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1.  Introduction 

The first display in form of a cathode ray tube was demonstrated in 1897 by the Nobel-prize physicist 

and inventor Karl Ferdinand Braun. The basic operation consists of an electron gun firing electrons 

onto a phosphor-coated screen leading to image formation. Colours appeared in 1954 and it was the 

most popular display technology utilised for television and computer monitors until the arrival of liquid 

crystal displays in 1968, which gradually replaced the cathode ray tubes. Electroluminescent displays 

were not commercially ready until the late 1970’s when Sharp Corporation introduced the so-called 

alternating-current-thin-film approach.1 Organic (i.e., carbon-based) electroluminescence emanated in 

the late 1980’s with the first Organic Light Emitting Diode (OLED) by Tang et al.2 The use of 

polymers as electrically conductive materials was revealed by inadvertence in the late 1970’s by 

Shirakawa and co-workers at the Tokyo University.3 The advantage of using polymers as electronic 

materials is that they combine the electronic properties of semiconductors with the ease of 

processability of plastics. The first conjugated polymer-based OLED, also called PLED was 

demonstrated in 1990 at the Cavendish laboratory using poly(phenylene vinylene) (PPV).4 It 

established that light emitting devices could be made with organic and solution-processed materials.5 

Thus, OLED has become an established technology in the display market because of their very high 

luminous efficiency, low power consumption, and long lifetime thanks to complex multilayer 

architectures.2, 4, 6-8  

Display application is boosted by a race for higher performance, such as higher resolution and lower 

price. Unlike thermal evaporation,9 solution processes are lowering production costs due to high 

material usage and ease of scalability for different sizes.10 For solution-processed OLED display 

fabrication techniques, inkjet printing (IJP) has the potential to be the state-of-the-art technology for 

high resolution R-G-B pixel definition.11-14 However, some challenges related to the soluble OLED 

technology have to be understood and overcome, e.g., the influence of different molecular orientations 

and the intermixing between layers.15 

Intermixing between successive solution-processed layers was shown to damage the previously 

deposited layer and to be hard to prevent.16-18 Therefore, interface control remains a top challenge of 

solution-processed OLEDs since device performance heavily relies on it. Such undefined interfaces are 

detrimental to OLED performance (e.g., shifted emission zone),19 but also for quantum dot based 

PLEDs.20 Due to the nanometre thickness of the layers composing these devices, even the smallest 

interface mixing affects their performance. 

To control interfaces, several approaches such as orthogonal solvent21-22 or cross-linked materials23-25 

have been intensively studied. Dummy buffer layers have proved to stop intermixing but add an 

additional layer to an already complex architecture26. For preventing this effect fast drying was used 

to shorten the diffusion time of the solvents in the wet state.27-28 

Orthogonal solvents are of interest especially when low molecular weight or non-cross-linkable 

materials are used. Finding such solvent can be complicated, since two consecutive layer materials 

must show a significant difference in their polarity or solubility profile.29-31 Besides the 

solubility/orthogonality challenge, other criteria have to be taken into account such as solvent/print-

head compatibility, low toxicity of the solvent, low amount of impurities that could diminish device 

performance, and impact of the solvent itself on the overall device. In this work, the focus was set on 
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cross-linked materials. Material characterisation is generally performed by a lab-scale soluble process, 

i.e., spin coating. Unlike IJP, the method of choice for display fabrication, spin coating offers a fast-

drying speed to the processed layer, and drying speed is a driving force for reducing strong mixing of 

two subsequent layers. For this reason, film stability of an inkjet deposited and cross-linked layer 

against subsequent exposure to a suitable inkjet printing solvent has been investigated. Impact of ink 

solvent on solution-cast thin film properties has already been studied for polyvinyl acetate films.32-33 

The objective was to determine the influence of the ink solvent on the cross-linking degree of a polymer 

in thin films. 

This work concentrates on the stability of a hole transport layer (HTL) against a subsequent solution 

deposition of an emissive layer (EML) ink. The emissive material is composed of small molecules 

known to be very mobile in multilayer stacks. Sharp interfaces between the HTL and the EML were 

proven essential to guarantee an efficient exciton confinement within the EML layer by avoiding 

shifted emission zones.34 Thus, OLED device efficiency is directly affected by the interface sharpness 

between HTL and EML.35 

The theoretical principles used in this thesis are described in Chapter 2. Chapter 3 illustrates the 

detailed experimental conditions and settings. In this thesis, the studied polymer solutions were first 

characterised to differentiate them from one another by describing the polymer-solvent interaction in 

solution (Chapter 4). The interactions were determined experimentally and based on empirical 

descriptions, like Kramer equation, Huggins equation and Solomon Cuita equation. Thereafter, the 

polymer cross-linking reaction was examined in the bulk material and in the films (Chapter 5). 

Differential scanning calorimetry (DSC) was used to quantify the efficiency of polymer cross-linking 

reactions in powder and in films processed from different solvents. The stability of polymer films 

against solvent exposure was inspected with the aim to identify the impact of ink solvent on the film 

stability. An understanding of the correlation between cross-linking reaction efficiency in film and film 

stability against solvent exposure was drawn. Finally, OLED devices were produced with the aim to 

study the influence of HTL ink solvent on optical and electrical properties of the devices (Chapter 6). 

A summary and outlook constitute the final Chapter 7 of this thesis. 
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2.  Theory 

2.1.  OLED introduction and architecture 

Electroluminescence in organic materials was first demonstrated in 1963 by Pope et al.36 and in 1965 

by Helfrich and Schneider37 with a single layer OLED. They observed green light emission from a 

layer of an anthracene crystal sandwiched between two electrodes biased with 400 V. When voltage is 

applied across the two electrodes, an electrical current is generated, and charge carriers of opposite 

polarity are introduced into the layers which upon recombination converted to light. This proof-of-

concept OLED, composed of a transparent anode, a combined transport and emissive layer and a 

metallic cathode, suffered from high voltage and poor power-conversion efficiency. In 1987, Tang and 

Van Slyke presented the first multilayer OLED stack2 introducing an ultra-thin monopolar hole 

transport layer (HTL) in combination with an ultra-thin electron transport layer (ETL) as seen in 

Figure 2.1 which acted simultaneously as emissive layer between the anode and cathode resulting in 

lower driving voltages and improved electroluminescent emission efficiency. Since then, more 

advanced stack designs were used to create OLED devices with more and more functional layers.38 

The overall stack thickness is usually in the range of few hundred of nanometres. 

 

    

Figure 2.1: Development of OLED stacks from 

two functional layers to a multilayer structure. 

(left) Two layers OLED from Tang and van Slyke 

published in 1987.  (right) A complex OLED 

structure commonly used in recent devices. It 

consists of charge carrier injection layers (HIL, 

EIL), transport layers (HTL, ETL), blocking layers 

(HBL, EBL) located on either sides of the central 

emission layer (EML). 

 

Modern OLEDs consist of multiple thin films of organic layers sandwiched between two electrodes. 

In order to enhance the injection of charge carriers from the electrodes into the organic layers, a hole 

(/electron) injection layer (HIL/EIL) is added followed by a hole (/electron) transport layer 

(HTL/ETL). Efficient confinement of hole and electrons in the emissive layer can be improved by hole 

(/electron) blocking layers (HBL/EBL). This avoids the loss of electrons and holes from the emissive 

layer and leads to an efficiency increase. The anode has to be transparent to guarantee the light output 

and commonly consists of indium tin oxide (ITO). The cathode is normally reflective and made of 

metals such as aluminium. 

Working principle of OLED 

The semiconductor properties of organic materials, no matter whether small molecules or polymers, 

are based on conjugated bonds, i.e., π-orbitals “filled with” delocalised electrons, which impact the 

electronic and optical properties of the materials. An overlap of atomic orbitals results in a set of new 
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orbitals called bonding and anti-bonding molecular orbitals. Electrons in π-orbitals provide a lower 

stabilisation than those in σ bond. Figure 2.2a shows the two different types of bond. As a consequence, 

the energy gap between bonding (π) and anti-bonding molecular orbital (π*) is smaller than in the case 

of σ bonding. The highest occupied 𝜋 state is called HOMO and the lowest unoccupied molecular 

orbital (𝜋∗) is called LUMO. The energy gap (Eg) of a molecule is determined by the energy difference 

between HOMO and LUMO. An energetic representation of these bond types is depicted in Figure 

2.2b. 

 

 

Figure 2.2: a) Schematic representation of pz-orbitals, σ- and π-bonds between two carbon atoms.  

b) Energy levels of bonding (𝜋)and antibonding orbitals (𝜋∗). 

 

Positive charges, designated as holes, are injected from the Fermi level of the anode into the HOMO 

of the neighbouring organic layer, and the electrons are injected from the Fermi level of the cathode 

into the LUMO of the neighbouring organic layer under applied positive bias voltage V0. The voltage 

induced electric field forces electrons and holes to move towards each other to preferentially recombine 

in the EML resulting in photon emission. Thanks to a high HTL LUMO and a low ETL HOMO, the 

electrons and the holes are confined in the EML. The energy gap Eg of the emissive species in the EML 

determines the frequency of the emitted light, i.e., the emitted light colour. The working principle of 

an OLED under electrical field is represented in Figure 2.3. 

 

 

Figure 2.3: Schematic representation of the fundamental 

processes of an OLED in operation. (1) Charge carrier injection. 

(2) Charge carrier transport. (3) Recombination of the charge 

carriers to excitons. (4) Emission of light. 
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Charge injection 

Charge carrier injection corresponds to the introduction of holes and electrons into the HOMO and 

the LUMO of the organic layer from the anode and the cathode, respectively. However, for charge 

carrier injection to happen, there are injection barriers Eb,e for electrons and Eb,h for holes that must be 

overcome, as shown in Figure 2.4. 

 

 

Figure 2.4: Energy diagram of injection process from the 

electrodes in an OLED device. 

 

When applying an external electric field to the OLED device, the electron and hole injection barriers 

can be overcome. Alignment of Fermi level of the cathode and the anode takes place with the LUMO 

and the HOMO levels of the adjacent molecules, respectively, resulting in charges injection.39 Reducing 

the injection barriers from the electrodes to the organic layers can be achieved by choosing high work 

function anodes, whereas the cathode consists mainly of metals with low work function. Another 

strategy is to select the organic materials so that the HOMO (/LUMO) of the HIL (/EIL) lays closely 

to the Fermi level of the anode (/cathode). 

Charge transport 

Movement of charge carriers within organic layers can be described by the hopping mechanism, 

developed by Bässler in 1993.40 This kind of transport can be illustrated as a succession of redox 

reactions between identical partners. Disorder in amorphous solid is responsible for the formation of 

spatially and energetically discrete states following a statistical distribution with a Gaussian shape. 

This density of states (DOS) has an energetic width of about 0.1 eV.41 

Electron transport takes place on the LUMO level and hole transport on the HOMO level of the 

organic material. The moving direction of charge carriers is established by the applied electric field. 

Hopping from one site to sites with lower energy requires no energy, whereas hopping from one site 

to sites with higher energy requests energy to overcome the energetic barrier. The hopping distance 

of charge carriers is typically ~ 1 nm, which is in the same order of magnitude as the intermolecular 

distances. The frequency of hopping processes, determining the mobility of charge carriers, strongly 

depends on the electric field and temperature.40 The hopping mechanism is represented in Figure 2.5. 

The mobility of charge carriers in organic semiconductors is generally in the range of 10-2 – 10-7 cm²∙V-

1∙s-1, which is significantly lower than that of inorganic semiconductors.42  

 



 

6  2.Theory 

 

Figure 2.5: Hopping mechanism responsible for charge 

transport in OLED device. 

Charge recombination and light generation 

For the recombination of electrons and holes to occur in the emissive layer, both charge carriers need 

to be within a certain distance of each other called the effective interactive capture radius 𝑟𝑐, and is 

defined as:43  

 𝑟𝑐 =
𝑒2

4𝜋𝜀𝜀0𝑘𝐵𝑇
 (2.1) 

 

where 𝜀 is the dielectric constant and 𝜀0 is the vacuum permittivity, 𝑘𝐵 is the Boltzmann constant 

1.38×10-23 m2∙kg∙s-2∙K-1, 𝑒 is the elementary electron charge 1.6021765×10−19 C and 𝑇 is the 

temperature. This capture or recombination radius is on a length scale of 10 nm. Due to Coulomb 

attraction, an excited state is created by combining an electron and hole on a single molecule, called 

exciton. This exciton can now diffuse and radiatively decays within an area of the OLED, named the 

recombination zone. The location of the recombination zone depends on the balance of both charge 

carriers; it can be located close to the anode if there is a majority of electrons or close to the cathode in 

case of holes. Within the emissive layer, the exciton migrates to the emitting molecules by 

intermolecular energy transfer called Dexter or Förster transfers, see Figure 2.6. The exciton is 

thereby defined by its binding energy. Relaxation and light emission take place locally on the emitting 

molecules; the higher the binding energy, the more localised the exciton is.  

 

 

Figure 2.6: Förster and Dexter 

energy transfer schematics. 

Reprinted from reference.44 

 

Spin statistics states that electron and hole both carry a spin of -1/2 and +1/2. During recombination 

of the charge carriers, two different spin orientations are possible.45 The parallel orientation shows 

three-fold degeneracy and is called triplet state, whereas the anti-parallel is referred as singlet state. 

Consequently, they are formed in a 3/1 ratio. In fluorescent materials, the light emission from pure 

singlet excitons limits the internal quantum efficiency to 25%. For a radiative decay to occur from the 
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triplet states (phosphorescence), intersystem crossing from triplet to singlet states is performed by 

using materials containing heavy metals.46 These materials, also referred as triplet or phosphorescent 

dopants, can harvest both singlet and triplet excitons and achieve a theoretical quantum efficiency of 

100%, see Figure 2.7.46 

 

 

Figure 2.7: Simplified energy diagram 

representing different light emission 

mechanisms. Fluorescence and 

phosphorescence process are illustrated. 

S0, S1 and T1 designate the singlet ground 

state, the first singlet excited state and 

the first triplet excited state, respectively. 

 

2.1.1.  Material deposition process 

Electroluminescent materials can be divided in two types: small molecules2 and polymers47. The choice 

of material is determining the deposition process of thin film organic layer. While small molecules can 

be deposited by thermal vacuum evaporation and solution process, polymers can only be processed out 

of solution (e.g., printing techniques4). Thin films of OLED materials in this work are prepared by 

physical vapour deposition (PVD) and by inkjet printing. The details of the deposition techniques and 

their application will be discussed below. 

Physical vapour deposition process 

Physical vapour deposition (PVD) is the most commonly used deposition process for OLEDs since its 

introduction by Tang and VanSlyke in 1987.2 Under low pressure, pure materials are evaporated from 

crucibles at elevated temperatures. Typically, OLED materials are evaporated at a pressure below 10-

7 mbar at relatively low temperature (< 300°C). The crucibles are resistively heated and controlled 

using a thermocouple allowing regulation of the evaporation rate and the deposition rate. Thereby the 

organic material is sublimed and the vapour propagates along the line-of-sight path towards a cooled 

substrate, where it condenses to form a film. Using pure material under low vacuum makes PVD one 

of the cleanest methods for material deposition. Cleanliness of the OLED fabrication method is critical 

to achieve high device performance and long lifetime. PVD has several other advantages such as precise 

control of thickness at the nanometre scale. It allows depositing complex multilayer stacks of a wide 

range of materials with no interaction between subsequent layers. To control the lateral distribution, 

the use of shadow masking is necessary and widely used for both lighting and display applications. 

However, the alignment between mask and substrate is facing technological and physical limitations 

when very fine patterning is requested, such as in high-resolution displays. In addition, the process of 

evaporation under vacuum limits the panel size which must fit inside the chamber. In the recent years, 

roll-to-roll thermal-evaporation was developed to enable the fabrication of large area and flexible 

OLEDs.48 
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Solution process 

In contrast, solution processes are compatible with large area substrates. For example, glass substrates 

of 2.5 metres x 2.8 metres are coated by roll-to-roll processes allowing large scale material deposition 

on both flexible and rigid substrates.10 The main advantage of solution processes is their cost 

effectiveness. This is of high interest for OLED display costs to be competitive compared to LCDs and 

plasma technologies. Solution processes can be used to deposit all organic layers, including small 

molecules and polymer materials, with a very efficient material utilisation. Indeed, materials are 

deposited only on the active areas of the substrate, unlike PVD which deposits material over the whole 

substrate and the walls of the evaporation chamber. The “wet” deposition is compatible with a roll-to-

roll process on flexible substrates such as plastic films. Nonetheless, building complex multilayer 

structures by soluble processes remains challenging. Each layer must be insoluble in the solvent used 

to deposit the subsequent layer.49 This can be done by cross-linking the subjacent layer or by using 

orthogonal solvents to process the next layer.50 Typically, soluble OLEDs fully processed from 

solution are limited to three or four organic layers, whereas OLED processed from PVD can be 

composed of more than ten layers. 

Solution processes combine spin coating and printing. A low amount of ink is deposited onto a 

substrate which spins to homogenise the thin film by centrifugal forces in the spin coating process. 

Printing includes various processes, such as inkjet printing, screen printing, gravure, offset lithography 

and flexography. For solution-processed OLED display fabrication, inkjet printing has the potential 

to be the state-of-the-art technology for high R-G-B pixel definition.11-12 Patterning is used to set the 

resolution of the overall display creating subpixel arrangements.51 Homogeneity is critical in both 

inter- and intra- pixel film thickness, since inhomogeneous layer thickness results in poor colour 

distribution, high voltage and lower device lifetime. 

2.1.2.  Soluble organic semiconductors 

Both small molecules and polymers can be processed from solution as introduced in the previous 

sections. The main difference between the two material classes is their weight distribution. Polymers 

have a broad weight distribution and are referred as polydisperse materials, whereas small molecules 

are monodisperse. Besides, the chain length of conjugated polymers can influence strongly the solution 

viscosity which is an important criterion in solution processes. Both small molecules and polymer 

materials can be used for hole injection, hole transport and/or emissive layers. In this work, the hole 

injection and transport layers are made of polymers and the emissive layer of solution processable small 

molecules.  

Emissive materials: Small molecules 

Small molecules were used in this work in the EML where holes and electrons recombine. The EML 

can be either composed of one single material (undoped layer) or a mixture of materials (doped layer). 

The non-doped configuration suffers from close packing in the solid state which leads to excimer 

(excited dimer) and exciplex (excited complex) formation. Fluorescence quenching is hard to prevent 

in the case of a single material in the EML.52 Nonetheless, aggregation of emitting molecules in the 

solid state can be avoided in doped layers, i.e., a matrix composed of a small amount of emitting material 

(usually 1-10%) diluted in a host material. This matrix configuration prevents luminescence quenching. 
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Charge carriers are injected in the HOMO and the LUMO of the host material, followed by exciton 

formation.  

Combining emitters opens the possibility for a wide range of emissive colours, like white which can be 

created with red, green and blue emitters,53 or yellow and blue emitters.54 Unlike polymers, small 

molecules can be synthesised with very high purity, since they can be purified by recrystallisation and 

sublimation.  

Hole injection and hole transport materials: Polymers 

The use of polymers in electronic applications has been made possible by Alan J. Heeger, Alan G. 

MacDiarmid and Hideki Shirakawa in 1977 thanks to the discovery of iodine doped polyacetylene 

exhibiting a high electrical conductivity.55 

In this work, polymers are used for hole injection and hole transport. These materials must have a low-

lying HOMO comparable to the Fermi level of the anode to allow for efficient injection and transport 

of holes into the HIL, the HTL and finally into the emissive layer (EML). In the case of the HTL, a 

high-lying LUMO is needed to block negative charge carriers coming from the cathode. Attaching side 

chains to the polymer helps tuning its solubility as well as its electronic and mechanical properties. 

Commonly used hole transport materials are depicted in Figure 2.8.56 

 

 

Figure 2.8: Chemical structure of common hole transporting materials. 

 

PTAA stands for poly[bis(4-phenyl)(2,4,6-trimethylphenyl)]amine and is an excellent hole transport 

and electron blocking material.57 Polyaniline is written as PANi and TFB corresponds to poly(9,9-
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dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine), a common hole transport polymer.58-59 

Polycarbazole shows strong interchain charge transport properties through hopping.60  

Polymer materials are composed of a succession of monomers which are classified depending on their 

functionality. Three monomer types exist: amine, backbone, and cross-linker units. The amine 

monomer controls the HOMO level and the charge transport properties. The backbone is responsible 

for the rigidity of the material. Side chains attached to the backbone help for a good material solubility. 

Cross-linking units added to the polymer chain enhance mechanical, thermal and chemical resistance 

properties after the cross-linking reaction has been successfully performed. The cross-linking 

chemistry is discussed in the following section.  

Cross-linker units 

Cross-linking units can be thermally or photochemically activated, like styrene and acrylate moieties, 

respectively.61 The cross-linking process leads to the creation of a covalent bond between two or more 

molecules. It forms a network encompassing the entire system. A fully cross-linked polymer can only 

be swollen in a solvent, it cannot be dissolved. These cross-linking units are widely used for solution 

processable OLED materials.61 The challenge is the degree of cross-linking, which characterises how 

complete the cross-linking reaction succeeded. Indeed, remaining unreacted cross-linking units can 

significantly reduce device performance and lifetime. 

It exists a wide range of cross-linker units used for OLED devices.61 Siloxane was reported for the first 

time to be used for cross-linking in an OLED device in 1999.25 Despite strong and stable resulting 

bonds, water and alcohols were found in the film and behave as impurities. Styrene moieties can be 

attached to small molecules and polymers to perform cross-linking by thermal activation. 

Consequently, the material to which the styrene is attached must be stable at its reaction temperature. 

Besides these popular cross-linker units, trifluorovinylether, benzocyclobutene, oxetane, cinnamate 

and chalcone, are also used for cross-linking in OLED devices. 

2.2.  Inkjet printing of thin films 

Inkjet printing is the method of choice for various organic electronic applications such as OLEDs,4 

OPVs62 and OFETs.63 As introduced in Chapter 2.1.1, the main reason is that inkjet printing offers 

high precision control over numerous substrates without the need of shadow masking. This non-

contact deposition technique is one of the most cost-efficient ways of producing complex pattern thanks 

to its efficient use of materials. 

2.2.1.  Instrumentation and operation mode 

Continuous inkjet printer64 and drop-on-demand (DoD) inkjet printer65 are the two commercial types 

of inkjet printers. Commercial marking and coding of products and packages are mainly produced by 

continuous printers, whereas drop-on-demand inkjet printers are used for organic electronics 

applications.66 

A continuous inkjet printer is composed of a fluid reservoir which supplies the ink, one or more nozzles 

and electrostatically charged plates. The droplet is ejected from the nozzle(s) and the charged plates 
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deflect the droplet so that it reaches the desired position on the substrate. A cup is used to collect the 

droplets that should not be printed on the substrate. 

In opposite, DoD inkjet printer consists of a low fluid impedance nozzle67 and a thermal or piezoelectric 

actuator which generates a pressure pulse in the fluid to push a droplet out of the nozzle. The landing 

of the droplet is controlled by a highly precise mechanical system that moves the print-head in two 

dimensions and the substrate holder in one dimension leading to the positions of the desired pattern, 

see Figure 2.9c. The droplet ejection process is displayed in Figure 2.9a from a continuous inkjet 

printer and in Figure 2.9b from a DoD printer. The display industry favours DoD inkjet printers as 

being able to create complex pixelated structures with the dimensions and precision needed for state 

of the art OLED performance.68 

 

 

    

Figure 2.9: Schematics of (a) continuous, (b) Drop-on-Demand printing. Droplet ejection process from the print-head 

reprinted from reference.69 (c) Schematics of mechanical system control of the substrate holder and the print-head in one 

and two dimensions, respectively. 

2.2.2.  Print-heads 

As introduced in Chapter 2.2.1., DoD inkjet printers can use thermal or piezoelectric inkjet print-heads. 

The extreme heat needed to form a droplet from a thermal print-head is unfavourable for its use in 

printed electronics. Therefore, piezoelectric inkjet print-heads are the system of choice. A schematic 

diagram of a piezoelectric inkjet print-head is illustrated in Figure 2.10. 

 

 

Figure 2.10: Schematic 

diagram of a piezoelectric 

inkjet print-head. Reprinted 

from reference.66 

 

(a) Continuous (b) Drop-on-Demand (c) Mechanical system 
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In piezoelectric inkjet print-heads, the piezoelectric material converts electrical energy into mechanical 

deformation of the ink chamber resulting in a pressure change in the chamber. This leads to the 

formation and ejection of a drop from the nozzle. Different modes of deformation are possible and 

represented in Figure 2.11. 

 

  

Figure 2.11: Different piezoelectric 

element arrangement in drop-on-

demand inkjet print-heads. 

Reprinted from reference.70 

 

The ink reservoir is connected to the capillary cavity by an open end. A pressure line is also linked to 

the ink supply in order to aspirate and flush ink through the print-head for maintenance. The capillary 

cavity is enveloped by a piezoelectric actuator running at eigenfrequency. The print-head ends with a 

nozzle aperture from where droplets are generated from the ink. The diameter of the nozzle is much 

smaller than the cavity, thus it is called a closed end. To avoid dripping of ink from the nozzle, a slight 

under-pressure is applied. A droplet is formed by applying a generally square shaped waveform with 

double-peak. For the Dimatix print-head DMC, the eigenfrequency is 12 kHz. To produce a 10 pL 

droplet from DMC, the nozzle diameter is of 21.5 µm and the applied under-pressure is 2 mbar 

compared to the surrounding pressure. The Q-class print-head requires an under-pressure of 25 mbar. 

When a positive pressure wave approaches the nozzle, a droplet is generated if the amplitude and 

velocity of the wave are large enough. The surface energy needed to form a droplet at the nozzle plate 

must be exceeded by the amount of kinetic energy transferred outwards.71 In addition, due to the 

decelerating action of ambient air, the velocity of a droplet necessitates to be several metres per second 

so that the droplet can meet the targeted landing position.72 Generally, piezoelectric print-heads can 

process ink with a viscosity lower than 20 mPa∙s and surface tensions between 20 mN∙m-1 and 70 

mN∙m-1. 

2.2.3.  Challenges 

Despite the advantages of inkjet printing techniques presented in Chapter 2.1.1, ink jetting through 

the nozzle(s) and film formation are challenging steps of the process. 

Droplet formation  

In the case of a piezoelectric inkjet print-head, a droplet is formed by the piezoelectric crystal excited 

by an electrical pulse, called waveform,73 which can be tuned accordingly to the ink viscosity, 
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concentration and surface tension. Changes in the waveform directly impact the droplet velocity which 

is targeted at 4-5 m∙s-1. The droplet volume is not only influenced by the nozzle diameter, but also 

strongly by the waveform66 and printer type. The volume can vary between 1 pL to 20 pL, it should 

be chosen in line with the pattern resolution wanted, or rather the display resolution (individual pixel 

size). In this work, droplet of 10 pL were printed. Printing in a pixelated substrate requires a stable 

droplet, which includes reproducible droplet formation at high frequency and a reproducible droplet 

landing. This can be achieved when the droplet forms an angle of less than 1° with the line 

perpendicular to the substrate. 

The droplet formation through a nozzle typically shows a non-Newtonian fluid behaviour. After the 

pulse ejecting the fluid out of the nozzle, the droplet remains attached to the nozzle by a filament. 

Then, a pinch point is formed right above the droplet which breaks the connection to the nozzle and a 

filament appears. The filament undergoes thinning and either retracts back into the droplet or it can 

eventually break up into satellite droplets of much smaller volume.66 Satellite droplets and long 

filament can create misprints in the desired patterning resulting in inhomogeneous printing, 

problematic especially for functional printing. No droplet formation might occur due to mismatch of 

fluid surface tension and the print-head material. Elastic stresses are associated to the behaviour of 

polymer solution, as suggested by Schubert et al.74 This behaviour stops operating for very viscous 

solution of high concentration, or made with high molecular weight materials. In this case, capillary 

forces cannot break the filament and the droplet bounces back to the nozzle plate. The different stages 

of droplet formation are depicted in Figure 2.12. 

 

 

Figure 2.12: High speed photographic images of droplet 

formation from a DoD printer. Through time, the droplet is 

attached to the print-head by a ligament, which then breaks into 

satellite. Finally, they retract to the leading droplet. Reprinted 

from reference.75 

 

The printability of conjugated polymers can also be affected by inter-chain interaction and thus impacts 

film morphology. Solvent polarity, its aromatic nature and polymer concentration are important 

parameters influencing the degree of inter-chain interactions.76  

Large area film formation 

The inkjet printing technique using high boiling point solvents, exhibit a great challenge concerning 

film formation. In the frame of this work, large area squares (4 cm²) must be printed in order to pursue 

thin film characterisation techniques. In order to reach a flat and smooth film, the first criterion is that 

every droplet printed on a substrate must merge to the neighbouring one without a big overlap. The 

droplet spacing should be smaller than the critical value but too small droplet spacing bring film 

instabilities.76 The impact of the droplet spacing on line formation is depicted Figure 2.13, where the 

droplet spacing decreases from (a) to (d). The critical value is reached between the droplet spacing 

displayed in (a) and (b), where merging occurred. 
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Figure 2.13: Pictures of liquid droplets on a substrate where the 

droplet spacing was varied to test the critical value of droplet 

merging and the beginning of line formation. (a) Droplet spacing 

is too large for the drops to merge together. (b) Droplet spacing 

is above the critical value and drops merge together resulting in 

a line formation with a periodic irregularity. (c) When the droplet 

spacing is optimised, a line with parallel sides is formed. (d) 

Droplet spacing is very small and a bulging instability forms along 

the line. Reprinted from reference.77  

 

To satisfy the prerequisite for successive droplets to merge together, the ink solvent should exhibit a 

low contact angle with the substrate.78 In addition, a levelling time larger than the drying time assures 

a homogeneous printed layer.79 While drying, one commonly encountered effect is the coffee-ring 

effect, which remains being a considerable challenge, see Figure 2.14a. Deegan et al. demonstrated that 

the pattern of this ring-like shape is a consequence of a faster solvent evaporation at the boundary of a 

droplet with a pinned contact line and of a surface tension gradient at the surface.80-81 In the case of 

such a pinned contact line, represented in Figure 2.14c, an outward flow of fluid takes place due to loss 

of fluid by evaporation at the edges. Therefore, there is a constant material motion towards the edges 

which produces a coffee ring effect, whereas without pinned contact line, the diameter of the droplet 

shrinks due to fast evaporation resulting in a homogeneous drying process, see Figure 2.14b. The 

resulting surface tension gradient generates as well a material flow towards the edges, this 

phenomenon is called the Marangoni effect. The coffee ring effect can be eliminated by the use of 

solvents mixtures of various boiling points generating consistent drying everywhere in the droplet 

and thus a more homogeneous film.66  

 

 

Figure 2.14: (a) Schematic representation of drying process of a droplet. (b) A droplet having 

an unpinned contact line leads to droplet shrinking while drying, whereas (c) a droplet having 

a pinned contact line exhibits a coffee ring effect. Reprinted from references.80-81 

 

Experiments by Moon et al. using inkjet printed aqueous droplets of suspended silica particles revealed 

that the contact angle of the ink has an influence on drying patterns (Fig. 3).82 They found that when 

the ink formed a high contact angle with the substrate, coffee staining did not occur. However, high 

contact angle inks are not preferred for a homogeneous film deposition by inkjet printing. Indeed, while 

drying, a film has the tendency to shrink.  Thus, inkjet printing requires a consequent work on ink 

formulation, including polymer properties (molecular weight), solvent choice (viscosity), in order to 

reach targeted thickness, roughness and homogeneity.83 

(c) 

(b) 
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2.3.  IJP inks: Polymer solutions 

In this work, the focus is set on polymer solutions, which can be seen as a mixture of long 

macromolecular chains and small molecules of solvents.84 Due to diverse conformations that the 

flexible chains may take, special methods must be taken into account. In order to study the physical-

chemical properties of polymers in solution, the mixture must be in the dilute regime where no 

interaction between the chains is taking place or is reduced to a minimum. In dilute solutions, 

individual macromolecules properties are studied, whereas in concentrated solutions, the chains are 

entangled and consequently the contribution of a single macromolecule cannot be evaluated. 

2.3.1.  Polymer solubility profile 

Complete polymer dissolution can occur instantaneously but can also last up to days or weeks. 

Billmeyer Jr. identified polymer dissolution following two steps.85 First the polymer swells, then 

second the dissolution itself takes place. The polymer coil, together with solvent molecules attached, 

adopts a thermodynamic arrangement in solution, as displayed in Figure 2.15. 

 

 

Figure 2.15: Schematic representation of the dissolution process for 

polymer molecules. In a theta solvent, the polymer coil adopts a spherical 

form. 

 

The rule of thumb stating “like dissolves like” gives a good appreciation of polymer solubility.86 

(Non)Polar solvents dissolve (non)polar solutes. Yet, polymer dissolution depends on many other 

parameters, such as molecular weight, branching, degree of cross-linking and crystallinity. An increase 

of molecular weight, at constant temperature, leads to a decrease in polymer solubility. The same 

behaviour is observed as the degree of cross-linking increases. Indeed, the cross-linked polymer hinders 

interaction between polymer chains and solvent molecules, rendering them insoluble and resulting in 

a swollen gel. When the solubility of a polymer cannot be directly determined by standard 

measurements, an indirect method allows understanding the solubility range of a polymer and the ink 

stability. The Non-solvent Induced Phase Separation (NIPS) is a well-established technique also 

known as Loeb-Sourirajan method, as well as immersion precipitation and Diffusion Induced Phase 

Separation (DIPS).87 To perform this method, three components are needed: a polymer, a solvent and 

a non-solvent for the investigated polymer. A typical ternary NIPS, illustrated in Figure 2.16, was 

used to describe an ink stability, i.e., the capability of an ink to remain a single-phase system while non-

solvent is added. 
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Figure 2.16: (left) Diagram of ternary Non-solvent Induced Phase Separation (NIPS). (right) Phase diagrams of polymer solutions 

presenting the variation of the spinodal boundary depending on their solubility. 

 

The corners represent the pure components and any point contained in the diagram equals to a mixture 

of the three components. The spinodal curve is the limit of a solution stability standing for the 

boundary of absolute instability of a solution to decompose into multiple phases. In the one-phase 

region the polymer solution is thermodynamically stable. As more non-solvent is added, the 

composition of the solution changes, the attractive forces between polymer segments become stronger 

than the polymer-solvent interactions. Then, the solution enters the binodal and spinodal phases, 

where demixing occurs. These boundaries can be determined by visual observation of cloud points, 

meaning when the solution changes from clear to turbid. To perform the NIPS method, the pure non-

solvent is added slowly to a stirred polymer solution. The system solvent needs to be miscible with the 

non-solvent to perform NIPS. A polymer exhibiting a high solubility in a given solvent has wide 

soluble concentration range, hence a small binodal region in the phase diagram. 

2.3.2.  Size of polymer chain in solution 

Polymers chains are composed of many carbon atoms. The backbone of a conjugated polymer consists 

of an alternation of single and double bonds. While more rigid than a polymer consisting of only single 

bonds, twisting between monomers can occur in conjugated polymers thanks to the alternation.88 

Therefore, long polymer chains can adopt a lot of different conformations. Polymer chains form tightly 

folded coils which can be entangled to each other; due to their flexibility the chains adopt a random 

coil formation as depicted in Figure 2.17. These coils hold together thanks to cohesive and attractive 

intra- and inter-molecular forces (e.g., dispersion, dipole-dipole interaction, induction, and hydrogen 

bonding). 
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Figure 2.17: Scheme of polymer 

arrangement in random coil. 

 

The volume occupied by a polymer in solution is defined by the radius of gyration Rg, calculated as the 

average squared distance of any point in the polymer coil from its centre of mass. 𝑅𝑔 can be 

experimentally determined by light scattering. The conformation of a polymer dissolved in a solvent 

depends on many parameters such as their polarity, chemical characteristics and solubility parameter.89 

A good solvent for a given polymer confers stronger polymer-solvent interactions than polymer-

polymer attraction forces. In this system, the polymer volume marked by 𝑅𝑔 increases and the 

segments are “solvated” instead of “aggregated” as in the solid state. One way to measure this 

interaction is by rheological methods. Rheology is a measure of the fluid resistance being deformed by 

shear stress. The viscosity of a polymer solution is distinctive of the dissolved polymer concentration 

and its size. High polymer solution viscosity is due to intermolecular frictions created by distorting 

the flow lines around individual particles. The most popular drag flow rheometer is a cone-plate 

rheometer which usually consists of a rotating upper plate (small-angle cone) and a fixed lower plate 

with a fluid sample contained between them. The applied torque is measured with the programmed 

motion. 

The radius of gyration 𝑅𝑔 differs from the hydrodynamic radius Rh. 𝑅𝑔 describes the distribution of 

mass centres in the polymer coil, whereas Rh varies depending on both mass and polymer conformation. 

Therefore, the shape of the polymer, whether it is spherical, random-coiled or rod-like, can be 

determined by Rh. The hydrodynamic diameter 𝑑ℎ is defined by the Stokes-Einstein equation as: 

 

where 𝑑ℎ is the hydrodynamic diameter, 𝑅ℎ is the hydrodynamic radius, 𝑘 is the Boltzmann constant 

1.38×10-23 m2∙kg∙s-2∙K-1, 𝑇 is the temperature, 𝜂 is the viscosity of the polymer solution and 𝐷 is the 

diffusion coefficient. The factor 3𝜋𝜂 corresponds to the friction coefficient ζ introduced in the Nernst-

Einstein equation, which can be applied to any form of particles in solution. 

Another method to define the polymer volume in a solvent is by using the Einstein equation which 

describes the relationship between hard sphere volume and viscosity in a dilute system:  

 

 𝜂𝑟 =
𝜂

𝜂𝑠
= 1 + 2.5𝛷 (2.3) 

 

where 𝜂𝑟 is the relative viscosity, η is the viscosity of the suspension, 𝜂𝑠 is the viscosity of the 

suspending solvent and 𝛷 is the volume fraction of particles in the suspension. This model can be 

transferred to macromolecules with necessary considerations, which are not perfect spheres in solution. 

The coefficient 2.5 corresponds to the intrinsic viscosity of a hard sphere in a very dilute system. For 

macromolecules, the Einstein equation should be adapted including the intrinsic viscosity. It can be 

 𝑑ℎ = 2𝑅ℎ =
𝑘𝑇

3𝜋𝜂𝐷
 (2.2) 
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inferred that for a polymer dissolved in a poor solvent, conferring stronger polymer-polymer attraction 

forces than polymer-solvent interactions, the resulting viscosity of the solution should be small. Thus, 

rheology is a tool to record solvent interaction with a given polymer. 

2.3.3.  Interaction between polymer and solvent 

As described in the previous Chapter 2.3.2, polymer-solvent interactions determine the volume fraction 

of a polymer in solution but also the conformation of a polymer coil. Thus, in a good solvent, the random 

polymer coil adopts an unfolded conformation due to the strong polymer-solvent interactions. 

Inversely, in a poor solvent, the polymer-solvent interactions are smaller than the attraction forces 

between chain segments, so the random polymer coil adopts a tight and contracted conformation. In a 

very poor solvent, the random polymer coil is so contracted that it can eventually precipitate. In this 

case, the polymer is in a “non-solvent”. The different conformations are illustrated in Figure 2.18. 

 

 

Figure 2.18: Schematic of polymer size in solution 

made from a good solvent (left) and from a bad solvent 

(right). 

 

The Einstein equation (2.3) can be rearranged by converting the volume fraction to solution 

concentration using the intrinsic viscosity, a measure of molecular density. The coefficient 2.5 in Eq. 

2.3 corresponds to the intrinsic viscosity of a hard sphere in a very dilute system. The volume fraction 

𝛷 of solids in suspension is practically the concentration of a material in solution. Thus, the equation 

can be rewritten as: 

 𝜂 = 𝜂𝑠(1 + [𝜂]𝑐) (2.4) 

 

where 𝜂 is the viscosity of the polymer solution, 𝜂𝑠 is the viscosity of the solvent in mPa∙s, 𝑐 is the 

concentration of polymer in solution in g∙dL-1 and [𝜂] is the intrinsic viscosity of the polymer in the 

specific solvent in dL∙g-1. The unit of intrinsic viscosity is volume per unit mass. The intrinsic viscosity 

is inversely proportional to molecular density. Therefore, a dense polymer molecule has a low intrinsic 

viscosity. Since the measure of polymer solution viscosity is determined by the volume fraction of solids 

in the suspension, a polymer with a high intrinsic viscosity has a strong impact on the solution 

viscosity.  

The Kuhn-Mark-Houwink-Sakurada equation, often referred to as the Mark-Houwink equation, 

describes how the intrinsic viscosity of a polymer is affected by molecular weight, structural 

characteristics and the solvent affinity (good or poor solvent) in which the polymer is dissolved. If the 

Mark-Houwink parameters 𝑘 and 𝑎 are known, the intrinsic viscosity of a polymer in a specific solution 

can be resolved as follow: 
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where [𝜂] is the intrinsic viscosity of the polymer in the specific solvent, 𝑀𝑤 is the molecular weight, 

and 𝑘 and 𝑎 are the MH parameters. The intrinsic viscosity can also be determined by measuring the 

viscosity of the polymer solution over a range of concentrations and fitting the Huggins or Kraemer 

equations.90 These empirical observations will be detailed in Chapter 4. 

 

 [𝜂] = 𝑘 · 𝑀𝑤𝑎 (2.5) 
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3.  Investigated System and Methods 

The hole transport material under investigation was processed from five different inkjet printing 

solvents. The interaction between the polymer and each solvent was characterised by various 

techniques in solution. The resulting inkjet printed polymer film properties were determined to 

understand their stability against solvent exposure. Finally, OLED devices were built to evaluate the 

impact of the HTL ink solvent on their electrical properties. 

3.1.  Materials 

In this work, two classes of organic semiconductors were used. The HIL consists of a mixture of a 

polymer and small molecules. For the HTL, a polymer is employed. A blend of small molecules 

composes the EML where the molecules either emit light or transport charge carriers. The HIL, HTL 

and EML were processed from solution. The ETL and the EIL consist of small molecules that were 

deposited by PVD. Unlike polymers whose molecular weight is over 20,000 g∙mol-1, small molecules 

exhibit a molecular weight of up to 3000 g∙mol-1 which enables them to be either evaporated under 

high vacuum or processed from solution.  

3.1.1.  Hole transport materials 

X-Po, a Merck cross-linkable hole transport material, described in the patent WO2013/156130 A1 as 

polymer Po2,91 is the main investigated polymer in this thesis. The molecular weight of the X-Po batch 

is 82 kg∙mol-1. The hole transport layer material consists of a random co-polymer, whose monomers 

are displayed in Figure 3.1. 

 

 

Figure 3.1: Monomer units forming the two polymers used in this work. The different monomers 

drawn from (a) to (c) were present in the polymers to the proportions displayed in Table 3.1. The 

dashed lines each indicate the continuation of the polymer chain. 
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Po, the non-cross-linkable version of X-Po, was also studied. X-Po and Po differ in the presence of a 

cross-linkable unit, whose ratio between the different monomer units is reported in Table 3.1. These 

were the following monomers: (a) a triaryl amine (TAA) unit, (b) the backbone where side chains are 

attached which have the purpose to increase the chain solubility, and (c) a TAA hosting a thermally 

cross-linkable group. The cross-linkable group consisted of a styrene-type cross-linker. 

 

Table 3.1: Monomer units contained in X-Po and Po. 

Polymer (a) Monoamine 
(b) Backbone + 

side chains 

(c) Cross-linkable 

monoamine 

X-Po 40% 50% 10% 

Po 50% 50% 0% 

 

Figure 3.2 displays the absorption spectra of the two hole transport materials measured from spin 

coated films processed from toluene. The absorption edge is at 436 nm, which results in a calculated 

energy gap 𝐸𝑔 =
ℎ𝑐

𝜆
 of 2.84 eV for both polymers. The HOMO values were measured in films by 

photoelectron spectroscopy in air using a Riken AC3. The LUMO values were estimated by adding 

the calculated energy gap to the Riken HOMO level. The HOMO and LUMO levels of both polymers 

are listed in  

Table 3.2. 

 

 

Figure 3.2: Absorption spectra 

of the hole transport materials 

measured in spin coated films 

processed from toluene. 

 

Table 3.2: HOMO and LUMO levels of X-Po and Po. HOMO values of the hole transport materials 

measured by photoelectron spectroscopy (Riken) and the calculated LUMO of these materials. 

Polymer 

material 

HOMO 

(Riken) 

LUMO 

(Riken + Abs.) 
Eg = hc/λ 

X-Po -5.61 eV -2.77 eV 1240/436 = 2.84 eV 

Po -5.58 eV -2.74 eV 1240/436 = 2.84 eV 

3.1.2.  Inkjet printing solvents 

To process organic semiconductors from solution, and more specifically for inkjet printing, the chosen 

solvents must obey specific criteria. Their surface tension should allow for the formation of well-shaped 

droplets after ejection from the print-head, see Chapter 2.2.3, and they should wet the substrate. In 

addition, the solvents need a low viscosity, especially taking into account that linear polymers show a 
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strong increase in viscosity with concentration. Further, solvents with a high boiling point were chosen 

to avoid clogging of the 21.5 µm diameter nozzles of the print-head. At the same time, the processing 

of organic semiconductors from solution requires that the materials have good solubility in the solvents 

and that the solvent should be chemically inert to the materials dissolved therein.  

The under these boundary conditions selected solvents used in this work were 1-methylnaphthalene 

(1-MYN), 1-methoxynaphthalene (1-MXN), 3-phenoxytoluene (PXT), cyclohexyl hexanoate (CYX) 

and menthyl isovalerate (MISO). They are listed with their physical properties and their structural 

formulas in Table 3.3. All these solvents are liquid at room temperature and their boiling points are 

244°C and 248°C for 1-methylnaphthalene and cyclohexyl hexanoate, respectively, 269°C for 1-

methoxynaphthalene and 270°C for 3-phenoxytoluene as well as for menthyl isovalerate. The 

following organic solvents were purchased from Sigma Aldrich in a purity of 98%: Menthyl isovalerate, 

1-methylnaphthalene, 1-methoxynaphthalene and 3-phenoxytoluene. The solvents were purified by 

distillation to a purity of more than 99 %, as judged by gas chromatography analysis. Cyclohexyl 

hexanoate was bought from ABCR in a purity of 99%. For titration test, ethanol and acetone were 

purchased from Sigma Aldrich in a purity of more than 99.5% and used as received. 

 

Table 3.3: Inkjet printing solvents used in this work to process the hole transport material. 

CAS 

number 

Solvent 

name 
Acronym 

Surface 

Tension  

at 22°C 

(in mN∙m-1) 

Viscosity 

at 25°C 

(in mPa∙s) 

Boiling 

Point  

at 1 atm 

(in °C) 

Chemical Structure 

90-12-0 
1-Methyl 

naphthalene 
1-MYN 38.3 3.0 244 

 

2216-69-5 
1-Methoxy 

naphthalene 
1-MXN 42.0 6.0 269 

 

3586-14-9 
3-Phenoxy 

toluene 
PXT 37.8 4.4 270 

 

6243-10-3 
Cyclohexyl 

hexanoate 
CYX 28.7 3.5 248 

 

16409-46-4 
Menthyl 

isovalerate 
MISO 26.5 5.9 270 

 

 

1-Methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, cyclohexyl hexanoate and menthyl 

isovalerate have been chosen so that various surface tensions and boiling points could be tested. These 

O

O

O

O

O

O
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five solvents cover a meaningful range of surface tensions and boiling points applicable to inkjet 

printing, see Figure 3.3. 

 

Figure 3.3: Mapping of 

surface tension and boiling 

point of the investigated 

inkjet printing solvents. 

 

3.1.3.  Ink formulations 

All compounds for the ink preparation were handled by weight. First, the solid material or solid 

material mixture was weighted and filled into a glass bottle. After being purged with argon for at least 

20 minutes, the solvent was added dropwise with a glass pipette. In case of a solvent mixture, the 

solvent with the highest solubility was first added to dissolve the solid. Then, the other solvents were 

added. The dissolution occurred at room temperature under magnetic stirring in argon atmosphere. 

After complete dissolution of the material, the ink was seeping through a 0.2 µm PTFE filter into a 

brown bottle with argon overlay. The inks for inkjet printing were additionally degassed at a reduced 

pressure of 25 mbar for five minutes. The amount of prepared ink varied accordingly to the print-head 

used to process it. Five millilitres of ink were prepared for DMC cartridges and 30 ml for Q-class print-

head reservoirs. 

The inks for the hole injection layer (HIL) and the emissive layer (EML) are composed of a material 

mixture solubilised in a solvent mixture. The hole transport layer (HTL) ink consists of a single 

material dissolved in a single solvent.  

Solubility test 

In order to determine the solubility of a material in a given solvent, a solubility test was performed in 

the same way as for an ink formulation. The highest concentration at which the material completely 

dissolved was recorded.  

3.1.4.  Solution characterisation 

To examine the properties of the employed polymer solution, the system was characterised with 

established and newly developed methods. Therefore, the affinity between polymer and solvent was 

investigated, the hydrodynamic radius of the polymer chains in the solvents were measured, the 

polymer solution viscosity was recorded at room temperature after heat treatment and the volatility of 

the solvent from a polymer film was studied. 
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Polymer-solvent affinity 

Polymer-solvent affinity was determined using a precipitation/demixing test based on the NIPS 

technique, introduced in Chapter 2.3.3.87 Ethanol was considered to be a poor solvent for X-Po. It was 

used to precipitate the polymer X-Po from solution of each solvent utilised in the present study. A 1.5 

mL solution of polymer X-Po was prepared at 30 g∙L-1 with each solvent in glass bottles. The high 

concentration of 30 g∙L-1 facilitated the visualisation of the precipitation onset. Ethanol was added to 

the mixture dropwise under magnetic stirring. The beginning of precipitation was determined visually 

as the moment the solution turned turbid. The amount of ethanol added at which the mixture started 

to precipitate was recorded. The more ethanol was needed to start the precipitation of the polymer 

solution, the stronger was the interaction between polymer and solvent. Such strong interaction was 

characteristic of a good solvent92 for X-Po. 

Size of particles in solution: Hydrodynamic radius Rh 

The size and organisation of the polymer in solution was investigated by light scattering 

methodologies.93 “Classical light scattering”, also called “static” or “Rayleigh” scattering is employed 

to directly measure the weight-average molecular weight of a polymer (Mw). “Dynamic light 

scattering” (DLS), also known as “photon correlation spectroscopy” (PCS) or “quasi-elastic light 

scattering” (QELS) can be used to measure the rate of diffusion of polymer particles in solution. This 

diffused light collected from the Brownian motion of polymer particles is sensitive to the presence of 

very small amounts of aggregated polymer particles and can deliver the polymer size distribution over 

a large range of masses. Thereby small particles diffuse rapidly, whereas large particles diffuse slowly. 

Additionally, the speed of diffusion also depends on the viscosity of the dispersant.  

The size distribution obtained by DLS is representative for the light intensity that is scattered by 

particles in suspension of diverse diameters. If the sample is polymodal (more than one discrete peak) 

and polydisperse (broad peak), it is recommended to use the Mie theory to convert the intensity 

distribution to a volume distribution by considering the refractive index of the polymer solution. The 

volume representation of a polymodal and polydisperse sample provides a more real picture of the 

proportions of the particle sizes in solution.94 DLS measurements were carried out with disposable 

plastic cuvettes at 25°C. In order to utilise the volume representation, the viscosity of the solution had 

to be introduced to the software. 

Viscosity 

Viscosity measurements were carried out using a HAAKE MARS rheometer (Modular Advanced 

Rheometer System), see Figure 3.4. The viscosity was measured in a cone-plate geometry over a range 

of shear rates from 0.5 to 1000 s-1 with 20 logarithmically spaced steps at a constant temperature of 

25°C. The temperature was controlled by a Peltier plate with 0.2°C accuracy. A small fluid sample (1.3 

mL) was placed with an Eppendorf pipette in the space between a fixed lower plate of radius 𝑟 (TMP60) 

and a rotating cone of the same radius with a very small angle 𝛼 (C60/1°). The sample must have a 

free spherical shaped surface at the outer edge to insure an accurate measurement.95 
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Figure 3.4: HAAKE MARS 

rheometer. (a) Photo of the 

measurement equipment.44 (b) 

Diagram of rotation cone and 

fixed lower plate. 

 

The viscosity of a polymer solution varies under the influence of many parameters, such as solution 

concentration, solution impurities, polymer molecular weight, measurement temperature and pressure. 

Generally, low concentrated polymer solutions exhibit a Newtonian behaviour, following Newton’s 

law of viscosity: 

 σ = η · �̇� (3.1) 

 

where σ is the shear stress in Pa, η is the viscosity in mPa∙s and �̇� is the shear rate in s-1. The shear 

stress is also defined as 𝜎 =
𝐹

𝐴
, where F is the force applied and A is the cross-sectional area parallel to 

the applied force. The shear rate is determined by �̇� =
v

ℎ
, where v is the velocity of the plate and h is 

the distance between the plate and the cone. By introducing the angular speed 𝜔, the shear rate can be 

expressed by �̇� =
v

ℎ
=

𝑟𝜔

𝑟 tan 𝛼
≈

𝜔

𝛼
, where r is the plate radius and 𝛼 is the angle of the cone. 

A Newtonian or a non-Newtonian behaviour can be determined by the response of a fluid to shear 

stress. In a Newtonian fluid, the shear stress has a linear relationship with shear rate, as shown in 

Figure 3.5. In a non-Newtonian fluid, the shear stress does not exhibit a linear dependence with shear 

rate. One distinguishes shear thickening which describes a solution whose viscosity increases with 

shear rate and shear thinning when the viscosity decreases with shear rate. Shear thickening can be a 

problem while printing, because it can cause nozzle clogging.96 On the other hand, shear thinning 

makes droplet formation also problematic. For inkjet printing, a viscosity between 2 mPa∙s and 30 

mPa∙s is recommended with an optimum value at 10 mPa∙s. 

 

 

Figure 3.5: Graphical representation of 

viscosity change of polymer solutions 

over a wide range of shear rates. A 

Newtonian solution and two non-

Newtonian solutions, one presenting 

shear thickening and the other one 

shear thinning are represented. 

 

Surface tension 

The KRÜSS DSA100, depicted in Figure 3.6, was used for surface tension (SFT) analysis of pure 

solvents and inks by calculating the SFT through liquid density and two-dimensional shape analysis. 

This calculation method is called the pendant drop method. The contour of the drop is extracted by 
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the function “profile detection” which analyses the picture contrast. The surface tension is calculated 

by a fit of the Young-Laplace equation to the pendant drop contour. 

 

 

Figure 3.6: Photograph of KRÜSS 

DSA 100 used for surface tension 

and contact angle measurement. 44  

 

The measurements were carried at room temperature in air with pendant drops of 15 µL (± 5 µL). The 

temperature was recorded to perform rigorous calculations. The SFT results give information about 

the printability and the jettability of a solvent or an ink. To jet an ink through the nozzle plate, a 

minimum surface tension should be respected. To provide a good nozzle plate wetting and an adequate 

droplet formation, an optimal surface tension of 30 mPa∙s is recommended. However, droplet wetting 

on the substrate is limiting the upper range of the surface tension. A maximum of 40 mN∙m-1 is the 

upper limit enabling a uniform wetting of the ink in the pixelated substrate used in this work.  

Cross-linking in solution 

The cross-linkable polymer X-Po was dissolved in the different solvents of Table 3.3 at a concentration 

of 50 g∙L-1. Each of the polymer solutions was divided into multiple glass bottles of 1 mL each, so that 

each bottle could be heated at a specific temperature. After degassing and argon overlay, the bottles 

were sealed. The bottles were surrounded by an aluminium block placed on a hotplate covering the 

whole bottle except the cap. Each of these bottles was annealed at a fixed temperature for three hours 

under constant stirring. After annealing, the bottles were placed into a cold-water bath to cool down 

back to room temperature. The viscosity of the solutions before and after the annealing procedure was 

measured at room temperature with a shear rate of 500 s-1, following the procedure explained in 

Chapter 3.1.4 Viscocity. 

Solvent volatility  

The drying behaviour of the polymer solution is characteristic for the polymer-solvent interactions. 

The volatility correlates with the binding energy between polymer chains and solvent molecules. Weak 

polymer-solvent interactions lead to a fast evaporation of solvent under vacuum since polymer chain 

interactions are preferred. However, due to the speed of evaporation of solvent at the interface of air 

and polymer solution, the surface dries much faster than the bulk resulting in a polymer-rich surface 

and trapped solvent in the bulk.  

In this work, the volatility of the solvent was defined by the solvent residue contained in the bulk after 

drying the solvent under vacuum. Therefore, the polymer solutions of 5 g∙L-1 were poured inside a 

DSC pan in a volume of 30 µL. The pans were placed in a vacuum chamber and were exposed to a 
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pressure of 10-4 mbar for two hours. The volatility of a solvent from the polymer solution was 

calculated as:  

 𝑟𝑠 =
𝑚𝑠

𝑚𝑓
· 100 (3.2) 

 

 𝑚𝑠 = 𝑚𝑓 − (𝑐 ·
𝑚𝑖

𝑑𝑠
) (3.3) 

 

where 𝑟𝑠 is the solvent residue in weight percent, 𝑚𝑠 is the mass of solvent residual in bulk, 𝑚𝑓is the 

total mass after drying of material and solvent residue, 𝑐 is the polymer solution concentration, 𝑚𝑖 is 

the mass of the wet film and 𝑑𝑠 is the solvent density. 

3.2.  Processing of an inkjet printed layer 

As introduced in Chapter 2.1.1, solution processing is offering a high material utilisation and is 

therefore the most cost-effective deposition technique for OLED devices. Due to the high precision at 

which the material is deposited onto a substrate, inkjet printing is a promising technology for high 

resolution display applications. 

3.2.1.  Inkjet printer 

To process solution layers by inkjet printing, the research printer Pixdro LP50 from Meyer Burger 

was used, see Figure 3.7. Numerous printing parameters (e.g., waveform, printing frequency, 

pattern…) can be adjusted in the software of the printer. Two different print-heads were used during 

this work to adapt to the printing needs. Dimatix cartridges (DMCs) are disposable print-head 

cartridges that can contain up to 2 mL of ink. They are preferred for testing new inks, for example 

newly developed solvents or materials, due to its low material consumption. The print-head is 

composed of 16 nozzles, while only one nozzle was activated to print to increase precision. The second 

print-heads used are Fujifilm Q-Class™ Emerald heads which are commonly used for industrial 

applications and display best-in-class jetting accuracy. An ink reservoir of 30 mL is attached to the 

print-head consisting of 256 nozzles. The nozzles of both print-heads are aligned on one row and the 

nozzles are separated by 254 µm. The Q-Class print-head is used for reference inks and for pre-testing 

inks before industrial application. A reference ink is an ink that was tested several times; its process 

and resulting film performance are known. A reference ink is printed at every experiment to show that 

the process is reproducible. With this knowledge the performance of the thin films resulting from the 

new inks can be analysed. To fabricate OLED devices, two Pixdro LP50 printers were used, one located 

in a cleanroom 100 in air, and the other in a glovebox in nitrogen atmosphere. 

 

Figure 3.7: Pixdro printer LP50.44 
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3.2.2.  Printing substrates 

To test inks developed for display applications, pixelated substrates were used to study film formation 

of inks and OLED device performance. The dimensions and layout of subpixels define the resolution 

of a display. The substrates used in this work had 135 x 45 subpixels with a pixel density of 80 pixels 

per inch (PPI) in the diagonal direction. Each subpixel measured 212 µm x 64 µm. A grouping of 33 x 

11 subpixels defined one pixel with an active area of 4.606 mm² and an aperture ratio of 39.1%. The 

four active pixels were surrounded by a so-called “dummy” area, represented by the yellow dotted area 

in Figure 3.8a. Using a dummy area is a well-known technique to eliminate drying patterns caused by 

inhomogeneous drying (e.g., faster drying at the edges compared to the centre of the substrate). It 

enables a constant layer thickness of the respective printed material across the whole substrate 

resulting in homogenous light emission of fabricated OLEDs. The design of a pixelated substrate is 

shown in  

 
Figure 3.8. 

 

 

Figure 3.8: (a) Photograph of an inkjet printing substrate of 30 x 30 mm² containing four pixels with an active area of 

4.606 mm². (b) Microscope picture of a subpixel where a pixel contains 11 x 33 subpixels. (c) Schematic of the cross-

section of a single subpixel  

 

The pre-structured substrate was composed of subpixels as illustrated in  

 

Figure 3.8c formed by bank materials on top of a 50 nm thick indium tin oxide (ITO) layer. Bank 1 was 

made of a solvophilic coating on the inner part and a solvophobic coating on the top. These coatings 

aim to concentrate the ink within the subpixel after printing. In contrast, bank 2, which was made of 
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insulating silicon dioxide, was used to increase the homogeneity of the layer thickness of printed 

OLEDs as will be explained in the next section. 

 

 

Figure 3.9: (a) Microscope picture of one subpixel. (b) SEM picture of bank 1 and bank 2 with one 

organic layer printed in subpixel. Picture taken from the side. (c) Film profile in subpixel measured 

by profilometer. The outer region of the subpixel is depicted by a red dashed box. 

In the outer region of a subpixel emphasised by a red dashed box in Figure 3.9, it is often seen that the 

layer is not uniform due to adhesion on the bank material. Because of the insulating bank 2, no electrical 

current can be injected into the organic layers in the outer regions of the subpixel and thus only the 

flat and uniform layer in the centre of the subpixel contributes to light emission of the OLED device. 

The film formation inside a subpixel is presented in Chapter 6.1.2.  

In addition to the pre-patterned substrates presented above, bare glass substrates of 30 mm x 30 mm 

were used for film stability tests against solvent exposure and for optical measurements of printed 

films, which were carried out on large area films.  

3.2.3.  Film formation process 

 

Printing 

The printing speed has a direct impact on the printing quality, i.e., the film homogeneity and the 

droplet landing precision. An increase in printing speed can lead to higher film homogeneity since the 

drying start with a shorter delay between the first and last printed droplet.76 However, a maximum 

printing speed should not be exceeded; otherwise it could also result in a heterogeneous droplet 

spacing, thus a discontinuous printing resolution. With the Pixdro LP50 printer, a maximum of 250 

m∙s-1 printing speed is possible. Only one nozzle was used to jet the ink droplet and the printing was 

bi-directional. The printing speed was then adjusted to reach an intended droplet spacing according to 

Eq. 3.4. 

 𝑣𝑝𝑟𝑖𝑛𝑡 = 𝐷𝑆 · 𝑓 (3.4) 

 

where 𝑣𝑝𝑟𝑖𝑛𝑡 is the printing speed in m∙s-1, 𝐷𝑆 is the droplet spacing in metre and 𝑓 is the printing 

frequency in s-1. The droplet spacing was utilised to vary and tune the layer thickness. The printing 

time varied between 20 seconds to 100 seconds. 
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Drying 

 

Figure 3.10: Pressure profiles 

with time in the vacuum chamber 

in dependence on the selected 

drying speed. 

 

After printing the ink into the subpixels, the high boiling point solvent had to be removed prior to the 

thermal annealing step. The vacuum dryer was equipped with two different pumps in order to achieve 

a high vacuum of 10-5-10-6 mbar at various speeds. The pressure profile in the chamber during the 

vacuum drying process was tuned by pump-down programs, as depicted in Figure 3.10. The drying 

conditions were adapted to the respective ink, since material-solvent mixtures behaved differently 

depending on their viscosity, vapour pressure, material-solvent interaction and affinity to the bank 

materials. The time to place the printing film under vacuum varied due to manual handling and it 

fluctuated between 15 seconds up to 5 minutes. This duration was not identified as having an influence 

on the film formation due to a fast ink levelling on the substrate.  

Drying: Drying of large area films 

In the beginning of the drying process, the evaporation rate of the solvent was the highest at the 

substrate edges and weaker in the centre. In Figure 3.11, the drying evolution of a large area printed 

film on a glass substrate can be seen. The drying does not start homogeneously over the layer due to 

disparate vapour pressure at the layer edges compared to the centre of the layer. 
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Figure 3.11: Photographs of a large area film during the drying process in the vacuum chamber taken by camera under UV 

illumination. An emissive material mixture was printed from menthyl isovalerate on glass substrate and dried with the slow drying 

speed program. For an easier identification at t = 0 s and t = 127 s, the substrate has been marked in grey, the wet film in white 

and the dry film in orange. 

Drying: Drying in a patterned substrate with banks 

In a patterned substrate, the solvent evaporation was more complex than for the large area films. After 

the ink level has dropped below the bank height, a capillary suction from the bank walls occurred due 

to the negative curvature of the drop. This negative curvature was caused by the droplet pinning at 

the top of the bank wall.97 The dried film pinned on bank 1 and bank 2 as can be seen in Figure 3.9b. 

Due to the insulating material composing the banks, the part of the printed film pinned on the banks 

did not conduct charge carriers. 

Annealing 

After drying, the substrate was transferred to a N2-filled glovebox where thermal annealing was 

performed on a hotplate. This thermal treatment was necessary to trigger the cross-linking reaction 

of the HIL and the HTL. For the EML, thermal treatment was also utilised to remove solvent residue 

from the layer. The substrate was placed on a hotplate, printing side up, at a fixed and stable 

temperature for various times depending on the layer. The HIL and HTL were annealed for 30 minutes 

at 225°C (the HTL annealing temperature was varied in the study) and the EML was treated for 10 

minutes at 150°C.  

3.2.4.  Film thickness measurement 

Film thickness determination was carried out on thin films after being inkjet printed, vacuum dried 

and annealed. The layer profile was measured by the profilometer Dektak 150 from Veeco Instruments 

Inc. utilising a diamond needle. 

Large area films 

To determine the thickness of large area printed films, the printed layer was scratched with a scalpel 

so that the cross-section was accessible to the measurement. Subsequently, the needle of the 

profilometer was moved perpendicular to this scratch and the deflection of the needle was recorded. 

The needle scanned a defined length and recorded points every 100 nm with a contact force of 5 mN. 

The precision of the thickness measurement was ±2 nm. 



  

3.2. Processing of an inkjet printed layer  33 

Pixelated substrates  

 

 

Figure 3.12: Example of a measurement scan to determine 

layer thickness over seven subpixels of a pixelated 

substrate. 

 

The measurement of a printed layer within a pixelated substrate remains a challenge. Indeed, the small 

dimensions of the subpixels may request several trials to target the centre of the subpixel where the 

average layer thickness is taken. The thickness of a layer was determined by the relative difference 

between an empty subpixel as reference where no ink was deposited and the third subpixel away from 

the reference.98 This printing pattern was especially employed for film thickness measurements. The 

first two subpixels could be influenced by the empty subpixel during drying due to different vapour 

pressure environments, thus they could have a different film thickness and film profile compared to a 

fully printed substrate without empty reference pixels. The needle scanned the measurement area 

consisting of seven subpixels. An example of a scan is shown in Figure 3.12. 

3.2.5.  Polymer bulk properties 

A range of characterisation techniques was used in this work to describe the solvent impact on material 

properties. The hole transport material was characterised as powder, as film and as solution.  

Cross-linking enthalpy 

Differential Scanning Calorimetry (DSC) measurements of the polymer were performed under ambient 

atmosphere using TA Analysis model Discovery Serie 1. Powder samples (ca. 2 mg) were measured in 

standard aluminium crucibles with a closed lid. Sample thermograms from a single heating ramp were 

recorded from room temperature to 300°C under argon atmosphere with a gradient of 20 K∙min-1. 

Thermal stability 

Thermogravimetric analysis (TGA) was performed to investigate the material stability against 

thermal stress by analysing the mass change of a sample as a function of temperature. The 

measurements were carried out using an instrument from TA analysis model Discovery Serie 1. 

Samples of 1- 4 mg were heated up from room temperature to 500 °C in inert crucibles at a constant 

heating rate of 20 K∙min-1. The furnace was constantly flushed with nitrogen to avoid possible material 

oxidation by atmospheric oxygen. Mass loss of a sample usually occurs through physical processes 
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(evaporation, sublimation), chemical reactions (oxidation, reduction), or decomposition of the sample 

to form volatile fragments. 

Infrared spectroscopy 

The cross-linking reaction of styrene in polymer powders was evaluated with FT-IR by monitoring 

the reduction of the styrene signal after annealing. Infrared spectra were measured with a LUMOS 

FT-IR spectrometer from Brucker. The polymer powders were placed on silver-coated substrates and 

measured in reflection mode (ATR) with a germanium crystal detector. Before every measurement, the 

background noise was measured. Spectra were recorded at 4 cm-1 resolution and 60 scans were 

averaged to reduce the noise. Different pressing forces were tested and the level “hard” (setting of the 

instrument software) was used to measure the polymer powders. 

3.2.6.  Polymer film properties 

The surface roughness and film homogeneity of the polymer films were measured as well as the surface 

energy. The cross-linking reaction in film was characterised by determining the cross-linking enthalpy 

by assessing the film stability against solvent exposure, and by evaluating the change in optical 

properties of the film. 

Surface analysis vs. interferometry 

Film surface information, such as roughness, layer homogeneity, but also thickness of thin films (< 1 

µm), was investigated by an S neox 3D optical profiler from Sensofar Metrology. This non-contact 

optical 3D surface profiler provides a sub-nanometre vertical resolution. A Mirau objective with 10 x 

magnification was used to perform the measurements. The working principle of this interferometer is 

illustrated in Figure 3.13. 

 

Figure 3.13: Schematic 

representation of a white 

light scanning microscopy. 

Reprinted from reference.99 

 

The light source illuminates via a beam splitter the microscope objective and subsequently a Mirau 

interferometer and the sample. Interference patterns are created by superposition of the reflected light 

from the surface of the sample and the directly reflected light from the light source to the detector 

which is then picked up by a detector array consisting of a charge-coupled device (CCD) and a digital 

acquisition system. The surface profile is then calculated from the distortion of the interference pattern. 

Due to short coherence length of the light, a vertical scanning method is employed so that the focus 
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on various heights is possible for the same order of the light coherence length. Scanning the film layer 

by layer eliminates the short dynamic range problem and allows for a measure of the height profile.99 

Surface energy  

In order to study the surface energy of the polymer inks, contact angle measurements were performed 

with a drop of each ink on a glass substrate. The KRÜSS DSA100 permits to measure the contact angle 

defined as being the angle between the substrate and the tangent to the formed droplet, as illustrated 

in Figure 3.14.  

 

 

Figure 3.14: Schematic of contact angle 

measurement for different inks. γVL, γVS 

and γLS correspond to the surface 

energy at the liquid/vapor interface, at 

the vapour/solid interface and at the 

liquid/solid interface, respectively. 

 

The contact angle is defined by the surface tension of the solvent and the substrate. It gives information 

about the wetting potential of an ink on a given substrate, as depicted in Figure 3.15. A sessile drop 

was deposited on a perfectly flat and homogeneous substrate and a high-speed zoom camera combined 

with an LED backlighting permitted a high-resolution imaging of the droplet wetting. The drop tends 

to minimise its surface free energy until the contact angle with the substrate achieves its equilibrium 

value.100 The contact angle was taken at the equilibrium position and adjusted to a theoretically 

determined angle by using a circular fitting for contact angle lower than 20° and fitting the tangent of 

the droplet for higher contact angle.  

 

 

Figure 3.15: Contact angle-

dependency on ink surface tension 

and substrate surface energy. 

 

The contact angle of a droplet can be used to gain information about its drying behaviour, as depicted 

in Figure 3.16. Droplets of low contact angle lead to homogeneous distribution of the polymer particle 

on the surface. In opposite, droplets of high contact angle aggregate the polymer particles more in the 

centre. The contact angle of a droplet on a given substrate provides information on the resulting film 

formation since the drying process impacts the material distribution over the substrate. To obtain flat 

and homogeneous films, inks exhibiting low contact angles are preferred. 
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Figure 3.16: Impact of droplet contact angle on the particle arrangement 

in suspension. (a) Hydrophilic droplet leads to homogeneous repartition of 

the particle on the surface. (b) Hydrophobic droplet drives the particles to 

aggregate in the centre. Reprinted from reference.66 

Cross-linking enthalpy in polymer film 

In order to measure the cross-linking enthalpy of X-Po in films, DSC was performed under ambient 

atmosphere using an instrument from TA analysis model Discovery Serie 1. Polymer ink (ca. 30 µL of 

ink at 50 g·L-1) was dropped into standard aluminium crucibles. Then the crucibles were place for 3 

hours under vacuum to remove most of the solvent. Prior to the measurement, the crucibles were 

closed with a lid. Thermograms were recorded from a single heating ramp starting at room 

temperature up to 300°C at a heating rate of 20 K∙min-1. 

Film stability against solvent exposure: Spin coated film 

To determine the film stability against solvent exposure, rinsing tests were carried out on spin-coated 

films. A thin film was deposited on top of a glass substrate by spin-coating and subsequently cross-

linked by heat treatment. Film thicknesses were measured before and after rinsing with an organic 

solvent, to remove non-cross-linked parts of the layer. The film stability against solvent exposure was 

defined as the ratio of thickness before and after solvent rinsing.  

Film stability against solvent exposure: Inkjet printed film 

To test the stability of an inkjet printed film against solvent exposure, a new method was developed 

where the deformation of the film surface due to solvent exposure is quantified. A square shaped large 

area layer was printed from each ink onto a glass substrate. The wet film was dried in a vacuum 

chamber and then annealed in a nitrogen atmosphere for 30 minutes at 225°C on a hotplate to activate 

the cross-linking reaction. To test the solvent exposure stability of the polymer thin film, a 90 pL drop 

of 3-phenoxytoluene was dropped on the centre of the layer since it is also the solvent used to process 

the EML. After five minutes soaking, the drop of 3-phenoxytoluene was removed by vacuum drying. 

The film deformation was recorded by interferometry and the cross-section of the deformation was 

analysed, see Figure 3.17. 
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Figure 3.17: Deformation of X-Po polymer surface processed from 1-methylnaphalene 

observed by interferometry (left). A 90 pL drop of 3-phenoxytoluene was left on the 

polymer surface for five minutes and removed by vacuum drying. Cross-section of the 

deformation used to quantify the solvent exposure stability (right). 

Optical properties 

In this work, optical properties of X-Po thin films were measured by ellipsometry to study the impact 

of ink solvent on film properties. Ellipsometry is an optical technique used to determine film thickness 

and optical constants (n, k) of the small molecule(s) and polymer(s) contained in the film. It measures 

the change in polarisation of light after being reflected (/transmitted) on (/through) a sample. Light 

polarisation is characterised by an amplitude Ψ and a phase Δ. The working principle of an ellipsometer 

is shown in Figure 3.18a. An isotropic light source shines through a polarising filter to generate linear 

polarised light which is reflected or travels through the sample. Linear polarised light is used since its 

amplitude and phase are defined. By the reflection or transmission of the polarised light, Ψ and Δ 

change and are functions of film thickness and optical constants of the investigated material. The 

refractive index 𝑛 (index of refraction) describes the ratio of the light velocity 𝑐 in vacuum and to the 

light velocity in matter, in the present case in the investigated material (refraction), as v = 𝑐 ∗ 𝑛−1. 

The extinction coefficient 𝑘 describes the reduction of amplitude due to the light interaction with the 

material (absorption). 

 

 

Figure 3.18: (a) Working principle of an ellipsometer. (b) Ellipsometer M-2000 from J.A. Woollam used 

to measure thin film optical properties. 

 

Ψ and Δ of printed films were measured with the ellipsometer M-2000 from J.A. Woollam, see Figure 

3.18b. The absorption spectra of inkjet printed thin films were recorded for each film in reflection and 

in transmission over a broad range of wavelengths, from 250 nm to 1000 nm. Three measurements 
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were performed in reflection mode at various angles around the Brewster’s angle, which were set at 

65°,70°,75° measured from sample normal. Also known as the polarisation angle, the Brewster’s angle 

corresponds to the incidence angle where an isotropic light separates into a vertical polarised light 

going through a surface and a horizontal polarised light reflected making an angle of 90° with the 

transmitted light. Measuring a sample around the Brewster angle is most sensitive to absorption. 

After measurement, a model was fitted to the measured data. A perfect match was not possible in 

practise.101 The Mean-Square-Error (MSE) quantifies the difference between the model and the 

measured data for each (Ψ, Δ) pair. The MSE is the sum of the square the difference between the 

measured and calculated data on each measured data point, so noisy points are weighted less heavily 

The Levenberg-Marquardt algorithm is employed to determine the best fit to the measured data which 

corresponds to the lowest MSE.102 A good fit of 𝑛 and 𝑘 is characterised by a low MSE. Figure 3.19 

shows the importance of the layer thickness to reach a good fit. The thickness dependence of the MSE 

should be investigated for the Levenberg-Marquardt algorithm to find the best fit. 

 

 

Figure 3.19: Graphical representation of the MSE depending on the 

layer thickness. Reproduced from www.jawoollam.com. 

3.3.  Electronic device 

Electronics devices were built either having unipolar or bipolar transport. Both devices were essential 

to characterise the electronic properties of the deposited organic semiconductors and to understand 

the working mechanism of the OLED multilayer stack. The two different device types were processed 

on a pixelated patterned substrate, introduced in Chapter 3.2.2. A schematic representation of the 

30x30 mm² substrate is shown in Figure 3.20.  

Before device fabrication, each substrate was cleaned under ultrasonic distilled water, then dried by a 

nitrogen air flow and heated at 230°C for two hours. This treatment was required to increase the work 

function of ITO from 4.8 eV to 5.3 eV. By this treatment, the energy barrier between ITO and HIL 

was minimised. The printed organic layers as well as the evaporated layers, except for the cathode, 

were deposited in the grey region partially covering the ITO anodes (light blue in Fig. 3.20). Finally, 

the aluminium cathode, depicted in dark blue, was evaporated with a different shadow mask so that the 

4.606 mm² active areas (yellow) were formed by the overlap of the two electrodes. To avoid the 

negative influence of oxygen and moisture, the OLED devices were encapsulated in a 𝑁2-glovebox 

using a cover glass. 

 

http://www.jawoollam.com/
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Figure 3.20: Schematic representation of a device 

built for electronics characterisation. Four active 

areas (yellow) are formed by the overlapping 

anodes (light blue) and cathodes (dark blue). The 

area in grey depicts the region where the printed as 

well as evaporated layers are deposited. 

 

3.3.1.  Carrier mobility in hole transport layer 

The mobility is an important parameter to characterise the transport properties of organic thin films. 

The mobility can be measured by the so called Time of Flight (TOF) technique. However, this 

technique requires film thickness of about 2-8 µm. Since soluble films are commonly between 10 nm 

and 200 nm thick, this technique cannot be deployed. On the other hand carrier mobility can be 

extracted from organic field-effect transistors (OFET) measurements. Nevertheless, the OFET 

configuration determines the carrier mobility along the substrate direction. Thus this measurement 

technique is meaningful only for film with anisotropic carrier mobilities.103 A third technique to 

determine the mobility is the space-charge-limited current (SCLC) technique which is well established 

to investigate the carrier mobility of organic thin films. The typical SCLC behaviour for polymer 

semiconductors is represented in Figure 3.21. To calculate the mobility of X-Po, unipolar devices were 

built insuring a good Ohmic contact between the organic layer and the injecting metal electrode. 

 

Figure 3.21: Typical space charge–limited 

current behaviour for polymer 

semiconductor. Four charge‐transport 

regions are visible (i) Ohmic region (J ∝ V), (ii) 

trap‐SCLC region (J ∝ V1-2), (iii) TFL region (J ∝ 

V2-100), and (iv) SCLC region (J ∝ V2). Reprinted 

from reference.104 

 

Unipolar devices can be fabricated by inserting the organic layer under investigation between two 

suited electrodes. The organic layers can be composed of a single or a mixture of material(s). Two 

organic layers can also be studied if they ensure a single carrier transport. In unipolar devices, 

recombination is absent, since only one carrier type is present.105 Measurement of unipolar devices 

provide information on charge transport in an organic layer. It is obtained from a single steady-state 

current–voltage measurement from the device. At low current density, the current is mainly carried 

by thermal equilibrium charge carrier density. It is described by the Ohmic regime and a linear 

dependency of the current density J with voltage V. The conductivity 𝜎 is described as: 

 

 𝜎 = 𝑒𝑛𝜇 (3.5) 
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where 𝑒 is elementary electric charge, 𝑛 is the thermally induced charge carrier concentration and 𝜇 is 

the charge carrier mobility.106 The carrier mobility can be determined in the space-charge-limited 

current (SCLC) regime reached normally at a considerably higher bias voltage than the built-in 

voltage. In the SCLC regime, holes are injected and the current is dominated by drift. The current 

becomes limited by the electric field of the injected charges at the entrance electrode, leading to a space-

charge-limited current. The electric field drives towards the collecting contact. Such SCLC current is 

described by the Mott-Gurney equation for the J-V characteristic for trap-free transport: 

 

 𝐽 =
9

8
𝜀𝜇

𝑉2

𝐿3
 (3.6) 

 

where 𝜀 is the permittivity of the semiconductor, 𝐿 is the layer thickness, 𝜇 is the charge carrier 

mobility, and 𝑉 is the applied voltage. A large advantage of such an analytical description is that from 

experimental data on single-carrier devices, the charge carrier mobility can directly be obtained from 

current density versus voltage (J–V) measurements presuming that the dielectric constant is known 

and that the current exhibits a quadratic dependence on the applied voltage. 

In the present thesis unipolar devices were used to limit the presence to only one charge carrier type. 

In this work, hole only devices were fabricated by choosing suitable electrodes and semiconductor 

materials so that no electrons could be injected from the cathode in the investigated voltage range. To 

study the impact of the degree of cross-linking of the HTL on the hole transport properties, HIL and 

HTL were deposited between the two electrodes as represented schematically in Figure 3.22. An 

aluminium cathode was deposited, its LUMO level being much higher than the one of the adjacent 

HTL, ensuring unipolar charge transport. Such device allowed for a simplified interpretation of the 

current-voltage characteristics according to the Mott- Gurney Law for space-charge-limited 

currents.107 Based on this, the conductivity as well as the charge mobility could be determined. Due to 

the low intrinsic carrier density and the mobility-inhibiting hopping transport, organic semiconductors 

usually have a low mobility. 

 

 

Figure 3.22: Multilayer 

stack of a unipolar device 

designed to study the 

mobility of the HTL. 

 

3.3.2.  Bipolar devices 

As introduced in Chapter 2.1, multilayer stacks are preferred in order to have efficient and long-lasting 

OLED devices. The architecture of the OLEDs studied in this work is shown in Figure 3.23 and due 

to the use of a pre-patterned 50 nm thick ITO layer as anode it was a bottom-emission OLED. The 

device efficiency was strongly dependent on the distance between the emissive layer and the reflective 

cathode due to a weak cavity effect.108 



  

3.3. Electronic device  41 

On top of the ITO five organic layers were deposited subsequently in a controlled process. HIL, HTL 

and EML were processed from solution by inkjet printing the corresponding inks onto the pixelated 

substrate as shown in  

 
Figure 3.8. The solution deposition took place in an inert atmosphere of nitrogen. Afterwards the 

layers were dried under high vacuum of 10-5-10-6 mbar as described in Chapter 3.2.3. Then, the layers 

were annealed in an inert atmosphere of nitrogen. The HIL and EML were annealed at 225°C and 

160°C, respectively. The annealing temperature of the HTL was varied and will be mentioned for each 

investigation. In the case of cross-linkable polymers, the annealing enabled the solvent drying and 

polymer cross-linking reaction. These steps were repeated for each printed layer. Then ETL and EIL 

were deposited by PVD from aluminium oxide crucibles at a low pressure of 10-7 mbar with an 

evaporation rate of approximately 1-10 Å∙s-1. Finally, 100 nm of aluminium was evaporated as cathode.  

 

Figure 3.23: Bipolar device architecture 

employed to study the interface 

between the solution-processed layers 

HTL and EML by varying the cross-

linking degree of the HTL. 

 

From those bipolar devices current-voltage characteristics, luminous efficiency, electroluminescence 

colour and lifetime were determined. However, the analysis of current-voltage characteristics of bipolar 

device was not trivial due to energy barriers at each interface that affect the charge transport 

properties. The characterisation of OLED performance is explained in the following section. 

3.3.3.  Characterisation of OLED devices 

In this section, the electrical and optical characterisation of OLED devices is introduced. Current-

voltage characteristics were recorded on both types of devices. Luminous efficiency, 

electroluminescence colour and lifetime were measured for bipolar devices only. Each measurement 

was performed on eight identical pixels from two substrates, from which the median value is presented 

in this work. Defects, short-circuited or miss-printed pixels were treated as statistical outliers. Each 

pixel was composed of 33 x 11 subpixels, as introduced in Chapter 3.2.2. Therefore, the performance 

of a single pixel was calculated as the average performance of all 363 subpixels. 

Current-voltage characteristics 

Current-voltage characteristics were measured by a custom-made system consisting of spring contact 

between the anode and the cathode. A voltage ramp from 0 V to -8 V as well as the reverse ramp were 
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applied by a Keithley 2400 SourceMeter. Simultaneously, the current of each pixel was measured by a 

Keithley 2700 MultiMeter in the dark. The maximum voltage was chosen such that the maximum 

current density did not exceed 100 mA∙cm-². In the case of hole-only devices, the measurements were 

recorded for voltages from 0 to 2 V in steps of 20 mV, afterwards steps of 0.2 V were applied until a 

current density of 100 mA∙cm-² was reached. In the low current density range, each measurement point 

was averaged over a period of 200 milliseconds to ensure that the current measurements were able to 

reach a steady-state. The current 𝐼 through the device was measured and the current density 𝑗 was 

calculated by the relationship: 

 𝑗 =
𝐼

𝐴
 (3.7) 

 

where 𝑗 is recorded in mA∙cm-², 𝐼 is the current in mA and 𝐴 is the active luminous area with 𝐴 = 4.606 

mm². 

Luminous efficiency 

Simultaneously to the I-V characteristic, the incident photon flux was measured by a calibrated 

photodiode connected to a Keithley 6485 Picoamperemeter. In order to convert the measured photon 

flux into luminance in cd∙m-², the photodiode was calibrated by the photometer LMT L1009 of 

LichtMessTechnik GmbH in combination with a V(λ) filter. The photopic luminous function V(λ) 

represents the light sensitivity curve of the human eye within the photopic wavelength range. The 

luminous efficiency 𝜂𝐿 of OLED devices (units cd∙A-1) is determined as the ratio of the luminance  𝐿 

(units cd∙m-2) and the current density 𝑗 (units mA∙cm-2), as followed: 

 

 𝜂𝐿 =
𝐿

𝑗
 (3.8) 

 

Another method to quantify the efficiency of OLEDs is the external quantum efficiency (EQE, 𝜂𝑒𝑥𝑡). 

The EQE is defined as the ratio of the extracted photons to the number of majority charge carriers 

injected, as described by: 

 𝜂𝑒𝑥𝑡 = 𝜂𝑓 · 𝛾𝑒−ℎ · 𝜒𝑠/𝑡 · 𝜑𝑜𝑝𝑡. (3.9) 

 

Here, 𝜂𝑓 is the yield of radiative decay from singlet excitons, 𝛾𝑒−ℎ is the charge carrier balance between 

injected holes and electrons in the EML (should be ideally 1), 𝜒𝑠/𝑡 is the fraction of generated excitons 

which can decay radiatively (0.25 in fluorescence, 1 in phosphorescence) and 𝜑𝑜𝑝𝑡 is the outcoupling 

efficiency defined by the ratio of light emitted at the surface to the light produced in the bulk of the 

device (estimated to 20%). However, directly measuring the number of photons emitted from a device 

is challenging. Therefore, commonly the EQE is determined from the I-V-L characteristics and the 

electroluminescence spectrum. 

Electroluminescence  

The colour of the emitted light from the OLED pixels was characterised using an Ocean Optic 

USB4000 fibre optic spectrometer. The emission spectra were recorded at a luminance of 1000 cd∙m-2 
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over a wavelength range from 190 nm to 1100 nm. From the electroluminescence spectrum, the CIE 

(x;y) coordinates (Commission Internationale de l’Éclairage) were calculated. The x and y coordinates 

were plotted in a chromaticity diagram, as shown in Figure 3.24. The curved edges of this diagram 

correspond to monochromatic light. In addition to the electroluminescence spectrum, microscope 

images of OLED pixels and subpixels were taken at a luminance of 1000 cd∙m-2. These images were 

used to determine the light emission homogeneity intra- and inter-subpixels. 

 

Figure 3.24: Chromaticity 

diagram displaying the 

CIE coordinate system. 

 

Device lifetime 

OLED device lifetime is defined as the time it takes for the luminance to decrease to a certain fraction 

of the initial luminance while being driven at constant current. For example, LT95 corresponds to the 

duration required for the device to reach 95% of its starting luminance. In this work, the OLED devices 

were driven at the current density required for a luminance of 8000 cd∙m-².  

For typical display applications, a luminance of 200-500 cd∙m-² is required. Since OLED materials can 

achieve lifetimes of a few years at these luminance levels, accelerated lifetime testing by using a high 

initial luminance have to be performed. The OLED lifetime was extrapolated from the measured 

lifetime using the following formula:  

 𝐿𝑇 = 𝐿𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (
𝐿0

𝐿
)

𝐴𝐹

 (3.10) 

where 𝐿0 is the initial luminance, 𝐿 is the extrapolated luminance at which the device lifetime was 

supposed to be determined, 𝐿𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the lifetime measured at 𝐿0, and 𝐴𝐹 is the acceleration factor 

that is determined for each colour. 

The lifetime is a critical parameter for OLED devices. It can be influenced by the material properties, 

by the device stack and by the fabrication process. At the beginning of operation, the OLED device 

undergoes severe degradations leading to a fast decline of the luminescence within the first minutes up 

to hours. Therefore, in this work, the luminance measured by a photodiode, was recorded every thirty 

seconds during the first hour of operation, in order to achieve a high measurement resolution. Then an 

interval of 6 minutes between every measurement was kept until two hours of operation. Subsequently, 

the time interval was expanded to thirty minutes and then one hour after ten hours.  
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4.  Characterisation of  polymer solutions based on experimental and 
empirical descriptions 

Polymer solutions, as well as other fluids, do not always follow Newton’s law of viscosity, as introduced 

in Chapter 3.1.4. Newton’s law states that the ratio between the shear stress and the shear rate is 

constant under fixed temperature and pressure, and is defined as: 

 

 𝜎 = 𝜂 · �̇� (4.1) 

 

where 𝜎 is the shear stress in mPa, 𝜂 is the viscosity in mPa∙s and �̇� is the shear rate in s-1. A Newtonian 

fluid exhibits a linear dependence of the shear stress with respect to the shear rate, i.e., a constant 

viscosity. On the opposite, a non-Newtonian fluid shows a dependency of the viscosity on the shear 

rate. An increase of viscosity with shear rate is referred as shear thickening. Shear thinning concerns 

a decrease of viscosity with shear rate, see Figure 3.5.  

 

 

 

    

Figure 4.1: Viscosity of polymer solutions 

of X-Po in (a) 1-MYN, (b) 1-MXN, (c) PXT, 

(d) CYX and in (e) MISO at different 

concentrations over a wide range of 

shear rates. 
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Newtonian and non-Newtonian fluids respond to different laws and cannot be characterised by the 

same models. In order to identify the properties of polymer X-Po solutions, numerous viscosity 

measurements have been carried out. Polymer X-Po was dissolved in 1-methylnaphthalene, 1-

methoxynaphthalene, 3-phenoxytoluene, cyclohexyl hexanoate and in menthyl isovalerate at the 

concentrations of 5 g∙L-1, 10 g∙L-1, 30 g∙L-1 and 50 g∙L-1. The viscosity dependency on the shear rate is 

plotted to identify whether the solutions follow the Newton’s viscosity law, and if not, from which 

concentration the behaviour deviates from the Newtonian viscosity, see Figure 4.1. 

For all polymer solutions at all tested concentrations, the viscosities are constant over a wide range of 

shear rates from 0.5 s-1 to 1000 s-1. It is concluded that the polymer solutions of X-Po in 1-

methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, cyclohexyl hexanoate and in menthyl 

isovalerate at the concentration of 5 g∙L-1, 10 g∙L-1, 30 g∙L-1 and 50 g∙L-1 are all following Newton’s 

law of viscosity. 

In this chapter, the affinity of X-Po polymer with the processing solvent is characterised by 

experimental measurements as well as empirical descriptions such as the Mark-Houwink parameters, 

the Huggins and Kramer constants, and the Solomon Ciuta equation. 

4.1.  Polymer-solvent affinity 

The affinity between a polymer and a solvent characterises the interaction occurring between the 

polymer chains and the solvent molecules. The polymer-solvent interaction directly impacts the size 

and conformation of a polymer chain in solution, defined by its hydrodynamic volume. A solvent 

exhibiting a low interaction with a polymer leads to enhanced intramolecular interactions resulting in 

a decrease of the hydrodynamic volume, i.e., a smaller radius of gyration Rg.109 This solvent is called a 

bad or poor solvent for the given polymer: the polymer chains tend to minimise their interaction with 

the solvent molecules. A “theta” solvent corresponds to an intermediate state where the polymer acts 

like ideal chains, presuming a random coil conformation. When polymer chains expand and tend to 

maximise their contact with the solvent molecules, the solvent is called good. 

4.1.1.  Experimental determination of polymer-solvent affinity 

Solubility of a polymer in a solvent describes the ability of the solute to favourably interact with the 

solvent. It depends on the polymer and solvent properties, as well as environmental factors like 

temperature and pressure. The Hildebrand-Scott equation presents the relationship between the 

polymer solubility and the polymer-solvent interaction.110 The Hildebrand-Scott equation will not be 

discussed in details in this work. It simply states that the polymer-solvent interaction is directly 

proportional to the Hildebrand solubility parameters of the polymer and the solvent. So, solubility of 

a polymer in a solvent is a parameter that can be used to investigate the interaction between polymer 

and solvent.111  

Practically, the maximum solubility is described by the saturation concentration of a material in a 

solvent. Starting from saturation concentration and adding more material triggers precipitation of the 

excess of material. The solubility of X-Po was measured in 1-methylnaphthalene, 1-

methoxynaphthalene, 3-phenoxytoluene, cyclohexyl hexanoate and in menthyl isovalerate. However, 
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after reaching a concentration of 300 g∙L-1, polymer gels were obtained for all polymer solutions. The 

very high viscosity of gel dramatically slows down the dissolution time. The solubility of X-Po in the 

five tested solvents was found to be higher than 300 g∙L-1. Therefore another technique had to be 

employed to define the polymer-solvent interaction. 

Polymer-solvent affinity was determined using the NIPS method presented in Chapter 2.3.1.87 Ethanol 

is considered to be a very poor solvent for X-Po since it can barely dissolve the polymer powder. 

Therefore, ethanol was used to precipitate the polymer from solution in each solvent of the study. 

Beginning of precipitation was determined visually and defined as the amount of added ethanol 

necessary to observe the first signs of turbidity, see Figure 4.2. When the solution turns turbid, the 

cloud-point is reached. The cloud-point can be detected by the naked eye or by a change of light 

intensity transmitted through the solution. This method is also called precipitation test in this thesis. 

 

 

Figure 4.2: Photographs of precipitation test. (a) Polymer 

solution dissolved in cyclohexyl hexanoate at 30 g∙L-1; (b) 

precipitated solution after adding 21 v/v% ethanol. 

 

The more ethanol needed to start the precipitation of the polymer solution, the stronger the interaction 

between polymer and solvent can be assumed. Such a strong interaction is characteristic of a good 

solvent92 for X-Po. Solvent 1-methylnaphthalene was found to be the best solvent for polymer X-Po 

and menthyl isovalerate the worst, see Figure 4.3. The precipitation test was repeated with another 

solvent, namely acetone, considered to be a very poor solvent for X-Po. Results of these experiments 

confirm the experience made with ethanol.  

 

Figure 4.3: Experimental determination of polymer-solvent affinity. Precipitation test performed with (a) ethanol 

and (b) acetone as non-solvents dropped into X-Po polymer solution from 1-MYN, 1-MXN, PXT, CYX and in MISO. 

 

For the tested polymer solutions, the naked eye detection was sensitive enough to differentiate the 

polymer-solvent interaction between different solvents. The cloud-point method is a reliable and 

reproducible technique to relatively judge the polymer-solvent interaction in different solutions. It is 

also a fast and material saving approach. The polymer X-Po adopts its most expanded conformation 
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in 1-methylnaphthalene. X-Po minimises its interaction more and more as it is dissolved in 1-

methoxynaphthalene, in 3-phenoxytoluene, in cyclohexyl hexanoate and in menthyl isovalerate where 

it assumes a more collapsed conformation. 

4.1.2.  Empirical observations 

There exist numerous empirical descriptions to calculate polymer-solvent interactions. Most of them 

describe the interactions in solution in a dilute regime, whereas a few solutions in the semi-dilute 

regime. Therefore, it is crucial to characterise the limit of each regime for each investigated solution 

to apply the corresponding empirical observation. At low concentrations, the polymer spheres are 

separated from each other by solvent molecules. As the polymer concentration in the solution increases, 

the polymer spheres get congested and start to touch each other. When the volume of the solution is 

packed with polymer spheres, the overlap concentration c* is reached.  

Figure 4.4 represents three regimes of polymer solution concentration. When c is below c*, the 

polymer chain interacts mostly only with the solvent molecules; the solution is called dilute. The 

polymer chains are entangled when c is above c*, it is a concentrated solution. In this regime, the 

mobility of the chains is reduced, and the chains interact with each other. 

 

 

Figure 4.4: Concentration regimes for polymer solutions: dilute solution c<c*, 

solution at the overlap concentration c=c*, concentrated solution c>c*. 

 

To determine the dilute and concentrated regime, Fedor introduced a relationship between the overlap 

concentration and intrinsic viscosity of the polymer solution, as follows:112 

 

 
𝑐∗ =

1.2

[𝜂]
 

(4.2) 

 

where 𝑐∗ is the overlap concentration in g∙dL-1 and [𝜂] is the intrinsic viscosity of the polymer solution 

in dL∙g-1.  

The polymer X-Po can be dissolved in 1-methylnaphthalene, 1-methoxynaphthalene, 3-

phenoxytoluene, cyclohexyl hexanoate and in menthyl isovalerate up to ~13 g∙L-1 and remains in the 

dilute regime, as presented in Table 4.1. In the following section, all polymer solutions are in the dilute 

regime so that the various methodological investigations of polymer-solvent interactions can be 

performed. A dilute solution is required to neglect polymer-polymer interactions that start to occur 

when c > c*. 
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Solvent used in 

the polymer 

solution 

Overlap concentration 

c* (g∙L-1) 

1-MYN 13.7 
1-MXN 16.5 

PXT 15.7 
CYX 16.3 
MISO 14.7 

Table 4.1: Determination of the 

overlap concentration c*, 

determining the upper limit of the 

dilute regime of X-Po polymer 

solution from different solvents. 

 

Mark-Houwink parameters: 𝛼 and k 

The Mark-Houwink parameters 𝛼 and 𝑘 are used to characterise the polymer-solvent affinity. The 

value of 𝛼 is representative for the solvent affinity with a material. As introduced in Chapter 2.3.3, a 

strong interaction between the polymer and the solvent qualifies the solvent as good. Inversely, a weak 

interaction between the polymer and the solvent entitles the solvent as poor. 

The empirical description claims that a poor solvent has 𝛼 value of 0 to 0.5, where 𝛼 = 0.5 is called 

theta point. A good solvent exhibits 𝛼 value between 0.5 and 0.8. Above 0.8, 𝛼 corresponds to a semi-

flexible to highly extended chain model, as represented in Figure 4.5. 

 

Figure 4.5: Mark-Houwink parameter 𝛼 related to polymer organisation in solution. 

 

To determine 𝛼, rheology measurements were performed. It was shown in Chapter 2.3.3 that the 

intrinsic viscosity of a solution [𝜂] is determined by:  

 [𝜂] = 𝑘 · 𝑀𝑤
𝛼 (4.3) 

 

 ln[𝜂] = ln 𝑘 + 𝜶 ln 𝑀𝑤 (4.4) 

 

where 𝑀𝑤 is the polymer molecular weight, 𝑘 and 𝛼 are the MH (Mark-Houwink) parameters. These 

constants can be experimentally determined by calculating the intrinsic viscosity of several polymer 

solutions from different molecular weight which has to be figured out by an independent method. The 

molecular weight of X-Po was computed by gel permeation chromatography (GPC). Plotting ln[𝜂] 

versus ln[𝑀𝑤] usually gives a linear dependence, whose slope is 𝛼 and the y-intercept is ln[𝑘], as 

represented in Figure 4.6. 
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Figure 4.6: Graphical 

determination of Mark-

Houwink parameters 𝛼 and 𝑘 

for X-Po in CYX. The molecular 

weights of 81.800 g·mol-1 and 

187.000 g·mol-1 were used to 

determine 𝛼 and 𝑘. 

 

The intrinsic viscosity [𝜂] represents the increase of viscosity by the individual polymer chains and 

can be determined only in dilute polymer solutions. It is defined as: 

 

 [𝜂] = lim
c→0

𝜂𝑠𝑝

𝑐
 

(4.5) 

 

where c is the polymer concentration in the solution and 𝜂𝑠𝑝 is the specific viscosity described by: 

 

 𝜂𝑠𝑝 =
𝜂𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡
− 1 (4.6) 

 

Plotting the calculated specific viscosity of various polymer solutions versus their concentration 

usually gives a linear dependence and the extrapolation to the y-intercept is the intrinsic viscosity of 

the polymer solution, as illustrated in Figure 4.7. 

 

Figure 4.7: Graphical 

determination of the 

intrinsic viscosity [η] of X-Po 

in CYX. The molecular 

weights of 81.800 g·mol-1 

and 187.000 g·mol-1 were 

used to determine [η]. 

 

Specific viscosities of X-Po solutions were determined for polymer molecular weights of 81.800 g∙mol-

1 and 187.000 g∙mol-1 dissolved in 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, 

cyclohexyl hexanoate and in menthyl isovalerate at the following concentrations: 1 g∙L-1, 2 g∙L-1, 3 

g∙L-1, 4 g∙L-1, and 5 g∙L-1. Viscosity of each solution was measured at 25°C. The obtained intrinsic 

viscosities of each polymer solution, as well as the Mark-Houwink parameters 𝛼 and 𝑘 are displayed 

in Table 4.2. 
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Table 4.2: Mark-Houwink parameters and intrinsic viscosities of X-Po solutions 

from 1-MYN, 1-MXN, PXT, CYX and in MISO. 

 [𝜼] in L∙g-1 𝜶 𝒌 

1-MYN 0.73 0.54 0.15 

1-MXN 0.61 0.87 0.00 

PXT 0.64 0.75 0.06 

CYX 0.61 0.58 0.06 

MISO 0.68 0.74 0.07 

 

Uncertainties have to be considered in the values in Table 4.2, due to experimental errors and graphical 

fitting. For example, X-Po has a polydispersity index of 2.6, and the viscosity exhibits a 4% 

measurement error. Therefore, applying this uncertainty to 𝛼, a wide spread of values is obtained, as 

shown in Figure 4.8. It turns out that X-Po has a random coil conformation in all solvents, which 

supports the very good solubility of X-Po in all solvents. Unfortunately, this empirical description 

cannot be used to identify whether a solvent has a better affinity with the polymer X-Po than another 

one. 

 

 

Figure 4.8: Spread of 𝛼 value 

calculated from the uncertainties 

in the polydispersity and in the 

measurement errors. 

 

Huggins and Kramer constants: KH and KK 

The intrinsic viscosity [𝜂], describing the polymer contribution to the viscosity of polymer solution, 

can be also determined using the Huggins equation as well as the Kramer equation. While the Huggins 

equation uses the specific viscosity to define the intrinsic viscosity, the Kramer equation uses the 

reduced viscosity. The Huggins equation can be applied in a range of moderate concentrations (Eq. 

4.7). It displays a linear dependence of 
𝜂𝑠𝑝

𝑐
 to the polymer solution concentration, and is defined as:113 

 

 𝜂𝑠𝑝

𝑐
= [𝜂] + 𝐾𝐻[𝜂]2𝑐 

(4.7) 

 

where 𝜂𝑠𝑝 is the specific viscosity, c is the polymer concentration in the solution, [𝜂] is the intrinsic 

viscosity of the polymer solution and 𝐾𝐻 is the dimensionless Huggins constant. 

In the Kramer plot shown in Figure 4.9, plotting 
ln 𝜂𝑟

𝑐
 versus 𝑐, [𝜂] can be determined by a linear 

extrapolation to the zero concentration.114 [𝜂] is the y-intercept and −𝐾𝐾[𝜂]2 is the slope, according 

to the Kramer equation: 
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 ln 𝜂𝑟

𝑐
= [𝜂] − 𝐾𝐾[𝜂]2𝑐 

(4.8) 

 

where 𝜂𝑟 is the reduced viscosity defined as 𝜂𝑟 =
𝜂𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡
, 𝑐 is the polymer concentration in the 

solution, [𝜂] is the intrinsic viscosity of the polymer solution and 𝐾𝐾 is the dimensionless Kramer 

constant. 

X-Po was dissolved in 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, cyclohexyl 

hexanoate and in menthyl isovalerate at the following concentrations: 1 g∙L-1, 2 g∙L-1, 3 g∙L-1, 4 g∙L-1 

and 5 g∙L-1. Viscosity of each solution was measured at 25°C, and the respective specific viscosities 

determined by 𝜂𝑠𝑝 =
𝜂𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡
− 1 were calculated. The intrinsic viscosity [𝜂] was graphically 

determined, as displayed in Figure 4.9. 

 

 

 

Figure 4.9: Graphical determination of the Huggins constant KH (left) and Kramer constant KK (right) for the 

polymer solution of X-Po in CYX. The molecular weight of 81.800 g·mol-1 was used for the determination of KH 

and KK. The y-intercept of the Huggins and Kramer plots is the intrinsic viscosity of the polymer solution. 

 

The Huggins equation is valid for a wider range of concentrations than the Kramer equation.115 Indeed, 

the Kramer plot turns into a slightly curved plot whereas the Huggins plot remains linear. The 

calculated Huggins and Kramer constants are displayed in Table 4.3. 

 
Table 4.3: Huggins and Kramer constants KH and KK, respectively. 

 KH KK 

1-MYN 0.31 -0.17 

1-MXN 0.67 -0.04 

PXT 0.78 0.15 

CYX 0.79 0.15 

MISO 0.80 0.12 

 

The Huggins constant 𝐾𝐻 is an indicator of the polymer-solvent affinity. A good affinity is 

characterised by a low value of KH, less than the theta point at 0.5. Above 0.5, KH indicates a weak 

affinity between the polymer and the solvent. Concerning the Kramer constant KK, a good solvent leads 

to a negative KK and a bad solvent produces a positive value. From the five tested solvents, three of 

them are identified as bad solvent from both Huggins and Kramer constants. 3-phenoxytoluene, 
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cyclohexyl hexanoate and menthyl isovalerate are having a weak interaction with polymer X-Po. The 

solvent 1-methoxynaphthalene is close to the theta point. On the other hand, 1-methylnaphthalene is 

considered as a good solvent.  

Both Huggins and Kramer equations can be plotted on the same graph to identify whether the curves 

meet at the concentration  𝑐 = 0, as in Figure 4.10. It is an indicator of whether the calculations and 

the intrinsic viscosity determinations are meaningful. For the five X-Po tested solutions, Huggins and 

Kramer representations coincide at concentration 𝑐 = 0. Therefore, the intrinsic viscosities 

determined by both equations are similar and are meaningful. Kramer and Huggins constants are useful 

to identify whether a solvent exhibits a stronger affinity to a given material than another one. 

 

 

 

 

Figure 4.10: Determination of intrinsic 

viscosity by Huggins and Kramer equations of 

X-Po solutions from (a) 1-MYN, (b) 1-MXN, (c) 

PXT, (d) CYX and (e) MISO. The intrinsic 

viscosity is the viscosity of the polymer 

solution at concentration zero. 

 



 

54 4.Characterisation of polymer solutions based on experimental and empirical descriptions 

Solomon Ciuta equation: single point determination 

At low polymer solution concentration, it can be assumed that both Huggins and Kramer equations 

are linear, as shown in Figure 4.10. Solomon Ciuta developed an empirical observation using a single 

point to determine the intrinsic viscosity of a polymer solution, stating that:116 

 

 

[𝜂] =
√2(𝜂𝑠𝑝 − ln 𝜂𝑟)

𝑐
=

√2(𝜂𝑟 − 1 − ln 𝜂𝑟)

𝑐
 

(4.9) 

 

where [𝜂] is the intrinsic viscosity of the polymer solution, 𝜂𝑠𝑝 is the specific viscosity determined by 

𝜂𝑠𝑝 =
𝜂𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡
− 1, 𝜂𝑟 is the reduced viscosity defined as 𝜂𝑟 =

𝜂𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡
, and 𝑐 is the polymer concen-

tration in the solution. 

The Solomon Ciuta equation is valid only when the linear Huggins and Kraemer equations are both 

valid.115 To perform the intrinsic viscosity evaluation, a polymer solution of X-Po at 0.1 g∙L-1 was 

employed. The intrinsic viscosity of X-Po in 1-methylnaphthalene, in 1-methoxynaphthalene, in 3-

phenoxytoluene, in cyclohexyl hexanoate and in menthyl isovalerate resolved by Solomon Ciuta 

equation are displayed in Table 4.4. A comparison of the intrinsic viscosities of the same polymer 

solutions determined by Mark-Houwink, Huggins and Kramer equations are also displayed. 

 

Table 4.4: Intrinsic viscosities determined from Mark-Houwink equation, Huggins equation, Kramer equation and Solomon Ciuta 

equation. 

 Intrinsic viscosity in L∙g-1 

 From Mark-

Houwink equation 

From Huggins 

equation 

From Kramer 

equation 

From Solomon 

Ciuta equation 

1-MYN 0.73 0.73 0.73 0.74 

1-MXN 0.61 0.61 0.62 0.64 

PXT 0.64 0.64 0.64 0.66 

CYX 0.61 0.61 0.61 0.65 

MISO 0.68 0.68 0.69 0.72 

 

In a very dilute polymer solution, the viscosity is defined as the viscosity of the pure solvent plus the 

contribution of the individual polymer chains. The intrinsic viscosity of a polymer solution describes 

the hydrodynamic volume of a polymer chain in a given solvent. Therefore, this measure gives an 

understanding of the polymer-solvent interaction. A low intrinsic viscosity is related to a small radius 

of gyration 𝑅𝑔 and is obtained for a polymer in a poor solvent. Oppositely, a good solvent favours the 

polymer-solvent interaction resulting in a higher intrinsic viscosity.117 

Mark-Houwink, Huggins, Kramer and Solomon Ciuta equations provide similar intrinsic viscosity 

values for polymer X-Po in 1-methylnaphthalene, in 1-methoxynaphthalene, in 3-phenoxytoluene, in 

cyclohexyl hexanoate and in menthyl isovalerate. The values are between 0.61 and 0.74 L∙g-1. The 

polymer X-Po has comparable intrinsic viscosities in all tested solvents and therefore hinders the 

identification of a preferred interaction of X-Po with a specific solvent. The Mark-Houwink and 

Solomon Ciuta equations cannot distinguish the difference in polymer-solvent interactions of the 
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investigated polymer solutions. However, the Huggins and the Kraemer constants identified disparities 

in the different polymer solutions. 1-methynaphthalene is found to exhibit the strongest interaction 

with X-Po, which correlates with the result obtained by the precipitation test in Chapter 4.1.1. Huggins 

and Kraemer constants also classified 3-phenoxytoluene, cyclohexyl hexanoate and menthyl 

isovalerate as poor solvents for X-Po. However, no differentiation of affinity is possible between the 

three solvents. Nevertheless, the trend obtained by Huggins and Kraemer constants goes along with 

the experimental measurements of the polymer-solvent interactions classifying the ink solvent from 

the better to the worse solvent as: 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, 

cyclohexyl hexanoate and menthyl isovalerate. This goes along with the apparently decreasing 

hydrophobicity of the solvents judged by the oxygen content of the solvents, as seen from Table 3.3. 

4.2.  Polymer size in solution 

The size of a polymer chain in a solvent is directly related to the interaction of the polymer with the 

solvent molecules as detailed in Chapter 2.3.2. In this section, polymer size in solution was 

characterised by its radius of gyration 𝑅𝑔 determined from Flory and Fox equation and by its volume 

fraction from Einstein equation. 

Experimentally, the size of polymer in solution can be determined by various methods. Dynamic light 

scattering (DLS) and ultrasonic attenuation spectroscopy (UAS) are two widely used techniques. DLS, 

also called photon correlation spectroscopy, measures scattering intensity fluctuation over time of light 

passing through a solution. The fluctuations characterise the Brownian motion within the sample. 

These fluctuations are used to calculate the hydrodynamic radius Rh. On the other side, UAS applies 

plane sound waves moving through a solution. The attenuated wave is collected in a receiver and the 

size of polymer in solution is calculated. However, UAS suffers from a low resolution and the 

mathematical model requires intense data evaluation. Therefore, DLS was chosen to experimentally 

determine the polymer size in the tested solvents. 

4.2.1.  Radius of gyration 

The size of a polymer in solution is defined by its radius of gyration described by 𝑅𝑔 as in Figure 4.11. 

 

Figure 4.11: Radius of gyration 𝑅𝑔 

of a random coil polymer in 

solution. 

 

In a good solvent, the polymer coil tends to expand, thus the radius of gyration of the polymer is bigger 

than the one of the same polymer in a poor solvent. The radius of gyration can be estimated by the 

Flory and Fox equation,118 stating that: 

 [𝜂] = 𝛷′ · 𝑅𝑔
3 ·  𝑀−1 (4.10) 

or 
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𝑅𝑔 = √(
[𝜂]

𝛷′
· 𝑀𝑤)

3

 

(4.11) 

 

where [𝜂] is the intrinsic viscosity in L∙g-1, 𝑅𝑔 is the radius of gyration in m, 𝛷′ = 2.1 x 1026 kmol-1 is 

a universal constant independent of temperature and polymer-solvent system117 and 𝑀𝑤 is the 

molecular weight of the polymer in g∙kmol-1. The molecular weight can be calculated from the intrinsic 

viscosity of the polymer solution, determined in Chapter 3.1.4, utilising the Mark-Houwink parameters 

𝛼 and 𝑘,119 as introduced in Chapter 2.3.3, by:  

 [𝜂] = 𝑘 · 𝑀𝑤
𝛼 (4.12) 

or 

 

𝑀𝑤 = √(
[𝜂]

𝑘
)

𝛼

 (4.13) 

 

The radii of gyration calculated for the polymer X-Po in 1-methylnaphthalene, 1-methoxynaphthalene, 

3-phenoxytoluene, cyclohexyl hexanoate and in menthyl isovalerate are approximately equal to 1 nm 

and are displayed in Table 4.5. Taking into account the error carried by the Mark-Houwink parameters 

used to calculate the polymer molecular weight, and the error generated by the graphical determination 

of the intrinsic viscosity, it can be considered that the calculated radius of gyration of X-Po is similar 

in all tested solvents. Flory and Fox equation indicates that the diverse polymer sizes in the tested 

polymer solutions cannot be distinguished. To further investigate the polymer size in solution, the X-

Po volume fraction will be determined by the Einstein equation supported by viscosity measurements. 

In addition, the polymer diameter in solution will be directly measured by dynamic light scattering 

where no calculation error is included. 

 

Table 4.5: Radius of gyration of X-Po in the different solvents calculated by Flory 

and Fox equation. 

Solvents 

Calculated 

molecular weight 

(g∙kmol-1) 

Radius gyration 

(nm) 

1-MYN 0.25273 0.5 

1-MXN 30.14789 2.1 

PXT 8.24511 1.4 

CYX 0.53422 0.5 

MISO 7.35939 1.3 

4.2.2.  Volume fraction 

In 1945, Einstein established a relationship between the volume fraction 𝛷 of suspended material and 

𝜂 the viscosity of the suspension. 120 For a sphere or a random coil, the equation is: 
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 𝜂

𝜂𝑠
= 1 + 2.5𝛷 (4.14) 

 

where 𝜂 is the viscosity of the suspension, 𝜂𝑠 is the viscosity of the medium and 𝛷 is the volume in 

parts of a cubic centimetre occupied by the dispersed solid. 

The volume fraction 𝛷 of X-Po in 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, 

cyclohexyl hexanoate and in menthyl isovalerate was calculated for the following concentrations: 1 

g∙L-1, 2 g∙L-1, 3 g∙L-1, 4 g∙L-1, 5 g∙L-1, 10 g∙L-1, 30 g∙L-1 and 50 g∙L-1. Up to a concentration of 10 g∙L-1, 

the volume fraction 𝛷 occupied by X-Po in the tested solvents is identical, as shown in Figure 4.12. 

For 30 g∙L-1 and 50 g∙L-1, the volume fraction of X-Po in menthyl isovalerate is distinctly higher than 

in the other solvents. Since menthyl isovalerate is a poor solvent for polymer X-Po, the increase in 

volume fraction occupied by X-Po can be explained by a measurement of the polymer chains 

aggregation. This is confirmed by the calculation of the dilute regime in Chapter 4.1 stating that the 

upper limit is 13 g∙L-1 in all solvents. Therefore, the volume fraction measured does not correspond to 

a single polymer chain but to an aggregate. Like the Flory and Fox equation, the Einstein equation 

highlights that X-Po has a similar volume fraction in the five tested solvents. No discrepancy among 

the solvents can be established. 

 

 

Figure 4.12: Volume fraction 𝛷 

of X-Po in the five solvents for 

various concentrations. 

4.2.3.  Polymer coil diameter 

The polymer coil diameter of a polymer is determined by dynamic light scattering (DLS) and is 

influenced by the hydrodynamic interaction of a polymer chain with the solvent molecules.121 Indeed, 

when a polymer chain moves, it causes the neighbouring solvent molecules to move with the polymer 

chain. Due to the Brownian motion of a polymer in a solvent, light-scattering fluctuates and an 

autocorrelator calculates the product of two scattering intensities separated by a delay time.122 The 

autocorrelation function already teaches about the solution polydispersity and the polymer size in 

solution. The polydispersity is described by the peak width in the size distribution of the particle and 

by the gradient of the correlation coefficient. The size distribution representation by intensity is helpful 

to identify large particles in a solution of small particles, which is convenient for purity control for 

example. Besides, the size distribution representation by volume gives an understanding of the 

dominant particle size in solution.  

The polymer solutions prepared using 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxy-

toluene, cyclohexyl hexanoate and in menthyl isovalerate at 50 g∙L-1 were measured by DLS. In Figure 
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4.13 X-Po has a similar coil diameter of less than 1 nm in all tested solvents except in menthyl 

isovalerate where the peak is shifted to slightly larger size of roughly 1.7 nm. Malvern proclaims a 

measurement sensitivity down to 0.3 nm.123 The measured X-Po diameter in the five tested solvents 

can be considered equal taking into account that these values are close to the detection limit. A 

concentration of 50 g∙L-1 was required to get enough scattering, i.e., enough light intensity on the 

detector. However, at that concentration the polymer solutions are not in the dilute regime anymore. 

Therefore, the DLS measurements report the size of polymer aggregates. This is in agreement with 

the size in suspension obtained by the Einstein equation in Chapter 4.2.2. 

 

 

Figure 4.13: Size distribution of X-Po in all solvents represented by (a) intensity and (b) volume. 

 

Measuring DLS of less concentrated polymer solutions would give the coil diameter of single polymer 

chains and not of an aggregate. However, X-Po met measurement limitations at low solution 

concentration since no signal could be detected. To get around this limitation, polymer X-Po should 

be investigated by DLS for a polymer with a higher molecular weight. The coiled single polymer chain 

would then be larger, would scatter more and there would be enough light to be detected, even at low 

concentrations. 

4.3.  Conclusion on polymer solution characterisation 

In this chapter, the affinity of X-Po polymer with the ink solvents was investigated to characterise the 

polymer solutions made from 1-methynaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, 

cyclohexyl hexanoate and from menthyl isovalerate. The study was based on experimental 

measurements and empirical descriptions. The affinity of a polymer with a solvent indicates the 

intensity of interaction or binding occurring between the polymer chains and the solvent molecules. A 

solvent exhibiting a low interaction with a polymer is called a poor solvent and leads to enhanced 

intramolecular interactions resulting in a decrease of the radius of gyration 𝑅𝑔. On the opposite, in a 

good solvent, the polymer chains expand and tend to maximise their contact with the solvent molecules, 

resulting in a larger radius of gyration. 

The polymer-solvent interaction is directly proportional to the polymer solubility in the solvent by the 

Hildebrand-Scott equation.124 Thus, the solubility of a polymer in a solvent describes their interaction. 

To investigate the solubility of X-Po in the five solvents, the Non-solvent Induced Phase Separation 
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(NIPS) technique was performed by the use of the cloud-point determination. A non-solvent was added 

in the polymer solution dropwise until the solution turned turbid. Ethanol and acetone were tested as 

they are very poor solvents for X-Po. The more poor solvent needed to start the precipitation of the 

polymer solution, the stronger is the interaction between polymer and solvent. X-Po minimises its 

interaction more and more as it is dissolved in 1-methynaphthalene, in 1-methoxynaphthalene, in 3-

phenoxytoluene, in cyclohexyl hexanoate and in menthyl isovalerate where it assumes a more collapsed 

conformation. The NIPS technique is a fast and material saving approach to judge the polymer-solvent 

interaction in different solutions. 

An empirical observation was used to also characterise the polymer X-Po interaction with the five 

solvents. Most of the empirical descriptions investigate polymer solutions in the dilute regime. Fedor 

introduced a relationship between the overlap concentration c* and the intrinsic viscosity [𝜂] of the 

polymer solution, defined in Chapter 2.3.3. Mark-Houwink presented the parameters 𝛼 and 𝑘, where 

𝛼 describes the polymer-solvent affinity. A poor solvent has 𝛼 value from 0 to 0.5, a good solvent from 

0.5 to 0.8, where 0.5 is the theta point. Above 0.8, 𝛼 indicates that the polymer adopts an extended 

chain conformation. The determination of 𝛼 is conducted graphically as well as the intrinsic viscosity, 

which describes the polymer contribution to the viscosity of the polymer solution. It turns out that X-

Po has a random coil conformation in all solvents, which supports the very good solubility of X-Po in 

all solvents. Unfortunately, 𝛼 cannot be used to distinguish between the solvents affinity with polymer 

X-Po. The intrinsic viscosity can also be determined using the Huggins and Kramer equations, 

introducing the constants 𝐾𝐻 and 𝐾𝐾, respectively. While the Huggins equation uses the specific 

viscosity to define the intrinsic viscosity, the Kramer equation uses the reduced viscosity 𝜂𝑟. A good 

affinity is characterised by a low value of KH, less than the theta point at 0.5. Above 0.5, KH indicates a 

week affinity between the polymer and the solvent. Concerning the Kramer constant KK, a good solvent 

leads to a negative KK and a bad solvent produces a positive KK. The Huggins and Kramer constants 

identified 3-phenoxytoluene, cyclohexyl hexanoate and menthyl isovalerate as solvents exhibiting the 

weakest interaction with X-Po, whereas 1-methoxynaphthalene is close to a theta solvent and 1-

methylnaphthalene is considered as a good solvent for X-Po. At low polymer solution concentration, 

Solomon Ciuta developed an empirical observation with a single point to determine the intrinsic 

viscosity of a polymer solution using the reduced viscosity at one very low concentration. A low 

intrinsic viscosity is related to a small radius of gyration 𝑅𝑔 and is obtained for a polymer in a poor 

solvent. Oppositely, a good solvent favours the polymer-solvent interaction resulting in a higher 

intrinsic viscosity. However, the intrinsic viscosities of the polymer solutions fall between 0.61 L∙g-1 

and 0.74 L∙g-1 which are very similar. Thus one cannot distinguish the difference in polymer-solvent 

interactions of the investigated polymer solutions. 

The size of the polymer X-Po in the solvents was then used to understand the interaction of the 

polymer with the solvent molecules. The radius of gyration 𝑅𝑔 described by Flory and Fox equation 

was calculated with the intrinsic viscosity of the polymer solution, the polymer molecular weight and 

an universal constant independent of temperature and the polymer-solvent system given by 𝛷′ = 2.1 

x 1026 kmol-1. The radii of gyration calculated for X-Po in the five solvents are of same order of 

magnitude. So, the diverse polymer sizes in the tested polymer solutions could not be distinguished by 

the Flory and Fox equation. 
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Einstein describes the volume fraction 𝛷 of polymer X-Po as being related to the ratio of the viscosity 

of the polymer solution by the viscosity of the pure solvent. Until a concentration of 10 g∙L-1, the 

volume fraction 𝛷 occupied by X-Po in the tested solvents is identical. Like Flory and Fox equation, 

Einstein equation highlights that X-Po has a similar volume fraction in the five tested solvents. No 

discrepancy among the solvents can be established. Above that concentration, the volume fraction 

measured does not correspond to a single polymer chain but to an aggregate.  

 

Finally, the diameter of the polymer coil was investigated by DLS. It measures scattering intensity 

fluctuation over time of light passing through a solution. X-Po has a similar coil diameter of less than 

1 nm in all tested solvents, except in menthyl isovalerate where the diameter is slightly larger of 

roughly 1.7 nm. A concentration of 50 g∙L-1 was required to get enough scattering. However, at that 

concentration the polymer solutions are not in the dilute regime anymore resulting in the measurement 

of polymer aggregates. 

 

In this chapter, various methods were tested to describe the polymer solution. The polymer-solvent 

affinity was characterised as the stability of a one-phase polymer solution when a non-solvent was 

added dropwise (NIPS), which gives a clear understanding of the polymer-solvent affinity depending 

on the tested solvent. X-Po has the stronger affinity with 1-methylnaphthalene, and it reduces as it 

goes with 1-methoxynaphthalene, 3-phenoxytoluene, cyclohexyl hexanoate, and the weakest affinity 

of X-Po is with menthyl isovalerate. The trend was confirmed by Huggins and Kramer constants, 

which could identify a solvent group affinity where 1-methylnaphthalene was a good solvent, 1-

methoxynaphthalene a theta solvent, and the other solvents were considered poor solvents. Then, 

empirical and experimental approaches, such as the Mark-Houwink parameters, Solomon Ciuta 

equation, Flory and Fox equation, Einstein equation, and DLS were tested on the polymer solutions 

but could not distinguish the different polymer-solvent affinity. Polymer-solvent affinity is a critical 

information to understand the polymer conformation in solution and it was successfully described by 

the NIPS method. 
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5.  Polymer cross-linking in bulk material and thin films 

In this study, the degree of cross-linking of a thin film of a hole transport polymer is presented as a 

dependency on the ink formulation. An understanding of the correlation between layer stability and 

solvent exposure and the degree of cross-linking in a film was investigated. The degree of cross-linking 

of the material is defined by the ratio of the cross-linking reaction enthalpy in film to the cross-linking 

reaction enthalpy of the pure powder without solvent, determined by differential scanning calorimetry 

(DSC). The layer stability against solvent exposure is determined by the variation of layer topography 

induced by a solvent drop left on the layer surface for a given duration. A selection guideline for 

promising new ink solvents is discussed. 

5.1.  Cross-linking of X-Po in powder without solvent 

To understand the cross-linking mechanism of the styrene unit contained in the polymer X-Po, it was 

first investigated in powder without solvent. The reaction involving two styrene units is described and 

followed by infrared spectroscopy (IR). The physical transformation of X-Po during heat treatment 

was characterised by DSC.  

5.1.1. Styrene cross-linking reaction 

IR spectroscopy was used to study the cross-linking process of styrene, the cross-linker unit contained 

in X-Po. During cross-linking of the polymer, the styrene signal reduces or disappears.125 A US patent 

discloses the resulting species of the cross-linking reaction of two styrene units,126 displayed in Figure 

5.1. 

 

Figure 5.1: Resulting 

species of the cross-linking 

reaction of two styrene 

units, disclosed by US 

patent from reference.126 

 
G. Klärner et al. described the intensity variations of vibration bands while the styrene cross-linking 

reaction occured.127 Considering that only 10% of X-Po monomers contain the styrene cross-linker 

unit, the vibration bands corresponding to styrene and the resulting species after cross-linking are 

suffering from a weak intensity compared to all other IR vibrations of the polymer chain. Therefore, 

the polymer 7X-Po, characterised by 70 % of its monomers containing the styrene unit, was examined 

to accentuate the intensity variations of vibration bands during cross-linking. To perform the cross-

linking reaction in powder, 7X-Po and X-Po were treated by a DSC heating ramp from room 

temperature to 300°C with a gradient of 20 K∙min-1. 
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Figure 5.2: Infrared spectra of polymer powders of 7X-Po and X-Po before and after cross-linking through 

one DSC run from room temperature to 300°C at 20 K·min-1. The spectrum of 7X-Po is displayed in (a) from 

850 cm-1 to 1200 cm-1 and in (b) from 1530 cm-1 to 1665 cm-1. The spectrum of X-Po is displayed in (c) 

from 850 cm-1 to 1200 cm-1 and in (d) from 1530 cm-1 to 1665 cm-1. 

 

Before heat treatment, the IR spectra of 7X-Po and X-Po samples both exhibit peaks around 905 cm-1 

and 990 cm-1 associated to vinyl C-H out-of-plane bending vibrations. These weak bands are 

characteristic of the styrene unit. Another peak around 1630 cm-1 is visible before heating and is related 

to terminal vinyl C-C stretching absorption. After heating the powders, these three vibration bands 

decrease significantly for 7X-Po and disappear for X-Po, see Figure 5.2. New bands emerge after cross-

linking, around 1165 cm-1 and 1175 cm-1, which are affiliated to new C-C stretching vibrations.  

In Figure 5.2, the infrared spectrum of Po, the non-cross-linkable version of X-Po is also displayed. It 

is a polymer chain without styrene cross-linker and is used as a reference to identify if the cross-linking 

reaction results in all styrene units reacted. In the case of X-Po, the cross-linked polymer overlaps with 

the Po spectrum around 905 cm-1, 990 cm-1 and 1630 cm-1 indicating that all styrene units reacted. On 

the contrary, the spectrum of 7X-Po shows residual vibrations at these bands revealing that the cross-

linking is not completed after the applied DSC heating ramp.  

IR spectroscopy is a powerful analysis method to record the cross-linking reaction of styrene units. 

However, the signal strength is limited in the case of X-Po due to the low proportion of styrene in the 

polymer chain. The larger styrene content of 7X-Po provides a distinct understanding of the styrene 

cross-linking reaction. The results support the mechanism discussed in the literature.126 
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5.1.2.  Cross-linking reaction enthalpy 

DSC is a technique measuring the heat capacity of a material or mixture of materials in response to 

change of temperature. The sample, in form of powder, film or solution is placed inside a hermetically 

sealed aluminium pan. In the heat-flux DSC, the sample pan and the empty reference pan are set on 

thermocouples localised inside a furnace which is heated to the desired temperature at a given heating 

rate. While the sample and reference pans are heated up through the thermocouples, the heat capacity 

of the sample results in a temperature difference between the sample plan and the reference pan. This 

difference is measured by the thermocouples and is used to calculate the heat flow by the thermal 

equivalent of Ohm’s law: 

 
𝑞 =

∆𝑇

𝑅
 

(5.1) 

 

where 𝑞 is the sample heat flow, ∆𝑇 is the temperature difference between the sample pan and the 

reference pan, and 𝑅 is the thermal conductivity. Since a DSC measurement is running at a constant 

pressure, the heat flow is equivalent to an enthalpy change. The difference in heat flow between the 

sample and the reference is given by: 
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𝑑𝑞

𝑑𝑡
)

𝑃
=

𝑑𝐻

𝑑𝑡
 (5.3) 

 

where 𝐻 is the enthalpy and  
𝑑𝐻

𝑑𝑡
 is in W∙s-1. In a DSC thermograph, the integral under a peak, above 

the baseline, gives the total enthalpy change for a physical transition. A thermogram of polymer 

material can reveal various physical reactions, such a glass transition at the temperature 𝑇𝑔, 

crystallisation, melting and cross-linking. To render visible specific reactions, the temperature rate 

should be carefully chosen. Generally, polymer materials are investigated by a heating rate between 

20 K∙min-1 and 50 K∙min-1. 

To identify the cross-linking reaction, the pure powders of X-Po and its analogue Po were measured 

at a heating rate of 20 K∙min-1. Due to a programmed heating experiment, a change in baseline at the 

start-up can be observed in Figure 5.3 (a) and (b) resulting from a difference in the heat capacity of the 

sample and the reference. This difference can be explained by a weight discrepancy between the sample 

and the reference. The cross-linking reaction was first identified as an exothermic reaction, meaning 

heat was released, see Figure 5.3. Indeed, the only difference between Po and X-Po is the presence of 

a cross-linker unit. Therefore, the exothermic peak visible in X-Po thermogram is attributed to the 

cross-linking reaction at 250°C. By comparing the thermogram of X-Po with its non-cross-linkable 

analogue, the glass transition temperature 𝑇𝑔 of the polymers is determined to be 130°C. 
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Figure 5.3: Thermograms of (a) Po and (b) X-Po polymer powders. The thermograms were recorded 

with a single heat ramp from room temperature to 300°C at a heating rate of 20 K∙min-1. 

 

In addition, the thermal stability of the polymer powder was investigated by thermogravimetric 

analysis (TGA) from room temperature to 500°C. No weight loss was recorded until 370°C, as shown 

in Figure 5.4. Most degradation occurred at temperatures above 400°C. Polymer X-Po can be heated 

until 300°C without undergoing degradation. 

 

  

Figure 5.4: Thermal analysis of X-Po from 

room temperature to 500°C measured by 

TGA in nitrogen atmosphere. 

Figure 5.5: DSC thermogram of polymer X-Po powder 

in a heat-cool-heat cycle between room temperature 

and 300°C at a heating rate of 20 K∙min-1. 

 

For the quantification of X-Po cross-linking efficiency, a heat-cool-heat cycle was recorded for polymer 

X-Po in form of powder without solvent, displayed in Figure 5.5. The heat ramp from room 

temperature to 300°C was repeated in a second run to check whether the cross-linking reaction was 

fully completed after the first heat ramp.128 In the first run, a broad exothermic peak was observed in 

the X-Po thermogram in the temperature range between 200°C and 300°C, with a maximum peak at 

240°C and an enthalpy of 49 J∙g-1. The exothermic peak represents a heat release during cross-linking. 

In the second run, no exothermic peak was observed between 200°C and 300°C confirming that the 

cross-linking reaction was completed after the first heat ramp.129 After one DSC temperature cycle, the 

X-Po powder was not soluble anymore in 3-phenoxytoluene, even at a low concentration of 5g∙L-1, see 

Figure 5.6. The change of X-Po weight was recorded before and after being stirred in 3-

phenoxytoluene for 24 hours. No weight loss was reported. This confirms the interpretation of the 

heat-cool-heat cycle of the X-Po thermogram, indicating that the cross-linking reaction was completed. 

The cross-linking enthalpy of 49 J∙g-1 corresponds to 100% of cross-linking and is used in the following 

sections as reference. 
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Figure 5.6: X-Po powder after undergoing a DSC run in a crucible from 

room temperature to 300°C (left) and after being stirred in 3-

phenoxytoluene at a nominal concentration of 5 g∙L-1 for 24 hours (right). 

0% ±1% weight loss of the sample was measured after removing the 

supernatant of solvent and drying the solid. 

5.2.  Significance of cross-linking in polymer solution 

In this section, the influence of ink solvent on the cross-linking reaction of polymer X-Po is 

investigated in more detail. In solution, cross-linker units are surrounded by solvent molecules which 

can enhance or reduce the cross-linking efficiency dependent on the polymer conformation in solution. 

The hypothesis is that a more collapsed conformation increases the reaction efficiency since the 

polymer chains are more attracted to each other than the solvent molecules. To review the cross-

linking in solution, rheology and dynamic light scattering (DLS) measurements were performed. 

5.2.1.  Rheology investigation 

It is well established that polymer molecular weight and chain length increase during cross-linking.130 

Increasing the molecular weight of a material having a linear structure is known to increase the 

viscosity of a solution.122 Thus, when a polymer starts to cross-link in solution, the viscosity of the 

solution will increase.  

Viscosity measurements can be performed with various instruments such as capillary, vibrational and 

rotational viscometers. The advantage of rotational viscometers is that fluid viscosity is determined as 

a function of shear rate by measuring the torque needed to turn an object in a fluid. The dependency 

of viscosity regarding shear rate gives an important information especially for the application of inkjet 

printing where the ink undergoes extreme shear stress at the jetting step through the nozzle. The 

most popular rotational viscometer for viscoelastic fluids is the cone-and-plate geometry.117  

Figure 5.7 exhibits the viscosity increase of X-Po solutions which were heat-treated for three hours to 

initiate cross-linking in solution. None of the solutions shows an increased viscosity (determined after 

cooling at the otherwise same measuring conditions) up to a treatment temperature of 140°C. The 

polymer solution prepared using menthyl isovalerate (MISO) cross-links at 170°C. The polymer 

solution formulated with cyclohexyl hexanoate (CYX) reveals an increase of viscosity at 170°C, and 

cross-links at 180°C. A gradual viscosity increase is observable for the solution from 3-phenoxytoluene 

(PXT) up to 7-fold after heat treatment at 200°C. Higher temperatures led to very viscous solutions 

that are not measurable with the employed rheometer. The polymer solutions prepared using 1-

methylnaphthalene (1-MYN) and 1-methoxynaphthalene (1-MXN) display a stable viscosity 
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independent of the heat treatment. The most reasonable explanation is that no measurable cross-

linking reaction started in these two solutions. 

 

Figure 5.7: Viscosities polymer 

solutions of 50 g∙L-1.measured at room 

temperature after heat treatment for 

three hours at indicated temperature. 

The viscosities are normalised to the 

solution viscosity before heat 

treatment. 

 

Table 5.1: Photographs of X-Po solutions from cyclohexyl hexanoate and from menthyl isovalerate after a heat treatment of 

170°C and 180°C for three hours and cooling down to room temperature. 

Solvent used to 

prepare the 

polymer solution 

Treated at 170°C Treated at 180°C 

CYX 

  

MISO 

  
 

The polymer solution prepared using menthyl isovalerate shows a constant viscosity up to a treatment 

temperature of 160°C. After a heat treatment of 170°C and 180°C, the polymer solution turns into a 

very viscous, jelly-like consistency. The polymer solution prepared using cyclohexyl hexanoate 

revealed a 3-fold viscosity after a heat treatment of 170°C. It can be seen in Table 5.1 that the solution 

exhibits a solid structure at 180°C.  

Using rheology to track the cross-linking reaction of X-Po in solution gives an evident indication of 

macroscopic changes and an understanding of the difference between the tested polymer solutions. A 

polymer solution prepared using a poor solvent cross-linked at lower temperature than a polymer 
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solution prepared using a good solvent. However, no change in viscosity indicates that the degree of 

cross-linking is not preeminent enough to impact the viscosity of the solution. To study small cross-

linking phenomenon, DLS was performed since it can detect change in polymer size even in small 

volumes.  

5.2.2.  Variation of species’ size in solution 

In order to study the cross-linking reaction in more detail and especially the start of the reaction, DLS 

was used to record changes of species size down to the nanometre scale. The polymer solutions were 

first measured after being dissolved at 50 g∙L-1 at room temperature and filtered. The polymer 

solutions which were heat-treated for three hours at various temperatures to initiate cross-linking were 

also measured. The variation of polymer size in solution is an indication that the cross-linking reaction 

took place. However, due to optical transmission requirements and viscosity limitations, a choice of 

measured solutions had to be made. High viscous solutions could not be measured as well as solutions 

whose light absorption interfered with the measurement. The chosen polymer solutions were measured 

at 25°C and are displayed in Table 5.2. 

 

Table 5.2: Temperatures applied to the polymer solutions for 3 hours prior to DLS measurements which were 

performed at room temperature. The purpose was to identify the progress of cross-linking in solution.  

Solvent used to make 

the polymer solution 

Temperature applied for three hours to the polymer 

solutions 

1-MYN RT  160°C  200°C 

1-MXN RT  160°C  200°C 

PXT RT  160°C 180°C  

CYX RT 140°C 160°C   

MISO RT 140°C 160°C   

 

The size distribution of the polymer solutions measured by DSL can be represented by intensity or by 

volume. Both representations lead to different learnings. A minority of large particles can be identified 

by an intensity representation of the size distribution. Oppositely, the size distribution representation 

by volume gives an understanding of the dominant particle size in solution. In case of a homogeneous 

solution of one species size, both intensity and volume will show the same size distribution. However, 

if the solution is heterogeneous, one or the other representation will bring different information about 

the species. Intensity distribution highlights the presence of large species since they are the ones with 

the largest scattering intensity contribution. This is of great interest to identify the cross-linking 

progress in solution because even a small amount of cross-linked polymer chains will be visible. If only 

a few polymer chains started to cross-link in solution, the volume representation will reveal a high 

peak in small species size. In the intensity distribution, these few long chains will be represented by a 

peak in the bigger size range. Therefore, both intensity and volume representations are complementary 

in the understanding in cross-linking of polymer X-Po in solution.  
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Figure 5.8: Intensity size distribution of X-Po 

in (a) 1-methylnaphthalene, (b) 1-

methoxynaphthalene, (c) 3-phenoxytoluene, 

(d) cyclohexyl hexanoate, (e) menthyl 

isovalerate at a concentration of 50 g∙L-1 

measured by DLS after exposure to 140°C 

and/or 160°C and/or 180°C and/or 200°C. All 

polymer solutions after heat treatment are 

measured at 25°C. 

 

From the rheology experiments, no change of viscosity was recorded for the polymer solutions using 

1-methylnaphthalene and 1-methoxynaphthalene over the whole tested temperature range. However, 

the DLS measurements show that larger size species are appearing when the solution was exposed to 

a heat treatment of at least 160°C for all polymer solutions, suggesting that cross-linking of polymer 

chains does occur, see Figure 5.8. Being very sensitive to large particles, the intensity representation 

does not inform about the proportion of these cross-linked chains relatively to the non-cross-link 

counterparts. This is an important information when correlating these results with the rheology 

analyses. 

From the volume distribution, it becomes obvious that the cross-linked part represents a very small 

volume of the overall polymer chains since no peak is visible in the larger species size in the polymer 

solutions prepared using 1-methylnaphthalene and 1-methoxynaphthalene, see Figure 5.9. The small 

fraction of cross-linked chains highlighted by the volume distribution is in line with the constant 

viscosity of both polymer solutions after a heat treatment of 160°C reported in Chapter 5.2.1. 
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Figure 5.9: Volume size distribution of X-Po in (a) 1-

methylnaphthalene, (b) 1-methoxynaphthalene, (c) 

3-phenoxytoluene, (d) cyclohexyl hexanoate, (e) 

menthyl isovalerate at a concentration of 50 g∙L-1 

measured by DLS. The polymer solutions were 

exposed to different temperature treatments, then 

cooled down and measured at 25°C. 

 

A gradual viscosity increase is observable for the solution from 3-phenoxytoluene, up to 7-fold after 

heat treatment at 200°C. However, solutions from 3-phenoxytoluene could only be measured by DLS 

until 180°C heat treatment to respect the optical transmission requirements as well as the 

polydispersity limitation. The size distribution measured in the polymer solutions prepared with 3-

phenoxytoluene shows that cross-linking occurs already in solution treated at 160°C. No peak is visible 

in the larger species size in the volume distribution which means that the contribution of the cross-

linked chains is small. However, the peak for small species gets broader, expressing that a small shift 

of the polymer size occurs. This correlates with the small change in viscosity recorded for the polymer 

solution after a heat treatment at 180°C.  

The polymer solutions prepared using cyclohexyl hexanoate and menthyl isovalerate exhibits a fast 

and efficient cross-linking reaction in solution, as demonstrated by rheology. Larger species are visible 

in the size distribution by intensity for both polymer solutions after a heat treatment at 160°C. This 

means that the cross-linking reaction starts between 140°C and 160°C. A heat treatment of 170°C is 

enough to cross-link the polymer solution prepared using menthyl isovalerate, as seen in Table 5.1, 

revealing a fast reaction.  
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Due to optical limitations, DLS could not be applied to all polymer solution after heat treatment. 

However, its high sensitivity taught about the presence of cross-linked polymer chains where rheology 

could not yet identify viscosity variations. The DLS results complement the rheology measurements 

and a complete investigation of the cross-linking reaction in solution from the nanoscale up to the 

macroscopic scale is possible. 

5.2.3.  Cross-linking reaction enthalpy in solution 

Differential scanning calorimetry measurements were carried out to study the impact of the ink solvent 

on X-Po cross-linking reaction in solution. We neglect the solvent used for polymer precipitation 

during the purification step after the synthesis. The investigation of X-Po cross-linking in solution 

was performed by pouring 30 µL of a 50 g∙L-1 suspension in 3-phenoxytoluene. In solution, solvent 

boiling has a much higher reaction enthalpy than X-Po cross-linking reaction. Since the cross-linking 

reaction and boiling are occurring in the same temperature range, the resulting thermogram of the 

polymer solution from PXT is containing only the boiling information, with a boiling point of 270°C 

as visible in Figure 5.10a. A short vacuum run was applied to another sample to remove most of the 

solvent. In this case, solvent boiling has a significant smaller reaction enthalpy, as visible in Figure 

5.10b. However, the applied vacuum was not enough to remove all solvent leading to droplet formation 

inside the pan identified by a broad endothermic peak starting at 200°C. Droplets are formed at a lower 

temperature since a higher volume of solvent molecules slows down the heat transfer. Therefore, no 

broad endothermic peak is visible from 200°C in Figure 5.10a.  

 

 

    

Figure 5.10: Thermograms of (a) X-Po in 3-phenoxytoluene 

at 50 g∙L-1 without vacuum drying measured with 30 K∙min-1 

heating rate, (b) X-Po in 3-phenoxytoluene at 50 g∙L-1 after 

30 minutes of vacuum drying measured with 20 K∙min-1 

heating rate, (c) X-Po in toluene at 50 g∙L-1 after 30 minutes 

of vacuum drying measured with 20 K∙min-1 heating rate. 

 

To confirm that the endothermic signal is boiling, a polymer solution was made from another solvent 

of different boiling point. X-Po was dissolved in toluene at 50 g∙L-1, then poured in a DSC pan and 
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dried under vacuum for 30 minutes. In Figure 5.10c one observes the toluene boiling reaction starting 

around its boiling point of 110°C, confirming that the endothermic peaks correspond to solvent boiling. 

The presence of high boiling point solvents renders impossible the cross-linking analysis of X-Po since 

both reactions occur at similar temperatures. Therefore, to measure the cross-linking enthalpy of X-

Po, the content of solvent should be reduced to a minimum, which amount to the content in films. 

5.3.  Polymer cross-linking in film 

Cross-linking of X-Po was also examined in films processed from inkjet printing (IJP) solvents. This 

study of great significance emphasises the feasibility to build up a multilayer architecture by efficient 

HTL cross-linking in an IJP OLED device. Due to the high boiling point of IJP solvents, it is possible 

that not all solvent molecules are evaporated during vacuum drying, meaning that a small quantity is 

trapped in the films. Thus, the cross-linking reaction in the film might take place in the presence of 

these residual solvent molecules. To study the cross-linking efficiency in film, the film stability against 

solvent exposure was investigated. The degree of cross-linking in film was measured by DSC and the 

impact on the optical properties of the film was evaluated by ellipsometry. 

5.3.1.  Sample preparation 

A fabrication process for printed large area films had to be established to perform the thin film stability 

test against solvent exposure by means of optical measurements. Optical measurements would be 

influenced by the bank substrate. In addition, film stability against solvent exposure is determined 

experimentally by surface deformation and a large measurement area is needed which is not the case 

in a pixelate substrate. So, a large and flat surface would simplify the analysis or make it possible at all. 

The challenge of building large area films by inkjet printing lies in film formation and film pinning on 

a substrate. Indeed, the developed inks are composed of low surface tension solvents enhancing the 

desired wetting in a pixelated substrate. However, a low surface tension ink tends to spread out on a 

flat substrate without a bank, making it hard to assume a predetermined pattern. In addition, inkjet 

printing is adapted to print small pattern due to the small droplet of a diameter around 20 µm (for 10 

pL droplets). To form a large and homogeneous film, the droplet needs to merge with the neighbouring 

one, and the coffee-ring effect must be controlled. Usually, film formation is influenced by mixing 

solvents of different polarity and/or boiling points, which could not be done in this study since the 

pure solvents were to be reviewed.  

Ink wetting 

The wetting of an ink on a substrate describes the spreading of an ink droplet over a contact surface. 

When the droplet meets the substrate, the inertia of the droplet impacts the ink spreading. The surface 

tension of the ink must match the surface energy of the substrate in order to obtain the targeted 

wetting. However, it is often not that simple. The ink wetting is also influenced by other factors such 

as the viscosity as demonstrated in the example in Figure 5.11. The polymer X-Po was dissolved in 

two solvents of similar surface tension but of different viscosities differing by 3 mPa∙s. Menthyl 

isovalerate has a slightly higher viscosity than cyclohexyl hexanoate and this leads to a considerable 

wetting difference of the two inks.  
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measurement image 

Droplet image on 

glass substrate 

taken by the 

fiducial camera of 

the printer 

Worse wetting 

X-Po in cyclohexyl 

hexanoate at 5 g∙L-1 

 

 
 

Better wetting 

X-Po in menthyl 

isovalerate at 5 g∙L-1 

  

Figure 5.11: Ink wetting on glass substrate of X-Po inks from cyclohexyl hexanoate and from menthyl 

isovalerate at 5g·L-1. (left) Picture of X-Po ink droplet dropped taken from the side, used to determine 

the surface tension of the ink. The baseline is blue; the drop outline is green and the tangent is red. 

(right) Picture of X-Po printed ink droplets taken from the fiducial camera of the printer. Different 

amounts of ink were printed. Four series were printed (from top to bottom): 30 pL, 10 pL, 20 pL and 

20 pL. 

 

Ink wetting on the substrate can be characterised by the droplet diameter on the substrate and by its 

contact angle with the substrate. The ink wetting guides the droplet spacing used to form a film. It 

must enable at least two droplets to merge. This upper limit of the droplet spacing is discussed in the 

following section. While printing, the print-head was kept at 500 µm above the substrate. The droplet 

velocity was set to be between 4 to 5 m∙s-1. These printing conditions ensure that the droplet velocity 

had no impact on the droplet wetting on the substrate. 

Film formation 

The film formation on a free surface depends on forces induced by the surface tension of the ink and 

the substrate.131 To form a wet film, two ink drops on a glass substrate must merge together. Droplet 

spacing on a given substrate is influenced by the ink surface tension. A high surface tension ink requires 

a smaller droplet spacing than a low surface tension ink, as represented in Figure 5.12. So, for every 

combination substrate/ink, the minimum droplet spacing must be optimised to form a continuous wet 

film. 

 

 

Figure 5.12: Schematic representation of ink wetting and drops merging resulting 

in wet film formation through ink levelling. 
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The droplet spacing can be decreased from this maximum value to reach thicker layers with only one 

ink formulation, i.e., ink concentration. However, due to drying behaviour, only a certain droplet 

spacing window, which is suitable for each combination substrate/ink, can lead to flat and smooth 

films.  

Once the wet film is printed, slow solvent evaporation gives enough time to the film to level itself 

though capillary forces. These forces are responsible for a smooth and homogeneous film. However, 

while drying the solvent under vacuum, the film pattern faces formation instabilities such as the coffee-

ring effect, responsible for poor lateral resolution and explained in Chapter 2.2.3. The solvent 

evaporates faster at the film sides, resulting in a material flow from the inside of the film towards the 

sides. In addition, a gradient of surface tension present across the film leads also to material flow 

towards the sides. This results in a inhomogeneous film thickness, where the sides are thicker than the 

centre of the film, see Figure 5.13. 

 

 

Figure 5.13: Interferometry picture and cross-section of a printed film demonstrating the coffee-ring effect. (a) 3D picture of 

the film corner where the coffee-ring effect is visible. (b) Cross-section of the same film, where the coffee-ring effect is 

identified by a blue circle. 

 

Figure 5.14 shows the result of capillary flow leading to surface instabilities in inkjet printed films. 

The observed pattern is dependent on the droplet spacing, which corresponds to different amount of 

printed ink. This flow is due to surface tension gradients over the film and is intensified when the 

amount of ink is larger. The drying time increases with the amount of printed. In the vacuum chamber, 

a higher vapour pressure is reached when the amount of ink is larger, which reduces the solvent 

evaporation rate. This pattern formation is due to the flow of ink in the film which is stronger when 

more ink is printed. It limits the processing window of the inks to achieve flat and smooth film required 

for the cross-linking study in large area film.  

 

 

Figure 5.14: Thin film images taken by interferometry. X-Po films processed from MISO suffering of formation 

instabilities such as Marangoni and coffee-ring effect. The droplet spacing is (a) 30µm, (b) 35 µm, (c) 22 µm and (d) 

20 µm in both x and y direction. 
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Solvent residue in cross-linked films 

To process polymer X-Po from inkjet printing solvents, the polymer was first dissolved in a low 

viscosity solvent, then deposited in form of droplets by inkjet printing on a substrate and the solvent 

was removed by vacuum evaporation. During the vacuum process, as the solvent molecules evaporate 

from the wet film, the solvent concentration reduced substantially in the surface regime, i.e., at the 

interface film-air. The evaporation rate of the solvent then decreases exponentially as the drying 

proceeds.132 This drying progression is responsible for a solvent concentration gradient in the polymer 

film. This is a diffusion-limited regime where the evaporation rate depends on the speed at which the 

solvent can diffuse through the high polymer concentrated surface. Thus, solvent molecules could be 

trapped in the film after vacuum drying. Further cross-linking process took place on a hotplate. In 

total, more solvent was evaporated under the vacuum treatment and most of the rest was removed 

during thermal annealing. Nevertheless, residual solvent molecules were still present in the film. It is 

commonly assumed that solvent residue in film is considered as impurities and can be harmful to film 

performance. 

Solvent residue in cross-linked films: After vacuum dry 

To investigate the percentage of trapped solvent molecules in dried films, X-Po was dissolved in 1-

methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, cyclohexyl hexanoate and menthyl 

isovalerate at 5 g∙L-1. Polymer solutions were poured inside a DSC pan in a volume of 30 µL, then 

placed in a vacuum chamber at a pressure of 10-4 mbar for two hours. The DSC pans were weighed 

before and after two hours of vacuum drying. The difference of masses indicates the portion of trapped 

solvent in the film, and is described as: 

 

where v𝑖𝑛𝑘 is the ink volume of the wet film, 𝑚𝑡𝑜𝑡.𝑖 is the mass of the wet film, d is the density of the 

wet film, 𝑚𝑝𝑜𝑙𝑦 is the mass of polymer material, 𝑐 is concentration of polymer in the ink, 𝑚𝑠.𝑟𝑒𝑠𝑡 is the 

mass of solvent residue in the film after drying and 𝑚𝑓 is the mass of the film after drying. Figure 5.15 

exposes that the amount of trapped solvent in the dried films varies depending on the ink solvent. X-

Po solution from 1-methylnaphthalene shows 0.49 % of solvent trapped in the dried film, the lowest 

measured percentage. X-Po processed from 1-methoxynaphthalene, 3-phenoxytoluene and cyclohexyl 

hexanoate exhibit a higher percentage of solvent residue in film after drying of 0.56 %, 0.63 % and 0.67 

%, respectively. The highest percentage of solvent residue in the dried film of 0.70 % was found for the 

v𝑖𝑛𝑘 =
𝑚𝑡𝑜𝑡.𝑖

𝑑
                                 (5.4) 

 

𝑚𝑝𝑜𝑙𝑦 =
v𝑖𝑛𝑘

𝑐
                                (5.5) 

 

𝑚𝑠.𝑟𝑒𝑠𝑡 = 𝑚𝑓 − 𝑚𝑝𝑜𝑙𝑦                 (5.6) 

 

%𝑠.𝑟𝑒𝑠𝑡 =
𝑚𝑠.𝑟𝑒𝑠𝑡

𝑚𝑡𝑜𝑡.𝑖−𝑚𝑝𝑜𝑙𝑦
∗ 100        (5.7) 

 

 

Figure 5.15: Trapped solvent in X-Po films after 

two hours vacuum drying determined by mass 

loss. 
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X-Po solution from menthyl isovalerate. So it can be concluded that solvent evaporation from a wet 

polymer film depends on the ink solvent and is directly correlated to the polymer-solvent affinity.133-

134 A poor polymer-solvent interaction such as X-Po and menthyl isovalerate favours a fast evaporation 

rate which leads to a high polymer density at the open surface and therefore traps more solvent in the 

bulk of the film. On the contrary, X-Po film from 1-methylnaphthalene, solvent exhibiting a good 

affinity to X-Po, tends to have a slower evaporation rate, thus the evaporation is constant over time 

due to the absence of a polymer density gradient in the drying surface of the wet film. 

Solvent residue in cross-linked films: After annealing 

In the actual process of fabricating an X-Po layer of an OLED, an annealing step followed the vacuum 

drying which is a second opportunity for the solvent to evaporate. A new method has been developed 

to investigate solvent residue in large area printed films after annealing with the objective to identify 

whether trapped solvent molecules remain in the film even after the annealing step. In this 

measurement, X-Po was processed from 3-phenoxytoluene on a glass substrate. The measurement 

procedure consists of placing the substrate inside a sample holder, with the face pointing down so that 

the X-Po film was directed toward the bottom (see Figure 5.16). 200 µL of toluene, a solvent miscible 

with the test solvent 3-phenoxytoluene, was poured into the sample holder which was then sealed to 

avoid solvent evaporation. After ten minutes, the solution was filled into a gas chromatographic vial 

to measure the amount of 3-phenoxytoluene found in the toluene solution (see procedure represented 

in Figure 5.16). 

 

         

Figure 5.16: Newly developed measurement procedure to determine the solvent residue in X-Po film after the annealing step. 

 

The amount of solvent residue is defined as the ratio of the residual solvent weight divided by the 

printed ink weight. Even though the GC method is very sensitive and permits the determination of 

nanograms, resulting in parts per million (ppm) solvent residue, the sample preparation reproducibility 

was not sufficient to rationalise deeper investigation. The only reasonable result was obtained from a 

printed film of X-Po from 3-phenoxytoluene being cross-linking at 225°C for 30 minutes. It led to a 

solvent residue in film between 5 ppm to 20 ppm in weight. For all the other solvents it is assumed 

that printed X-Po polymer films exhibit similar solvent concentrations of about 20 ppm in weight 

where the difference between solvents is smaller than the uncertainty in the sample preparation.  

It can be concluded that after annealing and before subsequent printing, the five printed films are in 

similar conditions regarding solvent residue. There was no indication that solvent residue explains for 

any layer discrepancy in the performance of films processed from the tested solvents.  

5.3.2.  Stability of thin films against solvent exposure 

One main challenge when studying the intermixing of subsequent solution-processed layers is the 

hidden nature of the resulting interface. Usually the stability of thin films against a subsequent solvent 

is tested by a rinsing test of spin coated films. By this procedure, the stability is characterised by the 

PXT solvent 

weight residual 

in X-Po layer 
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percentage of the layer thickness left after solvent exposure. Solvent is dropped on the spin coated 

layer and is dried by spinning the solvent away. The thickness reduction corresponds to bulk removal 

and can be measured by profilometry, by interferometry or by ellipsometry. In the present case, the 

investigation was performed by a new technique of evaluating the film stability against solvent 

exposure, with experiments especially developed and adapted to study printed films. 

Unlike rinsing tests performed by spin-coating, this unique approach allows the use of inkjet printing 

solvents. This is of great interest to understand the impact of solvents on interfaces in a printed device. 

In addition, the method mimics the intermixing process occurring between two printed layers, which 

does not correspond to bulk removal but rather to material mobility. To investigate the interface 

between an X-Po based HTL and an EML, X-Po ink was first printed onto a glass substrate, then 

dried under vacuum and subsequently annealed on a hotplate. A large area film of X-Po was made 

possible thanks to the knowledge developed about film formation detailed in Chapter 5.3.1. 90 pL of 

pure 3-phenoxytoluene solvent normally used to deposit the EML material was dropped by means of 

a print-head onto the X-Po based HTL. The droplet was left sessile on the layer and was subsequently 

removed by vacuum drying. Right after the contact between solvent and layer, capillary forces created 

by the droplet on the film guided the ink movement.135 The solvent partially penetrated the layer and 

swelled it, respectively dissolved parts of the non-cross-linked polymer thin film.136 This dissolved 

moieties were able to move in the liquid volume created by the solvent.137-138 As a result, the wetted 

surface area piled up and solidified in the shape of a cone surrounded by a valley as can be seen in 

Figure 5.17. The layer change in topography is called deformation and is quantified to determine the 

HTL resistance against the EML solvent. The deformation height was extracted from the cross-

section and is defined as the height difference between the peak and the valley. 

 

 

Figure 5.17: Surface deformation of X-Po film processed from 1-methylnaphalene caused by a 90 pL drop of 3-

phenoxytoluene left on the film surface for five minutes and removed by vacuum drying. (left) Surface deformation 

observed by interferometry and represented as 3D picture. (right) Example of the cross-section of a typical surface 

deformation used to quantify the film stability against solvent exposure. 

 

Differences in surface deformation were observed for layers processed from solvents either with strong 

affinity (1-methylnaphthalene) or weak affinity (menthyl isovalerate) to X-Po, see Figure 5.18. X-Po 

films processed from 1-methynaphthalene and from 1-methoxynaphthalene suffered from a 

deformation height of 98 nm and 100 nm, respectively, engendered by 3-phenoxytoluene drop 

exposure. 63 nm deformation was measured on X-Po film processed from 3-phenoxytoluene. The 

100 nm 
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smallest deformations were observed on films processed from cyclohexyl hexanoate and menthyl 

isovalerate and reached 10 nm and 13 nm, respectively, as can be seen from Figure 5.18.  

 

 

Figure 5.18: Deformation heights caused by 3-phenoxytoluene 

drop exposure on IJP polymer X-Po thin films depending on the 

ink solvent. The polymer films were 70 nm thick and were 

processed from 1-MYN, 1-MXN, PXT, CYX and MISO. 

 

3D pictures of deformation of X-Po thin films are presented in Figure 5.19 depending on ink solvent 

used to process X-Po. From these results, it was discovered that the solubility of the thin film after 

being cross-linked depends on its ink formulation. X-Po processed from poor solvents provides stable 

films against solvent exposure, resulting in a smaller film deformation than in X-Po films processed 

from good solvents. This experiment teaches us about the impact of polymer-ink solvent interactions 

on thin film stability against a solvent used for a successive layer deposition. It is an inexpensive and 

quick investigation method giving an indication of a resulting interface sharpness with a subsequent 

EML layer. As introduced in Chapter 1 interface control is one of the main challenges for soluble 

processes since it has a significant impact on device performance. 

 

 

Figure 5.19: 3D pictures of the deformation visible on X-Po thin films processed from 1-MYN, 1-MXN, PXT, CYX and MISO caused 

by 3-phenoxytoluene drop exposure. The pictures were taken by interferometry. The polymer films were 70 nm thick. 

 

The film deformation values presented in Figure 5.18 and 5.19 were obtained on films of 70 nm 

thickness. It was found that the deformation height was dependent on the original film thickness. 

Naturally, a thicker layer has more material than a thinner one. Therefore, there are more polymer 

chains likely to not be cross-linked and to participate to the film deformation. However, as Figure 5.20 

demonstrates, the evolution of the deformation with the layer thickness is not linear for all ink solvents, 

the morphology of the polymer layer is more complicated. Nonetheless, the conclusion drawn for X-

Po films of 70 nm remains valid for films down to 20 nm. Studying film stability against solvent 
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exposure of layers thicker than 40 nm allows for a clear differentiation of the results due to more 

distinctive values. 

 

 

Figure 5.20: X-Po films deformation caused by 3-

phenoxytoluene drop exposure on polymer films of 

various thicknesses. 

 

3D pictures of the visible deformation on X-Po thin films processed from 1-methoxynaphthalene can 

be seen in Figure 5.21. X-Po films attained various thicknesses, from 53 nm to 105 nm, and the damages 

varied from 15 nm to 53 nm. 

 

 

    
Layer thickness 105 nm 80 nm 70 nm 53 nm 

Film deformation 

height 
53 nm 33 nm 21 nm 15 nm 

Figure 5.21: 3D pictures of the deformation visible on X-Po thin film processed from 1-MXN caused by PXT exposure. The pictures 

were taken by interferometry. The film deformation depends on the layer thickness. 

 

Cross-linking of X-Po is thermally activated. Thus, one straightforward method to enhance the film 

stability against solvent exposure is to increase the annealing temperature. Toluene-based rinsing tests 

of spin-coated films of X-Po revealed that a treatment of 225°C for 30 minutes was sufficient for a 

complete cross-linking reaction in film. Therefore, a temperature of 225°C is used as a reference for 

the inkjet printed films of X-Po from 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, 

cyclohexyl hexanoate and menthyl isovalerate. However, it was found that annealing at the higher 

temperature of 250°C increased the film stability for all ink solvents, except 1-methylnaphthalene. The 

film deformation thereby reduced up to 50%. The actual film deformation after being exposed to 3-

phenoxytoluene reduced from 92 nm to 64 nm when processed from 1-methoxynaphthalene, from 73 

nm to 40 nm when processed from 3-phenoxytoluene, from 27 nm to 15 nm when processed from 

cyclohexyl hexanoate and from 34 nm to 15 nm when processed from menthyl isovalerate (see Figure 

5.22). It can be concluded that a film processed from 1-methylnaphthalene requires more energy than 

the other films to improve its stability against solvent exposure since deformation height did not vary. 
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For example, a longer annealing duration should lead to a reduced film deformation after solvent 

exposure. 1-methylnaphthalene is the solvent exhibiting the strongest interaction with X-Po resulting 

in a poorly stable film against solvent exposure. 

 

 

Figure 5.22: Film deformation following exposure to 3-

phenoxytoluene on the 70 nm thick polymer films after 

annealing at different temperatures. 

 

3D pictures of deformation of X-Po thin films depending on ink solvent and annealing temperature are 

displayed in Figure 5.23.  

 

HTL 

annealing 

temperature 

HTL processed from 

1-MYN 1-MYN PXT CYX MISO 

225°C 

     

250°C 

     

Figure 5.23: 3D pictures of the deformation visible on X-Po thin films processed from 1-MYN, 1-MXN, PXT, CYX and 

MISO and annealed at 225°C and 250°C, respectively, caused by PXT exposure. The pictures were taken by 

interferometry. The polymer films are 70 nm thick. 

 

By these experiments, the difference of printed thin films depending on the ink solvent can be 

investigated and quantified. A direct correlation between ink solvent and thin film stability against 

solvent exposure was identified. Polymer films processed from poor solvents exhibit a smaller 

deformation after solvent exposure than polymer films of same thickness processed from good solvents 

for otherwise identical processes, i.e. the annealing temperature and duration. Thicker layers display a 

higher deformation than thinner layers of the same material and ink solvent. The film deformation can 
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be modified by the annealing process; a film annealed at a higher temperature is more stable against 

solvent exposure.  

5.3.3.  Degree of cross-linking 

One possible way to influence the thin film stability against solvent exposure would be through 

influencing the cross-linking reaction, e.g., achieving a different degree of cross-linking completeness. 

DSC measurements were done to determine the degree of cross-linking in the investigated thin HTL 

films. Polymer solutions of 50 g∙L-1 were poured inside a DSC pan in a volume of 30 µL. The pans were 

placed in a vacuum chamber and were exposed to a pressure of 10-4 mbar for two hours. The DSC 

thermograms of X-Po processed from all solvents were recorded from room temperature to 300°C 

using a heating rate of 20 K∙min-1 and are displayed in Figure 5.24. Comparing the heat flow in the 

temperature window between 210°C and 260°C, clear differences between the different solvents are 

visible. From these thermograms, the cross-linking enthalpies of the X-Po films were determined and 

calculated by the integral of the heat flow curve from 210°C to 260°C, which is represented by the grey 

hatchings in Figure 5.24. A change in baseline is observed after the exothermic reaction due to a change 

in specific heat of the sample resulting from the cross-linking reaction. 

 

 

Figure 5.24: Cross-linking thermograms of X-Po in films 

measured by DSC from room temperature to 300°C. The area 

below the curve identified by the grey hatching was used to 

determine the cross-linking reaction enthalpy. An offset was 

applied to all thermograms for the sake of visibility. For the y-

axis, each graduation corresponds to 0.2 W∙g-1. 

 

As a result, X-Po processed from menthyl isovalerate demonstrated the highest cross-linking enthalpy 

of 24.7 J∙g-1 in film. On the other hand, the films processed from solvents like 1-methylnaphthalene 

and 1-methoxynaphthalene exhibited the lowest cross-linking enthalpies of 5.7 J∙g-1 and 4.3 J∙g-1, 

respectively. The cross-linking enthalpy for each film of X-Po is displayed in Table 5.3. In Chapter 

5.2.3 it was shown that the cross-linking enthalpy could not be determined in solution, i.e., in the 

presence of a large amount of solvent molecules, since the solvent evaporation occurred in the same 

temperature window than the cross-linking reaction. Two hours of vacuum drying permitted to 

remove most of the solvent molecules (<1% solvent residue) from the DSC pan, as measured in Chapter 

5.3.1, allowing for the interpretation of the DSC thermograms of X-Po films. Nonetheless, 0.47%, 0.56 

%, 0.63 %, 0.67 % and 0.70% of solvent residues were found in X-Po films after vacuum drying and 
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processed from 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, cyclohexyl 

hexanoate and menthyl isovalerate, respectively. Films processed from menthyl isovalerate display the 

highest cross-linking enthalpy even though it is the film retaining the highest percentage of solvent 

after vacuum drying. So, it can be assumed that even higher cross-linking enthalpies could be reached 

in X-Po films processed from menthyl isovalerate if the drying process would be further optimised to 

retain the minimum amount of solvent possible. Trapped solvent in film is of importance for DSC 

measurements since the cross-linking enthalpy is determined by a single heat ramp from room 

temperature to 300°C at 20 K·min-1. In a printed film, cross-linking occurs during 30 minutes at a 

constant temperature of 225°C. It was shown in Chapter 5.3.1 that after this annealing process the 

residual solvent concentration is similar, independent of the ink solvent. Thus, trapped solvent cannot 

explain the discrepancy of the cross-linking degree in printed films. 

Thereby the degree of cross-linking of X-Po in films 𝑋(𝑆𝑥) is established by the ratio between cross-

linking enthalpy of the polymer in film (∆𝐻(𝑆𝑥)) and cross-linking enthalpy in powder without solvent 

(∆𝐻(𝑆0)). Thereby the cross-linking enthalpy ∆𝐻(𝑆𝑥) is directly correlated to the cross-linking reaction 

density.139 According to Lu and al.140 it yields: 

 
𝑋(𝑆𝑥) =

∆𝐻(𝑆𝑥)

∆𝐻(𝑆0)
 

(5.8) 

   

Table 5.3: Comparison of cross-linking enthalpies and peaks of reaction of X-Po polymer powder and of X-Po films 

obtained from the five IJP solvent solutions after two hours vacuum drying, measured by DSC from room 

temperature to 300°C. The X-Po powder is used without solvent. 

Film ink solvent 
Cross-linking 

enthalpy [J∙g-1] 

Peak of 

reaction [°C] 

Normalised degree 

of cross-linking 

1-MYN 5.7 241 0.12 

1-MXN 4.3 248 0.09 

PXT 6.4 246 0.14 

CYX 9.4 241 0.20 

MISO 24.7 246 0.53 

X-Po powder without 

solvent 
46.7 240 1 

 
The impact of ink solvent on the degree of cross-linking of polymer X-Po is in accordance with what 

was observed in solution and assessed by ink viscosity measurement, see Chapter 5.2.1. The polymer 

solution prepared using poor solvents cross-link at lower temperature than polymer solutions prepared 

using good solvents. This result is paramount since it explains what happens in the X-Po film bulk 

when it is processed from various solvents. It brings a further understanding of the film stability 

experiment against solvent exposure. When processed from a poor solvent, X-Po reaches a higher 

cross-linking degree in film than a film processed from a good solvent. The high cross-linking degree 

awards an enhanced stability against solvent exposure to the film as demonstrated in Chapter 5.3.2. 
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5.3.4.  Variation of optical properties 

Optical properties of thin films can be related to their physical characteristics, since optical properties 

carry information about film thickness, composition and density.141 Ellipsometry is a very sensitive 

and non-destructing measurement technique for optical properties of thin films. Using the 

spectroscopic ellipsometry over a broad range of wavelengths from ultraviolet to infrared increases the 

measurement options and more complex systems can be characterised. 

In order to study the impact of the cross-linking degree on the polymer thin film optical properties, X-

Po was processed from 1-methylnaphthalene, 3-phenoxytoluene and menthyl isovalerate on a quartz 

substrate to achieve a large area film (4 cm²) of 70 nm thickness. These three ink solvents were chosen 

since X-Po showed the lowest/highest cross-linking degree in films processed from 1-

methylnaphthalene/menthyl isovalerate, and a median value in films processed from 3-

phenoxytoluene. After vacuum drying, the thin films were annealed at 160°C, 200°C and 225°C for 30 

minutes on a hotplate to vary the cross-linking degree for a given ink solvent. After measuring thin 

film absorption in reflection and in transmission, the measured data were fitted with a special physical 

model of the fully cross-linked X-Po polymer. In this study, the spectra of inkjet printed films of X-Po 

were compared to the corresponding optical properties of a cross-linked X-Po spin-coated film, 

constituting the n and k constants. The spin-coated film was described as a one film with one refractive 

index n and one extinction coefficient k. The optical constants of X-Po cross-linked spin-coated films 

were known, and a model for X-Po was built from these films. The model was calculated from three 

X-Po spin-coated films after cross-linking at 225°C for 30 minutes. If the ink solvent does not have an 

impact on the optical properties of the printed film, all printed films should be describable by the model 

for the spin-coated films. To test this hypothesis, the existing model was used to fit each measurement 

of printed films, and the MSE was determined. The higher the MSE, the less meaningful is the model 

to describe the printed layer. 

The calculated MSEs are reported in Figure 5.25. Considering that the films were transparent and 

non-rough, low MSE should be targeted. A maximum MSE value of 5 is considered to be a good value 

in this analysis knowing that the calculation runs over a wide range of wavelengths. When the thin 

films were annealed at 225°C, the MSE of X-Po thin films processed from 1-methylnaphthalene, 3-

phenoxytoluene and menthyl isovalerate are approximately equal to MSE = 5. It can be concluded that 

after a heating treatment of 225°C, X-Po films processed from 1-methylnaphthalene, 3-

phenoxytoluene and menthyl isovalerate exhibits a similar optical performance as a cross-linked spin-

coated film.  
 

 

Figure 5.25: Mean square error 

calculated for X-Po thin films’ 

absorption over wavelength range from 

250 to 1000 nm. The thin films were 

processed from 1-MYN, PXT and MISO 

and were annealed either at 160°C, 

200°C or 225°C. 
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A discrepancy of the results appeared between the ink solvents when the annealing temperature was 

lowered to 200°C and to 160°C. The MSE values of X-Po films processed from menthyl isovalerate 

are approximately equal to 5 for the three annealing temperatures. On the contrary, disparate MSE 

values were obtained in films processed from 1-methylnaphthalene and 3-phenoxytoluene for 

annealing temperatures of 200°C and 160°C. A strong increase of the MSE value is identified when 

the annealing temperature decreases. In films processed from 3-phenoxytoluene, the MSE values raise 

to 11 and to 26 for annealing temperatures of 200°C and of 160°C, respectively. The increase of the 

MSE values is stronger in films processed from 1-methylnaphthalene than in films from 3-

phenoxytoluene. In films processed from 1-methylnaphthalene, the MSE values raise to 28 and to 36 

for annealing temperatures of 200°C and of 160°C, respectively. When annealed at 160°C and 200°C, 

X-Po thin films processed from 3-phenoxytoluene and 1-methylnaphthalene have different optical 

properties than X-Po spin coated films annealed at 225°C. The conclusion is that the optical properties 

of X-Po inkjet printed films depend on the ink solvent from which the films were processed. It can be 

deduced that the three annealing temperatures do not impact the optical properties of X-Po films 

processed from menthyl isovalerate which are comparable to the optical properties of the X -Po spin 

coated films. On the other hand, annealing temperature appears to influence strongly the optical 

properties of X-Po films processed from 1-methylnaphthalene and from 3-phenoxytoluene. The ink 

solvent exhibits a strong influence on optical properties of X-Po films when annealed at 160°C and 

200°C. 

Employing ellipsometry is a powerful tool to understand the impact of cross-linking degree on the 

optical properties thin films (see Figure 5.26.). Films processed from a poor solvent, such as menthyl 

isovalerate, and annealed at 160°C up to 225°C, can achieve similar optical properties than a cross-

linked spin coated film. Besides, films processed from a good solvent, such as 1-methylnaphthalene 

showed divergent optical properties from spin-coated films when the annealing temperature was set 

to 160°C and 200°C. Thanks to an annealing treatment of 225°C, the inkjet printed and cross-linkable 

films have the same optical properties than a spin coated film independent of the ink solvent.  

In Chapter 5.3.3, it was revealed that X-Po reached a low cross-linking degree in films processed from 

a good solvent. It points out that the cross-linking degree tuned by ink solvent and film annealing 

temperature is related to the optical properties of the film. Non-fitting absorption spectra compared to 

the model derived for the spin-casted films demonstrates that the cross-linking degree is not as high 

as in a cross-linked spin-coated film, resulting in a change of the thin films’ optical properties. 

 

 

Figure 5.26: Impact of processing ink solvent 

affinity with X-Po on the cross-linking degree in film 

and on the calculated MSE value measured by 

ellipsometry. The MSE value characterises the 

difference between the model, describing a X-Po 

cross-linked spin-coated film, and the measured 

data for the Ψ and Δ values of X-Po inkjet printing 

films. 
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5.4.  Conclusion on polymer cross-linking in bulk material and thin films 

In this chapter, the cross-linking of X-Po was investigated in bulk material, in polymer solution and 

in thin films. Then, the impact of the cross-linking degree in film on the film stability against solvent 

exposure was studied as well as the impact on the optical properties of the film.  

Infrared spectroscopy was used to analyse the cross-linking reaction of styrene units contained in X-

Po. Due to the low proportion of styrene in the X-Po polymer chain, the signal strength was limited 

and the analysis was challenging. Therefore, polymer 7X-Po was investigated as 70% of its monomers 

contain a cross-linker (against 10% for X-Po). The enhanced styrene content of 7X-Po provides a 

distinct understanding of the styrene cross-linking reaction. The results support the mechanism 

discussed in the literature.126 To quantify the cross-linking of X-Po, differential scanning calorimetry 

(DSC) was performed for the pure polymer. Thermogravimetric Analysis (TGA) revealed that the 

polymer does not undergo degradation until at least 300°C. The cross-linking of X-Po is an exothermic 

reaction with an enthalpy of 49 J∙g-1, which was further considered as 100% of cross-linking. 

Then, the cross-linking was studied as a dependency on the ink formulation. Polymer solutions were 

heated up to activate the cross-linking reaction while the cross-linker units were surrounded by solvent 

molecules. During cross-linking, polymer molecular weight and chain length increase which leads to 

an increase of the solution viscosity. Thus, the viscosity was recorded to monitor polymer cross-linking 

in solution by rheology. A polymer solution prepared using a poor solvent cross-linked at lower 

temperature than a polymer solution prepared using a good solvent. To investigate the cross-linking 

in solution at the nanometre scale, dynamic light scattering (DLS) measurements were performed. The 

variation of polymer size in solution measured by DLS is an indication that the cross-linking reaction 

took place. It was shown that after heat treatment, larger species were identified in all solutions except 

in the polymer solution from menthyl isovalerate. Cross-linking occurred even though no viscosity 

change was recorded. Nonetheless, these larger polymer chains are not present in a substantial volume. 

This correlates with the absence of viscosity change for some polymer chains. Quantifying the cross-

linking in solution was tested with DSC. The presence of high boiling point solvents renders impossible 

the cross-linking analysis of X-Po since both reactions occur at similar temperatures. 

Next, the cross-linking of X-Po was investigated in films. The layer stability against solvent exposure 

is determined by the variation of layer topography induced by a solvent drop on the layer surface for a 

given duration. The ink solvent of the HTL was identified to influence the HTL stability against 

subsequent solvent printing. Polymer films processed from poor solvents exhibit a smaller deformation 

after solvent exposure than polymer films of same thickness processed from good solvents for otherwise 

identical fabrication processes. To understand this stability discrepancy, the cross-linking degree in 

films was studied by DSC. The degree of cross-linking of the material was defined by the ratio of the 

cross-linking reaction enthalpy in film to the cross-linking reaction enthalpy of the pure powder 

without solvent. When processed from a poor solvent, X-Po reaches a higher cross-linking degree in 

film than a film processed from a good solvent. The high cross-linking degree awards an enhanced 

stability against solvent exposure to the film. The impact of the ink solvent on the cross-linking in film 

is in line with the trend observed in solution, where polymer solution prepared using poor solvents 

cross-linked at lower temperature than polymer solutions prepared using good solvents. Finally, the 

impact of the various cross-linking degree on film optical properties was studied. Optical properties 

are related to the film thickness, composition and density. Ellipsometry was used to measure the optical 

properties of printed X-Po. The measured data were compared to the optical properties of a 
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standardised spin-coated X-Po film, which was fully cross-linked. Films processed from a poor solvent 

achieved similar optical properties than a cross-linked spin coated film in the whole range of annealing 

temperatures. Films processed from a good solvent showed divergent optical properties from spin-

coated films when the annealing temperature was lower than the reference temperature of 225°C.  

In this chapter it was shown that a polymer solution made from a poor solvent cross-links at lower 

temperature than a polymer solution made from a good solvent. In films, high cross-linking degree was 

reached when the polymer X-Po was processed from a poor solvent and led to an enhance film stability 

against subsequent solvent printing.142 
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6.  Inkjet printing of  cross-linkable HTL in OLED devices 

Cross-linkable hole transport layers are commonly used in OLED devices to render the layer insoluble 

to inks which are subsequently printed on top. The emissive layer is then deposited on the HTL 

without any risk of re-dissolving the layer. A complete cross-linking reaction in film ensures a stable 

interface in OLED devices processed from solution. In this last section, inkjet printing of HTL in a 

pixelated substrate and the formation of uni- and bipolar devices will be discussed. Finally, electrical 

and optical properties of OLED devices will be investigated for various ink solvents used for the HTL. 

In this chapter, the solvents acronym, presented in Table 3.3, will be used to identify the ink solvent 

instead of their complete name for ease of processing solvent comparison. 

6.1.  Inkjet printing of hole transport ink 

For an HTL ink to be applied in an OLED device, its surface tension should allow the HTL ink to fully 

wet the pixel area. Low surface tension inks are preferred to reach full wetting. In addition, the 

resulting surface energy of the HTL layer after drying and annealing should allow the EML ink to 

fully wet its surface. This is of considerable importance to achieve homogeneous films resulting in 

uniform light emission across the pixel. Inhomogeneity, i.e., disparate thickness, will lead to localised 

stress in the pixel and thus will result in faster degradation during device operation. 

Throughout the doctoral work, it was found that solvent used to print a given polymer can influence 

the resulting surface energy of the polymer film. Bipolar devices were built where the HTL ink solvent 

and the EML ink solvent were varied and a blue dye was used in the EML, according to the process 

presented in Chapter 3.3.2. The electroluminescent pictures of the OLED devices highlight the EML 

film formation discrepancy in dependence on the ink solvent of the HTL and of the EML, see Figure 

6.1. In a pixel, the area where the EML is thicker results in a darker colour since the charge carrier 

transport through the thinner part appears brighter. Thus, the different EMLs show different film 

formation with an inhomogeneous thickness distribution. The different EML film formations for a 

given EML ink solvent on various HTL can be explained by its characteristic HTL surface energy.  

 

 EML from PXT EML from CYX EML from MISO 

Polymer 

from PXT 
   

Polymer 

from CYX 
   

Polymer 

from MISO 
   

Figure 6.1: Electroluminescent pictures of OLED device subpixels taken at a luminescence of 1000 cd∙m-2. The HTL 

polymer was processed from PXT, CYX and MISO. On each HTL, an EML was processed from PXT, CYX and MISO.  
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Therefore, prior to the fabrication of OLED devices, the surface tension of X-Po inks and surface 

energy of X-Po films were investigated. 

6.1.1.  HTL surface energy 

A film exhibiting a low surface energy is preferable as it offers good film wettability. Film wettability 

is ordinarily characterised by contact angle measurements. As introduced in Chapter 3.2.3, the contact 

angle is defined by the angle between the surface of the dropped liquid and the outline of the contact 

surface. The contact angle is labelled θ and an exemplarily taken picture by KRÜSS DSA100 is shown 

in Figure 6.2. 

 

Figure 6.2: Photograph of 

contact angle measurement. 

 
A sessile drop is used to determine the contact angle of a given solvent on a fixed substrate. This 

measurement technique is based on a macroscopic investigation of the interaction at the solid-liquid-

air interface. The droplet diameter is usually greater than or equal to 1 mm which is larger than a 

printed droplet which exhibits a diameter of about 20 µm. In static contact angle measurement, the 

drop shape analysis software identifies the drop contour based on a grey-scale picture analysis. A 

mathematical model is chosen to describe the contour. It is recommended to use a circular arc for angles 

between 0-20°, an ellipse for 20-100° and a Young-Laplace-fit for angles of 100-180°. The software 

also performs a baseline recognition, which corresponds to the surface of the substrate. The contact 

angle is then calculated. For this study, a 15 µL drop of 3-phenoxytoluene was deposited onto five X-

Po films processed either from 1-methylnaphthalene, 1-methoxynaphthalene, 3-phenoxytoluene, 

cyclohexyl hexanoate or from menthyl isovalerate. The equilibrium contact angles measured on each 

layer are reported in Table 6.1. 
 

Table 6.1: Contact angle of PXT dropped on X-Po films processed from 1-MYN, 1-MXN, PXT, CYX and MISO. The 

results have an uncertainty of ±5° which was determined by multiple contact angle measurements of PXT on X-

Po layers processed from MISO. The displayed value of PXT contact angle on X-Po layer processed from MISO is 

an averaged value over 6 measurements. 

Processing solvents of X-Po 

layer 1-MYN 1-MXN PXT CYX MISO 

Measured contact angle of 

PXT on the polymer layer 14° 5° 6° 10° 

9° 

(average 

value) 

 
As can be seen, the determined contact angles are all lower than 14° for all HTL processing solvents. 

On the X-Po film processed from menthyl isovalerate, multiple measurements were performed, and a 

measurement uncertainty of 5° was determined which can be explained by the fact that these small 

angles are close to the detection limit. This can be explained by the determination of the baseline and 

drop contour which is based on a grey-scale picture whose resolution allows slight deviation from one 
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measurement to the following one. In addition, the measurements were performed at equilibrium 

whose visual determination can introduce errors. Therefore, it can be concluded that 3-phenoxytoluene 

shows a similar contact angle on all measured X-Po films. This contact angle is small and should ensure 

a very good wetting of the EML on top of the HTL. The tested processing solvents of X-Po do not 

change the surface energy of the polymer layer based on this macroscopic analysis.  

Nonetheless, to produce OLED devices, the actual droplet size deposited onto the HTL layer is much 

smaller and is in the range of 10 pL exhibiting a diameter of about 20 µm. So, it cannot be excluded 

that the wetting of the EML, i.e., the droplet spreading, might behave differently during device 

fabrication. Although dosing systems which can dispense picolitre droplets exist.143 These systems are 

usually very complex and the results hardly reproducible. To get a notion of the EML wetting onto 

X-Po films, a solvent droplet was dropped from the print-head and a picture of the droplet was taken 

by the printer camera right after landing. 3-Phenoxytoluene was chosen for the dropping solvent since 

it was used for the EML ink. By measuring the PXT droplet diameter, an understanding of the EML 

wetting can be obtained. As Figure 6.3 illustrates, PXT droplets on X-Po films processed from 1-

MYN, 1-MXN, PXT, CYX and from MISO exhibit a similar diameter, indicating that the wetting of 

EML inks based on PXT must be comparable on all HTL layers. 
 

Figure 6.3: Pictures of 90 pL drop of 3-phenoxytoluene dropped onto X-Po films processed from 1-MYN, 1-MXN, PXT, CYX 

and from MISO. Pictures were taken by the printer camera. 

 

6.1.2.  EML film formation 

The electroluminescence homogeneity of an OLED device depends on the homogeneity of the intra- 

and inter- subpixel layer profiles. It can lead to visual defects, also called mura, as well as to a low 

device performance.98 Thereby it is of great importance that the multilayer stack is composed of flat 

and homogeneous layers. In addition, target thicknesses must be reached for each layer in order to 

achieve the best OLED performance. The thickness optimisation for each material system was 

investigated by spin coating the films. The HIL, the HTL and the EML target 40 nm, 20 nm and 80 

nm, respectively. In this investigation, the ink concentration is analysed first to reach the film thickness 

in the appropriate range. Then, the desired thickness is reached by changing the number of drops 

deposited in a single subpixel for fine tuning.  

Before fabricating OLED devices, the layer formation in the pixelated substrate was studied for the 

five X-Po inks and the two EML inks. X-Po was processed from 1-MYN, 1-MXN, PXT, CYX and 

from MISO. The polymers inks from 1-MYN, 1-MXN, PXT, CYX and from MISO required 8, 9, 8, 

10 and 9 droplets, respectively, to reach a layer thickness of 20 nm. The waveforms were optimised to 

X-Po thin films processed from 

1-Methyl-

naphthalene 

1-Methoxy-

naphthalene 

3-Phenoxy- 

toluene 

Cyclohexyl-

hexanoate 

Menthyl-

isovalerate 
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jet droplets of 10 pL (±1 pL) reaching a speed of 4-5 m∙s-1. The EML was processed from PXT and 

from MISO. To investigate film profile formation in subpixels, profilometry was used as described in 

Chapter 3.2.3.  

 

Figure 6.4: Schematic of the profilometer needle scanning 

a substrate exhibiting a substantial height change that can 

be assimilated to the subpixel banks. The needle is drawn 

at various times of a scan.  

One artefact was observed by scanning a substantial height change at the bank sides. The needle scans 

a surface at a constant speed. When the needle reaches a substantial height reduction, the needle keeps 

moving in the scanning direction while reducing its height to reach the surface in the lower height. As 

a consequence, the measured profile on the left side of the bank shows a smooth and curved height 

changed as depicted in Figure 6.4, instead of revealing the sharp height change. On the opposite, when 

the needle meets a substantial height increase, the needle first hits the edge and then the height is 

adjusted while keeping a contact to the edge. Thus, in this configuration, the right side of the bank is 

better resolved. 
 

 

        

Figure 6.5: HIL, HTL and EML layers profiles measured by 

profilometer in a subpixel. The HIL is common to all 

subpixels. The HTL was printed from (a) 1-MYN, (b) 1-MXN, 

(c) PXT, (d) CYX and (e) MISO. The EML was processed from 

PXT in all subpixels. The active area of a subpixel is depicted 

by a blue arrow in (a). The HIL, the HTL and the EML were 

printed to reach 40 nm, 20 nm and 80 nm, respectively, in 

the centre of the subpixels.  
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In Figure 6.5 are presented the inkjet printed layers of HIL, HTL and EML measured by profilometry 

inside a subpixel. While for HIL and EML the same inks were printed for all profiles, the HTL 

processing solvent was varied. For clarity, each stack (HIL, HTL and EML) is displayed separately for 

each HTL processing solvent. From the profile representation, it can be seen that all HTL layers 

exhibit similar film formation on the HIL. As expected from the wetting test shown in Chapter 6.1.1, 

the EML ink from PXT reveals a comparable wetting on the five tested HTLs.  

 

Additionally, a second EML ink based on MISO was investigated. MISO has a lower surface tension 

than PXT, which should lead to an ink wetting as good as or better than for the ink from PXT. 

Therefore, the EML wetting from MISO was tested only on one HTL, processed from PXT. In Figure 

6.6 are represented the two EML layers printed on top of the HTL X-Po which was processed from 

PXT. After an optimisation of the solid concentration and the printing parameters, the two EML 

profiles are comparable. This enables them to be used for investigating the impact of the EML 

processing solvent on device performance. 

 

Figure 6.6: Comparison of EML 

profiles obtained by printing inks 

from PXT and MISO onto X-Po from 

PXT. The profiles were measured in 

a subpixel by profilometry. 

 

6.2.  Influence of hole transport ink on OLED devices 

The ink solvent used for the HTL printing was shown in Chapter 5.3.3 to impact the cross-linking 

degree of X-Po in films. The hypothesis is that various cross-linking degrees lead to disparate film 

densities, thus different hole transport properties. In addition, the degree of cross-linking in a film 

dictates its resistance to solvent exposure. The direct impact of film stability against solvent exposure 

in a multilayer stack is the interface stability to the subsequently printed layer. When a film is not 

stable against solvent exposure, it intermixes with the following solution-processed layer. It is known 

that interface control is important for high and reproducible device performance. When it comes to the 

emissive layer, the interface with the HTL is crucial for hole-electron confinement and recombination 

to ensure high external quantum efficiencies.144 Moreover, unreacted cross-linker molecules can act as 

radicals and may damage electrical properties of the OLED devices during electrical operation.39 

6.2.1.  Carrier mobility in HTL 

To study the conductivity and mobility of X-Po, unipolar devices were built as described in Chapter 

3.3.1. These devices are referred as hole-only devices (HODs). On one substrate, four pixels were 

measured allowing for some statistical analysis. The Ohmic behaviour of X-Po based HTL was 
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examined at low voltage and low current densities. In the Ohmic regime a variation in the current 

density of 2 to 3 orders of magnitude was found between three pixels of the same substrate. In this case 

the X-Po layer was processed from 1-MXN and annealed at 225°C, the current density changed from 

0.002 mA∙cm-2 to 0.2 mA∙cm-2 at 1V, as can be seen in Figure 6.7. It means that the measured pixels of 

the same material, the same fabrication process, the same solvent produce strongly divergent J-V 

characteristics in the Ohmic regime. This very low reproducibility can be explained by leakage of the 

HTL layer leading to a low intrinsic conductivity. Physically that means that at low voltages the 

conductivity, defined as 𝜎 = 𝑒𝑛µ, changes by two orders of magnitude. Here 𝑒 is the elementary 

charge, 𝑛 the charge carrier density and µ the charge carrier mobility. The origin of this leakage can 

be manifold: easy possibilities can be seen in the existence of pinholes which upon metallisation lead to 

conductive metallic whiskers through the layers or in the presence of chemical dopants through 

residual impurities in the utilised polymer and solvents. 

 

 

Figure 6.7: Current density vs voltage 

characteristics of HODs. The devices were built 

from 40 nm HIL films / HTL of 35 nm X-Po films 

from 1-MXN. The curves of the pixels (A in 

purple, B in red, C in cyan) and the linear fitting 

of n=1 are plotted on double logarithmic scales. 

 

In order to reach the quadratic regime of space-charge-limited currents in the trap free regime, high 

voltages of up to 10V were applied to the HOD to use the Mott-Gurney law to determine the charge 

carrier mobility µ of the HTL. Unfortunately, in all reported I-V characteristics it was not possible to 

reach the required SCLC regime which prohibits the determination of the charge carrier mobility. The 

reason for not reaching the quadratic regime of the I-V curves is the existence of deep traps which are 

responsible for the steep increase in the I-V-characteristics following Ohm’s regime.145 Direct 

interpretation of the current–voltage characteristics, however, is difficult due to the absence of 

knowledge on the energetical trap distribution as well as on the injection and extraction barriers of the 

involved layers.146 

6.2.2.  Bipolar devices 

Bipolar devices have a complex multilayer architecture and were built as presented in Chapter 3.3.2 

using a green dye in the EML. It can be challenging to analyse the performance of bipolar devices since 

their different materials and interfaces are influencing device properties like luminous efficiency and 

device lifetime. Therefore, it was ensured that only such devices were compared, which differ from each 

other by only one parameter, allowing a reliable and straightforward analysis. 

The bipolar devices fabricated in this doctoral work were aimed at reviewing the HTL/EML interface. 

Critical for luminous efficiency35 and device lifetime, this interface can be influenced by various 

parameters including material for the HTL, the corresponding HTL ink solvent, the HTL annealing 

temperature, the materials for the EML, the EML ink solvent, the drying time, etc. Thereby it is 
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important to control and understand the interfacial structures of the multilayers because it is 

considered important to improve the OLED characteristics.147 In order to pronounce the impact of the 

HTL/EML interface, the OLED devices were built so that the recombination zone is localised close 

to the HTL/EML interface. The OLED stack development to obtain the recombination zone next to 

the HTL/EML interface is the result of other people’s work.148 

HTL annealing temperature 

X-Po is a cross-linkable polymer whose cross-linking reaction is activated by thermal energy. To 

investigate the impact of the cross-linking degree of the X-Po based HTL on OLED performance, the 

HTL was annealed at various temperatures for 30 minutes on a hotplate and tested in bipolar devices. 

The temperature range was chosen between 160°C and 260°C around the reference temperature of 

225°C (explained in Chapter 5.3.2). In this investigation, the HTL was processed from PXT, a solvent 

exhibiting a medium strong interaction with the polymer in comparison to the other studied solvents 

of this work (see Chapter 4.1). The EML was also processed from PXT, which shows as a pure solvent 

also a medium deformation of the underlying HTL also processed from PXT (see Chapter 5.3.2).  

 

 

 

Figure 6.8: Bipolar OLED devices performance with 

EML processed from PXT. Object of the study is the HTL 

annealing temperature. (a) J-V characteristics of OLED 

devices as a function of the HTL annealing 

temperature. (b) Efficiencies of OLED devices with HTL 

annealed at various temperatures. (c) Luminance 

lifetimes of OLED devices with HTL annealed at various 

temperatures. 

 

The influence of the HTL annealing temperature on OLED luminous efficiency, J-V characteristics 

and device lifetime performance is displayed in Figure 6.8. Devices comprising the HTL annealed at 

160°C and at 180°C reveal the highest current densities of 100 mA∙cm-2 at 10.4 V. As the HTL 

annealing temperature is increased from 180°C to 260°C, the driving voltage increases, as can be seen 

in Figure 6.8a. Devices with the HTL annealed at 260°C reach 100 mA∙cm-2 at 16.5 V. A possible 

explanation can be seen either by changes in the hole transport properties, e.g., hole mobility of the 
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HTL due to increased cross-linking or by the formation of a higher injection barrier at the HTL/EML 

interface due to a more pronounced interface.149 The luminous efficiency exhibits a different trend, as 

can be seen from Figure 6.8b. The lowest HTL annealing temperature lead to the lowest luminous 

efficiency among all measured devices with a value of 26.6 cd∙A-1 at 1000 cd∙m-2. An increase in HTL 

annealing temperature lead to enhanced efficiencies reaching a maximal value of 76.1 cd∙A-1 at 1000 

cd∙m-2 for an HTL annealing temperature at 225°C. Above this temperature, the efficiency decreases 

slightly to 66.3 cd∙A-1 at 1000 cd∙m-2 for an annealing temperature of 260°C. In addition, the roll-off 

describing the decrease of efficiency with increasing luminance gets worse at the high temperatures. 

In Figure 6.8c the LT95 device lifetime, defined in Chapter 3.3.3, is plotted as a function of annealing 

temperature. It follows a similar trend as the luminous efficiency with temperature. Annealing of the 

HTL at 160°C results in a LT95 value of 1.5 h. An optimum LT95 device lifetime of 130h is obtained 

for the HTL annealed at 225°C and 240°C. The LT95 lifetime of the OLED built with the HTL 

annealed at 260°C is the largest of all investigated devices. Unfortunately, this record is only achieved 

due to a strong initial rise visible during the first 7h of operation which is not understood presently. 

Since the HTL annealing temperature is directly correlated with the HTL cross-linking degree as was 

shown in Chapter 5.3.3, the OLED performance can therefore either be interpreted as being influenced 

by the HTL annealing temperature, or by the HTL cross-linking degree. The J-V characteristics are 

impacted by the HTL cross-linking degree due to an increasing polymer density and the removal of 

non-reacted cross-linker molecules with increasing temperature where latter can act as radicals or 

charge traps for holes. Such traps reduce the charge carrier mobility of holes and could be the reason 

for a shift of the recombination zone. In this respect Lee et al.150 reported 2019 that the position of the 

recombination zone can influence the device lifetime of solution-processed OLEDs. The HTL cross-

linking degree changes the stability of the cross-linked layer against subsequent printing. 

Consequently, during the OLED fabrication process, the EML processing solvent might cause the 

intermixing of the HTL and EML until the EML is dried. A stable HTL layer against the EML 

processing solvent ensures the formation of a sharp interface between HTL and EML and leads to a 

better confinement of electron-hole pairs within the emissive layer resulting in a higher recombination 

rate. The maximum luminous efficiency is achieved in OLEDs with HTL annealed at the optimum 

temperature of 225°C. Higher annealing temperatures may induce a damage of the polymer and 

therefore results in a lower device performance. For the lower annealing temperatures of 160 and 

180°C higher current values are observed which probably result from charge carriers moving through 

the sample without recombination indicating a lower energy barrier between the HTL and EML. For 

OLED devices with an HTL annealed at temperatures above 225°C the current values decrease most 

probably to a higher energy barrier between the HTL and EML leading to a considerably higher 

luminous efficiency than the HTLs annealed at 160 and 180°C. The lifetime of the OLED devices also 

relates to the HTL cross-linking since the lifetime is sensitive to radical and chemical degradation 

during operation.151 The LT95 stability increases up to 260°C annealing temperature, but only behaves 

similar until 240°C whereas at 260°C a strong initial rise obscures the interpretation. 

HTL ink solvent 

From the results obtained in Chapters 5.3.2 and 5.3.3, it is evident that the solvent used to process X-

Po can tune the cross-linking efficiency of the polymer. Processing X-Po from a solvent, exhibiting a 

poor interaction with the polymer such as MISO, enables a high cross-linking degree in film resulting 

in a stable film against solvent exposure. The film stability was tested against the exposure of PXT, 
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which is also the EML ink solvent. It is also unequivocal that the hole transport material X-Po has a 

similar and high solubility in all investigated ink solvents, as demonstrated in Chapter 4.1.1. Moreover, 

the five tested HTL inks, i.e., X-Po dissolved in 1-MYN, 1-MXN, PXT, CYX and MISO, were 

processed in a way that they all produced comparable layer profiles and similar thicknesses. In addition, 

the boiling points of all ink solvents are very similar, and the residual solvent concentration after 

vacuum drying and annealing is considered to be similar and negligible in all films as seen in Chapter 

5.3.1.  

At first, OLED devices fabricated from different HTL ink solvents were investigated. Therefore, the 

printed HTL films were annealed at 225°C for 30 minutes before applying the EML processed from 

PXT. The luminous efficiencies obtained for these devices were similar and vary only within a small 

window between 74.3 cd∙A-1 and 76.1 cd∙A-1 at 1000 cd∙cm-2 for all five HTL ink solvents, as can be 

seen in Figure 6.9a. The luminance lifetimes of these OLED devices are, however, different. The LT95 

lifetimes vary between 74 h (HTL from MISO) and 150 h (HTL from CYX). However, this LT95 

lifetime difference must be considered with caution since the reproducibility is poor.  It can be 

concluded that the ink solvent of the HTL annealed at 225°C does not influence the OLED device 

efficiency. However, the lifetime characteristics suffer from poor reproducibility and display a weighted 

average lifetime of 121 hours. Thus, the LT95 varying from 74h (HTL from MISO) and 150 h (HTL 

from CYX) should not be further interpreted. 

 

 

Figure 6.9: Bipolar OLED device performance with the EML processed from PXT. Object of the study is the impact of 

the HTL ink solvent in case of an HTL annealing temperature of 225°C. (a) Efficiency of OLED devices with the HTL 

processed from various solvents. (b) Luminance lifetime of OLED devices with the HTL processed from various solvents. 

 

To further study the influence of the HTL cross-linking degree on the OLED device performance, the 

HTL was annealed at lower temperatures to pronounce the influence of the cross-linking for different 

solvents. The general influence of the ink solvents of X-Po on the cross-linking degree was already 

shown in Chapter 5.3.3. By lowering the annealing temperature of the HTL to 180°C, less energy is 

supplied for the cross-linking reaction and hence the difference in cross-linking degree between the 

HTL ink solvents should be enhanced. Nonetheless, by lowering the annealing temperature of the 

HTL, more solvent molecules could remain in the film. Besides the influence of the HTL ink solvent 

on the cross-linking degree, the solvent residue could also influence the cross-linking degree by 

allowing more movement of the polymer chains leading to a higher probability for the cross-linkers to 

react together. When the HTL printed layer is annealed at 180°C and subsequently the EML is 

processed from PXT, a clear efficiency discrepancy is visible among the five OLED devices, as can be 

seen in Figure 6.10a. The OLED efficiencies fluctuate between 20 cd∙A-1 at 1000 cd∙cm-2 achieved for 
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the device with the HTL processed from 1-MYN and 63 cd∙A-1 at 1000 cd∙cm-2 achieved with the HTL 

processed from MISO. Likewise, the OLED lifetimes exhibit a distinctive divergence among the five 

OLED devices. The LT95 lifetimes vary from 1 hour achieved for the device with the HTL processed 

from 1-MYN to 40 hours achieved for the device with the HTL processed from MISO. 

 

Figure 6.10: OLED performance in case of the EML being processed from PXT. Object of the study is to understand the 

impact of the HTL ink solvent when the HTL is annealed at 180°C. (a) Efficiency and (b) lifetimes of OLEDs in dependence 

of the HTL processing solvent as indicated. 

 

For the solvents 1-MYN, PXT and MISO a correlation between the polymer-solvent interactions and 

the device performances can be drawn. It was shown that there exists a very strong polymer-solvent 

interaction between 1-MYN and X-Po meaning that 1-MYN is a good solvent for X-Po. This strong 

binding between 1-MYN and X-Po hinders a strong densification of the polymer chains and therewith 

the cross-linking. The result is a low efficiency and a low LT95 lifetime. This is different for the device 

with HTL processed from MISO. In this case MISO is a poor solvent and the binding of the solvent 

to the X-Po is weak and can be destroyed even at low temperatures. This leads to a strong densification 

and an efficient cross-linking. For MISO the efficiency is high and the LT95 lifetime is the longest. 

The other three solvents show intermediate behaviour in all respects: binding, efficiency and LT95. 

The results for the stronger binding solutions of X-Po with 1-MXN, PXT, CYX and MISO exhibit an 

increasing cross-linking degree and explain an increased film stability against solvent exposure 

probably resulting in a pronounced HTL/EML interface, a higher stability and a larger efficiency.  

EML processing solvent 

In this part of the thesis, interface conditions were interpreted in terms of stability of the HTL against 

a subsequently solution-processed EML on top of it. Interface stability can thereby be described as the 

capability to solution-process a subsequent layer without damaging the previous one. Besides the use 

of a cross-linked HTL, HTL stability against a solution-processed EML can also be achieved by the 

use of an EML solvent which shows a poor interaction with the HTL.21-22, 152 Processing the EML 

from a poor solvent for the HTL polymer results in the absence of interaction between the EML 

solvent and the X-Po film while the EML is wet. In Chapter 4.1 it was confirmed that MISO is the 

solvent having the worst affinity with X-Po within the set of tested solvents. Nevertheless, MISO 

provides solubility enabling the dissolution of the emissive material at a concentration of 25 g∙L-1, 

which is sufficient to establish a target thickness of 80 nm in OLED devices in one printing step.  

In Figure 6.11, the OLED performances of four devices are displayed. After processing the HIL X-Po 

was printed from 1-MYN, CYX, PXT and MISO. All HTLs were vacuum dried and annealed at 180°C 
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for 30 minutes as in the previous subchapter. An annealing temperature of 180°C was chosen due to 

the same reasons as before to concentrate on the cross-linking reaction by reducing the supplied 

thermal energy for the cross-linkers to react. The difference to the previous subchapter is that the 

EML was processed from MISO and not from PXT. The lifetime measurements of these devices are 

presented in Figure 6.11b. The four tested devices perform comparably, exhibiting LT95 values 

between 11h (HTL from 1-MYN) and 16h (HTL from PXT). The devices with the HTL processed 

from 1-MYN, PXT and CYX reveal almost identical luminous efficiencies, varying between 72.8 cd∙A-

1 (HTL from 1-MYN) and 74.0 cd∙A-1 (HTL from PXT) at 1000 cd∙cm-2 as can be seen in Figure 6.11a. 

One realises that the luminous efficiency of the device with the HTL processed from MISO only reaches 

65.4 cd∙cm-2. The divergences of the efficiencies of the devices with EML processed from MISO are 

very low for all HTL solvents except MISO. 

 

 

Figure 6.11: Performance of OLEDs where the EML was processed from MISO. Object of the study is the impact of the HTL 

ink solvent at an HTL annealing temperature of 180°C. (a) Efficiency of OLED devices with the HTL processed from various 

solvents. (b) Luminance lifetime of OLED devices with the HTL processed from various solvents. 

 

In Figure 6.12, electroluminescence (EL) micrographs of four subpixels of the four OLED devices 

prepared from HTLs from different solvents and EML from MISO are shown. For ease of comparison, 

white frames were inserted into the EL pictures to mark the actual size of the emissive area. The sub-

pixel corresponding to the MISO HTL (Figure 6.12d) appears smaller, especially due to the non-

emitting boundaries at the rounded corners. This also explains the lower efficiency of the device with 

MISO prepared HTL in Figure 6.11a since a higher current is needed to reach 1000 cd∙m-2. This 

reduced light emission at the edges of the sub-pixel in Figure 6.12d compared to the other sub-pixels 

may be due to an inhomogeneous emissive layer profile in the subpixel potentially resulting from a 

different wetting or drying of the EML ink on the X-Po HTL processed from MISO. 

 

 

Figure 6.12: Electroluminescence photos 

of OLED devices taken by a microscope 

camera of single subpixels. The HTL of 

these devices was processed from (a) 1-

MYN, (b) PXT, (c) CYX and (d) MISO. 

Pictures were taken at device luminance 

of 1000 cd∙m-2. White frames were 

added to better recognise the emissive 

areas of the four subpixels.  
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OLEDs where the EML was processed from MISO, a solvent exhibiting a poor interaction with the 

underlying X-Po layer, exhibited high luminous efficiencies in case of the HTL being printed from 1-

MYN, PXT, CYX, despite the low HTL annealing temperature of 180°C. In contrast, when the EML 

was processed from PXT, a solvent showing a medium interaction with the X-Po HTL, a 180°C 

annealing temperature for the HTL was demonstrated as being harmful to the device performance. In 

Figure 6.13 a direct comparison between the luminous efficiencies reached in OLED devices with the 

HTL being processed either from PXT and annealed at 180°C and 225°C, or the EML being processed 

from PXT and MISO is displayed. As can be seen, the use of a poor solvent for the HTL for processing 

the EML ensures a constant luminous efficiency of the OLED device independently of the chosen HTL 

annealing temperature (180°C or 225°C). 

 

Figure 6.13: Impact of EML ink 

solvent on OLED performance in 

case of the HTL processed from 

PXT and annealed at either 

180°C or 225°C. 

 

6.3.  Conclusion on cross-linking HTL in OLED devices 

In this chapter, the polymer inks were printed in a pixelated substrate to build uni- and bipolar devices. 

To characterise the electrical and optical properties of OLED devices, all layers must achieve 

homogeneous film thicknesses enabling uniform light emission across the pixel. Inhomogeneity leads 

to localised stress in the pixel and thus results in faster degradation during device operation. Therefore, 

the HTL film formation was optimised to obtain flat and smooth films. Contact angles were measured 

on large area HTL films to anticipate the EML wetting. The two investigated EML inks exhibited 

comparable profiles, which enable them to be used for investigating the impact of the EML ink solvent 

on device performance.  

After the profile optimisation, unipolar devices were built to study the impact of the cross-linking 

degree of X-Po in films on the hole transport properties. Moreover, unreacted cross-linker molecules 

can act as radicals or traps and may harm electrical properties of the OLED devices during electrical 

operation. In the Ohmic regime at low current densities, it was found that pixels of the same material, 

the same fabrication process, and the same solvent produce strongly divergent J-V characteristics. In 

order to determine the hole mobility µ within the HTL, the quadratic regime of space-charge-limited 

currents in the trap free regime must be reached. Unfortunately, in all reported I-V characteristics it 

was not possible to reach the required SCLC regime due to the existence of deep traps which prohibit 

the determination of the charge carrier mobility. 

The impact of the HTL ink solvent was investigated in bipolar devices with the aim of reviewing the 

HTL/EML interface, critical for luminous efficiency and device lifetime. In the previous chapter a 

correlation was shown between the ink solvent and the cross-linking degree in film resulting in distinct 
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film stabilities against specific solvent exposure. The direct impact of film stability against solvent 

exposure in a multilayer stack was the interface stability to the subsequently printed layer. When a 

film was not stable against solvent exposure, it intermixed with the following solution-processed layer. 

It was shown that the cross-linking degree can be varied by the annealing temperature; the higher the 

annealing temperature, the higher was the cross-linking degree. The maximum luminous efficiency 

was achieved in OLEDs for HTL annealed at the optimum temperature of 225°C. Higher annealing 

temperatures induce damage to the polymer or to the other layers and therefore resulted in a lower 

device performance. On the other hand, lower annealing temperatures exhibited higher current 

densities explained by lower energy barriers between the HTL and EML. The lifetime of the OLED 

devices also related to the HTL cross-linking degree since the lifetime is sensitive to radical and 

chemical degradation during operation. The cross-linking degree was shown to considerably influence 

the luminous efficiency of OLED devices. The second attempt to enhance the cross-linking degree was 

performed by varying the HTL ink solvent. It was shown that the ink solvent of the HTL annealed at 

225°C did not influence the OLED device efficiency. To deeper understand the cross-linking 

conditions, the HTL were annealed at 180°C, where less energy was available for the cross-linking 

reaction to occur. In this case HTLs processed from poor solvents exhibited higher luminous efficiency 

and a longer lifetime than HTL processed from good solvent. This can be explained by the high cross-

linking degree reached in film from poor solvents resulting in an energetically steeper HTL/EML 

interface, a higher stability and a larger efficiency. Finally, OLED devices were built where the EML 

was processed from a solvent exhibiting a poor interaction with the underlying X-Po layer. A stable 

HTL/EML interface was expected since no interaction should occur between the subsequent solution-

processed films. Higher luminous efficiencies were attained when the HTL was annealed at 180°C and 

when the EML was processed from a solvent showing a poor interaction with X-Po than when 

processed from a solvent with a medium interaction with X-Po. 

The HTL ink solvent was demonstrated to have a strong influence on OLED device performance when 

the HTL was annealed at 180°C. Poor solvent insured a stable HTL against subsequent EML printing 

resulting in high luminous efficiency and longer lifetime. In addition, the EML ink solvent was shown 

to impact the OLED efficiency. Processing the EML from a solvent showing a poor interaction with 

the HTL improved the device performance when the HTL was annealed at 180°C. 

In this chapter, it was shown that the hole conductivity within the HTL suffered from low 

reproducibility. Due to deep traps, the determination of the hole mobility was not achieved through I-

V characteristics of unipolar devices. An annealing temperature of 180°C was used for the HTL to 

demonstrate the impact of the HTL polymer-solvent affinity on the electrical properties of bipolar 

devices. HTL processed from poor solvent exhibited higher luminous efficiencies and longer lifetimes 

than HTL processed from good solvent. The same was found for the EML, where higher luminous 

efficiencies were achieved when the EML was processed from a solvent showing a poor interaction 

with the HTL. 
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7.  Summary 

Interfaces, their definition, characterisation and controlled generation are studied intensively in 

various semiconductor devices having a multilayer architecture. Furthermore, not only in OLEDs, but 

also in OPVs and OFETs, solution processes are attractive in research laboratories and on the market. 

To ensure a stable layer against a subsequently solution-processed layer, various methods have been 

reviewed in the literature. This thesis focused on the use of cross-linked polymers, with a styrene cross-

linker whose reaction is thermally triggered. To process this material, inkjet printing is the method of 

choice since it is a promising technology for high resolution displays. The aim of this work was to 

examine the influence of the ink solvent on the layer stability against subsequent printing and its 

impact on OLED device performance. 

Prior to the investigation of the polymer ink and the resulting layers, a set of five solvents suiting the 

inkjet printing process was defined covering the relevant parameter space of surface tension, viscosity 

and boiling point. The solvents were described by the interaction with the investigated polymer X-Po. 

That way, the learnings can be applied to any set of material and solvent by a simple interaction 

characterisation. The affinity of X-Po with the ink solvent was characterised by experiments as well 

as empirical observations based on the Mark-Houwink parameters, the Huggins and Kramer constants, 

and the Solomon Ciuta equation. The intrinsic values of X-Po in the five tested solvents varied between 

0.61 and 0.74 L∙g-1 which due to their similarity hinders the identification of a preferred solvent for X-

Po. On the opposite, Huggins and Kraemer constants identified 1-MYN as good solvent for X-Po, and 

PXT, CYX and MISO as poor solvents for X-Po. To enhance this differentiation among the five 

solvents, an experimental setup was developed based on the non-solvent induced phase separation 

(NIPS) method. By this developed technique, the strength of interaction between the polymer and the 

solvents were classified from the strongest to the weakest as: 1-MYN, 1-MXN, PXT, CYX and MISO. 

The trend observed by Huggins and Kraemer constants is in agreement with the experimental result 

of polymer-solvent interactions. Flory and Fox as well as Einstein equation revealed a similar radius 

of gyration of X-Po in the five solvents of 1.3 nm (±0.8 nm). DLS measurements could not 

experimentally confirm or disconfirm these results since experimental limitations were met at low 

concentration and unfortunately no relevant signal could be detected.  

The styrene cross-linking reaction mechanism, already reported in patents,126 was characterised in this 

work by DSC and FTIR. Due to the low content of styrene in the X-Po chain (10 %), direct analysis of 

the X-Po IR absorption was inconclusive. An increase of the cross-linking group by a factor of seven 

provided, however, a distinct understanding of the styrene cross-linking reaction and allowed for a 

further interpretation of the X-Po cross-linking reaction. DSC turned out to be an appropriate method 

to describe the exothermic reaction of styrene whose enthalpy attained 49 J∙g-1 and the maximum heat 

flow was reached at 240°C. 

Cross-linking was then studied in solution made from X-Po in 1-MYN, 1-MXN, PXT, CYX and MISO 

at 50 g∙L-1 and was triggered by heating the solutions to different temperatures for three hours. 

Rheology measurements were carried out to track the cross-linking reaction of X-Po in solution and 

gave an evident indication of macroscopic changes. A heat treatment of 170°C and 180°C was enough 

to cross-link the polymer solution prepared using MISO and CYX revealing a fast reaction in these 

otherwise poor solvents. On the opposite, X-Po in 1-MYN and 1-MXN did not reveal any viscosity 
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variation independent of the temperature treatment. DSL measurements showed the presence of cross-

linked polymer chains where rheology could not identify viscosity variations thanks to its higher 

sensitivity. The DLS results complemented the rheology measurements and a complete investigation 

of the cross-linking reaction in solution at the nanoscale up to the macroscopic scale was possible. A 

polymer solution prepared from a poor solvent cross-linked at lower temperature than a polymer 

solution prepared from a good solvent. 

The impact of ink solvent on the degree of cross-linking of X-Po measured by DSC was in accordance 

with what was observed in solution and assessed by ink viscosity measurements. When processed from 

a poor solvent, X-Po reached a higher cross-linking degree in film than a film processed from a good 

solvent. The high cross-linking degree awarded the film of a stronger stability against further solvent 

exposure. A direct correlation between ink solvent and thin film stability against solvent exposure was 

identified. Polymer films processed from poor solvents exhibited a smaller deformation after solvent 

exposure than polymer films of same thickness processed from good solvents for an otherwise identical 

fabrication process. Thicker layers generally displayed a higher deformation than thinner layers of the 

same material and ink solvent. The film deformation could also be influenced by the thermal annealing 

process. A film annealed at higher temperature was more stable against solvent exposure.  

To study the impact of ink solvent on the electronic properties of printed layers, uni- and bipolar 

devices were processed. Hole-only devices were built to determine the charge mobility within an X-Po 

HTL by space charge limited current (SCLC) techniques. In order to obtain reliable values for the 

mobility the quadratic regime of the I-V characteristics of SCLC must be reached. Therefore, high 

voltages were applied to the HODs. Unfortunately, the SCLC regime could not be attained. Light 

emission obscured the HODs behaviour due to injection of negative charges from the cathode 

destroying the conditions for SCLC. Therefore, the charge mobility within the HOD could not be 

determined. Finally, bipolar OLED devices were printed from various HTL inks. For the solvents 1-

MYN, PXT and MISO, a correlation between the polymer-solvent interactions and the device 

performances could be drawn. OLED devices fabricated with HTL processed from poor solvent resulted 

in enhanced luminous efficiency as well as longer device lifetimes. This could be explained by an 

increased film stability against solvent exposure guaranteeing a stable HTL/EML interface resulting 

in a better confinement of electron-hole pairs within the emissive layer in favour of a higher 

recombination rate.  

The importance of IJP solvent choice to fabricate a stable cross-linked polymer film was successfully 

demonstrated. This study demonstrates that the solvent selection is a critical parameter to enhance 

the full potential of OLED materials in devices. Tuning the degree of cross-linking of a polymer thin 

film resulting in different intermixing levels between successive layers is of general interest for 

multilayer structures. The developed solvent exposure stability test is generally applicable and can be 

of interest for other fields of activity, such as in the investigation of large area cross-linking 

homogeneity.  
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8.  Outlook 

As OLED device architectures become more and more complex, interface study and film properties 

will remain a focus and additional steps will have to be taken to advance the research on that topic. Of 

prime importance will be to evaluate the taken measures on a larger and even broader set of solvents, 

in order to identify the limits of polymer-solvent interaction resulting in stable inks but also in 

functional thin films. As an additional experimental technique to be used in the future, thin film stability 

against solvent exposure as reported in literature could use atomic force microscopy (AFM). After 

solvent exposure, morphology and layer thickness could be analysed to judge the efficiency of cross-

linking or orthogonal solvents by AFM.50 Also a mechanical characterisation by nanoindentation 

through AFM could be used.153 Independently of the choice of the measurement method, further efforts 

should aim on the influence of ink solvent on cross-linking efficiency in films or devices. Solvent 

mixtures could be a next step toward a full understanding of the importance of solvent development 

and choice for solution processes. 

In this thesis, one limitation was met concerning the visualisation of the buried interface between two 

layers. No depth profile was drawn along the multilayer stack to picture the learnings made by the 

various experiments on the layer stability against subsequent printing. Interface visualisation was 

demonstrated by various methods. Michael Bruns of Karlsruhe Institute of Technology presented a 

technique to measure depth profile of atomic concentration by x-ray photoelectron spectroscopy 

(XPS).154 Depth-profiling analysis was also performed by time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) involving ion beam etching.155 Evaluation of interfaces were reported using 

neutron reflectometry (NR),156 impedance spectroscopy (IS) and ultraviolet photoelectron 

spectroscopy (UPS).149 However, these methods require long measurement times inhibiting the 

investigation of a large batch of samples. In addition, a strong attention should be brought to the 

measurement resolution when thin films of a few tenths of nanometre are under investigation. 

Ellipsometry is one possible measurement tool that can be employed to study interfaces in multilayer 

stacks at the nanometre scale. A graded interface between two layers can be modelled and was reported 

to be very accurate.157 For the application in OLEDs, further development should be done on 

techniques with sub-nanometre resolution offering a fast analysis. 

One of the fundamental problems with the orthogonal solvent system approach is that small-molecule 

materials can be washed away by a solvent even though the small molecule might not be soluble in 

that solvent. Recently, Aizawa et al.158 demonstrated that if the molecular weight of the small molecule 

exceeds a certain threshold value, the film will remain intact. This work opens up a route to fabricate 

small-molecule-based multilayer solution-processed OLEDs.159 Follow-up is needed in this direction 

in order to build up multilayer architecture from solution with small molecules which are of interest 

for high resolution displays. This path tackles interface control from the material instead of the ink 

solvent point of view.  
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𝛼 and 𝑘 Mark-Houwink parameters 

�̇� shear rate 1/s 

𝛾𝑒−ℎ charge carrier balance between injected holes and electrons in the EML (should be 1) 

ε dielectric constant  

ε0 vacuum permittivity 

𝜂 viscosity of the suspension mPa∙s 

[𝜂] intrinsic viscosity of the polymer in the specific solvent 

𝜂𝑒𝑥𝑡 external quantum efficiency 

𝜂𝑓 ratio of radiative transition from singlet excitons. 

𝜂𝐿  luminous efficiency in the unit cd·A-1 
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𝜂𝑠  viscosity of the medium  

𝜂𝑠𝑝 specific viscosity 

µ charge mobility 

π bonding molecular orbital 

π* anti-bonding molecular orbital 

σ shear stress in mPa 

𝛷 volume fraction of solids in the suspension 

𝛷′ a universal constant independent of temperature and polymer-solvent system where 𝛷′= 2.1 

x 1026 kmol-1 

𝜑𝑜𝑝𝑡 outcoupling efficiency: ratio of light emitted at the surface to the light produced in the bulk 

of the device (estimated 20%) 

𝜒𝑠/𝑡 fraction of generated excitons which can decay radiatively (0.25 in fluorescence, 1 in 

phosphorescence) 

𝜔 angular speed 

A active luminous area A= 4.606 mm² 

c concentration of polymer 

c*  overlap concentration 

D diffusion coefficient 

dH  hydrodynamic diameter 
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DS droplet spacing 

e elementary electron charge 1.6021765×10−19 C 

Eb Injection barrier 

EF Fermi level 
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f printing frequency 

ΔH(Sx) cross-linking enthalpy of the polymer in film  

ΔH(S0) cross-linking enthalpy in powder without solvent 

I current in mA 

j current density in mA·cm-² 

k extinction coefficient 

kB Boltzmann constant 1.38 × 10-23 m2∙kg∙s-2∙K-1 

KH Huggins constant 

KK Kramer constant 
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mf total mass after drying of material and solvent residue 

ms mass of solvent residue in bulk 
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n index of refraction 
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𝑞 sample heat flow 

𝑅 resistance of a thermocouple 
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𝑅𝑔  radius of gyration 
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rs solvent residue in w% 
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T temperature 

𝑇𝑔 transition glass 

∆𝑇 temperature difference between the sample pan and the reference pan 

V0 applied voltage 

vprint printing speed 
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