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The properties of light-emitting polymer thin films prepared via spin coating from 

different organic solvents were studied.  The surface analysis as observed by atomic force 

microscopy, scanning microscopy, and x-ray reflectivity has shown that the structure of 

polymer thin-films is controlled by the properties of organic solvents.  The 

photoluminescence (PL) spectrum of polymer thin-films and polymer solutions has 

shown the correlation between the chain conformation and light-emitting properties.  A 

combination of viscosity measurements is used to illustrate the solvent effects on the 

optical properties of light-emitting polymers in solutions and thin films.  

The solvent-induced film structure of poly(n-vinyl carbazole) (PVK) and poly(2-

methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenyl vinylene) (MEH-PPV) thin films on indium 

tin oxide coated glass was examined.  The spin-coated polymer thin films are not in 

thermodynamic equilibrium; rather, the film properties are affected by the dynamics of 

the spin-coating process.  The water in tetrahydrofuran induces rupturing of polymer 
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films during the spin-coating process.  Solvents with a high-evaporation rate lead to high-

surface roughness due to Bénard-Marangoni convection.  Results show that the surface 

roughness and structure of the films are dominated by the dynamics of the film-formation 

process rather than the thermodynamic interactions between the polymer and solvents. 

Two degradation phenomena are studied and discussed in this work.  The first 

manifestation of degradation is the bubble formation on the polymer light-emitting 

diodes.  Water can diffuse through pinholes to reach polymer layers.  Heat and electrical 

bias can induce the reaction between water and metal contacts, which leads to the bubble 

formation.  The second manifestation of degradation is the thermal-induced oxidation of 

poly[9,9-dioctylfluorene] (PFO).  The oxidation of PFO can lead to an extra red-shifted 

emission and the crosslinking of polymer chains. 
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CHAPTER 1 
INTRODUCTION 

The first report of light-emitting diode devices with conjugated polymers as the 

active layer by Burroughes et al. in 1990 [1] resulted in extensive investigation of 

polymer light-emitting diodes (PLEDs).  The demonstration of PLEDs fabricated by 

casting the polymer film from solutions [2] and their successful application onto flexible 

substrates both suggest how PLEDs possess a great potential for display technology [3]. 

These devices show many advantages including low cost of processing, low-power 

consumption, and a flexible display.  So far, many studies have been done to improve the 

device’s efficiency and lifetime [4-12].  

The optical properties of light-emitting polymers are determined by their chemical 

and physical structures, which are the configuration and conformation respectively of 

polymer chains. The light-emitting color can be tuned by changing the chemical structure 

of conjugated polymers.  Typical examples are poly (p-phenylene vinylene) (PPV) [1,2] 

and poly (fluorene) (PF) [13,14].  The photoluminescence (PL) and electroluminescence 

(EL) of PPV-related polymers show a red-orange range and PF-related polymers show a 

blue-green range. White light PLEDs can be achieved by synthesizing copolymers [15] or 

by using polymer-polymer, or polymer-phosphor blend systems [16-18].  More recently, 

polysilane-related polymers show EL in the UV and NUV range [19-21].  Different from 

PPV or PF, EL from polysilane is due to the σ-conjugation instead of π-conjugation on 

the main chain.  Additionally, a few non-conjugated polymers, such as poly (9-vinyl 

1 



 2

carbazole) (PVK) can also generate EL [22].  PVK can emit blue light via radiative decay 

from carbazole chromophores.  

Emission wavelength is also affected by the conformation of the polymer chains.  

Steady red-shifted absorption and emission of oligomers have been shown to occur as the 

conjugation length increases [23-25].  Change of the polymer chain conformation can 

also affect the conjugation length.  An extended chain conformation results in a longer 

conjugation length. Studies have already shown the emission wavelength as being 

affected by solvents [26-29], blending with other polymers [30], and the evaporation 

process [31] due to the change of the chain conformation.  The quantum efficiency, life 

time, and turn-on voltage were also seen as being affected by the morphology of 

polymers[28, 32-34].  

In this research, three different light-emitting polymers, including two conjugated 

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

and poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO), and one non-conjugated polymer, PVK, 

were used.  The research topics include film formation, optical properties, and the 

degradation mechanisms of polymer and PLEDs.  Chapter 2 will begin by providing the 

general background of light-emitting polymers, including the physics of light generation 

as well as the mechanism and fabrication of PLEDs.  Second, previous research about the 

relationship between polymer morphology and the PLED performance will be illustrated.  

Spin-coating is the most general method for thin-film fabrication.  During spin-

coating processes, Marangoni convection can lead to high surface roughness.  Details of 

the Marangoni effect is additionally delineated in chapter 2, and results of this 

phenomenon on light-emitting polymer systems are shown in chapter 3.  
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In chapter 4, the rupture of polymer thin-films during spin-coating processes is 

illustrated.  Previous studies have shown the dewetting of polymer thin-film after the 

annealing process due to the high interface tension between polymers and substrates.  

Unlike these studies, we found the formation of rupture of polymer thin-films during 

spin-coating processes.  Thus, an alternate mechanism of this phenomenon is proposed. 

Chapter 5 primarily shows the solvent effect on the optical properties of light-

emitting polymers.  Due to the interaction between polymers and solvent molecules, the 

chain conformation can be changed by dissolving in different solvents.  The change of a 

polymer conformation leads to the shift of PL of that polymer solution.  According to 

previous studies, the conformation of polymer chains after the spin-coating process is 

affected by the polymer conformation in solutions, which means the PL of the polymer 

thin film is also affected by the solvents.  We also show the concentration and annealing 

effects on PL in this chapter.     

Chapters 6 and 7 present the influence of degradation of the electrode contacts in 

PLEDs and the oxidation of light-emitting polymers respectively.  The cause of contact 

degradation is mainly due to the reaction between metal electrodes, like Ca, and water or 

oxygen.  The oxidation of PFO leads to an extra emission peak. 

Chapter 8 is a summary and some suggestions for future work. 

  



CHAPTER 2 
REVIEW OF LITERATURE  

2.1 Fundamentals of π-Conjugated Polymers 

2.1.1 A Brief History of π-Conjugated Polymers 

The first report about doped polyacetylene showing high conductivity in 1977 [35] 

opened a new field in polymer applications.  Electronic polymers show the same 

feature—a backbone consisting of alternating single and double bonds.  Polymers with 

this bonding structure are called π-conjugated polymers.  

Before the 1990s, the main focus of this field had been studies of the mechanism of 

charge transport and the synthesis of new conjugated polymers with higher conductivity 

and stability.  Since the first PLEDs were successfully fabricated in 1990 [1], the 

application of semiconducting (undoped) forms of these polymers attracted lots of 

attention.  These applications include PLEDs, solar cells [36], sensors [37], and thin-film 

transistors [38].  Figure 1 shows the structure of the conjugated polymers studied to 

examine their conducting and semiconducting properties. 

 

Figure 2-1. Structure of conjugated polymers: a) cis-polyacetylene; b) trans-
polyacetylene; c) polythiophene; d) poly(phenylene vinylene); e) poly(pyridyl 
vinylene); f) poly(fluorene). 

4 
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2.1.2 Photophysics 

According to molecular orbital theory, a conjugated system contains π and π* 

orbitals.  By linking these conjugated molecules together, the disparate π and π* orbitals 

will merge into continuous bands, which is similar to the valence band and conducting 

band in the semiconductor.  The energy spacing between the conducting and valence 

band is called the band gap.  For conjugated polymers, band gaps are determined by their 

chemical structures (configurations) and physical structures (conformation). 

When a photon is absorbed by conjugated polymers, an electron is excited from the 

valence band to the conducting band and a hole is generated in the valence band.  Several 

possible excited states can generate after that.  Generally, an electron-hole pair forms a 

singlet exciton, which means the electron and hole are bound on the sample chain by their 

electrostatic attraction [39].  Excitons migrate to sites with lower energy (i.e. segment 

with longer conjugated length) before decaying and lead to red-shifted emission [40]. 

An excimer (short for “excited dimer”) is a complex between the excited state of a 

molecule and another molecule of the same type that is in its ground state [41].  The ideal 

separation is in the range of 0.3 to 0.4 nm.  The formation of excimers is accompanied by 

a geometry distortion and leads to lower energy [41].  Because of the lower energy in the 

excimer state, the emission is strongly red-shift.  Different from excimers, aggregate 

states mean that the electron is delocalized over two chains [42].  The delocalization then 

leads to a lower energy state and a reduced PL efficiency.  A lot of examples of 

aggregates in conjugated polymers have been shown [27, 28, 43, 44].  Film samples show 

strongly red-shifted emissions with much lower quantum efficiency compared to solution 

samples.        
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Another related state is polarons.  Formation of a polaron requires sufficient 

distance between the electron and the hole such that they do not interact to form excitons 

[45].  The electron and hole then separate onto different chains.  Alternately, the electron 

and hole may be captured by an impurity that provides a lower energy state.  This process 

is fundamental for the application of solar cells.  

 Since polaron pairs are non-radiative, the formation of these states results in 

reduction of quantum efficiency of luminescence.  Even if the excimers and aggregates 

are radiative, the quantum efficiency also degrades because of a longer lifetime, which 

allows for non-radiative decay.  Moreover, the emission is strongly red-shifted.  To 

increase the quantum efficiency of luminescence, the formations of polaron pairs, 

excimers, and aggregates have to be reduced.  This goal can be achieved by changing the 

chemical structures of polymers, including inserting another segment and shortening the 

conjugation length [46], to reduce the interchain interaction.  The interchain interaction 

can also be reduced by using a polymer blend system [47] or by varying the solvents and 

thermal treatments [48].  More details will be illustrated in the following section.     

2.2 Polymer Light-Emitting Diodes (PLEDs) 

Figure 2 shows the general structure of PLEDs.  The light-emitting polymer is 

sandwiched between an anode and a cathode.  Indium-tin-oxide is the most common of 

materials for anodes because of its high-work function and its transparency.  Several low-

work function metals are used as cathodes, including Mg, Al, or Ca.  After PLEDs are 

biased, the electrons are injected from the cathode to the conducting band of the polymer, 

and the holes are injected from the anode to the valence band of the polymer, as shown in 

Figure 2-3.   
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Figure 2-2. General structure of PLEDs. 

Afterwards, the electrons and holes recombine in the polymer to form excitons.  

The excitons then decay and emit light.  Since the cathodes are not transparent, light can 

only emit from the anode side of PLEDs. 

 

Electron Injection

 

Figure 2-3. The mechanism of EL in PLEDs. 
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2.2.1 Solvent Effects    

 As noted in the previous section, the interchain interactions of conjugated 

polymers are of great interests because the PL and EL strongly depend on the chain 

conformation of these polymers.  

Nguyen et al. [28] measured the PL of MEH-PPV dissolved in two different 

solvents, chlorobenzene (CB) and tetrahydrofuran (THF), as shown in Figure 2-4.  The 

PL of MEH-PPV in the CB solution is red-shifted compared to the THF solution.  From 

dynamic light scattering, the study showed the MEH-PPV chains in the CB have more of 

an extended conformation than in the THF.  This result revealed that the degree of 

polymer interchain interaction increases when the polymer is dissolved in a better solvent 

and is in more of an extended chain structure.  

 

Figure 2-4. Absorption and PL of MEH-PPV in CB and THF solutions.   

They further proved [49] the morphology of the cast polymer film is related to the 

polymer morphology in solution.  In figure 2-5, the film coated from CB shows a red-

shifted emission compared to the film coated from THF at the same concentration and 

spin-speed.   
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Figure 2-5. a) PL of CB solution and thin films; b) PL of thin films coated from CB and 
THF solutions. 

That means the degree of interchain interaction in the cast film can be affected by 

solvents [50]. 

Liu et al. [33, 34] also showed the relationship between polymer morphology and 

device performance including turn-on voltage, quantum efficiency, and current injection 

efficiency, as shown in Figure 2-6.  
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Figure 2-6. Characterization of PLEDs: a) I-V curve and b) B-V curve for DCB and THF 
devices having similar thickness. 

PLEDs prepared from the good solvent, dichlorobenzene (DCB), show a higher 

current density and a lower turn-on voltage compared to devices from the poor solvent, 

THF.  This variance is due to the different chain conformation in the polymer thin-films.  

Said result indicates that contacts between anodes and polymers are sensitive to the chain 

conformation.  Polymer chains with more extended conformation can improve the contact 

between polymers and substrates, which lead to lower turn-on voltage and higher 

efficiency of charge injection from electrodes.   
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2.2.2 Annealing Effects 

 

Figure 2-7. PL of MEH-PPV films annealed at different temperatures. 

Thermal annealing also plays an important role in controlling the chain 

conformation and the film morphology.  Since the polymer chains in spin-coated thin 
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films are not in thermodynamic equilibrium, thermal annealing can assist in the 

movement of polymer chains toward a thermodynamic equilibrium and enhance the 

packing of polymer chains, which leads to the increase of interchain interaction. 

Therefore, the PL of annealed thin films shows a red-shifted emission due to a generation 

of more interchain interaction species such as aggregates and excimers, as shown in 

Figure 2-7(a) [51].  

In Figure 2-7(b), relative PL quantum efficiency decreases with an increase of the 

annealing temperature due to the generation of interchain interaction.  However, instead 

of showing decreasing EL efficiency, Lee and Park [52] and Liu et al. [51] found the EL 

efficiency is much enhanced when devices are annealed as shown in Figure 2-8.  

 

Figure 2-8. EL vs. current of the devices annealed at different temperature after Al 
deposition.  

The annealing at higher temperatures may improve the interfaces between 

electrodes and polymers and improve the electron- or hole-injection efficiency, which 
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may lead to higher EL efficiency despite the generation of more chain-chain interactions.  

Furthermore, Kim et al. [53] also showed that thermal annealing can improve the life-

time of PLEDs.  The annealing of polymer films can improve the packing of polymer 

chains and reduce the defects, which leads to higher thermal stability when an electric 

field is applied.  

2.2.3 Degradation of PLED Devices 

The short lifetime and poor durability of PLEDs are critical issues for their 

commercial applications.  Some degradation mechanisms have been proposed for PLEDs, 

especially for devices made using poly(phenylene vinylene) [54-57] and polyfluorene 

[58].  The device lifetime may be limited by photo-degradation during its operation 

[59,60].  Several other factors have been reported to increase the rate of degradation of 

polymer materials, including oxygen exposure [61], photo-irradiation [62], and electrical-

field induced aging. [55,58,63].  In addition to the polymer itself, degradation of its 

metallic cathode causes degradation of the device [63-67].  PLED devices have been 

reported to exhibit “black spots,” as shown in Figure 2-9.  

When PLED devices are operated for two hours, a lot of small black spots emerge 

and distribute randomly on the device as shown in Figure (a). These black spots then 

expand when the operation of PLED devices continue. Figure 2-9 (e) shows that most of 

this PLED device is covered by black spots and can not emit light after 40 hour 

operation.  
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Figure 2-9. Evolution of black spot formation in air: a) t = 2hrs; b) t = 10 hrs; c) t = 20 
hrs; d) t = 30 hrs; e) t = 40hrs.  

Black spots are non-emitting areas that severely reduce the light output.  Several 

mechanisms have been proposed to explain the formation of black spots, including metal 

from the electrode migrating through the polymer layer under electrical stress.  A metallic 

short is created between the electrodes leading to large currents that carbonize the 

polymer, thus forming a black spot [63-65].  Local heating due to large currents was 

reported to also stimulate bubble formation due to reactions between metal electrodes and 
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polymers.  Pinhole defects in the cathode are commonly founds at the center of black 

spots.  Indeed, pinholes could form either from particulate contamination during thermal 

evaporation or from voids in the granular structure of the metal cathode thin films [64], as 

shown in Figure 2-10.  

 

Figure 2-10. Schematic diagram showing dark spot induced by pinholes. 

By using uniformly sized silica micro particles Lim et al. made devices with size-

controllable pinholes [66].  The relationship between the growth rates of dark spots and 

the pinhole size is shown in Figure 2-11.   

 

Figure 2-11. The linear growth of dark spot with various particles. 
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The growth rates of dark spots are linearly correlated to the pinhole sizes, which 

indicate the dark-spot formation is due to the pinholes on the protective layer, which 

create a path for water or oxygen.   

Kim et al. [67] also pointed out that the transport of water and oxygen through the 

pinholes to reach the cathode/polymer interface can lead to oxidation of the metal 

cathode and formation of a higher resistance poly(3,4-ethylenedioxythiophene)-poly(4-

styrenesulfonate) (PEDOT-PSS) layer, as shown in Figure 2-12. 

 

Figure 2-12. Proposed electrochemical half-cell reactions showing the oxidation of metal 
(M) and the reduction of doped PEDOT. 

The oxidation of active metal and reduction of PEDOT generate non-conducting 

materials near pinholes, which increase the local resistance dramatically and cut off the 

current density.  These non-emissive areas, specifically the dark spots, then cause a 

reduction of device active areas and luminescence outputs. 
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2.3 Defects of Spin-Coated Polymer Thin-Film 

The spin-coating process has been studied for many years and many models have 

been proposed [70-73] to explain the mechanism of this process.  Due to the complexity 

of the spin-coating process itself, simplified assumptions have been made in these 

models.  Most studies have focused on the relationship between film thickness and 

various parameters, including the solution concentration, viscosity, evaporation rate, and 

spinning speed [70-75].  Some important factors, like the interaction between the 

polymers and solvents during evaporation, have been ignored.  Recently, the influence of 

the type of solvents used on the structure of polystyrene thin films on Si wafer has been 

reported [76,77].  Figure 2-13 and 2-14 show the surface structure of polymer thin-films 

coated from solvents with a high-evaporation rate. 

 

Figure 2-13. Polystyrene coated from THF solution.  

 



18 
 

 

Figure 2-14. Polystyrene coated from cyclohexane and acetone mixed solution. 

These studies showed that polymer films which were coated from high-

evaporation-rate solvents exhibited a higher roughness surface due to the Marangoni 

instability [78].  

2.3.1 Bénard-Marangoni Convection 

In the classical thermocapillary Marangoni convection, rapid evaporation causes 

local cooling at the surface.  The temperature difference between the surface (T1) and the 

interface (T2) leads to a surface tension gradient and drives convective flows, as shown in 

Figure 2-15.  

 

Figure 2-15. The Marangoni convection. 
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The formation of this instability is governed by the competition among surface 

tension, thermal diffusion, and viscosity, which can be expressed by the Marangoni 

number Ma:

a
THTMa

µ
σ ∆∂∂−

=
)/(      Equation 2-1 

where )/( T∂∂σ  is the temperature derivative of the surface tension; T∆  is the 

 is  temperature difference between the bottom and surface of the liquid; H  the film

thickness; and µ  and a  are the viscosity and the thermal diffusivity of the system, 

respectively.  The critical value of Ma which can trigger instability is around 80 [79]

However, the classical Marangoni convection is proposed on the assumption that the 

temperature gradient is linear through the solution layer.  During the spin-coating 

process, the rapid evaporation near the solution surface leads to non-uniform temp

gradients.  The thermocapillary effects upon this development are expressed as:  

.  

erature 

a
THTσ ∇∂∂− 2)/(Ma

µ
=     Equation 2-2 

More recently Haas et al. [80] have determined the conditions that would lead to 

therm

Ma 

ient 

and is expressed as:  

ocapillary convection during the spin-coating process.  Due to the squared 

dependence of H, the thermocapillary driven convection can be induced within a 

sufficiently thick solution layer of high-evaporation rate.  For thin-solution films, 

would be too small and thermocapillary-induced-convection thus becomes unstable.  

Birnie [81] has pointed out that the concentration effects (solutocapillary) are more 

important than the temperature gradient (thermocapillary) during the spin-coating 

process.  The driving force is a composition gradient rather than a temperature grad
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Da
CHTMa ∇∂∂−

=
2)/( σ     Equation 2-3 

where C is the relevant composition variable and D is the diffusion rate of the component 

driving the composition dependent s

e 

another potential limitation for their use in 

-films can be deposited on non-wetting substrates via the 

spin-c

 

 silicon 

es 

at 

), 

and n

urface-tension change.  Evaporation of solvents 

during the spin-coating process generates the composition gradient at the solution surface 

and leads to convection.  All of these instabilities induced by the differences of surfac

tension are called the Marangoni effect.   

2.3.2 Dewetting Phenomenon 

Dewetting of polymer thin-films is 

PLEDs.  Although polymer thin

oating process, these polymer films are usually unstable or metastable.  

Perturbations, like heat loading, lead to a relaxation towards thermodynamic equilibrium. 

Many studies have been done, especially for the system of polystyrene (PS) on

[82-86].  In the beginning, the polymer films tear up and holes form, as shown in Figure 

2-16.  These holes then expand gradually.  The dark part around the holes in these imag

is the rim.  Finally, the polymer films are totally dewetted to form polymer droplets, 

which are in thermodynamic stability on the Si wafer, as shown in Figure 2-17 [86]. 

The general mechanisms [84,86,87] to describe the dewetting process due to he

loading include spinodal dewetting (by the amplification of capillary wave fluctuation

ucleation (from defects) and growth.   
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Figure 2-16. Micrograph of different stages of polystyrene dewetting on Si wafer: a) 15 
mins and b) 1hr. 

 

Figure 2-17. The droplets left on the Si wafer. 
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Recent research [89] also has shown dewetting when aqueous polymer solutions 

were coated on glassy hydrophobic substrates.  In these cases, the film dewetting 

occurred during evaporation of the solvent.  The unstable aqueous films broke up through 

the nucleation of holes, and the growth of these holes led to a fingering pattern, as shown 

in Figure 2-18. 

 

Figure 2-18. Film structure of dewetted thin films: a) A dewetting pattern centered at a 
defect (50 x 50 µm) and b) pattern at high magnification (5 x 5 µm). 

 

 

 



CHAPTER 3 
MARANGONI EFFECTS ON POLYMER THIN FILM STRUCTURE  

3.1 Introduction 

So far, most studies of polymer thin-film morphology and its instability phenomena 

have been limited to polystyrene deposited on silicon.  No studies about the instability 

during thin-film formation of light-emitting polymers have been reported.  Since the 

quality of polymer thin-films is a critical factor in the performance of polymer electronic 

devices, it is necessary to understand the instability phenomenon in light-emitting 

polymer systems.  In this chapter, the focus is on the relationship between solvents and 

the film structure of poly(n-vinyl carbazole) (PVK) on indium tin oxide (ITO) glass.  

Containing the positive charge transporting carbazole pendant groups [90], PVK is now 

extensively used as the hole-transport layer in low-molecule weight organic light-

emitting diodes (OLEDs) [91].  Recent studies have also shown that PVK is a candidate 

for blue polymer light-emitting diodes (PLEDs) [92,93].  These similar results can also 

be observed by using poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenyl vinylene) 

(MEH-PPV). MEH-PPV, which is a common light-emitting polymer, has attracted much 

attention recently due to its high solubility in many organic solvents.  

In this chapter, the instability phenomenon induced by Marangoni effects on the 

light-emitting polymer thin films is developed.  The other instability phenomenon, 

rupture of polymer thin-films during the spin-coating process, will be illustrated in 

chapter 4.  The chemical structures of PVK and MEH-PPV are shown in Figure 3-1. 
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Figure 3-1. Chemical structure of a) PVK and b) MEH-PPV. 

 

3.2 Experiment 

3.2.1 Sample Preparation 

ITO coated glass (CG-51IN, ITO layer = 120~140 nm, Delta Technologies, 

Limited) was cleaned in ultrasonic baths of deionized water, ethanol, and acetone 

respectively for 15 minutes each before being used.  PVK (Mw = 90,000, Polydispersity 

= 2.40, Scientific Polymer Product) and MEH-PPV (Mn = 40,000-70,000, Aldrich) were 

used as received.  PVK solutions with fixed concentration (10 mg/mL) were prepared.  

MEH-PPV solutions with lower concentrations (2-7 mg/mL) were prepared due to its 

lower solubility.  All solutions were filtered (0.2 µm PTFE filter, Fisher) before being 

used.  The physical properties and Mark-Houwink parameters for the five solvents used 

are shown in Tables 1 and 2.  Spin coating (time = 30 seconds) was conducted in ambient 

laboratory air.  
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Table 3-1. Characteristic data of solvents at room temperature.

Solvent νp 

(mmHg) 

υ µ 

(Debye) 

η 

(mPa s) 

σ 

(mN/m) 

ρ 

(g/cm3) 

θ 

THF 129 8 1.75 0.456 26.40 0.889 *M 

Chloroform 160 11.6 1.04 0.537 26.67 1.492 0.8 

Benzene 75 5.1 0 0.604 28.88 0.874 0.18 

Toluene 22 2.24 0.37 0.560 27.93 0.865 0.05 

TCE 8 0.65 1.32 1.437 35.58 1.586 0.3 

νp: vapor pressure; υ: relative evaporation rate (BuAc=1); µ: electric dipole moment; η: 
viscosity; γ: surface tension; ρ: density; θ: solubility (g/100g water), *M: miscible 

 

 
 
 
Table 3-2. The Mark-Houwink parameters for PVK at 25oC.                  

Solvent K a 

THF 1.55 0.65 

Chloroform 1.36 0.67 

Benzene 3.35 0.58 

Toluene 7.72 0.50 

TCE 1.29 0.68 
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3.2.2 Characterization 

3.2.2.1 Atomic Force Microscopy (AFM) 

The film structure and root mean square (RMS) roughness were measured using 

tapping mode AFM (Digital Instruments Nanoscope III).  A single silicon probe with a 

tip radius of 5-10 nm was used.  The cantilever was oscillated at or near its resonance 

frequency between 300 to 350 kHz.  The set point for the feed-back control was between 

0.7 and 4V.  Height images, which represent the topography of the sample surface, were 

recorded with a scan range from 10 to 100 µm.  All AFM images were obtained in 

ambient air. 

3.2.2.2 X-Ray Reflectivity (XRR) 

XRR measurements were performed with a Panalytical X’Pert MRD System.  A 

ceramic filament tube with a Cu-target was used as the X-ray source (λ = 1.54Ǻ).  The 

scan rate was 0.02 degree/sec.  A parallel plate collimator was attached to the detector to 

improve the peak-to-noise ratio. The reflectivity curves provide information about the 

film structure perpendicular to the surface [97,98].  The acquired XRR spectra were fitted 

using the WinGixa software package from Panalytical to obtain the film thickness, 

density profile, surface and interface roughness. 

3.3 Results and Discussion 

3.3.1 High-Evaporation-Rate Solvents. Table 3-1 shows that THF, chloroform, and 

benzene have a relatively higher evaporation rate than toluene and TCE.  For PVK, THF 

and chloroform are good solvents (a ≈ 2/3), whereas benzene is a poorer solvent, as 

shown in Table 3-2.   

Figure 3-2 shows the film structure of PVK thin films prepared from THF and 

chloroform solutions.  
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Figure 3-2. Film structure of polymer thin-film observed with optical microscopy: (a) 
prepared from THF solution, center area; (b) prepared from THF solution, 
away from center area; (c) prepared from chloroform solution, center area; (d) 
prepared from chloroform solution, away from center area. Length of scale 
bar 200µm. 

The film structure from benzene is similar to the film from chloroform solution.  

The film structure near the sample’s center (Fig. 3-2(a) and 3-2(c)) shows a cellular 

structure, which is similar to Bénard cells [99] caused by Marangoni convection.  The 

film structure away from the center shows striations (Fig. 3-2(b) and 3-2(d)) which 

commonly occur in spin-on thin films prepared with high-evaporation-rate solvents.  

Comparing Fig. 3-2(a) and 3-2(b) or 3-2(c) and 3-2(d), the film prepared from the THF 

solution shows a much higher contrast than from the chloroform solution, which indicates 

that the polymer film from the THF solution is rougher than from the chloroform solution   

Figure 3-3 shows AFM images of thin film surfaces prepared from chloroform. 
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Figure 3-3. 3D tapping mode AFM image of PVK film surface prepared from (a) 
chloroform solution, cell structure near center area; (b) chloroform solution, 
striation structure away from center area. 

 These images show a clear cell structure in the center part of the polymer film 

(Fig. 3-3(a)) and striations away from the center (Fig. 3-3(b)) although the polymer films 

are locally smooth.  These results show that Marangoni convection has changed the 

topography of these polymer films.  The structure of polymer thin-films from the benzene 
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solution is similar to the films from chloroform.  Different from the film structure of 

polymer films prepared from the THF solution, the polymer films prepared from the 

chloroform and benzene solutions exhibit continuous film surfaces instead of the 

formation of holes or polymer droplets.  These results show that polymer films from 

chloroform and benzene, which are immiscible with water, do not show polymer 

dewetting during the spin-coating process.  

We can understand these results by considering the effect of Marangoni convection. 

During the spin-coating process, the evaporation of the organic solvent induces the 

composition and temperature gradients at the same time in the thin solution film, as 

shown in Fig. 3-4. 

 

Figure 3-4. The Marangoni convection model (including composition-gradient-driven 
and temperature-gradient-driven processes) for the spin-coating process. T1 
and C2 represent the temperature and solution concentration near the surface 
of the solution layer; T2 and C1 represent the temperature and solution 
concentration near the interface between the solution layer and the ITO 
substrate. 

The evaporation of the solvent leaves the solution layer with a higher polymer 

concentration near the surface.  In addition, the evaporation can also induce cooling near 

the surface.  Because surface tension is a function of solution concentration and 
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temperature, the concentration and temperature gradients will change the surface tension 

during the spin-coating process, inducing flow near the surface of the thin solution film.  

The high-surface-tension area pulls the solution from the low-surface-tension area, 

leading to Marangoni convection.  According to the reviews in Chapter 2, the 

concentration effects will be more important for this work due to the film thickness that 

results from spin coating.  The thickness in our system is smaller than 1 µm, which leads 

to a small Ma in equation 2-2 and unstable thermocapillary-induced convection.  The 

composition-gradient-driven convection from equation 2-3 dominates in our system.  

Figure 3-2 shows that this is because the topography of polymer films from THF is 

not only affected by the Marangoni convection but also, as illustrated further in chapter 4, 

the rupture of the polymer thin film during the spin-coating process.   

3.3.2 Low-Evaporation-Rate Solvents.  

From Table 1, toluene and TCE show relatively low-evaporation rates.  The center part of 

the film coated from TCE under the optical microscope is shown in Figure 3-5. 

 

Figure 3-5. Film structure of PVK thin film observed with optical microscopy prepared 
from TCE solution, center area.  

The image shows the film coated from TCE is very smooth without cell structure 

and striations.  Films coated from toluene also show the same film structure as those 
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coated from TCE.  The image from tapping-mode AFM (Figure 3-6) also shows smooth 

surfaces.  

 

Figure 3-6. 2D tapping mode AFM image of PVK surface prepared from toluene 
solution. 

These results show that Marangoni convection is minimal in low-evaporation-rate 

solutions including both a good solvent (TCE) and a poor solvent (toluene).  The low-

evaporation rate decreases the composition gradient near the surface of the solution film, 

which leads to a lower Ma value based on equation 2-3, and therefore no Marangoni 

convection occurs during the spin-coating process.  Figure 3-7 shows the RMS roughness 

measured by AFM.  
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Figure 3-7. RMS Roughness plotted as a function of evaporation rate of four solvents. 

The roughness of polymer films from the chloroform and benzene solutions shown 

here was measured near the cell-structure area. The roughness of the striations is slightly 

higher than the cell-structure area.  These results clearly show the dependence of surface 

roughness on evaporation rate.  During spin coating, the solutions with a high 

evaporation rate lead to high surface roughness due to the Marangoni effect. 

For making MEH-PPV polymer thin-films, chlorobenzene (CB) is substituted due 

to the low solubility of MEH-PPV in toluene.  The boiling point of CB (132oC) is higher 

than toluene, which indicates CB is also a low-evaporation-rate solvent.  The structures 

of MEH-PPV thin films coated from THF, chloroform, CB and TCE as imaged by optical 

microscopy are shown in Figure 3-8.  The surface topography of MEH-PPV thin films 

from chloroform and TCE are shown in Figure 3-9.   

From these results, the structures of MEH-PPV thin films show the same trend as 

PVK thin films, which are controlled by the Marangoni effect and dewetting during the 

spin-coating process.  
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Figure 3-8. MEH-PPV Film structure of polymer thin-film observed with optical 
microscopy: (a) prepared from THF solution, center area; (b) prepared from 
THF solution, away from center area; (c) prepared from chloroform solution, 
center area; (d) prepared from chloroform solution, away from center area; e) 
prepared from CB solution; prepared from TCE solution. 
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Figure 3-9. 2D tapping mode AFM image of MEH-PPV film surface prepared from (a) 
chloroform solution, cell structure near center area; (b) TCE solution, smooth 
surface near center area. 

3.3.3 XRR Measurement.  Typical XRR spectra acquired from the polymer films are 

shown in Fig. 3-9, while results from the simulations, including RMS roughness, 

thickness, and density, are shown in Table 3-3.  
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Figure 3-10. X-ray reflectivity spectra acquired from PVK thin films prepared from 
chloroform, benzene, toluene, and TCE solutions. Experimentally measured 
data are shown as a solid line; fitted results are shown as a dotted line. 

 
Table 3-3. Characteristics of PVK films obtained from XRR measurements. 

Solvent RMS Roughness 

(Å) 

Density 

(g/cm3) 

Thickness 

(Å) 

Chloroform 24 0.88 151 

Benzene 18 0.96 852 

Toluene 9 1.23 811 

TCE 9 1.29 320 

 

 



36 

The fitting results (dotted line) are in favorable agreement with the measured 

spectra (solid line).  The surface roughness values displayed in Table 3-3 show the same 

trend as the values from AFM measurements.  

The polymer films deposited using high-evaporation-rate solvents, such as 

chloroform and benzene, lead to significantly higher surface roughness than using low-

evaporation-rate solvents, like toluene and TCE.  The densities of polymer films 

deposited using the low-evaporation-rate solvents, toluene and TCE, showed values 

similar to solid bulk PVK (1.2g/cm3).  One possible explanation for a lower density of 

polymer films from the chloroform and benzene solutions is the high surface roughness.  

The other possibility is due to the trapping of defects or free volume in polymer films 

during the fast evaporation of the solvent and the presence of some gas trapped near the 

surface of the polymer films due to the Marangoni convection.  The film densities did not 

show any obvious differences between a good solvent (TCE) and a poor solvent 

(toluene).  

Comparing the thickness of the polymer films, the films from the chloroform and 

TCE solutions show lower thickness compared to other solvents.  According to previous 

studies [73], the spin-coating process can be divided into three phases.  During the first 

phase, most of the solution is flung from the substrate.  Only a much thinner and uniform 

film is left.  At this time, the spin speed is high and shear thinning may occur.  The film 

structure is dominated by the inertia of the solution.  The second phase begins when the 

inertial effects become negligible and the film thickness is determined by the balance of 

viscosity and centrifugal forces.  In the final phase, further fluid is lost due to solvent 

evaporation.  From this model, solutions with higher viscosity will lead to thicker 
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polymer films.  From Table 3-2, PVK dissolved in ideal solvents exhibits higher viscosity 

than in poor solvents ([η]benzene ~ [η]toluene < [η]chloroform < [η]TCE).  However, the higher 

density of chloroform and TCE lead to higher centrifugal forces and cause much more 

solution to be flung from the substrate in the first and second phases during spin coating.  

Our experimental results show that films from benzene and toluene are thicker than from 

chloroform and TCE.  The lower viscosity of the benzene and toluene solutions would 

lead to thinner films, while the lower density would lead to thicker films; comparison of 

these predictions to the experimental results indicates that the density of solvents 

(centrifugal force) dominates the polymer film thickness in this system. 

The XRR results from MEH-PPV films are shown in Figure 3-10 and simulated 

values are shown in Table 3-4. 
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2.5 mg/mL, Chloroform

5 mg/mL in Chloroform

7 mg/mL, Chloroform

7 mg/mL, Chlorobenzene

7 mg/mL, TCE

Lo
g 

In
te

ns
ity

 (a
rb

. u
ni

t)

 

Figure 3-11. X-ray reflectivity spectra acquired from MEH-PPV thin films prepared from 
chloroform, chlorobenzene, and TCE solutions. Experimentally measured data 
are shown as a solid line of light color, and fitted results are shown as a solid 
line with dark color. 
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Table 3-4. Characteristics of MEH-PPV films obtained from XRR measurements. 
Solvent Concentration

(mg/mL) 

Thickness 

(Å) 

Density

(g/cm3) 

RMS Roughness 

(Å) 

TCE 7 227 1.32 13 

Chlorobenzene 7 391 1.26 15 

Chloroform 7 379 0.72 40 

Chloroform 5 216 0.70 23 

Chloroform 2.5 149 1.28 16 

 

From the results shown in Table 3-4, the MEH-PPV films coated from TCE and 

CB show lower roughness and higher density than the films coated from chloroform with 

the same polymer concentrations (7mg/mL). Compared to the film coated from 

chloroform solutions with different concentrations, films coated from chloroform 

solutions with lower concentrations have lower thickness.  The thinnest film, which was 

coated from chloroform solution with 2.5 mg/mL concentration, has a similar roughness 

and density as the films coated from TCE and CB.   

We can see these results are coincident to the results of PVK films when MEH-

PPV films are coated from different solvents with the same concentration. The thinnest 

film coated from chloroform solution has a similar roughness as films coated from TCE 

and CB, which indicates Marangoni convection is not induced in this system.  From 

equation 2-3, the Ma number is proportional to the height squared of the thin film.  It 

indicates that when films are too thin, Marangoni convection could not be induced even if 

solvents with high-evaporation-rate are used.   
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3.4 Conclusion 

The polymer film structure is determined by the dynamics of the spin-coating 

process, which is controlled to a large effect by the solvent properties.  The chloroform 

and benzene solutions, which have a high-evaporation rate, lead to Bénard cell and 

striation morphology on polymer films and result in high-surface roughness due to 

composition-gradient-driven Marangoni convection.  The film structure of polymer films 

from good solvents and poor solvents did not exhibit obvious differences, which shows 

the interaction between polymer chains and solvents is not an important factor in the 

dynamic instabilities.  During the spin-coating process, the solvents with higher density 

have higher centrifugal forces and lead to more solvent being flung from the substrate 

and therefore thinner polymer films.  

We expect these differences in film structure to have an important effect on PLED 

device performance, depending on the solvent used.  In films from THF solution, the 

large-scale inhomogeneities in the film will lead to inhomogeneous light emission (More 

details will be illustrated in Chapter 4).  In addition, according to previous studies 

[100,101], one of the intrinsic degradation mechanisms of OLED and PLED devices is 

due to the diffusion of the metal from the electrode into the organic layers and the 

quenching of luminescence in the emission zone.  In our studies, the polymer films from 

the chloroform and benzene solutions showed higher roughness and lower density due to 

Marangoni convection.  We believe the inhomogeneous polymer surface could affect the 

durability of the PLED devices by enhancing the possibility of metal diffusion into the 

emissive layer. 

 

 



CHAPTER 4 
RUPTURE OF POLYMER THIN FILMS DURING SPIN-COATING PROCESS 

4.1 Introduction 

As noted in chapter 3, this chapter focuses on another instability phenomenon—the 

rupture of polymer thin-films.  Although ruptured thin films show a similar film structure 

as dewetted thin films, the mechanism is different from the dewetting phenomenon 

induced by heat loading after the spin-coating process, because the rupture of polymer 

thin films described in this chapter occurs during the spin-coating process.  In this 

chapter, results show that the water in THF is an important factor for the rupture of 

polymer films.  Two polymer systems, PVK and MEH-PPV, are used in this chapter.  As 

noted in chapter 2, MEH-PPV has attracted much attention recently due to its high 

solubility in many organic solvents, which is helpful for investigating the relationship 

between chain conformation and optical properties.  In this chapter, MEH-PPV is used to 

study the influence of polymer conformation when ruptured polymer films are formed.  

The effect of film rupturing on the performance of devices is also illustrated.  

4.2 Experiment 

4.2.1 Sample Preparation 

Cleaned indium tin oxide (ITO) coated glass (Delta Technologies) was used as the 

substrate.  PVK solutions with fixed concentration (10 mg/mL) were prepared.  MEH-

PPV was dissolved in THF (Aldrich) at three concentrations (2.5, 5, and 7 mg/ml).  These 

solutions were filtered (0.2 µm PTFE filter) and spin-coated on ITO glass at 1000, 3000, 

and 5000 rpm.  “Dried” THF means that THF was dried by molecular sieves (4Ǻ, 8-12 
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mesh, Aldrich) overnight before being used.  To induce dewetting, 2-5% (v/v) water was 

added to the polymer solutions.  Poly(3,4-ethylenedioxythiophene)-poly(4-

styrenesulfonate) (PEDOT-PSS, Bayer) water solution was filtered before being used. 

4.2.2 Characterization 

The topology and structure of polymer films were observed by tapping-mode AFM 

(Digital Instruments Nanoscope III).  The surface root-mean-square (RMS) roughness 

was calculated by the software package included with the AFM.  PL spectra were 

obtained in ambient air with an excitation energy of 490 nm. The emission was collected 

by a monochromator (Oriel instrument, Electo-optical systems). 

4.3 Results and Discussion 

Figure 4-1 shows SEM images of a polymer thin film prepared from THF.  

 

Figure 4-1. SEM image of polymer prepared from THF solution: (a) center area with a 
low magnification, length of scale bar 200µm; (b) away from center area with 
a low magnification, length of scale bar 10µm; (c) center area with a high 
magnification, length of scale bar 200µm; (d) away from center area with a 
high magnification, length of scale bar 10µm. 
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The images with high magnifications (Fig. 4-1(c), 4-1(d)) show obvious rupturing 

of the film.  Near the center of the film (Fig. 4-1(c)), many holes formed and few polymer 

droplets formed inside these holes.  Away from the center area, striations formed 

(running from top-left to bottom-right in Fig. 4-1(b)), and polymer droplets formed along 

with the striations (Fig. 4-1(d)).  Compared with the film structure in chapter 3, only 

polymer films prepared from THF show the ruptured thin film structure.  Polymer films 

from other solutions showed smooth and continuous surfaces.  To investigate the basis of 

the rupture of polymer films during the spin-coating process from the THF solutions, we 

compared the properties of these five solvents and found only THF shows good 

miscibility with water (Table 3-1).  Since the entire process of solution preparation and 

spin coating were done in ambient air, it was believed that a small amount of water was 

dissolved in the THF solution during the spin-coating process even when THF was dried 

previously.  To test the influence of water on the thin-film structure, several THF 

solutions with different concentrations of water were prepared for film deposition.  The 

SEM images of the film structures are shown in Figure 4-2.  Figure 4-2(b) shows the 

structure of polymer films prepared from dried THF.  It shows that many holes formed on 

the surface without the presence of polymer droplets.  This ruptured film structure is 

similar to the beginning of polymer dewetting due to heat loading, although in this case 

the rupture occurs due to evaporation of the solvent (discussed further below) rather than 

the application of heat.  As the water content increased, the structure changed from a 

continuous film with holes to isolated polymer droplets (Fig. 4-2(d)).  Finally, polymer 

droplets replaced the entire polymer film, which is similar to the final stage of polymer 
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dewetting (Fig. 4-2(f)).  These results indicate that the degree of polymer rupturing is 

related to the concentration of water. 

 

Figure 4-2. SEM image of polymer thin-film prepared from THF solution with different 
H2O contents: (a and b) THF dried by molecular sieve for 1 day with a low 
and high magnification, length of scale bar 200 and 10 µm, respectively; (c), 
(d) 10µL of H2O added in 5 mL of THF with a low and high magnification, 
length of scale bar 200 and 10 µm respectively; (e), (f) 100µl H2O added in 
5mL of THF with a low and high magnification, length of scale bar 200µm 
and 10 µm, respectively. 

Different from the dewetting phenomenon induced by the heat loading after the 

spin-coating processes, this polymer rupturing happened during the spin-coating process.  

Two proposed mechanisms, spinodal dewetting or nucleation and growth, have been used 

to explain the relaxation processes of metastable or unstable polymer films toward 
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thermodynamic equilibrium with heat loading.  The polymer film rupturing during spin 

coating is dynamic in nature and cannot be explained by these two mechanisms.  Gu, et 

al. [89] have shown the dewetting of aqueous polymers coated on hydrophobic substrates.  

Since the ruptured film structure only occurs when some water is added to the THF 

solution, we need to test if the effect between water and ITO is the cause for this ruptured 

film structure.  We conducted contact angle measurements of water on ITO and found a 

contact angle around 90o, indicating that our ITO substrate is hydrophobic.  To test the 

effect of water during spin coating of a water-soluble polymer on the ITO substrate, we 

studied the surface structure of a PEDOT-PSS thin film spin-coated from water solution 

(Fig 4-3).  

 

Figure 4-3. PEDOT-PSS film structure on ITO substrate observed with optical 
microscopy: (a) low magnification, length of scale bar = 200µm; (b) high 
magnification, showing presence of a hole, length of scale bar = 20µm. 

Although there are some holes on the PEDOT-PSS film, the film structure is totally 

different from the PVK film from the THF solution shown in Fig 4-1.  Recall, as 

described previously, that the PVK thin films spin-coated from other water immiscible 

organic solvents, like chloroform or chlorobenzene, show smooth surface.  These results 
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indicate the substrate effect is not the reason for the formation of the ruptured film 

structure.  

In our system, polymers are dissolved in THF/water solvent.  Comparing the 

properties of water and THF, water has a higher surface tension (72.8 dynes/cm) than 

THF (24.8 dynes/cm).  Furthermore, polymers, including PVK and MEH-PPV, show 

poor interaction with water and cannot dissolve in water.  Therefore, the process of fast 

evaporation in this system is very complicated and can be analyzed as follows: in the 

very beginning, during the spin-coating process, the evaporation of THF induces 

Marangoni convection which will lead to thicker and thinner parts around the whole 

polymer film.  Due to the higher evaporation rate of THF than water, the solution layer 

near the surface has a higher water concentration and leads to a higher surface tension 

gradient, which can potentially drive a substantial convection.  Additionally, the 

precipitation of PVK or MEH-PPV can potentially occur at the same time due to the 

incompatibility between the water and polymers.  These phenomena could be important 

factors for the formation of ruptured thin films, but the details of the rupture mechanism 

are still not clear.  Two possible mechanisms for the film rupturing during the spin-

coating process are proposed and discussed further in chapter 8. In the last stage the thin 

film develops a few holes in the thick area and small polymer droplets in the thinner area 

on the ITO substrate.   

The water-induced dewetting phenomenon was also studied by Bonaccurso et al. 

[102], who found dewetting of ultrathin polystyrene films induced by saturated water 

vapor after spin-coating.  More recently, Muller-Buschbaum et al. [103] also showed that 

diblock copolymers dewetted on silicon during the spin-coating process. These results 
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show the interaction between the polymers, solvents, and substrate plays a significant role 

in the dewetting phenomenon and the rupture of polymer thin films. 

Figure 4-4 shows the optical microscopy and the SEM images of dewetted MEH-

PPV film structures.  

 

Figure 4-4. Structure of ruptured thin films: a) Optical microscopy image of MEH-PPV 
thin film prepared from 5% H2O in THF, striation structure away from center; 
b) SEM image of same film with higher magnification. 
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Figure 4-4(a) shows a similar striation structure as PVK films under an optical 

microscope.  Figure 4-4(b) shows the polymer films are ruptured and a lot of polymer 

droplets formed on the substrate.  The AFM image of MEH-PPV thin films prepared 

from dried THF solution and 5% water in THF solution lead to different surface 

structures, as shown in Figure 4-5.  

 

Figure 4-5. Height contrast of polymer thin-films from (a) dried THF solution with 
polymer concentration of 5 mg/ml; (b) 5% water in THF solution; (c) height 
profile of film along the line indicated in (a); (d) height profile of film along 
the line indicated in (b). 

The thin films from dried THF (Fig. 4-5(a)) are much smoother than from 

THF/water solution (Fig. 4-5(c)).  Film structures from THF/water solution consist of 

polymer droplets instead of a continuous polymer thin film. The height profile of the 

polymer film from the THF/water solution clearly shows the presence of polymer 

droplets on the ITO substrate (Fig. 4-5(d)).  The dewetting of MEH-PPV films is due to 

the incompatibility of the water and MEH-PPV.  During the spin-coating process, THF 

evaporates faster than water due to its high-evaporation rate, leading to phase separation 
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into a water-rich phase and a polymer-rich phase.  After the THF and water completely 

evaporate, polymer droplets are formed on the ITO substrate (Fig. 4-5(d)).  

The RMS roughness of polymer films from dried THF solutions of different 

polymer concentrations are similar to each other (<5nm) as shown in Table 4-1.  

Table 4-1. Roughness of MEH-PPV polymer films prepared from the dried THF and 
THF/water solutions 

Roughness (nm) Concentration  

(mg/mL) 

Spin Speed 

(rpm) Dried THF 2% H2O 5% H2O 

1000 2.7 32.2 * 

3000 2.2 14.3 * 

7 

5000 2.3 12.0 * 

5 1000 3.1 15.8 32.1 

2.5 1000 2.0 8.1 11.7 

 

For polymer films spin-coated from the THF/water solutions, the film from a high-

polymer concentration solution (7 mg/ml) shows much higher roughness.  The roughness 

also increases as the water concentration increases in the polymer solutions at the same 

polymer concentration (5 mg/ml).  In Table 4-1, the roughness of polymer films from the 

dried THF solution with different spin-speed is similar.  After 2% water is added, the 

polymer film from the lowest spin-speed shows the highest roughness.  According to the 

model of the spin-coating process described previously, higher concentration and low 

spin-speed lead to higher thickness.  Based on our results, roughness increases 

dramatically as the thickness of the polymer film increases.   

The PL measurement of these polymer films are shown in Figure 4-7. 
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Figure 4-6. PL spectra of MEH-PPV polymer thin-films. 

Polymer films with higher thickness caused by higher polymer concentration (Fig. 

4-6(a)) or lower spin-speed (Fig. 4-6(b)) show higher PL intensity.  Comparing the PL of 

non-dewetted and dewetted polymer films, the addition of water not only lowers the PL 

intensity, but also leads to red-shifted PL peaks.  The red shift is also related to the 
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thickness of the polymer films.  The polymer films with higher thickness (higher 

concentration or lower spin-speed) show more red shift (Fig. 4-6(a) and (b)) and the 

increase of water concentration also leads to more red shift (Fig. 4-6(a)).  From previous 

studies, the red shift of PL is due to the enhancement of chain interaction and the 

formation of aggregates.  To identify the cause for this phenomenon in our system, we 

measured the PL of MEH-PPV in THF solution (7 mg/ml) with different concentrations 

of water, as shown in Figure 4-7.  
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Figure 4-7. PL spectra of MEH-PPV in THF solutions (7 mg/ml) with different water 
concentrations.  

The emission (~550 nm) from polymer solutions does not show a red shift when 

water concentration is increased up to 7.5%.  When the water concentration is higher than 

7.5%, an additional lower energy emission at 590 nm appears due to the precipitation of 

MEH-PPV in the THF solutions.  These two separate emissions indicate two different 

polymer-chain conformations.  According to the description by Hu et al. [104] stiff-chain 
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conjugated polymers can exist in either a non-collapsed defect-coil conformation or a 

collapsed defect-cylinder conformation.  The collapsed conformation leads to a lower 

energy emission due to the enhancement of chain-chain interaction and the formation of 

aggregates [105]. Therefore, the emission from 550 nm and 590 nm are assigned to the 

non-collapsed defect-coil conformation and the collapsed defect-cylinder conformation 

respectively [105], and thus the precipitation of MEH-PPV causes a coil-cylinder 

transition.  Comparing Figure 4-6 and Figure 4-7, the emission (~570 nm) of the thin 

films is located between the emission from solution (550 nm) and precipitate (590 nm).  

This indicates that the red-shifted emission from polymer thin films is mainly due to the 

enhancement of interchain interaction [106] of polymer chains in the coil conformation 

instead of the transition of polymer conformation from the coil to the cylinder.  In turn, 

the results show that the polymer conformation in the thin films is dominated by the 

dynamics of spin-coating rather than thermal equilibrium.  Due to the fast evaporation of 

solvents during the spin-coating process, most polymer chains remain in the coil 

conformation.  Some polymer chains collapse to the cylinder conformation.  Polymer 

chains with the transition conformation between the stable coil and cylinder conformation 

could also exist in the polymer thin film.  The polymer chains with this complex 

conformation lead to a single and broad emission band shown in Figure 4-6.  Since the 

PL of the polymer solutions does not alter with a change in the water content before 

precipitation occurs (Fig. 4-7), the red-shifted emission of the polymer films from the 

THF/water polymer solutions (Fig. 4-6) is proposed to occur during the formation of 

polymer thin films.  The details are discussed as follows: 
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According to our model, due to the incompatibility of MEH-PPV and water, 

precipitation of MEH-PPV occurs during the spin-coating process.  Higher 

concentrations of water can generate higher content of precipitation of MEH-PPV in thin 

films.  The precipitate has a cylinder conformation, which has a higher interchain 

interaction and leads to a red-shifted emission.  Because of the fast evaporation rate 

during spin coating, the polymer chains cannot be transferred to the cylinder 

conformation in thermodynamic equilibrium like the process of precipitation formation 

shown in Figure 4-7.  Table 4-2 shows the emission peaks as illustrated in Figure 4-6. 

 

Table 4-2. PL of MEH-PPV polymer films prepared from the dried THF and THF/water 
solutions 

Emission peaks (nm) Concentration  

(mg/mL) 

Spin Speed 

(rpm) Dried THF 2% H2O 5% H2O 

1000 573 583 * 

3000 572 577 * 

7 

5000 572 573 * 

5 1000 572 573 577 

2.5 1000 571 571 572 

*: Precipitate generation. 

 

The results show that the red shift of these emission peaks is correlated to the water 

content in the THF solutions.  With increasing water content, the emission peaks are 

more red-shifted and the emission peaks are located between 550 nm and 590 nm.  These 

results are coincident to the proposed model for the formation of ruptured thin films.  

 Finally, we demonstrate the influence of this dewetting phenomenon on the 

performance of PLED devices.  Figure 4-8(a) shows the layer structure of this PLED 
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device.  A polymer thin-film coated from 2% water in the THF solution (dewetted 

polymer thin-film) was used as the light-emitting layer.  Figure 4-9(b) shows clear 

striation structure after this PLED device was turn on. 

 

Figure 4-8. PLED based on ruptured thin films: (a) The layer structure of PLED device. 
(b) The light-emitting output after the device is turned on.  

4.4 Conclusion 

In conclusion, we have found that the rupture of polymer films is related to the 

water in THF.  The rupture of the polymer solution could be related to the change of the 
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surface-tension gradient caused by the increased content of water near the solution 

surface and the incompatibility between the water and polymers, but the workings of this 

mechanism are still not so clear and need further study.  Compared to smooth polymer 

films, the ruptured polymer films show a more red-shifted emission.  We also observe 

that the conformation of polymer chains in solution and precipitation are of the un-

collapsed and collapsed conformation respectively.  The polymer chain undergoes a coil-

cylinder transition during the process of precipitation.  Therefore, polymer films coated in 

the THF solution with higher concentrations of water can lead to more polymer chains 

that have a cylinder conformation and red-shifted emission.  These results point out that 

the water effect is a critical factor in the performance of polymer thin-film devices.

 



CHAPTER 5 
SOLVENT, CONCENTRATION, AND ANNEALING EFFECTS ON 

PHOTOLUMINESCENCE OF POLYMER SOLUTIONS AND THIN FILMS  

5.1 Introduction 

As noted in chapter 2, the PL and EL of conjugated polymer thin films is related to 

fabrication processes, including solvents, concentrations, spin-speeds and annealing 

processes.  This chapter focuses on the study of the relationship between the PL and 

chain conformation in MEH-PPV and PFO.  

Some details of the relationship between the PL and the chain conformation in 

MEH-PPV are illustrated in chapter 2.  From light-scattering experiments [28], MEH-

PPV shows a more-extended chain conformation in the “good solvent,” CB, than in the 

“poor solvent,” THF.  Polymer chains with a more-extended conformation lead to a red-

shifted emission due to longer resonance length.  Therefore, the PL of MEH-PPV in CB 

shows a red-shifted emission compared to the PL of MEH-PPV in THF solutions.  

Grell et al. [13,14] who worked on the PFO system, define “good solvents” and 

“poor solvents” according to solubility parameters.  Chloroform and THF are “good 

solvents” because of their higher solubility in PFO.  Toluene is a “moderately good 

solvent” because of its slightly lower solubility, while cyclohexane is a “poor solvent” 

because of its low solubility.  According to the results, PFO in poor solvents shows an 

additional red-shifted peak.  Their study proposed that this emission is due to a more 

compact polymer chain conformation in poor solvents, which leads to the generation of 

aggregates and an additional emission peak.  Comparing the results from these two 
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research groups, the controversy on the definition of “good solvents” and “poor solvents” 

exists, as well as the explanation of solvent effects on photoluminescence. 

In this chapter, the first part focuses on the solvent effect on the PL of MEH-PPV 

and PFO solutions.  The PL of polymers in more than two solvent systems is measured.  

Combined with the results from the viscosity measurements, more details about the 

polymer conformation in solutions are given and subsequently are used to explain the 

relationship between the PL and solvent properties.  The second part focuses on the 

influences of the solvent, the polymer concentration, and the annealing process on the PL 

of polymer thin-films.      

5.2 Experiment  

5.2.1 Sample Preparation 

MEH-PPV (Mn = 40,000-70,000, Aldrich) and PFO (Mw = 52,000, American Dye 

Source, Inc) were used as received. MEH-PPV was dissolved in organic solvents at 

several concentrations from 0.1 ~ 10 mg/mL. These solutions were filtered (1 µm PTFE 

filter) and spin-coated on ITO glass at 1000 rpm for 30 seconds. 

5.2.2 PL Measurement   

The PL of polymer solutions was measured in a quartz cell with the excitation 

energy of 490 nm for MEH-PPV and 380 nm for PFO.  The emission was collected by a 

monochromator (Oriel instrument, Electo-optical systems) with a range from 530 nm to 

700 nm for MEH-PPV and 400 nm to 650 nm for the PFO solutions and thin films. 

5.2.3 Viscosity Measurement  

The viscosity was measured with a standard Ubbelohde capillary viscometer in a 

temperature-controlled water bath at ~ 28 °C.  Polymer solutions were filtered through a 

1.0 µm PTFE filter to remove dust particles and other impurities.  Polymer solutions were 
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held in the temperature bath for approximately 15 minutes to reach thermal equilibrium.  

Typically, the measurement was repeated at least three times.   

5.3 Results and Discussion  

5.3.1 PL of Polymer Solutions 

5.3.1.1 Solvent effects 

Figure 5-1 shows the PL of the MEH-PPV solutions in four organic solvents: 

chloroform, CB, THF, and Tetrachloroethane (TCE).  
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Figure 5-1. PL of 0.5% MEH-PPV solutions.  

The PL from the CB solutions shows a red-shifted emission compared to the THF 

solutions, which is coincident to the results from Nguyen et al. [28].  In addition, the 

emission peak of the chloroform solution is located between the peaks of THF and CB.  

The PL from the TCE solutions shows the most red-shifted emission.   

Figure 5-2 shows results of PFO dissolved in six organic solvents: toluene, THF, 

chloroform, CB, TCE, and cyclohexaone (from left to right) with a concentration of 0.5 
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%.  From the figure, chloroform shows the highest solubility and cyclohexanone shows 

the poorest solubility, which is coincident to the results from Grell et al. [13]. 

 

Figure 5-2. PFO dissolved in toluene, THF, chloroform, CB, TCE, and cyclohexanone 
(from left to right).  

Table 5-1. Solubility parameter and polymer solubility. 
Solvent Solubility Parameter 

(cal/cm3)1/2

PFO solubility 

(mg/ml) 

MEH-PPV solubility 

(mg/ml) 

Toluene 8.9 <1 <5 

THF 9.1 3~5 7~10 

Chloroform 9.3 >5 >15 

CB 9.5 3~5 7~10 

TCE 9.7 ~1 7~10 

Cyclohexanone 9.9 <1 <5 

Table 5-1 shows the solubility parameters of these organic solvents [107] and the 

solubility of PFO and MEH-PPV in these solvents based on our test results. Based on the 

solubility of PFO and MEH-PPV, both polymers have similar solubility parameters near 

9.3, and chloroform is a better solvent than the other solvents.  From these results, 
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chloroform is a good solvent compared to the other organic solvents. This conclusion is 

consistent with the result from Grell et al. [13]. 

Figure 5-3 shows the PL of the PFO solutions.  
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Figure 5-3. PL of PFO in THF, TCE, Chloroform and CB. 

The figure shows that PL from TCE solution has the most red-shifted emission. 

The PL from THF solution shows the most blue shifted emission, which is similar to the 

resultsfor MEH-PPV.  

From these results, we can see the controversy of the definition of “good” solvents 

and “poor” solvents. Assuming that chloroform is the best solvent compared to other 

solvents, the chain conformation of MEH-PPV and PFO in chloroform should be more 

extended than in the other solvents.  Polymer chains with a more-extended conformation 

have a longer resonance length and lead to more red-shifted emission, which means the 

PL of MEH-PPV and PFO in chloroform should show the most red-shifted emission 

compared to other solvents.  In Figure 5-1, however, the PL of MEH-PPV in chloroform 

solution does not show the most red-shifted emission.  In the PFO system shown in 
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Figure 5-3, the PL from the chloroform solutions does not show the most red-shifted 

emission, either.  Instead, the PL from the “poor” solvent, TCE, shows a more red-shifted 

emission compared to the “moderately good” solvent, CB, and the “good” solvents, THF 

and chloroform.  

To solve this controversy, we need to figure out the chain conformation of these 

polymers in different solvent systems. The viscosity of a polymer solution is related to 

the dimension of the polymer chains and can be used to estimate the polymer 

conformation in solution. 

The measurement of the viscosity of a solution is based on capillary flow.  The 

fluid flowing through a capillary follows Poiseuille’s Law: 

Vl
Ptr

8
 4 ∆

=
πη  

where r is the radius of the capillary; t is the flow time; V is the fluid volume between the 

two markers on the viscometer; and ∆P is the pressure drop.  For a capillary viscometer 

in the vertical position, ∆P is generated from gravity: 

 glP ligρ=∆  

where ρliq is the density of the liquid and l is the length between the two markers.  The 

kinematic viscosity is defined as follows: 

kinematic viscosity t
V

gr

liq 8
 4π

ρ
η

=≡  

where 
V

gr
8
 4π  is a constant for a given viscometer and can be determined by measuring a 

fluid of known viscosity.  Therefore, the kinematic viscosity of any polymer solution can 

be measured by measuring the flow time, t.  

 



61 

Figure 5-4 shows the kinematic viscosities of MEH-PPV in chloroform, CB, and 

TCE at different concentrations. 
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Figure 5-4. The measurement of kinematic viscosities of MEH-PPV in CB, chloroform, 
and TCE at different concentrations. 

Polymer chains are isolated and do not interact with each other at low-polymer 

concentrations.  When the polymer concentration is increased, the polymer chains start to 

entangle with each other and the slope of the viscosity-concentration curve is changed.  

In this figure, the curve for MEH-PPV in TCE changes slope at a lower concentration 

compared to CB and chloroform, which indicates that the polymer chains in TCE more 

easily interact with each other and form entanglements.  

By measuring the viscosity of the pure solvent, ηs, the specific viscosity, ηsp, can be 

calculated: 

K++=
−

≡ 2][ cKc v
s

s
sp η

η
ηη

η   
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where [η] is the intrinsic viscosity, Kv is a second-order coefficient and c is the 

concentration. Therefore, the intrinsic viscosity, [η], can be determined by: 

c
sp

c

η
η

0
lim][

→
=  

The intrinsic viscosity is a quantity characteristic of a polymer.  A polymer 

molecule with a larger dimension has a larger intrinsic viscosity.  Figure 5-5 shows ηsp/c 

plotted as a function of c for the MEH-PPV solutions. 
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Figure 5-5. ηsp/c plotted as a function of c for MEH-PPV in CB, chloroform, and TCE. 

This figure shows that MEH-PPV has the highest intrinsic viscosity in TCE and the 

lowest intrinsic viscosity in chloroform.  This indicates that MEH-PPV has a larger 

dimension and a more extended chain conformation in TCE.  MEH-PPV in chloroform 

shows a smaller dimension and a more compact chain conformation.  These results are 

coincident to the PL shown in figure 5-1.  MEH-PPV in TCE shows the most red-shifted 
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emission and MEH-PPV in chloroform shows the most blue-shifted emission among the 

three solutions.     

Therefore, from the PL results, the MEH-PPV and PFO polymer chains do not 

show a longer conjugated length when they are dissolved in solvents in which they are 

more soluble.  This phenomenon is different from what is seen in traditional polymers.  

For traditional polymers, like PS or PMMA, polymer chains show a random-walk 

conformation when dissolved in good solvents, and the polymer chains are extended.  

When solvents become poorer, the polymer chains contract due to the unfavorable 

interaction between the polymer chains and the solvent. Therefore, the polymer chains in 

poor solvents are more contracted.  The difference in trend between traditional polymers 

and conjugated polymers is quite possibly due to the specific chemical structure of the 

conjugated polymers.  MEH-PPV and PFO have rigid aromatic groups as main chains 

and soft alkyl groups as side chains.  The solubility of these polymers is mainly 

controlled by the side chain groups, whereas the PL is controlled by the resonance length 

on the main chains.  So far, there are very few studies that have focused on solvent 

effects on the chain conformation of conjugated polymers using computer simulation.  

Recently, one study [33] was conducted comparing aromatic and non-aromatic solvent 

effects on the chain conformation of MEH-PPV.  Although the results could be used to 

explain the red-shifted emission of the CB solution compared to the chloroform or THF 

solutions, it is still not sufficient to explain the red-shifted emission as seen in the TCE 

solution.  The effect of this solvent on chain conformation could be very complicated and 

may not conform to a simple rule.    
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5.3.1.2 Concentration effects 

Figure 5-6 shows the PL of MEH-PPV in chloroform at four different 

concentrations. 
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Figure 5-6. PL of MEH-PPV in chloroform in concentrations of 0.1, 1, 5, and 10 mg/mL. 

Compared to the results from viscosity measurement shown in Figure 5-4, Figure 

5-6 shows that the PL of MEH-PPV does not change even when the polymer chains start 

to form entanglements (concentration higher than 5 mg/mL) in chloroform solutions.  

This indicates that the formation of entanglements and the inter-chain interactions of 

MEH-PPV polymer chains in solution does not change the chain conformation and affect 

the PL.  MEH-PPV in CB and TCE also show similar results, as seen in figure 5-7.  The 

PL of MEH-PPV in CB and TCE does not change when concentration is changed. 
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Figure 5-7. PL of MEH-PPV in CB and TCE. 

Figure 5-8 shows the PL of PFO in chloroform with different polymer 

concentrations.  
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Figure 5-8. PL of PFO in chloroform. 
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Unlike the PL of MEH-PPV solutions, the PL of PFO solutions shows an extra 

emission peak near 435 nm when the polymer concentration is increased.  This suggests 

that the PFO can form a special morphology in solutions when the concentration is 

increased, and that interchain interaction exists in said morphology, which can lead to an 

extra red-shifted emission.  This phenomenon is also observed in other solvent systems. 

Previous studies have shown that PFO exists as a β-phase [14] via suitable 

physicochemical treatment in the solid state.  This β-phase has a high degree of interchain 

order and a longer conjugation length, which leads to a red-shifted emission.  Our results 

show that gelation of PFO in the polymer solution at a higher concentration also leads to 

an extended chain conformation and can generate an extra emission peak as shown in the 

PL measurement.  

5.3.1.3  Water effect on PFO in THF solutions 

In the previous chapter, the effect of water on MEH-PPV was explored.  After 

adding water to the THF solutions, the MEH-PPV precipitates and the polymer chains 

form a collapsed conformation.  

Figure 5-9 shows the PL of PFO in THF after water is added.  In contrast to the PL 

of MEH-PPV in THF solutions (Figure 4-8), PFO shows three emission peaks during the 

process of precipitation formation.  Based on the previous discussion, the emission peak 

near 440 nm is due to the formation of aggregates in the THF solution.  The emission 

peak near 470 nm is due to the formation of precipitates.  
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Figure 5-9. PL of PFO in the THF solution with different water concentrations. 

Therefore, these results show that the water can also induce aggregation of PFO in 

THF solutions.  After adding more water, PFO can also undergo a transformation of 

chain conformation from coil to cylinder.   

5.3.2 PL of Polymer Thin films 

As noted in chapter 2, the polymer chains have a much stronger interchain 

interaction in polymer thin films compared to polymer solutions.  Therefore, the PL of 

polymer thin films shows lower quantum efficiency and a red-shifted emission due to the 

generation of aggregates.  

5.3.2.1 Solvent effects 

Figure 5-10 shows the PL of MEH-PPV in four different solvents: chloroform, CB, 

THF, and TCE, as well as the PL of thin films coated from these solutions under the same 

polymer concentration and same spin-speed. 
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Figure 5-10. Comparison of PL of MEH-PPV in polymer solutions and thin films. 

This figure illustrates how the PL from films shows an emission with the longest 

wavelength when the film is cast from TCE and the shortest wavelength when it is cast 

from THF.  This result shows that the degree of red-shift occurs in the same order as the 

PL from the polymer solutions, which indicates that the chain conformation of polymers 

can be maintained during the spin-coating process [28].  The red-shifted emission from 

polymer films compared to polymer solutions is due to the formation of aggregates.  

5.3.2.2 Concentration and spin-speed effects 

Based on the classic model of the spin-coating process [73], the film thickness is 

determined by the concentration of the polymer solution and the spin-speed. Recent 

research also has shown that the conformation of polymer chains and the interchain 

interaction can be altered by changing the concentration and the spin-speed [33].  Figure 

5-11 shows the PL of MEH-PPV thin films cast from chloroform solutions with three 

different concentrations.  

 



69 

550 600 650 700

 

PL
 In

te
ns

ity
 (A

rb
. U

ni
t)

Wavelength (nm)

PL of MEH-PPV films 
from chloroform

 7 mg/mL
 5 mg/mL
 2.5 mg/mL

 

Figure 5-11. PL of MEH-PPV thin films from chloroform solutions with concentrations 
of 2.5, 5, and 7 mg/mL. (Spin-speed = 1000 rpm) 

The polymer film spin-coated from the solution with a lower polymer concentration 

shows a lower thickness, which leads to a lower PL intensity.  The films coated from 

solutions of lower concentration (2.5 mg/mL and 5 mg/mL) show slightly blue-shifted 

emissions compared to the films coated from solutions of higher concentration (7 

mg/mL).  This indicates that the films coated from solutions with higher concentrations 

have a better interchain interaction compared to the films coated from solutions with 

lower concentrations.  Therefore, the increase of polymer concentration can increase the 

film thickness as well as the chain interaction, which leads to a red-shifted emission.   

Figure 5-12 shows the PL from MEH-PPV thin films coated from the chloroform 

solutions with the same concentration at three different spin-speeds. 
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Figure 5-12. PL of MEH-PPV thin films coated from chloroform solution (7 mg/mL) at 
1000, 3000, and 5000 rpm. 

An increase of spin-speed will lead to a thinner film and will result in a lower PL 

intensity, as shown in Figure 5-12.  Moreover, the PL of the thin films from higher spin-

speeds (3000 rpm and 5000 rpm) show slightly blue-shifted emissions compared to the 

films from a lower spin-speed (1000 rpm).  This indicates that the polymer chains which 

cast using higher spin-speeds have less interchain interaction.  Therefore, the spin-speed 

effect shows the same effect as concentration: i.e. polymer films coated from lower 

speeds show higher thickness and more interchain interactions, which lead to a red-

shifted emission. 

Figure 5-13 and Figure 5-14 show the effect of concentration and spin-speed on the 

PL of MEH-PPV films coated from CB solutions.  The results show that the PL of MEH-

PPV films coated from CB solutions also follow the same trend as the PL of MEH-PPV 

films coated from chloroform solutions. 
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Figure 5-13. PL of MEH-PPV thin films from CB solutions with concentrations of 2.5, 5, 
and 7 mg/mL. (Spin-speed = 1000 rpm) 
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Figure 5-14. PL of MEH-PPV thin films coated from chloroform solutions (7 mg/mL) at 
1000, 3000, and 5000 rpm. 
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5.3.3.3 Annealing effects 

As described in chapter 2, the annealing process can increase the interchain 

interaction of polymer chains in the spin-coated thin films, which leads to the generation 

of aggregates.  The formation of aggregates leads to the reduction of PL efficiency and a 

red-shifted emission.  

Figure 5-15 shows the annealing effect on the MEH-PPV thin film coated from 

chloroform solution.  
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Figure 5-15. The PL of MEH-PPV coated from chloroform solution before and after 
annealing at 120 oC for 3 hrs in a vacuum. 

Comparing the PL of the thin film before and after the annealing process, the 

annealed MEH-PPV thin films show lower PL efficiency and a red-shifted emission, 

which is consistent with the previous studies.  Figure 5-16 shows that the annealing effect 

on MEH-PPV thin films coated from CB solutions is similar.   

 



73 

550 600 650 700

 

PL
 In

te
ns

ity
 (A

rb
. U

ni
t)

Wavelength (nm)

 Before annealing
 After annealing

 

Figure 5-16. PL of MEH-PPV coated from CB solution before and after annealing at 120 
oC for 3 hrs in a vacuum. 

5.4 Conclusion 

From the PL and viscosity measurements of polymer solutions, we conclude that 

the emission peak of MEH-PPV and PFO solutions depend on the chain conformation (or 

conjugation length).  The PL of polymer chains with a large dimension shows a red-

shifted emission compared to polymer chains with a small dimension, due to the increase 

of the conjugation length.  The PL of MEH-PPV solution is not affected when the 

polymer concentration is increased, even once entanglements are formed.  Different from 

MEH-PPV, the PL of PFO solutions show an extra red-shifted emission when 

concentration is increased.  This is due to the gelation of PFO in the polymer solution and 

the formation of an extended-chain conformation.  More details about the chain 

conformation of PFO will be discussed in chapter 7. 
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The precipitation of MEH-PPV by adding water to THF can result in a coil-

cylinder transition, which leads to an extra red-shifted emission.  Different than MEH-

PPV, water leads to gelation before the coil-cylinder transition occurs in PFO solutions.  

The PL of polymer thin films is related to the chain conformation as well as the 

interchain interaction in the thin films.  The formation of aggregates, which are caused by 

the interchain interaction, leads to lower PL quantum efficiency and a red-shifted 

emission. Therefore, those spin-coating conditions which can improve the packing of 

polymer chains and lead to formation of aggregates show a red-shifted emission.   

 
   

 



CHAPTER 6 
DEGRAGATION OF METAL CONTACT IN POLYMER LIGHT-EMITTING DIODE 

DEVICES  

6.1 Introduction  

Bubble formation on calcium/aluminum contacts to bilayer poly(n-vinyl carbazole) 

(PVK)/poly(3,4-ethylenedioxythiophene)-poly(4-styrenesulfonate) polymer light-

emitting diode (PLED) devices was studied using optical and electron microscopy and 

Auger electron spectroscopy (AES).  The formation of bubbles is shown to correlate with 

pinholes in the metal contact thin film and with excess absorbed water in the presence of 

the calcium layer.  AES data show oxidation at the Ca/Al interface during this process.  

Gas evolution and relaxation of compressive stress when voltage is applied to the PLED 

devices are postulated to cause the formation of bubbles. 

 

6.2 Experiment 

6.2.1 Device Fabrication 

The multilayer PLED device consisted of an indium-tin-oxide (ITO) coated glass 

substrate coated with layers of PEDOT-PSS/PVK/Ca/Al, as shown schematically in 

Figure 6-1.  The 50 nm PEDOT-PSS (Bayer) layer was spin-coated (3000 rpm) on the 

cleaned ITO coated glass, then dried at 120oC for 20 minutes.  The PVK (Aldrich) 

solution was prepared by dissolving 50 mg of the polymer in 5 ml of toluene and spin-

coated (700 rpm) to form a 70 nm layer on the PEDOT-PSS.  The 10 nm Ca layer and 
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200 nm Al layer were deposited by thermal evaporation in a glass bell jar, an oil-

diffusion-pumped vacuum system with a base pressure of 4x10-6 Torr. 

 
 

Figure 6-1. Schematic of the PLEDs used in this study. 

To study the contributions of the various layers to bubble formation in the cathode 

contact, multilayer devices were prepared as described below without selected layers, e.g. 

without the Ca or PEDOT-PSS layers.  Encapsulated devices means that the cathode 

contact would be covered by epoxy (Quickset™, Loctite), sealing a glass slide (Micro 

slide 2947, Corning) over the surface in an atmosphere of argon. 

6.2.2 Characterization 

Bubble formation was observed by optical microscopy after applying a current to 

the devices in ambient laboratory air, or heating in various atmospheres.  The chemical 

composition of the cathode surface of the PLED device was determined by using a 

Perkin-Elmer PHI 660 Auger electron spectrometer (AES).  A primary electron beam of 

5 keV was used.  The Auger electron peaks at energies around 271, 294, 511, and 1398 

eV are chosen for the elements C, Ca, O, and Al respectively.  The composition through 

the cathode and at the polymer/cathode interface was determined by using 1 keV argon 

sputter depth profiling on the AES. 
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6.3 Results and Discussion 

6.3.1 Bubble Formation Phenomenon and Mechanism 

Figure 6-2 shows bubbles that formed in the Ca/Al cathode film on a standard 

PEDOT-PSS/PVK PLED upon the application of an electrical bias within one hour after 

depositing the Ca/Al cathode (Fig. 6-2(a)), or after depositing the Ca/Al cathode and 

storing the device for 24 hours in lab air (Fig. 6-2(b)).  

 
 

Figure 6-2. Bubble formation observed with optical microscopy: (a) biased with 7 V, 10-5 
A⋅cm-2 for 1 min. within one hour after thermal evaporation of Al; (b) biased 
with 7 V, 10-5 A⋅cm-2 for 1 min after storage in laboratory air for 1 day (∼60% 
relative humidity, 27 oC). Note the lower magnification in (b). 
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Prior to the application of an electrical bias, no bubbles were observed in either 

sample.  Both devices were biased at 7 V, which caused a current density of 10-5 A⋅cm-2 

to flow through the devices.  The small bubbles in Fig. 6-2(a) developed after 15 minutes 

of bias, while large bubbles developed after only 1 minute of bias on the device stored in 

lab air for 24 hours.  Note that in both cases, the bubbles formed around a defect 

(pinhole) in the Ca/Al cathode thin film.  

Do et al. [69] and McElvain et al. [68] reported that bubbles formed in Mg/Al 

cathode thin films on Alq3 emitter layers due to heat, gas evolution and oxidation of the 

Al as a result of electrical biasing.  Savvate’ev et al. [65] reported that gas evolution 

caused delamination of the Al cathode thin films on the PPV layers, resulting in electrical 

noise and ultimately a current spike that resulted in carbonized polymer areas.  Do et al. 

[69] showed that an inert atmosphere inhibited the formation of bubbles.  The effects of 

the environment and encapsulation on the formation of cathode bubbles in our PEDOT-

PSS/PVK conjugated polymer devices were tested by storing devices for four days under 

argon or air with and without epoxy/glass encapsulation, followed by electrical biasing at 

8 V for 2 minutes (Figure 6-3).  The cathode surfaces of these devices before electrical 

biasing, shown on the left, are free of bubbles even when stored without encapsulation.  

After electrical biasing, the surface of encapsulated devices stored in argon did not 

bubble, but bubbles were observed on the surfaces of the other devices stored in argon or 

air without encapsulation, or in air even with encapsulation.  The bubbles were larger and 

more numerous for devices stored in air (Figs. 6-3(c) and 6-3(d)) versus argon (Figs. 6-

3(a) and 6-3(b)).  Devices stored in air without encapsulation formed the greatest amount 

of bubbles after biasing (Fig. 6-3(d)).  
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Figure 6-3. The effects of storage ambient and encapsulation upon bubble formation as a 
result of electrical bias (8 V for 2 min.).  Encapsulated or non-encapsulated 
devices were stored for four days in argon or air as follows: (a) argon with 
encapsulation; (b) argon without encapsulation; (c) air with encapsulation; (d) 
air without encapsulation. Photos on the left and right are before and after the 
devices were biased, respectively. 
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These data are consistent with the results of Do et al. [69] and show that argon 

reduced the formation of bubbles, and with their general conclusion that moisture 

accelerates their formation.  It is interesting to note that bubbles were denser near the 

edges of the dot contacts, suggesting that moisture could more easily penetrate into the 

devices at the step edges where there was no protective Al layer. 

 

Figure 6-4. The dependence of bubble formation on the type of conjugated polymer and 
temperature in the absence of electrical bias. Devices consisted of the normal 
ITO/polymer/Ca/Al structure, where the polymer layer is either PVK or 
PEDOT-PSS.  Devices were examined in real time by optical microscopy 
while being heated on a hot stage either immediately after deposition of the 
cathode, or 24 hours after this deposition with storage in air. The samples and 
temperatures were as follows: (a) PVK, fresh, 120oC; (b) PVK, fresh, 250oC; 
(c) PVK, 24 hour storage, 120oC; : (d) PEDOT-PSS, fresh, 120oC; (e) 
PEDOT-PSS, fresh, 250oC; (f) PEDOT-PSS, storage, 120oC.  Note that 
bubbles are observed only when PEDOT-PSS is present.  Note also that 
bubbles were formed by heating alone without an electrical bias. 
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To determine whether PEDOT-PSS or PVK was contributing to the formation of 

bubbles, devices were prepared with only a PVK (Figs. 6-4(a) - 6-4(c)) or a PEDOT-PSS 

(Figs. 6-4(d) - 6-4(e)) polymer layer, respectively.  In addition, to determine if simple 

heating without electrical currents would cause bubbles to form, the devices were heated 

to either 120oC or 250oC on a hot plate in air.  Finally, devices were heated immediately 

after the deposition of the cathode (fresh devices) and monitored while hot using the 

optical microscope.  Neither fresh PVK nor fresh PEDOT-PSS devices showed bubbles 

when heated to 120oC (Figs. 6-4(a) and (d)).  When the temperature was raised to 250oC, 

only the device with a PEDOT-PSS layer formed bubbles (compare Figs. 6-4(b) and (e)).  

While storage in air for 24 hours did not cause bubbles to form at 120oC on PVK devices, 

large bubbles were found on PEDOT-PSS devices that were treated in a similar fashion.  

These data demonstrate that water is absorbed by and evolved from PEDOT-PSS layers 

to form bubbles.  They also demonstrate that simple heating without an electrical bias can 

result in the formation of bubbles on these devices.  This is consistent with the postulate 

that local heating can cause gas evolution from some polymers [65].  By real time 

observations in the optical microscope, the fresh PEDOT-PSS devices started to evolve 

gas and form bubbles at T ∼220oC.  While storage of PVK devices in air for 24 hours did 

not cause bubbles to emerge (Fig. 6-4(c)), storage accelerated their formation in PEDOT-

PSS devices.  After 24 hours in air, PEDOT-PSS devices started to form bubbles at 

temperatures of ∼90oC, and they were well-formed by 120oC (Fig. 6-4(f)).  Observation 

of the bubbles at 90oC after a 24-hour exposure to air supports the conclusion that 

PEDOT-PSS layers absorb and evolve water to create bubbles.  Because of the low water 

content and experience with other hydrophobic polymers, it is believed that the bubbles 
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formed in fresh PEDOT-PSS samples heated to 250oC result from decomposition of the 

polymer.  Since PEDOT-PSS is soluble in water, it is reasonable that these layers would 

absorb water under ambient storage conditions, and evolve water when heated to T~90oC.  

Do et al. [69] also suggested that water can lead to formation of Al2O3 with 

evolution of H2, which can cause bubbles to form.  In our devices, water in the PEDOT-

PSS layer could react either with Ca or Al to form H2, e.g.:    

 Ca + H2O → CaO + H2 

 2Al + 3H2O → Al2O3 + 3H2  

To evaluate the importance of these reactions, devices were made with either the 

normal Ca/Al or with only an Al cathode dot contact to the normal PVK/PEDOT-PSS 

bilayer structure.  A small water-droplet was placed on the surface of these cathodes, 

without an electrical bias being applied.  The results are shown in Figure 6-5.  

 

Figure 6-5. Formation of bubbles by water droplets in the absence of an electrical bias 
when a Ca layer is present. The photos are of Al only or normal Ca/Al cathode 
contacts with water droplets on the surface. Al-only contact (a) immediately 
after placing a water droplet on the surface, and (b) after a few minutes; no 
bubbles are observed. Ca/Al contact (c) immediately after placing a water 
droplet on the surface, and (d) after a few minutes; large bubbles are obvious 
in (d). 
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No bubbles are observed immediately after placing the water droplet on either 

contact (Figs. 6-5(a) and 6-5(c)).  For the cathode consisting of only an Al layer, no 

bubbles were observed upon contact after 5 min (Fig. 6-5(b)).  By contrast, large bubbles 

are observed after <5 minutes on devices with a normal Ca/Al cathode (Fig. 6-5(d)).  

Pinholes certainly existed in both the Al and the Ca/Al cathodes, allowing water to 

quickly reach the metal/polymer interface.  Formation of bubbles in only a few minutes 

when the Ca layer was present demonstrates its importance to the formation of bubbles.  

Perhaps the Ca reacts rapidly to evolve gas quickly and thereby form a bubble.  This is 

consistent with the fact that CaO should not form a passivating oxide layer.  Conversely, 

Al forms a protective Al2O3 layer and would not result in rapid H2 evolution from the 

above chemical reaction.  A second factor may be the mechanical strength of the 

interfacial oxide formed by such reactions.  An interfacial layer of CaO may fracture 

more easily than Al2O3 and thus allow for a gas pocket to form a bubble.  

6.3.2 Surface Composition (AES) 

A scanning electron microscope (SEM) in the AES mode was used to examine the 

surface for pinholes surrounded by bubbles that were produced by electrical biasing at 7 

V for 10 minutes on a device stored in air for 1 day (see Fig. 6-6(a)).  The AES spectra 

collected from the pinhole and adjacent cathode surface are shown in Fig. 6-6(b).  The 

spectra from the pinhole (i) contain Auger peaks from only C and O, presumably from 

the polymer thin film structure.  No Al was detected in the pinhole.  The spectrum from 

the adjacent cathode surface (ii) contains peaks from C, O and Al.  The strong oxygen 

signal in (ii) is due to Al2O3 on the Al surface.  The C peak is from normal adventitious 

contamination due to adsorption of organics and hydrocarbons from laboratory air.  Since 

pinhole areas lack the protection of a continuous Al layer, they offer paths for transport of 
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water and oxygen to the Ca and polymer layers.  The composition versus depth in the 

PLED before and after electrical biasing was determined by sputter depth profiling shown 

in Figs. 6-7(a) and 6-7(b), respectively.  

Both devices showed high oxygen signals at the surface due to the formation of a 

few nanometer-thick native oxide films by exposure of freshly deposited Al to air.  For 

the unbiased sample in Fig. 6-7(a), the oxygen concentration shows a second increase 

after sputtering through the Al films and reaching the Ca underlayer.  The Ca peak-

intensity rises simultaneously with that of oxygen, suggesting that the Ca was at least 

partially oxidized during the thermal-evaporation process or during the delay in switching 

the power supply and heating the Al boat for deposition of the Al overlayer.  However, 

the Ca layer was not completely oxidized to CaO since the device turn-on voltages were 

lower (∼4 V) when the Ca was present at the cathode interface.  By contrast, when Al 

contacted the polymer layers directly, the turn-on voltage increased to ∼12 V. 
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Figure 6-6. Pinhole structure and composition: (a) SEM image of a pinhole in the Al/Ca 

cathode dot contact and surrounding bubbles generated by application of an 
electrical bias; (b) AES spectra from the cathode surface (i) inside the pinhole, 
and (ii) outside the pinhole. 
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Figure 6-7. AES sputter depth profile of a normal 10 nm Ca/60 nm Al PLED cathode dot 

contact (a) before and (b) after an electrical bias was applied. Note the 
increase of oxygen at the Al/Ca interface after electrical biasing (8 V for 10 
min. in laboratory air). 

As a result of biasing (Fig. 6-7(b)), the oxygen Auger peak intensity increased 

before the Ca Auger peak, suggesting that the electrical bias led to oxidation of Al at the 

Al/Ca interface.  Based on the data reported above that the Ca layer led to the formation 

of bubbles, water that evolved from the PEDOT-PSS layer may have reacted with the Ca 

layer to form H2 and bubbles when the devices were biased.  Once the Ca layer was 
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completely converted to CaO, the water would attack the Al layer to form Al2O3 or 

Al(OH)3.  This interfacial oxide/hydroxide would be expected to have poor mechanical 

properties and could lead to loss of interfacial adhesion and the generation of a bubble. 

6.4 Conclusion 

The formation of bubbles in cathode contacts to Al/Ca/PVK/PEDOT-PSS/ITO-

glass PLEDs was studied using microscopy and Auger electron spectroscopy.  The data 

showed that bubbles could be generated three ways: 1. by electrical biasing, 2. by simply 

heating to T>90 oC without an electrical bias when moisture and PEDOT-PSS were 

present, and 3. by the presence of a water droplet without an electrical bias when a Ca 

layer (under an Al overlayer film) and PEDOT-PSS were present.  Bubbles tended to 

form around pinhole defects in the cathode thin films or around the edge of the dot 

contact.  The mechanism of bubble formation was suggested to be an absorption of 

moisture by the PEDOT-PSS layer where the Ca/polymer interface was not protected (i.e. 

at pinholes and the edge of the dot contact), and subsequent gas evolution due to 

interfacial chemical reactions and/or heating.  While the presence of a Ca layer in the 

cathode led to significantly lower PLED turn-on voltages, it also led to interfacial 

reactions and bubble formation in the presence of water droplets at room temperature 

without an electrical bias.  The Auger electron sputter depth profile data are consistent 

with this mechanism. 

 

  



CHAPTER 7 
EFFECT OF THERMO-INDUCED OXIDATION ON POLYMER STRUCTURE AND 

OPTICAL PROPERTIES OF POLYFLUORENE 

7.1 Introduction 

.Polyfluorenes (PF), which shows a blue light emission of high quantum efficiency, 

can be used as the light-emitting layer in blue PLEDs [108].  The formation of a liquid-

crystalline phase further makes PF a potential material for use in polarized polymer light-

emitting devices [14].  Upon device operation, the formation of an additional emission 

peak around 535 nm is usually observed.  Recently, it has been shown that this emission 

is due to the photo- or electro-induced oxidation of polyfluorene chains and the formation 

of ketonic defects [11,109-111], as shown in Figure 7-1. 

 

Figure 7-1. Proposed mechanism for the generation of keto-defect sites. 

In first part of this chapter, the relationship between the optical properties and the 

polymer morphology of poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO) will be illustrated.  

Then the thermo-induced oxidation of PFO and its effects on optical properties and 

polymer morphology will be discussed.  
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7.2 Experiment 

7.2.1 Sample Preparation  

PFO (Mw = 52,000 and 341,000, American Dye Source, Inc) is used as received.  

Polymer solutions were prepared by dissolving PFO in chloroform at concentrations 

between 1 to 5mg/mL.  These solutions were filtered (1 µm PTFE filter) and spin-coated 

on ITO glass and Si wafer to make thin film samples.  Thick film samples were prepared 

by using a dip-coating process.  

7.2.2 Characterization 

Polarized Optical Microscopy.  Polymer solutions were dropped on a glass slide 

and dried in the air.  Samples were examined by using an Olympus BX 60 polarized 

optical microscopy in the transmission mode.  A hot stage was used to control the 

temperature.  Images were captured by a CCD camera (3CDD, MTI).  

X-Ray Diffraction (XRD).  XRD was used to identify the crystallinity of the 

polymer and orientation of the polymer crystals.  A Phillips APD 3720 diffractometer 

with a Cu Kα source was used to measure the diffraction pattern from 4 to 27 degrees.  

The sample holder was filled with Ar when the measurements were conducted at 

temperatures higher than room temperature.  Samples were annealed at each temperature 

for 10 minutes before measurement.  The details of PL and XRR measurements were 

already described in chapters 5 and 4.  
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7.3 Results and Discussion 

7.3.1 Chain Conformation in PFO Thick Films 

7.3.1.1 Molecular weight effect 

Figure 7-2 shows the images of low Mw PFO samples under a polarized optical 

microscope at several different temperatures. 

 

Figure 7-2. Images of a low Mw PFO under a polarized optical microscope at (a) 120oC, 
(b) 150oC, (c) 210oC, and (d) 220oC.  

 Figure 7-2(a) shows the crystalline phase still exists in a polymer sample when the 

temperature was increased to 120oC.  When the temperature was raised to 150oC (Figure 

7-2(b)), the polymer crystal melted and a liquid crystalline phase was revealed.  After the 

temperature reached 210oC, the liquid crystalline started to transform and the polymer 

showed a totally isotropic and amorphous phase at temperatures higher than 210oC 

(Figure 7-2(c) and 7-2(d)).  This result is coincident to previous studies [14].  Indeed, the 
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PFO crystals melt when the temperature is higher than 150oC; in addition, the liquid 

crystalline phase exists when T is between ~150 and 200oC. 

The phase transformation can also be observed by X-ray diffraction, as shown in 

Figure 7-3 (low Mw PFO samples) and Figure 7-4 (high Mw PFO samples).  
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Figure 7-3. X-ray diffraction of low Mw PFO samples at room temperature, 125, 150, 
200, and 250oC.  Sample was annealed at 250oC for 10 minutes before cooling 
to the measurement temperature.  
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Figure 7-4. X-ray diffraction of high Mw PFO samples at room temperature, 125, 150, 
200, and 250oC.  Sample was annealed at 250oC for 15 minutes cooling to the 
measurement temperature.  

The polymer samples were first annealed at 250oC in the sample holder filled with 

Ar for 15 minutes.  Figure 7-3 and Figure 7-4 both show the formation of diffraction 

peaks when the temperature is lower than 150oC, which indicates that PFO starts to 

crystallize when the temperature is lower than 150oC.  Comparing the XRD profiles 

measured at room temperature in these two figures, the profile from low Mw PFO shows 

a much stronger (200) diffraction peak than other peaks, which is different from the 

profile from high Mw PFO.  From Chen et al’s work [113], the XRD profile from high 

Mw PFO is mostly composed of the α phase crystalline structure with an orthorhombic 

unit cell (a = 2.56 nm, b = 2.34 nm, c = 3.32 nm).  More recently, their research showed 

the formation of a modified α’ form, which is kinetically favored at lower crystallization 

temperatures, as shown in Figure 7-5 [114].  
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Figure 7-5. Characteristic XRD profile for film in N, α, α’, and β phases [114]. 

The change involves a slightly longer b-axis and a preferred orientation of the a-

axis along the film normal.  Our XRD profile from low Mw PFO shows the same results 

as their profile from the α’ form, which indicates that the low Mw PFO is dominantly 

composed of α’ form crystals.  Chen et al’s results show that the same PFO sample can 

form an α or α’ phase depending on the crystallization temperature.  In our experiments, 

the PFO of a different Mw shows a different crystalline structure even at the same 

crystallization temperature.  These results indicate that the molecular weight is a critical 

factor for the formation of the crystalline phase.  The PFO of low Mw generates more α’ 

phase crystals compared to the PFO of higher Mw, which tends to form α phase crystals.  

As shown in both figures, the positions of the diffraction peaks that were measured 

at 125oC occur at slightly lower angles than the peaks that were measured at room 

temperature.  From Bragg’s Law, λθ nd =sin2 , a smaller value of θ indicates a larger 

value of d.  The increase in size is due to the thermal expansion of PFO unit cells.  The 

diffraction patterns which were measured at 150, 200, and 250oC, do not show much 

difference.  From the images observed using polarized optical microscopy (Figure 7-2), 
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PFO forms a liquid-crystalline phase between 150 and 210oC.  The same diffraction 

patterns observed in the liquid-crystalline and amorphous phases indicate the PFO has a 

nematic liquid-crystalline phase. 

Figure 7-6 shows the effect of annealing on the crystallization of PFO. 
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Figure 7-6. XRD profile of low Mw and high Mw PFO samples annealed at 170oC for 3 
and 15 hours in Ar.  

Both low and high Mw PFO samples were annealed at 170oC for 3 to 15 hours and 

cooled to room temperature.  Based on the results shown in Figure 7-2, 7-3 and 7-4, PFO 

forms a liquid-crystalline phase at 170oC.  For low Mw PFO samples, the diffraction 

patterns for samples with different annealing times do not show much difference.  For 

high Mw PFO samples, the intensities of the diffraction peaks are much stronger for the 

sample with the longer annealing time.   

These results indicate that annealing at 170oC can increase the crystallinity due to 

the formation of the liquid-crystalline phase, which can improve the order of the polymer 

chains.  The low Mw PFO samples, which have a higher mobility and diffusion rate, can 
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form a liquid-crystalline phase faster than high Mw PFO samples.  Therefore the 

diffraction patterns after 3 and 15 hours of annealing for low MW samples do not show 

an obvious difference.  For high Mw PFO samples, the chain diffusion rate is much 

lower.  The high Mw PFO sample annealed for15 hours forms a more ordered liquid 

crystalline phase than the one annealed for 3 hrs, which leads to higher crystallinity as 

shown in the X-ray diffraction pattern. 

7.3.1.2 Thermal-oxidation effect 

Figure 7-10 shows the XRD diffraction pattern of PFO samples annealed in Ar and 

air.  
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Figure 7-7. Comparison of X-ray diffraction pattern of high Mw PFO samples annealed 
at 170oC in Ar and in air for 3 and 15 hours.  

From Figure 7-7, the samples annealed in Ar show clear diffraction peaks, which 

means these samples can crystallize.  Furthermore, the crystallinity becomes higher as the 

annealing time increases.  For samples that were annealed in air, the sample annealed for 
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3 hours shows diffraction peaks whereas the sample annealed for 15 hours does not.  

Moreover, we also found that the sample which was annealed for 15 hours can not 

dissolve in chloroform.  This indicates oxidation of polymer chains can induce 

crosslinking, which inhibits the formation of polymer crystals.  The PFO samples of low 

Mw show similar results. 

The relationships between the PL and PFO chain conformation have been well 

studied by Grell et al. [13,14].  Here we focus on the thermal-induced oxidation effect on 

PL and polymer morphology.  Figure 7-8 and Figure 7-9 show the PL spectra and XRD 

profiles of high Mw PFO samples which were annealed at temperatures higher than 

150oC for 1 or 3 hours in the air and cooled down to room temperature.  The PFO sample 

of low Mw shows similar results.  
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Figure 7-8. PL of high Mw PFO samples annealed in air at different temperatures: 170oC 
for 1 hour (solid line), 200oC for 1 hour (dash dot line), 200oC for 3 hours 
(dash line), and 240oC for 1 hour.  
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From Figure 7-8, the sample annealed at 170oC for 1 hour does not show a clear 

emission peak near 550 nm, which indicates only a few ketonic defects exist on the 

polymer chains. The sample annealed at 200oC for 1 hour shows emission peaks at both 

450nm and 550nm, which indicates the formation of many of ketonic defects on the 

polymer chains. The sample annealed at 200oC for 3 hours shows primarily one emission 

near 550nm, which indicates most of the polymer repeat units were oxidized. The sample 

annealed at 240oC for 1 hour shows similar results as the sample annealed at 200oC for 1 

hour.  
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Figure 7-9. The X-ray diffraction pattern of annealed high Mw PFO samples 
corresponding to the samples shown in Figure 7-8.   

As shown in Figure 7-9, the samples annealed at 170oC for 1 hour and at 200oC for 

1 hour show clear diffraction peaks, which indicate that these two samples can 

crystallize. The sample annealed at 200oC for 1 hour show higher crystallinity than the 

sample annealed at 170oC because a more ordered liquid-crystalline phase can form at 
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higher temperatures for the high Mw PFO sample, which is helpful for the formation of 

polymer crystallinity as described in the previous section. The samples annealed at 200oC 

for 3 hours and 240oC for 1 hour do not show diffraction peaks, which indicates no 

formation of polymer crystals in these two samples. These results show that the thermal-

induced oxidation of PFO can lead to the crosslinking of polymer chains and inhibit the 

formation of polymer crystals. 

7.3.2 Molecular Effect on PFO Thin Film Structure 

In this research, we used XRR to measure the electron density, roughness, and 

thickness of polymer thin films. Figure 7-10 shows the XRR spectra and the fitting result 

from spin-coated high Mw PFO thin films on ITO glass.  
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Figure 7-10. XRR spectra acquired from spin-coated high Mw PFO thin films.  Solid line 
and dash line represent the experimental data and the fitted results (one layer 
model) respectively. 
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The fitting result is from one homogenous polymer film of ~ 90 Ǻ. The roughness 

is less than 10 Ǻ. The experimental results can be fit well using a one layer model.   

Figure 7-11 shows the XRR spectra and the fitting result from the low Mw PFO 

thin films on ITO glass. The fitting curve is also from one homogeneous polymer film, in 

this case of ~ 130 Ǻ.  There is a major difference between the model and experiment in 

the region 2θ ~ 1 degree. Figure 7-12 shows the fitting results using a two layer model.  

An interface layer of lower density exists between the ITO and PFO thin film of higher 

density.  
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Figure 7-11. XRR spectra acquired from spin-coated low Mw PFO thin films. Solid line 
and dash line represent the experimental data and the fitted results (one layer 
model) respectively.  
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Figure 7-12. XRR spectra acquired from spin-coated low Mw PFO thin films. Solid line 
and dash line represent the experimental data and the fitted results (two layer 
model) respectively.  

From Figure 7-12, it can be seen that this model gives a good fit to the data. The 

poor fit in Figure 7-11 near 1 degree is corrected, which indicates that an interface layer 

exists between the low Mw PFO thin films and ITO glass.  In contrast, no interface layer 

is observed between the high Mw PFO thin films and ITO glass. 

The properties of polymers near solid substrates are critical for numerous 

commercial applications and have been studied extensively.  For the application of 

polymer thin film technologies like PLEDs, the interface behavior is an especially 

important factor for the performance of devices.  Many studies have shown changes in Tg 

for supported thin films due to the interaction of polymers with substrates [115-119].  

Several models have been used to interpret the effects of polymer film interfaces on the 

change of Tg, including change in film density [120], reduction in the extent of 

entanglements [121], and enrichment of chain end-groups within the interface [122,123].  
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In our system, we use PFO of two different molecular weights.  From the XRR 

results, the high Mw PFO thin-film shows a simple homogeneous polymer layer, whereas 

the low Mw PFO shows an interface layer with lower density.  Comparing PFO of 

different Mw’s, PFO of low Mw has a higher diffusion rate and more chain ends than 

PFO of a higher Mw.  Mayer [122] has pointed out the chain end effect on the glass 

transition of polymers near an interface.  A decrease of density near the surface or 

interface is caused by chain end segregation.  Therefore, the interface layer, which is 

observed only in the low Mw PFO system, could be related to the increase in number of 

chain ends and the segregation of chain ends near the interface.  On the other hand, 

Bollinne et al. [124] also examined the interface layer of PS and PMMA on an SiO2 

substrate by using XRR, but they did not find a molecular weight effect in their system.  

This controversy could be due to the specific polymer chain conformation of PFO 

compared to traditional polymers, including PS and PMMA.  Compared to PS and 

PMMA, PFO is a stiff main-chain polymer and tends to form a gel when the polymer 

concentration is increased.  In fact, as illustrated previously, PFO of a different Mw tends 

to form into a different crystalline-phase under the thermal conditions, which indicates 

that Mw is a critical factor in chain conformation.  The chain conformation near the 

interface in the PFO system needs further study to understand the effects that molecular 

weight has on the chain morphology of spin-coated thin films.   

 

7.4 Conclusion 

 From the XRD results, we found that molecular weight is an important factor in 

the crystallization process.  High Mw PFO tends to form an α phase crystalline whereas 

low Mw PFO tends to form an α’ phase crystalline at the same crystallization 
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temperature.  Annealing at 170oC, which induces the formation of a liquid-crystalline 

phase, can increase the crystallinity of PFO.  The thermal-induced oxidation of PFO 

causes the formation of ketonic defects and leads to an extra red-shifted emission.  XRD 

also shows that oxidized PFO samples cannot crystallize due to crosslinking.  From the 

fitting of XRR results, the high Mw PFO thin film shows one homogeneous polymer 

layer whereas the low Mw PFO thin film shows the existence of an interface layer.  This 

interface layer is proposed as being related to the enrichment of chain ends near the 

interface and needs further study. 

 

 

  



CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

For polymer-based thin film devices, the performance and efficiency are influenced 

by the quality of the films, polymer/substrate interfaces, and even the chain conformation 

in the polymer thin films.  Therefore, the control of the polymer chain conformation as 

well as the film quality will be very important.  In this work, the physical properties of 

three light-emitting polymers, PVK, MEH-PPV, and PFO, were investigated for their 

application in polymer thin film devices. 

The spin-coating technique is the most common method to make polymer thin 

films.  The solvents evaporate so fast that the polymers are quenched and smooth thin 

films are formed.  During spin-coating, evaporation of solvents of a high evaporation rate 

leads to temperature and concentration gradients, which can induce Marangoni 

convection.  In turn, Marangoni convection can then lead to cell and striation structures 

near and away from the center area, respectively, of the polymer thin films.  Thin films 

prepared from THF/water solutions show result in the formation of ruptured films and 

polymer droplets on ITO substrates.  Due to the incompatibility of water and MEH-PPV, 

water in polymer solutions can induce a coil-cylinder transition of the polymer chains and 

lead to a red-shifted emission.  

Due to fast evaporation, the polymer chains in thin films are not in a state of 

thermodynamic equilibrium.  Therefore, the conformation of polymer chains in thin films 

is determined by a variety of critical factors involved in the spin-coating process, 

including solvents used, concentrations, and spin-speeds, or post-processes such as 

103 



104 

annealing.  For conjugated polymers, the band gap is related to the conjugation length: 

the longer the conjugation length, the smaller the band gap.  Polymer chains that have a 

more extended conformation show a longer conjugation length and lead to a red-shifted 

emission compared to polymer chains that have a more compact chain conformation.  

Therefore, solvents which can affect the chain conformation can also influence the 

optical properties of conjugated polymers. Likewise, for conjugated polymers the 

formation of aggregates in polymer thin films can lower the PL quantum efficiency and 

can lead to a red-shifted emission.  Therefore, the critical factors for the fabrication of 

polymer thin films can also influence the optical properties of those films.  

  For PLEDs, the short life-time is due to the degradation of both the metal contacts 

and the polymer layer.  Pinholes give pathways for the diffusion of moisture through the 

protection layer.  The metal contact, such as Ca, can react with water from air or from 

PEDOT-PSS that then generates H2, which leads to the formation of bubbles around 

pinholes.  The thermal-induced oxidation of PFO can lead to an extra red-shifted peak 

due to the generation of ketonic defects.  In addition, the thermal-induced oxidation also 

causes crosslinking of PFO.   

In this study, the details of some interesting phenomenon are still not clear and 

need further study.  First, the effects of solvents on the chain conformation of conjugated 

polymers in solution are still not clear.  From chapter 5, although the viscosity results are 

coincident with the PL (the polymers with a larger dimension show a more red-shifted 

emission), the polymer dimension cannot be explained from the view of polymer 

solubility.  Generally, solvents that dissolve a polymer well are called “good solvents” 

and those which do not dissolve a polymer are called “poor solvents.”  Because contact 
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between polymers and good solvents is favorable, the polymer chain tends to adopt a 

more expanded random-coil conformation.  When the solvent quality becomes poor, 

contacts between those polymers and ill-suited solvents become unfavorable, and thus the 

polymer chain tends to contract.  Therefore, polymers in “good solvents” (from the view 

of solubility) should have a red-shifted emission compared to polymers in “poor 

solvents.”  Nonetheless, the PL results did not show this coincidence.  MEH-PPV and 

PFO in the “good solvent” chloroform do not show a red-shifted emission compared to 

what is seen in other solvents.  We believe this is due to the complex chemical structure 

of conjugated polymers, which contain rigid aromatic groups in the main chains and soft 

alkyl groups as side chains.  We suggest that computer simulation is needed to illustrate 

the solvent effects on this complex system. 

Second, the mechanism of how a ruptured polymer thin film forms from THF/water 

solution is not clear.  Two speculated mechanisms are proposed, which are based on the 

results from this work, as shown in Figure 8-1 and Figure 8-2.   
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Figure 8-1. The proposed model of ruptured polymer film formation during the spin-
coating process due to the surface-tension gradient induced by water. 

ITO substrate 

Polymer in THF and Trace H2O solution

Thinner area 

THF evaporates faster then water

H2O and THF evaporate

High surface tension gradient due to high ontents of waterer c

∆σ

∆σ

Ruptured Polymer thin film
Polymer droplets 

  



106 

In Figure 8-1, since water has a lower evaporation rate than THF, the polymer 

solution thin films have a higher water concentration near the solution surface during the 

evaporation of the solvents.  Due to the high surface tension of water, the surface tension 

gradient then increases and drives much faster convection near the surface.  This 

convection then leads to rupture of the polymer solution from the thinner area of the 

solution thin films. 

For thicker area

THF evaporate faster

Polymer-rich phase H2O-rich  
phase

H2O and THF evaporate 

 

Figure 8-2. The proposed model of ruptured polymer film formation during the spin-
coating process due to phase separation.  

On the other hand, due to the incompatibility of water and MEH-PPV, phase 

separation may generate water-rich and polymer-rich phases in the solution.  The phase 
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separation then leads to rupture of the thin film and the formation of polymer droplets, as 

shown in Figure 8-2.  Again, these two models are highly speculative and need more data 

to prove.  

Third, the molecular weight effect of PFO on chain conformation and thin film 

structure is not clear.  Although a few models, like the chain end effect model, can be 

used to explain this phenomenon, more details are still needed to understand the 

mechanism. Ultimately, the effect of the interface layer is an important factor on the 

performance of thin film devices and is of enormous interest.
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