is more 

hydrophilic or lipophilic. In general, a surfactant with a high HLB value (such as SDS) is 

more hydrophilic and is used to make  an o/w emulsion, while a low HLB number 

indicates the surfactant is more lipophilic and  used to make a w/o emulsion.  

Based on the above considerations, an attempt to deposit PEDOT:PSS using a w/o 

emulsion was conducted in order to get a smoother film. In order to balance the trade-off 

between more water in the emulsion to absorb laser energy and more organic solvent in 

the emulsion to get a w/o type , the standard recipe was modified to contain 2 volume 

organic solvent and 2 volume water such that the relative volume of organic solvent, 

phenol and PEDOT:PSS water solution in the emulsion is 2, 0.25, and 2, respectively. It 

should be noted that the 2 volume PEDOT:PSS solution contains 1 volume starting 

PEDOT:PSS solution and 1 volume DI water that is added. In addition, in order to pro ve 

that a w/o type of emulsion is better than the o/w type of emulsion to deposit smoother 

hydrophilic polymer film s, three surfactants with different HLB number s were chosen for 
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comparison. These three surfactant were SDS (HLB = 40), poly(ethylene glycol)-

poly( propylene glycol) -poly(ethylene glycol) (PEG-PPG-PEG) (HLB = 24), and 

polyethylene glycol hexadecyl ether (BriJ@52) (HLB = 5). As mentioned, surfactants with 

relatively high HLB values , such as SDS and PEG-PPG-PEG, are expected to yield  o/w 

emulsions. As a result, they are more hydrophilic than lipophilic and are only water 

soluble. Hence, SDS and PEG-PPG-PEG were each prepared in PEDOT:PSS water 

solution s at a concentration of 0.001wt%. In contrast, surfactants with relatively low HLB 

values, such as BriJ@52, are expected to yield  w/o emulsion s. As a result, they are more 

lipophilic than hydrophilic and can only be dissolved in polar organic solvents. Hence, 

BriJ@52 was prepared in the TCB solvent at a concentration of 0.001wt%. A reference 

sample was also included in which  no surfactant was used. To prepare the emulsion, 0.25 

volume phenol was uniformly mixed with the 2 volume PEDOT solution first, then 2 

volume TCB was added. Mixing the components in any other  sequence can result in a 

poor emulsion. 

Figure 2.17 shows the AFM images of PEDOT:PSS films deposited from a) no 

surfactant, b) SDS as the surfactant, c) PEG-PPG-PEG as the surfactant, and d) BriJ@52 as 

the surfactant. Table 2.7 shows the details of the recipes and the corresponding RMS 

surface roughness obtained from the AFM images. It can be clearly seen that the 

roughness for the BriJ@52 film is much lower compared to the other films ( Table 2.7), 

demonstrated by the smaller polymer clusters observed on the surface (Figure 2.16). 
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Based on the previous discussion, the lower roughness of the BriJ@52 film is due to the 

fact that the emulsion with  BriJ@52 surfactant is a w/o emulsion . In this case, the polymer 

molecules are confined as small clusters with in the water droplets, and are dispersed in 

the continuous solvent phase. All other recipes still result in an o/w emulsion, in which 

the polymer is deposited from the continuous water phase, leading to the large polymer 

aggregates and rougher films . A direct proof of the emulsion  type achieved using different  

types of surfactants is desirable, which should be studied in the future using cryo-

transmission electron microscopy to directly image the emulsion or by measuring the 

conductivity of the emulsion  indirectly . 

 

Figure 2.17: AFM images of PEDOT:PSS films deposited from (a) no surfactant, (b) SDS 

as the surfactant, (c) PEG-PPG-PEG as the surfactant, and (d) BriJ@52 as the surfactant. 
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Table 2.7: RMS roughness of PEDOT:PSS films deposited from the emulsion target using 

different types of surfactants.  

Deposition Recipe RMS roughness (nm) 

a. 2(TCB):0.25(Phenol):2(1 PEDOT solution + 1 water) 46.80(3.77) 

b. 2(TCB):0.25(Phenol):2(1 PEDOT solution + 1 SDS 

water ) 
38.75(1.77) 

c. 2(TCB):0.25(Phenol):2(1PEDOT solution + 1 PEG-

PPG-PEG water) 
37.65(2.47) 

d. 2(TCB):0.25(Phenol):2(1PEDOT solution + 1 BriJ 

water) 
16.00(0.28) 

 

2.6 Conclusion 

In conclusion, the impacts of emulsion target composition on the properties of 

deposited polymer films have been identified in this chapter. With the role of primary 

solvent on hydrophobic polymer deposition being articulated , fundamental deposition 

mechanisms using emulsion s as the target are proposed. These mechanisms are confirmed 

by using the proposed hypotheses to improve  the deposition of hydrophilic polymers , 

which also helps identify the role s of secondary solvent and surfactant. The studies in this 

chapter provide  insight and direction to determine the optimal  approaches to take 

advantage of the emulsion target to control film properties for different applications. 

Further studies should focus on the in -situ characterization of the emulsion morphology 

and theoretical simulat ion to validate the explanation s used in this chapter and to better 

understand the emulsion in a more concrete fashion. 
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Organic semiconductor  is an important material candidate to pave the way for 

industri es based on less-expensive, mass-producible, light -weight, and flexible 

semiconductor devices [50]. Among different organic semiconductor devices, organic 

solar cells (OSCs) have attracted tremendous attention because of the potential to address 

the global energy crisis with relatively low cost  [11, 51, 52]. In the past decades, OSCs have 

experienced drastic improvement in  power conversion efficiency  (PCE), increasing from 

1% [53] to nearly 13.2% to date (claimed by Heliatek in February 2016) in research lab 

settings. Despite such progress, further improvement s in the efficiency of OSCs (up to 

15%), large-scale fabrication, and enhanced stability of OSCs in working environment s 

are necessary to compete with silicon-based solar cells that currently domina te the market. 
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The emulsion-based RIR-MAPLE technique, which enables polymer deposi tion 

with minimized degradation, could be an alternative option for OSCs fabrication. While 

emulsion-based RIR-MAPLE maintains some advantages of solution-processed 

deposition techniques, such as being compatible with flexible substrates and amenable to 

film patterning and large -scale deposition, it also enables straightforward deposition of 

multi -layered films for tandem solar cells and control s the nanoscale morphology of thin 

film s for novel device heterostructures and optimization of  solar cell performance. While  

the potential for  emulsion-based RIR-MAPLE to fabricate OSCs is promising , so far, very 

few studies have been reported on device performance of OSCs deposited using MAPLE -

related techniques. In 2012, a planar heterojunction, or bi-layer, OSC fabricated by UV-

MAPLE was reported, showing only 0.03% PCE [28]. From 2012, the Stiff-Robertsɀ group 

started to investigate the fabrication of bulk heterojunction  (BHJ) OSCs based on 

conjugated polymers and small organic molecules using emulsion -based RIR-MAPLE, 

during which the efficiency of the fabricated OSCs improved steadily. In this chapter, the 

fabrication of OSCs is studied thoroughly to explore the feasibility and technical aspects 

of emulsion-based RIR-MAPLE for  OSC deposition . Two, w ell-studied BHJ OSC material 

systems, based on conducting polymers and organic small molecules,  are used as model 

materials to study  the relationship between target composition and solar cell 

performance.  
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3.1 Principle s of Organic Solar Cells  

Organic semiconductors are semi-crystalline , carbon-based molecules with the 

electrical conductivity falling between insulators and metals. The conjugated system , 

caused by overlap of pz ÖÙÉÐÛÈÓÚɯÍÙÖÔɯϣɯÉÖÕËÚɯÖÕɯÕÌÐÎÏÉÖÙÐÕÎɯcarbon atoms, leads to the 

delocalization of charge carriers, making organic semiconductors more conductive than 

other traditional plastics. Typically, both conjugated polymers (M w = 10 ɬ 100 kDa) and 

small molecules (Mw = 100 ɬ 1000 Da) can be considered as organic semiconductors as long 

as they have a conjugated system, which is usually indicated by the presence of 

alternati ng single and double carbon bonds, as well as the benzene ring structure. For BHJ 

OSCs, which have been investigated for the past fifteen years [54], the active region 

typically comprises conjugated polymers as the donor material and fullerene -based 

organic small molecules as the acceptor material. The chemical structures of common 

conjugated polymers and fullerene -based organic small molecules used in OSCs are 

shown in Figure 3.1. 

The first BHJ OSC demonstrated was based on a wide bandgap conjugated 

polymer, poly [2-methoxy-5-(2-ethylhexyloxy) -1,4-phenylenevinylene]  (MEH -PPV). Solar 

cells with 1% PCE were achieved by blending MEH -PPV with fullerene molecules  [55]. 

To further improve the conductivity of the conjugated polymer and to increase the 

solubility of the ful lerene in organic solvents, BHJ OSCs featuring a thiophene -based 

conjugated polymer, poly(3 -hexylthiophene -2,5-diyl) (P3H T), and a fullerene derivative, 
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[6,6]-phenyl -C61-butyric acid methyl ester (PCBM), were investigated, which generally 

yield PCE between 2%-5% [56]. Despite the tremendous progress, the relatively large 

energy bandgaps of PPV and polythiophene ( PT) derivatives yield OSCs that can only 

absorb a small portion of solar photons, leading to relatively low photocurrent.  

 

Figure 3.1: Chemical structures of common conjugated polymer s and fullerene-based 

organic small molecules used in OSCs. 

To harvest solar energy in the near infrared (NIR) region, the band gap of the 

conjugated polymer s should be reduced. One effective way to reduce the band gap of 

conjugated polymers is to use the push-pull effect by copolymerization of electron 

donating units and electron accepting units ( Figure 3.2) [57]. The molecular orbital 

interaction between highest occupied molecular orbital  (HOMO ) levels and lowest 

unoccupied molecular orbital  (LUMO ) levels of electron donating units and electron 
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accepting units can lead to a new HOMO level and LUMO level with less energy 

difference and thus, a smaller bandgap. Based on this methodology, poly(2,1,3-

benzothiadiazole-4,7-diyl(4,4-bis(2-ethylhexyl) -4H-cyclopenta(2,1-b:3,4-b')dithiophene -

2,6-diyl)) (PCPDTBT) was first developed as a low bandgap polymer, and has been widely 

studied  [48, 58, 59].  

 

Figure 3.2: Graphic representation of pull -push effect. The bonding orbitals due to the 

overlap of LUMOs of electron donating and electron accepting group  serves as the new 

LUMO for the polymer. The anti -bonding orbitals due to the overlap of HOMOs of 

electron donating and electron accepting units is the new HOMO for the polymer. The 

energy difference (the band gap) of the new LUMO and HOMO is reduced compared to 

that of electron donating unit and electron accepting unit.  

In this chapter, both wide bandgap polymer , P3HT, and low band gap polymer , 

PCPDTBT, were used as the donor materials to investigate emulsion-based RIR-MAPLE 

deposition of BHJ OSCs. The fullerene derivatives PC71BM and PCBM were used as the 

acceptor material for PCPDTBT and P3HT, respectively. Compared to PCBM, the 
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asymmetric structure of C70 increases the absorption of the molecules in the UVA region, 

which perfectly complements the absorption range of PCPDTBT between 350 nm ~ 450 

nm (Figure 2.10). Finally , tandem solar cells comprising  PCPDTBT:PC71BM as the sub-cell 

and P3HT:PCBM as the top-cell were also investigated to span the solar cell absorption 

from visible all the way to the NIR region.  

Unlike inorganic solar cells, the working mechanism ( Figure 3.3) of BHJ OSCs is 

based on the donor/acceptor (D/A) heterojunction formed between two different materials 

with asymmetrical energy levels. The working mechanism of OSCs can be summarized 

as four steps: 1) photon absorption and exciton generation; 2) exciton diffusion to a D/A 

interface; 3) exciton dissociation to form geminate polaron pairs; 4) carrier transport  and 

collection at contacts. When an incoming photon is absorbed by the active layer (including 

both donor and acceptor, typically polymer absorbs most of the energy), a tightly -

bounded exciton i s generated. The photo-generated exciton then diffuses to a D/A 

interface, where the energy offset of LUMOs between the donor and acceptor and/or the 

HOMOs of the donor and the acceptor are large enough to overcome the binding energy 

of the exciton (0.3 eV ~ 1 eV) and dissociate the exciton into a free electron and a free hole. 

The concept of LUMO  and HOMO  in organic semiconductors is similar to the conduction 

band edge and valence band edge, respectively, described in the concept of inorganic 

semiconductors. Finally, the dissociated electron and hole transport through the acceptor 

and donor materials, respectively, by hopping conduction and are collected as 
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photocurrent at their respective contacts.  

 

Figure 3.3: Graphic representation of organic solar cell mechanism. Four steps are defined 

as (a) exciton generation, (b) exciton diffusion , (c) exciton dissociation, and (d) charge 

collection. 

The general characterizations of OSCs in this dissertation  include standard 

current-voltage measurements and external quantum efficiency measurements. Current 

density-voltage (J-V) measurement is a standard measurement to determine the 

characteristic performance parameters of a solar cell. Typically, the test solar cell is swept 

with in a range of voltage in the dark or under illumination and the co rresponding current 

is measured. The J-V measurement for the work in this dissertation was conducted by 

Keithley semiconductor parameter analyzer SCS-4200. The simulated AM 1.5 G solar 

illumina tion is provided by using a Xe -arc lamp (low -cost solar simulator, Abet 

technology) and its intensity of solar illumination is calibrated using a standard silicon 

solar cell (Oriel, model 91150). In all measurements, the intensity of the solar illumination  
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is adjusted to 1 sun condition. 

The basic equivalent circuit model for a solar cell includes an ideal diode, current 

source (IL) and shunt resistor (Rsh) in parallel and these components are in series with 

series resistor (Rs) (Figure 3.4(a)). The photocurrent generated from the solar cell can be 

deemed as the current generated from the current source. The origin of leakage current 

that is not collected by the external circuit can be attributed to the presence of shunt 

resistance. The sum of intrins ic resistance of semiconductors, the resistance from metallic 

contact and the contact resistance can be clumped into  the series resistance. The J-V curve 

of the modeled diode can be described through the Schottky equation (Figure 3.4(a)). 

The typical J-V characteristics of solar cells are shown in Figure 3.4(b). Under dark 

conditions, the curve shows diode behavior, which shifts down by an amount equivalent 

to the photogenerated current, JL, when illuminated. The short-circuit current densi ty (Jsc, 

the current axis intercept) and open-circuit voltage ( Voc, the voltage axis intercept) can be 

extracted directly from the JɬV curve under illumination. The fill factor (FF)  is defined as 

the ratio of the maximum power  generated from the solar cell (product of V mp and Imp) to 

the product of V oc and Isc. PCE is the ratio of the maximum electrical power output to the 

incident optical power, and can be calculated using  the equation in  Figure 3.4(b).  
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Figure 3.4: (a) Equivalent circuit of a solar cell and Schottky equation. (b) Typical I -V curve 

of a solar cell under illumination and equation for PCE calculation. The schematics are 

adopted from http://pvpmc.org/.  

The external quantum efficiency (EQE) is defined as the number of electrons 

extracted from the solar cell to the number of incident photons. The light generated from 

a Xe lamp passes through a mechanical chopper and then through a monochromator to 

provide low intensity light with desired wavelength s. To measure the number of incident 

photons per second, the power of the light source is calibrated by a standard Si 

photodiode (with built -in amplifier) with known spectral responsivity. To measure the 

number of extracted electrons per second, the extracted current of the illuminated solar 

cell is measured by a lock-in amplifier with synchronous frequency of the mechanical 

chopper. The EQE of the device can be calculated by Equation 3.1. 

                           %1%Ϸ ςȢς 3ʇ                                     (3.1) 

where 9ʇ is the measured current from the solar cell; 9 ʇ is the measured current 

from the calibrated photodiode;  '  is the amplication number set by the lock-in 
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amplifier; '  is the amplification number set by the built -in amplifier in the calibrated 

photodiode;  3ʇ  is the responsivity of the calibrated photodiode; and 2.2 is the 

instrument constant.  

3.2 Organic Solar Cells Fabricated by Different Deposition Modes 

in Emulsion -Based RIR-MAPLE  

In order to help establish emulsion -based RIR-MAPLE as a potential fabrication 

technique for BHJ OSCs, two different deposition modes  were investigated for 

PCPDTBT:PC71BM active layers, namely simultaneous deposition and sequential 

deposition. For blended film deposition, two deposition modes can be defined depending 

on the method used to prepare the emulsion target [33]. The first deposition mode, known 

as simultaneous deposition, uses a single emulsion target containing all the components 

of the blended film. The emulsion is injected into the entire target cup and frozen for laser 

irradiation  (Figure 3.5(a)). The key characteristic of simultaneous deposition is that all the 

components are dissolved into one common solvent to prepare the emulsion target. As a 

result, just like other solution -processed deposition techniques, it is impossible to deposit 

a blended film in wh ich the solubility characteristics of each component is different. In 

contrast, the second deposition mode, known as sequential deposition, uses a separate 

emulsion for each component. Before freezing the emulsions, the target cup is partitioned 

into diffe rent compartments. The volume ratio of different compartments determines the 

ratio of different components in the blended film. Each emulsion is injected into the 



 

71 

corresponding target compartment and frozen for laser irradiation  (Figure 3.5(b)). In 

sequential deposition, the components are not dissolved into one common solvent. As a 

result, deposition of blended films with the components having different solubili ty 

characteristics is possible. 

 

Figure 3.5: (a) Schematic representation of simultaneous deposition. A single emulsion is 

prepared for all the components and frozen into an entire target cup. (b) Schematic 

representation of sequential deposition. The emulsion for each component is prepared 

separately and frozen separately into the corresponding target compartment.  

The different film morphologies resulting from simultaneous and sequential 

deposition modes have been demonstrated [60], so it is reasonable to expect the 

performance of OSCs could also depend on the deposition mode used. These differences 

may be especially pronounced in BHJ active regions deposited by emulsion-based RIR-

MAPLE because the deposition of conjugated polymers is more complicated than the 

deposition of organic small molecule s [44]. Due to the intertwined long chains of 

conjugated polymers, the roughness of polymer films deposited by emulsion-based RIR-
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MAPLE is generally higher than the roughness of  deposited small molecules, and the 

roughness of blended film s falls in between each individual film ( Figure 3.6). In addition, 

the microstructure of polymer films, such as the orientation of chain -chain stacking, is also 

affected by emulsion-based RIR-MAPLE, all of which should affect the  performance of 

OSCs.  

 

Figure 3.6: The AFM images of (a) PC71BM, (b) PCPDTBT and blended 

PCPDTBT:PC71BM(1:1.5) films deposited by emulsion-based RIR-MAPLE from o -DCB. It 

shows, for the same solvent, the roughness of the small organic molecule (PC71BM) is 

smaller than the roughness of polymer (PCPDTBT). The roughness of blended film fall s 

between the roughness of small organic molecules and polymers. 

To investigate the effect of deposition mode on the performance of OSCs, 

PCPDTBT:PC71BM OSCs with 1:1 ratio were fabricated by both simultaneous deposition 

and sequential deposition. For simultaneous deposition, PCPDTBT and PC71BM were co-
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dissolved in equal parts in chlorobenzene (total concentration is 5mg/ml). The emulsion 

target comprised the chlorobenzene solution, phenol and DI water (0.001wt% SDS) at the 

ratio of 1:0.25:3 by volume. For the sequential deposition, the PCPDTBT emulsion 

comprised the chlorobenzene (5mg/ml) solution, phenol and DI water (0.001wt% SDS) at 

a ratio of 1:0.25:3 by volume while the PC71BM emulsion  comprised the same components, 

but at slightly different ratio of 1:0.5:3. The PCPDTBT emulsion and PC71BM emulsion 

were frozen separately into two compartments with equal volume in the target cup. The 

deposition rate for the PCPDTBT emulsion and the PC71BM emulsion were calibrated to 

be roughly ḐƖƔɷÕÔɤÏɯÍÖÙɯÈɯÓÈÚÌÙɯÍÓÜÌÕÊÌɯÖÍɯƖɷ)ɤÊÔ2 ×ÌÙɯ×ÜÓÚÌȮɯƖɷ'áɯÙÌ×ÌÛÐÛÐÖÕɯÙÈÛÌȮɯÈÕËɯƛɷÊÔɯ

target-to-ÚÜÉÚÛÙÈÛÌɯËÐÚÛÈÕÊÌȭɯ ÓÓɯËÌ×ÖÚÐÛÐÖÕɯÛÐÔÌÚɯÞÌÙÌɯƘɷhrs, which resulted in OSC active 

regions with thicknesses around 80nm ~ 100nm. 

The OSCs were fabricated on pre-patterned indium tin oxide (ITO) -coated glass 

slides that were ultrasonically cleaned, sequentially, with acetone, methanol, and 

isopropyl alcohol. Oxygen plasma treatment  was used for 5 mins as the final step to 

improve the contact between the PEDOT:PSS (Clevios ɚ PVP AI 4083) water solution and 

the ITO substrate. Then, PEDOT:PSS  solution was spin-ÊÖÈÛÌËɯÈÛɯƘƔƔƔɷÙ×ÔɯÍÖÙɯƗƔɷÚɯÈÕËɯ

ÉÈÒÌËɯÈÛɯƕƙƔɷȘ"ɯÍÖÙɯƕƔɯÔÐÕs. The active layer was deposited by emulsion-based RIR-

MAPLE using the two different deposition modes, as described. Finally, an aluminum 

ÊÈÛÏÖËÌɯȹƕƙƔɷÕÔȺɯÞÈÚɯÛÏÌÙÔÈÓÓàɯÌÝÈ×ÖÙÈÛÌËɯȹƙɯǺɯƕƔ Ǹ6 millibars) on top of th e active layer, 

defining a 9 mm 2 active area for each solar cell. All of the OSCs were encapsulated using 
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encapsulation epoxy (Ossila, Ltd) before measurement in ambient atmosphere under 

simulated A,ɯƕȭƙɷ&ɯÐÓÓÜÔÐÕÈÛÐÖÕɯȹƕƔƔɷÔ6ɤÊÔ2, ABET Technology solar simulator). All 

devices were stored in a vacuum box before encapsulation and characterization. 

To test the performance of BHJ OSCs fabricated by emulsion-based RIR-MAPLE 

using simultaneous or sequential deposition modes, J-V measurements were conducted 

in each case. Typical J-V curves for the BHJ OSCs deposited by the two deposition modes 

are shown in Figure 3.7(a), and the calculated performance parameters are listed in the 

table inset. As can be seen, the BHJ OSCs fabricated by simultaneous deposition showed 

ÔÜÊÏɯ ÓÖÞÌÙɯ ÌÍÍÐÊÐÌÕÊàɯ ȹ/"$ɷǻɷƔȭƔƚƛǔȺɯ ÛÏÈÕɯ ÛÏÌɯ !')ɯ .2"Úɯ Íabricated by sequential 

ËÌ×ÖÚÐÛÐÖÕɯȹ/"$ɷǻɷƔȭƛƘǔȺȭɯ(ÕɯÖÙËÌÙɯÛÖɯÌßÊÓÜËÌɯÛÏÌɯ×ÖÚÚÐÉÐÓÐÛàɯÛÏÈÛɯÛÏÌɯËÐÍÍÌÙÌÕÛɯÌÍÍÐÊÐÌÕÊÐÌÚɯ

resulted from significantly different BHJ ratios in sequential and simultaneous modes, the 

UV-Vis absorbance spectrum of each BHJ active region was measured (Figure 3.7(b)). The  

 

Figure 3.7: (a) J-V curves of PCPDTBT:PC71BM (1:1) BHJ OSCs fabricated by simultaneous 

(red) and sequential (black) deposition modes. The inset table is calculated device 

parameters. (b) Stacked UV-Vis absorbance spectra of blended PCPDTBT:PC71BM (1:1) 

films deposited by simultaneous (red) and sequential (black) deposition modes.  
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PCPDTBT and PC71BM peak intensities in each spectrum were similar, demonstrating 

comparable absorption from both components. As a result, the large difference in power 

conversion efficiency for the two deposition modes was not due to different PCPDTBT 

and PC71BM BHJ ratios, but rather how the donor and acceptor molecules were blended 

together in the film.  

The sequential  deposition  mode in emulsion -based RIR-MAPLE is more suitable 

to fabricate BHJ OSCs because of the complex nature of the multi-phase emulsions 

described in Chapter 2. In the simultaneous mode, PCPDTBT and PC71BM are blended 

together in the emulsion , yet PCPDTBT is relatively hydrophobic, while PC 71BM is 

relatively hydrophilic. Due to the different polarity, these materials tend to separate into 

different domains (more PC 71BM in water and more PCPDTBT in chlorobenzene). In 

addition, the emulsion free zing process may facilitate phase separation because different 

components in the emulsion may freeze at different rates. These separated phase domains 

in the frozen target in the simultaneous mode are transferred to the substrate during laser 

irradiation . In contrast, for the sequential deposition mode, PCPDTBT and PC71BM are 

prepared in separate emulsions. The combination of the laser raster pattern and the target 

rotation result s in smaller material domains on the substrate because the influence of the 

solvent on the blending of the two materials  is significantly reduced.  

Considering that sequential deposition is more suited than simultaneous 

deposition to fabricate OSCs, sequential deposition was used to systematically  study the 
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effect of PCPDTBT: PC71BM BHJ ratio on solar cell performance. The BHJ ratio is 

determined by the deposition growth rate for each material and the target partition ratio  

in sequential deposition , as opposed to the weight ratio in solution typically used for 

solution -based methods. The UV-Vis absorbance spectra of PCPDTBT: PC71BM active 

regions with different BHJ ratios are shown in Figure 3.8(a). As the ratio of PCPDTBT: 

PC71BM increases, that is, as the content of the polymer component increases in the BHJ, 

the PCPDTBT relative peak intensities increase, while the PC71BM relative peak intensities 

decrease. These trends demonstrate the ability to precisely control the BHJ ratio by 

emulsion-based RIR-MAPLE using sequential deposition. The J-V curves for the 

PCPDTBT: PC71BM BHJ OSCs with different ratios are shown in Figure 3.8(b), and the 

corresponding device parameters are summarized in Table 3.1. Among different blended 

ratios, the PCPDTBT: PC71BM BHJ ratio of 1:1.5 yielded the best device performance. From  

 

Figure 3.8: (a) Stacked UV-Vis absorbance spectra of PCPDTBT:PC71BM blended films 

with different ratios deposited by sequential deposition mode. The attribution of the 

peaks are highlighted by arrow marks. (b) The J-V curves of PCPDTBT:PC71BM BHJ OSCs 

deposited by sequential deposition mode. 
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literature, the best ratio for the spin-coated PCPDTBT:PC71BM BHJ system is between 1:2 

and 1:3 [38].  The difference in BHJ ratio for these RIR-MAPLE devices is reasonable in 

this study because the BHJ ratio is determined by growth rate and target partition ratio 

rather than weight percent in the prepared solution.  

Table 3.1: Performance of PCPDTBT:PC71BM BHJ OSCs with different ratios fabricated by 

RIR-MAPLE using sequential deposition mode. The ratio of the two materials is indicated 

in parentheses (polymer: small molecule). All results were determined by averaging six 

devices. 

BHJ Ratio Jsc (mA/cm 2) Voc (V) FF (%) ϚɯȹǔȺ 

(3:1) 1.76 0.61 36 0.39 

(2:1) 2.05 0.62 36 0.46 

(1:1) 3.12 0.58 41 0.74 

(1:1.5) 3.43 0.56 45 0.86 

(1:2) 2.99 0.57 42 0.72 

(1:3) 2.40 0.58 43 0.60 

  

3.3 The Effect of Target Composition on Performance of Organic 

Solar Cells  

The identification of a suitable deposition mode and the optimal BHJ ratio are 

crucial for the following studies because they provide the performance baseline for further 

investigation.  In the Chapter 2, the important role of emulsion target composition on the 

properties of deposited polymer film s was discovered. These emulsion composition 

studies are expanded to explore how the emulsion target affects OSC performance and to 

examine the relationship s among target composition, film properties , and OSC device 

performance. 
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3.3.1 The Effect of Primary Solvent on Solar Cell  Performance 

In Chapter 2, it was demonstrated that primary solvents used in emulsion -based 

RIR-MAPLE have a significant impact on the surface roughness of deposited polymer 

films. Therefore, the primary solvents are also expected to affect the performance of OSCs 

based on these polymers. To verify this expectation , as well as study the relationship 

among emulsion composition, film properties and device performance, BHJ OSCs were 

fabricated by emulsion-based RIR-MAPLE using the different primary solvent s studied 

in Chapter 2. For simplicity, only the active regions of BHJ OSCs were deposited by 

emulsion-based RIR-MAPLE (i.e., blend of P3HT:PCBM or PCPDTBT:PC71BM). Other 

layers in OSCs were deposited by spin-casting for convenience. The emulsion-based RIR-

MAPLE deposition  of the BHJ active regions was conducted in the sequential deposition 

mode, where the polymer (P3HT or PCPDTBT) and small organic molecules (PCBM or 

PC71BM) were prepared in separate emulsions and were frozen into different 

compartments of the target cup. Because this study only focuses on polymer deposition, 

the primary solvent in the emulsion of small organic molecules, PCBM and PC 71BM, was 

the same for all RIR-MAPLE depositions (o -DCB). It should be noted that the surface 

roughness of blended films falls between the roughness values of pure polymer films and 

pure small organic molecule films, which are smoother than polymer films due to the  

short chain length (Figure 3.5). The primary solvent effect on the surface roughness of 
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small organic molecule films deposited by emulsion -based RIR-MAPLE is similar to its 

effect on polymer films described in the Chapter 2, but much less pronounced (Figure 3.9). 

 

Figure 3.9: The AFM images of PC71BM film deposited from (a) toluene, (b) o-xylene, (c) 

o-DCB. The roughness trend is similar to polymer case, where toluene always yields a 

rough film , o-xylene yield s a smoother film than toulene , and o-DCB yields a smoother 

film than o -xylene. 

The device configuration of OSCs fabricated in this study is  slightly different from 

the previous one, with a TiO x layer deposited between the active layer and the contact, 

denoted as ITO/PEDOT:PSS/P3HT:PC61BM(PCPDTBT:PC71BM)/TiO x/Al. This very thin 

TiOx layer (15nm) was spin-cast between the BHJ active layer and Al cathode to act as: 1) 

an optical spacer layer to enhance the absorption of the light in the active region, and 2) a 

passivation layer to prevent the inclusion of oxygen and moisture into the film  [61]. The 

synthesis of TiOx is crucial that can have significant impact on the OSCs performance. The 

synthesis followed previous reported procedures with slight modification  [62]: 0.75ml 

titanium (IV) isopropoxide, 3ml methoxyethanol and 0.3ml ethanolamine are injected into 

a three-necked flask one by one at room temperature. The three-necked flask must be 

under continuous nitrogen flow and the starting materials must be in jected in order. The 
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mixed solution is stirred at room temperature for 1 hour. Then the mixed solution is 

heated at 80 °C for an hour and 120 °C for another hour. During heating, the starting clear 

solution turn s into a low density gel with dark wine color . After the solution cooled to 

room temperature, 1.5ml methanol is injected into the flask to extract final semi -

transparent TiO x sol-gel product. The final product  is further diluted by 1:200 in methanol 

and the resulted diluted TiO x sol-gel solution is used for spin casting. One way to verify 

the success of the TiOx synthesis is to sinter the TiOx sol-gel at 500 °C. At this temperature, 

the TiOx sol-gel coverts to anatase TiO2, which can be verified by its characteristic peaks 

in X-ray diffraction (XRD) m easurement (Figure 3.10). 

 

Figure 3.10: XRD measurement of anatase TiO2 converted from calcination of the TiO x sol-

gel at 500 °C. The peaks are labeled to show the corresponding planes. 

The ratio of OSCs used to study the primary solvent effect were optimized as  1.5:1 

and 1:1.5 for P3HT:PCBM and PCPDTBT:PC71BM, respectively, by the sequential 

deposition mode . Figure 3.11 shows the J-V curve sand EQE spectra of both the 
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P3HT:PCBM and PCPDTBT:PC71BM OSCs fabricated from different primary solvents. 

Table 3.2 summarizes the performance of these solar cells. As can be seen, for 

P3HT:PCBM OSCs, the PCE is highest for the TCB solvent at 3.27%, and the PCE decreases 

following the same solvent trend for increasing film surface roughness (decreasing PCE 

for o-DCB, CB, pseudocumene, o-xylene, and toluene). This trend indicates that smoother 

films yield better device performance, as determined by increased short-circuit current 

density and increased fill factor (FF) (Figure 3.11 (a)). The open-circuit voltage does not 

vary significantly with solvent choice in the P3HT:PCBM material system, indicating that 

the interfacial film morphology is essentially unchanged for different emulsion targets.   

Table 3.2: Device performance of P3HT:PCBM and PCPDTBT:PC71BM organic solar cells 

fabricated from different primary solvents.  

 Primary Solvents 
Voc 

 (V) 

Jsc 

(mA/cm 2) 

FF 

(%) 

PCE 

(%) 

Rs 

(Ohm*cm2) 

Rsh 

(Ohm*cm2) 

P3HT:PCBM 

Toluene 0.61 7.79 38.7 1.84 24.52 142.86 

o-Xylene 0.63 8.33 39.3 2.06 21.92 137.40 

Pseudocumene 0.63 8.58 44.5 2.42 17.07 215.55 

Chlorobenzene 0.63 8.85 45.4 2.51 15.84 216.53 

o-Dichlorobenzene 0.64 10.47 44.8 2.99 12.22 197.05 

1,2,4-Trichlorobenzene 0.63 10.62 48.8 3.27 14.11 325.26 

PCPDTBT:PC71BM 

Toluene 0.40 4.03 32.2 0.52 22.68 108.52 

o-Xylene 0.56 4.16 34.5 0.80 31.20 170.38 

Pseudocumene 0.55 3.96 31.8 0.69 38.01 139.01 

Chlorobenzene 0.64 5.20 33.7 1.14 23.63 140.32 

o-Dichlorobenzene 0.63 6.36 34.9 1.39 15.67 123.17 

1,2,4-Trichlorobenzene 0.64 7.36 34.2 1.60 16.38 103.50 

  *The PCPDTBT:PC71BM OSCs in this study showed lower FF than previous PCPDTBT:PC71BM OSCs in the deposition    

mode study due to the batch of starting PCPDTBT polymers is different.  
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The EQE spectra (Figure 3.11 (b)) of P3HT:PCBM OSCs show that the increasing current 

density for smoother films corresponds to enhanced photon -to-electron conversion across 

the entire P3HT absorption spectrum. Given that the film composition is the same for each 

solvent, the primary reason for more efficient photon to electron conversion in smoother 

films is the improved collection of free charge carriers. Although this PCE for the 

P3HT:PCBM OSCs deposited using TCB is lower than reported device performance in 

spin-cast OSCs with the same device configuration [61], the device performance almost 

quadruples the efficiency of the baseline PCPDTBT:PC71BM OSCs fabricated by emulsion-

based RIR-MAPLE . 

For PCPDTBT:PC71BM OSCs, a similar correlation is observed between increasing 

device efficiency and decreasing film surface roughness, as a function of primary solvent. 

However, in contrast to the more crystalline P3HT:PCBM BHJ that shows a singular 

dependence on surface roughness, the PCPDTBT:PC71BM material system with bulkier 

side chains demonstrates greater variation with solvent choice. More specifically, the 

PCPDTBT:PC71BM OSCs demonstrate different device characteristics for the two solvent 

families. As an example, while the surface roughness of the CB-deposited PCPDTBT film 

is similar to the pseudocumene and o-xylene films (between 40-45nm, given the error bar), 

the performance of the CB OSC is better than the other two. In general, for the OSCs 

fabricated using the alkyl aromatic s olvent family, the open circuit voltage, short circuit 

current density, FF, and PCE are optimized when o-xylene is used as the primary solvent  
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Figure 3.11: (a) J-V curves and (b) EQE spectra of P3HT:PCBM solar cells fabricated from 

different primary solvents. (c) J -V curves and (d) EQE spectra of PCPDTBT:PC71BM solar 

cells fabricated from different primary solvents.  

(Figure 3.11(c)). The open circuit voltage demonstrates a stronger dependence on the 

primary solvent th an the short circuit current density, indicating that the interfacial film 

morphology is varying with the solvent choice. In contrast, for the chlorinated aromatic 

solvent family, the open circuit voltage remains relatively constant, while the short circui t 

current density, FF, and PCE increase for solvents that decrease the surface roughness 

(Figure 3.11(c)). This is similar to the behavior observed for all solvents in the P3HT:PCBM 
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material system. The EQE spectra of PCPDTBT:PC71BM OSCs (Figure 3.11(d)) show that, 

for the alkyl aromatic solvent family, the spectral characteristics vary with the solvent 

choice and resulting internal morphology, while the collection of free charge carriers is 

essentially the same. In contrast, for the chlorinated aromatic solvent family, the short -

circuit current density increases because the photon-to-electron conversion efficiency is 

higher in smoother films due to improved collection of free charge carriers.  

It should be noted that while the solar cell performance of emulsion-based RIR-

MAPLE deposited PCPDTBT:PC71BM OSCs is far below the reported spin-cast 

counterparts, a solvent additive such as 1,8-diiodooctane (DIO) was not added during the 

deposition to increase the crystallinity of PCPDTBT. Although solvent additi ves have 

been demonstrated to improve OSCs performance significantly in solution -processed 

films [38, 59], it is actually found to deteriorate the performance of OSCs fabricated using 

emulsion-based RIR-MAPLE. Despite the fact that the UV-Vis absorbance spectrum 

shows the PCPDTBT film deposited from an emulsion target containing DIO is more 

ordered than the film deposited without DIO ( Figure 3.12(a)), the actual performance of 

a PCPDTBT:PC71BM OSC fabricated from the target containing DIO is worse than t hat 

without DIO ( Figure 3.12(b)). This discrepancy in the impact of solvent additives is very 

interesting and needs further stud y to better understand the difference of emulsion-based 

RIR-MAPLE compared to spin -casting for the inclusion of additives.  
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Figure 3.12: (a) The UV-Vis absorbance of PCPDTBT films deposited from TCB 

with/without DIO. To deposit a film with DIO, additional 2.5% DIO by volume was added 

to the emulsion target before deposition. A red -shift in the peak absorbance is observed 

for the film deposited from TCB with DIO compared to without DIO, indicating a more 

ordered film when deposited with DIO. (b) The J -V curves of the solar cells in which both 

PCPDTBT component and PC71BM component are deposited without 2.5 %DIO (black), 

PCPDTBT component is deposited with 2.5 %DIO, while PC71BM without (red), both  

PCPDTBT component and PC71BM component are deposited with 2.5 %DIO (blue). The 

data indicates the solar cell performance is worse when DIO is used, despite the enhanced 

film order demonstrated in the UV -Vis absorbance. 

To explain why OSCs featuring the same device configuration and fabrication process 

(except for the primary solvent choice) perform differently, we consider the film surface 

roughness and internal morphology. Large surface roughness increases the device contact 

resistance, which reduces the fill factor of the solar cell due to increased series resistance. 

For extremely large series resistance values, the short-circuit current density can even 

decrease. Thus, the impact of film surface roughness on the OSC device performance is 

very straightforward. On the other hand, the film internal morphology could affect all 

aspects of solar cell performance, making interpretation of the device results more complex. 

As seen earlier in the EQE spectra, minor changes in the spectral characteristics and more 
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significant changes in charge transport depend on polymer chain packing and chain 

interactions that are determined by the internal morphology of the film for different primary 

solvents. 

3.3.2 The Effect of Secondary Solvent on Performance of Solar Cells  

In Chapter 2, the role of the secondary solvent was hypothesized to depend on the 

amount of phenol included, with phenol behaving as  a surfactant for small amounts and 

a solvent for large amounts. Therefore, it is necessary to add a small amount of phenol to 

stabilize the emulsion, but not too much phenol which  increases the film roughness. The 

performance of PCPDTBT:PC71BM OSCs fabricated from different amount s of phenol 

demonstrates this hypothesis by showing  that only a small amount of phenol in the 

emulsion target benefits solar cell performance. Table 3.3 shows the device performance 

for  PCPDTBT/PC71BM OSCs fabricated from emulsions with different amount s of phenol 

(only  in the PCPDTBT emulsion) and the corresponding J-V curves are shown in Figure 

3.13. As can be seen, as the phenol in the PCPDTBT target increases from 0.1 to 0.25 by 

volume , the OSCs performance increases slightly, indicatin g phenol is required to 

stabilize the emulsion with smaller solvent droplet sizes. As the phenol in the PCPDTBT 

target increases from 0.25 to 1 by volume , the OSCs performance declines gradually, 

indicating the phenol behaves more like a poor solvent which increases film rou ghness 

and subsequently decreases the OSCs performance. The ideal phenol amount is 0.25 by 
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volume  in the emulsion, which happens to be the standard deposition recipe developed 

empirically  in the previous  studies. 

Table 3.3: Device performance of PCPDTBT:PC71BM OSCs with PCPDTBT deposited 

from emulsion target with different amount secondary solvent phenol. The RMS 

roughness values of PCPDTBT films are also included to demonstrate the relationship 

between performance and film r oughness.  

TCB:Phenol:DI water  

(volume ratio)  

PCPDTBT 

RMS rougness(nm) 

Voc 

 (V) 

Jsc 

(mA/cm 2) 

FF 

(%) 

PCE 

(%) 

1:0:3 NA  NA  NA  NA  NA  

1:0.1:3 11.87(2.43) 0.62 5.92 34.7 1.28 

1:0.25:3 11.10(0.89) 0.66 6.71 33.7 1.49 

1:0.5:3 15.23(0.33) 0.64 6.17 33.3 1.32 

1:1:3 22.23(1.79) 0.64 5.48 30.6 1.07 

  

  

 
 

Figure 3.13: The J-V PCPDTBT:PC71BM OSCs with PCPDTBT deposited from emulsion 

target with different amount secondary solvent phenol.  
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3.3.3 The Effect of Surfactant Amount on Performance of Solar Cells  

Ideally, the deposited BHJ OSCs contain two components, the conjugated polymer 

and the organic small molecule; however, the surfactant (0.001wt% SDS in DI water), 

which is necessary to stabilize the emulsion target, could be deposited onto the substrate 

as well. As a result, the properties of the surfactant, such as being an insulating molecule, 

could deteriorate the performance of the OSCs. In previous studies, the 0.001wt% SDS in 

DI water was identified as the optimal concentrat ion for the standard target emulsion 

recipe [49]. Further reducti on in the amount of surfactant is not practical because the 

emulsion can experience flocculation.  

In this study, PCPDTBT:PC71BM (1:1) BHJ OSCs were fabricated using a series of 

SDS concentrations higher than 0.001wt% (0.01wt%, 0.1wt%, and 1.0wt%) to study the 

effect of the amount of surfactant on the performance of the solar cells. The purpose of 

this study is to explore the trade -off between achieving better emulsion quality (with 

higher concentration of SDS) and degrading OSC performance (due to incorporation of 

insulating surfactant into the OSC active region by RIR-MAPLE deposition). The 

sequential deposition recipes used for PCPDTBT and PC71BM were the same as those 

described earlier. The J-V curves for the fabricated OSCs are shown in Figure 3.14. As can 

be seen, the increasing concentration of the SDS surfactant degrades the device 

performance because the films become less conductive (significant reduction of current 

density is observed). Among the different SDS concentrations, only the 0.001wt% SDS in 
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DI water yields appropriate performance of OSCs.  

 

Figure 3.14:  J-V curves of PCPDTBT:PC71BM BHJ OSCs (1:1) deposited by emulsion-based 

RIR-MAPLE using SDS DI water  with different weight concentration.  

Given that 0.001wt% SDS in DI water is the minimal surfactant concentration that 

yields both sufficiently stable emulsions and reasonable OSC device efficiencies, in this 

study, the removal of the surfactant was explored. One way to remove th e SDS surfactant 

from the film  is to rinse the film with a solvent that is inert to PCPDTBT and PC 71BM, but 

can dissolve SDS. Methanol is a solvent that satisfies this requirement [63]. To test the 

ability of methanol to remove the surfactant, PCPDTBT:PC71BM (1:1) BHJ OSCs fabricated 

from target emulsions with different SDS concentrations (0.001wt%, 0.01wt%, and 

1.0wt%) were rinsed by flowing fresh methanol for 2 mins.  The J-V curves of pre-rinsed 

and post-rinsed OSCs were measured and compared, shown in Figure 3.15. As can be 

seen, for the OSCs fabricated from 1wt% SDS (Figure 3.15(a)), significant current density 

was recovered after the methanol rinse, indicating the removal of surfactant. However, 
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for OSCs fabricated from 0.01wt% SDS (Figure 3.15(b)), only slight current density was 

recovered after the methanol rinse. In addition, the open circuit voltage and the fill factor 

of the OSCs decreased after methanol rinsing. This OSC performance degradation 

indicates that the methanol rinse no longer effectively removed the SDS surfactant for the 

lower SDS concentration. The reduced open circuit voltage and fill factor may be due to 

the aggregation of PC71BM when exposed to methanol [51]. For OSCs fabricated by the  

 

Figure 3.15: Comparison of J-V curves of as-fabricated PCPDTBT:PC71BM (1:1) OSCs (red) 

and OSCs after methanol rinse (black). The OSCs are fabricated from the target containing 

(a) 1wt% SDS (b) 0.01wt% and (c) 0.001wt%. 
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standard 0.001wt% SDS, methanol rinsing did not increase the current density (Figure 

3.15(c)). Also the open circuit voltage and the fill factor were reduced after the methanol 

rinse. This study demonstrates that methanol rinsing does not work effectively for the 

standard deposition recipe. 

From the surfactant study, it can be concluded that the SDS surfactant is 

detrimental to the OSCs devices when the concentration is higher than 0.001wt%. 

However, the existence of any negative effect of SDS when the concentration is near 

0.001wt% or less is still unknown.  

3.4 Demonstration of Tandem Organic Solar Cells  

There are two main loss mechanisms in solar cells that limit the efficiency. The first 

is that the solar cell active layer cannot absorb sub-bandgap photons. For OSCs, this means 

that any photons with energy lower than the bandgap of the polymer cannot be a bsorbed 

and converted to electrons. This is especially a problem for wide bandgap polymer s, such 

as P3HT, because absorption of  photons only occurs for  wavelength s below 650 nm. This 

eliminates much of  the solar spectrum, which  has considerable intensity distribution in 

the near-IR and IR regions beyond 650 nm. One approach to address this problem is to 

use a low  bandgap polymer, such as PCPDTBT, because PCPDTBT absorption extends all 

the way to approximately 950 nm.  

The second loss mechanism in the solar cells is energy loss from thermalization. 

This loss mechanism means that even though all photons with energy higher than the 
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bandgap of the active layer can be absorbed, the portion  of the energy converted to 

electrons and holes corresponds to the bandgap of the active layer. The excess energy 

beyond the bandgap is dissipated as heat by the interaction between absorbed photons 

and lattice vibration s (phonons). The best approach to address the trade-off between these 

two loss mechanisms is to use tandem solar cells with each sub-cell targeting different 

wavelength in the solar spectrum . In general, to maximize the utilization of higher energy 

and to improve current balance, a thinner sub-cell based on a wide band gap polymer is 

used as the bottom cell and a thicker sub-cell based on a low bandgap polymer is used as 

the top cell [64]. But in practice, due to non-optimum phase morphology of the sub -cell 

based on the low bandgap polymer, which limits its thickness, the inverted  tandem solar 

cell with bottom cell  based on a low bandgap polymer and top cell based on a wide 

bandgap polymer is used for certain material  systems such as P3HT,PCPDTBT used in 

this study [65]. 

The design and fabrication of tandem OSCs are not trivial because the choice of 

intermediate layers between the sub-cells is tricky and crucial, and has a great impact on 

the efficiency of tandem OSCs. The requirement for  intermediate layers is multi -fold  [66]. 

First, the intermediate layers should make Ohmic contact with the two active regions to 

minimize loss from contact resistance. Second, the intermediate layers should be optically  

transparent in the solar spectrum range, which implicates that the intermediate layers 

should not very thick. Th ird, the energy levels of the intermediate layers should no t 
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introduce energy  barriers or be energetically  favorable for electron or hole extraction. 

Finally , the ideal intermediate layer structure is governed by the fabrication technique. 

For example, it is impossible to spin-cast a P3HT/PCBM top-cell directly on top of a 

PCPDTBT/PC71BM sub-cell without an intermediate layer that has orthogonal solubility 

because both active regions have similar solubility . In this case, the intermediate layer 

must be hydrophilic so that it can block the non -polar organic solvent from spin -casting 

the top cell. 

The importance of emulsion-based RIR-MAPLE in the application of tandem OSCs 

is that, as a dry deposition technique, it provides an approach to fabricate tandem OSCs 

without considering the issue of re -dissolution of the bottom cell or the intermediate layer 

by spin-casting of the top cell. Therefore, the RIR-MAPLE increases the candidate pool of 

material systems for tandem OSCs and intermediate layer s. In additio n, it also provides a 

convenient way to study the role of intermed iate layers because the top cell can be directly 

deposited onto the bottom cell without any help of the intermediate blocking layer. 

Considering these potential advantages, emulsion -based RIR-MAPLE was used to 

fabricate an inverted tandem organic solar cells with PCPDTBT/PC71BM as the bottom cell 

and P3HT/PCBM as the top cell for a proof-of-concept demonstration. The role of TiO x 

and PEDOT:PSS as the intermediate layer was also studied by fabricating the tandem 

OSCs with TiO x only, PEDOT:PSS only, and with /without  both as intermediate layer s. The 

conclusions from this study provide insight to why the combination of TiO x and 
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PEDOT:PSS is a good choice of intermediate layer that has been widely adopted by many 

studies [65]. 

 Figure 3.16 illustrates the band structure of the tandem OSCs explored in this 

study. I t is noted that two PEDOT:PSS layers in the tandem OSCs were deposited from 

two different starting PEDOT:PSS solutions. The PEDOT:PSS (Clevios ɚ PVP AI 4083) on 

top of the ITO is the hole transport layer of  the bottom PCPDTBT:PC71BM cell. The 

PEDOT:PSS (Clevios ɚ HTL solar , higher conductivity than Clevios  ɚ PVP AI 4083) below 

the P3HT:PCBM top cell is the intermediate layer. All the TiO x and PEDOT:PSS in this 

study were spin -cast, but future studies should deposit the two layer s by RIR-MAPLE as 

well so that the entire tandem OSCs are fabricated by RIR-MAPLE technique. The method 

to fabricate P3HT:PCBM and PCPDTBT:PC71BM sub-cells are exactly the same as 

described earlier. 

 

Figure 3.16: The band diagram of tandem OSCs based on PCPDTBT:PC71BM as the bottom 

cell and P3HT:PCBM as the top cell. The intermediate layer is the TiO x and PEDOT:PSS 

deposited between the two sub-cells. The diagram is adopted from reference 65 with slight 

modification.  
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 The J-V and EQE curves of tandem OSCs with/without different intermediate 

layers are shown in Figure 3.17. The summary of tandem OSCs performance is shown in 

Table 3.4. From the J-V curve, a conclusion can be arrived easily that the presence of TiOx 

reduces the total short circuit current of the tandem OSCs, because the tandem OSC with 

only PEDOT:PSS as the intermediate layer shows the highest short circuit current. 

Interestingly, from the EQE spectra, it is clearly seen that the PEDOT:PSS layer improves 

the current collection for the top P3HT:PCBM cell but deteriorates the underly ing bottom 

PCPDTBT:PC71BM cell, especially if TiO x layer is not deposited in between the two sub-

cells. This can be demonstrated from the EQE spectra in that the tandem OSC with only 

PEDOT:PSS as the intermediate layer does not collect the current at all in the PCPDTBT 

absorption wavelength range but shows higher collection in the P3HT absorption  

wavelength range. From the discussion, it can be concluded that spin-cast, water-soluble 

 

Figure 3.17: The (a) J-V curves and (b) EQE spectra of tandem OSCs fabricated with 

different intermediate layers . 
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Table 3.4: Tandem OSCs performance with different intermediate layers . 

Samples Voc (V) Jsc(mA/cm2) FF(%) PCE% 

TiOx only  0.62 3.60 34.8 0.77 

PEDOT only 0.54 5.20 35.3 1.00 

TiOx and PEDOT 1.21 4.22 33.8 1.73 

No Intermediate layers  0.61 3.77 33.1 0.76 

  

PEDOT:PSS directly on top of PCPDTBT:PC71BM OSC is detrimental to the device and, 

therefore, TiOx sol-gel is needed to avoid such direct exposure of water. Unfortunately, 

the presence of TiOx deteriorates the current collection in the P3HT:PCBM top cell, which 

is probably due to the quality of the synthesized TiO x sol-gel, which  does not have electron 

mobility as high ÈÚɯËÌÚÊÙÐÉÌËɯÐÕɯÖÛÏÌÙÚɀɯÞÖÙÒ [62]. 

 Another important conclusion obtained from the J -V curves is that only  the OSC 

with both TiO x and PEDOT:PSS as intermediate layers has an open-circuit voltage that is 

the sum of the open-circuit voltages of the two sub-cells. In tandem OSCs, if no 

intermediate layer is deposited between the two sub-cells as a recombination center, the 

electrons from bottom cell and holes from the top cell accumulate at the interface of two 

sub-cells, creating a reversed built -in voltage that can reduce the overall voltage output 

[67]. The PEDOT:PSS layer in the studied tandem OSCs is a such recombination center. In 

addition, the  TiOx is also a necessary intermediate layer to protect the bottom cell from 

PEDOT:PSS water solution when PEDOT:PSS is spin cast. In addition, TiO x breaks the 

symmetry of the bottom cell and acts as the hole blocking layer to prevent the hole jump 

into the PEDOT:PSS intermediate layer. Therefore, both PEDOT:PSS and TiOx are 
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required for the tandem OSCs to have the open circuited voltage that is the sum of the 

voltage of the two sub-cells. 

3.5 Conclusion 

 In this chapter, the RIR-MAPLE deposition of BHJ OSCs is discussed in depth. 

Two deposition modes are compared, indicating the sequential deposition mode is better 

to intimately blend donor and acceptor materials with precise ratio control , and therefore, 

is adopted as the standard approach to fabricate OSCs. Next, the effect of primary solvent, 

secondary solvent (phenol), and SDS surfactant on the performance of OSCs is discussed, 

which links to the content in Chapter 2. Finally , a tandem OSC is demonstrated by the 

emulsion-based RIR-MAPLE technique, with a focus to study the role of the intermediate 

layers. Future studies should focus on fabrication of OSCs with all layers deposited by 

emulsion-based RIR-MAPLE, which requires further reduc tion of  the surface roughness 

of PEDOT:PSS films to sub-ten nanometers and development of an emulsion recipe to 

deposit water intolerant  materials like  TiOx. 
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The facile synthesis of nanoparticles developed in the laboratory has enabled 

studies on their applications in various fields  [68, 69]. Over the past 20 years, nanoparticles 

have been applied to solar cells [70], LEDs [71], photodetectors [72], drug delivery  systems 

[73], plasmonics [74, 75], and many other  application s. Due to the increasing importance 

of nanoparticles, their  deposition as a distinct film or as part of a blended film is very 

crucial and can significantly affect the performance of nanoparticle -based devices. In 

Chapter 3, emulsion-based RIR-MAPLE is demonstrated as a powerful tool to deposit 

polymers and small organic molecules. Yet, it is important to realize that this technique is 

not limited  to the deposition of  organic materials, but can also deposit any other materials 
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that are soluble. In this chapter, emulsion-based RIR-MAPLE is used to deposit colloidal 

metallic silver (Ag) nanoparticles and colloidal semiconducting cadmium selenide (CdSe) 

nanoparticles to explore possible advantages in nanoparticle deposition. The proof-of-

concept fabrication of polymer/ nanoparticle hybrid solar cell s is also demonstrated by 

emulsion-based RIR-MAPLE to show the application aspect of the technique in the 

context of nanoparticle deposition.  

4.1 Metallic Silver Nanoparticles Deposited by RIR-MAPLE  

 To explore the potential  advantages of nanoparticle deposition using emulsion-

based RIR-MAPL E technique, Ag nanoparticles were first examined by RIR-MAPLE (i.e., 

solution targets). To simplify the scenario, the Ag nanoparticles used in this stud y are 

prepared with polyvinylpyrrolidone (PVP)  ligands, which are water soluble. As a result, 

an emulsion target is not required  for the Ag nanoparticle deposition.  The synthesis of Ag 

nanoparticles was conducted by our collaborator , Thang Ba Hoang and is not described 

here [76]. The deposition of Ag nanoparticles was based on the standard RIR-MAPLE 

procedures. First, the as-synthesized silver nanoparticle solution was diluted by DI water 

to different concentrations. Then, the prepared solution was injected into the frozen target 

holder using a syringe. In total, 6 ml solution was injected to the target holder to ensure 

enough material for laser irr adiation . Afterwards, the chamber was pumped down and 

the laser was turned on to impinge on  the frozen target for different  growth  times. During 

the deposition, the laser was operated at 1.8 J/cm2 per pulse at 2 Hz repetition rate. The 
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deposition temperatu re was not actively controlled and the target-to-substrate distance 

was kept at 7 cm. 

4.1.1 Deposition of Silver Nanoparticles on to a Variety  of Substrates  

One disadvantage of solution-processed deposition techniques is that the 

formation of the films heavily depends on substrate wetting/dewetting processes. Good 

wettability of the solution on the underlying substrate is essential to form a uniform film. 

This is especially important for nanoparticle film deposition, in which the low viscosity of 

the solution already limits nanoparticle attachment to the substrate. Therefore, the surface 

tension of the solution must be carefully designed in order to deposit the  nanoparticle film 

onto a specific type of substrate. On the other hand, the RIR-MAPLE technique offers a 

very simple and general method to deposit nanoparticles onto different types of 

substrates using the same deposition parameters. Figure 4.1(a) shows photographs of the 

Ag nanoparticle films deposited by RIR -MAPLE onto a variety of substrates, including 

inorganic substrates (silicon, glass), metallic substrates (aluminum foil), plastic substrates 

(scotch tape, parafilm), and a paper substrate. The origin  of the general applicability of 

the RIR-MAPLE deposition process, regardless of underlying substrates, is that it is a dry 

deposition technique. In the silver nanoparticle deposition, the frozen matrix solution is 

pure water, which absorbs the laser energy, is vaporized, and pumped away in the 

evacuated chamber, leaving the nanoparticles to transfer to the substrate in a dry state. 

This dry deposition method enables the deposition of nanoparticles onto different 
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substrates and eliminates the need to consider the compatibility between the nanoparticle 

solvent and substrate. As a specific example, paper substrates, which are good absorbers 

for most solvents, are not appropriate for solution -processing; yet, RIR-MAPLE can 

deposit a high-quality silver nanopart icle film without detrimental impact on the paper 

substrate. The Figure 4.1(b) summarizes the RIR-MAPLE process, in which laser 

irradiation of a frozen silver nanoparticle/water solution re sults in the dry deposition of 

Ag nanoparticle film s. It can be seen from the top SEM image in Figure 4.1(b) that the Ag 

nanoparticles are deposited onto the substrate randomly, stacked one-by-one or cluster-

by-cluster, without any identifiable pattern. The Figure 4.1(c) shows normalized 

extinction spectrum of as-synthesized Ag nanoparticles in solution and as a film onto a 

glass by RIR-MAPLE . From the extinction spectra, it can be seen that, whereas the peak 

position is identical, the width of the extinction peak of the silver nanoparticle film is 

much narrower than that of the silver nanoparticle solution. This indicates that the silver 

nanoparticle size distribution in the deposited film is more monodisperse than the silver 

nanoparticles in the solution.  It may be that  RIR-MAPLE deposition is size -selective such 

that only nanoparticles that are not too large or too small are preferentially deposited , 

perhaps due to some resonant absorption of the laser energy by the silver nanoparticles. 

From the film extinction spectru m, the primary peak is around 460 nm in the visible range. 

The secondary peak near 400 nm arises from a quadrupole resonance, a different electron 

oscillation frequency compared to the primary dipole resonance [77]. These optical 



 

102 

properties of silver nanoparticle films indicate that RIR -MAPLE deposited silver 

nanoparticles are suitable to enhance the absorption of a polymer with a HOMO -LUMO 

gap in the visible range, such as P3HT. 

 

Figure 4.1: (a) Silver nanoparticle films deposited by RIR-MAPLE onto different types of 

substrates. (b) Schematic representation of RIR-MAPLE processes where the silver 

nanoparticles in the target are deposited onto the substrate. The SEM image on the bottom 

shows the as-synthesized silver nanoparticles and the SEM image on the tops shows the 

deposited silver nanoparticle s on the silicon substrate. (c) The extinction (absorption + 

scattering) spectrum of silver nanoparticles in solution and as a solid film on the glass 

substrate. 
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4.1.2 Control  of Silver N anoparticle  Surface Coverage by RIR -MAPLE  

In addition to deposit ing silver nanoparticles onto different types of substrates, 

RIR-MAPLE also offers a simple way to control the surface coverage of Ag nanoparticles 

on a substrate by tuning either the Ag nanoparticle concentration in the frozen target or 

the deposition time. Figure 4.2(a) shows the relation between surface coverage of silver 

nanoparticles on silicon substrates and the silver nanoparticle target concentration or 

deposition time. Specifically, the silver nanoparticles are deposited from the RIR -MAPLE 

targets wit h concentrations of 0.75mg/ml, 1.5mg/ml or 3mg/ml. For each concentration, 

three films are deposited for times of 1 hr, 2 hrs and 3 hrs, respectively.  The surface 

coverage, which is defined as the percentage of silver nanoparticle area to the total area 

of the image, is determined from SEM images using ImageJ. From the Figure  4.2, it can be 

seen that the surface coverage is linearly proportional to both target concentration and 

deposition time. Therefore, a wide range of surface coverage percentages can be obtained 

by carefully selecting the calibrated target concentration and deposition time. Figure 

4.2(b) shows the extinction spectra of silver nanoparticle films with different surface 

coverage, demonstrating that the resonant peak intensity varies linearly with the silver 

nanoparticle surface coverage, while the peak wavelength does not. Usually, the 

aggregation of silver nanoparticles induces a red shift in the resonant peak wavelength 

and decreases the resonant peak intensity. Therefore, the increasing peak intensity and 

unchanged peak position indicate that the RIR-MAPLE technique does not increase the 
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silver nanoparticle aggregation, even as the surface coverage is increased. Figure 4.2(c) 

shows SEM images of silver nanoparticle films with three differe nt surface coverage 

values. From the SEM images, aggregated silver nanoparticle clusters are observed, which 

occur due to the transfer of Ag nanoparticle aggregates from the water solution due to the 

RIR-MAPLE deposition process. 

 

Figure 4.2: (a) Silver nanoparticles deposited by RIR-MAPLE using different target 

concentratio ns and deposition time s. Each surface coverage point is obtained by 

averaging six SEM images, and the error bar represents the standard deviation of surface 

coverage. b) The extinction spectra of silver nanoparticle films with different surface 

coverage. (c) SEM images of silver nanoparticle films with three different surface coverage 

values. 
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4.1.3. The Plasmonic Effect of Silver Nanoparticle Fi lm s Deposited by 

RIR-MAPLE  

In recent studies, the localized surface plasmon resonance (LSPR) effect of metal 

nanoparticles has been explored to enhance the absorption of thin films, and it has been 

applied to increase the efficiency of solar cells [78, 79]. The LSPR effect of metal 

nanoparticles occurs when the frequency of incoming light matches the frequency of  

oscillating free electrons in the nanoparticles, resulting in both enhanced scattering and 

enhanced absorption of the light. For silver nanoparticles, the optimal nanoparticle size is 

around 80 nm, which results in dominant forward light scattering that e nhances 

absorption in the solar cell active region by increasing the optical path length [78]. For 

plasmonic organic solar cells, depending on the solubility characteristics of silver 

nanoparticles, they are either co-dissolved into the hydrophilic hole transport layer 

solution of PEDOT:PSS or the hydrophobic organic active region solution, from w hich 

thin films of the nanocomposite are formed by spin -casting [79]. For RIR-MAPLE 

deposition, the solubility characteristic of the silver nanoparticles does not impact the 

location at which they can be incorporated because RIR-MAPLE is a dry deposition 

process. To test the plasmonic effect of silver nanoparticle films deposited by RIR-MAPLE, 

the absorbance spectra of RIR-MAPLE deposited P3HT films on bare glass substrates, 

with and without silver nanoparticles, are compared. Figure 4.3(a) shows the absorbance 

spectra of P3HT films on a bare glass substrate and on the glass substrate with three 

different silver nanoparticle surface coverage values. Clearly, enhanced absorption is 
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observed when more silver nanoparticles are incorporated on the glass substrate, 

underneath the P3HT film, indicating that RIR -MAPLE does not compromise the 

plasmonic properties of silver nanoparticles. It is worth mentioning that the consistency 

of the RIR-MAPLE process helps avoid any misinterpretation of the results due to 

measurement error. For example, the substrate holder can accommodate six substrates for 

a single P3HT film deposition such that the deposition conditions for each of the six 

substrates are identical. Three of the six substrates were reference samples with bare glass 

substrates, and the remaining three samples had films of different silver nanoparticle 

surface coverage. From Figure 4.3(b), it can be seen that the reference P3HT samples show 

exactly the same absorption intensity, indicating the enhanced absorption of P3HT on the 

three substrates with silver nanoparticle films results from the plasmonic effect, not 

variation of the P3HT film thickness.  

 

Figure 4.3:  (a) The absorbance spectra of P3HT films deposited onto glass substrates with 

and without different silver nanoparticle surface coverage. (b) The absorbance spectra of 

three reference P3HT films. The identical absorbance intensity indicates the enhanced 

absorption is due to the plasmonic effect, not thickness variation in diff erent P3HT films. 
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4.2 Semiconducting Cadmium Selenide Nanoparticles and Hybrid 

Nanocomposites Deposited by E mulsion -Based RIR-MAPLE  

In addition to hydrophilic silver nanoparticle deposition, e mulsion -based RIR-

MAPLE was also used to study  deposition of hydrophobic CdSe nanoparticles, as well as 

nanocomposites containing a blend of PCPDTBT polymers and CdSe nanoparticles, 

which can be used as the active layer for polymer/ nanoparticle hybrid solar cells.  CdSe 

nanoparticles have been studied heavily over the past twenty years as an example of 

colloidal nanoparticles to demonstrate the special properties that emerge when bulk  

material is reduced to the nanoscale. Compared to organic materials, colloidal inorganic 

nanoparticles (also known as colloidal quantum  dots), have better electronic performance 

due to higher dielectric constant, higher mobility, and longer environmental stability  [80]. 

Most importantly, the bandgap of nanoparticles can be directly tailored by adjusting the 

physical size [81]. These unique properties are desired for different applications of 

optoelectronic devices, such as hybrid solar cells. As a result, by combining the 

advantages of high electronic performance and tunable bandgap of colloidal inorganic 

nanoparticles with the high absorption of organic semiconductors, solution -processed 

polymer/ nanoparticle hybrid solar cells have emerged as a possible alternative to OSCs 

based on conjugated polymers and organic small molecules (as described in Chapter 3) 

[81]. 

4.2.1. Synthesis of Spherical Cadmium Selenide Nanoparticles  
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The fabrication of organic/inorganic hybrid solar cells beg ins with the synthesis of 

colloidal nanoparticles, in which the properties of synthesized colloidal nanoparticles 

have a great impact on the performance of solar cell [82]. Generally speaking, the synthesis 

of colloidal nanoparticles is based on wet chemistry, by which the size, shape, 

composition, and surface chemistry of the nanoparticles can be precisely tailored. For 

compound colloidal nanoparticles (such as CdSe), the formation of nanoparticles is 

dictated by nucleation and growth processes in an elevated temperature system 

containing metal precursors, organic surfactants, coordinating solvent, and organic 

impurities originating from the source chemicals  [68]. Usually, bulky ligands , such as 

trioctylphosphine oxide (TOPO) and octadecyl amine (ODA) , are used as the ligands 

during synthesis to provide solubility of colloidal nanoparticles in non -polar organic 

solvents; yet, these ligands also impose an energy barrier for electron transport. To 

overcome this disadvantage, smaller ligands, such as pyridine and butylamine, are 

usually exchanged to replace the bulky ligands for improved charge transport properties 

[83].  

In particular, five steps for colloidal nanoparticle synthesis can be defined, 

ÈÊÊÖÙËÐÕÎɯÛÖɯ+Èɯ,ÌÙɀÚɯÔÖËÌÓɯ[84] (Figure 4.4). First, the metal precursors are chemically 

decomposed into active species at elevated temperature. Second, the accumulation of 

these active species leads to the nucleation process, in which nucleates are formed for 

further growth. Third, the growth of t he active species on nucleates continues, in which 
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the organic surfactant keeps nanoparticles separate to avoid forming bulk materials. 

Fourth, as the active species depletes, an Ostwald ripening effect begins to dominate, 

leading to the dissolution of the  smaller nanoparticles and the further growth of larger 

nanoparticles, which eventually keeps the nanoparticles monodisperse. Fifth, by either 

reducing the temperature or diluting the concentration of the active species, the growth is 

stopped, and the nanoparticles are formed. 

 

Figure 4.4:  ȹÈȺɯ2ÊÏÌÔÈÛÐÊɯËÐÈÎÙÈÔɯÐÓÓÜÚÛÙÈÛÐÕÎɯ+Èɯ,ÌÙɀÚɯÔÖËÌÓɯÍÖÙɯÛÏÌɯÍÐÝÌɯÚÛÌ×ÚɯÖÍɯÊÖÓÓÖÐdal 

nanoparticle synthesis. (b) Representation of synthetic apparatus used in colloidal 

nanoparticle synthesis. The schematic is adopted from reference [84]. 

 

In this study, standard spherical CdSe nanoparticles with TOPO  ligands were 

ÚàÕÛÏÌÚÐáÌËɯÉÈÚÌËɯÖÕɯÛÏÌɯ+Èɯ,ÌÙɀÚɯÔÖËÌÓȮɯÞÐÛÏɯÚÓÐÎÏÛɯÔÖËÐÍÐÊÈÛÐÖÕ [82]: 76 mg CdO 

(Sigma- Aldrich) and 3 mL oleic acid (Sigma -Aldrich) were mixed and heated to 200 °C 
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under N 2 flow until the solution became clear. Then, the solution was cooled down to 

room temperature and 3.0 g TOPO (Sigma-Aldrich) was added into the cooled solution. 

Next, the mixture was reheated to 280 °C under N2 flow, and Cd precursor solution (Cd -

PA) was formed. Then, 78 mg Se (Sigma-Aldrich) was dissolved into 1.0 mL 

trioctylphosphine (TOP) (Sigma -Aldrich) by sonication until a clear Se precursor solution 

(Se-TOP) was formed. Next, the Se precursor solution was injected into the prepared Cd 

precursor solution at 280 °C. The reaction mixture was kept for 1-30 min at 270ɬ290 °C to 

produce CdSe nanoparticles with average sizes from 5 nm ~ 8 nm. The reaction was then 

terminated by injecting excess amount of chlorobenzene. The synthesized CdSe 

nanoparticles were purified by precipitation with methanol and re -dissolution in 

chlorobenzene for three cycles to remove excess amount of surfactant. 

XRD measurement of the synthesized CdSe (after ligand exchange) (Figure 4.5) 

shows the CdSe was successfully synthesized with the zinc blende crystal structure . The  

 

Figure 4.5: The XRD spectrum of synthesized CdSe nanoparticles after ligand exchange. 

It indicates the CdSe nanoparticle has the zinc blende crystal structure.  
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typical UV -Vis absorbance and photoluminescence spectra of CdSe nanoparticles (5 min 

reaction time) are shown in Figure 4.6. The first excitonic absorbance peak of the CdSe 

nanoparticles is clearly observed around 609 nm. The corresponding emission peak of 

CdSe nanoparticle is 627 nm, due to the Stokes shift. A transmission electron microscopy 

(TEM) image of synthesized CdSe nanoparticles is shown in the inset to Figure 4.6, which 

shows the nanoparticles have an average size of 5.65 nm. Further increasing the reaction 

time beyond 5 min could further increase the nanoparticle size, but the growth rate is 

much slower than the first 5 min due to the depletion of precursor monomer in the 

reaction solution. In add ition, the polydispersity of nanoparticles becomes more 

significant  when the reaction time increases because more monomer is consumed, and the  

 

Figure 4.6: UV-Vis absorbance (black) and photoluminescence (red) of CdSe nanoparticles 

with 5.65 nm (±0.90nm) nm average size. The inset is the TEM image of the corresponding 

CdSe nanoparticles. 
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likel ihood of monomer reaching each particle becomes unequal. Figure 4.7(a) shows how 

the UV-Vis-NIR absorbance peaks shift and change as the reaction time increases from 5 

min to 30 min. Figure 4.7(b) shows the corresponding TEM images of the nanoparticles 

with different synthesis time s. According to a previous study [82], CdSe nanoparticles 

with larger size usually yield better solar cell performance. In this study, the CdSe 

nanoparticles with 30 min reaction time (average diameter: 7.53 nm ± 1.48 nm) were used 

for all studies. 

 

Figure 4.7: (a) The normalized absorbance spectra of synthesized CdSe nanoparticles with 

different reaction times. The first excitonic peak becomes less pronounced as the reaction 

time increases, indicating the monodispersity of nanoparticles decreases as the reaction 

time increases. (b) The TEM images of synthesized CdSe nanoparticles with different 

reaction times. The average size of CdSe nanoparticles increases with the increase of 

reaction time and can be calculated using ImageJ. The average diameter of CdSe 

nanoparticl es is 5.65nm (±0.90nm), 6.83nm (±1.22nm), 7.04nm (±1.29nm) and 7.53nm 

(±1.48nm) when the reaction time is 5mins, 10mins, 15mins and 30mins, respectively. The 

HRTEM of a single CdSe nanoparticle with 30 mins reaction time is highlighted in the red 

square. The lattice fringe can be observed showing the quality of synthesized CdSe 

nanoparticles.   
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4.2.2 Surface M odification of Nanoparticles  

The synthesized CdSe nanoparticles were capped with long chain TOPO, which is 

insulating. To improve the electrical conductivity of CdSe nanoparticle s, a short chain 

molecule, pyridine, is exchanged to replace TOPO as the surface ligand. The detailed 

ligand exchange process is summarized in Figure 4.8. In the ligand exchange process, the 

purified CdSe nanoparticles (~150mg) were mixed with excess amount of pyridine (15 

mL) at room temperature. Then the mixture was stirred for 24 hrs under N 2 flow at room 

temperature. After ligand -exchange, the nanoparticles were precipitated from pyridine 

solution by hexane two times. The precipitated nanoparticles were dried in a vacuum 

oven for further processing.  

 

Figure 4.8:  Schematic representation of CdSe ligand exchange process. Short chain 

molecule, such as pyridine, replaces long chain molecule, such as TOPO, as the surface 

capping agent of CdSe after ligand exchange process.  
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To confirm the success of the ligand exchange process, Fourier transform infrared 

spectroscopy (FTIR) was used to identify the organic species on the CdSe nanoparticles. 

Figure  4.9(a) shows the stacked, normalized FTIR absorbance spectra of pure pyridine, 

pyridine -capped CdSe nanoparticle films with one-time ligand exchange process, 

pyridine -capped CdSe nanoparticles with three-time ligand exchange process, and 

TOPO-capped CdSe nanoparticles. After the ligand exchange, the absorbance peaks at 

1098 cm-1 and 931 cm-1, which correspond to stretching vibrations of P=O and P-O, 

respectively, are still present, suggesting the pyridine ligand exchange cannot remove all 

of the TOPO ligands. However, partial ligand exchange is still successful due to the fact 

that the common absorbance peak of pure pyridine and pyridine -capped CdSe 

nanoparticles are observed. It is obvious that the three-time ligand exchange process 

introduces more pyridin e ligands on the surface of the nanoparticle. However, the one-

time ligand exchange process was used in the study due to the bad solubility of the CdSe 

nanoparticles in chlorinated solvent s after multiple ligand exchange processes. 

One disadvantage of ligand exchange is the resulting poor dispersion of 

nanoparticles in polymer due to reduced interparticle spacing. As can be seen from TEM 

images, the TOPO-capped CdSe nanoparticles (Figure 4.9(b)) show very clear 

interparticle spacing due to the steric hindra nce from the long chain TOPO ligand.  After 

ligand exchange with pyridine ( Figure 4.9(c)), the interparticle spacing is reduced and the 

individual nanoparticle becomes harder to identify as the particles are aggregated 
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together. Although such aggregation b enefits electron transport, it reduces the interfacial 

area between nanoparticles and polymer, thus leading to inefficient exciton dissociation.  

 

Figure 4.9: (a) Normalized FTIR absorbance spectra of pure pyridine (black), TOPO 

capped CdSe (blue), pyridine capped CdSe after one-time (red) and three-times (green) 

ligand exchange processes. (b) TEM image of TOPO-capped CdSe. (c) TEM image of 

pyridine -capped CdSe. Both CdSe nanoparticles are dip-coated onto TEM grids with 

carbon film as the supporting film.  

4.2.3 Characterization of CdSe Nanoparticle Film s Deposited by 

Emulsion -Based RIR-MAPLE  

To study the properties of CdSe nanoparticle film s deposited by emulsion -based 

RIR-MAPLE, the standard recipe was used to prepare the CdSe nanoparticle target with 

some modification. For the TOPO-capped CdSe nanoparticles, TCB was used as the 

primary solvent for a solution at concentration of 20mg/ml. It was found that 0.001wt% 

SDS in the DI water was not enough to make the emulsion stable, and thus 0.005wt% SDS 

was used to achieve a stable emulsion. The volume ratios of the TCB, phenol and DI water 
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were still kept as 1:0.25:3. For the pyridine-capped CdSe nanoparticles, the target recipe 

was the same, except that the primary solvent was  a co-solvent containing 90% TCB and 

10% pyridine. The extra pyridine was used to improve the solubility of pyridine -capped 

CdSe in the TCB solution. 

To demonstrate the good uniformity and low surface roughness of the CdSe 

nanoparticle films deposited by the emulsion -based RIR-MAPLE technique, the surface 

morphology of RIR -MAPLE deposited TOPO-capped and pyridine -capped CdSe 

nanoparticle films were characterized using AFM and are shown in Figure 4.10. For 

comparison, the TOPO-capped and pyridine -capped CdSe films were also deposited by 

spin-casting (TCB used as the solvent) for AFM imaging using the same scan size (25 ϟÔɯ

x 25 ϟÔȺȭɯ ÚɯÊÈÕɯÉÌɯÚÌÌÕȮɯÍÖÙɯÚ×ÐÕ-cast films, the TOPO-capped CdSe film is very smooth 

with only 1.57 nm root mean square (RMS) surface roughness. However, when the ligand 

is exchanged to pyridine, the RMS surface roughness of the spin-cast film in creases to 10.9 

nm. In addition, small CdSe nanoparticle clusters (bright spots) are observed and 

scattered across the film, which is attributed to the aggregation of the CdSe nanoparticles 

when the long chain TOPO ligand is replaced by short chain pyridin e ligand.  

For emulsion-based RIR-MAPLE deposited films, the RMS surface roughness is 

higher than that for the spin -cast films. The RIR-MAPLE deposited TOPO-capped CdSe 

film has an RMS surface roughness of 17.6 nm, with relatively large domain sizes 

indicated by notable peak (bright) and valley (dark) regions. Unexpectedly, and in 
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contrast to the spin-cast films, the RIR-MAPLE deposited pyridine -capped CdSe film is 

slightly smoother than the TOPO -capped CdSe film, with an RMS surface roughness of 

12.3 nm. In addition, the pyridine -capped CdSe film is more uniform than the TOPO-

capped CdSe film without the notable peak (bright) and valley (dark) regions. The 

difference in surface morphology for TOPO -capped and pyridine -capped CdSe 

nanoparticle films deposited  by RIR-MAPLE could be due to different dispersion states 

of CdSe nanoparticles in the emulsion target, as informed by the hypotheses proposed in 

Chapter 2.  

 

Figure 4.10: AFM images (25 ϟÔɯßɯƖƙ ϟÔȺɯÖÍɯ3./.-capped CdSe films deposited by spin-

casting or RIR-MAPLE, and pyridine -capped CdSe films deposited by spin-casting or 

RIR-MAPLE. The sample name and RMS surface roughness of each film is labeled on the 

image.  
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In the emulsion, the CdSe nanoparticles tend to stay within organic solvents, 

which exist in the form of droplets dispersed in the continuous water phase. The size and 

distribution of these droplets are strongly affected by the interactions among the CdSe 

nanoparticles, organic solvent, water, and surfactant, eventually leading to different 

average feature sizes on the substrate surface (i.e., smaller droplets yield smaller feature 

sizes and smoother films). The difference in polarity between pyridine and TOPO 

(pyridine is more hydrophilic than TOPO) could result in dif ferent droplet sizes within 

the emulsion. From the AFM images, it can be seen that the TOPO-capped CdSe 

nanoparticle film has larger feature sizes, indicating that within the emulsion, droplets of 

TOPO-capped CdSe nanoparticles are larger than droplets of pyridine -capped CdSe 

nanoparticles. While it is difficult to deposit nanoparticle films with an RMS surface 

roughness below 10 nm (as measured by a 25 ϟÔɯß 25 ϟÔɯÚÊÈÕɯÚÐáÌɯÐÕɯ %,ȺɯÜÚÐÕÎɯ

emulsion-based RIR-MAPLE, the nanoparticle films so -deposited are contiguous and 

uniform, and have much smaller RMS surface roughness than previously reported 

nanoparticle films deposited by UV -MAPLE techniques [85, 86]. 

To demonstrate that the RIR-MAPLE deposition process does not generate surface 

defects on the deposited CdSe nanoparticles, XPS measurements were used to 

characterize the electronic state of cadmium and selenium before (drop-cast film) and 

after RIR-MAPLE deposition, shown in Figure 4.11(a). In principle,  the presence of surface 

defects on the CdSe nanoparticles would lead to a shift of the Cd and Se peaks in the XPS 
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spectra [87]. However, both the Cd and Se peaks of TOPO-capped and pyridine -capped 

CdSe nanoparticles do not shift appreciably (< 0.3 eV) after RIR-MAPLE deposition, 

demonstrating that no significant defects have been introduced to the nanoparticles. It 

should be noted that the small Se peak around 59 eV is due to the oxidation of Se [88] and 

the broadening of Cd peaks in the pyridine -capped CdSe nanoparticles are due to 

oxidation of the Cd  [88].  

 

Figure 4.11: (a) The XPS spectra for Cd 3d of the TOPO-capped CdSe nanoparticles (left 

top) and pyridine -capped CdSe nanoparticles (left bottom) deposited either by drop-

casting and RIR-MAPLE and the XPS spectra for Se 3d of the TOPO-capped CdSe 

nanoparticles (right top) and pyridine -capped CdSe nanoparticles (right bottom) 

deposited either by drop -casting and RIR-MAPLE . (b) The UV-Vis absorbance and PL 

spectra of TOPO-capped (black) and pyridine -capped (green) CdSe nanoparticles before 

RIR-MAPLE deposition (in solution) and TOPO -capped (red) and pyridine -capped (blue) 

CdSe nanoparticles after RIR-MAPLE deposition.   
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In addition, to demonstrate that the RIR -MAPLE deposition process does not alter 

the optical properties of CdSe nanoparticles, the UV-Vis absorbance and PL of both 

TOPO-capped and pyridine -capped CdSe nanoparticles, before (in solution) and after 

RIR-MAPLE deposition, are compared in Figure 4.11(b). As can be seen, both the ligand 

exchange process and the RIR-MAPLE deposition process do not significantly shift 

absorbance or emission peaks of CdSe nanoparticles, indicating that emulsion-based RIR-

MAPLE does not significantly change the optical properties of the CdSe nanoparticles. 

The combined XPS, UV-Vis, and PL measurements demonstrate that the RIR-MAPLE  

process does not significantly degrade the CdSe nanoparticles, which encourages further 

study of hybrid organic solar cell fabrication using emulsion -based RIR-MAPLE.  

4.2.4 Characterization of CdSe/PCPDTBT Nanocomposites Deposited by 

Emulsion -Based RIR-MAPLE  

Emulsion -based RIR-MAPLE has been demonstrated to deposit CdSe 

nanoparticles in a relatively  smooth film without damaging the surface of nanoparticles 

or creating defects. The following studies  confirm  the other advantage of this technique, 

i.e., PCPDTBT/CdSe nanocomposites with  enhanced nanoparticle dispersion compared to 

spin-casting that is more suited for  use as the active layer in organic/inorganic hybrid solar 

cells to enable higher exciton dissociation efficiency.  

To deposit PCPDTBT/CdSe nanocomposites by emulsion-based RIR-MAPLE, the 

sequential deposition mode is used, as described in Chapter 3. The recipe for the 

PCPDTBT section of the target is based on the standard emulsion with TCB as primary 
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solvent at 5mg/ml. The default CdSe loading in the nanocomposite is 80%, which is 

determined by the target volume rat io between CdSe and PCPDTBT. The physical 

blending of the two materials is demonstrated by the  UV-Vis absorbance spectrum shown 

in Figure 4.12(a), where both CdSe nanoparticle and PCPDTBT absorbance peaks are 

clearly observed. In Figure 4.12(b), the AFM height and phase images (1 ϟÔɯßɯƕ ϟÔȺɯÖÍɯ

the hybrid nanocomposite film s are shown to demonstrate the nanoscale phase domains 

of the nanoparticles and polymer. From the AFM height image, circular domains with 

diameters of a few tens of nanometers are observed and distributed randomly across the 

film. The film also varies in height (RMS surface roughness = 5.28 nm), as indicated by the 

presence of relatively large bright and dark regions. In the AFM phase image, these bright 

and dark regions are not observed because the phase image does not strictly depend on 

the height information. Instead, the distribution of CdSe nanoparticles within PCPDTBT 

is observed as two distinct phases, the bright circular phase (~15 nm in diameter) and the 

surrounding dark phase. To  observe the two phases by AFM more clearly, the image was 

binarized, in which the circular phase is represented by the white regions, and the 

surrounding phase is represented by the black regions (Figure 4.12(b) bottom). A 

bicontinuous network of the two phases is observed, and the average size of each phase 

domain is a few tens of nanometers.  These AFM phase images indicate that RIR-MAPLE 

not only blends the PCPDTBT and CdSe nanoparticles together, but yields nanoscale 

domain sizes of the two materials.  
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Figure 4.12: (a) UV-Vis absorbance spectrum of PCPDTBT/CdSe (pyridine-capped) 

hybrid nanocomposite film (80% CdSe) deposited by RIR-MAPLE. The blue boxes denote 

the PCPDTBT absorbance peaks and the red box denotes the CdSe absorbance peak. 

(b)The AFM height (top left), phase (top right) and binary phase (bottom) images of the 

same hybrid nanocomposite film on a 1 ϟÔɯß 1 ϟÔɯÚÊÈÕɯÚÐáÌȭɯ(ÕɯÛÏÌɯÉÐÕÈÙàɯ×ÏÈÚÌɯÐÔÈÎÌȮɯ

pixels above 0° (up to 20°) are treated as bright region, while pixels below 0° (down to -

20°) are treated as dark region. 

To better represent nanoparticle dispersion in the hybrid nanocomposite, TEM is 

used to investigate the impact of different ligands (TOPO vs pyridine), different solvents 

(chlorobenzene vs dichlorobenzene vs trichlorobenzene), and different deposition 

methods (RIR-MAPLE vs spin -casting) on the dispersion of nanoparticles in the PCPDTBT 

films. First, TEM images of PCPDTBT/TOPO-capped CdSe nanocomposite films 

deposited by spin-casting and RIR-MAPLE were studied. The hybrid nanocomposite 

films (80wt% CdSe loading, determined by the concentration ratio in the solvent) spin -

cast from CB, oDCB, and TCB are shown in Figure 4.13(a),(d), Figure 4.13(b),(e) and 
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Figure 4.13(c),(f ) respectively (using two different size scales for TEM). Clearly, the 

blended films deposited from all three solvents show nanoparticle segregation with a 

certain pattern. For the hybrid nanocomposite film spin -cast from CB (Figure 4.13(a),(d)), 

a number of circular clusters (diameters of 100 nm to 200 nm) with high nanoparticle 

concentration are observed to be scattered across the film, and the PCPDTBT has no 

particular structure. When the hybrid nanocomposite film is spin cast from o -DCB (Figure 

4.13(b),(e)), the clusters of nanoparticles are less circular and have lower concentrations 

of nanoparticles. In addition, the PCPDTBT becomes more structured, as evidenced by 

the emergence of fiber-like features in the film. When TCB is used as the solvent, the 

clusters of nanoparticles are no longer prominent, and the fiber-like structure of the 

polymer is well -defined (Figure 4.13(c),(f )). As mentioned earlier, the phase segregation 

observed in spin-cast films is due to the different polarity of the polymer and 

nanoparticles, as well as their interaction within a specific solvent  [47, 89]. For example, 

the boiling point of the solvent affects the phase segregation that occurs while the film is 

drying. In this study, TCB has the highest boiling point (213 °C); thus, the solvent 

evaporation rate is the slowest for hybrid nanocomposites spin -cast from this solvent. The 

slow drying of the film allows the PCPDTBT polymer chains to rearrange themselves and 

form a thermodynamically stable morphology, which is the fiber -like structure observed 

in the study. Clearly, the phase segregation of CdSe nanoparticles and PCPDTBT is 

strongly dependent on the chosen solvent in spin-cast films.  
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Figure 4.13: TEM images of PCPDTBT/TOPO-capped CdSe hybrid nanocomposite films 

deposited by spin-casting using (a)(d) chlorobenzene, (b)(e) dichlorobenzene, (c)(f) 

trichlorobenzene as the solvent, and deposited by RIR-MAPLE using (g)(j) chlorobenzene, 

(h)(k) dichlorobenzene, (i)(l) trichlorobenzene as the primary solvent. The scale bars are 

labeled on the images. 
































































































































