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Abstract 

The physical supercritical fluid deposition is a method of thin film deposition that allows 

high molecular weight materials to be deposited onto curved and flexible substrates to 

form patterns with high spatial resolution. The preferred mode of deposition relies on a 

maximum in the isobaric solubility to precipitate material onto a heated substrate. This 

typically occurs at pressures exceeding the critical pressure of the solvent, hence the 

technique is termed supercritical fluid deposition. Because the technique relies on the 

solubility properties of the solvent-solute system, one of the most important factors in 

determining the optimized deposition conditions is solvent selection. Here, we 

demonstrate that for poly(3-hexyl thiophene) (P3HT), there are three qualitatively different 

types of solvents, only one of which is appropriate for physical supercritical fluid deposition 

on heated substrates. Over-powered solvents are ineffective for the physical supercritical 

fluid deposition because they lack a maximum in the isobaric solubility. Underpowered 

solvents are unable to dissolve the deposition material. Optimum solvents dissolve the 

material effectively and exhibit a maximum isobaric solubility over the working temperature 

range of the deposition chamber. In addition, we demonstrate the effect of adding an 

overpowered solvent to an underpowered solvent and an optimum solvent. Only the 

mixture with an optimum solvent shows the necessary characteristics for physical 

supercritical fluid deposition. In sum, the work demonstrates clear guidelines for solvent 

selection that will allow for the deposition of a wider range of materials. Furthermore, the 

films are deposited to achieve better uniformity and smoothness.  

Keywords:  Supercritical fluid; Thin film deposition; Poly(3-hexyl thiophene); 

Ultraviolet-visible spectroscopy; Isobaric solubility 
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Chapter 1. Introduction 

The scientific investigations in the field of organic electronics have increased 

tremendously over the last few decades. A groundbreaking discovery reported in 1977 

reported the metallic conductivity in polyacetylene.1 This revolutionary discovery led to 

Nobel Prize in Chemistry for Shirakawa, MacDiarmid, and Heeger in 2000. Organic 

semiconductors have emerged as a category of materials that have promising potential 

to replace conventional semiconductors in electronic devices.2 The advancement in the 

research has engendered the further development of polymers like poly(alkyl thiophene) 

(P3HT).3 The potential of organic electronics is demonstrated by the ability of functional 

organic molecules called organic semiconductors to transport charge carriers .4-5 

Organic semiconductors have unique properties6. These materials can function as 

semiconducting materials and have the chemical and mechanical virtues of organic 

compounds7. Therefore, tuning the properties of these materials can be synthetically 

tailored8-9. These materials support largely to manufacture of robust, lightweight, flexible 

thin films. Organic semiconducting materials are used in optoelectronics devices including 

transistors, light-emitting diodes, and photovoltaic cells for the application of making 

displays, sensors, imaging, and radio frequency identification (RFID) tags. The research 

expansion in the field of organic semiconductors has enabled us to explore it in more 

depth. The constant surge of ideas toward innovation has resulted in a large industry of 

organic semiconductors involved in making present and future-generation devices. 

1.1. Thesis Outline 

The electronic properties of the devices made of semiconducting devices depend 

on a variety of factors including thin film morphology. Organic semiconductor morphology 

is strongly influenced by the deposition technique used to create thin films. There are many 

deposition techniques for making films of organic semiconductors like thermal 

evaporation, drop-casting, spin-coating, slot-casting, spray-coating, screen printing, inkjet 

printing, and many more. Some are shown in figure 1.1. Depending upon the types of 

materials and application the optimal deposition condition can vary.  
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Figure 1.1. Deposition techniques (a) Inkjet Printing (b) Gravure Printing (c) 
Vacuum Deposition (d) Spin Coating 

Almost every deposition technique has some limitations. That is why new 

techniques are diligently being explored. This thesis revolves around a novel supercritical 

fluid deposition technique10. It is a solution-based film deposition technique that leverages 

the solubility properties of organic electronic materials in the supercritical fluid region of 

the phase diagram.  

In the case of supercritical fluid, there is no distinguishable phase boundary 

between liquid and gas11. The degree of gas-like versus liquid-like behavior is strongly 

influenced by the fluid temperature and pressure. Thus, by altering the temperature and 

pressure of supercritical fluids, significant changes in the solubility properties of the 

polymers can be achieved. The deposition technique relies on these modulations.  

The important concepts that play a direct or indirect role in the supercritical fluid 

deposition of semiconducting polymer specifically, poly 3-(hexylthiophene) (P3HT) will be 

discussed in chapter 1. The basic principles and workings of the instruments used in this 

research are discussed in chapter 2. In addition, the chemical structure of the solvent and 

its ability to be used for p-SFD are scrutinized in Chapter 3. Chapter 4 looks ahead to 

future experiments including field effect transistor studies on the deposited films and 

substrate effects on film formation. 
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1.2. Structure 

1.2.1. Background 

In the 20th century, the field of science experienced some remarkable 

advancements in theory and experiments, specifically concerning the quantum theory of 

matter12. Starting from the discovery of electrons, Planck’s quantum theory, the atomic 

nucleus by Rutherford, Bohr's theory to the introduction of quantum mechanical theory 

defined a whole new era for the scientific ascent. The foundation of the ideas of orbitals 

and electronic configurations made a significant impact in this area.13  

Atomic orbitals 

 According to classical mechanics, the electrons in atoms are present in certain 

stationary states14. Each state has a definite energy and the electrons revolve around the 

nucleus with a quantized angular momentum. Quantum mechanics define the electrons to 

no longer be in well-defined orbital motion. Instead, the electrons are subjected to follow 

the quantum mechanics rule and are described by three-dimensional orbitals15. The 

orbitals are mathematically derived regions of space with different probabilities of having 

an electron16.  

There are four quantum numbers that describe the position and energy of the 

electron in an atom17. The principal quantum number(n), specifies the energy of the 

electron and the size of the orbital. The azimuthal quantum number (l), specifies the shape 

of an orbital with a specific principal quantum number. It also describes the magnitude of 

the angular momentum of the electron and that is why it is also known as the angular 

momentum quantum number. The magnetic quantum number (ml), specifies the 

orientation in space of an orbital at a given energy and shape. The spin quantum 

number(ms) specifies the orientation of the spin axis of an electron. According to the Pauli 

exclusion principle, each electron has an exclusive set of quantum numbers18. 
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Figure 1.2. Shapes of s,p, and d atomic orbitals  

 

Molecular orbitals 

F. Hund and R. S. Mulliken developed the molecular orbital theory (MOT) at the 

beginning of the 20th century19. They described the structure and properties of different 

molecules. Molecular orbitals are the orbitals that are formed by the combination of atomic 

orbitals. The MOT paves the path for chemical bonding. Depending upon the interaction 

between the atomic orbitals, the bonding between molecular orbitals is established. Figure 

1.3. shows the formation of bonding and antibonding of π molecular orbital by the 

interaction of atomic orbitals The energy of combining orbitals, symmetry about the 

molecular axis, and extent and type of overlap between the orbitals are some of the 

deciding factors for the formation of molecular orbitals. The interaction between the atomic 

orbits can be constructive and destructive, further deciding whether the molecular orbitals 
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are bonding or antibonding. The antibonding orbitals are denoted by an asterisk symbol 

next to the associated kind of molecular orbital (σ*, π*). The bonding molecular orbital has 

lower energy and therefore greater stability as compared to that of the combining atomic 

orbitals20. Consequently, the probability of finding the electron in the internuclear region 

increases in bonding molecular orbital than the combining atomic orbitals.  

 

Figure 1.3. Formation of Bonding and Antibonding molecular orbitals by the 
interaction of atomic orbitals.  

1.2.2. Organic Semiconductors 

The term organic semiconductors refer to materials mostly made up of carbon and 

hydrogen atoms, often containing a few heteroatoms like sulfur, oxygen, and nitrogen. The 

crucial feature in these materials is the presence of conjugation along the molecule or 

polymeric backbone21. Conjugation is described as a situation that occurs when a 

continuous series of alternating double bonds run along the molecule22. These materials 

are π-bonded molecules that have repeating single and double bonds in their network of 

sp2-hybridized carbon atoms23. The remaining p orbitals result in delocalized electrons. 

Figure 1.4. shows delocalization of π electrons in benzene. 

The unique properties of these materials are because of the carbon atoms that can 

form chains, rings, or branches with the help of covalent σ or π bonds. The σ bonds are 



6 

formed between the adjacent atoms by 2s-2p hybrid orbitals. These bonds are most likely 

localized and comparatively stronger as compared to the π bonds. Due to their high 

strength, the electronic excitation energy becomes high and the optical band gap energy 

lands in the much higher range of visible energy range which is why the materials that are 

produced out of it are transparent or have no color.  

On the other hand, the π bonds are formed by the overlap between 2pz orbitals of 

adjacent atoms. These π bonds are weaker in strength than σ bonds. Also, π bonds are 

widely delocalized along the 2p orbitals of atoms that are aligned in parallel as shown in 

figure 1.4.  

 

Figure 1.4. Delocalization of 𝝅 electrons in Benzene 

With the increase in the size of molecules the extension of delocalized π electrons 

increases, leading to a further decrease in electronic excitation energy and a lesser optical 

band gap24. This allows the molecules to absorb in the visible range and therefore the 

materials formed are usually colored. With the increase in conjugation length, the number 

of states increases in the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) resulting in a higher energy difference between the 

two molecular orbitals25. Figure 1.5. illustrates energy-level splitting in alkenes shows 

increasing conjugation length leading to a decrease in the energy between HOMO and 

LUMO. 
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Figure 1.5. Energy-level splitting in alkenes with increasing conjugation 
length 

1.3. Doping in Organic Semiconductors 

Like inorganic semiconductors, the conductivity of organic semiconductors can be 

modulated by doping26. Doping is a method of introducing impurities in materials for 

modulating their optical, electrical, and structural properties. It has led to the development 

of semiconductor technology through the formation of pn junctions, for example. Initial 

studies show that the basic concept and methods of doping in organic semiconductors are 

similar to inorganic semiconductors27. Therefore, doping was initiated in organic molecules 

containing strongly oxidizing gases and then on small atoms or molecules. These studies 

displayed accomplishment of high conductivities in them28. However, the propensity for 

the small dopants to diffuse within the organic layer led to device instability29. Therefore, 

more coherent approaches to doping have been a subject of research in the last few years. 

Predominantly doping can be achieved from the injection of charges at electrodes, 

intended or accidental doping, or dissociation of photogenerated electron-hole pairs that 

are bound together by coulomb attraction30. Figure 1.6 describes p-type and n-type doping 
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in an organic semiconductor. In p-type doping, the dopant acts as an electron acceptor 

whereas in n-type, the dopant acts as an electron donor. 

 

Figure 1.6. p-type and n-type doping in organic semiconductor 

1.4. Types of Organic Semiconductors 

Organic semiconducting materials can broadly be divided into two main categories; 

small molecules and polymers31. These two types of materials have preeminent 

differences in them. Usually, Small molecules are lower molecular weight organic 

molecules that are deposited using vapor deposition techniques32. Alternatively, 

semiconducting polymers have high molecular weight and cannot be deposited through 

sublimation under a vacuum. The polymer films are often disordered, forming crystalline 

and amorphous regions33. In addition, the connectivity between crystalline domains 

required for high conductivity was shown not to occur in low molecular weight polymers, 

affecting their charge carrier transport by several orders of magnitude34. The term “small 

molecule” in the organic semiconductor community is something of a misnomer as the 

number of atoms frequently exceeds fifty35. With respect to their thin film morphology, 

small molecules tend to be more crystalline with a higher order as compared to polymers. 

On contrary, semiconducting polymers are long chains of repeating monomer units often 

with aliphatic side chains attached to them36. These flexible side chains are an important 

part of semiconducting polymers as they dramatically increase solubility and ordering 

within the film, the latter is responsible for higher mobility. Figure 1.7 and figure 1.8 shows 

structures of some commonly used organic small molecules and polymers. 
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Figure 1.7. Structures of small molecules 
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Figure 1.8. Structures of organic semiconducting polymers 

1.5. Charge Transport Mechanisms 

Several factors are responsible for charge carrier transport including the structure 

and molecular geometry of the materials as organic semiconductors are proportionally 

disordered. For that reason, concepts from disordered semiconductor theory are often 

invoked37. In addition, the charge carriers are not as delocalized as they are in inorganic 

semiconductors, leading to the idea that electronic-vibrational rearrangement is important 
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during charge motion38. However, the mobility of charge carriers in organic 

semiconductors can vary by many orders of magnitude depending on the compound in 

question39. Hence, currently, there is no entrenched charge carrier transport mechanism 

for organic semiconductors, it remains an open line of inquiry40. Some concepts relevant 

to charge transport are discussed below. 

1.5.1. Band Structure 

Typical inorganic solids are composed of tightly packed molecules that are present 

in exceedingly higher numbers as compared to other states of matter. This leads to the 

formation of an exceptionally large number of states with a small energy difference 

between them. Therefore, these states are often contemplated as energy bands rather 

than discrete energy levels41. An energy band contains so exorbitant number of continuous 

energy levels that nearly reaches a continuum. Nonetheless, few bands are broadly 

segregated forming band gaps. The gap between the bands' changes depending on the 

bond strength and crystal structure42. The highest energy band that is filled with electrons 

is known as the valence band whereas the lowest unoccupied energy band is known as 

the conduction band. Insulators have the highest band gap whereas semiconductors have 

a smaller energy gap. However, the difference between a wide-bandgap semiconductor 

and a narrow-bandgap insulator is somewhat subjective. Thus, the distinction between 

semiconductors and insulators is qualitative and can depend on context. In metal, there is 

an overlap between the valence and conduction bands, such that one typically does not 

use the terminology of valence and conduction bands. Instead, the dividing line between 

occupied and unoccupied states, called the Fermi Level, is the main way of describing the 

electronic structure of metals as shown in figure 1.9. The fact that metals have zero energy 

bandgap is responsible for their ability to conduct charges, even at absolute zero43.  

In organic semiconductors, the simple band transport picture is not considered a complete 

description of the charge carrier transport mechanism. Molecules like rubrene have high 

mobility and have been demonstrated to show the Hall effect, a classic demonstration of 

coherent transport44. However, the interaction of mobile charge carriers with the molecular 

degrees of freedom can cause the carrier to localize in a way inconsistent with the typical 

band theory that governs charge transport in inorganic semiconductors.   
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Figure 1.9. Band gap in conductor, semiconductor, and insulator 

1.5.2. Disordered-based Mechanism 

In the case of strong charge carrier localization, the transport mechanism can be 

thought of in terms of hopping between sites that can accept an electron or hole. Localized 

charge carriers distort the underlying lattice, forming a polaron45. In this mechanism, the 

charge carriers along with their underlying lattice distortion move from one site to another 

in a mechanism called charge carrier hopping 46. The movement of charges is thermally 

activated, with increases in temperature leading to increased mobility.  

 

Figure 1.10. Hopping transport between localized state 
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1.6. Impact of Structure on Charge Transport 

The high molecular weight molecules have defects present in them. The presence 

of defects leads to an obstruction in the overlapping of neighboring p-orbital which cause 

discontinuity in conjugation. These molecules contain segments of conjugation that are 

separated by insulating grain boundaries.  

1.6.1. Regioregularity 

One of the major factors that influence the charge transport characteristics in 

semiconducting polymers is regioregularity47. Regioregularity is the percentage of head-

to-tail interconnections with the repeating units. Regioregular semiconducting polymers 

follow a strict orientation of alternating asymmetric repeating units throughout the polymer 

backbone. The arrangement of alkyl chains to the polymer backbone can have three 

configurations: head-to-tail (HT), head-to-head (HH), and tail-to-tail (TT). Figure 1.11 

shows HH, HT, and TT configurations on P3HT. In the case of a regioregular arrangement, 

the alkyl groups are arranged in a repeating pattern of specific configuration. However, in 

the case of regiorandom arrangement, there is no specific pattern of alkyl groups. Figure 

1.12 shows regioregular and random P3HT.  

Regioregular P3HT (>90%) has higher crystallinity with lamella packing with edge-

on orientation to the substrate and finer -stacking as compared to amorphous P3HT 

whereas regiorandom P3HT (~80%) contains irregular conformation with poor packing 

with face-on orientation to the substrate and lower crystallinity48.  

1.6.2. Molecular Weight 

Semiconducting polymers are long repetitive chains of monomers. The longer 

chains signify the higher molecular weight of polymers. The length of polymer chains 

determines the strength and solubility properties of polymers49. The polymers do not have 

solitary molecular weight because of the different unequal chains present in them. 

Therefore, a distribution of polymer chains and molecular weights are averaged. 

Hence, the molecular weight of polymers is evaluated by the average molecular weights.  
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Number Average Molecular Weight 

 The number average molecular weight is denoted by Mn. It is the average of the 

molecular weights of all the polymer chains. Mn is given by, 

 
𝑀𝑛 =

∑𝑁𝑖𝑀ⅈ

∑𝑁𝑖
 

1.1 

Where 𝑀ⅈ is the molecular weight of the polymer chain, 𝑁𝑖 is the number of chains 

having the same molecular weight.  

Weight Average Molecular Weight 

The weight average molecular weight is denoted by Mw. It is the average of the 

weights of molecular weight of the polymer chain. Mw is given by, 

 
𝑀𝑤 =

𝛴𝑁𝑖𝑀𝑖
2

𝛴𝑁𝑖𝑀ⅈ
 

1.2 

 

 

Figure 1.11. HH, HT, TT in P3HT 
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Figure 1.12. Regioregular (left) and regiorandom (right) P3HT 

Polydispersity Index 

The polydispersity index is the ratio of Mw to Mn. It helps measure the extent of 

distribution of the molecular weight of the polymer. In the case of semiconducting 

polymers, it has been generally observed that the lower molecular weight polymers are 

more ordered often showing higher crystallinity in their structures thereby affecting the 

charge carrier transport in them50.  

The molecular weight has a profound effect on the charge carrier transport 

mechanism51. The films made of low molecular weight have a higher degree of crystallinity 

as compared to that of high molecular weight films. In high molecular weight films, the 

effect of insulating grain boundaries is reduced by bridging between the neighboring 

grains.  

1.7. Supercritical fluid 

Supercritical fluids are the substances above that have a temperature and 

pressure above their critical value52. The temperature corresponding to the critical point is 

known as critical temperature denoted by Tc and the pressure corresponding to the critical 

point is known as critical pressure denoted by Pc. There is no distinguishable phase 

boundary present in this region53. As a result, fluids in the vicinity of the critical point have 
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many of the typical properties of supercritical fluids, namely the combined characteristics 

of liquid and gas which are tunable with pressure and temperature. More specifically, 

supercritical fluids exhibit gas-like viscosities and liquid-like densities54. In addition, at the 

critical point, the compressibility of fluid becomes nearly infinite. These are the properties 

that are taken advantage of for our film deposition process. Figure 1.13 represents the 

pressure-temperature phase diagram in which the curve separating the liquid and gas 

phase ends at the critical point then the phases disappear to form the supercritical fluid 

phase and figure 1.14. illustrates the phase transition in the supercritical fluid. Figure 1.14 

(A) shows distinct liquid and gas phases. (B) and (C) show distinguishable liquid and gas 

phases (D) shows the two phases become indistinguishable.  

 

Figure 1.13. Phase diagram showing the supercritical fluid region 

The perfect gas law is the approximate equation of the state of any gas when the 

density of the gas is very low, meaning that the size of the gas atoms or molecules can be 

neglected, as can the forces between them. This law is a combination of several gas laws 

such as Boyle’s law (PV = constant, at constant n, T); Charles’ law (V = constant × T, at 

constant n, P and P = constant × T, at constant n, V) and Avogadro’s principle (V = 

constant × n, at constant P, T). The perfect gas law is given by, 

 PV = nRT 1.3 

Where P is pressure, V is volume, n is the number of moles, T is temperature, and R is 

the universal gas constant. 
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Figure 1.14. Phase transition in supercritical fluid (A) two distinct phases (liquid 
and gas) (B) the phases start to diminish (C) liquid and gas phases 
become more similar (D) liquid and gas phases become 
indistinguishable. 

The van der Waals equation is a model equation of state for a gas that includes 

molecular attractions and repulsion as well as the finite size of the gas atoms or molecules. 

This equation captures the general features of the behavior of many real gases. The van 

der Waals equation is given by, 

 
𝑃 =

𝑛𝑅𝑇

𝑉 − 𝑛𝑏
− 𝑎

𝑛2

𝑉2
 

1.4 

The constants 𝑎 and 𝑏 are known as van der Waals coefficients. 𝑎 is related to the 

strength of forces of interactions, and 𝑏 is related to the excluded volume.  

As shown in figure 1.15, the isotherm has different shapes, which are determined 

by temperature value. When temperatures are lower than critical temperature (T<Tc), the 

pressure decreases with increasing volume. The isotherm passing through the critical 

temperature (T=Tc) helps to determine the conditions for phase transition. As the 

temperature increases beyond critical temperature, the isotherms become straight lines 

with decreasing volume (T>Tc). This indicates the coexistence of two phases. When the 
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gas is compressed, the pressure increases until point a. Further compression does not 

lead to a pressure increase. Between points a and b, the gas and liquid phases coexist. 

After complete liquefication (at point b) even a slight increase in volume results in a rapid 

increase in pressure.  

 

Figure 1.15. Isotherms showing van der Waals equation of state  

1.7.1. Gibbs Free Energy 

Gibbs free energy furnishes the requisites for chemical reactions. 

Thermodynamically a spontaneous process at constant temperature and pressure is 

described by a decline in the Gibbs free energy. The Gibbs free energy of mixing, 𝛥𝐺𝑚 is 

given by,  

 𝛥𝐺𝑚 = 𝛥𝐻𝑚 − 𝑇𝛥𝑆𝑚 1.5 

Where, 𝛥𝐻𝑚 is the change in enthalpy of mixing, 𝑇 is temperature,  𝛥𝑆𝑚 is the change in 

entropy of mixing. 

The Gibbs free energy equation helps to discover the conditions for a chemical 

reaction55. The negative value of 𝛥𝐺𝑚 implies that the reaction is spontaneous meaning 

a thermodynamically favorable process.  
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1.7.2. Flory Huggins Theory 

The Flory Huggins (FH) model is the most popular model for describing polymer 

solutions60. Figure 1.16 represents the lattice model of a polymer solution where the 

polymer and the solvent occupy the lattice sites61. The black ones represent the lattice 

sites filled with polymer and the rest of the lattice sites are of solvent. The FH theory is 

relatively crude, but it exhibits a fundamental insight into polymer mixing behavior. It can 

be considered the polymer counterpart of a regular solution theory.  However, this is more 

complicated because polymers are long chains of monomers. The differing molecular 

sizes present in a polymeric molecule decrease the entropy of mixing in the solution 

relative to a solution of monomers only. In addition, FH theory describes the interaction 

between the segments of the polymer chains. This interaction parameter is represented 

as, χ. The Gibbs free energy of mixing obtained from Flory Huggins is given by, 

 𝛥𝐺𝑚 = −𝑅𝑇[𝑥1 𝑙𝑛 𝜙1 + 𝑥2 𝑙𝑛 𝜙2] + 𝑅𝑇𝜒𝑥1𝜙2 1.6 

Where 𝑥1, 𝑥2 represent mole fractions and 𝜙1, 𝜙2 represent volume fractions of solvent 
and polymer.  

 

Figure 1.16. Lattice model of a polymer solution  

1.8. Fluid Flow 

An understanding of fluid mechanics has proven necessary for understanding the 

process of supercritical fluid deposition and self-assembly62. This is, in part, due to the fact 

that the viscosity of the fluid is very low while the compressibility is very high63. As a result, 
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fluid flows in supercritical media can be highly complex, and affect the pre-aggregation 

step necessary for polymer deposition in supercritical fluids where pre-aggregation refers 

to self assembly of material in solution prior to deposition on substrate. 

1.8.1. Rayleigh Number 

The buoyancy-driven flow in a fluid is given by the Rayleigh number (Ra)63. The 

Rayleigh number explains the fluid flow by considering several factors responsible for it. 

The Rayleigh number is given by, 

 
𝑅𝑎 =

𝑔𝛽𝛥𝑇𝐿3

𝜈𝛼
 

1.7 

In eq. 1.7 𝑔 is the acceleration due to gravity,  𝛽 is the thermal expansion coefficient, 𝛥𝑇 

is the temperature difference, 𝐿 is the length, 𝜈 is the kinematic viscosity, and 𝛼 is the 

thermal diffusivity. 

The Rayleigh number gauges the effects of important factors attributing to the flow 

of a fluid. It is given by measuring the influence of gravitational force, buoyancy forces, 

viscosity, thermal conduction, and diffusivity. It helps in designating different regimes in 

fluid flow to laminar flow and turbulent flows in the fluid. Figure 1.17 (top) shows smooth 

and streamlined fluid flow called laminar flow whereas the irregular and chaotic fluid flow 

(bottom) is turbulent flow. 

 

Figure 1.17. Schematic of Laminar and Turbulent fluid flow 
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1.9. Ultraviolet-visible Spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy is an extensively used spectroscopic 

technique in scientific research. This technique relies on the sample to be a chromophore, 

i.e., it should absorb light in the ultraviolet-visible region64. It can evaluate the wavelength 

in which the light is being absorbed or transmitted by the sample. In the electromagnetic 

spectrum, there are several regions present.  

The sample molecules used in this technique absorb electromagnetic radiation in 

the ultraviolet or visible range. The amount of radiation or photons absorbed is expressed 

in terms of absorbance. When the molecule absorbs energy, an electron is excited from 

the ground electronic state to the excited electronic state65. This is termed electronic 

transition. Electromagnetic radiation has a specific amount of energy associated with it 

which is given by, 

 𝐸 = ℎ𝜈 1.8 

Where 𝐸 is the energy, ℎ is Planck’s constant is 6.62 × 10-34 J s and 𝜈 is the frequency. 

The electrons may undergo various possible transitions of different energies. In 

conjugated polymer, the most important transitions are between the π bonding orbital and 

the π* antibonding orbital66.  

1.9.1. Franck Condon Principle 

In UV-Visible spectroscopy in the condensed phase, vibrational transitions often 

accompany the electronic transitions primarily responsible for light absorption67. This 

results in several peaks that accompany the primary electronic transition as shown in the 

figure1.18. James Franck and Edward Condon gave a rule in spectroscopy that describes 

the intensity distribution in vibronic transitions68. This rule is based on the establishment 

of an electronic transition being much more rapid than a vibrational transition in a 

molecule. It states that the most significant overlap between the vibrational wave functions 

determines the electronic transition and generates the most intense spectral peak.  
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Figure 1.18. Schematic absorption spectra (top) and potential curve diagram 
(bottom) 

Figure 1.18 (bottom) shows a potential curve diagram with the transition from the 

ground (S0) to the excited electronic state (S1) The most significant overlap is between 

ν’’=0 to ν’=2 vibrational wave functions which are shown in the top figure with the highest 

intensity. 

1.9.2. Beer-Lambert Law 

UV-visible spectroscopy relies on the principle of absorption of light in the 

ultraviolet or visible range by the compound. The relationship between the absorbance 

and concentration of a solution is given by the Beer-Lambert law69, which is expressed as, 

 𝐴 = 𝜀𝑐𝑙  1.9 

Where 𝐴 is absorbance, 𝜀 is molar absorptivity, 𝑐 is the concentration of the compound, 𝑙 

is the length of the sample cell. The molar absorptivity, 𝜀, also known as the molar 

extinction coefficient is a property of measuring the extent of absorbance by a specific 
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molecule at a given wavelength. Absorbance is defined by the intensities of the incident 

and transmitted light70. 

 𝐴 = 𝑙𝑜𝑔(𝐼0 ∕ 𝐼)  1.10 

Where 𝐼0 is the intensity of light incident upon the sample, 𝐼 = intensity of light transmitting 

(leaving) from the sample 

The amount of light passing through the sample is called transmittance and is usually 

given by,  

 
𝑇 =

𝐼

𝐼0
 

1.11 

 %𝑇 =
𝐼

𝐼0 
 × 100 1.12 

 

1.10. Organic Field Effect Transistors 

 An organic field effect transistor (OFET) is a device that forms the basis of many 

circuits71. It consists of three main parts: the electrodes (source, drain, and gate), the 

dielectric layer, and the semiconducting channel72. The source and drain are commonly in 

the same plane and separated by a channel length l. The dielectric layer separates the 

active layer from the gate electrode. There are several configurations of OFETs possible 

depending upon the position of the electrodes as shown in figure 1.19.  

Voltage is applied through the gate and the charge carriers get accumulated on 

the interface of the dielectric and semiconducting channel. The drain, source, and gate 

electrodes are biased to VD, VS, and VG respectively. These mobile charges contribute to 

the current which helps in determining the conductivity of the device73. OFETs can be 

characterized with the help of two curves: the output curve and the transfer curve.  The 

output curves are the plot of the drain current as a function of drain voltage for different 

gate voltages and transfer curves are the plots of drain current as a function of gate voltage 

for a given VSD. 



24 

 

Figure 1.19. Configurations of organic field-effect transistors a. bottom gate 
bottom contact b. bottom gate top contact c. top gate bottom 
contact d. top gate top contact 

The important representations in an OFET are given by the following terms: L is 

the channel length, W is the channel width, VTH is the threshold voltage. The threshold 

voltage is the minimum gate voltage required for creating conducting path between the 

source and drain electrodes74. The operating regimes of OFET are shown in figure 1.20. 

In the case of the output curve, with small VDS, a linear regime is formed and further 

application of VDS leads to a point called a pinch-off point where the depletion region is 

formed. Beyond this point, a saturation regime is obtained where the current remains 

constant.  
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Figure 1.20. Operating regimes a) linear regime b) start of saturation regime at 
pinch-off c) saturation regime and corresponding current-voltage 
characteristics 

In the case of the transfer curve, the drain current is plotted as a function of VGS 

for a given VSD. Transfer curves help in extracting the mobility (μ) of the device. For 

calculating mobility, from the linear regime and saturation regime the following equations 

are helpful75: 𝐶𝑖 is the capacitance. Transistor measurements are highlighted in future work 

section.  

Linear Regime 

 𝐼𝐷𝑆 = 𝑊𝐶𝑖𝑉𝐺𝑆𝜇
𝑉𝐷𝑆

𝐿
 1.13 

 𝜇 =
𝐿

𝑊𝐶𝑖𝑉𝐷𝑆
(

𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
)

𝑉𝐷𝑆→0

 1.14 
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Saturation Regime 

 𝐼𝐷(𝑆𝑎𝑡) = 𝐶𝑖𝜇(𝑠𝑎𝑡)

𝑊

2𝐿
𝑉𝐺𝑠

2  1.15 

 
𝜇(𝑠𝑎𝑡) = (

2𝐿

𝑊𝐶𝑖
) (ⅆ

√𝐼𝐷(𝑠𝑎𝑡)

𝑉𝐺𝑆
)

2

 
1.16 

In an organic field effect transistor, contact problems, the presence of traps in 

semiconducting materials, surface roughness, contact resistance, and leakage current 

(charge carriers in dielectric or semiconductor) are some of the reasons for not getting a 

perfect device. Some of the observed behaviors for poor devices that are evident from 

current vs voltage plots include non-linear behavior in the linear regime, presence of 

hysteresis, threshold and turn-on shift with the application of VSD or VG, and gate voltage-

dependent mobility. 

In conclusion, several key aspects of chemical bonding necessary to understand the 

properties of organic semiconductors have been presented. Their structures contain an 

extended pi-conjugated network as shown in several examples. The thesis will 

demonstrate the deposition of one polymer semiconductor using p-SFD which leverages 

the properties of supercritical fluids. The technique also relies on an understanding of 

polymer solubility. Future work will use field effect transistor measurements, which were 

also discussed.  
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Chapter 2. Methods 

2.1. Supercritical Fluid Chamber 

All the material solubility experiments and film deposition are done in a custom-

made supercritical fluid chamber. The whole setup of the SCF chamber is done in a well-

ventilated area of the lab. The SCF chamber is made up of copper beryllium. Copper 

Beryllium is used for its high strength, high thermal conductivity, non-sparking, and non-

magnetic features. The chamber exterior is in the shape of a cube with an internal volume 

of around 30 mL. The chamber has six ports. Each port is covered using a flange made 

of copper beryllium. The thickness of the flange is 10 mm, the outer diameter is 60 mm 

and the inner diameter is 20 mm. It can withstand a maximum of 7700 psi pressure. A 

rupture disc of 7700  is used to protect against overpressure in the SCF chamber. A 

rupture disc is a safety device that has a specific breaking point in response to a particular 

pressure and is often used for pressure relief applications. The chamber has two sapphire 

windows (Al2O3) on opposite sides which helps to collect in-situ transmission UV-Visible 

spectra. They are used because of their transparency-to-light feature. The diameter of 

these windows is 1.14 inches and the thickness is 0.29 inches. The pressure rating of the 

windows is 130000 psi making it probably the strongest part of the chamber. However, the 

pressure rating of the windows decreases dramatically in the presence of cracks and 

chips, so the windows must be inspected regularly. On the other hand glass of the same 

dimensions has a yield strength of 12510 psi which is almost 10 times weaker than that of 

sapphire. Copper gaskets are placed between the flange and the windows to provide extra 

thickness so that windows can be held by the flanges. Copper is also softer than BeCu, 

making it less likely to damage the windows. For covering the ports of the chamber, caps 

made of stainless steel (316) of diameter 28 mm and 5 mm thick are used. The yield 

strength of the 316 stainless steel cap is more than double the maximum working 

pressure. The fluid caps are connected to a Swagelok T SS-200-3-4TMT fitting. This fitting 

has three connection points, one National Pipe Thread (NPT), designed to interface with 

the SS caps, and two Swagelok connections that form connections to 1/16” SS tubing. 

Teflon tape is used around the NPT connections. Teflon starts to decompose around 260 

°C and decomposes completely above 360 °C76. Thermally, Teflon tapes are the weakest 

point of the chamber. In case of overheating, the Teflon tapes will break and the system 

will be unable to hold pressure. The pressure will start decreasing rapidly. The flange is 
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tightly sealed using 12.9-grade steel bolts (M50.8×20mm, ASTM F569M by HOLO-

KROME®). These bolts have a tensile strength of 176946 psi and a tensile strength area 

of 14.2 mm2. Because there are six bolts, the yield strength of the assembly exceeds six 

times the yield strength of the bolt times a 0.75 safety factor. To seal the chamber, the 

bolts must be tightened securely. To ensure sufficient bolt tightness without 

overtightening, a 65 ft/lbs torque wrench is used to tighten the bolts. The steel bolts have 

low machinability, weldability, and formability. Due to this, they are replaced with new ones 

regularly after every 8-10 runs. In addition, the chemical potential difference between the 

steel bolts and the BeCu chamber housing causes corrosion of the bolts. To circumvent 

this issue an attempt to use more chemically resistant titanium bolts was also made. 

However, the bolts were unable to withstand the torque applied during chamber assembly, 

as such, the original steel bolts are still in use. Thermal paste is applied around the bolt 

threads to allow smooth grooving of bolts. It is also a good thermal conductor and helps 

in creating a tight seal allowing a better rate of heat transfer through the bolts. 

 

Figure 2.1. Drawing of the supercritical fluid chamber 

Different types of tubing and fittings are used in the chamber to connect with its 

different components. Vacuum tubing is used for connecting the chamber body to the cold 

trap. Feed1/feed2 are connected to the solvent bottle using stainless steel tubing. A relief 

valve with relief set to 10 psi is used. The final assembled chamber is rated to 7700 psi. 

The pressure rating is limited by ½” male NPT connectors that are attached to the valves. 
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Figure 2.2. Overview of gas manifold 

The inlet and outlet ports are present at the top and bottom of the chamber 

respectively to allow complete filling and emptying of the chamber.  

The SCF chamber is assembled, and the digital pressure transducer is plugged in. 

The pressure generator is fully retracted. Any visible leaks after proper tightening of the 

fittings are checked using Snoop. Snoop is a leak detector that is commonly used in 

pressurized gas systems. Bubbles are generated in the place of leaks after applying 

Snoop generously to the chamber, needlepoint valves, and Swagelok fittings. 

The assembled chamber is placed inside a Lexan safety enclosure. Lexan is a 

polycarbonate, thermoelastic polymer which is prominently known for its low weight and 

high impact resistance often considered ‘virtually unbreakable.’ However, it is not chemical 

resistant and is scratchable. When heated solvents come in contact with Lexan, they often 

soften the outermost surface. Solvents like toluene, benzene, and acetone are some of 

those solvents. The melting point of Lexan is around 300 °C which is much higher than 

the highest set temperature of the SCF chamber.  
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Figure 2.3. Overview of pipes and valves of the SCF chamber 

2.2. Experimental Procedures 

A glass crucible is filled with the semiconducting polymer and placed inside the 

bottom of the chamber. The filled crucible is covered with cotton wool and porous copper 

mesh to avoid any unconstrained dispersal of polymer inside the chamber. 

Important preliminary checks are done before filling the solvent in the chamber. 

The digital temperature controller should be set to off and the pressure indicator should 

read zero. Also, it is crucial to check whether there is sufficient solvent in the solvent bottle 

for filling the SCF chamber. Moreover, the solvent bottle should be adjusted such that the 

cannula connected to valve 5 is at the bottom of the bottle and the cannula connected to 

valve 3 is at the top as shown in the Figure. 2.3. 

The nitrogen gas cylinder is then turned on for the purging of the chamber. In order 

to do that first, it is important to ensure that valves 3 and 4 are closed. The outlet regulator 

valve should be closed as well. Now, the main regulator valve is opened and valve 1 is 

slightly opened. The outer regulator valve is opened, and the pressure regulator valve is 

adjusted such that the output on the low-pressure gauge reads 5 psi. Then valve 1 is 

closed. The nitrogen gas is now filled in the pipelines between valves 1, 3, and 4.  
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Figure 2.4. Overview of regulator and valves connected in the SCF chamber 

The nitrogen gas is now used to purge the SCF chamber. It is important to purge 

nitrogen before using the chamber to prevent chemical degradation of the materials and 

to avoid combustion reactions. The latter is important to the safe operation of the SCF 

chamber in the presence of flammable liquids. While keeping the nitrogen gas flowing from 

the tank, Valve 4 is opened followed by the opening of the inlet SCF valve and then the 

outlet SCF valve is opened.  

Nitrogen gas is now flowing through the SCF chamber. The pressure generator 

wheel is slowly turned clockwise until it has reached its maximum extension. It is then left 

in this position for 5 minutes to allow proper nitrogen purging. After 5 minutes, the outlet 

SCF valve is closed, followed by the closing of the inlet SCF valve to stop nitrogen purging. 

Valve 4 is left open and then the solvent bottle is purged with nitrogen gas. For purging 

the solvent bottle with nitrogen gas, the nitrogen gas should be flowing through the pipes. 

Also, it is important to monitor the pressure. It should not exceed 5 psi at any point in time. 

Valve 5 is opened followed by valve 2. Bubbles are typically observed in the solution 

present in the solvent bottle. It is left for 10 minutes to allow maximum deoxygenation of 

the solvent. After 10 minutes, valve 2 is closed, followed by the closing of valve 5 and then 

valve 4.  

The chamber is then filled with the solvent. Valve 3 is first opened, followed by 

valve 5, then the SCF inlet valve, and finally the SCF outlet valve. The solvent will begin 

filling the SCF chamber, filling is completed when the solvent begins to flow in the cold 

trap. The pressure generator wheel is then opened by turning it counterclockwise to its 
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end to fill the solvent. The pressure generator is turned slowly to avoid any dramatic 

interruption in the flow of solvent. Once the chamber and the pressure generator are filled 

with solvent,  the system must be closed. First, the SCF outlet valve is closed, followed by 

the SCF inlet valve, then valve 5, then valve 3, then the regulator outlet valve, the pressure 

regulator valve, and then finally the main regulator valve. The SCF chamber is now ready 

to be used at high temperatures and high pressure.  

The experiment requires changing the temperature of the chamber body. This is 

accomplished with the help of heating cartridges settled inside the corners of the top face 

of the chamber. The heating cartridges are connected to the Omega benchtop 

Proportional Integral Derivative (PID) temperature controller (CSi32 Series with 0.04 °C 

temperature stability). Feedback to the PID controller is provided by sensing the chamber 

temperature using a thermocouple placed in mechanical contact with the chamber bottom.   

A thermocouple is an electric device that can measure temperature over a wide 

range from -250 °C to 2300 °C. Thermocouples can show a quick response to temperature 

variation. They are quite easy to handle and are cost-effective temperature-sensing 

devices as well. It consists of two different types of metals. These metals are joined 

together at one end to form a junction. Heating or cooling the measuring junction of the 

thermocouple leads to the production of voltage. This voltage is compared with the voltage 

across the reference junction and is proportional to the change in temperature.  

 ∆V = α∆T 2.1 

Where α is known as the Seebeck coefficient.  

Different types of thermocouples are used depending upon the range of 

temperature measurement, voltage requirement, accuracy, and atmospheric conditions, 

for example, reducing conditions, oxidizing conditions, inert conditions, or in a vacuum77. 

The table describes the different metals used to build thermocouples for different 

temperature ranges.  

It is important to take some precautions to increase the durability of a thermocouple 

such as operating the thermocouple below its design limit, avoiding very large temperature 

gradients along the wire, avoiding mechanical stresses and vibrations that often lead to 

strain distortion in the wires, using adequate external sheath to protect the wires from the 
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hostile atmosphere as the SCF chamber and substrate are heated at high temperatures 

(150 °C and 180 °C). The addition of a ground fault circuit interrupter is done between the 

power control unit and the wall power to ensure safety against any ground fault as shown 

in figure 2.5. 

Table 2.1. Metals used to build thermocouples for different temperature ranges 

Thermocouple 
type 

Positive 
Wire 

Negative Wire Temperature Range 

T Copper Constantan -200 °C to 370 °C 

J Iron  Constantan 0 °C t 750 °C 

E Constantan Chromel -200 °C to 900 °C 

K Chromel Alumel -200 °C to 1250 °C 

N Nicrosil Nisil -200 °C to 1250 °C 

S Platinum Platinum + 

10% Rhodium 

0 °C to 1450 °C 

 

The pressure is generated from High-Pressure Equipment Co. (HiP 62-6-10) 

manual pressure generator which consists of a piston designed to develop and maintain 

the required pressure. The pressure is displayed on a LED display that is tracked by the 

Swagelok PTI Series transducer. As stated above, the system contains a 7500 psi 

pressure rupture disc fitted as a safety measure from over-pressurizing. Figure 2.6. shows 

in the schematic of the pressure generator with some of its key components that are 

connected to the SCF chamber. 

                                   

Figure 2.5. Schematic of chamber connected to power supply and temperature 
control unit 
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Figure 2.6. Schematic of pressure generator connected to the SCF chamber 

2.2.1. Substrate Cleaning 

For the film deposition, ITO-coated glass substrates are used. Indium-tin oxide 

(ITO) coating is used to make the transparent conductive coating on glass substrates for 

optoelectronic applications. These substrates are procured from Colorado Concept 

Coatings. The substrates are 1.5 cm2 squares. The thickness of ITO coating on the glass 

is in the range of 40 nm to 100 nm. The average resistance of ITO coating is 20 to 60 

Ω/sq. The exact ratio of indium, tin and oxygen can vary, the sheet resistance of films are 

typically quoted. 

Proper cleaning of the substrate is an important step in device fabrication. There 

are dust and dirt present on substrates that need to be cleaned before use. This step is 

essential to achieve a successful device. Failure to do this leads to a decrease in adhesion 

which further leads to reduced durability and performance level of the device.  

The ITO-coated glass substrates are cleaned using isopropyl alcohol. The 

substrates are sonicated twice for 20 minutes for removing any tightly-adhered 

contaminants if present. These substrates are then plasma cleaned for fifteen minutes. 

Plasma cleaning helps for removing surface contamination. Plasma cleaning is an 

effective method for critical sample preparation. It helps in preparing the substrate for 

further fabrication and makes it fit for any chemical bonding. The organic bonds of oil and 

grease contaminants present on the surface are broken by the ultraviolet light generated 
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in the plasma. Thereafter, the energetic oxygen present in plasma react with organic 

species to form water and carbon dioxide. These molecules are constantly being pumped 

out from the chamber resulting in a clean surface. To avoid oxidation of the substrate, 

Argon is passed through it.  

2.2.2. Sample Preparation 

After a thorough cleaning of the substrate, it is placed on the sample holder and 

inserted inside the supercritical fluid chamber for deposition. The temperature of the 

substrate is set by the thermocouple. Thermocouples are attached to the sample holder 

for monitoring the temperature of the substrate surface. The voltage is applied through the 

copper wires that are soldered to the sample holder using melted tin. The design and 

functioning of the sample holder are discussed in detail in this chapter.  

2.3. Ultraviolet-visible Spectroscopy 

 

Figure 2.7. Schematic of UV-visible spectroscopy with SCF chamber setup 

Ultraviolet-visible (UV-vis) spectroscopy is an extensively used spectroscopic 

technique in scientific research. This technique relies on the sample to be a chromophore, 

i.e., it should absorb light in the ultraviolet-visible region. It can evaluate the wavelength in 
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which the light is being absorbed or transmitted by the sample. In the electromagnetic 

spectrum, there are several regions present. The UV-visible spectroscopy with SCF 

chamber setup is shown in Figure 2.7.  

The solubility properties of poly(3-hexylthiophene) (P3HT) are concluded by in-situ 

transmission UV-Visible spectroscopy. The UV-visible spectrometer mainly consists of the 

light source, monochromator, and detector. Generally, the light source used is deuterium 

and tungsten. Deuterium emits light in the ultraviolet region of the electromagnetic 

radiation spectrum whereas tungsten lamp is used for wavelengths in the visible region. 

The light source used is (HL-2000). It generates a broad band from 360 nm to 2400 nm. 

The light source and detector for UV-Visible spectroscopy are aligned in front of sapphire 

windows through optical fibers keeping the path length of approximately 15 cm. Ocean 

Optics USB4000 spectrometer is used for spectra collection. The optical fiber connects 

the collimating lens which produces a collimated beam of light that goes to sample through 

the sapphire window of the SCF chamber. The light passing through the sample reaches 

the spectrometer through the focusing lens. The monochromator is a diffraction grating 

that spreads the light into its component wavelengths. The desired wavelengths are 

focused by the slit. A silicon-based charge-coupled device (CCD) array more specifically, 

Toshiba TCD1304AP 3648-element linear silicon charged-coupled device array, bought 

from Ocean Optics is used for detecting light. Silicon CCDs typically can detect light 

between 300 nm and 1100 nm.  

2.4. Film Deposition 

In order to deposit films, a custom-made sample holder is used. It helps in placing 

the ITO-coated glass substrate inside the supercritical fluid chamber. There are two legs 

of polyether ether ketone (PEEK) facing two copper legs in the sample holder. There are 

3 mm wide gold electrodes deposited on the sides of the substrate to allow uniform heating 

through the ITO by passing a current through the ITO film.  The substrate is positioned in 

between the PEEK and copper legs ensuring that the sides of the substrate are in contact 

with the copper electrodes. There should be good contact with the copper electrodes and 

the substrate for a continuous flow of current throughout the deposition. There are four 

holes in the corners of the PEEK legs for screws. These screws are used to secure the 

substrate. After the secure positioning of the substrate, the resistance across the 

electrodes is noted and inserted parallel inside the chamber cell facing the ITO coating in 
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the upward direction. The temperature of the ITO-coated glass substrates is managed by 

thermocouples attached to the sample holder. Copper wires are soldered using molten tin 

across the sides of the sample holder. The voltage is applied to the substrate through the 

copper wires.  

For the film deposition, the UV-Visible spectra of P3HT in solstice with 5% toluene 

(v/v) are studied. It is established from the spectroscopic results described in chapter 3 

that the P3HT is being absorbed highest at 150 °C under the pressure of 750 psi. 

Therefore, the substrate pressure is set at 750 psi and the substrate temperature is set to 

150 °C to get the maximum amount of P3HT deposition on it. For setting the temperature 

of ITO-coated glass substrates the applied voltage is in the range of 20 to 25 Volts. 

 
Figure 2.8. Sample holder view from the side (left), top (center), and bottom   

(right) 

2.5. PID controller 

PID stands for Proportional Integral Derivative. It is a device used for this device 

works regulating temperature, pressure, speed, flow, and other variables. It works on the 

principle of control loop feedback for variable regulation.  

Temperature control of the chamber body and the ITO-coated substrate is 

accomplished using a PID control unit. The PID unit takes in the temperature as measured 

by a thermocouple and outputs a signal that drives the heating of either the cartridge 

heaters or the ITO glass. In practice, the system adjusts the three types of gain in order 

to minimize the difference between the temperature and the setpoint. The error tends to 

oscillate slightly from negative to positive, meaning that there is to true “zero error” state 
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in the system. If the gain is set correctly, these errors can be made small enough to satisfy 

the required accuracy. 

 

Figure 2.9. Block diagram of PID controller 

The proportional gain helps to identify the error and thus helps in correcting the 

response value. It amplifies the error proportionally, providing the result to the control 

signal. Here, the error is the difference between the measured temperature and the 

setpoint. Hence, the output can be obtained by multiplying the values of error and 

proportional gain.  The schematic below shows the flow of information through the device.  

 

Figure 2.10. Proportional controller 

The determined errors are accumulated together and are integrated with the 

integral gain. Even a small error value gives a high integral response if it persists for an 

extended time. Thus, the integral gain tends to force the error to oscillate between positive 

and negative error values, whereas the proportional gain tends only to minimize its 

instantaneous magnitude. Because the response involves an integral over time, the 

response speed tends to decrease when large values of integral gain are used. Below is 

a schematic illustrating the flow of information. 



39 

 

Figure 2.11. Integral controller 

The derivative gain helps in anticipating the error values. It detects the speed of 

the process variable change thereby generating the corresponding value of output. The 

product of the rate of change of error and the derivative constant estimates the value of 

the output. The derivative controller improves the response speed by quickly initiating the 

output. This helps in predicting the rate of change of error with the derivative constant. 

This is important when the process variable is sluggish to respond to the control signal, a 

small derivative gain will help prevent a large overshoot of the setpoint. Below is a 

schematic illustrating the general principle.   

 

Figure 2.12. Derivative controller 

2.6. Optical Microscope 

An optical microscope is used to collect images of the films deposited from the 

supercritical fluid chamber. Optical microscopy is a technique employed to minutely view 

a sample through the magnification of the lens. It is often called a light microscope as it 

uses visible light to visualize images with the help of one or more lenses.  

Depending upon the design, an optical microscope can be of many types. Its 

design varies from basic to complex levels propounding higher resolution. In a simple 

microscope, a lens is used to magnify the image whereas, in a compound microscope, a 

series of lenses are used to magnify sample images. The lens that is usually present at 

the top for looking through the sample is known as the eyepiece lens. It is often called an 

ocular lens. The lenses that collect and focus light to create an image are called objective 

lenses.   
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The ability of a lens to differentiate between two lines or points separated by slight 

angular distances to form distinguishable images is measured by its resolving power. Ernst 

Abbe and Carl Zeiss developed the method of resolving the power of lenses. Abbe 

considered the refractive index of the medium between the objective and the cover glass 

(n), the natural sine of one-half the angular aperture (α), and the wavelength of light (𝜆). 

He then proposed the formula for resolving power, which is given by, 

 Resolving power (D) = 
𝜆

2𝑁𝐴
 2.2 

Where Numerical aperture NA = n sin 𝜃 2.3 

               Thus, the resolving power decreases as the angle of the light leaving the lens 

becomes more shallow and also decreases with increasing wavelength. For example, 

using light of 500 nm, a refractive index of 1, and an incident angle of 45° results in a 

theoretical limit of the resolving power of around 354 nm. In practice, this limit is only 

approached in special cases. The incoherent white light sources typically used in light 

microscopes are not well-collimated, and imperfections in lens geometry conspire to limit 

the resolution. As a counter-example, confocal microscopes use laser light sources, 

allowing for diffraction-limited imaging of a single point on the sample. However, recent 

advances using image processing of fluorescent probes have created images that beat 

the diffraction limit, a technique called “super-resolution imaging” that was awarded the 

Nobel Prize in Chemistry in 201478. 

2.7. Probe Station 

The organic field-effect transistors are measured using the probe station, a well-

known tool for testing electronic devices. The device is kept on a stage and the electrical 

probes are placed into electrical contact on the device by manipulating them via 

micropositioners. In the setup used in this work, a camera is placed on top of the station 

to observe the position of the tips relative to the sample, allowing them to be connected to 

the device without damaging it. The source and gate electrodes are connected to a 

KEITHLEY SourceMeter (Series 2600B models). An SMU is an instrument that can source 

voltage or current and simultaneously measure voltage and/or current. The instrument is 

configured to perform voltage source-current measure operations. 
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Figure 2.13. Probe station (4D Labs SFU) 

The setup used to measure transistors in this work contains three probes, all of 

which are capable of measuring the current flow into and out of the device. One probe is 

connected to an ammeter and is set as the drain, this channel is connected to electrical 

ground. Channel A and B probes are connected to the source and drain of the transistor, 

each is capable of sourcing voltage and measuring current simultaneously as described 

below. These instruments are interfaced with a computer that allows them to be controlled 

and the measured data to be recorded via a piece of custom-coded Labview software. 
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Chapter 3. Results 

The physical supercritical fluid deposition is a method of thin film deposition that 

allows high molecular weight materials to be deposited onto curved and flexible substrates 

to form patterns with high spatial resolution. The preferred mode of deposition relies on a 

maximum in the isobaric solubility to precipitate material on to a heated substrate. This 

typically occurs at pressures exceeding the critical pressure of the solvent, hence the 

technique is termed supercritical fluid deposition. Because the technique relies on the 

solubility properties of the solvent-solute system, one of the most important factors in 

determining the optimized deposition conditions is solvent selection. Here, we 

demonstrate that for poly(3-hexyl thiophene) (P3HT), there are three qualitatively different 

types of solvents, only one of which is appropriate for physical supercritical fluid deposition 

on heated substrates. Over-powered solvents are ineffective for a physical supercritical 

fluid deposition because they lack a maximum in the isobaric solubility. Underpowered 

solvents are unable to dissolve the deposition material. Optimum solvents dissolve the 

material effectively and exhibit a maximum in isobaric solubility over the working 

temperature range of the deposition chamber. In addition, we demonstrate the effect of 

adding an over-powered solvent to an underpowered solvent and an optimum solvent. 

Only the mixture with an optimum solvent shows the necessary characteristics for physical 

supercritical fluid deposition. In sum, the work demonstrates clear guidelines for solvent 

selection that will allow for the deposition of a wider range of materials.  

3.1. Introduction 

The development of techniques for controlling matter at nanoscale dimensions has 

traditionally proceeded along two non-intersecting lines. The top-down approach, 

exemplified by photolithography, creates nanoscale structures by a subtractive process; a 

larger monolithic material is sectioned, and unwanted components are removed79. The 

bottom-up approach, exemplified by living organisms and the techniques of 

macromolecular chemistry creates nanoscale structures by an additive approach; larger 

structures are built up via chemical bonds or strong intermolecular interactions80.  

Physical supercritical fluid deposition (p-SFD) was demonstrated as a means of 

connecting top-down and bottom-up approaches to controlling the structure of materials62. 
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The process relies on the existence of a maximum in the isobaric solubility of the material 

to be deposited. The solution is held at or near this maximum, and a substrate is heated 

such that material precipitates onto the substrate. Because precipitation only occurs where 

the substrate is heated, controlling the locus of material deposition is equivalent to 

controlling the local temperature on the substrate. This is conveniently accomplished by 

photolithographically patterning the substrate with conductive traces and employing 

resistive heating to control the local temperature. The material precipitates from the 

solution, self-assembling into the nanoscale structures dictated by intramolecular and 

intermolecular interactions. Thus, p-SFD harnesses both the scalability and reproducibility 

of photolithography as well as the complexity and subtlety afforded by solution phase self-

assembly. It is important to mention that chemical supercritical fluid deposition (c-SFD)82 

allows for the deposition of metals83, inorganic films84, in-situ polymerization reactions85, 

and nanoparticle assembly86. The terms p-SFD and c-SFD were chosen to invite the 

comparison between physical vapor deposition (PVD) and chemical vapor deposition 

(CVD). 

One immediate application for p-SFD is the deposition of polymer-based circuitry87. 

Organic light-emitting diodes are a successful technology that relies on the deposition of 

lower molecular-weight materials via PVD88. Polymer and solution-processable molecules 

often form films with superior properties to their lower molecular weight counterparts89. 

However, controlling the deposition of solution-processable materials with the necessary 

precision at scale has proven difficult. One approach is so-called orthogonal processing 

whereby photolithography is performed using solvents in which the semiconducting 

polymer is immiscible90. Common additive deposition techniques are based on printing 

technologies91, each technique offers different trade-offs between scalability, ultimate 

resolution, and the ease of ink formulation. For example, roll-to-roll printing is perhaps the 

most scalable but has a lower ultimate resolution, and ink formulation to obtain the 

necessary high viscosity requires extensive experimentation to optimize both performance 

and printability92. Alternatively, aerosol jet printing93 has the highest resolution and can 

print solutions with viscosities similar to those frequently encountered with spin-coating. 

However, the use of a print head makes large-area printing at scale a difficult proposition. 

Finer linewidths can be achieved with p-SFD83 than aerosol jet printing102. The fact that 

material deposition occurs in a single step and the technique does not require a direct line-
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of-sight between the material source and the substrate also presents a compelling case 

for its scalability. 

We hypothesize that any soluble material which possesses adequate thermal 

stability can be deposited via p-SFD. However, choosing the correct solvent for p-SFD is 

not trivial. The resistive heating version of p-SFD, while technologically the most 

straightforward relies on the existence of a continuously varying, isobaric saturation 

solubility with a maximum with respect to temperature to allow for controlled material self-

assembly during the deposition process83. This set of conditions most often occurs above 

the critical pressure of the solvent. In theory, this could occur above or below the critical 

temperature of the solvent. This makes the strict distinction between subcritical or 

supercritical conditions not particularly meaningful in this context. As opposed to the 

Widom line, which differentiates regimes of SCF behavior at higher temperatures103 the 

line between incompressible liquid and supercritical fluid typically defaults to the critical 

temperature104, a point in the phase diagram rather than a well-defined phase boundary 

at all pressures. As such, we default to the terminology of supercritical fluid, although the 

terminology is not vital in this context. More importantly, we require that the temperature 

of the saturation solubility maximum occur below the decomposition temperature of the 

material and within the range of experimentally obtainable temperatures.   

Previous studies have demonstrated the presence of an isobaric saturation 

solubility maximum with respect to temperature using pentane as the solvent and both 

isotactic polypropylene and a bithiophene-based semiconducting polymer commonly 

referred to as PBTTT62,83,84,85. Both solutions exhibit this maximum at approximately 140 

°C. Given the structural differences between the aliphatic and pi-conjugated polymers, it 

would be tempting to infer that this temperature is a property of the solvent and should be 

observed for a broad range of materials. However, this inference is incorrect, as will be 

shown here. In addition, the flammability of pentane makes the discovery of more inert 

solvents amenable to p-SFD an important step toward its broader and safer application.  

Here, we report the saturation solubility of poly(3-hexylthiophene) P3HT in a 

variety of solvents and solvent mixtures at supercritical pressures (Figure. 3.1.b). We find 

that in pentane, P3HT does not exhibit a maximum in the isobaric saturation solubility. 

We, therefore, describe pentane as an over-powered solvent for P3HT in the context of p-

SFD. We also studied the solubility of P3HT in novec (Figure. 3.1.b). We find that P3HT 
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exhibits very little solubility in this material and describe novec as an under-powered 

solvent for P3HT. Mixing novec with pentane or toluene does not provide a solvent mixture 

amenable to p-SFD. Instead, P3HT exhibits behavior typical of a solvent/non-solvent 

mixture, creating P3HT aggregates in solution. Studies of the saturation solubility of P3HT 

in solstice (Figure 3.1.b) show low but measurable solvation. Importantly, the isobaric 

saturation solubility displays a maximum with respect to temperature. Adding a small 

amount of toluene to solstice increases the solubility dramatically, while still displaying a 

solubility maximum at an accessible temperature.  

3.2. Experimental 

We have constructed a custom pressure cell from a block of beryllium copper 

(Figure. 3.1). The instrument has six ports to maximize the flexibility of experiments that 

can be performed with it. The configuration used for the experiments described here 

places the chamber inlet at the bottom where the solvent can be introduced via an external 

manifold. The external manifold also allows the solvents to be deoxygenated by passing 

a stream of nitrogen through the solvent for at least 30 minutes prior to introducing the 

solvent into the main body of the pressure cell. This deoxygenation step and the complete 

filling of the cell is an important safety measures when using flammable solvents like 

pentane. A manual pressure generator is connected to the inlet as is a pressure 

transducer. The chamber outlet is located at the top of the vessel such that the entire 

chamber volume can be filled with solvent, thus excluding all but trace amounts of oxygen. 

As an additional safety measure, the entire pressurized system was surrounded with a 

Lexan enclosure which was under constant ventilation to prevent the buildup of solvent 

vapors.  

Heating is accomplished by four cartridge heaters, placed into small holes on the 

top of the vessel. The cartridge heaters are wired in parallel and connected to a DC power 

supply via a relay with a ground fault circuit interrupter. The relay is controlled by a 

temperature control unit, which reads the cell temperature using a type K thermocouple 

secured to the bottom of the cell. During all measurements, the temperature and pressure 

were allowed to equilibrate for 15 minutes prior to measurements.  

The cell has two sapphire windows placed opposite each other to enable in-situ 

UV-Vis measurements of the cell contents. Spectroscopic measurements were collected 
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with an Ocean Optics USB 4000 spectrometer which covers a range of 200−1100 nm 

using a Toshiba TCD1304AP (3648-element linear silicon CCD array) detector. The light 

source was a halogen bulb (HL-2000, ocean optics) emitting over a wavelength range of 

360 nm - 1100 nm. The reference spectra used for each absorbance measurement were 

collected at room temperature. A reference spectrum was collected at each pressure, to 

avoid artifacts due to the pressure dependence of the refractive index of the solution.  

 

Figure 3.1. Chemical structures of compounds used in this study: P3HT, Novec 
and Solstice 

Regioregular P3HT (Mw =58 kg/mol) was obtained from Brilliant Matters and used 

as received. It was placed into a glass crucible that was capped with glass wool and a 

copper mesh to prevent undissolved material from dispersing into the solution. Novec 

(Tc=165 °C, Pc=360 psi)105, n-pentane (Tc=197 °C, Pc=489 psi), and toluene (Tc=319 °C, 

Pc=599 psi) were obtained from Millipore-Sigma and used as received. Solstice (Tc=166 

°C, Pc=547 psi)106 was obtained from Honeywell and used as received. Because of the 

low boiling point of n-pentane, novec, and solstice, they were held in a glass bottle that 

was immersed in dry ice while being purged with nitrogen (99% purity, Praxair). 

The P3HT films are deposited onto ITO-coated glass substrates.  The temperature 

of the cell wall is held at the temperature of solubility maximum and resistively heating 

substrate at a temperature of decreased solubility. Since the substrate is present at a 

temperature of lower solubility, the material precipitates out of the solution to form a film. 

also, describe the microscope you used to collect the images. Optical microscope images 

of P3HT films grown on heated ITO-coated glass substrates are taken using Zeiss Axio 

Observer Microscope. The exposure and saturation in these optical images are adjusted 

to study films. The image resolution was 50 μm, which provides visual confirmation of 

P3HT films and their microscale morphology.   
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3.3. Results and discussion 

3.3.1. Solubility study of P3HT in pentane 

In order to measure the solubility properties of P3HT in a variety of solvents, in-

situ UV-Vis spectroscopy was performed on the pressure cell through sapphire windows 

placed on opposite sides of the cell. Figure. 3.2.a shows a representative spectrum of 

P3HT in n-pentane collected at 1500 psi (103 bar). The spectrum shows a peak typical of 

well-dissolved P3HT that increases monotonically with pressure. As the absorbance 

approaches 3, the spectrum becomes noisy as a result of very little light reaching the 

detector. As the temperature increases, the absorbance increases, indicating that the 

amount of dissolved material is increasing.  

Figure. 3.2.b shows the value of the absorbance at 490 nm as a function of 

temperature for several different pressures. The absorbance increases monotonically at 

lower temperatures, reaching a plateau at the highest temperatures. The same data is 

plotted in Figure. 3.2.c but with respect to pressure at several temperatures. At the lowest 

temperatures, the absorbance increases with pressure while at the highest temperatures, 

the response with respect to pressure is relatively flat. The integrated absorbance will not 

be affected by changes to the line shape associated with temperature and pressure 

changes as dictated by quantum mechanics sum rules.  

In a typical solution, the amount of dissolved material increases with respect to 

temperature107. This is a natural result of the entropy of solvation, an effect we observe at 

lower temperatures. At higher temperatures, the contribution of the solvent to the entropy 

of solvation becomes more important83,108,109. Dissolution requires the formation of a 

solvent shell around the polymer110 and as such, the process of solvent shell formation 

has a negative entropy. The molecules surrounding the polymer are no longer free to move 

about the entire volume of the solvent. The higher density of the solvent shell around the 

polymer is confirmed by the pressure dependence of the solubility, which exhibits an 

increase with respect to pressure. 
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Figure 3.2. Solubility data for P3HT in pentane. (a) UV-Vis of P3HT in n-pentane 
collected at 1500 psi (b) Absorbance at 490 nm for several pressures 
as a function of temperature (c) Absorbance at 490 nm for several 
temperatures as a function of pressure 

Hence, the volume change of solvation is negative, leading to a larger free energy 

of solvation with increasing pressure. This effect is typically unimportant in a regular 

solution, where the fluid is approximately incompressible. In fact, the incompressibility of 

the solvent is a key assumption in the Flory-Huggins theory of polymer solutions. As the 

temperature of the solvent approaches the critical temperature, the density of the medium 

decreases, and the compressibility of the solvent increases104, making the effect of solvent 

entropy during solvation a more important consideration. This is the reason that the 

solubility plateaus at higher temperatures, and in general will lead to an eventual decrease 

in the saturation solubility of the polymer at sufficiently high temperatures. However, our 

instrument is not able to access temperatures high enough to observe the decrease. 
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Additionally, the thermal stability of P3HT is finite, with polymer decomposition typically 

being observed at 420 °C. These observations make pentane an unsuitable solvent for p-

SFD with our instrument, which requires a maximum in the isobaric saturation solubility 

with respect to temperature. We, therefore, classify pentane as an over-powered solvent 

for P3HT.  

3.3.2. Solubility study of P3HT in solutions containing novec 

In order to find a less powerful solvent for P3HT and move towards less flammable 

materials, we investigated novec, a commercially available flame retardant compound111. 

The results of in-situ UV-Vis spectroscopic measurements are shown in Figure. 3.3.a at 

P=1000 psi (69 bar) at T=150 °C for several solutions containing novec. In pure novec, 

P3HT is practically insoluble at all temperatures as shown in Figure. 3.3.b and 3.3.c. 

Increasing the pressure did not improve the ability of novec to dissolve P3HT. We, 

therefore, classify novec as an under-powered solvent for P3HT. It is unsuitable for use in 

p-SFD because it is not able to dissolve the deposition material.  

To improve the solvating power of novec, toluene was added. Toluene is known 

as a good solvent for P3HT, solutions of appreciable concentration can be created at room 

temperature and atmospheric pressure. It is worth mentioning in passing that we avoid 

terming solvents as good or bad in this context. The word “good” implies a desired 

outcome and as such, the terminology is inherently subjective. Instead, we describe 

solvents with high saturation solubilities as powerful solvents for a particular solute.  

At low concentrations of toluene (5% and 20% v/v; atmospheric pressure), the 

solubility of P3HT in our pressure cell was not demonstrably increased, or at the very least, 

does change with respect to temperature as shown in Figure. 3.3.a and 3.3.b. Recall that 

the filled cell at room temperature is used as the background in the calculation of 

absorbance, meaning that we are only able to detect changes to the saturation solubility 

rather than their magnitude relative to the solvent alone. As the concentration of toluene 

is increased to 50%, the saturation solubility of P3HT increases dramatically, as 

demonstrated by the increasing absorbance at 490 nm in Figure. 3.3.b. However, Figure. 

3.3.a shows a negative-going absorbance feature between 510 nm and 650 nm. Since the 

background used in calculating absorbance is the filled cell at room temperature, a 
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negative-going feature indicates the presence of a species at room temperature that was 

removed upon heating the cell. 

 

Figure 3.3. Solubility data for P3HT in novec. (a) UV-Vis of P3HT in several 
solutions containing novec collected at 1000 psi and 150 °C (b) 
Absorbance as a function of temperature at 1000 psi and 490 nm (c) 
Absorbance as a function of temperature at 1000 psi and 550 nm 

The negative-going feature has the vibronic progression characteristic of 

aggregated P3HT112,113. We thus conclude that at high toluene concentrations, P3HT is 

dissolved as collapsed aggregates at room temperature. Figure. 3.3.c shows the 

absorbance at 550 nm as a function of temperature. With increasing temperature, the 

negative-going feature becomes more negative, indicating that the aggregates are 

undone, and are dispersed as well-dissolved material. Some evidence of this is also 

present with lower concentrations of toluene as shown in Figure. 3.3.c. The formation of 

P3HT aggregates in mixtures of weak and powerful solvents is well-documented in 

systems like chloroform/ ethyl acetate114 and is consistent with the situation we observe in 
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solutions of toluene/novec. Negative going feature is strongly red shifted as compared to 

well dissolved P3HT. Thus, novec is not made useful as a solvent for p-SFD through the 

addition of a powerful solvent like toluene, with similar effects being observed with 

pentane/novec mixtures as shown in Figure 3.4. Stated more generally, the combination 

of weak and powerful solvents does not make an optimum solvent but rather exhibits an 

entirely different behavior that remains unhelpful for p-SFD. 

 

Figure 3.4. Solubility data for P3HT in novec and pentane. (a) UV-Vis of P3HT in 
novec and pentane collected at 500 psi (b) at 1000 psi (c) 1500 psi (d) 
at 2500 psi 

3.3.3. Solubility study of P3HT in solutions containing solstice 

Solstice is a non-flammable, although not flame-retardant compound often used 

for cleaning115. The conjugated bonds in this molecule suggest that it might be a more 

effective solvent for P3HT, a pi-conjugated polymer. Figure. 3.5 shows the results of an 

in-situ UV-Vis experiment of our cell containing solstice and P3HT. The absorbance is 
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relatively low, but increases with respect to temperature, reaching a maximum at 160 °C 

and decreasing as the temperature is further increased. 

 

Figure 3.5. Solubility data for P3HT in solstice. (a) UV-Vis of P3HT in solstice 
collected at 1250 psi (b) Absorbance at 490 nm for several pressures 
(c) Absorbance at several temperatures as a function of pressure 

The behavior is more easily visualized in Figure. 3.5.b which displays the 

absorbance at 475 nm plotted as a function of temperature for several different pressures. 

The isobaric saturation solubility in this system reaches a maximum and decreases at the 

highest temperatures we studied. The same data is plotted in Figure. 3.5.c as absorbance 

vs pressure for several different temperatures. The saturation solubility increases with 

pressure, indicating a negative ∆𝑉 of solvation. The existence of a maximum in the isobaric 

saturation solubility with respect to temperature demonstrates that solstice is an optimal 

solvent for P3HT in the context of p-SFD. It is neither too powerful nor too weak, displaying 

the necessary non-monotonic behavior as the temperature increases.  
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However, the in-situ UV-Vis measurements in Figure. 3.5.a does not display 

spectra typical of well-dissolved P3HT. Instead, they are significantly blue-shifted which 

we interpret as the spectrum of low molecular weight fragments and other chemically 

defective components of P3HT. Despite displaying optimum behavior for p-SFD, solstice 

does not dissolve the high molecular weight material that is preferred for optoelectronic 

applications.  

To improve the quality of the dissolved material in solstice, toluene was added at 

a (room temperature, atmospheric pressure) volume ratio of 5%. A representative in-situ 

UV-Vis absorption spectrum of the cell contents is shown in Figure. 3.6.a. The strongly 

blue-shifted spectral lineshape is observed at the lowest temperatures but displays 

significant absorption at longer wavelengths at higher temperatures. We interpret this to 

indicate that higher molecular weight material is being dissolved at higher temperatures. 

Figure. 3.6.b displays the absorbance at 475 nm plotted as a function of temperature for 

several different pressures. A maximum in the absorbance is clearly observed, which we 

interpret as demonstrating a maximum in the isobaric saturation solubility with respect to 

temperature, optimum solvent behavior for p-SFD. The UV-Vis absorption feature blue-

shifts as the peak in solubility is passed, demonstrating that the high molecular weight 

material dissolved before the peak is the first to precipitate from the solution once the peak 

is passed. This “last in-first out” behavior and the corresponding non-monotonic shift of 

absorbance features associated with the dissolved material were also observed in another 

pi-conjugated polymer62. Taken in sum, the mixture of toluene in solstice exhibits desirable 

properties as a solvent system for the p-SFD of P3HT.  
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Figure 3.6. Solubility data of P3HT in solstice/toluene mixtures. (a) UV-Vis of 
P3HT in solstice/toluene (5%) collected at 750 psi (b) Absorbance for 
several pressures as a function of temperature (c) Absorbance at 
several temperatures as a function of pressure 

The absorbance as a function of pressure for several different temperatures is 

displayed in Figure. 3.6.c. At low temperatures, the absorbance is independent of 

pressure, indicating that the amount of dissolved material is independent of pressure, 

implying a smaller ∆𝑉 of solvation. At higher temperatures, the amount of dissolved 

material drops sharply with pressure, implying a positive ∆𝑉 of solvation. We hypothesize 

that the solvent shell around P3HT is primarily composed of toluene and as such, the ∆𝑉 

of solvation describes the change in volume associated with the solstice/toluene mixture. 

If removing toluene from this mixture increases the solvent volume, this implies that the  

∆𝑉 of solvation of toluene in solstice is negative.  
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3.3.4. Film growth of P3HT using p-SFD deposition technique 

 

Figure 3.7. Optical microscope image taken at a resolution of 50 μm showing a 
thin film of P3HT deposited on a resistively heated ITO glass 
substrate from a solstice/toluene (5%) solution 

Figure. 3.7 contains an optical microscope image of P3HT on a resistively heated 

ITO glass substrate that was formed using p-SFD. In this experiment, the pressure was 

held at 750 psi, the cell wall was held at 150 °C and the substrate was heated to 180 °C. 

The presence of P3HT on the substrate demonstrates the suitability of the solstice/toluene 

mixture as a solvent system for p-SFD of P3HT. However, the morphology of the resulting 

film is that of islands rather than a continuous film. We interpret this as evidence of high 

surface energy between P3HT and ITO, demonstrating that further optimization is required 

before films of suitable quality for optoelectronic applications can be formed.  

3.4. Summary 

In summary, solvents and solvent systems capable of use for the p-SFD of P3HT 

were investigated. It was found that pentane is too powerful of a solvent, exhibiting an 

increase in the saturation solubility of P3HT as a function of temperature, with a plateau 

instead of a decrease at the highest temperatures. Novec was investigated as a potential 

solvent and was found to be incapable of dissolving P3HT. A 50% mixture of novec and 

toluene was able to dissolve P3HT, however, the solution was found to contain aggregates 

and did not exhibit a decrease in the isobaric saturation solubility with respect to 

temperature at the temperatures measured here. It is therefore unsuitable for use in p-

SFD. Solstice contains an allyl group and was therefore hypothesized to be a slightly more 

powerful solvent for P3HT than novec, but less powerful than pentane. The saturation 

solubility of P3HT in solstice was modest, validating this hypothesis. In addition, the 

temperature-dependent saturation solubility shows a maximum at approximately 160 °C, 
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demonstrating its utility for p-SFD. However, the UV-Vis spectra collected of the solution 

suggested that only low molecular weight and/or chemically defective fragments of P3HT 

were being dissolved, leading us to examine the effect of adding a small amount of toluene 

to the solstice solution. The UV-Vis spectrum of this solution indicates that higher quality 

material was dissolved at higher temperatures, near the peak of the solubility with respect 

to temperature. As a result, we used the 5% toluene/solstice solution to deposit P3HT onto 

an ITO-coated glass slide using p-SFD. The resulting films were not of especially high 

quality, demonstrating that the P3HT-substrate interaction must also be optimized. The 

work illustrates a general modus-operandi for choosing solvents in p-SFD. Namely, 

solvents can be found to be either too powerful or too weak for use in p-SFD. Solvent 

mixtures do not change this underlying behavior. Instead, chemical intuition can be used 

to select an optimum solvent, and a small amount of solvent additive can be introduced to 

modify the amount and type of material that is dissolved.  
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Chapter 4. Conclusions and Future Directions 

In this thesis, the focus was to allow thin film deposition of high molecular weight 

materials using the physical supercritical fluid deposition technique. It is a solution-based 

technique with no requirement for in-situ chemical reactions. The deposition method relies 

on a maximum in the isobaric solubility to precipitate material onto a heated substrate. 

This typically occurs at pressures above the critical pressure of the solvent hence the 

technique is termed supercritical fluid deposition. In order to do this, there is a custom-

made supercritical fluid chamber in our lab which is made up of copper beryllium. The 

chamber exterior is in the shape of a cube with an external volume of 30 mL. The chamber 

has two sapphire windows on opposite sides to allow the collection of UV-visible spectra. 

All the material solubility experiments are done using the SCF chamber. Each component 

in it can withstand at least 200 °C of temperature and 7000 psi of pressure. The 

semiconducting polymer studied is poly(3-hexylthiophene) commonly known as P3HT. 

The solubility behavior of P3HT is studied in different solvent systems. We have 

categorized the studied solvent systems into three different types. One of them being 

appropriate for physical supercritical fluid deposition. In pentane, P3HT does not exhibit a 

maximum in isobaric saturation solubility. Therefore, we have described pentane as over-

powered solvent for P3HT in the context of p-SFD. In novec, P3HT exhibits very little 

solubility. Therefore, we have described novec as under-powered solvent for P3HT in the 

context of p-SFD. Mixing novec with pentane or toluene does not provide a solvent mixture 

amenable to p-SFD. Instead, P3HT creates aggregates in the solution. In solstice, P3HT 

exhibits a maximum in isobaric saturation solubility but measurable solvation. Adding a 

small amount (5% v/v) of toluene to solstice increases the solubility dramatically, while still 

displaying a solubility maximum at an accessible temperature.  

After getting an appropriate solvent system for P3HT p-SFD, we grew films of 

P3HT. Interpretation of UV-visible spectra shows that the maximum precipitation of P3HT 

on to heated substrate can be achieved when the chamber wall temperature is set at 150 

°C and the pressure is set to 750 psi while keeping the temperature of the substrate at 

180 °C. All the depositions are done under these conditions. We have used an ITO-coated 

glass substrate for depositing films of P3HT in solstice and 5% toluene (v/v). Some of the 

optical images of P3HT films deposited from p-SFD deposition are shown in figure 4.2. 
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Table 4.1. Summary behavior of P3HT in different solvent systems in p-SFD 

Solvent system Solubility behavior of P3HT 

Pentane Monotonic increase with temperature 

Novec Low solubility 

Novec + Toluene [(5%), (20%)] Low solubility 

Novec + Toluene (50%) Aggregate formation 

Novec + Pentane (50%) Aggregate formation 

Solstice Non-monotonic increase with temperature 

Solstice + Toluene (5%) Non-monotonic increase with temperature 
with higher solubility 

The electronic properties of P3HT-based films using p-SFD can be investigated. 

First, P3HT-based organic field-effect transistors are prepared by spin coating the P3HT, 

the results of which are shown in Figure 4.1. This is a preliminary step to understand the 

OFET preparation of P3HT-based films using p-SFD. We prepared bottom gate top 

contact OFET devices of P3HT. The electrodes used in OFET are gold of 70 nm thickness. 

The dielectric is made by spin-coating poly(methacrylate) (PMMA) of molecular weight 

nearing 120,000 by GPC. PMMA in butyl acetate (80mg/mL) solution was spin-coated on 

ITO-coated glass substrate at a spin speed of 1500 rpm for 60 seconds to form a dielectric 

layer. The deposition condition in p-SFD is quite harsh. The temperature goes up to 180 

°C and the pressure to 750 psi. Therefore, it is important to avoid PMMA dissolution in the 

solvent under extreme conditions. To do so, films are crosslinked at 230 °C for 30 

minutes116. Crosslinking was demonstrated by the insoluble nature of the resulting films. 

The P3HT solution is prepared in dichlorobenzene (10mg/mL) and is spin-coated at 2000 

rpm for 60 seconds to form the semiconducting layer on OFET. The thickness of the films 

can be measured using ellipsometry, atomic force microscopy, or profilometry. The 

thickness of these films were not quantified. The device was measured using a probe 

station. The output and transfer curves are shown in Figure 4.1. 
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Figure 4.1. Output curve (left) and Transfer curve (right) for P3HT based top 
contact bottom gate organic field-effect transistor 

The devices made from spin coating the P3HT layers look promising as they show 

transistor behavior as shown in figure 4.1(right). These OFETs are in top contact bottom 

gate configuration as pictured in figure 1.19. The left figure is the output curve plot of the 

drain current as a function of drain voltage for different gate voltages. The right figure in 

figure 4.1 is the transfer curve plot of the drain current as a function of gate voltage for a 

given source-drain voltage. The current obtained is low. Therefore, further optimization of 

these devices is required.   

Optical images of some of the P3HT films grown for four hours using p-SFD are 

shown in the Figure. 4.2. The width of the white lines at the bottom right of each image is 

meant to indicate the length of the scale bar. Figure 4.2(a) shows an optical image of the 

direct deposition of P3HT onto the substrate, (b) shows 20 minutes of plasma cleaning of 

the substrate was done before P3HT deposition, (c) shows octadecyltrichlorosilane (OTS) 

treatment was done after plasma cleaning of the substrate, then a layer of PMMA was 

crosslinked on to it before depositing P3HT. The ITO-coated glass substrates were kept 

in 5 mM OTS prepared in bicyclohexyl for 6 hours. They were then rinsed with toluene and 

then annealed at 180 °C for an hour. This figure shows how the optimization was done in 

growing films of P3HT to obtain better film uniformity. However, further optimization is 

required to achieve higher mobility in organic field-effect transistors.  
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Figure 4.2. Optical images showing optimization of uniformity in P3HT films by 
p-SFD deposited on ITO-coated glass 
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