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ABSTRACT 

Organic electronic device research continues to take place on predominately Si substrates 

utilising oxide dielectric barriers, which are unable to take advantage of the flexibility and 

optical transparency of organic semiconducting materials. These organic semiconductors are 

typically deposited by thermal evaporation or solution processing methods, and substrates must 

be compatible with exposure to temperatures on the order of 150 °C and insoluble in a variety of 

organic solvents, in addition to possessing desirable electrical, mechanical, optical and 

processing (e.g. low cost, large volume) properties. In this work plasma deposited linalyl acetate 

thin films were considered as a potential candidate for application in organic electronic devices.  

Linalyl acetate is a component of the essential oil Lavandula angustifolia, which can be 

obtained non-synthetically. Both the monomer and deposition method are environmentally 

friendly, low cost and do not result in harmful waste or pollution. Thin films deposited from this 

monomer were fabricated using plasma enhanced chemical vapour deposition and their 

properties studied as a function of energy delivered to the reaction chamber.  

Films were found to have minimal absorbance at optical wavelengths and were completely 

transparent. The refractive index of the material was found to be 1.55 – 1.58 at 589 nm and the 

optical band gap derived from the absorbance profile was 2.95 eV – 3.02 eV. The variation in 

these parameters was linked directly to variation in the energy used during the deposition. 

Independent of this energy, the surfaces of the plasma deposited thin films were smooth, free of 

defects and had an average roughness of 0.20 nm. The hardness of the films was between 

0.30 GPa and 0.45 GPa, again correlated with the power density used. The underlying cause of 

this variation was shown to be related to an increase in carbon content as higher power densities 

were used.  

Electrically, the films were highly insulating, possessing conductivities of less than 10
-10

 Ω
-1

 m
-1

 

in all cases and a dielectric breakdown strength of 1.8 MV cm
-1

. The dielectric function was 

measured from dc to RF frequencies. The relative permittivity at low frequencies (less than 
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10 Hz) was found to be 11, while the high frequency dielectric constant was found to be 3 – 3.5 

at 100 kHz and 2.4 at optical frequencies. Dielectric loss spectra revealed complex underlying 

relaxation features present in plasma deposited thin films. 

To confirm their applicability to organic electronics, the process compatibility of the thin films 

was studied. It was found that thermal degradation began at greater than 195 °C, the films were 

insoluble in a variety of organic solvents including the commonly used dichlorobenzene and 

chloroform, and possessed a surface free energy of ~45 mJ m
-2

. Further, the interaction between 

the linalyl acetate surface and the n-type organic semiconductor PDI-8CN2 was investigated and 

the material shown to influence the growth of the organic semiconductor in a manner similar to 

common surface treatments of SiO2. An organic field effect transistor was fabricated, which 

included a linalyl acetate layer between the SiO2 and pentacene organic semiconductor. Relative 

to a similar device without the linalyl acetate layer, improved performance characteristics were 

observed. In particular, the mobility was increased by two orders of magnitude, the on/off ratio 

improved, and the threshold voltage reduced.  
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Chapter 1: Introduction 

1.1 Rationale 

Organic electronics is a rapidly developing technology, gaining attention in the 2000s, as 

development of organic semiconductors (OSC) reached the point where materials became 

capable of producing commercially feasible devices. Despite this, the current electronics market 

remains largely dominated by Si technology due to the substantial fabrication infrastructure 

available and the generally superior performance of devices over their organic electronic 

counterparts. However, Si technology has fundamental limitations with respect to its 

mechanical fragility, flexibility and cost of manufacture, whereas organic electronic devices 

have the potential to be fabricated on transparent, mechanically flexible substrates in large 

volumes (e.g. reel to reel processing) at very low cost.  

Despite these advantages, organic electronic materials and devices remain, from a performance 

perspective, unable to compete with Si technology in many applications. Additionally, high 

performance organic materials remain high in cost and are damaging to the environment. Low 

cost materials, compatible with current organic electronic fabrication techniques and which 

improve device performance are in strong demand.  

From 2007 – 2009, A/Prof. Jacob and Dr. Easton developed a new class of materials, derived 

from the Australian essential oil monomer Lavandula angustifolia using the radiofrequency 

(RF) plasma enhanced chemical vapour deposition (PECVD) technique. PECVD was used as it 

allows polymerisation of materials which cannot act as monomers in traditional polymer 

synthesis techniques. This work resulted in films with controllable thickness in the nanoscale 

range, derived from environmentally friendly sources which were optically transparent and had 

an array of potential applications, including electronics and biotechnology. Materials derived 

from essential oil precursors, which are a complex mixture of many components, suffer from 

poorly defined chemistry. Chemically, Lavandula angustifolia is composed of multiple 
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chemicals, the dominant of which is 3,7-dimethylocta-1,6-dien-3-yl acetate (linalyl acetate), 

typically constituting 25% - 45% of the essential oil. 

To obtain chemically well defined materials, linalyl acetate monomer was used with the 

PECVD technique to fabricate thin films which are derived from environmentally friendly 

techniques and products,  and are mechanically flexible. Of particular interest was the electrical 

characterisation of the material, such that its suitability for organic electronic applications could 

be assessed.  

1.2 Research Objectives 

This project aimed to fabricate low cost, transparent thin films from environmentally friendly 

resources with precisely defined electronic properties, suitable for use in organic electronic 

devices. This was achieved by considering the following goals, each of which contributed to 

addressing the aim: 

 To fabricate thin films derived from linalyl acetate monomer using PECVD and 

characterise the material‟s fundamental (optical, bulk chemical and morphological) 

properties. 

 To determine the material‟s electrical properties. This included investigations into the 

mechanisms of charge transport through the material, the conductivity and resistivity of 

the material, the dielectric and loss properties of the material and the microwave (MW) 

properties of the material. 

 To identify and investigate specific areas in organic electronics to which the thin films 

could be applied and determine the viability of the material in these applications. 

 To investigate the relationship between the investigated properties and fabrication 

conditions, such that thin films optimised for specific applications can be developed.   

Achieving the above objectives led to several contributions in the fields of material science and 

organic electronics. Plasma deposited linalyl acetate (PDLA) thin films constituted a new 
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material, the characterisation of which contributed directly to the field. Indirect contribution 

was made through the development of analytical techniques which were required to characterise 

this unique class of materials. Development of this material has the potential to lead to 

transparent and flexible electronic devices, made from low cost and environmentally friendly 

processes and materials. In addition, use of this material is likely to lead to organic electronic 

devices with improved properties and functionality.  

1.3 Document Organisation 

This thesis consists of seven chapters, the body of which address directly the research 

objectives identified above. Chapter 1 outlines the motivation for this work and the context 

surrounding it.  

Chapter 2 presents a review of literature related to the research objectives, with a particular 

focus on the PEVCD process, properties of films developed from this technology, and current 

trends in organic electronics, providing a detailed problem background.  

Chapter 3 presents materials and methods, and details experimental procedures utilised 

throughout subsequent chapters.  

Chapter 4 presents the developed plasma deposited thin films‟ fundamental properties. The 

optical properties in the Ultra Violet-Visible (UV-Vis) region were investigated through 

spectroscopic methods and are presented, as well as the surface morphological and tribological 

properties, investigated through Atomic Force Microscopy (AFM) and nano-indentation 

measurements. The chemical properties of the material were investigated by Fourier Transform 

Infrared (FTIR) spectroscopy and X-ray Photoelectron Spectroscopy (XPS). The theoretical 

basis for the measurement and analysis of these properties is presented as well their link to 

deposition conditions. Work in this chapter is largely reported in the journal article L. J. 

Anderson, M. V. Jacob, Effect of RF power on the optical and morphological properties of 

plasma polymerised linalyl acetate thin films, Appl. Surf. Sci. 256 (2010) 3293-3298.  
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Chapter 5 details the electrical properties of the thin films, beginning with characterisations at 

direct current (dc) frequencies which determined the conductivity of the films, their charge 

transport mechanism and dielectric strength using current-voltage (IV) measurements. The 

frequency dependent dielectric properties at multiple temperatures are presented, obtained 

through dielectric impedance spectroscopy, and a detailed overview of the analytical techniques 

given. Finally, the microwave dielectric properties at 10 GHz and 20 GHz are outlined. Work in 

this chapter is reported in the journal articles L. J. Anderson, M. V. Jacob, Electrical 

characterisations of plasma polymerised linalyl acetate, Mater. Sci. Eng. B 177 (2012) 311-

315, L. J. Anderson, M. V. Jacob, Temperature dependent electrical impedance spectroscopy 

measurements of plasma enhanced chemical vapour deposited linalyl acetate thin films, Thin 

Solid Films 534 (2013) 452-458 and L. J. Anderson, M. V. Jacob, Microwave characterisation 

of a novel, environmentally friendly, plasma polymerized organic thin film, Phys. Proc.14 

(2011) 87-90 and presented at the 9
th
 International Conference on Nano-Molecular Electronics.  

Chapter 6 investigates the compatibility of linalyl acetate thin films with current OSC 

deposition techniques through the investigation of the material‟s solubility and wettability, 

thermal degradation, and influence over the growth of thermally grown OSC layers. An Organic 

Field Effect Transistor (OFET) was fabricated using a PDLA buffer layer above a SiO2 

dielectric on a Si substrate and the device operating characteristics studied. Work in this chapter 

is reported in the journal articles L. J. Anderson, C. D. Easton, M. V. Jacob, Compatibility of 

plasma deposited linalyl acetate thin films with organic electronic device fabrication 

techniques, J. Mater. Sci. 48 (2013) 4851-4859, L. J. Anderson, M. V. Jacob, M. Barra, F. V. Di 

Girolamo, A. Cassinese,  Effect of a plasma polymerised linalyl acetate dielectric layer on the 

optical and morphological properties of PDI-8CN2 thin films, Appl. Phys. A 105 (2011) 95-102 

and L. J. Anderson, M. V. Jacob, M. Barra, F. V. Girolamo, A. Cassinese, Optical properties of 

thermally evaporated PDI-8CN2 thin films, Phys. Proc. 14 (2011) 29-33, and presented as a 

poster at the 9
th
 International Conference on Nano-Molecular Electronics. 
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Chapter 7 presents concluding remarks and recommendations for directions of possible future 

work in the area. Key results and contributions of the work to the fields of material and organic 

electronics are summarised in this chapter.  
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Chapter 2: Literature Review 

2.1 Introduction 

In this chapter an overview of literature relevant to the proposed work is presented. As the 

scope of this thesis was limited to the investigation of a new material derived from linalyl 

acetate and fabricated using PECVD for use in organic electronic applications, the literature 

review focused on two topics: plasma deposition and organic electronics. Plasma deposition of 

thin films was examined, beginning with the current understanding of the growth mechanisms 

involved. The relationship between the deposition parameters and properties of the resulting 

thin films was investigated and applications of PECVD thin films are presented. Subsequently, 

the background of organic electronic devices is given. This includes an overview of OFET 

devices and structures, current methods for fabrication of the devices, their performance 

characteristics and avenues for their improvement. 

2.2 PEVCD  

PECVD (plasma deposition or often referred to as plasma polymerisation) was the method used 

to fabricate insulating polymer-like thin films throughout the work of this thesis. This method 

has a long history, dating as early as 1874 [1]. It was not until the 1960s that plasma deposits 

gained significant interest and the field of plasma deposition received attention [2]. The method 

results in films which are pinhole free [3, 4], smooth [5, 6] and which adhere well to a variety of 

substrates, including flexible plastics [7, 8]. Furthermore, the ability to create coatings from a 

variety of materials which cannot be polymerised using traditional methods is a feature unique 

to plasma deposition [9]. Current understanding of the processes and mechanisms involved in 

PECVD, their relationship with internal system characteristics and external experimental 

variables and how these relate to the characteristics of the deposited thin films are discussed.  
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2.2.1 The Internal Properties of PECVD 

Modelling the internal mechanisms involved in plasma deposition is complex, due to the 

difficulty of reconciling observed film properties with internal reaction parameters. This 

difficulty is twofold; first, the properties of resultant thin films vary drastically depending on 

the reactor type, process variables and feed gas. The most poignant demonstration of this is that 

the same process can remove material from a substrate, or deposit material onto a substrate, i.e. 

the process can both etch materials and form a plasma product on exposed surfaces, depending 

on reaction parameters [10]. Secondly, until recently, the ability to accurately measure 

properties of the plasma discharge had been significantly limited; measurement of the reactive 

species involved and density, temperature and source of electrons was difficult, if not 

impossible. These factors made the task of developing a description of the plasma deposition 

process difficult.  

The key factor in any plasma is the dynamics of electrons, typically created through the 

ionisation of feed gases and their dissociated products [11]. Before any recombination reactions 

can take place, the presence of reactive species in the system is critical. When exposing the feed 

gas to the plasma field, it is the interactions of the feed gas molecules with charged plasma 

species which lead to the creation of the precursors necessary for the reactions to occur. The 

exact nature of these reactions is a topic of much study and debate [10-14], however, most 

proposed reaction pathways require many of the same building blocks; it is the way in which 

these interact in specific circumstances which remains unclear.  

These building blocks are considered to be electrons, ionic species, radical species, monomer 

fragments and UV photons [15, 16]. The source of these species is driven by the interactions 

with the feed gas (monomer material to be deposited) and the plasma glow, where energetic 

electrons and ions in the plasma collide with the monomer units to dissociate monomer bonds, 

fragmenting it to ionic and radical species. Some proposed mechanisms of film growth require 

the ionisation of the monomer unit, while many others rely only on the presence of radical 



  Chapter 2: Literature Review 

8 

 

species produced from the fragmented monomer. Yasuda argues that ionisation of the monomer 

is unlikely, due to the energy required to dissociate many, if not all, bonds presence in most 

organic monomers being much lower than the tens of eV required to ionise the monomer [15]. 

Friedrich provided the dissociation energies of some common aliphatic (i.e. non conjugated) 

compound bonds [17], all of which are in the order of less than 5 eV. Hence it is most likely 

that the dissociation of monomer units occurs first, followed by the ionisation of the resulting 

fragments [15]. The end result is a combination of plasma species, including electrons, UV 

photons, ions and species resulting from plasma-monomer interactions, including monomer 

fragments, as ionic and radical species, as well as intact monomer species. It is thought that 

reactions take place on the surface of substrates within the reactor as well as in the gas phase. 

Due to bombardment of surfaces with charged, active species, polymer products radiated from 

the surface and formed in the gas phase also contribute to the reactions which form the final 

thin film material [16].  

2.2.2 Reaction Pathway of Plasma Deposition of Thin Films 

It is helpful first to discuss the properties of films resulting from plasma deposition, as it is 

necessary that any proposed mechanisms can address why these features are present, and how 

they come to be. The resulting material exists in the form of a thin film deposit on any surface 

exposed to the plasma glow, ranging from less than 10 nm to several μm in thickness. The 

deposits are well adhered to the surface, and tend to be insoluble in a variety of solvents, 

providing evidence that the films consist of a highly crosslinked structure [18, 19]. 

Additionally, after exposure to ambient conditions, incorporation of O2 into the surface of the 

material has been observed, indicative of the presence of radical species in the bulk structure of 

the thin film [20, 21]. Thus the proposed reaction pathway must be capable of explaining: the 

formation of thin films, their adhesion properties, their crosslinked nature and why radicals 

species are incorporated into the bulk structure of the material. 

Generally, proposed mechanisms use three stages to explain the thin film formation [16]: 
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1. Creation of active species in the gas phase. 

2. Interaction and recombination of active species in the gas phase and at surfaces in the 

plasma. 

3. Surface reactions with charged, bombarding particles. 

Stage 1 has been discussed in Section 2.2.1; stages 2 and 3 are now outlined.  

After the formation of the active species, there are monomer units, monomer fragments, ions, 

radicals, electrons and photons present in the gas phase. The growth mechanism is considered to 

be a radical dominated mechanism, i.e. recombination of radicals is the main contributor to the 

increase of molecular weight of the material [16]. This can happen in both the gas phase or at 

the substrate surface by the recombination of adsorbed species. There is evidence that formation 

of a polymer in the gas phase occurs at higher pressures and results in „powder-like‟ deposits 

[17], and hence recombination reactions with adsorbed species at the substrate surface are 

preferred. Recombination in the gas phase may produce intermediate compounds which can 

contribute to the formation of the thin film [17]. Another important consideration is the 

bombardment of adsorbed particles and reaction products at the surface of a substrate by the 

charged active species in the gas phase. This is caused by the development of a self bias across 

materials exposed to the plasma, which results in the attraction of charged particles to the 

surface.  

The result of this bombardment is twofold; ion and photon bombardment causes ablation, or 

sputtering of the deposited film back into the gas phase, which is also associated with the 

formation of radical products in the bulk of the material [10, 15]. Bombardment of the bulk film 

by active species is also partially responsible for the crosslinking and insolubility observed in 

many plasma deposited films, for the high concentration of radicals embedded in the film, and 

some of the ageing reactions.  

Explanations of plasma deposition mechanisms and reaction pathways include the contributions 

of several factors, including initial kinetic reactions to form reactive species, interaction of 
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reactive species via radical growth reactions in the gas phase and at the surface, and 

bombardment of surfaces by active species, resulting in ablation of deposited species back into 

the gas phase. This is outlined in Figure 2.1 [16]: 

 

Figure 2.1: Plasma deposition process 

The complex processes at play in the recombination and chemical reaction steps can be 

explained by the Rapid Step Growth Polymerisation (RSGP) mechanism, proposed by Yasuda 

[15]. In this scheme, polymerisation occurs via the formation of reactive species, in this case 

radicals, via the excitation of a monomer with a plasma. The scheme consists of two cycles, or 

stages of reaction, as well as a third stage which represents the interactions between these 

cycles. Cycles I and II describe similar reactions, i.e. the addition of reactive species to 

monomer units, however cycle I describes a process dominated by species with a single reactive 

site. These reactions are described by: 

 


 fragNMplasmaM  (2.1) 

where M represents monomer units, MfragN• represents the N
th
 generated fragmented monomer 

radical product, and (2.1) describes the formation of active species via monomer-plasma 
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interactions. Following this reaction, radical products may interact with monomer units (2.2), or 

other radical products (2.3):  

 MMMM fragfrag 


11  (2.2) 

 2121 fragfragfragfrag MMMM 


 (2.3) 

The product resulting from (2.2) can be thought to be a small unit of polymer product, PN•, 

which will contribute to film growth, until recombination with another radical product, 

terminating chain growth: 

 

NNNN PPPP 


  

or 

 33 fragNfragN MPMP 


  

(2.4) 

Reaction (2.4) describes radical chain growth polymerisation. Reactions of intact monomer 

units M with reactive species as described in (2.2) and (2.4), while possible, are not likely to 

dominate given the high likelihood that the monomer units have dissociated into reactive 

products upon exposure to the exciting plasma. The product of (2.2) can also be considered a 

radical monomer fragment, at the beginning of cycle I. Additionally, the product from (2.3), as 

part of cycle I of the RSGP mechanism, describes a stable product which can no longer 

contribute to product growth. Hence the RSGP scheme describes a reactivation of products PN – 

PN  via plasma excitation such that reactions in this scheme can contribute to the overall film 

growth.  

Cycle II describes reactions of diradical species, •MfragN•, which can continue to contribute to 

film growth without subsequent reactivation of reaction products. The two reactions which 

describe cycle II are: 

 
  MMMM fragfrag 44  (2.5) 
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  6565 fragfragfragfrag MMMM  (2.6) 

The products of both (2.5) and (2.6) are each diradical species, which can contribute to 

continued film growth or become biradical species at the beginning of cycle II. As before,  

reaction (2.5) is unlikely to occur in a plasma deposition reaction, given the strong likelihood 

that monomer units will dissociate into radical fragments. Cycle II can continue to contribute to 

growth of the thin film so long as diradicals or monomer units/fragments with double or triple 

bonds continue to exist.  

The final reaction pathway is the interaction between cycle I and II products, i.e.: 

 


 8787 fragfragfragfrag MMMM  (2.7) 

This reaction can be thought to produce a radical monomer fragment, Mfrag9•, which becomes an 

input to cycle I. The entire mechanism can be outlined as follows [16]: 

 

Figure 2.2: RSGP mechanism 
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The kinetic chain length, υ, is a measure of the number of monomer units that are added to the 

polymer chain by one initiating reaction before termination of the chain occurs, and increases 

with monomer concentration and decreases with reactive species concentration. As the 

concentration of monomer units is quite low in a plasma system, given the tendency for the 

monomer to dissociate into radical fragments, the concentration of reactive species is very high 

and very short kinetic chain lengths occur [17]. Were this not the case (i.e. (2.2) and (2.5) 

dominated), the above scheme would describe free radical chain growth polymerisation. 

However, as υ is short, the reactions begin and terminate quickly and deposition occurs in a 

series of small steps, resulting in a film of very short, branched, randomly terminated and 

crosslinked polymer chains.  

The RSGP mechanism describes reactions between reactive species in a generalised sense; 

above the reactive species were considered to be radical monomer fragments, however nothing 

prevents these reactive species from being ionic, for example. As well as this the location of the 

reactions are not specified, only the reactions between reactive species. Thus RSGP can apply 

to gas phase, plasma sheath and surface reactions. 

2.2.3 Relationship between Deposition Parameters and Film Properties 

2.2.3.1 Control Parameters 

Creation of reactive species in the gas phase is determined by the electron energy in the gas 

phase [11, 13, 15]. This energy leads to dissociation of the organic molecules, rather than 

ionisation, as the dissociation energy of the chemical bonds is generally much lower than the 

ionisation energy [15], resulting in a much higher concentration of free radicals in the gas phase 

than ions [21]. From a manufacture and control perspective, it would be ideal to control directly 

the electron energy distribution to provide the desired properties in the resulting thin films; 

however, measurement of this distribution is exceedingly difficult [22] and hence such a 

process is currently infeasible. It is known that several external control parameters will 

influence the behaviour of the reaction. These parameters are: the geometry of the reactor [23], 
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the monomer [16, 20, 21], the flow rate of the monomer through the system [5, 24], the power 

delivered to the system [7, 20, 25] and the system pressure [16, 26, 27]. All of these factors 

have been shown to significantly influence the properties of resulting films [16].  

Use of different geometry reactors while maintaining other parameters of the deposition 

constant resulted in different behaviour of amorphous hydrocarbon (a-C:H) thin films deposited 

from tetramethylsilane (TMS) and hexamethyldisiloxane (HMDSO) monomers [23]. Hegemann 

et al further investigated the significance of reactor geometry on the behaviour of films 

deposited from methane and HMDSO, and ascribed the different behaviours to the change in 

volume which the plasma occupied [16].  

The strong dependence of film properties on the monomer was demonstrated through the 

investigation of films fabricated using isomeric monomers by Denis et al [21]. In this particular 

study, no compositional differences were present between the monomers; only the molecular 

structure was varied. For this apparently small difference in monomer, below a power threshold, 

differences in the chemical composition of the films were observed as a result of monomer 

structure, ascribed to differences in bond dissociation energies in the different isomers. 

Differences in monomer composition then have even more significant influence over the 

properties of resulting films, as shown by both Hegemann [16] and Mangindaan [20]. 

A decrease in monomer flow rate results in a larger residence time and hence an increase in the 

fragmentation of the monomer [16, 24, 28]. In a similar manner, power delivered to the reaction 

relates to the energy delivered to monomer molecules, resulting in increased monomer 

fragmentation [7] and change in film properties. The final external control parameter, pressure, 

influences the deposition indirectly by influencing the plasma volume and the distribution of 

reactive species in this volume [16, 27]. All of these parameters interact in complex and 

unpredictable ways. In an attempt relate the deposition conditions and film properties through a 

single parameter, the composite parameter, W/FM was developed, where W is the power 

absorbed by the plasma in W, F is the flow rate of the monomer in mol s
-1

 and M is the 
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molecular mass of the monomer in kg mol
-1

. As the parameter M is constant for a given 

monomer, the composite parameter is often reduced to W/F.  

This parameter describes the energy delivered to each monomer unit in the reaction [23], and is 

considered to be proportional to the concentration of activated species in the plasma [5]. It is 

related to the degree of fragmentation of the monomer [8]. This has been experimentally 

investigated by monitoring the composition of the plasma discharge as a function of W/FM by 

several research groups [7, 19, 21, 29]. In a thiophene discharge subject to variation in the 

parameter W/FM, it was found that only the intensity of the emission lines in the Optical 

Emission Spectroscopy (OES) spectrograph changed [29], indicative of the formation of more 

reaction products, likely as a result of an increase in the number of monomer molecules 

becoming fragmented. The plasma was shown to contain N2
-
, CH, H and O reaction products, 

and no emission corresponding to sulphur was detected, though it was expected from the 

structure of the monomer. More recently, Denis et al have investigated the gas phase chemistry 

of several amine precursors using Residual Gas Analysis (RGA) mass spectroscopy in both 

continuous wave and pulsed wave plasmas under fixed flow rate, varying power conditions [19, 

21]. In all cases, the increase in value of W/FM correlated to a) a reduction in intact monomer 

functionality, principally the –NH2 component and b) an increase in fragmentation of 

monomers, evidenced by a decrease in the normalised intensity of the precursor signal in the 

spectra. Additionally, it was shown that a critical power can be reached, beyond which the 

differences in monomer structure have less influence over plasma properties, due to their 

complete fragmentation. Below this threshold however, differences in the plasma chemistry 

were related to differences in the bonding energies of the monomers, and hence it was shown 

that changing W/FM can allow for selectivity in the degree to which the monomers are 

fragmented. In the case of the hydrocarbon monomer styrene, reaction products CH, H2 and Hα 

were observed in the plasma discharge through OES [7]. The relative concentrations of these 

products was found to increase up to a power level of 100 W in fixed flow / fixed monomer 
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conditions and beyond this power, H2 and CH were found to decrease. The decrease in relative 

concentrations above 100 W was attributed to further dissociation of the H2 and CH species.  

The studies demonstrate the relationship between the reaction products in the plasma, controlled 

by W/FM, and the chemical composition of the resulting thin films and hence relate W/FM to 

film properties. Kiesow and Heilmann showed that the increased monomer fragmentation 

induced by higher power density resulted in a decrease in dc conductivity due to loss of the 

thiophene monomers conjugated structure [29]. Similar behaviours were observed by Denis et 

al, in this case evidenced by the concentration of primary amine functionality in the deposited 

thin films decreasing significantly and the degree of crosslinking increasing with increases in 

power density [19, 21]. FTIR and XPS measurements of thin films plasma deposited from 

styrene showed a similar relationship between the plasma and film chemistry, and composite 

parameter [7]. While these examples explicitly relate the composite parameter, plasma 

chemistry and film properties, numerous other studies exist which also demonstrate the varying 

degree of monomer fragmentation and its influence on film properties as the composite 

parameter is varied [3, 5, 23, 26, 30].  

Due to the evidence showing the link between W/FM film properties, attempts have been made 

to relate the growth kinetics of plasma deposited thin films and the composite parameter, often 

referred to as „macroscopic kinetics‟ [5, 13, 16, 22, 23, 28, 31, 32]. The theory relies on the 

basis that the plasma deposition process is governed by the energy provided per unit monomer 

in the plasma region, and relates the growth rate of the thin films to the controlling parameter 

W/F through the relation: 

 






 


FW

E
G

F

R am

/
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where G is a reactor dependent geometry factor, Rm is the rate of film growth and Ea is the 

(apparent) activation energy [16]. Such a relationship is desirable as it relates the controlling 

parameters W and F to an immediately measurable internal parameter, the deposition rate, 
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which can be monitored in situ and allow more direct process control without necessitating 

knowledge of less tangible parameters such as electron energy distribution functions, or precise 

gas phase chemical compositions. The relationship is not expected to hold over the entire 

possible domain of W/F in [0, ∞) due to the effects of processes not described in (2.8), such as 

ablation, ionisation temperature effects, oligomer dominated reactions and other non-linear 

effects which become prevalent at extremes of the range of energy input [16]. Essentially, in the 

region where a single chemical reaction pathway exists, (2.8) should hold and hence relates 

growth rate directly to the number of products available for reaction and the energy delivered to 

them. Energy ranges which result in a significant change in reaction pathway will hence deviate 

from the relationship provided [33]. In this region, then, Ea is the slope of the linear fitting of 

(W/F)
-1

 to ln (Rm/F) and describes a minimum energy threshold which must be overcome for 

dissociation of the monomer units to occur [28] and is a monomer dependent property. 

Hegemann showed that this parameter correlates to the minimum energy required to create film 

forming products by determining the apparent activation energy and bond order for a group of 

monomers and showing their approximate equivalency [16]. While Hegemann et al, as well as 

others [5, 23] have successfully used the macroscopic approach to describe the behaviour of 

growth rates as a function of energy input to the deposition, there are some shortcomings 

associated with the model; most notably that while geometry and pressure influence the 

behaviour of the deposition, they are not explicitly embedded in (2.8) [13, 28, 32, 34]. This is 

addressed in part by the geometry factor, G and by modification of (2.8) to include a scaling 

factor, S: 
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where dact is the length of the plasma discharge, dgas is the distance between the monomer inlet 

and substrate location, Vgas is the volume occupied by the monomer and Vdis is the volume 

occupied by the plasma discharge [16]. Pressure and geometry are implicitly included in the 

scaling factor as they influence the shape of the plasma region and hence influence dact and Vdis 
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in the final equation. There are still some issues with the use of S however, in particular for 

non-parallel plate reactors, or conditions where precise determination of the plasma volume is 

difficult [28].  

Based on this approach and the determined activation energy parameter, different regions of 

growth kinetics can be identified within a system. The distinction made is between monomer 

sufficient (energy deficient) and monomer deficient (energy sufficient) deposition regimes [3, 5, 

23, 24]. In the monomer deficient regime, the monomer flow rate is typically low and the power 

level is large, resulting in a high energy per molecule and complete dissociation of molecular 

bonds [3]. Hence increasing the power level does not result in an increased deposition rate, as 

maximum fragmentation has been reached; rather the deposition rate will decrease due to the 

increased effects of sputtering and ablation [5]. The deposition rate can be increased by 

increasing the flow rate of the monomer, providing more molecules to which the applied energy 

can be distributed. As the monomer flow rate is increased (or alternatively the applied energy is 

decreased), the monomer sufficient regime is entered. In this scenario, there are a large number 

of monomer molecules in the gas phase, and the applied energy is not sufficient to completely 

fragment them. Thus, increasing the monomer flow rate results in a decrease in deposition rate, 

as the degree of monomer fragmentation decreases. Increasing the power density will however 

result in an increase of monomer fragmentation and an increase of deposition rate. These 

different regions are often associated with different film properties. Tran et al found that in the 

monomer deficient region, the resulting films became very rough, due to the effects of ablation 

and gas phase formation of clusters which deposited onto the substrate, rather than film growth 

occurring at the substrate [5]. Other groups have shown that harder, more highly crosslinked 

films are obtained from monomer deficient depositions, compared to soft oligomeric films 

obtained in the monomer sufficient regime [23]. The distinction between these regimes has been 

correlated with the activation energy [23]. 

These studies show that film properties are strongly dependent on deposition conditions, and 

relate growth rate to power density and monomer flow rate. They do not however predict 
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specific film properties such as chemistry, conductivity, transparency, permittivity or surface 

energy. As such, extensive studies are generally performed for a particular combination of 

monomer and system. Although specific predictions cannot be made, some common behaviours 

are present in the literature which can be useful to provide an expectation of a thin film 

material‟s properties and their dependence on deposition conditions.  

Generally it is found that monomers become more fragmented as W/F increases, due to the 

increase in energy per unit monomer. This is evidenced in the plasma chemistry, as outlined 

above, where increasing W/F resulted in the appearance of additionally chemical functionalities 

in amine discharges, for example [19, 21]. The result of increased monomer fragmentation from 

the perspective of film properties is seen as a loss of chemical functionality in the thin film as 

compared to the monomer as the W/F parameter increases [3, 19, 25] and an increase in 

crosslinking density of the films [19, 30]. This has led to investigations of decreasing the 

effective power delivered to the deposition process through use of pulsed plasma systems in an 

attempt to increase the degree of monomer retention, especially in cases where the monomer 

has desirable properties such as biocompatibility characteristics [19, 20, 26] or presence of 

conjugated/aromatic structures which may increase the conductivity of thin films [25, 29, 35]. 

Pulsed plasma conditions lower the effective power delivered to the deposition chamber and 

additionally change the manner in which the deposition proceeds. During the plasma on cycle, 

monomer fragmentation and film growth proceed via mechanisms outlined in Section 2.2.2, 

however, during the off cycle the reaction products created interact with monomer units and 

chemical chain propagation occurs [36]. Resulting films therefore contain a greater 

concentration of monomer functionality and more regular structure than films deposited under 

continuous wave conditions [36-38].  

The degree of monomer fragmentation and crosslinking directly influences film properties 

beyond simply the chemical properties and are also controlled by W/F. Many studies examine 

the relationship between W/F and morphological, optical, surface and electrical properties. For 

fabrication of very hard a-C:H thin films, high composite parameter conditions are often cited 
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as necessary [8, 23, 39, 40], establishing a relationship between W/F and film hardness, likely 

due to the underlying increase in relative carbon concentration, crosslinking and film density 

[41, 42]. Film morphology and specifically surface roughness is regularly examined as a 

function of applied power density at fixed flow rate. In many cases, surface roughness is found 

to increase with increasing RF power [3, 5, 42], though where given, the Root Mean Square 

(RMS) roughness of plasma deposited thin films generally remains less than 1 nm, regardless of 

the composite parameter value. In cases of very high W/F values, well into the monomer 

deficient region, this roughness may increase significantly, such as the case for plasma 

deposited cyanopyridine thin films, where an increase in roughness from 0.43 nm to 3.63 nm 

was observed when the parameter W varied between 3 W and 60 W [3]. This large variation 

was attributed to gas phase reactions dominating, resulting in particle formation in the gas 

which was then deposited onto the surface. Increasing roughness also corresponds to significant 

changes in surface topography [3, 5]. 

Changes in monomer retention and crosslinking result in changes in optical properties. For 

example, the refractive index is often found to increase with W/F in plasma deposited thin 

films, due to an increase in their density [41]. As well, changes in absorption and transmittance 

spectra can be observed due to differences in chemical functionality of the films deposited at 

different W/F [3, 25, 35]. In general, the optical properties of thin films deposited using 

PECVD are strongly dependent on the W/F parameter [43-45], through a combination of the 

dependence of the optical properties on film morphology, structure and chemical functionality, 

and the influence of W/F and monomer fragmentation over these properties.  

Governed in part by changes in surface chemistry, surface properties have also been shown to 

depend on the power density, such as the case of a thiophene deposition which showed 

significant dependence of contact angle (CA) and hence surface energy on the deposition 

parameter [46]. A similar dependence was observed for a-C:H films in both laboratory and 

industrial scale reactors [23], as well as for ethylcyclohexane deposits. In all cases, the water 

CA increased, indicating an increase of the hydrophobicity of the films and decrease of the 
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surface energy. It is difficult to attribute this behaviour to one specific cause however, as 

surface energy and contact angles depend on several factors, such as surface topography, 

chemistry and crosslinking degree [47]. Related to the surface energy is the material solubility; 

the increase in crosslinking of the plasma deposited layers typically results in films which are 

less soluble in many common solvents [7, 22, 47]. It is noted that some researchers found a 

small fraction of the thin film is soluble [17], shown by [18], seen as a reduction of the 

C(=O)OX functional group in XPS measurements after rinsing in water. However, no change in 

any other functionality was observed, and the majority of evidence suggests that the bulk 

material is insoluble as shown in [18] and others [7, 48]. It is possible to decrease the degree of 

fragmentation and crosslinking sufficiently to result in films which are soluble, generally 

through use of very low W/F conditions or pulsed plasma systems [10, 22, 48]. 

Crosslink density, monomer fragmentation and resulting bulk chemical properties of thin films 

influence the electrical properties, and hence W/F has also been shown to modify the 

conductivity, breakdown capacity and permittivity of plasma deposited thin films [25, 29, 35, 

46]. Research groups are often interested in the deposition of conducting or low resistivity thin 

films through PECVD and hence choose a monomer with an aromatic or conjugated structure 

such as pyrrole, thiophene or aniline [25, 29, 46, 49] with a goal of using low power conditions 

to maintain the monomer functionality. In thiophene films, conductivity was shown to decrease 

significantly (two orders of magnitude) as power density was increased, correlated with an 

increase in monomer fragmentation and reaction products observed in OES measurements 

during the deposition [29]. In a different approach, Jiang et al studied the effects of deposition 

pressure and benzene monomer feed location on the dielectric properties of the resulting thin 

films [50]. While these variables do not explicitly relate to W/F, XPS and FTIR analysis 

provided an indication of the degree of monomer fragmentation, which is related to the energy 

input to the deposition, and hence the link was implicit.  

In their deposits, the researchers found that low pressure conditions with the monomer feed 

location downstream from the active plasma zone resulted in the largest retention of monomer 



  Chapter 2: Literature Review 

22 

 

structure, shown by an increase in aromatic functionality in FTIR and XPS data. Films with the 

least amount of monomer retention were fabricated under high power conditions when the 

monomer was fed directly into the plasma region. It was found that the films with the highest 

degree of monomer retention also had the highest dielectric constant and lowest loss, while 

films with the least degree of monomer retention had the lowest dielectric constant and highest 

loss. The research group relate the difference in dielectric properties to the mobility of structural 

features in the film; as films become more densely packed and crosslinked, with less monomer 

structure, they have less molecular mobility. It was shown that films with the highest degree of 

crosslinking (inferred by the strength of –CH and –CH2 functionalities in FTIR data) had the 

highest dielectric strength, while the most aromatic film with the least amount of crosslinking 

had the lowest dielectric strength. Hence overall, the study demonstrated that a higher degree of 

monomer retention resulted in higher permittivity and lower loss, albeit at the cost of dielectric 

strength, while more crosslinked films deposited from more highly fragmented monomers (and 

therefore under higher input energy density conditions) provided high dielectric strength, low 

permittivity characteristics.  

While these studies relate the degree of monomer retention and crosslinking to electrical 

properties, there are instances where monomer retention and chemical functionality remain 

relatively constant and crosslinking is the main factor governing film properties. Bae et al 

showed that the chemical structure of methyl- and ethyl- cyclohexane deposits at increasing 

input energies was relatively consistent, however significant differences in leakage current 

densities and dielectric constants were observed between samples [35]. The relationship 

between these parameters and W/F is similar to that described in other studies, where leakage 

current density and relative permittivity decrease as the energy density increases. Electrical 

conductivity in particular can be varied across several orders of magnitude through variation of 

W/F, and films‟ dielectric constants and loss can also be controlled to a degree. Most films 

fabricated using PECVD are low permittivity and have a dielectric constant of approximately 

2.5 - 4 at low frequency, room temperature conditions [35, 46, 49, 51, 52], a conductivity of 
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approximately 10
-12

 – 10
-9

 Ω
-1

 m
-1

 [29, 46, 49, 51] and dielectric strength exceeding 1 MV cm
-1

 

[35, 46, 50, 52].  

2.2.4 Applications of PECVD Thin Films  

2.2.4.1 Electronics and Sensing Applications 

Subsequent to their initial discovery in the late 1800s, the first application of plasma deposited 

thin films was reported by Goodman in 1960 [2], and described the deposition of a film from a 

styrene monomer as a dielectric barrier in a battery [53]. Following this work, in 1963 Bradley 

reported on the electrical properties of plasma deposited thin films fabricated from a wide 

variety of monomers and identified their potential applications as dielectric and semiconducting 

layers in electronics [54]. Since these initial reports, modern electronic technology has 

advanced significantly, and in its current state it is reported that approximately two thirds of the 

fabrication steps in current semiconducting devices require plasma processing [53]. Due to its 

inherent compatibility with modern electronic device fabrication, there is a great deal of interest 

in potential electrical applications of plasma deposited thin films. A large degree of this interest 

is focussed on fluorocarbon (F/C) monomers, due to their existing integration in semiconductor 

plasma processing as an etching agent, and the ability of F/C monomers to shift between 

etching and deposition regimes in the same plasma process through adjustment of control 

parameters [5]. The few reported applications of plasma deposited thin films directly relevant to 

organic electronic devices are discussion in Section 2.3 of this chapter. 

For application in conventional electronics, materials with low permittivities are required so 

that the detrimental effects of RC parasitics can be reduced as device geometries become 

smaller [6]. Additionally, a high level of thermal stability is required, as deposited layers will be 

exposed to multiple heating and cooling cycles throughout processing. Deposition of thermally 

stable, low permittivity F/C films has been demonstrated in several articles [6, 55, 56]. In a C6F6 

plasma, films have been deposited on substrates at temperatures of up to 400 °C and the 

dielectric constant found to be 2 – 2.5 depending on substrate temperature and annealing 
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conditions [6]. Uhlig et al deposited F/C films from C4F8 fluorocarbons mixed with CH4 vapour 

and obtained films with a dielectric constant of 2 which were thermally stable up to 425 °C, 

shrinking by less than 1% after annealing at these temperatures. These studies demonstrate the 

compatibility of F/C thin films with electronic processing, and this was further demonstrated in 

more robust fabrication studies involving multiple processing steps including masking, etching, 

copper deposition and copper polishing [55], as well as deposition of F/C films into high aspect 

ratio trenches [57]. Optimisation of particular properties such as permittivity or thermal stability 

can lead to degradation in other performance characteristics, such as resistivity and associated 

leakage current densities [55, 56]. As such, investigations into further optimisation of the films 

and processes are required.  

Looking more broadly at current research in polymer thin films and electronic applications, low 

dielectric constant, high dielectric breakdown, low leakage current intermetallic layers are 

required. A lower limit on the dielectric breakdown property of 1 MV cm
-1

 has been suggested 

[58] and many plasma deposited layers have demonstrated electrical breakdown above this 

limit. In investigations into the relationship between chemical structure and electrical 

properties, Jiang et al fabricated thin films from a benzene monomer with breakdown fields as 

high as 6.1 MV cm
-1

 [50]. In capacitive applications, pyrrole thin films with a dielectric 

constant of ~4 were found to have breakdown voltages exceeding 1.5 MV cm
-1

 [52]. Sufficient 

breakdown alone is not useful in insulating applications if the film conductivity and resulting 

leakage current density are too high. As established in Section 2.2.3, films deposited at higher 

energy deposition conditions typically have higher resistivities. Films of cyclohexane [59], 

polyaniline [49], tetraethylorthosilicate [60] and diphenyl [51] have all been demonstrated to 

have conductivities on the order of 10
-11

 – 10
-12 
Ω

-1
 m

-1
 and are hence suitable for applications as 

insulating layers in electronics. Permittivity is an important property of the films and influences 

their specific application potential; in interelectrode dielectric layers, low permittivities are 

required in order to reduce RC parasitics by decreasing the effective capacitance for the same 

geometry, while in capacitive applications, higher dielectric constants are required in order to 
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reduce the size of devices. Polyaniline thin films reported by Mathai et al had a dielectric 

constant of ~1.18 and they estimated a reduction in RC delay of 70% when compared to SiO2 

dielectric layers [49]. In comparison, diphenyl thin films which demonstrate low conductivity 

were measured to have a dielectric constant of 4, the same as SiO2 and hence may not provide 

any exploitable advantage in interlayer dielectric applications [51]. 

As well as meeting required electrical properties, for applications it is important that candidate 

materials are compatible with a range of processing conditions, placing requirements on their 

adhesion, thermal and chemical stability, and mechanical properties [55]. Throughout these 

processing steps, the electrical properties should remain relatively unchanged. Towards the goal 

of processing compatibility, plasma deposited layers of glycidyl methacrylate were investigated 

and shown to improve the adhesion of subsequently deposited copper layers under certain 

processing parameters [61]. However, films deposited from a combination of toluene and 

tetraethoxysilane (TEOS) were shown to undergo significant changes in dielectric constant, 

surface energy, and volume when exposed to heating cycles, depending on the ratio of the 

precursors and structure of the films [62]. Research is required in determining optimised 

deposition conditions for plasma deposited films such that all requirements can be met. 

HMDSO films have generated interest due to their desirable mechanical properties and detailed 

existing studies of film properties. Low dielectric constant, high breakdown, low conductivity 

and thermally stable films of HMDSO were deposited in the presence of methane [63]. The 

films were shown to lose 10% of their thickness in optimised deposition conditions upon 

annealing at 400 °C, though optimisation of resistivity or breakdown voltage resulted in an 

increase of dielectric constant or reduction in thermal stability. This again highlights the need to 

perform application specific optimisation of film properties. In another application, ultrathin 

(~5 nm) HMDSO plasma deposited films were used as a protective coatings for soft polymers 

in scanning microscopy read/write storage applications [64]. 

It has been observed during electrical characterisations of plasma deposited thin films that their 

conductivities and other properties may be subject to variation when in the presence of different 
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chemicals in the surrounding environment [65-67]. This property can be exploited for the 

development of transducers which use plasma deposited layers as the sensing layer. In 1996 a 

gas sensing and classification network was developed using plasma deposited layers from 

various monomers to fabricate sensors which demonstrated sensitivities to different chemicals 

[66]. The outputs from these sensors were then used as the input to a filter bank to perform 

classification of the detected gas, for applications in smoke detectors so that fire type could be 

classified. Another early demonstration of the applicability of plasma deposited thin films to 

sensing was the deposition of HMDSO films onto quartz resonators [67]. The films selectively 

adsorbed inhalant anaesthetics, changing the resonant frequency of the oscillators and allowing 

detection of vapours from atmosphere. In general, many plasma deposited thin film based 

sensors operate in this manner; thin films are deposited on a resonant structure, and changes in 

frequency measured as the films selectively adsorb various gases. Use of different monomers 

and variation of deposition parameters allows for sensing of different gases. Films deposited 

from HMDSO showed shifts in resonant frequencies of between 25 Hz and 250 Hz when 

exposed to hexane, chloroform, acetone, water and 2-propanol vapours [68] and were 

demonstrated to be suitable for sensing of polar vapours. Detection of methanol was shown 

using plasma deposited styrene and poly(methyl methacrylate) (PMMA) layers, and the long 

term ageing properties of the sensors thought to be improved in the plasma deposited layers as 

compared to their conventional polymer counterparts [69]. Deliberate modification of the 

plasma deposited surfaces can also be undertaken, in order to increase sensitivity to a particular 

gas, for example by increasing the porosity of the films to increase sensitivity to water vapour, 

as in the case of TEOS films deposited on quartz oscillators [70]. These films additionally 

showed sensitivity to dodecane and hexane vapours.  

In regards to moisture detection, allylamine films were deposited on a surface transverse wave 

(STW) device and resulted in an increase of sensitivity to humidity of 24 times that of uncoated 

devices [65]. Variations in other film properties in the presence of vapours can also be 

exploited. The optical absorption spectrum of a porphyrin-containing plasma deposited 
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polydimethylsiloxane film was shown to undergo a hypsochromic shift upon exposure to 

triethylamine [71]. However, the shift in colour was small (undetectable to the eye) and the 

material hence requires further development before it could be employed as a visual indicator. 

Resistivity of plasma deposited 2-propanol films was shown to decrease, resulting in a 

measurable increase in leakage current upon exposure of the device to acetone, demonstrating 

yet another possible avenue for sensor development [72]. Another interesting application of the 

selective adsorption of plasma deposited thin films is their use in Micro Electro-Mechanical 

(MEM) devices, particularly in bio-MEMs devices. Two such examples are the detection of 

glucose [73] and modification of micro-fluidic velocity [74]. In the case of the detection of 

glucose, plasma deposited layers of acetonitrile were used to provide primary amine surface 

functionality in the sensing device, resulting in a glucose concentration dependent current, 

suitable for biomedical applications. Biocompatible monomers of acrylic acid were used in a 

microfluidic MEMs device, and the modification of surface properties of the device resulted in 

an 8-fold increase in fluid velocity [74], providing the beginning stages of investigations into 

microfluidic velocity control in biomedical applications.  

2.2.4.2 Membranes, Protective Coatings and Biomedical Applications 

The same properties which make plasma deposited films useful as a sensing layers, namely 

their selective adsorption of a particular chemical, also allows for their use as membranes. 

Depending on the film characteristics, certain chemicals will adsorb into and pass through the 

membrane, while other chemicals will be blocked, allowing for applications in fuel cells and 

filtration. In a general application of the principle, F/C films have been deposited on silica 

membranes, and the permeation rates for He, N2 and CO2 investigated [4]. It was shown that the 

membranes could be fabricated to selectively allow permeation of the gasses and hence separate 

them. In Proton Exchange Membrane Fuel Cells (PEMFCs), membranes are required which 

maintain separation of reactants, such as methanol, and still permit conduction of protons [75]. 

Hence membranes which reduce diffusion of methanol are sought after. Plasma deposited layers 

have been exploited to enhance the methanol rejection of existing membranes while still 
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maintaining desirable proton conduction properties. F/C films deposited on Nafion (a 

commercially available ion conductive membrane) resulted in a 10-fold reduction in methanol 

permeability, however proton conductivity was also reduced [76]. Proton transport could be 

improved, albeit at the cost of methanol rejection.  

Films codeposited with chlorosulfonic acid demonstrated the highest ion conductivities; in this 

investigation, studies were performed by Jiang et al on films deposited from a mixture of 

styrene and trifluoromethane sulfonic acid onto Nafion membranes [75, 77]. In these works it 

was possible to obtain deposition conditions resulting in films which improved both proton 

conductivity and methanol rejection of the membranes. The deposition system used was a 

modification of the general plasma deposition chamber; in these cases the chamber had been 

separated into two regions, a plasma active region and a reaction region, often referred to as an 

afterglow (AG) reactor. This type of reactor allows even greater retention of monomer 

functionality by separating the reaction products from the high energy region where reactive 

species are generated, so that reactions can proceed without re-fragmentation/dissociation 

during a plasma on-cycle [77]. Maintaining sulfonic groups in deposited thin film allows for 

enhanced water uptake and proton conductivity [75, 77]. Membranes have also been fabricated 

for use in Alkaline Fuel Cells (AFCs), for example by plasma treatment of the gas diffusion 

electrode with 4-vinylpyridine monomer [78]. 

In filtration applications, plasma deposited thin films have been used to modify reverse osmosis 

membranes in order to enhance salt rejection. Commercial membranes modified with 

allylamine-based thin films were shown to increase salt rejection to greater than 90%, while 

maintaining water flux rates [79] and showed greater resistance to chlorine induced 

degradation. Further work on allylamine modification of microporous polyimide membranes 

showed the possibility of high flux, high rejection membranes under optimised deposition 

conditions with respect to power, pressure and monomer flow rate [80]. Further demonstration 

of filtration applications is provided by Gulec et al, where cellulose acetate membranes were 
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modified with ethylenediamine thin films [81]. The modified membranes were used to separate 

mono- and disaccharides for use in food industry.  

As another application afforded by their chemical selectivity, plasma deposited thin films have 

been investigated for use as chemically protective coatings, for example to prevent corrosion of 

metals or to protect materials in devices as an encapsulating layer. One such application is in 

the protection of restored metallic archaeological objects. Coatings which protect the metallic 

layers from corrosion and do not influence the visual appearance of the object are required for 

such applications. Films deposited from methane and propane were shown to be suitable for this 

purpose, and protected samples of iron, stainless steel and copper from corrosion in ambient 

conditions for the duration of a 289 day study [82]. The films were also shown to protect the 

samples in high humidity (>90%) environments over a period of 11 days, and were easily 

removable by plasma treatment in H2. HMDSO films were shown to enhance the corrosion 

resistance of iron samples when a ratio of 80:20 of HMDSO to O2 was employed during the 

deposition [83], and high deposition rates (and hence large scale efficiency) were achieved in 

these conditions. Particularly in electronic applications, protection of copper is of interest. To 

this end, cyclohexane and styrene films were shown to effectively protect copper substrates 

from corrosion [7, 59]. In both cases, the plasma film coated substrates were exposed to NaCl, 

though different properties were investigated. Bae et al examined the corrosion resistance of the 

copper substrates using impedance spectroscopy (IS) measurements and found that an 

ethylcyclohexane deposit provided protection efficiencies in excess of 90% [59]. In the case of 

styrene deposits, after immersion of coated substrates in NaCl solution for 60 hours, Choudhury 

et al showed that no visual evidence of corrosion of the copper was present for an optimised 

thin film, though no precise measurements were presented beyond photographs of the samples 

[7]. In the automotive industry, protection of galvanised steel is of importance, and plasma 

layers are of interest due to pre-existing plasma steps in the process [84]. Therefore, integration 

of a TMS film deposition into automotive parts treatment was investigated and found to provide 
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an improvement in corrosion resistance in particular deposition conditions [84], and at worse 

comparable performance to barriers fabricated at higher cost.  

The above applications all relate to protection of layers from corrosion, by separating substrates 

from damaging chemicals. It is also possible to apply the thin films as optical and mechanical 

protective layers. In a particularly novel use of plasma thin films, PMMA thin films were 

deposited on historical paper samples and exposed to UV irradiation [85]. After treatment, 

samples were found to have nearly no degradation, and no visual indication of damage, as 

required in heritage applications. Generally, siloxane coatings have been shown to be hard, and 

hence have found applications as mechanically protective overlays. One such example is in the 

encapsulation of photoluminescent structures, where as well as providing mechanical 

protection, HMDSO films were shown to improve the brightness by more than 20 times 

compared to conventional encapsulating materials. As mentioned above, HMDSO layers were 

also used to provide mechanical protection to soft polymers used in possible data storage 

applications [64].  

Finally, due to the ability to provide specific surface functionalities, particularly in the case of 

low energy deposition conditions, plasma deposited thin films have been subject to a great deal 

of research for potential biomedical applications. The ability to tailor surface chemistry allows 

for the deposition of films which demonstrate cell-adhesive or cell-repellent properties and 

hence films can be made to be antifouling and to promote biocompatibility [53]. Acrylic acid 

coatings, for example, were shown to limit the growth of leukaemia cells, attributed to the 

presence of hydroxyl and carbonyl functional groups [86]. Brétagnol et al showed that surfaces 

can be optimised to promote cell adhesion and growth, or to reduce cell adhesion, by selection 

of deposition parameters of diethylene glycol dimethyl ether thin films, particularly the power 

parameter [87], likely corresponding to loss of anti-fouling functional groups at the film 

surface.  
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Antifouling surfaces are of particular interest in hygiene sensitive applications, such as food 

preparation and storage industries. Two plasma deposits (2-hydroxethylmethacrylate and 

polyethyleneglycolmethacrylate) were investigated by Mutlu et al to study the adsorption and 

growth of bovine serum albumin proteins on stainless steel surface [88]. Both samples were 

shown to greatly reduce the number of adsorbed proteins and the rate of adsorption when 

compared to untreated surfaces, and hence could be used to ensure antifouling conditions in 

food preparation environments with further development.  

In regards to biocompatibility, surfaces with primary amine functionality are often desired due 

to their promotion of cell growth [89, 90]. Amine containing monomers were used to create thin 

films with primary amine surface functionalities, and it was found that growth of L-929 cells 

was promoted, especially when higher concentrations of primary surface amines were present, 

evidenced through XPS measurements [20]. As with microelectronic applications, as well as the 

necessary primary requirements, the materials investigated must be compatible with processing 

techniques specific to the particular industry under study. In the biomedical industry, 

sterilisation procedures require the films to be exposed to high heat, autoclaving and UV 

irradiation. Recently, research into the compatibility of biocompatible thin films with 

sterilisation procedures has been investigated [91]. This is of particular concern in the 

biomedical industry, as the growth conditions necessary to realise films with desirable 

biological properties (generally low energy conditions to promote retention of monomer 

functionality) often result in detrimental effects on other properties such as thermal and 

chemical stability. One study into several biocompatible monomers investigated the effects of 

different sterilisation procedures on the surface properties and cell attachment of the resulting 

thin films. It was found that in some cases, the sterilisation procedures have significantly 

detrimental effects on the biocompatibility of the films [91]. As the primary characteristics of 

the films develop further, more work on ensuring compatibility with all areas of processing will 

undoubtedly be required.   
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2.3 Organic Electronics 

2.3.1 OSC Materials 

2.3.1.1 Background and Properties 

OSCs are carbon-based materials which exhibit semiconducting properties (e.g. field and 

temperature activated conductivity) and covers a large range of molecules. These molecules 

share the common feature of conjugation, and are often aromatic. OSC materials may be 

polymeric in nature (i.e. they consist of regularly repeating molecular units), such as poly(3-

hexylthiophene) (P3HT) or poly(acetylene) [92], or oligomeric (i.e. they consist of small 

molecules), such as the thiophenes and cyclic acenes. Much like their inorganic counterparts, 

OSC materials can be separated into hole (p-type) [93] or electron (n-type) [94] conducting 

materials, though it should be noted that unlike in inorganic semiconductors where majority 

carrier type is an explicit property induced by doping, division of organic molecules into p- or 

n-type is somewhat arbitrary, and predominately a functional classification based on device 

behaviour [95]. 

Of the available OSC materials, several particular examples exist of materials which have been 

the subject of high interest. Pentacene, a linear acene, is by far the most investigated OSC in the 

literature [95-98]. Due to its insolubility, pentacene thin films were originally fabricated and 

investigated by means of thermal evaporation [96], however, in recent years soluble precursors, 

such as 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) have become available 

which yield high quality pentacene thin films upon deposition from solution in a variety of 

organic solvents [98]. In addition to pentacene, thiophene oligimers and their various 

derivatives are another commonly studied OSC [99, 100], and as with pentacene, thin films 

derived from both evaporated and solution processed thiophenes result in high quality OSC 

films. P3HT, phenyl-C61-butyric acid methyl ester (PCBM) and fullerenes (C60, C70) have also 

been the subject of much investigation and scientific interest [101-104]. In the case of these 

materials, their initially above average performances led to further work in their optimisation, 
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resulting in further improved performance. Pentacene in particular has become a benchmark for 

OSC materials [95]. With the exception of the fullerenes, all of the above materials exhibit p-

type characteristics. This is due to the fact that throughout the earlier periods of organic 

electronics research, fabrication of n-type materials with adequate mobilities and 

environmentally stable properties was a difficult challenge, only recently overcome [95, 105]. 

As mentioned, all OSCs display the common feature of conjugation in their molecular structure 

[95]. This is a result of the manner in which charge is transported through single molecule, and 

through the solid-state. Unlike inorganic semiconductors in which valance and conduction 

bands are formed across a crystal lattice, OSCs transport charge across molecular orbitals. As 

such, conjugated structure results in delocalised orbitals which span the molecule, preferably 

with a large amount of π-electrons, such that the orbitals are energetically accessible for charge 

injection [105]. In addition to favourable local charge transport, charge must be mobile across 

many molecules in the solid-state such that bulk charge transfer processes can occur, requiring 

molecular arrangement which results in maximal overlap of orbitals [99]. When favourable 

molecular packing arrangements occur, more efficient charge transport can result and hence the 

resulting films possess higher charge mobility [105-107]. The ability to transport charge is then 

both a molecular and bulk property of OSC materials; materials which have favourable 

molecular electronic properties may still result in poor device performance if desirable (e.g. 

crystalline or polycrystalline) molecular packing arrangements cannot be obtained. 

Mobility (μ) is a material constant which relates carrier velocity to the applied electric field, 

accounts for how well charge transfers through a structure [108] and is typically the parameter 

of fundamental interest in an OSC. Research efforts are heavily focussed on improving 

mobility, and currently, values on the order of 10 cm
2
 V

-1
 s

-1
 in a single crystal of rubrene are 

the largest reported for OSCs [95, 109]. As implied above, μ is a bulk parameter, and hence 

heavily influenced by molecular packing [106] and overall film morphology [98, 100, 110]. As 

a result, single crystals of OSC material, which represent optimal molecular packing, typically 

provide the highest achievable mobility for a particular OSC [107, 109, 110], as well as 
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providing a theoretical maximum value [99] for that material. While useful for investigating 

upper limits on mobility, devices fabricated from single crystal OSCs are often considered 

impractical, due to the long processing times required to obtain crystals of high quality [111] 

and loss of mechanical flexibility. Second to high mobility, stability of material properties in 

ambient environments is considered as a fundamental requirement for the commercial viability 

of organic electronic devices [93]. Despite this, many reports available in literature still 

fabricate and measure devices in vacuum or inert atmospheres, such as in [98, 102, 105, 106]. 

In recent years, more effort towards improving the ambient characteristics of OSC materials has 

been expended, evidenced by the large number of reports based exclusively on operation of 

devices in ambient environments [93, 106, 112, 113]. 

The reason for poor performance of devices in air is due to degradation induced by doping, 

where molecules react with atmospheric O2 and H2O resulting in fundamental chemical changes 

which degrade electrical performance, and typically occur when a material‟s ionisation potential 

(p-type) is too low or electron affinity (n-type) is too high [105, 114]. As electron affinity and 

ionisation potential are typically considered to be molecular properties, air stability is usually 

improved via direct adjustments to the semiconducting molecule, typically through substitution 

and functionalisation [93, 95, 106, 115]. Ambient stability can also be indirectly improved at 

the device level by reducing the exposure of the semiconducting layer to the environment by 

changing the device architecture, inducing changes in the electron affinity by changing the 

molecular packing [116], or by eliminating trapping sites, whose presence may allow air doping 

to occur [114]. 

2.3.1.2 Fabrication of OSC Thin Films 

Early reports of organic semiconducting behaviour and devices typically focussed on films 

fabricated through thermal deposition of semiconducting material in vacuum, due to the 

insolubility of the materials under investigation [93, 96, 106, 110]. In recent years this 

deposition method continues to be used, despite trends towards solution processed devices, as 



  Chapter 2: Literature Review 

35 

 

thermally deposited layers generally have slightly higher mobilities than those deposited by 

solution, as for example in pentacenes [117]. To further improve molecular ordering in the 

resulting films and device mobility, substrates are often heated during the deposition process to 

temperatures between 100 °C and 200 °C [110, 118-121]. One of the lauded advantages of 

organic electronics is the potential for large area fabrication at low cost, through exploitation of 

solution processing methods such as ink-jet and roll to roll printing [94, 98, 100, 122]. Thus, the 

direction of organic electronics research has tended towards the fabrication of semiconductors 

and devices from solution rather than from methods requiring vacuum, due to the increased 

complexity and cost [102, 112, 118, 123, 124]. Multiple methods of obtaining a film from 

solution are possible, but common to all is the dissolution of OSC power in an organic solvent 

[125]. Thin films of semiconductor are formed on surfaces by deposition of the solution onto a 

substrate through spin coating [124], drop casting [126], ink-jet printing [94], transfer printing 

[100] or spray coating [122], and allowing solvent to evaporate, leaving the semiconducting 

solid on the surface. As organic solvents such as chloroform [113], dichlorobenzene [123], 

toluene [101] and xylene [127] are commonly used to dissolve the semiconductor, care must be 

taken to ensure that previously deposited layers or plastic substrates are not adversely affected 

or partially dissolved during deposition of the OSC solution [128, 129]. Additionally, a 

particular OSC will typically have better properties when deposited from a particular solvent 

(e.g. better crystallinity may result if a higher-boiling solvent is used), and hence difficulties can 

be encountered in fabricating optimised structures due to limitations in solvent choice [102, 

129]. Deposition from solution may eliminate vacuum steps (assuming ambiently stable 

semiconducting materials) however heating steps may still be required. Thermal annealing is 

regularly utilised to evaporate extra solvent and to improve the molecular ordering of the thin 

films, and temperatures of up to 300 °C may be used [94], though temperatures of less than 

150 °C are more common [113, 127]. From a fabrication perspective, all materials in a device 

should be capable of withstanding exposure to a variety of organic solvents and temperatures up 

to 200 °C without any degradation in their properties or electrical performance.  
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2.3.1.3 Organic Electronic Devices 

In modern inorganic semiconducting technologies, semiconducting materials have been 

implemented in several applications, acting as conducting and semiconducting layers in 

junction devices (diodes, light emitting diodes and bipolar junction transistors) and field effect 

devices, principally the metal oxide semiconductor field effect transistor (MOSFET). Modern 

photovoltaic (PV) devices are fabricated using inorganic semiconductors. Hence, for 

widespread adoption, OSCs must be capable of filling all of these roles. Without doubt, the 

device most ubiquitous with modern electronics is the transistor, and hence development of 

organic thin film transistors (OTFTs) or organic devices equivalent in operation to the 

MOSFET (OFETs) is by far the most prominent field of organic electronics research [98, 99, 

106, 110, 124, 125, 130]. Display technology is a large field of commercial interest as well, and 

hence materials with favourable emission characteristics and Organic Light Emitting Diode 

(OLED) devices are the subject of much investigation [131-134] due to the potential for low-

cost and flexible displays. As trends tend more towards environmental awareness and 

renewable technology, organic PV (OPV) devices are becoming another well represented area 

of organic electronics research aimed towards developing commercially viable technologies 

[135-140]. Due to the fundamental importance of transistor devices [141], the strong influence 

of all layers over the device performance and the potential for many avenues towards further 

optimisation and development, OFET devices were the main subject of review.  

2.3.1.4 OFETs 

The OFET device consists of four layers in its standard form; the substrate, the gate electrode, 

the gate dielectric, the semiconducting channel and the source (S) and drain (D) electrodes 

[142]. Depending on the research group and application, several configurations of these basic 

components are possible, depending on the location of the gate and S/D electrodes relative to 

the semiconducting channel, and are illustrated in Figure 2.3 [95].  
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a)  b)  

c)   d)  

Figure 2.3: OFET configurations – (a) Bottom gate, bottom contact (b) Bottom gate, top contact 

(c) Top gate, bottom contact and (d) Top gate, top contact 

These configurations are the bottom gate, bottom contact configuration, where both the gate and 

S/D electrodes are below the semiconducting channel; the bottom gate, top contact 

configuration where the gate is beneath the OSC channel and the S/D electrodes are deposited 

onto it; and the top gate, bottom contact configuration, where the S/D electrodes are deposited 

onto the substrate first, followed by the semiconducting channel and gate electrode. In all cases 

the configuration generally implies the order of fabrication of the component parts, and a gate 

dielectric layer is always present between the gate electrode and OSC channel. Additionally, 

due to overall improved device performance, top contact devices are largely preferred [101]. 

The devices behave in much the same way as an enhancement mode MOSFET; application of a 

voltage across the gate source terminals results in accumulation of charge at the interface [95]. 

When no gate-source bias is applied the conductivity of the channel is very small, and minimal 

current flows (the off current, Ioff). When the gate-source terminals are sufficiently biased (the 

threshold voltage, Vth, is surpassed), accumulated charge at the interface allows for conduction 

through the channel upon application of a drain source voltage (the on current, Ion) [142].  

Despite a large amount of enthusiasm for organic electronics being derived from the potential 

for flexible electronics, much of the current research on OFET devices is performed on Si 

substrates with a layer of SiO2 [94, 98, 119, 141]. In these devices, the highly doped Si substrate 

acts as a gate electrode while the oxide layer acts as the gate dielectric. These are always bottom 
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gate devices and may be top or bottom contact, with the OSC layer deposited directly onto the 

SiO2 surface. In order to align with the Highest Occupied Molecular Orbital  (HOMO) / Lowest 

Unoccupied Molecular Orbital (LUMO) bands of the OSC layer, such that efficient charge 

injection through an Ohmic barrier can occur [107], Au electrodes are used almost exclusively 

for the role of S/D electrodes in OFET devices in literature [115, 117, 125]. Hence the most 

common means of fabricating OFET devices is the deposition of an OSC as described above 

onto Si/SiO2 substrates; if Au electrodes were not pre-fabricated on the substrates already for 

bottom contact devices, Au is then deposited above the semiconducting channel to complete the 

device. 

In the case that Si substrates have not been used, the most common alternative for device 

fabrication is a glass substrate coated in Indium Tin Oxide (ITO) to form the gate electrode, 

which is then coated with a polymeric dielectric [96, 103, 117]. The final device structure 

typically investigated uses flexible substrates with thermally evaporated metallic electrodes and 

solution processed dielectrics and semiconductors. These devices are becoming more prevalent 

in recent years as fundamental issues with the semiconducting layers are overcome and more 

importance is placed on the development of commercially viable, flexible devices [124, 141, 

143-146]. 

The criteria for „commercial viability‟ is often defined in terms of adequate device performance, 

however, performance criteria have not been precisely defined for OFET devices. Device 

performance can generally be characterised by three criteria: the device mobility, the device 

on/off ratio (defined as Ion/Ioff) and the device threshold voltage. In literature, some combination 

of these properties is generally reported or compared across multiple devices as evidence of 

device „performance‟ [100, 119, 124, 129]. Currently, carrier mobilities are typically on the 

order of 1 cm
2
 V

-1
 s

-1
 for both p-type [147, 148] and n-type devices [149, 150], comparable with 

that of amorphous Si (a-Si) and nearing the order of magnitude necessary for commercial 

applications [117]. Device on/off ratios, which should be as high as possible in order to increase 

efficiency of logic devices (low on/off ratios generally imply a high leakage current), are 
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typically reported on the order of 10
4
 – 10

5
 [117, 123, 141]. The final parameter, Vth typically 

varies a large amount in literature reports, though values are gradually shifting towards 0 V for 

p- and n- channel devices [102, 128, 151]. Ideally, designers should have full control over this 

parameter across a wide range of voltages to allow development of efficient and low-cost 

microelectronic circuitry, and many avenues towards this goal are under investigation [152-

154]. 

Improvement of these performance characteristics is the subject of large focus. Some properties 

of device performance are inherent to the particular OSC, for example, air stability and limits of 

carrier mobility. At the device level however, all layers influence the overall behaviour and 

hence represent opportunities for performance optimisations. For example molecular 

arrangement of the semiconducting thin film largely influences bulk mobility and is partially 

determined by the surface on which the organic layer is grown [96, 109]. As devices move more 

towards flexible substrates which cannot utilise SiO2 dielectric layers, new dielectrics and 

modifications to their surfaces are a highly explored avenue towards improving device 

characteristics, typically with the goal of passivating hydroxyl groups at the dielectric surface, 

which lead to trapping sites in the OSC and degradation in device performance [116, 124, 155]. 

As well as improvements in mobility and threshold voltage, modification of gate dielectrics or 

use of alternative materials can lead to improved on/off ratios, due to a reduction of the gate-

source leakage component in Ioff [129] and improved Ion values when higher dielectric constant 

materials allow higher capacitance per unit area and improved charge accumulation at the 

interface [109]. PECVD thin films of PMMA and terpinen-4-ol have been used in this way and 

shown to improve device operating characteristics in two of the only reported uses of plasma 

deposited thin films in organic electronics [156, 157]. Other avenues for improvement in 

operation characteristics are focussed on improving the interface between the S/D electrodes 

and the semiconducting channel. While the work function of Au electrodes is typically well 

matched to many OSC materials, the interface remains imperfect and high contact resistances 

adversely affect efficiency of charge injection across the interface. Application of self 
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assembled monolayers (SAMs) to metallic S/D contacts has been investigated and shown to 

improve device operating characteristics [158-161], typically through reduction in contact 

resistance.  

Given that sufficiently-high mobility n- and p-type OSC materials which are stable in air with 

moderate threshold voltages are now available, reports on complementary logic devices have 

begun to appear. Typically, these reports focus on simple complementary inverters, requiring 

only one n- and one p-type device [102, 141, 149], though some reports on more complicated 

structures such as nand and nor gates [125] and ring oscillators [103, 125, 141] are also 

available. There are not yet any reports in literature of complex, complementary organic  

integrated circuits, and as such the technology is still some time away from commercial 

viability. As OSC material properties continue to improve, it is expected that more application 

oriented research will be to take place.  

2.4 Conclusions 

Plasma deposited thin films were found to possess a wide variety of tuneable chemical, 

topographical and electrical properties. These properties were found to be dependent on the 

deposition chamber in use, the monomer, system pressure, monomer flow rate and deposition 

power. The fragmentation of the monomer induced during the reaction was shown to be the 

factor of primary importance in controlling the resulting thin film properties, and the degree of 

fragmentation related to the controlling parameter W/FM. Resulting deposits were shown to 

have applications in electronics and sensing, membranes, protective coatings and biomedicine. 

Organic electronics was overviewed with a specific focus on OFET devices. It was found that 

the device operation is highly dependent on the organic semiconducting layer, which can be 

deposited from thermal evaporation or solution methods. Molecular ordering of the organic 

semiconductor was the factor predominately responsible for device mobility, and modifications 

to device structure such as surface treatments of dielectric and metallic layers were shown to 

improve the device operating characteristics. 
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Chapter 3: Materials and Methodology 

3.1 Introduction  

The properties of plasma deposited thin films such as the electrical, optical, morphological and 

chemical properties are strongly dependent on the conditions used during fabrication. 

Specifically, the composite parameter W/FM is sufficient to control the properties of the thin 

films, through indirect control of the degree of monomer fragmentation and reaction products in 

the plasma. Other indirect parameters such as the monomer and the geometry of the reactor also 

have a strong influence over resulting film properties. In this chapter, the methods used to meet 

the research objectives are outlined, with consideration given to findings from literature 

presented in Chapter 2.  

3.2 Methodology 

The four research objectives identified in Chapter 1 are outlined in Figure 3.1.  

 

Figure 3.1:  Overview of research objectives 

In order to meet each of these objectives, each was first reduced to simpler components. Then, 

methods of characterisation for each component were outlined and the resulting material 

properties detailed.  
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3.2.1 Fundamental Material Properties 

From the literature review, it was found that a set of properties is commonly investigated in thin 

film materials, due to their fundamental importance to applications, improved understanding of 

other material properties and influence of these characteristics over interactions with other 

materials and processes. These are the topographical, chemical and optical properties and were 

a subject of investigation in this thesis, as outlined in Figure 3.2. Topographical properties 

provide qualitative and quantitative information about the appearance of a surface and 

parameters such as surface roughness and hardness. These features can significantly influence 

the interaction of the surface with other layers, such as OSCs in device fabrication. A typical 

means of investigation of surface topography and hardness is AFM, and was used in this thesis.  

 

Figure 3.2: Outline of fundamental characterisations performed 

Chemical properties are divided into surface bulk chemical properties. Bulk chemical properties 

are the elemental composition and molecular functionality and may provide detail as to 

chemical structure, while surface chemistry describes the elemental composition at the surface 

and surface chemical functionality. The surface chemistry functionality may differ from the 

bulk functionality due to the potential for surface reactions with atmospheric products 

subsequent to deposition, for example incorporation of O2 into plasma deposited films as 

radicals interact with the environment. Multiple methods of obtaining this information are 
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available, however the most prevalent in literature are FTIR spectroscopy to obtain the bulk 

chemical functionality and XPS to measure the surface chemistry. A material‟s optical 

properties describe the manner in which it interacts with light, through the complex refractive 

index as a function of wavelength. The absorbance profile can be obtained through direct 

measurement by using UV-Vis spectroscopy, and the complex refractive index, which contains 

the refractive index and extinction coefficient, can be derived through analysis Variable Angle 

Spectroscopic Ellipsometry (VASE) measurements. In order to determine the fundamental 

material properties, VASE, AFM, FTIR and XPS were performed, to obtain the parameters as 

outlined in Figure 3.2. Determination of the properties outlined constituted achievement of the 

first research objective, relating to the fabrication of thin films from linalyl acetate monomer 

and characterisation of their fundamental properties.  

3.2.2 Electrical Properties 

Electrical characterisation of a material requires determination of two fundamental properties: 

its electrical resistivity and its complex dielectric function. These properties are necessary to 

perform design of application specific, optimised electrical devices. A complete description is 

complicated by the fact that materials may behave differently as a function of the frequency of 

the applied signal; devices operating at dc will almost invariably behave differently to when an 

RF signal is applied, and therefore characterisation should be carried out across as wide a 

frequency range as feasible to obtain useful information for making application and design 

decisions. Additionally, it is important to know the electrical operating limits of the thin films 

and thus the onset of dielectric breakdown should be investigated to provide a complete 

electrical specification of the material. 

From a physical perspective, understanding the material‟s charge transport properties may assist 

in optimisations in future work. The electrical properties were divided into three frequency 

regimes; the dc, ac, and MW frequency regions, each associated with a different measurement 

technique as shown in Figure 3.3. 
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Figure 3.3: Outline of electrical characterisations performed 

Here, ac is defined as any applied signal with a frequency of greater than 0 Hz and less than 1 

MHz, frequencies between 1 MHz and 1 GHz are considered RF (though not explicitly 

considered here) and frequencies above 1 GHz are considered MW. In the dc region, JV curves 

were used to determine the material resistivity, dielectric strength, low frequency dielectric 

constant and charge transport mechanism. IS measurements were used in the ac region to 

determine the dielectric function of the material as well as its ac resistivity characteristics. 

Finally, in the MW regime a physical resonator structure was required to obtain accurate 

measurements of the dielectric properties and the split post dielectric resonator (SPDR) method 

was used to measure the dielectric constant and loss tangent of PDLA thin films.  
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3.2.3 Applications in Organic Electronics 

 

Figure 3.4: Outline of investigations into applications of PDLA thin films in organic electronics 

Review of literature showed that OSC layers are the most critical element of most organic 

electronic devices. It was found that performance of OSC layers is highly influenced by the 

ordering of the molecular structures in the OSC thin film, which is profoundly influenced by 

other materials in the device and the processing conditions used during fabrication. Electrical 

characterisations performed also influenced the direction of studies into potential applications. 

Combining the needs of future development of organic electronic devices and results from 

electrical characterisations of linalyl acetate thin films, potential applications in organic 

electronics were identified and investigated through the scheme outlined in Figure 3.4. First, 

processing conditions commonly used in deposition of OSC layers were identified from the 

literature review as thermal evaporation methods and solution processing methods. In order to 

ensure compatibility with fabrication techniques, the effects of heating and solvent exposure on 

the PDLA layers were investigated. These studies were performed using VASE to observe the 

optical profiles and thickness as a function of temperature, and CA analyses to determine the 

interactions of PDLA thin films with various solvents. The influence of PDLA over the growth 
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of OSCs was then investigated through a combination of VASE and AFM measurements in 

order to determine whether any changes in structural or morphological features were induced 

through the change in substrate surface. Finally, behaviour of OFET devices incorporating 

PDLA layers was investigated through JV analysis to examine the influence of the dielectric 

layer over the key operating parameters of mobility, on/off ratio and threshold voltage.  

3.2.4 Optimisation of Thin Film Properties 

The final research objective of this thesis was to determine the relationship between the 

fabrication conditions and thin film properties so that films with characteristics optimised for 

specific applications could be fabricated. The literature review showed that for plasma 

deposited thin films, the key parameter which determines the film properties is the composite 

parameter W/FM, which describes the energy provided to the reaction per unit monomer. It was 

seen that two distinct deposition regimes are commonly observed; the energy sufficient and 

energy deficient regimes. For a particular monomer, the molecular weight is fixed, and the ratio 

W/F is the controlling factor. In the case that the monomer flow rate is fixed, the power 

delivered to the deposition is the sole parameter which controls the degree of monomer 

fragmentation, reaction products, deposition kinetics and film properties. Therefore, in the 

studies outlined above, the parameter W was typically varied between 10 W and 75 W while the 

monomer, flow rate, pressure, and reactor properties remained fixed. 10 W was chosen as the 

lower limit, as problems with obtaining deposits occurred below this value, while 75 W was 

chosen as the upper limit of investigations due to higher powers beginning to interfere with the 

reliable operation of the pressure sensor. Additionally, at higher deposition powers, the plasma 

glow region began to extend into the inlet and outlet tubing causing further reliability issues. By 

investigating the variation in film properties with the control parameter, the relationship 

between deposition conditions and film characteristics was found, allowing deposition of 

optimised films for applications identified in the second and third research objectives.  
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3.3 Thin Film Fabrication Methods 

Specific methods of device characterisation and analysis are presented in their relevant 

chapters, however, several processes were repeated for studies in multiple chapters, and are 

presented in this section. In particular, a detailed outline of the method used to fabricate plasma 

deposited thin films is provided, as well as the methods used to deposit metallic and OSC thin 

films in the fabrication of devices.  

3.3.1 PECVD 

Plasma deposition of organic thin films was performed in a custom build, glass chamber on a 

variety of substrates using a variety of power densities. To ensure reproducibility of results, 

samples were fabricated under identical fabrication conditions in all instances, and the only 

parameter that changed was the power delivered to the reaction chamber.  

Different substrates were used depending on the specific study to be performed, however glass 

microscope slides were the most common substrate, utilised in the majority of experiments. All 

substrates underwent a cleaning process prior to deposition to ensure a surface free of 

contamination. This process was the same for all substrates with the exception of Si wafers, and 

is outlined below.  

First, the substrates were placed in a sonicator of warm water and Extran for five minutes to 

remove the majority of macro- and microscale contaminates. Following this, substrates were 

sequentially rinsed in acetone and isoproponal to further clean the surface and dried in air. All 

substrates were stored in a closed container, in otherwise ambient conditions. For studies 

requiring Si substrates (such as electrical characterisation of OFET devices), a different 

procedure was used. Si/SiO2 wafers with a photoresist, pre-diced to 10 mm
2
 sections were 

purchased from Fondazione Bruno Kessler. In order to remove the photoresist and cleanse the 

oxide surface of organic residues, substrates were placed in a sonic bath of acetone for five 

minutes, followed by another five minute sonic bath in isoproponal and finally dried in N2. 
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Si/SiO2 substrates were always used in a deposition immediately following cleaning, and no 

storage was necessary.  

Deposition was performed a custom built, glass RF reaction chamber, 0.75 m in length with an 

inner diameter of 0.055 m (approximate volume of 0.0018 m
3
). The chamber includes two 

removable end caps, so that substrates can be placed inside the chamber and to allow thorough 

and routine cleaning of the system. One of these end caps includes two inlets, one of which is 

used to introduce inert gas (generally Ar) to the system, and the other to monitor system 

pressure. An outlet to a vacuum pump is present on the second end cap to evacuate the system 

to useful pressures. Two inlets are built into the length of the tube which act as monomer inlets. 

The design of the reactor is such that the pressure at the beginning of the reaction, the 

deposition time and monomer flow rate can be controlled. The system pressure is monitored via 

a Javac vacuum gauge, while monomer flow rate is kept constant via a vacuum stopcock on the 

monomer inlet. RF power is delivered to the system via an ENI RF generator at 13.56 MHz 

through a matching network and capacitively coupled copper electrodes.  

The power of the RF signal could be controlled on the supply and was varied between 10 W and 

75 W. Above 75 W the strength of the field began to interfere with nearby sensitive electronics 

(such as the vacuum gauge) and overheat the matching network. Due to these considerations the 

highest power used in any study was generally 75 W to ensure accurate pressure readings and 

correct operation of the matching network. The copper electrodes were placed 0.12 m from the 

monomer inlet and 0.095 m apart, with the active electrode closest to the monomer inlet. The 

electrode configuration used was based on the uniformity of the RF discharge it produced, and 

the corresponding uniformity of resulting thin films for the particular reaction chamber utilised 

throughout this work.  

For deposition of PDLA thin films, 5 mL of monomer (in all cases, linalyl acetate purchased 

from Australian Botanical Products Pty. Ltd., Australia) was used without further purification. 
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The monomer flow rate was kept constant via a vacuum stopcock, and estimated using the 

following relation: 

 
dt

dp

T

V
F 16172  (3.1) 

where F is the flow rate (cm
3
 min

-1
), T the temperature (295 K), V the volume of the chamber 

(1.8 L), p the pressure (mbar) and t time (s). The rate of change of pressure with respect to time 

for the monomer was evaluated in two steps: first, the system was evacuated to a stable starting 

pressure, all inlets/outlets to the system closed and the pressure of the system measured every 

10 seconds for 120 seconds to establish a baseline leakage rate for the system. This process was 

repeated with the monomer inlet open after the base pressure had been reached. The value dp/dt 

was determined by subtracting the leakage pressure change from the pressure change when the 

monomer inlet was open, plotting this value against time and taking a linear regression. The 

gradient was then equal to dp/dt and corresponded to an increase in pressure of approximately 

2.66 x 10
-3

 mbar every 10 seconds. Substitution into (3.1) gives the estimated monomer flow 

rate to be 2 cm
3
 min

-1
 for this system.  

To produce films with consistent and repeatable properties the follow steps were taken:  

1. Before a group of depositions, the reaction chamber and substrates were cleaned. This 

ensured that the substrate surfaces and internal walls of the reactor were free of 

contaminants which could become part of the film structure during the deposition 

procedure. The reactor was routinely cleaned as thin films form on all surfaces exposed 

to both the RF field and monomer.  

2. The reaction chamber was connected to the vacuum pump, pressure gauge and gas (Ar) 

inlet and evacuated to a low pressure, evaporating residual alcohols left in the chamber 

from the cleaning procedure. The electrodes and power source were connected to the 

chamber as previously outlined.  

3. At low pressure (~100 micron) RF glow at a power of 25 W was initiated and the 

apparatus left for approximately 60 minutes. Due to etching effects without the 
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presence of a monomer, this RF field served to further clean the interior surface of the 

reaction chamber and further remove contaminants remaining from the cleaning 

process. After 60 minutes the discharge was stopped and the system exposed to 

atmosphere. 

4. The system was again evacuated, this time to 200 micron, 5 mL of monomer placed 

into the flask and the monomer inlet opened. This caused the monomer to degas, and 

matched the pressure of the monomer inlet to that of the tube during deposition, such 

that sudden increases in pressure did not occur when the monomer inlet was opened. 

No substrate was in the reactor at this time so that its surface was not exposed to 

contamination in the form of monomer vapour. 

5. The chamber was exposed to atmosphere and a substrate placed between the two 

electrodes, the left edge of the substrate aligned with the inside edge of the left (ground) 

electrode. The tube was partially evacuated and Ar passed through the system for 60 

seconds to ensure an O2 free surface.  

6. When the chamber reached a pressure of 100 micron, RF glow was initiated, causing a 

sharp rise in pressure. Once the pressure had reached 150 micron, the monomer inlet 

was opened, beginning the deposition.  

7. Depending on several factors, the deposition was allowed to continue for a 

predetermined amount of time. As discussed in the literature review, the deposition 

time is the variable which most fundamentally determines the final film thickness, with 

increased deposition time resulting in thicker samples. RF power of the discharge also 

influences the film thickness, and in the monomer sufficient regime, higher powers 

result in thicker films. This behaviour was confirmed for the monomer and deposition 

used throughout this thesis (shown in detail in Chapter 4). 

8. When the deposition was complete, the monomer inlet was closed and the RF glow 

extinguished. The sample was left under vacuum for a minute, then removed and stored 

in a closed box in otherwise ambient conditions.   
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3.3.2 Thermal Evaporation of Metals 

Several studies throughout this work, particularly those investigating the behaviour of electronic 

devices, required the deposition of metallic layers to provide a conducting surface. Metals were 

deposited using thermal evaporation which took place in a Hivac thermal evaporation unit. A 

shutter is placed directly between the substrate holder and evaporation source, so that the 

deposition does not begin immediately after the metal begins to evaporate. In this way 

impurities were removed first, prior to metal depositing on the sample.  

All substrates were cleaned prior to being placed inside the deposition chamber. A small length 

(0.1 m) of high purity metallic wire (Ag, Au or Al depending on the particular device being 

fabricated) was placed within the alumina-tungsten boat and the system evacuated to a pressure 

of 0.2 mbar. At this pressure, the plasma source was initiated to further clean the substrates for 

one minute. When the pressure reached a base pressure of  ~10
-5

 mbar, a high current was 

passed through the alumina-tungsten boat as a means of heating it until the metal changed 

phase. After 30 seconds, the shutter was removed from between the boat and substrates, and the 

deposition begun. The deposition was continued until the entire length of wire in the boat had 

evaporated, then the shutter closed while any remaining residue was burned off the boat so that 

it was clean for the next deposition.  

To define electrode structure a shadow mask was used, where a physical layer was placed over 

the portion of the substrate which does not define the electrode. For MIM structures on standard 

glass substrates (25 mm x 75 mm), samples were fabricated such that there were two devices on 

each substrate. The top electrode was 5 mm x 10 mm and defined by the shadow mask. 

Following deposition, samples were stored under vacuum until the next fabrication step was 

performed, in order to prevent oxidisation and degradation of the deposited metallic layers. 

While not explicitly part of thermal evaporation, deposition of metallic electrodes often 

required a final step before useable devices were formed. Due to the thinness of the metallic 

layers, in order to interface with any other electronic or measurement device, it was necessary 
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that copper wires were attached to the thin film electrodes on the device. This was achieved  

using Ag paste to bond the wire to the surface of the electrode.  

Given the sensitivity of electrical measurements, it was important that the deposited electrodes 

be of sufficient quality not to influence the data. For MIM structures where the resistivity of a 

thin film dielectric was to be measured, contacts which had a linear (i.e. Ohmic) JV dependence 

minimal resistivity when compared to that of the sample under test were used. To ensure this, a 

device consisting only of electrodes was fabricated and its JV characteristics measured. In this 

way, the resistance of the entire testing apparatus including leads, connectors, electrodes and 

oxide layers was determined. It was seen that the response was Ohmic, with a resistance of only 

3 Ω. Considering that plasma deposited thin films are generally insulating, with an expected 

resistance in the order of MΩ, this test confirmed that the deposited metal layers were of more 

than sufficient quality for the devices made and that the effects of the electrodes and testing 

apparatus were negligible during electrical measurements of the plasma deposited thin films.  

3.3.3 Deposition of OSCs 

Thermal evaporation of OSC materials is a similar process to the thermal evaporation of metals, 

however given the sensitivity of resulting films, their quality and operating characteristics to 

processing conditions, a different system with more control of significant deposition parameters 

was used. Of particular importance are the chamber and substrate temperature, temperature of 

the OSC powder and the rate of deposition of the OSC film onto the substrate. The system 

consists of a main chamber where the evaporation occurs, two Knudson cells, a quartz 

microbalance to monitor the approximate thickness of the deposited layers in situ, temperature 

controllers, and a load-lock system to introduce the samples to the main chamber without 

breaking high vacuum conditions.  

The Knudson cell, quartz microbalance, temperature controllers and vacuum systems are each 

in place as part of control for process variables. Each Knudson cell is temperature controlled, so 

that the temperature, and thus rate of deposition can be adjusted. By monitoring the thickness of 
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a layer deposited on the quartz microbalance with time, the rate of deposition can be observed. 

Combined with the temperature controlled Knudson cells, this provides a means of maintaining 

a constant rate of deposition of the OSC layer. The final temperature controller is used to heat 

the entire system, including the substrate, to a uniform temperature. This heating takes place 

prior to deposition to ensure uniform temperature throughout the entire chamber.  

To deposit OSC layers, substrates were cleaned samples loaded into the system and left in 

vacuum until a satisfactory pressure (~10
-7

 mbarr) and temperature (~100 °C) were met. The 

evaporation was begun by slowly heating the Knudson cell until a film was detected on the 

Quartz microbalance and this temperature maintained. The rate of deposition was observed and 

the temperature of the Knudson cell adjusted throughout to maintain a constant rate 

(~1 nm min
-1

 for PDI-8CN2 and 0.5 Ǻ s
-1

 for pentacene) until the desired film thickness was 

reached (calculated as the deposition rate x length of deposition).  

Following the deposition, samples were kept in a desiccator and shielded from light by Al foil. 

All optically transparent sections of the evaporation system were also similarly covered to 

prevent exposure to light throughout processing.  

3.4 Conclusions 

In this chapter, a methodology to meet the four identified research objectives has been detailed. 

This methodology provides an outline for the measurements performed, the results they 

provided, and the way in which they satisfied the project goals. In addition, this methodology 

addressed the issue of consistency in deposition, measurement and analysis and details the steps 

taken to ensure accurate and reproducible fabrication of samples. Materials and methods used to 

fabricate thin films of linalyl acetate, metals and OSCs were also provided in this chapter. 
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Chapter 4: Fundamental Characterisations 

4.1 Introduction 

The fundamental properties of a material can be defined as its optical, physical and chemical 

properties. Optical properties can be precisely quantified in terms of the complex refractive 

index, ñ(λ) = n - jk, where the real part n describes the refractive index, and the imaginary part 

k, the extinction coefficient, describes the degree to which the material will absorb light. As this 

property is a function of wavelength, λ, information regarding material colour and transparency 

are also embedded in the extinction coefficient profile.  

Physical properties of a material include its surface topography and mechanical properties. 

These must be investigated on the nano-scale for thin films, and the key measurement technique 

utilised was AFM. AFM is not a direct, optical measurement technique, though it provides 

surface profile information. From AFM the surface uniformity, roughness and presence of 

defects was determined. Using the same apparatus, nano-indentation was performed to 

determine the hardness of the material.  

The chemical properties of a material describe its elemental and molecular building blocks. The 

presence of particular elements and functional groups can be determined, as well as the bonding 

environments in which they occur. This data provides important information regarding the 

chemical reactivity of the material. It also provides deeper understanding as to the chemical, 

physical and kinetic pathways through which the fabrication of the material has occurred. The 

chemical properties of a material will in some degree influence many of its other properties and 

hence a detailed understanding of these is important. The principle means of measuring the 

chemical properties in this work were FTIR and XPS.  

In this chapter, results of measurements performed to evaluate PDLA thin film‟s fundamental 

properties are presented. Results of these studies helped to guide further experiments and 

provided a foundation for application specific investigations. 
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4.2 Optical Properties 

4.2.1 VASE Measurements 

4.2.1.1 Theory and Methods 

VASE is a technique which allows the determination of a sample‟s optical properties as a 

function of wavelength as well as its thickness. The measured parameter is the complex 

reflectance ratio, ρ, described by a magnitude (Ψ) and phase (Γ) component. The general 

equation of ellipsometry is given by [162]: 

 
 j

s

p
e

r

r
)tan(

 

(4.1) 

where rp and rs denote the amplitude of p- and s- polarised reflected light normalised to their 

initial values. As VASE measures a ratio rather than an absolute value it is a robust and accurate 

method of measurement [163].  

It is evident from (4.1) that the properties of interest, namely the complex refractive index, and 

thickness t, are not a direct result of a VASE measurement. These properties are the result of a 

modelling and regression process applied to the data rather than directly measurable parameters 

[162]. The modelling process requires a description of each optically unique layer of the sample 

under study and several refinements before final values are reached. Due to the fact that 

parameters are determined as the result of regression analysis, care must be taken to ensure a 

unique solution consisting of uncorrelated fitting parameters [162-164]. Optical properties and 

thickness are just two parameters that can be determined; depending on the complexity of the 

sample and modelling procedure, several more properties such as interfacial and surface 

roughness, anisotropic properties and intermixing ratios can be determined when applicable 

[165-167].  

The regression is carried out by minimising the mean squared error (MSE) parameter, defined 

by [164]: 
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where N is the number of measured Ψ, Γ pairs and M is the number of real valued fit 

parameters. The Levenberg-Marquardt algorithm is used to perform the optimisation and is 

described elsewhere [164]. This algorithm occasionally settles on local rather than global 

minima of the objective function surface and fitting from several, widely separated initial 

guesses should be attempted to ensure that the global minimum has been found [162]. All 

analysis of ellipsometry data was performed in the WVASE32 software, which was packaged 

with the J.A. Woollam Co., Inc. VASE used for data acquisition. This software package 

implemented the optimisation algorithm, however, checks for uniqueness of fits and a true 

global minimum were performed on results from all data analyses.  

An archetypal example of the fitting process for a typical sample deposited on a glass substrate 

is presented below. Unless otherwise noted, this procedure has been used for the analysis of all 

ellipsometry data presented in this thesis, and is relevant to all experiments and analysis 

presented as it was how sample thickness was determined in all cases.  

4.2.1.2 Analysis of a Typical Sample Deposited on a Glass Microscopy Slide 

Figure 4.1 shows the typical measured values of ellipsometry across the measured spectrum of 

200 nm – 1000 nm and angles of 55° - 65° to ensure measurement about the Brewster angle,  

which reduces sensitivity of the data to noise and systematic errors [164].  
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a)  

b)  

Figure 4.1: Experimental (a) Ψ and (b) Γ data 

The analysis of the system begins with a layer by layer optical description of the sample. 

Generally, this consists of a layer for the substrate on which the sample is deposited and then 

subsequent layers to model the optical properties of the thin film of interest. In the case of this 

example, an optically transparent glass microscopy slide was used as the substrate, and a layer 

added to the model which describes the optical properties of this slide. This process ensures that 

the optical properties obtained for the film do not include contributions from the substrate. 

It can be seen in Figure 4.2 that a model including only a substrate is insufficient to adequately 

describe the experimentally obtained data. Even at this early stage of analysis, were an 

inappropriate model selected for the substrate there would be much more drastic differences 

between the modelled data and experimental data.  
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a)  

b)  

Figure 4.2: Experimental and modelled (a) Ψ and (b) Γ data after inclusion of a substrate layer  

An optical model of the thin film must be determined. PDLA thin films are optically transparent 

and non-absorbing in the visible spectral range and hence their extinction coefficient tends to 

zero as wavelengths become longer. Such behaviour is well modelled by a Cauchy layer, 

described mathematically as [164]: 
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where A, B and C are parameters which describe the refractive index of the layer and  α, β and γ 

are the extinction coefficient amplitude, exponent factor and band edge respectively, which 

describe the extinction coefficient of the layer, modelled as an exponential absorption tail. 

When modelling Cauchy layers, advantage can be taken of the fact that the extinction 

coefficient is zero at high wavelengths and the parameters A, B and C are sufficient to describe 
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the optical behaviour of the film in this region. Estimates for A, B and C, as well as the 

thickness of the sample, are obtained by considering only the refractive index at high 

wavelengths to simplify the model and fitting procedure. 

a)  

b)  

Figure 4.3: Result of fitting Cauchy layer refractive index parameters and film thickness to 

experimental (a) Ψ and (b) Γ data at high wavelengths  

Figure 4.3 shows the modelled system from fitting these parameters to experimental data at 

high wavelengths, resulting in A = 1.5179, B = 0.0089486,  C = 0, t = 282.6720 nm and an 

MSE of 2.776. As C is the coefficient of a λ
-4

 term, if the band edge γ occurs at higher 

wavelengths as was the case here, it is typical for the model to show minimal sensitivity to the 

parameter and be left out of fitting entirely [162, 164].  
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a)  

b)  

Figure 4.4: Modelled (a) Ψ and (b) Γ data across entire spectrum 

Figure 4.4 shows the result of this model extended to the entire measured spectrum. While the 

model adequately describes experimental data above approximately 400 nm, below this point 

the model loses accuracy. This is due to the fact that the model extinction coefficient is still zero 

across the entire spectrum, while in reality absorption in the UV region takes place.  

As the refractive index parameters have been estimated, the model is now improved across all 

wavelengths by fitting the extinction coefficient parameters α, β and γ at low wavelengths while 

leaving A, B and C fixed at their initial estimates.  

This is shown in Figure 4.5, where α = 0.010958, β = 0.74555 and γ = 400 nm, resulting in an 

MSE of 5.843. The model has substantially improved in the lower wavelength regions, though 

at very low wavelengths the Cauchy model does not provide an entirely adequate description of 
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the sample‟s optical behaviour. Further improvements to the model are made by replacing the 

Cauchy description of the thin film with a General Oscillator description.  

a)  

b)  

Figure 4.5: Experimental model to (a) Ψ and (b) Γ data after fitting for extinction coefficient 

parameters α, β and γ 

4.2.1.2.1 General Oscillator Models 

The general oscillator model replaces the Cauchy description of the optical constants of the 

layer of interest with generalised parameters which model the absorption features of the 

material. The refractive index is then obtained by exploiting the Kramers-Kronig (KK) 

consistency of the dielectric function. Several oscillators may be used, the summation of which 

provides the final set of modelled parameters. It is a common technique to model a Cauchy 

layer first to provide an initial estimate for the optical properties of the layer, which is then 

replaced with a general oscillator model to allow more precise modelling of the layer's 
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absorption behaviour and does not depend on assumptions such as an exponential band edge or 

complete transparency [162].  

Depending on the characteristic shape of the material's dispersion behaviour, different oscillator 

models are required. The shape of the absorption depends on the physical source of the 

absorption in the material, and hence correct choice in oscillator can provide information on 

physical characteristics of the film, such as its electronic band gap, Egap. Different types of 

materials such as insulators, semiconductors, doped semiconductors and conductors have 

different characteristic absorption shapes, so correct choice of the oscillator used to describe 

this shape is important to properly model the experimental data and determine the optical 

properties of the thin film.  

In amorphous materials, absorption bands are often Gaussian in shape, due to a random 

distribution of atomic and molecular bond lengths and angles about a central mean value [168]. 

As a result, absorption in the material occurs at normally distributed resonant frequencies and 

the width of the absorption features is Gaussian in nature. If little is known about the physical 

and chemical characteristics of the material and simplifying assumptions cannot immediately be 

made, summed Gaussian oscillators are useful to capture the features present and inform further 

fitting efforts [162, 168]. As established in Chapter 2, plasma deposited thin films are generally 

amorphous in nature, and hence the assumption of absorption bands with a Gaussian shape is a 

reasonable starting point. 

The Gaussian oscillator describes the real (ε1) and imaginary (ε2) components of the complex 

dielectric function, εc(E), where E is the photon energy (related to wavelength, λ, and 

frequency, f) as [164]: 
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where A is the amplitude, Ea the centre energy and Br the broadening of the absorption peak, 

which become the fit parameters of the model, rather than the optical constants themselves. 

(4.5) provides the relationship between ε2(E) and ε1(E) via the KK transform.   

In the case of PDLA thin films, the previously modelled Cauchy layer optical properties are 

used as the starting point for modelling the material's optical properties with a single Gaussian 

oscillator. The oscillator‟s parameters are selected as optimisation variables and a fit performed. 

This procedure determines a starting set of parameters for the Gaussian oscillator. Although n is 

derived from the KK transform of k, parameters are available to better fit the optical profile to 

experimental data. These parameters are the offset value and complex poles, which are used to 

describe features in the absorption beyond the measured spectral range which affect the result of 

the transform [164]. These may be necessary as the KK transform requires integration of ε2(E) 

between 0 and ∞, while only a limited spectral bandwidth is measured [164]. If these 

parameters are ignored, the quality of the fit may be poor and hence they should be accounted 

for.  

After fitting the oscillator parameters to the initial guess provided from the Cauchy layer, the 

thickness is chosen as a fit parameter, and the thickness and oscillators variables optimised to 

provide the best fit to the experimental data. 
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a)  

b)  

Figure 4.6: Experimental and modelled (a) Ψ and (b) Γ data after fitting with general oscillator 

parameters 

Figure 4.6 shows the result of the fitting of the Gaussian oscillator parameters and thickness of 

the layer to experimental data, where an MSE of 3.49 was obtained. The thickness of the layer 

was determined to be 283.37 nm and the optical profile of the sample is shown in Figure 4.7. 

 

Figure 4.7: Optical properties of general oscillator model 
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4.2.1.2.2 Uniqueness, Correlation and Sensitivity 

It is important to ensure the model obtained is unique, i.e. the fitting result is only obtainable by 

one single set of values for the fit parameters. If the same model can be reproduced by changing 

the value of one variable, and then „balancing‟ the effect of this change by modifying another, 

these variables are said to be correlated and the fit cannot be called unique. This is particularly 

important for variables with intended physical significance, such as thickness; if the thickness 

value is correlated with some other variable, it could essentially be any value desired, as the 

effect of this change would be accounted for elsewhere. When the model is unique and a 

minimised MSE achieved, the values obtained from the fitting procedure are highly accurate. 

To ensure uniqueness, the correlation matrix is studied. This matrix presents a measure, 

between -1 and 1, of correlation between variables obtained from the covariance matrix. An 

element approaching these limits is indicative of correlation between two variables used in the 

fitting procedure. Table 4.1 shows the correlation matrix for fit to experimental data shown in 

Figure 4.6. 

Table 4.1: Correlation matrix of fit parameters 

 PolePos PoleMag Offset Thickness A Ea B 

PolePos 1 0.95 -0.88 -0.81 0.26 0.29 0.26 

PoleMag 0.95 1 -0.99 -0.81 -0.05 0.00 0.03 

Offset -0.88 -0.99 1 0.79 0.17 0.10 0.04 

Thickness -0.81 -0.81 0.79 1 -0.17 -0.20 -0.26 

A 0.26 -0.05 0.17 -0.17 1 0.96 0.83 

En 0.29 0.00 0.10 -0.20 0.96 1 0.95 

Br 0.26 0.03 0.04 -0.26 0.83 0.95 1 
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The parameters used to modify ε1 (pole position and magnitude and offset) to account for the 

limited spectral range of the KK transform were highly correlated with one another, and with 

the thickness. This indicates that in this case, not all parameters were  necessary for the fitting 

and the KK transform from the oscillator parameters are sufficient to accurately describe the 

refractive index without much further modification. They were therefore removed as fit 

parameters. Secondly, there were some correlations between the properties of the oscillator, A, 

Ea and Br. This is because the shape of absorption profile can be obtained by many 

combinations of these parameters. Despite this, correlation between these variables is not 

problematic, as the optical profile itself is the feature of physical importance. So long as this 

uniquely influences the final fit, and the same shape is consistently obtained for various starting 

parameters of A, En and Br, these correlations are not of great concern.  

After removing the modifying fit parameters and performing a minimisation, the following 

correlation matrix was obtained. 

Table 4.2: Final correlation matrix 

 Thickness A Ea Br 

Thickness 1 0.16 0.00 -0.19 

A 0.16 1 -0.32 -0.73 

En 0.00 -0.32 1 0.82 

Br -0.19 -0.73 0.82 1 

 

By removing the modifying parameters pole magnitude and position, and offset, the correlations 

between other variables were also reduced. The thickness value changed to 283.39 nm (a 

difference of less than 0.02 nm), was uncorrelated with all other fit parameters and was 

therefore unique, and the final value obtained from the fit. Additionally, the correlation between 

the oscillator properties reduced to less than 0.9 and, coupled with the above reasoning, was not 
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of concern. The optical profile did not change from Figure 4.7 and all properties of physical 

interest of the thin film were uniquely determined.  

4.2.1.3 Relationship between Thickness, Optical Properties and Deposition Conditions 

The thickness of plasma deposited thin films is a function of several parameters, including the 

monomer used, deposition time, system geometry and pressure [27, 169, 170]. The work of this 

thesis was carried out on a completely new monomer, one of the most significant parameters in 

determining the rate of deposition, which in turn has significant influence over the other 

properties of the material [34]. The thickness of the film was studied as a function of deposition 

time using an RF power level of 75 W and the same system pressures, with a fixed reactor 

geometry for each deposition. Deposition times of 5, 15, 60 and 80 minutes were used and 

regression analysis performed to determine the rate of deposition. From methods outlined in 

Chapter 3, the monomer flow rate was known to be ~2 cm
3
 min

-1
, and the deposition was begun 

at a system pressure of 150 mTorr.  
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Figure 4.8: Film thickness as a function of power density 
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Figure 4.8 shows that the samples‟ thickness increased linearly as a function of deposition time, 

at a rate of approximately 10 nm min
-1

. This linearity is expected and is in good agreement with 

the behaviour of other plasma deposited thin films [16, 170]. The value of 10 nm min
-1

 provides 

a starting approximation to aid in deciding the required deposition time for films with specific 

thicknesses in other studies and applications.  

The optical properties for films deposited at 75 W for increasing deposition times are shown in 

Figure 4.9. The refractive index and extinction coefficient are shown on the left and right axes 

respectively. Of primary importance is the fact that the optical parameters did not show any 

dependence on film thickness when deposited under otherwise identical conditions. This shows 

that the time spent in the reaction chamber did not significantly influence the structure of the 

material, by inducing further crosslinking or changes in density. Additionally, as the absorption 

features shown by k remained constant with variations in film thickness, it was inferred that no 

significant changes in the molecular structure of the film occurred, as these would have directly 

influence the absorption features of the material, either through a shift in peak location, 

magnitude, the emergence of new peaks or some combination of these [171].  
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Figure 4.9: Optical properties for films of different deposition times 
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The shape of the absorption curve was characterised by a single peak at low wavelengths, with 

a shallow, exponential roll off as wavelength increases. After approximately 600 nm the 

extinction coefficient decayed to less than 0.01, quantitatively confirming observation that the 

material is transparent in this region.  

The refractive index behaved as expected for transparent media and the material‟s dispersion 

was well described by the Sellmeier equation [172]: 

 
 
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i iC

Bi
n

1
2

2
2 1)(




  (4.7) 

where Bi and Ci are the i
th
 Sellmeier coefficients. The result of fitting Bi and Ci for each sample 

is shown in Table 4.3. While fitting for N = 3 was performed, coefficients B2 and B3 were zero 

and only one term was required to model the material‟s dispersion.  

Table 4.3: Sellmeier coefficients for films of different thicknesses 

Time t (nm) B1 C1 (nm
2
) C1

1/2
 (nm) ε∞ 

5 min 124 1.33 12980 113.92 2.33 

10 min 161 1.33 12343 111.09 2.33 

15 min 248 1.33 12899 113.57 2.33 

30 min 465 1.33 12577 112.14 2.33 

60 min 745 1.33 12254 110.69 2.33 

  

The values of Bi and Ci represent an absorption resonance of strength Bi at a wavelength of 

λ
2 
= Ci. For films of all thicknesses, the only absorption resonance occurred at the same 

wavelength, approximately 112 nm, with the same strength of absorption, approximately 1.33. 

From Bi, the relative dielectric constant of the thin film can be estimated as [173]:  
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and is shown in the final column of Table 4.3. The value of ε∞ for all films was approximately 

2.33, and represents the dielectric constant at high frequencies, or the asymptotic value which 

the real part of dielectric function will tend to as wavelength tends towards infinity. The rate of 

deposition was again found to be approximately 10 nm min
-1

.  

Deposition time is one external parameter that can be manipulated to affect the final film 

thickness, though the rate of deposition should remain constant. The deposition rate is affected 

by other parameters, and of particular interest was how film thickness was affected by 

variations in RF power, as this was the principle control parameter. The manner in which RF 

power affects deposition rates is unique to particular systems and monomers [16, 170]. The 

relationship between the effect of RF power and the growth rate of PDLA thin films in the 

reactor described in Chapter 3 was established.  
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Figure 4.10: Variation of film thickness with RF power  
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Figure 4.10 shows the thickness determined from VASE measurements for depositions of 20 

minutes where RF powers of 10 W, 15 W, 25 W, 50 W and 75 W were used. A linear 

dependence of thickness with increasing RF power was observed. This shows deposition 

occurred in the monomer sufficient reaction region, and that high RF powers introduced more 

reaction products than they did ablation of deposited films [10, 16]. In the case of linalyl 

acetate, no non-linear regions were encountered in the range of input powers and deposition 

times investigated. This established that as RF power was increased, the rate of deposition 

would increase and films would be thicker for the same deposition times. The change in 

reaction products, rate of growth and increased bombardment of the surface also likely 

influenced the properties of the film and was investigated in subsequent studies.  
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Figure 4.11: Optical properties of films deposited with different input energies 

Figure 4.11 shows the variation of the refractive index and extinction coefficient when films 

were deposited with different input energies for the same deposition time. Qualitatively the 

absorption behaviour for all films was approximately the same, with peak features in the same 

location for all films at sub-200 nm wavelengths and the magnitude of the extinction coefficient 

being approximately the same for all films. Examining the dispersion behaviour of the films, 
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those deposited with higher input energies had slightly higher refractive indices, particularly 

evident at higher wavelengths.  

Table 4.4 shows the Sellmeier coefficient for the films presented in Figure 4.11. The value of 

B1 and hence ε∞ was found to increase slightly with increases in the input energy used during 

the deposition, indicative of some structural differences in the films when fabricated under 

different conditions. The most likely explanation is an increase in the density of the films when 

fabricated under higher energy conditions on substrates with increased temperatures. The 

increased bombardment of the substrate by charged species likely induced a higher degree of 

crosslinking which contributed to the higher value of refractive index [174]. The differences 

between films fabricated at 10 W and 15 W were minimal, both qualitatively and quantitatively. 

It is believed that the difference of 5 W in energy at these low powers was not significant 

enough to induce any change in film structure or modify the deposition process. For this reason, 

in further studies, films deposited at 15 W were not investigated. 

Table 4.4: Sellmeier coefficients for films deposited with different input energies 

Power (W) t (nm) B1 C1 (nm
2
) C1

1/2
 (nm) ε∞ 

10 116 1.34 11076 105.24 2.34 

15 123 1.34 11068 105.20 2.34 

25 132 1.36 10655 103.22 2.36 

50 156 1.37 10419 102.07 2.37 

75 196 1.38 10513 102.53 2.38 

 

The dispersive and absorbance behaviour of the films is similar to that of plasma deposited 

HMDSO, lavender oil, and terpinen-4-ol thin films, all of which show similar dependencies of 

dispersion and absorbance on wavelength and power density [175-177]. The variation in the 

refractive index with changes in power density was less for PDLA thin films than for plasma 

deposited terpinen-4-ol thin films and of a similar range to plasma deposited Lavandula 
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angustifolia. This is likely due to the composition of the starting monomers used; Lavandula 

angustifolia has linalyl acetate as one of its principle constituents (25% - 40%) and hence the 

relationships between plasma deposited thin films of linalyl acetate and Lavandula angustifolia 

and deposition conditions share some similarities. Terpinen-4-ol however is a component of tea 

tree oil, and not present in Lavandula angustifolia and hence its properties are influenced by 

deposition conditions in different ways. In the case of thin films derived from both Lavandula 

angustifolia and linalyl acetate, while a degree of control of the refractive index via input power 

is present, it is deemed too insignificant (less than 1% variation at 589 nm) to be effective in 

most applications. 

4.2.2 UV-Vis Spectroscopy 

4.2.2.1 Theory and Methods 

UV-Vis spectroscopy is a direct measurement of a sample‟s absorbance, as the logarithm of the 

ratio of incident light intensity to transmitted light intensity, i.e. [178]: 

  
 
 

















0

ln
I

I
A t

 (4.9) 

where A is absorbance, I0 the intensity of the incident light and It the intensity of the transmitted 

light, measured at the detector. The absorbance is proportional to the absorption coefficient, α, 

scaled by the path length the light must travel through the sample, i.e. the thickness [179]. From 

the absorbance profile, A(λ), the optical band gap of the material can be determined. In an 

organic material, the optical band gap represents the energy required to excite a carrier from the 

HOMO to the LUMO.  

For amorphous materials, the principle absorption edge is described by three sections; the low, 

mid and high energy regions [180]. The low energy region is considered intrinsic to the 

material, and is related to the level of disorder and crosslinking present in the material. In the 
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mid energy region the absorption coefficient increases exponentially with photon energy, hν. In 

the high energy region, the absorption coefficient is described by the relation [179, 181, 182]: 

  P
gapEhBh    (4.10) 

where B is a constant independent of energy and P describes the nature of the electronic 

transition responsible for absorption. For amorphous semiconductors, P takes the value 2, 

corresponding to indirect allowed electron transitions. P may also take values of 0.5, 1.5 and 3, 

indicating direct allowed, direct forbidden and indirect forbidden transition respectively [183]. 

Determining which value of P should be used is performed by plotting (αhν)
1/P

 versus photon 

energy for each possible value of P, commonly known as Tauc plots. The value of P that gives 

the most linear Tauc plot determines the type of transition present [183]. 

To perform this analysis, absorbance measurements of the glass substrate and ambient 

background were taken, and subtracted from the absorbance profile of the sample to obtain the 

film absorbance. Custom software was written in MATLAB which takes as its input the 

measured film absorbance data from UV-Vis spectroscopy and the thickness determined from 

VASE analysis, and converts these to Tauc plots using each possible P. The linearity of the 

band edge is then assessed by performing a linear regression in the high energy region, and the 

plot which yields the highest R
2
 value is considered the most linear.  The value of P 

corresponding to this plot is then used to determine the type of transition present. From (4.10), 

extrapolation of this linear region to the photon energy axis gives the value of the optical band 

gap.  

4.2.2.2 Absorbance and Band Gap as a Function of Power Density 

The absorbance and optical band gap of PDLA thin films was examined, and the relationship 

between these properties and the input power density investigated. These measurements were 

performed on samples deposited with input energies of 10 W, 15 W, 25 W, 50 W and 75 W for 
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consistency with data presented in Section 4.2.1. Depositions of 60 minutes in length were 

performed to minimise errors in the measurement [176].  
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Figure 4.12: Absorbance profiles for thin films deposited with different input energies 

Figure 4.12 shows the measured absorbance spectrum of the samples. A single absorption peak 

was present at approximately 300 nm for all samples, independent of deposition power. There 

was a slight difference in the magnitude of this peak, easily explained by the relationship 

between absorbance and absorption coefficient. The measured absorbance, as presented in 

Figure 4.12, is a function of the absorption coefficient and the path length of the light. Hence 

inherent in the measured absorbance data is a dependence on the thickness of the sample. As 

shown in Section 4.2.1.3, samples deposited at higher input energies for identical deposition 

times resulted in thicker samples and this difference explains the tendency of the absorbance 

magnitude to increase with power density.  

Aside from this difference in the magnitude of the absorbance peak, no shift in peak location or 

broadening was observed with variations in input energy, in good agreement with the behaviour 

observed in the extinction coefficient determined from VASE analysis. This behaviour is also 
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similar to other plasma deposited thin films, such as those deposited from thiophene, pyrrole, 

lavandula Angustifolia and terpinen-4-ol [175, 176, 184]. In all cases, the absorbance spectra 

for the films remained unaffected by variations in the input energy used during the deposition.  
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Figure 4.13: Tauc plot and extrapolation of linear region to the photon energy axis  

From absorbance measurements, Tauc plots were generated for all measured data. Using P = 2 

gave the most linear absorption edge, compared to P = 0.5,  P = 1.5 and P = 3, indicative of 

indirect allowed transitions. The result of the regression, and extrapolation of the linear portion 

of the Tauc plot to the photon energy axis, is shown in Figure 4.13. The optical band gap of the 

films was approximately the same for all input power densities used, varying from 3.02 eV at 

10 W to 2.95 eV at 75 W. While a relationship may exist between optical band gap and power 

density, considering possible errors in the measurement and fitting procedures, the range of 

variation is too insubstantial to be of use; no change in the fundamental electronic nature of the 

material (i.e. a change from insulating to semiconducting or semiconducting to conducting) 

could be induced by the varying the input power conditions across the feasible 65 W range 

available.  
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Considering the optical band gap to be ~3 eV, PDLA thin films were classified as either 

insulating or semiconducting. Given the anticipated highly amorphous and disordered structure 

of the thin films due to the manner in which they have been deposited, low carrier mobilities 

and conductivities were expected and hence the films were considered for applications as 

insulators. Appropriate doping may be capable of producing films which are semiconducting, 

given the band gap value. More in depth characterisations of the electronic properties and 

potential applications of the thin films are provided in Chapter 5 of this thesis. Optical band 

gaps and absorbance profiles (i.e. the optical transparency) were consistently reproducible 

across a range of deposition conditions, including when input power and film thickness were 

varied and a wide range of applications are therefore possible.  

4.3 AFM Studies 

4.3.1 Theory and Methods 

AFM is a scanning probe microscopy (SPM) which is frequently used to image the surface of 

thin film materials [185-188]. As with all SPM measurements, the technique is based on 

performing a line by line scan across the plane of a samples surface, and measuring the force 

interactions between the scanning probe and the sample surface, resulting in a discretised map 

of these interactions, F(x,y) [189]. In the case of AFM, a Si or Si3N4 cantilever with a sharp tip 

at its end is generally used as the scanning element [189]. The radius of curvature of the tip is 

typically on the order of 10
1
 nm. When very close to the sample‟s surface, the cantilever 

undergoes deflection due to force interactions between its tip and the samples surface, described 

by Hooke‟s law: 

 kxF   (4.11) 

where F is the force of the interaction, k the spring constant of the cantilever and x the 

displacement of the cantilever from its equilibrium position. The displacement of the cantilever 

is measured using a laser reflected from its surface onto a split photodiode detector array and k 

is known.  
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Figure 4.14 shows the forces acting on the tip (vertical scale) as a cantilever is brought closer to 

a sample (horizontal scale). Three distinct regimes of tip-sample interactions are observed 

[191]. 

 

Figure 4.14: Tip-sample force interactions as a function of vertical distance [190] 

In the first region, at the far right of the displacement axis, there is no interaction between the 

tip and sample as the distance is too great for the small forces involved to sufficiently interact. 

As the tip moves closer to the sample, force interactions between the tip and sample begin to 

pull the tip towards the sample and it is in the attractive regime. This regime is characterised by 

the very close proximity of the tip and surface, however the two are not in contact with one 

another. When the tip comes close to the surface, the forces act to push the cantilever away, and 

it is said to be in the repulsive regime. Measurements can be performed in either the repulsive 

or attractive regimes depending on the method used.  

In the simplest measurements, the tip is in the repulsive regime. As the scan proceeds, the 

deflection of the tip as it passes over features of the surface is measured and the map F(x,y) is 

formed. This is known as variable deflection mode. As the tip is in constant contact with the 

sample, this is a form of contact mode scanning. In constant force mode, the tip is adjusted to 

maintain a constant deflection of the cantilever and hence constant height above the surface, 

known as constant force mode. In this mode, the adjustments necessary to maintain the constant 

deflection are recorded and form the map F(x,y).  
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Both constant force and variable deflection scans are forms of static, contact mode scanning, 

where the tip is in contact with the surface of the sample at all times. Care must be taken to 

ensure the cantilever is of sufficiently low stiffness to prevent damage to the surface being 

scanned (i.e. the spring constant of the cantilever should be less than the spring constant of the 

inter-atomic bonds of the material), particularly in the case of soft materials. Low stiffness 

cantilevers also alleviate some issues due to noise and drift associated with static measurements. 

However, in the case of very soft samples, or samples which are easily damaged by the scale of 

force interactions utilised, methods where the tip is not in contact, or only makes intermittent 

contact with the surface are required.   

Modes in which the microscopy tip are not in contact with the sample surface are non-contact 

modes, and are dynamic modes, in contrast to the previously described contact modes, which 

are static modes. This distinction between static and dynamic modes arises from the movement 

of the cantilever; in static modes, no movement or vibration of the cantilever is induced and the 

measured/controlled parameters are directly related to Hooke's law. In dynamic modes, the 

cantilever is made to vibrate at or very near to its resonant frequency and fixed in close 

proximity to the sample surface in the attractive regime. By changing the tip height to maintain 

a constant frequency and amplitude of oscillation, the force map can be generated.  

The final mode is a combination of the contact and non-contact modes, and is called tapping or 

semi-contact mode. This mode is most similar to non-contact modes, in that it is a dynamic 

mode where the cantilever is made to oscillate near its resonant frequency in the attractive 

regime. However, in semi-contact mode the magnitude of these oscillations is sufficient for the 

tip to intermittently come into contact with the surface and enter the repulsive regime, tapping 

the surface before rising with the cycle of its oscillation. This allows the measurement to benefit 

from the less destructive aspects of non-contact modes by avoiding dragging the tip across the 

surface, such that very sensitive or soft materials can be investigated in a non destructive way. 

In addition, the drawbacks of pure non-contact modes, such as the difficulty in finding close 

enough tip-sample distances while avoiding sticking, are alleviated. 
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 In order to ascertain the hardness of a thin film, nano-indentation can be performed, where an 

AFM cantilever (or more specialised nano-indentation tip) is brought into contact with the 

sample using a known force and the displacement of the tip is measured. As with VASE 

measurements, the hardness of the thin film is not directly measured, rather it is a parameter 

derived from analyses of the experimental data. In the case of nano-indentation, the measured 

data is the force-displacement curve of the nano-indenter. The typical shape of such a curve is 

shown in Figure 4.15. 

 

Figure 4.15: Typical force-displacement curve for nano-indentation [192] 

The force-displacement curve consists of three distinct sections; the loading section, as the tip is 

brought into contact with and pushes into the sample; the maximally loaded section, where a 

constant force is maintained for a brief period of time, and the unloading section where the tip is 

removed from the sample. The maximally loaded section may not always be used, however for 

soft samples it is included to allow for viscoelastic relaxation effects [193], which if ignored 

may influence the shape of the unloading curve. From the unloading section of the force-

displacement curve, the load, P, is estimated as a power law function [193]: 

  m
fhhAP 

 
(4.12) 

where h is the displacement and hf is the maximum displacement. From the derivative dP/dh 

evaluated at the maximum displacement, i.e. the rate of change of load with respect to distance 
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at the instantaneous point at which the tip is first removed from the sample, the contact 

stiffness, S, can be calculated. Knowing S allows the contact depth, hc to be calculated from 

[193]: 

 
S

P
hh fc

max75.0  (4.13) 

where Pmax is the maximum load applied to the sample. Knowing the surface area of the 

indentation and the maximum applied load allows the calculation of the hardness H. For a 

Berkovitch tip the surface area of an indentation can be approximated by a polynomial as a 

function of the contact depth [193]: 
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For each tip used, the coefficients Ci must be determined to give the calibrated tip area function. 

After hc is determined from (4.13) its value can be substituted into (4.14), which allows 

determination of the hardness [41, 193]: 
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chA

P
H   (4.15) 

The fitting of (4.12) to the experimental force-displacement curves, determination of hc, A(hc) 

and H were all performed automatically along with control of the nano-indentor via the 

TriboScope®3.5 software package. Indentation force was controlled such that indentation depth 

remained less than 10% of the total film thickness to avoid the influence of substrate hardness. 

4.3.2 Topography of PDLA Thin Films 

To investigate the surface of the PDLA thin films, tapping mode AFM was used to produce 

topographical images. These images provide information on the material's surface properties, 

and some information on the bulk characteristics. For example, presence of defects such as 

lumping or pinholes through the material can be identified via AFM by the presence of sudden, 

sharp peaks and valleys. Furthermore, the average surface roughness, Ra, can be determined 
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from AFM topography. This value is important for any application involving subsequent 

deposition of layers above the plasma deposited thin films; surface roughness can greatly 

influence the morphology of metallic, semiconducting and bio-films and their bulk properties 

[194-196]. In organic electronic devices the surface of the dielectric can play a dominating role 

in determining the overall device properties and hence characterisation of the material's surface 

is an important step in determining its appropriateness for various applications [195-197]. These 

properties were again investigated as a function of the deposition conditions utilised, and the 

variation in film properties induced by change of the input energy to the deposition the key 

parameter of interest.  

a) b)  

c) d)  

e)  

Figure 4.16: 1 μm x 1 μm AFM images of PDLA thin films at (a) 10 W (b) 15 W (c) 25 W 

(d) 50 W and (e) 75 W 
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Figure 4.16 shows the topographic images obtained from an NT-MDT NTEGRA Prima AFM, 

using tapping mode scans under ambient conditions. Tapping mode scans were used to ensure 

the surface of the material was undamaged by the scanning process given its expected softness, 

based on literature reported properties of other plasma deposited thin films [198, 199]. There 

was no significant difference in the appearance of films deposited at varying RF power levels; 

all films consisted of small peaks and valleys of approximately 1-2 nm in height and the films 

were completely amorphous at their surface. Given the isotropic nature of plasma deposited thin 

films and their surface properties, there is no reasonable basis on which to assume any level of 

(poly)-crystallinity within the samples. From their appearance, no particular deposition 

condition resulted in more amorphous films than any other. The thin films were therefore not 

modified in any significant way by exposure to the increasingly powerful energy levels within 

the reactor. 

To further aid in comparison of the thin films, and to better quantify their properties, the surface 

roughness of the samples across the 1 μm
2
 measured area was determined. For all samples the 

average roughness, Ra was determined to be approximately 0.20 nm, again demonstrating that 

the samples' morphological properties were not significantly affected by power density. The 

roughness measured for the samples was low, comparable to that of thermally grown SiO2 

[196]. The smooth surfaces obtained by PDLA are therefore appropriate as interfacial or 

substrate layers, to be coated with other materials, as their roughness should have a minimal 

effect on the growth properties of additional layers. It has been shown that for pentacene 

OFETs, the properties of the device are not affected by the surface roughness of the dielectric 

layer when it is below 0.5 nm RMS [195, 196]. PDLA layers may therefore be investigated as 

dielectric layers in bottom-gate OFETs for example, should desirable electrical properties also 

be found. The influence of other surface properties and electrical properties should also be 

investigated, however no significant influence on the operation of devices should be induced as 

a result of the morphological properties of PDLA thin films.  
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4.3.3 Hardness of PDLA Thin Films 

The hardness of the material was evaluated using nano-indentation, and investigated at power 

levels of 10 W, 15 W, 25 W, 50 W and 75 W. The results of this are shown in Figure 4.17. Film 

hardness increased with RF power in a linear relationship (R
2 
= 0.98965), increasing by 

approximately 0.002 GPa W
-1

, varying from a minimum of 0.30 GPa at 10 W to a maximum of 

0.45 GPa at 75 W. The likely explanation for this behaviour is related to the increase in 

fragmentation of monomer units during the deposition process, as well as the increase in 

crosslinking of these samples [200, 201], both of which result in a film which consists of a 

larger number of short, densely packed units. While the variation is small, the slight increase in 

refractive index with power density does support the presence of an increase in film density. 

The range of variation in the hardness was much more significant than in optical properties 

however; H varied by approximately 30% across the range of input powers investigated, 

indicative of significant bulk structural variations between films. It is also useful that the 

mechanical properties were significantly influenced while the optical and surface properties 

were maintained essentially constant. 
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Figure 4.17: Hardness of PDLA thin films as a function of power density 

The value of hardness is comparable to that of other plasma deposited hydrocarbon thin films, 

such as poly-acetylene which has a reported hardness of 0.4 GPa [202]. Diamond like thin films 
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(α-H:C) deposited via plasma methods have been obtained with hardnesses of up approximately 

16 GPa [203], though at the cost of other functionality. Given their comparability to other 

similar thin films, PDLA thin films offer an alternative to these with desirable surface and 

mechanical properties.  

Table 4.5: Summary of properties determined in AFM studies 

Power (W) Roughness (nm) Hardness (GPa) 

10 W 0.21 0.30 

15 W 0.21 0.33 

25 W  0.20 0.35 

50 W 0.20 0.39 

75 W 0.19 0.45 

 

4.4 Chemical Composition Studies 

4.4.1 FTIR Spectroscopy 

4.4.1.1 Theory and Methods 

FTIR spectroscopy is a transmission measurement, similar to UV-Vis spectroscopy, in that it 

provides a measurement of a sample‟s absorption of light at particular wavelengths, in this case 

in the IR spectrum. However, unlike UV-Vis spectroscopy as described in Section 4.2.2, FTIR 

spectroscopy collects spectral data at all measured wavelengths simultaneously (referred to as 

the Fellgett advantage) [204, 205]. In an FTIR spectrometer, a broadband light source is used to 

produce the test beam, which is then passed through an interferometer.  

The source wave, containing all wavelengths under investigation, is split by the beam splitter 

and approximately 50% is transmitted to a primary mirror and 50% reflected to a second mirror. 

Upon reflection, these signals return to the beam splitter, and 50% of each is returned to the 

source and 50% of each goes to the output. Assuming the two waves that go to the output are in 
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phase, they will constructively interfere and produce an output with a maximum. This arises 

when mirrors one and two are equidistant from the beam splitter, and is referred to as the Zero 

Path Distance (ZPD). In the interferometer, the position of mirror two is varied, and hence a 

difference in the optical path travelled by the beams arises. This difference in Optical Path 

Distance (OPD) results in only certain wavelengths of the beams constructively interfering. As 

the distance of the translating mirror is varied, different interference patterns result and hence 

the magnitude of the output beam varies in a decaying, periodic manner. This output is referred 

to as the interferogram, and contains embedded in it information regarding all wavelengths of 

light in the incident beam. Mathematically, the Fourier Transform of the interferogram 

magnitude with respect to the distance of the mobile mirror results in the output spectrum. 

By placing a sample in the path of the output beam and measuring the interferogram, the 

wavelengths at which the sample absorbs light are determined. This absorption occurs due to 

the excitation of molecular structures in the sample, and hence the resulting absorption 

spectrum provides qualitative and quantitative information regarding the material‟s bulk 

chemistry. The magnitude of the absorption is dependent on both the molecular structure of the 

material and its thickness; it is essentially determined by the „amount‟ of a feature which is 

present to absorb the light and will hence be dependent on not only the particular feature but 

also the volume through which it is present. For this reason, quantitative analysis of FTIR data 

is not always possible.  

FTIR was typically performed by suspending samples in or depositing them on an IR 

transparent medium, such as a KBr disc and performing a transmission measurement. Modern 

FTIR spectrometers commonly employ Attenuated Total Reflectance (ATR) systems and do not 

require the transmission of the source beam through the entire sample. In an ATR system, the 

source beam is passed into a material (typically diamond) with a high refractive index and 

undergoes total internal reflection. At the boundary between the crystal and the surrounding 

medium (in this case, the sample under investigation), an evanescent wave is produced, whose 

magnitude is determined by the absorption of light in the sample. In these studies an ATR-FTIR 



  Chapter 4: Fundamental Characterisations 

87 

 

has been used. Due to the typically thickness of the thin films (less than 1 μm) and the typical 

penetration depth of the evanescent wave (~2 μm), substrate effects may be present in the data 

at wavelengths which the substrate absorbs if IR transparent substrates are not used [206].  

4.4.1.2 ATR-FTIR as a Function of Power Density 

Initially, an ATR-FTIR measurement was performed on a sample deposited at 75 W onto a KBr 

substrate to conduct primary analysis and determine whether important features were present in 

the low wavelength region. Figure 4.18 shows the ATR-FTIR spectrum of a PDLA thin film 

deposited at 75 W. The thin film consisted of predominately hydrocarbon structures, evidenced 

by several strong absorption peaks associated to stretch and bending modes of C-H 

functionalities. A detailed peak assignment is provided in Table 4.6. In addition to the C-H 

functionality, oxygyen in the form of hydroxyl groups is evidenced by the broad peak at 3484 

cm
-1

 and a ketone functionality at 1708 cm
-1

. 
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Figure 4.18: ATR-FTIR spectrum of PDLA thin film deposited at 75 W 
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This oxygen was in all likelihood due to the ester in the linalyl acetate monomer, and post-

deposition reactions between atmospheric O2 and surface radicals present from the deposition 

process. 

Table 4.6: FTIR peak assignments for PDLA thin films 

Wavenumber (cm
-1

) Intensity Assignment 

3484 Medium (broad) O-H stretch 

2948 Very Strong C-H a. stretch 

2927 Very Strong C-H a. stretch 

2870 Very Strong C-H s. stretch 

1708 Strong C=O stretch 

1456 Strong C-H a. bend 

1376 Strong C-H s. bend 

1167 Weak C-O stretch 

1082 Small to non-existent C-O stretch 

967 Small to non-existent C-H stretch 

893 Small to non-existent C-H stretch 

 

Figure 4.18 and Table 4.6 show that no significant spectral information was contained below 

approximately 1300 cm
-1

, and only very weakly absorbing features were present in this region. 

As glass begins to absorb approximately 1200 cm
-1

, it was determined that experiments could 

be conducted on glass substrates. Samples were deposited at input energies of 10 W, 25 W, 

50 W and 75 W on glass slides to investigate whether different power densities significantly 

influenced the chemical structure of the films.  
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Figure 4.19: ATR-FTIR spectra of PDLA thin films deposited at (a) 10 W (b) 25 W (c) 50 W 

and (d) 75 W 

Figure 4.19 shows that minimal differences were present between samples deposited at different 

power densities. Absorption peaks were present at the same locations in all spectra, with 

approximately the same relative intensity. Films displayed the same hydrocarbon nature, with 

the addition of some oxygen. This is an interesting result, given similar plasma deposited thin 

films typically show a strong dependence on power density and significant decrease in the 

presence of functional groups [175, 198]. Other works show that specific functional groups 

present in the monomer can be retained if sufficiently low-energy deposition conditions are 

employed [207, 208]. In the case of PDLA thin films the lowest energy condition used (10 W) 

was sufficient to result in fragmentation of the monomer similar to that induced by the highest 

energy condition (75 W), evidenced by the fact that none of the monomer functional units were 

retained in films deposited at 10 W. Differences in films (chemical and otherwise) were then 

likely due to the increase in UV and ion bombardment of the films during the deposition, and 

differences induced by increased substrate temperatures at higher energy conditions, rather than 

chemical differences.  
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From a device fabrication perspective, a chief concern is the presence of oxygen in the material, 

particularly if this oxygen is present at the surface of the thin film as suspected. This is because 

OSCs have been shown to be highly susceptible to H2O at the dielectric/semiconductor 

interface, believed to be due to reactions between O2 at the dielectric surface and atmospheric 

moisture [209]. The presence of H2O leads to trapping of charge carriers at the interface, and a 

reduction in device mobility. These effects are significantly reduced by surface treatment of the 

dielectric layer [155, 210]. Comparing the spectrum of PDLA thin films to plasma deposited 

PMMA thin films, plasma deposited PMMA layers have a much higher concentration of 

oxygen, yet without surface modification were able to successfully act as a dielectric barrier in 

an OFET device [156]. PDLA thin films should therefore, from a chemical perspective, be 

similarly capable of such applications.   

4.4.2 XPS  

4.4.2.1 Theory and Methods 

XPS measurements exploit the photoelectric effect by irradiating the surface of a material or 

sample under study with low energy X-rays. This irradiation results in electrons within the 

material becoming excited and dissociated from their bonding environment into the vacuum of 

an analysis chamber, where they are subsequently collected in a high resolution electron 

spectrometer. These emitted electrons will have an energy characteristic of their bonding 

environment, and the number of electrons detected at each energy level can therefore be related 

to the amount of an element present in the material. When present in a chemical bonding 

environment, shifts in the characteristic emission energy of an element occur, and hence XPS is 

used to determine the bonding environment in which a particular element is present. In organic 

compounds, where carbon is present in multiple functional groups, analysis of the peak 

associated with carbon 1s orbital is used to determine the functional groups present in the 

material. XPS measurements are confined to the first several nm of a material due to the fact 

that electrons excited from deeper within the material are more likely to undergo scattering 
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events prior to reaching the electron detector. Additionally, due to their small 1s cross-section 

both hydrogen and helium are not detectable through XPS.  

4.4.2.2 XPS as a Function of Power Density 

Representative survey spectra for samples deposited at each power level are shown in Figure 

4.20. The most dominant peaks were by far those associated with C 1s, O 1s  and N 1s orbitals, 

and are labelled.  
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Figure 4.20: XPS survey spectra of samples deposited at (a) 10 W (b) 25  W (c) 50 W and 

(d) 75 W  

From these spectra, the atomic percentage of elements present at the surface was determined, 

and is shown in Table 4.7. Contaminants Na, N, Ca, Cl, S and Si are included for completeness, 

however the main point of interest is the percentage of carbon and oxygen present. As the 

power density was increased, the atomic concentration of carbon increased from ~78% to 

~86%, and that of oxygen decreased from ~21% to ~13%. This is attributed to the increase in 

monomer fragmentation as the power density is increased, in agreement with the behaviour of 

other plasma deposited thin films in literature.  
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Table 4.7: Atomic percentage of PDLA thin films fabricated at various power densities 

 10 W 25 W 50 W 75 W 

Na 0.03 0.00 0.00 0.00 

O 20.95 16.90 15.19 13.14 

N 1.02 0.85 0.57 0.67 

Ca 0.02 0.00 0.00 0.00 

C 77.73 81.82 83.79 85.78 

Cl 0.21 0.42 0.43 0.40 

S 0.02 0.02 0.03 0.01 

Si 0.03 0.00 0.02 0.00 

 

To determine the functional groups present at the surface of the material, high resolution spectra 

of the C 1s peak were taken, the results of which are shown in Figure 4.21.  
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Figure 4.21: High resolution C 1s spectra  
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The C 1s peak consists of the superposition of multiple peaks, resulting from the multiple 

bonding environments in which carbon atoms participate in the organic thin films. The C 1s 

peak can be fitted to by several components in order to determine these bonding environments 

and further investigate the changes in the thin film properties as a function of power density.  

 

Figure 4.22: Component fitting to C 1s spectrum for sample deposited at 75 W 

Figure 4.22 shows the result of fitting to the C 1s spectrum. As this figure is similar for samples 

deposited at all energies, only the fitting for a sample deposited at 75 W is shown. It was found 

that five components were present in the C 1s spectrum; C1 – CHx; C2 – Secondary shift 

associated with O-C=O; C3 – C-O, C-N; C4 – (N)-C=O, O-C-O, and C5 – O-C=O (e.g. acid, 

ester). By far the peak associated with hydrocarbons (C1) was the most dominant, followed by 

C3, C4 and C5. While adventitious carbon may be present, its contribution to the measured C 1s 

spectrum should be minimal and hence the reported chemical functionality is attributed to the 

film chemistry. To compare differences between samples, the relative concentrations of each of 

these components relative to the total concentration of carbon were determined, and are 

presented in Table 4.8.  

As power density was increased, the relative concentration of the hydrocarbon component 

increased from 0.603 to 0.690, while all other (oxygen containing) components decreased in 
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magnitude. The C5 component is of interest due to the presence of the acetate ester in the 

monomer; the C5 groups at the surface of the material decreased as the power density was 

increased, which when coupled with the increase of hydrocarbon content is indicative of a 

further degree of fragmentation of the monomer units, consistent with deposition in the 

monomer sufficient deposition regime.  

Table 4.8: Concentration of component relative to total concentration of carbon  

 10 W 25 W 50 W 75 W 

C1 + C2 0.61 0.65 0.68 0.69 

C3 0.23 0.22 0.21 0.19 

C4 0.08 0.07 0.07 0.07 

C5 0.09 0.07 0.05 0.05 

 

4.5 Conclusions 

The optical, morphological, tribological and chemical properties of PDLA thin films were 

studied. These properties form a set of fundamental characteristics for the material, and 

provided qualitative and quantitative knowledge which guided further experimentation, 

potential applications and aided in the understanding of other investigations.  

The optical properties were determined across the UV-Vis spectrum, from 200 nm – 1000 nm 

as a function of thickness and power density. The material was found to be optically 

transparent, i.e. its absorbance and extinction coefficient tend to zero beyond wavelengths of 

approximately 600 nm, with the band edge at approximately 400 nm, corresponding to an 

optical band gap of 3 eV. The optical band gap was determined via analysis of the absorbance 

profile and production of Tauc plots, which indicated indirect allowed transition phenomena. A 

single absorbance peak was observed at low wavelengths in the UV region in both the 

absorbance and extinction coefficient profiles. No significant variations in absorbance profiles 
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were observed with changes in the power density used. The highly reproducible value of the 

band gap of 3 eV, combined with the material‟s optical transparency make the film a promising 

candidate for optically sensitive and more generalised electronic applications as a transparent 

insulating layer. 

The dispersive behaviour of all films was well described by Sellmeier coefficients and a single 

set of parameters was sufficient to model the observed data. The Sellmeier coefficients 

indicated the presence of a single absorption feature in the UV region, the magnitude of which 

was found to be nearly constant for all films. Variations in power density did result in very 

minor (less than 1%) changes in the refractive indices of the thin films, which was also reflected 

in the Sellmeier coefficients having slightly stronger magnitudes of the absorption feature at 

higher power densities. These variations were considered so small as to be negligible in all but 

the most optically sensitive applications and within experimental error bounds. 

The analysis of AFM measurements confirmed the films were smooth, uniform and defect free. 

No evidence of crystallinity was observed and the films were found to be completely 

amorphous, with average surface roughness values of ~0.2 nm across the 1 μm
2
 area 

investigated. These properties were found to be maintained when the input energy to the 

deposition was varied between 10 W and 75 W; no observable or measurable changes were 

induced in the topographical properties of the films with significant variation in the input power 

used. This behaviour is useful, as it allows the tuning of other, power sensitive properties, while 

maintaining desirable surface properties such as a smoothness and uniformity. The low value of 

roughness indicates that the material could be used as an interface layer, without introducing 

changes in subsequent layers as a result of morphological influences.  

In contrast to this, investigations of the tribological properties of the material via nano-

indentation revealed a much more significant dependence of the hardness on the power density. 

Higher values of RF power were found to produce harder films. A variation of approximately 

30% in hardness was observed in the range of power values examined.  The material‟s hardness 
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is therefore a tuneable parameter, which may be directly controlled via the deposition 

parameters to provide films with application optimised properties. For example, if the material 

is to form an external layer, it may be desirable that it is harder and more resistant to 

mechanical wear, and higher power densities could be used to produce harder films. If the 

material were to be used as an interfacial or sacrificial layer, it may be useful for it to be softer, 

and as the morphological properties are not modified, a lower power level could be used to 

produce softer films with desirable surface properties without affecting the above layers. 

FTIR measurements showed the material to consist predominately of hydrocarbon 

functionalities, in addition to hydroxyl and ketone functional groups. Bulk chemical 

functionality was not significantly influenced by the input energy within the range of RF 

fabrication powers investigated in FTIR measurements, however XPS measurements showed an 

increase in the hydrocarbon content coupled with a decrease in oxygen content as power density 

was increased.  

Table 4.9 provides a summary of the investigations and key results provided in this chapter. The 

optical properties of PDLA remain essentially constant with variation in power density, as does 

the optical band gap, morphological and chemical properties of the material. An important 

implication of this is that the rate of deposition, generally considered a direct function of power 

density, does not affect these properties. Optically and morphologically sensitive applications 

benefit greatly from this property, as large, uncontrollable changes in deposition parameters 

which may occur (particularly in plasma systems due to the non-uniformity of large scale fields) 

will not significantly affect the key performance requirements of the PDLA layers. It may also 

allow for optimisation of other, energy and growth rate dependent properties of the film, such as 

hardness, to be optimised for particular applications while maintaining the optical and 

topographical properties of the material. Harder films are likely desirable in all applications and 

higher power densities will likely be the most appropriate fabrication conditions for most uses 

of the thin films. 
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Given that the films are both optically transparent and smooth, they are appropriate for any 

layer within electronic or optical applications where optical transparency is required. The 

smoothness of the films means that subsequent layers can be deposited on them without the 

topography of the PDLA layer influencing their growth. The lack of pinholes is also highly 

desirable for electronic insulating applications where their presence may result in sporadic short 

circuits, high leakage currents and poor device performance. However, high thicknesses 

coupled with high dielectric constants result in interference from parasitic capacitances which 

are also undesirable. The ability to produce very thin films that are pinhole free (the results 

presented in Figure 4.16 were for films of 100 nm) is critical for electronic applications so that 

short circuits may be avoided and the effects of parasitic capacitance and interconnect 

interference reduced. Given the structure of the material and the general electrical behaviour of 

other plasma deposited thin films in the literature, it is expected that PDLA layers would be 

insulating, and from optical studies, an estimate of the high frequency dielectric constant of 

~2.4 indicate the material is low permittivity. The material is therefore a candidate for insulting 

and dielectric barrier layers in electronic devices, however, more involved studies on the 

electronic properties of the material were necessary before this could be proved. Surface 

characteristics of the material also needed to be further quantified to ensure full compatibility 

with other organic electronic materials and processes currently in use. These studies were the 

focus of the investigations presented in Chapter 5 and Chapter 6.  
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Table 4.9: Summary of chapter results 

Property investigated Parameter Remarks Power dependence Relationship 

Optical 

n 

Dispersive, described by first order 

Sellmeier coefficient Minimal 

~1% increase in n as RF power was 

increased from 10 W to 75 W 

k 

Optically transparent, single 

absorption feature in UV  None 
- 

Absorbance 

Optically transparent, single 

absorption feature in UV, optical 

band gap of ~3 eV 
Minimal 

~1% decrease in Eg with increase in 

RF power from 10 W to 75 W 

Morphological 

Topology 

Smooth, uniform, pinhole and 

defect free None 
- 

Ra ~0.2 nm 
None 

- 

Tribological Hardness 
~10-1 GPa 

Strong 

~30% increase in hardness from 

0.30 GPa to 0.45 GPa as RF power 

was increased from 10 W to 75 W 

Chemical Functional Groups 
Hydrocarbon with oxygen 

Small 
Increase in hydrocarbon and 

decrease in oxygen as power 

density increased 
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Chapter 5: Electrical Characterisations 

5.1 Introduction 

Before implementation in electronic devices and hardware, it was critical that an in depth 

understanding of PDLA‟s electrical properties be established. The most important of these 

properties are the dielectric constant and conductivity. The former provides a measure of the 

material‟s ability to store charge under an applied electric field and knowledge of this parameter 

guides the design of electrical devices such as capacitors, transistors and microelectronics. 

Conductivity provides a geometry independent relationship between an applied voltage and the 

resulting leakage current density, a critical design parameter. Furthermore, understanding the 

precise nature of these properties as a function of deposition conditions, applied field, frequency 

and temperature provides greater insight into the structural and chemical properties of the 

material of interest.  

The electrical properties of PDLA thin films were investigated from dc to GHz frequencies. The 

principal motivation for this is that different frequency ranges probe different characteristics of 

the sample and provide more understanding of the material‟s properties, not just from the 

perspective of electromagnetic characterisations, but with regards to chemical, structural and 

physical properties as well. From a practical point of view, there are three frequency ranges of 

interest which are investigated in this chapter; the dc, ac and MW frequency ranges. In general, 

each frequency regime corresponds with a particular measurement and analysis technique. In 

the dc region, JV measurements were the principal technique utilised, while in the ac region, IS 

measurements were performed. At MW frequencies, resonant cavity techniques were used. 

A material‟s conductivity is determined through analysis of its characteristic JV curves. As well 

as this, the mechanism of charge transport through the material can be understood, and from 

this the material‟s dielectric constant and/or carrier mobility found. By examining the point at 

which the material‟s conductivity sharply increases, the breakdown strength is measured. These 
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properties are all necessary to understand the material‟s usefulness as an insulating layer; the 

expected leakage current density through the material at an applied voltage and the limits of its 

operating range must be known so that proper design can be performed. The JV characteristics 

for devices formed from MIM structures where PDLA layers were used as the insulating layer 

are presented. Linalyl acetate layers were deposited using a range of thicknesses and power 

densities so that their influence on electrical properties could be determined. From analysis of 

the JV curves the mechanism of charge transport through the device was investigated and an 

estimate of the dielectric constant made.  

Subsequent to the presentation and analysis of the dc properties, the results of IS measurements 

in the ac region are given. IS measures the impedance of a device across a range of frequencies, 

from which other parameters such as capacitance, loss and Q factor are derived. Combining 

these measurements with the device geometry, the complex dielectric function, εc(ω), of the 

insulating layer was derived. The real part of εc(ω) gives the relative permittivity or dielectric 

constant of the material, εr, and describes how a material stores charge under an applied electric 

field. This property determines the capacitive behaviour of the material and allows the 

classification of the material as low-, moderate- or high-κ. Low-κ materials (εr < ~3) are not 

optimum for charge storage and hence inappropriate for use in devices such as small-area 

capacitors. However, if their conductivity is sufficiently low, these materials are excellent 

candidates for insulators in electronic devices as their low dielectric constant results in 

comparatively lower capacitance, which in turn reduces parasitic capacitance, interlayer 

polarisation, and interference associated with these issues, allowing layers and wires to be 

fabricated closer together resulting in further miniaturization of devices [211, 212].  

Permittivity is a frequency dependent property and it is important to know the range over which 

it can be expected to vary. Some materials may display high-κ characteristics in one frequency 

region and low-κ characteristics in another while others may maintain a relatively constant 

value of permittivity across the entire frequency spectrum. Knowledge of the complex 
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permittivity over as wide of a frequency range as possible is therefore important in electronic 

applications of a material.  

The imaginary part of εc(ω) gives information about a material's dielectric losses, εi. These 

losses may be induced by conduction losses in the material as well as relaxation losses and 

resonance effects [213-215]. From the perspective of electronics, the result is the divergence 

from ideal capacitive behaviour as a function of frequency; not all energy applied is stored as a 

result of loss and the phase angle of the capacitor is not exactly –π/2. The shape and location of 

peaks in εi(ω) provide information on the structural properties of materials. The location of 

peaks in εi(ω) due to dielectric relaxation is often temperature dependent, and to further 

understand the structural nature of the plasma deposited layers, IS measurements at several 

temperatures were performed and their results analysed.  

At very high frequencies the dielectric function of the material remains of interest, however 

measurement of the device impedance becomes a practically difficult matter and techniques 

beyond IS must be used. Resonance cavity measurements are one such technique to determine 

the real and imaginary component of the dielectric function with a high level of accuracy in the 

microwave region (on the order of GHz) [216-218]. A disadvantage of this technique is that the 

frequency at which the dielectric measurement is performed is dependent on the physical 

construction of the resonant cavity and is hence a single, discrete value. While limited in terms 

of measurable frequencies, the technique remains powerful in its ability to determine ε∞ and 

tan δ with a high degree of accuracy at high frequencies, providing confirmation of other 

properties measured or extracted from lower frequency ranges.  

In this chapter, the electrical properties of PDLA thin films are presented. The results of this 

chapter were then used as the basis of further investigations into the dependence of these 

properties on deposition conditions, applied field, frequency and temperature. These results 

provide a means of optimising the deposition conditions for application specific outcomes. 

Interpretation of this data also provided a deeper understanding of the material‟s structure 
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through analysis of temperature dependent dielectric relaxation features. Furthermore, the 

results presented were used to further examine potential applications to which the material is 

best suited.  

5.2 JV Analysis 

5.2.1 Theory and Methods 

When investigating charge transport in an insulating thin film, three mechanisms are typically 

discussed in the literature. These are Richardson-Schottky (RS) transport, Poole-Frenkel (PF) 

transport and Space Charge Limited Conduction (SCLC) [219, 220]. RS and PF conduction are 

similar in their behaviour and description, due to their dependence on lowering of potential 

barriers, however they differ in the mechanism of charge transport [221]; RS is a barrier limited 

effect while PF describes a bulk limited effect [221]. In RS conduction, a potential barrier is 

formed at the metal-insulator interface due to the energy level misalignment of the metallic 

electrode and insulating thin film [222]. Application of a field results in the lowering of this 

potential barrier through the interaction of the applied field with the electrode image force 

[221]. PF conduction on the other hand is the lowering of the trap barrier in the bulk of an 

insulator [221, 223].  

Functionally, both mechanisms result in an increase of current density after a potential barrier 

has been overcome, and are described by the equation [222]:  

 















2
1

2
1

0 exp
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JJ
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 (5.1) 

where J is the current density, J0 the low-field current density, V the applied voltage, kB is 

Boltzmann‟s constant in eV K
-1

, T is temperature in K, and d the thickness of the sample. The 

parameter β is the field-lowering coefficient (with units of eV m
1/2

 V
-1/2

) and is dependent on 

whether RS or PF conduction is present [223]: 
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where βRS is the RS field-lowering coefficient, βPF is the PF field-lowering coefficient, q the 

charge of an electron, ε0 the permittivity of free space and εr the dielectric constant of the 

material. The high frequency dielectric constant, ε∞, is used as the electrons are only near the 

potential barriers for a short time [220]. As PF and RS mechanisms are well defined 

theoretically, measured JV curves can be readily examined qualitatively for agreement with 

(5.1) by plotting the natural logarithm of J against the square root of the applied field. In the 

case that this results in a linear plot, RS and PF can be differentiated by determining the value 

of the field-lowering coefficient, β [221]. From (5.1), the slope, m, of ln (J) vs V
1/2

 will be equal 

to: 

 
2

1

exp

Tdk
m

B


  (5.3) 

where βexp is the experimentally derived field-lowering coefficient. If ε∞ is known, theoretical 

values of βRS and βPF can be calculated and compared with βexp. The value of β which gives the 

best agreement with βexp then determines whether RS or PF conduction is responsible for charge 

transport through the material [220-222].  

The final mechanism which may typically govern charge transport through an insulator is 

SCLC. In SCLC, carriers are injected into the cathode at a rate greater than they can be 

transported through the insulating layer, resulting in an excess carrier density at the metal-

insulator interface and formation of a space charge region [220, 224]. As the bulk properties of 

the insulator are the limiting factor in charge transport, the current density through the MIM 

device is given by the Mott-Gurney law [224]: 
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V
J r  (5.4) 
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where μ is the carrier mobility, V the applied voltage and d the film thickness. As transport 

through the film is bulk limited, the current density is a function of the insulating material‟s 

mobility, dielectric constant, and thickness, and should exhibit a quadratic dependence on the 

applied voltage. The latter two properties result in two ways to check whether SCLC is present. 

If multiple devices of otherwise identical properties are fabricated, and the thickness of the 

insulating layer is varied, a thickness dependence conductivity should be observed [224, 225]. 

Secondly, plotting ln (J) as a function of ln (V) would result in a linear curve, with a gradient of 

2. To determine whether SCLC is present in a device, analysis of log-log plots from devices 

fabricated with insulating layers of several thicknesses should be performed. If these conditions 

are satisfied for a known device geometry and εr is known from other measurements, the carrier 

mobility μ of the material can be determined by fitting of (5.4) to experimental data.  

All JV measurements were performed using a Keithley 2636A source meter on MIM structures 

using PDLA layers as the insulating layer with Al electrodes. Measurements were taken 

between 0 V and 200 V and 200 data points used, with a step size of ~1 V. The voltage was 

applied as a staircase function, where each level was held for 50 ms / point. Due to fact that the 

MIM structures are capacitive, care was taken to ensure the true leakage current was measured, 

as application of a voltage step to the structure results in high initial charging current. To 

overcome this, several measurements at each voltage level were performed so that the current 

transient associated with each step change in voltage was recorded. The leakage current was 

taken as the final point of each transient to produce the IV data. The measured current was then 

divided by the area of the MIM structure to obtain the current density. The two-probe 

measurement technique was used in initial testing and the resistivity of the samples was found 

to be high (~GΩ) while the resistance of the experimental apparatus was found to be very small 

(~Ω). Separation of the contact and spreading resistances were hence unnecessary to obtain 

accurate measurements of the sample resistivity and four-probe techniques were not required.  
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5.2.2 Determination of the dc Electrical Properties 

Measurements were performed on films deposited at energy levels of 10 W, 25 W, 50 W and 

75 W to determine whether electrical properties were subject to variation due to changes in the 

control parameter. As well, the JV curves of films deposited at 75 W for several deposition 

times were examined, to determine the thickness dependence of the electrical properties.  
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Figure 5.1: JV curves of PDLA thin films fabricated at various power densities 

The JV curves for 10 W, 25 W, 50 W and 75 W samples deposited for 60 minutes to form the 

insulating layer in Al MIM devices are presented in Figure 5.1. The current density was field 

dependent and shows the beginning of a sharp increase with applied fields above approximately 

80 V, though whether this dependence is quadratic or exponential is unclear. Over the range of 

applied field, the current density increased by approximately three orders of magnitude.  

The dc conductivity, ζdc, of the films was determined from the measured voltage, current and 

device geometry by: 

 
V

Jd
dc   (5.5) 
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Figure 5.2: Conductivity of PDLA thin films fabricated at various power densities 

where J is the current density, d the film thickness and V the applied voltage. Figure 5.2 shows 

that ζdc was also field dependent, however given the overall magnitude of the values considered 

(~10
-11

 Ω
-1

 m
-1

), the variation was small. The maximum value of ζdc occurred at the highest 

applied voltage of 200 V for all films and was on the order of  10
-12

 – 10
-11

 Ω
-1 

m
-1

. A strong 

correlation between samples deposited at higher power densities and lower values of ζdc was 

observed; there was an order of magnitude decrease in conductivity between the 10 W and 

75 W samples. There is a 200 nm difference in the thickness between these two samples as 

well, due to the difference in growth rates at higher power densities. As the conduction 

mechanism was not known, the variation in ζdc could not be solely attributed to structural 

changes induced by the increased power density; if SCLC were present, from the form of (5.4), 

thickness dependent conductivity is an expected result.  

The value of ζdc was very low, even compared with other amorphous, plasma deposited 

insulators such as plasma deposited thiophenes, which are on the order of 10
-4

 – 10
-8

 Ω
-1 

m
-1

, 

and plasma deposited polyanilines on the order of 10
-6

 – 10
-8 
Ω

-1
 m

-1
 [29, 226]. In the case of 
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electronic devices utilising PDLA dielectric layers, leakage currents through the material would 

be comparatively lower than many other polymer interlayer alternatives for a given geometry.  
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Figure 5.3: PF plot of experimental data 

Figure 5.3 shows the same data as Figure 5.1, replotted on a semilog scale as a function of the 

square root of applied voltage. Due to the form of (5.1), a linear relationship between ln (J) and 

V
1/2

 would imply the presence of either PF or RS transport. Figure 5.3 shows two distinct 

regions of linearity in the PF plot; a low field region below V ≈ 36 V and a transition to a high 

field region above V ≈ 64 V.  This is indicative that multiple regimes of charge transport were 

present in the material. While linearity exists on the PF plot, based solely on Figure 5.3 it is 

difficult to state conclusively whether PF or RS mechanisms were dominating charge transport 

due to the presence of multiple regimes. A log-log plot of the experimental data was examined 

to determine whether SCLC better described the current-voltage relationship. Two regions of 

linearity were also present in the SCLC plot shown in Figure 5.4, at roughly the same voltage 

cut-offs as described for Figure 5.3. 
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Figure 5.4: Log-log plot of experimental data 

The low-field region in both plots is likely due to Ohmic conduction, i.e. [214]: 

 
d

V
qnJ o

 (5.6) 

where JΩ is the Ohmic current density, no the carrier concentration and q the electron charge. 

Ohmic conduction describes injection of carriers through the bulk of the material, limited only 

by the device geometry and number of carriers available for transport and the material mobility. 

In this region electrode and potential barrier effects have not yet begun to dominate charge 

transport through the device.    

Simple qualitative analysis of both the PF and SCLC plots of the JV data was not sufficient to 

determine the nature of charge transport through the device; there was no clear and single 

region of linearity across the range of applied voltage and both plots show sections of linearity. 

Further analysis of both PF/RS and SCLC mechanisms was performed to assist in the 

characterisation of the material.  
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Figure 5.5: PF fit to high field region 

Figure 5.5 shows the result of a linear fit to ln (J) vs V
1/2

 applied in the region of V
1/2

 > 10 V. In 

this region a linear fit (in the form of (5.1)) described the JV characteristics well, with R
2
 values 

typically greater than 0.99. From this fitting and (5.3), the βexp values for the samples were 

determined and are summarised in Table 5.1. The theoretical value of β was derived from the 

value of ε∞ found from VASE measurements, which may contribute to the discrepancy between 

the theoretical and experimental values observed. The values of βexp for all samples are 

approximately equal at 1.3 x 10
-5

, and only the 75 W sample was slightly lower, at 1 x 10
-5

. 

These values were in best agreement with the theoretical βRS of 2.45 x 10
-5

 rather than the βPF 

value of 4.90 x 10
-5

, indicative that from the context of a field activated mechanism, RS 

transport was prevalent.  

An implication of the similar βexp values for all samples is that, due to its relationship to ε∞, the 

relative permittivity was similar for all samples, regardless of power density used. This was in 

agreement with the behaviour of the relative permittivity estimated from VASE measurements 

discussed in Chapter 4. 
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Table 5.1: Theoretical and experimental β values (eV m
1/2

 V
-1/2

) from JV measurements 

Power βRS βPF βexp 

10 

2.45 x 10
-5

 4.90 x 10
-5

 

1.317 x 10
-5

 

25 1.325 x 10
-5

 

50 1.374 x 10
-5

 

75 1.000 x 10
-5 

 

If electrode limited transport were the only mechanism present there should not be a 

dependence of conductivity (and hence current density) on the thickness of the insulating layer 

in the device. To confirm that RS conduction dominated, samples were fabricated with 

insulating layers deposited using 75 W input energy and three different thicknesses, and the 

leakage current through these devices measured as a function of applied field.  

Figure 5.6 shows a dependence of the measured current density on the thickness of the sample, 

for devices fabricated under otherwise identical deposition conditions. It would appear that 

carrier transport was a bulk limited process. However, the log-log plot of the measured data, as 

shown in Figure 5.4 is not linear across the entire range, and in the linear regions, the slope 

present is greater than 2. From (5.4), and the quadratic dependence of J on V, it is expected that 

this would be the case when SCLC is present. Despite this, the thickness dependence of 

conductivity could not be adequately explained by either RS or PF mechanisms and space 

charge effects must have been present to limit the overall current density through the devices.   

Figure 5.6 also illustrates the breakdown behaviour of the material. The source meter used was 

set to limit the current to 100 μA; the transition from the continuous behaviour to the constant 

value of 20 A m
-2

 shows occurrence of electrical breakdown, where current through the 

insulator was limited only by the source meter. 
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Figure 5.6: Current density versus applied field for different insulator thicknesses 

For samples of all thicknesses, the field at which breakdown occurred, Fb was approximately 

1.8 MV cm
-1

 and was independent of film thickness. The value of 1.8 MV cm
-1

 is comparable to 

plasma deposited polypyrrole, which has a reported value of 1.5 MV cm
-1

 [52], and similar to 

octafluorocylcobutane fabricated in the low pressure regime from a monomer injected into the 

system upstream from the plasma field which has a reported value of 2 ± 0.5 MV cm
-1

 [227]. 

The loss tangent of PDLA films is lower than both of these materials and its dielectric constant 

lies roughly between the two. The minimum field for low-κ dielectrics has been identified as 1 

MV cm
-1

 [58], which was met by the  PDLA thin films. The Fb of plasma deposited benzene 

thin films could be nearly doubled through adjustment of deposition parameters such as 

monomer inlet location, deposition rate and deposition pressure and it is likely that Fb of PDLA 

layers could be increased through further optimisation of deposition procedures for this 

particular variable [227]. 

An additional possibility is the presence of SCLC with trapping effects (TSCLC) due to 

imperfections in the insulator structure. Giving consideration to the expected highly 
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fragmented, randomly terminated, radical rich structure of PECVD thin films, the manifestation 

of trapping effects in JV characteristics could be reasonably expected. TSCLC is characterised 

by three distinct regions of JV dependence as shown in Figure 5.7. The JV characteristic of 

devices dominated by TSCLC will fall within a triangle formed by three regimes of operation 

[214, 228]. These regimes are the Ohmic regime, as described by (5.6), which is active in the 

low field region and forms the lower edge of the triangle. In this region, conduction is limited 

by trapping effects. When the trapping sites have been filled, there is an inrush of carriers and a 

sharp rise in current with a small increase in applied field. This is known as the Traps Filled 

Limit (TFL) region, and forms the right edge of the triangle. This edge is vertical at the extreme 

limit, and is characterised by a region of the JV curve with a slope greater than 2 on a log-log 

plot. The TFL current density is given by [214, 228]: 
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where NV is the density of states (DOS) at the HOMO, Nt the density of traps and L a parameter 

related to the slope of the curve. After the sharp increase of current following the filling of trap 

sites, space charge begins to form and limit bulk conduction, and the JV curve approaches the 

limit of SCLC in the high field region. This is in the form of (5.4), and extrapolation of this 

behaviour into the low-field region forms the hypotenuse of the triangle. Figure 5.4 and Figure 

5.6 show measurements which fall inside such a triangle in all cases. In Figure 5.4 sufficient 

field has not been reached to reach SCLC and hence no region of the curve has the expected 

slope of 2.  
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Figure 5.7: TSCLC regimes [228] 

In Figure 5.6 it is seen that when significantly high fields were applied, dielectric breakdown 

occurred prior to the formation of a space charge and manifestation of SCLC effects. This is not 

uncommon for materials which display this behaviour [214]. By extrapolating the SCLC section 

of the curve to the low field region, and finding the intersection with the Ohmic region, the 

carrier concentration can be determined. Due to the large number of assumptions required to 

verify TSCLC conduction, and the fact that no true trap free SCLC region was identifiable in 

the JV data, it was impossible to definitively determine whether TSCLC was the mechanism 

responsible for charge transport. Due to this, no detailed analysis regarding TSCLC (e.g. 

extraction of mobility) was undertaken. RS conduction gave the best agreement with theoretical 

models and was assumed to be the dominant mechanism, though due to the observation of 

thickness dependent conductivity, it is believed that space-charge effects were also present. 
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5.3 AC Analysis 

5.3.1 IS Measurements 

5.3.1.1 Theory and Methods 

The Hioki 3522 LCR meter used for measurements is capable of measuring multiple impedance 

parameters. In these investigations, the magnitude and phase of the impedance, loss factor 

(tan δ) and equivalent series and parallel capacitances were measured. The series and parallel 

capacitances gave identical values in these investigations and are denoted as the parameter C. 

From C and knowledge of the MIM structure‟s geometry, it was possible to determine the real 

part of the permittivity of the material as a function of the measured frequencies using the 

relationship: 

  
A

dC

o

r


   (5.8) 

where d and A are the thickness and cross-sectional area of the MIM structure, C the measured 

capacitance and εo the permittivity of free space. Knowing εr(ω) and tan δ it was possible to 

determine the imaginary part of the permittivity as a function of frequency: 
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where ω is the frequency in rad s
-1

 and ζ(ω) is the conductivity of the sample. As can be seen in 

Figure 5.2, the dc conductivity of the samples was very low. The ac conductivity of the samples 

as a function of frequency was determined from the measured impedance and device geometry: 
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(5.10) 

where Y is the device admittance and θ the phase angle of the device impedance.  
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5.3.1.2 Measurements under Ambient Conditions 

IS measurements were performed on samples deposited at 10 W, 25 W, 50 W and 75 W for 30 

minutes, forming the insulating layer in MIM structures. The ac conductivity determined from 

measurements and (5.10) is shown in Figure 5.8, where the low frequency conductivity of 

~10
-11

 Ω
-1

 m
-1

 was in good agreement with the low field region of the dc conductivity shown in 

Figure 5.2. As frequency reached the upper limit of the measured range at 100 kHz, the ac 

conductivity remained small, at less than 10
-6

 Ω
-1

 m
-1

.  
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Figure 5.8: AC conductivity from ambient IS measurements 

Rearrangement of (5.9) to isolate εi(ω) results in: 

  
   









tanr
i  (5.11) 

The effect of low conductivities in (5.11) is entirely negligible, and hence it can be simplified 

to: 

      tanri   (5.12) 
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Figure 5.9: (a) Real and (b) Imaginary part of the complex permittivity of samples deposited at 

various RF powers 

Figure 5.9 shows the complex permittivity of four samples taken under ambient conditions. 

Noise in the measurement in both the real and imaginary parts was due to the instrument 

automatically adjusting its measurement range and unfortunately could not be controlled. The 

measured loss tangent is related to the measured impedance phase angle, which in the region of 

high noise varied by less than 1°, and put the device at the limits of its phase resolution. Both of 

these factors contributed to high levels of noise, particularly in the loss tangent, which 

influenced the imaginary part of the permittivity shown in Figure 5.9.  

All samples had approximately the same frequency dependence of the dielectric constant and 

there was a small variation in value depending on the fabrication power used. The behaviour 

correlates well with data from Section 5.2, where βexp, proportional to the material‟s dielectric 

constant, was found to be constant for samples fabricated with the different input RF powers. In 

the low frequency region, the higher dielectric constant has been previously reported for other 

plasma deposited thin films [51, 52]. This effect is attributed to interfacial phenomena at the 

metal/insulator interfaces such as the formation of depletion regions and interfacial 

polarisations, due to inefficiency of charge migration through the interface under applied 

electric field [52, 229, 230]. At higher frequencies however, interfacial phenomena become less 

dominant, and the measured capacitance approaches the bulk, or insulator capacitance [229]. In 
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this region, the dielectric constant for all samples remained steadily decreasing. The dielectric 

constant is composed of contributions from electronic, ionic and orientational polarisations, i.e.: 

 nalorientatioionicelectronicr    (5.13) 

Considering the refractive index at optical frequencies where only electronic phenomena 

contribute to the dielectric constant [227], we obtain: 

 
2nelectronic   (5.14) 

From the optical data, the refractive index at an optical frequency of 700 nm is approximately 

1.55, resulting in electronic of 2.4. Hence, electronic phenomena contribute to approximately 70 - 

80% of the determined dielectric constant at frequencies greater than 10 Hz. The remaining 

contributions were therefore from ionic and orientational phenomena in the bulk of the plasma 

deposited thin film. These contributions were low due to the large amount of crosslinking 

induced by the plasma deposition process which resulted in a lack of molecular mobility, and 

the low ionic polarisation of molecular structures present in the bulk of the material [227]. It is 

also thought that increased molecular mobility available in samples deposited at lower input 

energies due to a decrease in crosslinking may explain the higher dielectric constant of these 

samples. The contribution of ionic and orientational in PDLA thin films is slightly larger than those 

reported for other PECVD thin films [227].  

Figure 5.9b presents i(ω) across the measured frequency spectrum. All samples showed similar 

behaviour, reaching a minimum value at approximately 100 Hz before beginning to increase 

again. In the measured spectrum, no signs of α- or β-relaxation peaks were evident. Both the 

magnitude and characteristics of the loss values as a function of frequency are similar to other 

plasma deposited thin films [49, 51], though PDLA films generally had losses lower than these 

(tan  < 2 x 10
-2

) across the measured frequency spectrum. Given the relatively low 

measurement temperature, it is likely that relaxation peaks existed outside the measured 

frequency range. The minimum in Figure 5.9b is indicative of relaxation peaks at higher or 
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lower frequencies. To investigate this, impedance spectroscopy measurements were carried out 

at 323 K, 333 K, 343 K and 348 K on samples fabricated at 75 W. Only samples fabricated at 

one power level were investigated due to the similarity in the dielectric characteristics of 

samples deposited at different energies as presented in Figure 5.9.  

5.3.1.3 Measurements as a Function of Temperature 
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Figure 5.10: (a) Real and (b) Imaginary part of the complex permittivity of samples deposited at 

75 W, measured at varying temperatures 

The maximum temperature investigated was 348 K as the conducting epoxy used to attach the 

electrodes to the devices began to breakdown shortly thereafter. Figure 5.10a shows the real 

part of the measured permittivity at four different temperatures, as well as the measured data 

under ambient conditions (T = 298 K). The imaginary part of the measured dielectric function 

at these temperatures is presented in Figure 5.10b. In contrast to the ambient temperature 

measurements, clear evidence of distinct relaxation features was visible in the measured data at 

all temperatures, shifting from lower to higher frequencies as temperature increased. The peaks 

are wide, indicating contributions from multiple relaxation times. 

Typically, a material which has a single relaxation peak such as that observed in Figure 5.10b, 

is described by a characteristic Debye relaxation, as single peaks tend to exhibit a single 

characteristic relaxation time [217]. The complex dielectric function produced from a single 

Debye relaxation is given by [231]: 
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where εs and ε∞ are the low and high frequency dielectric constants respectively, j is the 

imaginary unit and ηD is the characteristic Debye relaxation time. The relationship in (5.15) 

describes a symmetric relaxation peak centred on ηD, which decays quickly to 0 at low and high 

frequencies, as shown in Figure 5.11. 

10 100 1000 10000 100000
0

2

4

6

8

10

12


r

Frequency (Hz)

0

1

2

3

4

5


i

 

Figure 5.11: Complex dielectric function produced by a Debye relaxation 

As the imaginary part decays to 0 at high and low frequencies, the real part reaches a constant 

value at low and high frequencies. These constants, which εr(ω) moves between, are defined by 

the parameters εs and ε∞. The goal of analysis was to determine key parameters by fitting of 

theoretical models, such as (5.15), to the experimental data shown in Figure 5.10. It can be seen 

in Figure 5.10 that at low and high frequencies the loss had not decayed to zero and that the 

relative permittivity had not reached a constant value, but was slightly decreasing. Fitting of 

(5.15) to the experimental data resulted in a poor fit, as seen in Figure 5.12. 
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Figure 5.12: (a) Real and (b) Imaginary part of the complex permittivity (points) and fit using 

Debye relaxation model (lines) 

As expected, the low and high frequency regions were described poorly by the Debye model, 

although the main peak was well described. This is indicative of a main, dominant relaxation 

feature, and it was expected several additional features distributed across lower and higher 

frequencies were needed to account for the losses in these regions. In a generalised case, the 

dielectric function of a material can be described by the weighted superposition of Debye 

relaxations [231]: 
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where g(η) is a continuous function describing the distribution of relaxation times. Known 

distributions are often assumed for g(η), such as the Hevriliak-Negami (HN), Cole-Cole (CC) 

and Davidson-Cole (DC) distributions [231]. In addition, the distribution could be composed of 

several of each of these, so long as the normalisation condition, defined by (5.17) is met [231]: 

  




1 dg  (5.17) 

The parameters defining the distributions can then be allowed to vary and the model fit to the 

experimental data. However, this method requires a priori knowledge or assumptions regarding 

the expected distribution of relaxation times if a fit of any quality or physical significance is to 
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be obtained. If nothing about the distribution of relaxation times is known, as was the case in 

this work, it is arbitrary to assume a general form of g(η). Instead, it would be better to 

determine the function g(η) directly from the data itself, without presumption of any particular 

shape. Mathematically, determining g(η) from (5.16) is a Fredholm integral equation of the first 

kind, which is an ill-posed problem [232]. Considering that εc(ω) is measured at a discrete set of 

frequencies, ωn, where n = 1, 2, 3,..., N, (5.16) can be converted to a matrix equation: 

 gε A  (5.18) 

where ε is a vector of N complex observations, εn, at each frequency ωn, modified by constants 

εs and ε∞ to reflect the left hand side (LHS) of (5.16), g is a vector of length M, where each 

element gm is the value of the distribution function at some discrete relaxation time, ηm, taken 

from the vector η where m = 1, 2, 3, ..., M. The elements of η are logarithmically spaced such 

that the difference between consecutive values is a constant, denoted by Γln(η). Finally, A is a 

kernel matrix which acts on g to produce the behaviour defined in (5.16), where each element is 

given by: 
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The goal is to determine the value of g from the kernel matrix A and the observations ε. 

However, two problems arise; first, ε will always contain some contribution from measurement 

noise, εδn, and deviate from the true value by some small amount [233]. Secondly, examining A, 

while the length of ω is determined from the number of experimentally measured points, the 

length of η is completely arbitrary – there can be as many or as few relaxation times as desired. 

Thus (5.18) is an ill-defined system, and due to the nature of A, small deviations in ε (such as 

those from εδn) will cause large variations in g if least squares or matrix inversion methods are 

used to obtain a solution [232, 233]. 

Consider the case where a known HN distribution has been used to create a complex dielectric 

spectrum. Using this spectrum as the experimental data, ε, the generating distribution function 
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g(η) can be obtained from matrix inversion methods. No noise or error has been added to the 

observation vector. The generating distribution function and subsequent solution are shown in 

Figure 5.13. 
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Figure 5.13: Generating distribution function (crosses) and solution (line) with no noise  

The solution provides a good estimate to the function that generated it. However, if a small 

amount of randomly distributed noise is added to the generated complex dielectric function 

prior to solving for g(η), the solution quickly deteriorates: 
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Figure 5.14: Generating distribution function (crosses) and solution (line) with noise added 
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The same solution method, while yielding a good fit to the experimental data, produces a 

meaningless result for the distribution of relaxation times, and thus is not appropriate to apply to 

experimentally obtained data. Even were the result not as obviously inaccurate as that in Figure 

5.14, it would still be impossible to know whether the solution obtained was correct, and 

whether features present were a result of the actual behaviour of the sample or due to the 

influence of noise in the measurement.  

In order to obtain an approximate solution for g which only deviates slightly from the true 

distribution when obtained from a noisy measurement, regularisation methods must be used. In 

the case of spectroscopy problems, Tikhonov regularisation methods have been applied [232-

234]. Considering the solution to (5.18) as a minimisation problem: 

 min
2
 gε A  (5.20) 

where || . || is the standard 2-norm of a vector. Tikhonov regularisation introduces an extra term 

to (5.20) related to the norm of g: 

 min
22
 ggε LA   (5.21) 

where λ is the regularisation parameter and L is the Tikhonov matrix. L is often the identity 

matrix, but may also be a second order difference operator such that a smoother solution is 

forced [232, 234, 235]. In this work the identity matrix was used for L. Introduction of the 

second term forces a solution which minimises the residuals as well as the solution norm. This 

forces a solution which fits the experimental data well, but remains well behaved. The balance 

between the priority of these factors is determined by the regularisation parameter, where small 

λ will result in the solution approaching that of (5.20) and becoming more influenced by noise 

in the measurement, while large λ will result in an overly smooth solution with a very small 

norm, essentially approaching zero. Correct choice of the regularisation parameter is therefore 

important – very high values for this parameter will result in solutions which may have had 

critical features inadvertently removed, while too small λ may introduce features which begin to 
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diverge from the true behaviour of g(η). (5.21) can be solved directly to find the optimum 

solution, gmin as [235]: 

   εgmin

HHH ALLAA
1

   (5.22) 

where H is the Hermitian transpose. There are several methods used to choose the value of λ, 

the most common of which is the L-curve method [235-238]. (5.21) is solved using a range of 

values for the regularisation parameter via (5.22), and the residual norm and solution norm 

recorded. A log-log plot of ||ε – Ag||
2
 vs ||Lg||

2
 is then produced. When λ is very small, the 

solution of (5.21) approaches that of (5.20), and the residual norm is very low, while the 

solution norm is very high. As λ increases, the residual norm stays relatively constant for a 

period of time, while the solution norm decreases. Eventually a point is reached where the 

solution norm is not decreasing, however the value of the residual begins to increase. Thus, as λ 

moves from small through large values, a curve with the shape of an L is traced, the corner of 

which represents the optimal balance between the minimised residual and solution norms.  

As an alternative to the L-curve method, ordinary cross validation can be used to estimate λ 

[235]. In this method, at some λ, gminK is determined from (5.22), where the k
th
 element of ε has 

been removed. This value is then estimated from AK x gminK, where AK is the k
th
 row of A. This 

is carried out for all k, and the cross validation function defined as [235]: 
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V
1

21
minKKgA  (5.23) 

This function is then evaluated across a range of λ, and the value corresponding to the minimum 

of Vo(λ) taken as the regularisation parameter. In order to determine the most appropriate 

method for selection of λ, simulated dielectric spectra were produced from known distributions 

g(η), with uniformly distributed random noise of known magnitude added. L-curve and ordinary 

cross validation methods were used to determine the value of λ, then used to solve (5.21) for 

gmin. 
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A known distribution function consisting of the superposition of several HN distributions was 

used to generate a complex dielectric function, and uniform random noise added to form a 

simulated measurement spectrum. The solution for gmin was then determined via regularisation 

methods, using both L-curve and cross validation to determine the value of the regularisation 

parameter. The solution gmin and the generated distribution were then compared to each other.  
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Figure 5.15: (a) Generated L-curve and (b) Resulting relaxation time distribution (line) 

compared to generating distribution (crosses)  

Figure 5.15 shows the generated L-curve and solution for g(η), gmin when the L-curve method 

was used to determine λ. Despite a very clear and distinct point representing the optimal value 

of λ, Figure 5.15b demonstrates that in this case, the L-curve method resulted in a value of λ 

which was too low, and allowed a solution with many erroneous features, not present in the 

relaxation distribution used to generate the data.  

Figure 5.16 shows the generated cross validation function and resulting solution utilising the 

value of λ determined from this method. Figure 5.16a shows a clear minimum in the function 

Vo(λ), while Figure 5.16b shows very good agreement between the resulting solution, gmin and 

the function originally used to generate the data. For several cases, this behaviour was repeated, 

where the L-curve method provided a value of λ which underestimated what was required to 

obtain the true solution, while the cross validation method produced consistent and accurate 

results. For this reason the cross validation method was chosen to determine the optimal value 



  Chapter 5: Electrical Characterisations 

126 

 

for regularisation parameter when applying the method to the actual experimental data, 

presented in Figure 5.10. 
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Figure 5.16: (a) Generated Vo(λ) and (b) Resulting relaxation time distribution (line) compared 

to generating distribution (crosses) 

The relaxation time distribution function which was used to generate the testing data in this 

example is the worst-case scenario; there were several superimposed distribution functions, 

which had very close overlap. Such features are very difficult to distinguish from one another, 

however the cross validation method provided results which revealed the complex underlying 

distribution function and was suitable for application to the experimental data.  

Prior to analysing the experimental data, one final step was added to the method to determine 

the optimal solution gmin and the distribution of relaxation times of the material. The solution 

obtained from (5.22) does not necessarily satisfy the constraint implied in (5.17), i.e. the 

solution gmin may not meet the normalisation criterion, and additionally, may include negative 

values which lack any physical meaning. To account for this, the overall method used is 

illustrated in Figure 5.17. 
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Figure 5.17: Method to determine the distribution of relaxation times from experimental data 

The method consisted of three stages:  

1. The initial dielectric spectra is fitted assuming a HN distribution, to obtain an estimate 

for the parameters εs and ε∞, which were required to generate the vector of observed 

spectra, ε, which was scaled by these parameters.  

2. Using the measured data εc(ω) and the estimated parameters εs and ε∞, ε was obtained 

and a solution to gmin determined using (5.22) and the cross validation method. 

3. Using the optimal value of λ and gmin from stage 2) as a starting estimate, gmin was 

again determined, this time from (5.21) using optimisation, subject to the constraints 

that the solution be normalised and positive.  
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Figure 5.18: (a) Real and (b) Imaginary part of the complex permittivity (points) and fit using 

distribution of relaxation times (lines) 

Figure 5.18 shows the real and imaginary components of the dielectric function generated from 

the determined distribution functions at the measured temperatures. Better agreement between 
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experimental and modelled data was seen compared to when a single HN distribution was used 

as the underlying dielectric function as in Figure 5.12, particularly in the imaginary component 

of the data, where the issue of underestimating this data outside the range of the peak was no 

longer present. The most significant deviation of the model from the measured spectra occurred 

at low frequencies in the real part of the dielectric function. In this frequency range, the 

impedance of the device under test is became significant, reaching the limits of the 

measurement device. In addition, at lower frequencies the measurement error in the magnitude 

and phase of the LCR meter became larger. At these frequencies, due to the increased error in 

impedance due to the high impedance of the sample and higher measurement error, there was 

likely a larger amount of error in the measurement which produced this behaviour. Interfacial 

and polarisation effects, which were not modelled, may also have influenced the measured 

dielectric behaviour [49, 52]. 
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Figure 5.19: Distribution of relaxation times evaluated from dielectric spectra at (a) 323 K (b) 

333 K (c) 343 K and (d) 348 K 
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The approximate discrete relaxation time distributions derived from measurements at each 

temperature are displayed in Figure 5.19 as histograms, showing the relative contribution of 

each relaxation time to the overall dielectric function. Each of the distributions showed similar 

important features. All distributions showed a dominate feature of higher magnitude than the 

others, which moved to smaller relaxation times as the temperature increased. This feature was 

generally left skewed, and corresponded to the peak measured in the imaginary permittivity 

data. Outside of this peak there were approximately four additional peaks which contributed to 

the overall dielectric function. These were all of similar magnitude and produced contributions 

which account for losses beyond the main peak in the imaginary permittivity data. The 

behaviour at relaxation times below the principle group characteristic to measurements at 

323 K, 333 K and 343 K was not present in the sample measured at 348 K. This is due to the 

fact that at 348 K, a large portion of the relaxation peak was outside the measurable frequency 

range of the meter. In the absence of features to fit to, there was no reason for the model to 

produce any non-zero relaxation behaviour in this region. It is believed that if the full peak were 

able to be recorded, the extra peak in the relaxation time distribution would be present. A 

similar argument is made for the peaks at the slower relaxation times in the measurement taken 

at 323 K, where the low frequency portion of the loss peak was cut off due to frequency 

limitations.  

The presence of these additional peaks in the relaxation time distribution reveals information 

not immediately evident from the dielectric spectroscopy measurements, which indicated the 

presence of a single relaxation process. In actuality, while one process dominates, the overall 

response was determined from the superposition of multiple additional processes. Correlating 

this behaviour to exact structural features is an extremely difficult task especially in the 

presence of multiple relaxation processes, and even in the case of so-called simple polymer 

networks, a subject of much debate [239-241]. The presence of these features does however 

further demonstrates the high fragmented, crosslinked nature of the plasma deposited films. 
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From the initial stages of fitting, the low frequency dielectric constant, εs was found to be ~11 

in all cases, and the high frequency dielectric constant was found to be ~3. The high frequency 

value was in good agreement with those obtained in Chapter 4 and Section 5.2 of this chapter. 

5.4 Microwave Measurements 

5.4.1 Theory and Methods 

The SPDR technique was used to determine the high frequency dielectric constant and high 

frequency loss tangent at frequencies of 10 GHz and 20 GHz. TE10δ mode SPDRs with resonant 

frequencies of 10 GHz and 20 GHz were used to first measure the resonance frequency and 

Q-factor of the resonant cavity with a quartz substrate with no deposited film present. 

Subsequent to film deposition, the resonant frequency and Q-factor of the resonators were again 

measured. From the shifts in resonance frequency and Q-factor induced by samples, εr was 

numerically determined from (5.24) [216]: 

  
frsf
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r
hKfh

ff

,
1







  (5.24) 

where fs is the resonant frequency of the SPDR with the substrate only, ff is the resonant 

frequency of the SPDR with the substrate and deposited film, hf is the thickness of the film and 

Kε is a function of εr and hf, the value of which is evaluated using the Rayleigh-Ritz technique 

[216]. Iterative procedures are then used to evaluate further values of Kε and εr until 

convergence is reached. The loss tangent tan δ was then determined from (5.25) [216]:  

   escDR QQQ 
111

0tan


  (5.25) 

by measuring the unloaded Q-factor of the resonator, Q0, with and without the sample present, 

where QDR
-1

 is the loss due to the metallic part of the resonator, Qc
-1

 is the loss due to the 

dielectric part of the resonator and ρes is the electric field filling the cavity. An Agilent 

Technologies E8364B network analyser and custom software was used to measure the resonant 
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frequency and Q-factor for all microwave measurements and derive the permittivity and loss 

values from these.  

5.4.2 SPDR Measurements 

SPDR measurements were conducted on three films on quartz substrates, deposited for 60 

minutes at 25 W such that their thickness was sufficient to minimise errors in the measurement 

and ensure a sufficient shift in the resonant frequency of the cavity [242].  

Table 5.2 shows the determined values for the real part of the permittivity and the loss tangent 

at 10 GHz and 20 GHz for these samples. There was large deviation in the measurement 

between samples, attributed to the high sensitivity of the SPDR measurement technique to small 

variations in the material‟s properties induced by changes in temperature and humidity for 

example, as well as small variations in the samples‟ thicknesses and the inability to measure this 

property in the exact location that the measurement was taken. Examining the average values 

obtained in the last row of the table, the high frequency dielectric constant of the samples was 

approximately 2.4 at both frequencies, though there is an apparent decrease as frequency 

increases, which was expected. The determined value of 2.4 is in good agreement with 

estimates obtained from VASE and IS measurements. 

Table 5.2: Dielectric properties of PDLA thin films determined from SPDR measurements at 

microwave frequencies 

Sample εr (10 GHz) εr ( 20 GHz) tan δ (10 GHz) tan δ (20 GHz) 

1 2.17 2.57 0.03 0.03 

2 2.75 2.10 0.07 0.07 

3 2.38 2.40 0.05 0.05 

Average (μ ± ζ) 2.44 ± 0.29 2.36 ± 0.24 0.051 ± 0.023 0.058 ± 0.023 
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5.5 Conclusions 

In this chapter, the electrical properties from dc up to 20 GHz have been presented. These 

electrical properties provide information regarding the material‟s conductivity and resistivity, as 

well as its permittivity, which in turn can be used to create devices with precisely defined 

electrical behaviour with respect to resistance and capacitance.  

From the shape of the JV curves, several possible mechanisms for the conduction mechanism 

were found. A PF plot showed a clear relationship between ln (J) and V
1/2

 and further analysis 

showed agreement between the experimental result and the predicted result from a RS 

mechanism. However, neither of these mechanisms predicts thickness dependent conductivity, 

which was observed in the material when measurements of different thickness samples were 

performed. To explain this behaviour, SCLC was explored. Pure SCLC was not observed to 

occur, however the shape of the experimental curves did correlate to a degree with that 

predicted by TSCLC. All samples reached their breakdown limit prior to behaviour expected 

from TSCLC being observed, and hence no analytical results could be obtained. Given the very 

good agreement between the experimental results and different aspects of both RS conduction 

and TSCLC, it is believed that a mixture of the two regimes determines the charge transport 

through the material, where both interface and bulk effects limit the conductivity. The 

breakdown field of the material, regardless of thickness, was found to be approximately 

1.8 MV cm
-1

 and is sufficient for applications in organic electronic devices 

IS measurements were performed on samples in ambient conditions, and repeated in a heated 

environment for samples deposited at 75 W, in both cases across a frequency range of 10 Hz – 

100 kHz. Samples measured in ambient conditions had a relative permittivity of ~3 at high 

frequencies and low loss. No peaks or evidence of relaxation were notable in the dielectric 

spectra in the room temperature measurements, however subject to heating, peaks in the loss 

spectra became evident, shifting to higher frequencies as temperature increased. Significant 

steps were taken to obtain a theoretical model which exhibited the shape and nature of the 
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measured dielectric spectra at each temperature. It was found that multiple peaks in the 

relaxation time distribution were present, with one principle peak correlating to the single loss 

peak in the dielectric spectra, and several secondary peaks at shorter and longer relaxation times 

to account for the non-zero low and high frequency losses observed in the experimental data. 

The presence of these multiple peaks suggests a highly complex structure consisting of several 

principle components. Orientational and ionic phenomena were shown to make a small 

contribution to the total dielectric constant at high frequencies and became more significant at 

lower frequencies, indicative of low mobility and fixed molecular structures in the material.  

The permittivity and loss tangent were measured at two MW frequencies using the SPDR 

technique. A dielectric constant of ~2.4 was found from the average of three samples deposited 

at 25 W, and the loss tangent was found to be ~0.05 from the same set of samples, both of 

which were in good agreement with both the optical measurements performed in Chapter 4 and 

estimates of ε∞ determined from IS measurements. 

PDLA thin films were shown to be highly insulating with low relative permittivities, and the 

relationship between the material geometry and a device‟s electrical behaviour precisely 

defined. These results show that the material is a promising candidate for use in electrical and 

electronic devices for several applications, where its high resistivity and breakdown field are 

desirable, while its low permittivity ensures that interference due to parasitic capacitances and 

cross talk are minimised. Further, insight into the structure of the material has been provided 

through structural features revealed in IS measurements subject to heating and examination of 

the electrical conduction mechanisms. The expected electrical characteristics of the material 

described in the previous chapter based on band gap measurements were confirmed, and the 

material is a strong candidate for applications in organic electronics where its low permittivity, 

high resistivity, flexibility and transparency can be exploited. Results from this chapter 

provided the foundation for the construction of such devices. 
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Table 5.3: Summary of chapter results 

Property Investigated Parameter Remarks Power Dependence Relationship 

DC Electrical 

ζdc ~10-11 Ω-1 m-1 High 
Order of magnitude increase when 

deposited at higher powers 

Conduction Mechanism RS/TSCLC None - 

Fb ~1.8 MV cm-1 - - 

AC Electrical/Structural 

εr εs ≈ 11, ε∞ ≈ 3 Small 
Decrease in permittivity as power 

increased 

εi ~0.05 None - 

ζac ~1 x 10-7 Ω-1 m-1 at 100 kHz None - 

g(η) 
One dominant peak, multiple 

secondary peaks 
- - 

Microwave Electrical 

εr ~2.4 - - 

tan δ ~0.05 - - 
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Chapter 6: Compatibility with Organic Electronic 

Device Fabrication Techniques 

6.1 Introduction 

A wide range of organic electronic devices can be made, such as OLEDs, OPVs and OFETs. 

Fabrication of these devices can require multiple deposition techniques, such as thermal 

evaporation, spin coating, drop-casting, ink-jet printing and transfer printing. In addition, 

complete devices also require the deposition of multiple sub-layers to form the conducting, 

semiconducting and insulating layers which define the device geometry and determine its 

overall behaviour.  

Considering the OFET, the OSC layer, which is typically deposited on top of the dielectric 

layer, can be either thermally evaporated or solution processed. If thermal evaporation is used, 

the dielectric layer may be exposed to high temperatures for long periods of time, and if the 

OSC is solution processed, the dielectric will be coated in organic solvents such as chloroform, 

dichlorobenzene and toluene. The device may subsequently be heated to anneal the solution 

deposited layer and remove excess solvent [126, 243]. It is important that the deposited layers 

are not adversely affected by these processing methods so that the completed device behaves 

correctly. Due to the sensitive nature of OSCs, it is important that the use of new materials does 

not adversely affect the final properties of the OSC layer. A poor interface between the 

dielectric and OSC layer can lead to severe device degradation, or devices which fail to work 

[197].  

Solution processing methods are becoming a more important means of OSC fabrication as 

organic electronic technology develops [124, 244, 245], in principle due to the low associated 

cost and high potential throughput if techniques such as inkjet and roll-to-roll printing can be 

perfected. In these processing methods, OSC powder is dissolved in an organic solvent and 

applied to surface of the device through a variety of methods, and depending on the 
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architecture, may be directly on the dielectric layer. The interface between the OSC and the 

dielectric is of critical importance for the overall operation of the device [197], and hence it is 

important to predict what interactions may take place during the fabrication process.  

In this chapter, the compatibility of PDLA thin films with typical organic electronic devices 

was investigated. Processing techniques required for the OFET were the principal focus given 

their prevalent role in electronics and detailed study in literature. The effects of thermal 

annealing and solution processing on dielectric layers were also investigated. The thermal 

characteristics of PDLA were studied by monitoring the thickness and optical properties of 

samples under heating through VASE measurements. To understand the interaction of the 

material with organic solvents, its surface properties were investigated using CA measurements. 

The effect of PDLA layers as a substrate for growth of OSCs was investigated by examining the 

effect of a PDLA dielectric surface on the growth of an organic semiconductor using AFM and 

VASE measurements. The IV measurements were performed on an OFET device utilising the 

p-type OSC pentacene, deposited by thermal evaporation onto a PDLA coated Si/SiO2 

substrate. This device included the PDLA/OSC interface and the morphology and electrical 

characteristics of the OSC layer were subject to the influence of the PDLA surface.  This 

provided a demonstration of the application potential of PDLA layers in organic electronic 

devices.  

Results of this chapter provide an understanding of the types of processing methods that PDLA 

thin films can be used in without degradation, as well as examples of its interactions with 

important OSCs. These can then be used to guide development of devices utilising PDLA thin 

films, particularly in regards to their geometry and fabrication so that the integrity of the device 

is maintained.  
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6.2 Thermal Degradation 

6.2.1 Theory and Methods 

Thermal degradation studies were performed on PDLA thin films using VASE measurements to 

monitor the thickness and optical profile of the samples when placed in a sealed stage and 

heated from 25 °C to 400 °C. Samples were deposited for a period of 40 minutes to ensure that 

they were thick enough that material remained through the full range of the measurement. Films 

were deposited on Si substrates in order to remove the affect of backside scattering due to the 

inability to place dispersive tape in the thermal system. Due to the structure of the stage used to 

heat the samples, VASE data could only be taken at an incidence angle of 70°. Taking VASE 

data in this manner allowed derivation of the material‟s thickness and optical properties as a 

function of temperature, allowing investigation into the thermal degradation of the material. The 

onset of this degradation provides an upper limit for the useable temperature range of the 

material, not just in applications but during fabrication as well.  

6.2.2 Thickness and Optical Properties as a Function of Applied Temperature 
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Figure 6.1: Percentage of original thickness remaining as a function of applied temperature 

Samples were fabricated at deposition energies of 10 W, 25 W, 50 W and 75 W and 

measurements were performed from 25 °C – 400 °C in steps of 5 °C, incremented every 5 
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minutes to investigate the thermal degradation. Figure 6.1 shows the thickness of the samples as 

a function of the applied temperature. To compare the results from all films, their thicknesses 

have been normalised to the first measurement under ambient conditions (T = 25 °C). The onset 

of thermal degradation happened at approximately 200 °C for all films. Rapid degradation was 

present between 250 °C and 350 °C, though the exact mechanism cannot be well understood 

without supporting temperature dependent chemistry measurements. Films deposited at higher 

input energies of 50 W and 75 W began to degrade at slightly higher temperatures and at a 

slower rate than those deposited at lower input energies. By 400 °C, sample thicknesses had not 

completely decayed, though this was likely due to their substantial initial thickness. Samples 

deposited on glass with smaller initial thicknesses had less than 0.5% material remaining when 

400 °C was reached, though this data has not been presented due to issues with obtaining 

reliable optical profiles from samples deposited on glass when measured in the heating stage. 

The degradation behaviour is much like other, similar plasma deposited thin films [246, 247]. 
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Figure 6.2: Refractive index at (a) 10 W (b) 25 W (c) 50 W and (d) 75 W 
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Figure 6.3: Extinction coefficient at (a) 10 W (b) 25 W (c) 50 W and (d) 75 W 

Figure 6.2 and Figure 6.3 show the optical profiles of samples as they were heated. All samples 

displayed approximately the same optical behaviour as heating was applied, in regards to both 

the shape of the profiles and their changes as a function of temperature. The single peak present 

at 200 nm in the refractive index of samples measured under ambient conditions slowly moved 

to higher wavelengths as temperature was increased, ending at approximately 375 nm – 400 nm 

for all samples, and samples deposited at lower energies were on the higher end of that range. 

The magnitude of this peak also changed slightly (~3% variation) as the temperature increased, 

though no clear trend or correlation with temperature was evident.   

No changes in the wavelength of the loss peak in the extinction coefficient data were present as 

temperature increased, however the overall magnitude of the extinction coefficient increased 

significantly, due to the changes in the material structure resulting in more absorption at these 

wavelengths. Some changes in colour were evident to the eye and are seen in the extinction 
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coefficient data where the samples began to absorb at high wavelengths when the temperature 

went above 200 °C. To better understand how the optical properties changed as the temperature 

increased, the refractive index and extinction coefficient at 589 nm were plotted as a function of 

the sample temperature.  
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Figure 6.4: (a) Refractive index and (b) Extinction coefficient at 589 nm 

Figure 6.4 shows that the optical properties of the material remained stable until above 200 °C, 

beyond the point at which physical degradation had begun, demonstrating the samples can be 

safely heated to 200 °C without detrimentally affecting their optical properties. The extinction 

coefficient did not begin to increase until above 250 °C, prior to this remaining at 

approximately 0, showing that the material remained transparent when these temperatures were 

applied. The refractive index remained relatively stable temperatures up to 300 °C  were 

applied. 200 °C is a much higher temperature than typically used to anneal OSC films [248-

251], and results therefore show that PDLA layers could be used in devices requiring thermal 

annealing or thermal evaporation of layers, without adverse effects with respect to the film‟s 

thickness and optical properties. 
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6.3 CA Measurements 

6.3.1 Theory and Methods 

The transient nature of the CA provides useful information regarding surface/liquid interactions 

and surface energy properties of a material. Using a combination of different liquids allows 

determination of several surface properties of the material, including its total surface energy, 

Lifshitz-van der Waals, electron donor and electron acceptor parameters. These parameters 

allow the prediction of the interaction between the surface and other liquids, without the need to 

test them directly. Therefore, once the CA measurements had been performed and the surface 

properties of the material known, they could be used to predict the interaction of PDLA thin 

films with organic solvents such as those typically used in the solution processing of OSC 

layers. Whether or not the solvent would dissolve the material could be determined, as well as 

the degree to which the material and liquid interact. This is of use when determining which 

solvent to use if OSC layers are to be directly solution processed onto dielectrics formed from 

PDLA thin films. 

CA measurements were performed using water, ethylene glycol (EG) and diiodomethane (DIM) 

as probe liquids to simplify analysis, as discussed in Section 6.3.3. CA values were determined 

using the static sessile drop method (drop volume ≈ 6 μL), by recording the interface of 

surface/liquid at one second intervals for a period of 30 seconds, and using image processing 

software to fit the recorded drop shape with the Young-Laplace equation. Measurements were 

performed 10 times on each sample, and the angle from both the left and the right side of the 

drops for all measurements used to produce an average for each sample at each time point for 

analysis. Statistical outliers were removed from the dataset prior to determining the mean values 

for each sample and solvent combination. 
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6.3.2 Transient CA Analysis 
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Figure 6.5: CA between (a) Water (b) EG (c) DIM and PDLA thin films 

CA measurements were performed on samples deposited at 10 W, 25 W, 50 W and 75 W. 

Examining the transient behaviour of the CA for each solvent and energy level, samples in 

contact with water and EG solvents had a small negative gradient. This behaviour was likely 

due to interactions between the solid-liquid interface, and in the case of the high initial rate of 

change in measurements using EG, may be indicative of absorption of solvent into the film 



  Chapter 6: Processing Compatibility 

 

143 

 

[252, 253]. When in contact with EG, the 50 W and 75 W samples stabilised to have a smaller 

gradient compared to the lower energy samples, while all samples in contact with water had 

approximately the same gradient towards the end of the measurement. In addition, the CA 

increased (i.e. the samples became more hydrophobic) as the power density was increased in the 

case of water and EG measurements. 

Measurements with DIM gave very stable CAs for all samples, remaining approximately 

constant for the entire measurement,  having a gradient of approximately -0.003° sec
-1

. These 

results show that the material was generally stable in contact with solvents.  

6.3.3 Determination of Surface Parameters 

From CA measurements there are multiple ways to determine the surface properties of a 

material. In the analysis of CA data in this thesis, three methods were employed to obtain 

estimates of the total surface energy and where available, its component parts. These values 

were then each used in further analysis to obtain a range of results that were compared to ensure 

the validity of the conclusions reached. In all calculations, the CA value at the end of the 

measurement time (the steady state angle) was used when the parameter θS was required, and 

these angles are summarised in Table 6.1. 

Table 6.1: CAs (in °) used in determination of surface parameters  

Deposition Energy Water Diiodomethane Ethylene Glycol 

10 W 66.95 36.44 38.68 

25 W 67.18 33.19 38.27 

50 W 68.10 32.33 42.63 

75 W 70.46 31.45 

 

46.02 
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6.3.3.1 The VCG Method 

The first method used to determine the interfacial tension is derived from the model by van Oss, 

Chaudhury and Good (VCG) [254]. In this model, the total surface energy is determined from 

the contributions of two key components, an apolar contribution associated with Lifshitz-van 

der Waals interactions, γ
LW

, and a contribution from polar Lewis acid-base interactions, γ
AB

. 

The acid-base interactions can be further defined in terms of the electron acceptor, γ
-
, and 

electron donor, γ
+
, parameters through the relation [255]: 

   2AB
 (6.1) 

The total surface energy for a material, γs, is then given by [255]: 

 
AB

S

LW

SS    (6.2) 

Throughout this chapter, the subscript s denotes a surface parameter while the subscript L 

denotes a liquid parameter. In the cases that the specific liquid is known, the subscript denotes 

the liquid. In order to determine the parameters γS
LW
, γS

+
, γS

-
 and the resulting surface energy 

from measured CA data, the Young-Dupre equation was used [255]: 

 
  




LSLS

LW

L

LW

S
LS 



2

cos1
 (6.3) 

In (6.3), γS
LW
, γS

+
 and γS

-
 are all unknown parameters, θS is the measured CA, and γL,  γL

LW
, γL

+
 

and γL
-
 are known parameters of the liquid used during the CA measurement. By using three 

different liquids with known properties and performing three measurements, (6.3) creates a set 

of simultaneous equations. Liquids are generally chosen such that one is high energy and 

apolar, where γL
+
 and γL

-
 equal 0, and the remaining liquids are polar [256]. In these 

experiments, DIM was used as the apolar liquid, and EG and water were used as the polar 

liquids. This allows (6.3) to reduce to an equation where the only unknown is γS
LW

, which can 

be solved: 
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  (6.4) 

For the case of DIM, since there is no polar contribution to the total surface energy, the apolar 

contribution and the total surface energy are equal. Hence (6.4) can be reduced to: 
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2
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When water is used as the probe liquid, (6.3) can be arranged to: 
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Similarly for EG: 

 
  




EGSEGS

LW

EG

LW

S
EGS 



2

cos1
 (6.7) 

In the LHS of both (6.6) and (6.7), all parameters are known, since γS
LW

 is determined from 

(6.4). (6.6) and (6.7) define two simultaneous equations in two unknowns, which can be written 

as the matrix equation: 
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 (6.8) 

and solved to determine γS
+
 and γS

-
, which are then substituted into (6.1) and (6.2) to determine 

the total surface energy γS. The VCG method thus provides γS, γS
LW
, γS

AB
, γS

+ 
and γS

-
 for the 

material on which the CA measurements have been performed. Table 6.2 shows the total 

surface energy and associated components derived from a VCG analysis of the CA data. The 

total surface energy, γS was between 44 mJ m
-2

 – 45.5 mJ m
-2

 for all samples investigated.  
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Table 6.2: Surface parameters (mJ m
-2

) derived from the VCG method 

Deposition Energy γS
LW 

γS
+
 γS

-
 γS

AB
 γS 

10 W 41.40 0.20 13.20 3.30 44.60 

25 W 42.90 0.20 12.70 2.80 45.60 

50 W 43.20 0.050 13.20 1.30 44.50 

75 W 43.60 0.00 12.00 0.30 43.90 

 

This is similar to the value of ~44 mJ m
-2

 for PET obtained by Wu et al. [257] as well as 44.3 

mJ m
-2

 for PEI and 42 mJ m
-2 

for PMMA and thus the total surface energy is similar to other 

common polymer surfaces used as dielectrics in OFET devices. In comparison to similar thin 

film materials, plasma deposited thin films derived from Lavandula angustifolia essential oil 

[252] and terpinen-4-ol [253] were found to have a total surface energy of 36 mJ m
-2

 – 40 mJ m
-

2
 and 31 mJ m

-2
 – 37 mJ m

-2
 respectively, derived using the same combination of solvents as 

outlined above.  

Data additionally shows that PDLA thin films were monopolar in nature, due to the 

comparatively large value of the donor component γ
-
 with respect to the acceptor component γ

+
. 

This is common in polymer surfaces [254, 258] and in good agreement with the tendency of 

monopolar materials to have a strong electron donor component [254]. Such monopolar 

surfaces may be dissolved in polar solvents such as water. Based on the donor and acceptor 

components of the liquid, the upper limit on γS
-
 which results in the material not dissolving can 

be found. For water, this limit is 28 mJ m
-2

, and results in Table 6.2 show that this upper limit 

was never exceeded and hence the material is not expected to dissolve in water. The donor 

component did not seem dependent on power density, though interestingly the acceptor 

component decreased by two orders of magnitude as deposition energy was increased from 

10 W to 75 W. This correlates with the decrease in surface oxygen (polar functionality) 

observed in XPS measurements in Chapter 4. 
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The Lifshitz-van der Waals component of the total surface energy was found to be the dominant 

term, and increased with increasing power density, from 41.35 mJ m
-2

 to 43.61 mJ m
-2

. A 

dominant γS
LW

 term is again consistent with literature values for a wide range of other polymer 

materials.  

6.3.3.2 The Neumann Method 

The Neumann method is derived from the combination of the Young equation, and the equation 

of state [259, 260], and relates a measured CA directly to the total surface energy of the solid, 

providing no additional information regarding surface interactions in the way that the VCG 

approach does. The Neumann equation is given by [259, 260]: 

   2
exp

2

cos1
SL

L

SS 






 (6.9) 

(6.9) defines a non-linear equation in γS. In order to determine the surface energy of the solid, 

(6.9) was rearranged to the following form: 

     
4

cos1
2exp0

2

2 S

LSLS





  (6.10) 

The right hand side (RHS) of expression (6.10) was then evaluated for a range of values of γS 

and the intersection with the x-axis found to give the solution. The range of values for γS was 

chosen to form a domain around the solution obtained using the VCG method. The Neumann 

method provides a different estimate of the surface energy for every different liquid measured, 

shown in Table 6.3. 

The surface energy derived from water and DIM both lie in a similar range to values derived 

using the VCG method, albeit slightly lower, between 41 mJ m
-2

 and 44 mJ m
-2

. Values derived 

from EG measurements provided the lowest estimates of 35 mJ m
-2

 – 39 mJ m
-2

. γS values 

obtained via the Neumann method also showed dependence on the power density, though this 

was likely due to the direct dependence on θS in (6.9). The Neumann method is noted in 
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literature as having several shortcomings, particularly when applied to polar and non-

hydrophobic systems [257]. Additionally, since every value of γS obtained is directly dependent 

on a single CA value, errors are in no way averaged out or reduced. These shortcomings noted, 

results from the Neumann method still provided reasonable estimates of the surface energy, in 

good agreement with those obtained via VCG methods and other polymer thin films in literature 

as discussed in Section 6.3.3.1.  

Table 6.3: Surface parameters (mJ m
-2

) determined from the Neumann method 

Deposition Energy Water Diiodomethane Ethylene Glycol 

10 W 43.60 42.10 38.90 

25 W 43.50 43.40 39.00 

50 W 42.90 43.80 37.20 

75 W 41.40 44.10 35.80 

 

6.3.3.3 The Fowkes Method 

The Fowkes Method is derived through the combination of Young‟s equation and the Berthelot 

hypothesis [260]. The Fowkes method can be used to determine γS for a solid by performing CA 

measurements with at least three liquids. Using the Fowkes approximation, the equation to 

calculate the surface energy is given as [256, 260]: 
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 (6.11) 

where γS
P
 is the polar component and γS

D
 is the dispersive component, and these are generally 

recognised to equal γS
AB

 and γS
LW

 respectively. If multiple CA measurements are performed 

with different liquids, a plot of the LHS of (6.11) as the dependent variable versus (γL
P
/γL

D
)

1/2
 as 

the independent variable results in a linear plot whose slope is given by (γS
P
)

1/2
 and whose 
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y-intercept is given by (γS
D
)

1/2
. By fitting a linear function to this plot, γS

D
, γS

P
, and hence γS can 

be determined.  

Table 6.4: Surface energies and components (mJ m
-2

) derived from Fowkes analysis 

Deposition Energy γS
D
 = γS

LW 
γS

P
 = γS

AB
 γS 

10 W 38.10 8.20 46.30 

25 W 39.40 7.70 47.10 

50 W 39.10 7.20 46.30 

75 W 39.30 6.00 45.40 

 

Total surface energy values derived from the Fowkes method were in good agreement with 

those derived using the VCG and Neumann approaches, in the range of 45 mJ m
-2

 – 48 mJ m
-2

, 

slightly higher than those estimated by the VCG approach. The Fowkes method is dependent on 

fitting a linear function to a plot which has as many data points as there are probe liquids used; 

in this case there were only three points to base the fitting on. As such, there was error 

associated with values obtained in this manner, as small errors in the CA measurement may 

have produced larger deviations in the fit parameters when small data sets were used. The 

estimate of γS
AB

 obtained from the Fowkes method was much higher when compared to the 

value obtained through the VCG method, though both show the same behaviour of decreasing 

in value as the power density increased. The Lifshitz-van der Waals component was again 

found to be the dominant component of the total surface energy, at ~39 mJ m
-2

 for all samples.  

6.3.4 Surface Wetting Envelopes 

If the dispersive and polar components of a material‟s surface energy are known, the wetting 

envelope of that material can be determined. The wetting envelope provides the expected CA 

between a surface and liquid with known dispersive and polar components. The wetting 

envelope defines the range of surface energy values of liquids that result in a particular CA, 
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where each angle is presented as a single boundary of the curve. By placing a boundary on the 

curve at a CA of 0°, it can be determined whether a particular liquid will completely wet the 

surface, or have a measurable CA. This predictive tool is useful in choosing material and 

solvent combinations in solution processed organic electronics, where complete wetting of a 

surface area may be desirable, to ensure uniformity of deposited layers. 

The wetting envelope is determined by rearranging [261]: 
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where: 
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Substitution of (6.13) into (6.12) and rearranging results in: 
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where (γS
D
)

1/2
 and (γS

P
)

1/2
 are known constants determined from analysis of the CA 

measurements and γL
D
 and γL

P
 are variables. To form the wetting envelopes, the LHS of (2.9) is 

evaluated for the desired constant angles, θS, and these values used to contour the 3D plot 

produced by the RHS of (2.9). These contours provide the wetting envelope for each desired 

CA. As (2.9) depends explicitly on the knowledge of both the solid and the liquid‟s surface 

energy components, γ
D
 and γ

P
, wetting envelopes can only be determined when both these 

parameters are known, and similarly can only be used to predict the behaviour of liquids with 

known energy components. For this reason, wetting envelopes could only be generated for 

surface energy values derived from the VCG and Fowkes methods, as the Neumann method 

provides no information beyond the total surface energy.  
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For samples deposited at each power density, wetting envelopes were produced using surface 

energy components derived from both VCG and Fowkes analysis methods, in order to compare 

the predicted and measured interactions for each method.   
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Figure 6.6: Wetting envelopes at 0°, 20°, 40°, 60° and 80° using surface energy components 

derived from the VCG method for samples deposited at (a) 10 W (b) 25 W (c) 50 W and 

(d) 75 W 

Figure 6.6 and Figure 6.7 show the determined wetting envelopes for all samples, and have 

superimposed upon them the specific surface energy components for common solvents used in 

analysis and deposition of OSCs for which the polar and dispersive contributions are known. 

The superimposition of these upon the figures serves two purposes; first to aid as a check of the 

determined surface energy parameters for the PDLA thin films, and secondly to predict the 

behaviour of some solvents when placed on a surface coated in PDLA thin films. 
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Figure 6.7: Wetting envelopes at 0°, 20°, 40°, 60° and 80° using surface energy components 

derived from the Fowkes method for samples deposited at (a) 10 W (b) 25 W (c) 50 W and 

(d) 75 W 

Wetting envelopes from the VCG method incorrectly predicted the CAs made by the tested 

probe liquids, when compared to the measured values in Table 6.1. For example, the wetting 

envelopes indicate that the contact angle made with water should be 80° or larger, while the 

maximum measured angle when water was used as a probe liquid was 70°, a fact which is much 

better reflected in the curves obtained using surface energy values determined from the Fowkes 

analysis. The overall behaviour of the measured data was reflected better in wetting curves 

derived from the Fowkes method, though there was a slight tendency to underestimate the 

expected contact angles, while the VCG method in all cases overestimated the contact angle by 

a large degree. It is therefore believed that the surface energy estimates provided by the Fowkes 

analysis were a better representation of the true behaviour.  
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As a predictive tool, the expected behaviour of chloroform and dichlorobenzene was examined, 

as these solvents are commonly used in the deposition of OSC layers from solution [122, 123, 

262, 263]. In both cases, it was found that the expected contact angle falls within the 0° 

boundary and hence these solvents would completely wet the surface. Depending on the desired 

application this may be beneficial, though in this case it means the contact angle with these 

liquids cannot be measured. If complete wetting of the surface by drop casting or other solution 

processing methods is desired, both of these solvents would be appropriate in conjunction with 

the PDLA dielectric surface.  

6.3.5 The Interfacial Tension and Solubility 

Once the surface energy of the thin films was obtained from the methods outlined above, it was 

possible to determine the way in which it would interact with solvents such as those employed 

in the deposition of solution processed OSCs to determine its suitability for these fabrication 

techniques. The interfacial tension between a solid and liquid given by Young‟s equation was 

determined [256, 260, 261, 264]: 

 SLSSL  cos  (6.15) 

(6.15) was applicable for use with values of γS derived from all methods. When the VCG 

approach was used, an alternative equation could determine the interfacial tension, γSL [255]: 

 




  2

2
LW

L

LW

SSL   (6.16) 

where: 

 
 LSLSLLSS   (6.17) 

(6.16) is dependent on γS
+ 
and γS

-
, which were determined only by the VCG approach.  

Knowing the interfacial tension between the solid-liquid interface, the solubility of the solid in 

that liquid was found from [254]: 
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 SLSLSG 2  (6.18) 

As (6.16) depends on parameters only available for liquids whose contact angle was measured, 

and specific values only obtained through the VCG method, solubility values were only 

available for the three liquids with which CA measurements were performed and are presented 

in Table 6.5.  

Table 6.5: Interfacial tension (mJ m
-2

) and solubility (mJ m
-2

) in measuring liquids using the 

VCG approach 

Deposition Energy Water Diiodomethane Ethylene Glycol 

 γSL ΔGSLS γSL ΔGSLS γSL ΔGSLS 

10 W 16.10 -32.20 3.80 -7.60 6.90 -13.80 

25 W 17.40 -34.80 3.10 -6.20 7.70 -15.40 

50 W 17.40 -34.80 1.60 -3.20 9.00 -18.00 

75 W 19.60 -39.20 0.60 -1.20 10.30 -20.60 

 

Interpretation of ΓGSLS is based on the sign and magnitude of the value obtained; highly 

positive values indicate that the solid is solvophillic to the solvent, while highly negative values 

indicate that the solid is solvophobic to the solvent. ΓGSLS approximately equal to 0 indicates 

that the solid is partially dissolved in the solvent [252].  

The presence of no negative interfacial tensions for any of the liquids in Table 6.5 shows that 

material is insoluble in the three liquids used in testing. For measurements which used water or 

EG as a probe liquid, the solubility became larger in magnitude as the power density was 

increased, indicating that these samples were less soluble. However, measurements using DIM 

as the probe liquid resulted in interfacial tensions which, while positive, were small in 

magnitude and indicate that swelling or partial dissolution may have occurred. Figure 6.5 does 

not show in evidence of this occurring in the transient CA measurement, where a non-zero rate 
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of change of CA with respect to time would be expected if solid-liquid interactions were 

occurring.  

Table 6.6 presents a similar analysis when the surface energy derived from all methods was 

used, in conjunction with (6.15) and (6.18), and was extended to predict the interfacial tension 

between the plasma deposited thin films and solvents typically used in organic electronics: 

acetone, chloroform and dichlorobenzene. Acetone is commonly used in cleaning of surfaces 

prior to deposition, while chloroform and dichlorobenzene are both commonly used to dissolve 

OSCs prior to deposition. In the case of the VCG and Fowkes methods, one value for the 

parameter γS per sample was obtained; when using the Neumann method, an estimate of the 

surface energy was obtained from every liquid used to probe the surface. In Table 6.6, when 

predicting the interfacial tension between solvents not used to probe the material directly via the 

Neumann method, the surface energy used was that obtained from water. Using the surface 

energy obtained from EG or DIM would not result in a change of sign in the interfacial tension. 

In (6.15) the parameter θS was not obtainable for all solvents investigated due to spreading of 

the liquid, and hence an angle of 180° was assumed. This resulted in a worst-case estimate of 

the interfacial tension, as the term γLcosθS is maximised when θS = k180°, where k ∈ ℕo, and 

there would be no sign change in the interfacial tension were a smaller angle used. 

The elements in Table 6.6 derived from surface energy values obtained from the VCG method 

compare well to those in Table 6.5, despite use of (6.15) rather than (6.16) to determine the 

interfacial tensions. Values for the interfacial tension for all solvents derived from each of the 

three methods for all power levels remain positive, and indicate that samples deposited at all 

investigated power densities should be insoluble for all solvents, including those used in 

solution processing of organic electronics. The interfacial tension and solubility for DIM 

samples was again close to zero, showing that all three methods predict partial dissolution of the 

solid when in contact with this liquid.  
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Table 6.6: Interfacial tension (mJ m
-2

) and solubility (mJ m
-2

) parameters between PDLA thin films and common solvents 

Solvent Method 10 W 25 W 50 W 75 W 

  γSL ΔGSLS γSL ΔGSLS γSL ΔGSLS γSL ΔGSLS 

Water 

VCG 16.10 -32.20 17.40 

0 

-34.80 17.40 -34.80 19.60 -39.20 

Neumann 15.10 -30.20 15.20 -30.40 15.70 -31.40 17.10 -34.20 

Fowkes 17.80 -35.60 18.90 -37.80 19.10 -38.20 21.00 -42.00 

DIM 

VCG 3.80 -7.60 3.10 -6.20 1.60 -3.20 0.60 -1.20 

Neumann 1.30 -2.60 0.90 -1.80 0.80 -1.60 0.80 -1.80 

Fowkes 5.40 -10.80 4.60 -9.20 3.40 -6.70 2.00 -4.00 

EG 

VCG 7.20 -14.40 8.00 -16.00 9.20 -18.40 10.60 -21.20 

Neumann 1.40 -2.80 1.30 -2.60 1.90 -3.80 2.40 -4.80 

Fowkes 8.80 -17.60 9.50 -19.00 11.00 -22.00 12.00 -24.00 

Acetone 

VCG 20.60 -41.20 21.60 -43.20 20.50 -41.00 19.90 -39.80 

Neumann 19.60 -39.20 19.40 -38.80 18.90 -37.80 17.40 -34.80 

Fowkes 22.30 -44.60 23.10 -46.20 22.30 -44.60 21.40 -42.80 

Chloroform 

VCG 17.30 -34.60 18.30 -36.60 17.20 -34.40 16.60 -33.20 

Neumann 16.30 -32.60 16.10 -32.20 15.60 -31.20 14.10 -28.20 

Fowkes 19.00 -38.00 19.80 -39.60 19.00 -38.00 18.10 -36.20 

Dichlorobenzene 

VCG 11.00 -22.00 12.00 -24.00 10.90 -21.80 10.30 -20.60 

Neumann 10.00 -20.00 9.90 -19.80 9.30 -18.60 7.80 -15.60 

Fowkes 12.70 -25.40 13.50 -27.00 12.70 -25.40 11.80 -23.60 
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Interfacial tensions obtained through the Neumann method in all cases provided the lowest 

estimation of the interfacial tensions and free energy of interaction. This can be attributed to the 

poor performance of the Neumann method in polar systems [255, 257]. Results from Section 

6.3.3.1 show PDLA thin films to be highly monopolar and the interactions studied are in polar 

systems. Neumann method may not be appropriate for these analyses. Values obtained from the 

VCG and Fowkes method were in much better agreement with each other. Of the three 

additional solvents examined, dichlorobenzene had the lowest interfacial tension, however the 

solubility parameter still indicated that the material would be non-soluble in this liquid. The 

interfacial tensions obtained for samples with a measurable contact data show a mild 

dependence on the power density, following the trends established by the variation in contact 

angles with power density for each probe liquid in Figure 6.5. The interfacial tension estimate 

between the solid and solvents used in organic electronics processing did not demonstrate any 

strong power density dependence, other than that present in γS. Despite this, it is anticipated that 

the interactions would have some power dependence due to the trends established by the CA 

measurements with other probe liquids. Overall however, the material appears to be insoluble in 

all solvents investigated.   

6.4 Growth of Organic Layers 

6.4.1 Theory and Methods 

Films of PDI-8CN2 were grown via thermal evaporation on substrates of Si with an SiO2 oxide 

layer of 200 nm, which had a ~100 nm layer of PDLA present. Two such layers were grown at 

nominal thicknesses of 50 nm and 60 nm. These films were then studied with VASE and AFM 

in order to investigate the optical properties of the PDI-8CN2 thin films and their morphology 

when grown on PDLA. Additionally, PDI-8CN2 thin films were thermally grown on standard 

substrates of Si/SiO2 used in the fabrication and testing of OFET devices, and the same 

characterisations performed. These measurements provided a basis of comparison for the film 

grown under standard conditions to which those grown on the new dielectric could be 
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compared. In this way, the morphological and optical characteristics of the OSC were 

investigated to determine whether the dielectric layer induced significant differences in the 

semiconducting layer.  

6.4.2 VASE Measurements of PDI-8CN2 

First, the modelling procedure and results for VASE measurements of PDI-8CN2 grown on 

Si/SiO2 substrates are presented. As the optical model for the PDI-8CN2 is complicated, it was 

important that as much was known about the samples prior to attempting to model this layer so 

that correlations between fit parameters were avoided and a unique fit was ensured. The bare 

Si/SiO2 substrate was first measured and optically modelled to obtain an accurate value for the 

thickness of the oxide layer. The Si and SiO2 models present in the WVASE32 software were 

used, and a thickness of 197 nm obtained for the oxide layer, compared to the nominal value of 

200 nm. A final measurement was then performed on each sample after the thermal evaporation 

of PDI-8CN2 films. The PDI-8CN2 film was modelled as a uniaxial anisotropic layer, coupled to 

two general oscillator layers to describe the ordinary and extraordinary optical constants (no, ko, 

ne and ke). This was necessary as the PDI-8CN2 layers are optically anisotropic; they have 

different optical properties along different axes, due to the preferential alignment of the organic 

molecules on the substrate.  

The measurement and modelling procedure was possible due to this preferential alignment of 

the molecules, in the plane of the substrate, with the optical axis normal to the substrate surface. 

In this instance it is possible to perform a regression analysis and extract the ordinary and 

extraordinary optical constants from standard VASE measurements [265-267], as for uniaxial 

anisotropic (and truly isotropic) samples such as those with preferential alignment of molecules 

and an optical axis normal to the substrate surface (i.e. samples with in-plane isotropy), the off 

diagonal elementals of the Jones matrix are zero [268]. However, as VASE is less sensitive to 

the extraordinary optical properties, multi-sample analysis was performed to obtain better 

sensitivity to the anisotropy of the samples [269]. Multi-sample analysis also reduces the 
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correlation between ordinary and extraordinary optical properties during the fitting procedure 

[165]. 
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Figure 6.8: Measured (a) Ψ and (b) Γ data from VASE for a PDI-8CN2 film grown on bare SiO2 

The raw data obtained from the VASE measurements on PDI-8CN2 films grown on bare SiO2 

are shown in Figure 6.8. Initially the anisotropic layer was coupled to two Cauchy layers (one 

for the ordinary optical constants and the other for the extraordinary optical constants), to obtain 

a starting approximation for the film‟s thickness and optical properties, and the Cauchy layers 

for both samples were coupled together. Performing the analysis in this manner significantly 

improved the quality and uniqueness of the fit, however, as the PDI-8CN2 films were evidently 

different thicknesses, it must be assumed that the optical properties of the material are 

independent of thickness. Previous studies which include absorption spectra for several 

Perylene derivatives [266, 270] show that they are optically transparent, or near transparent at 

wavelengths greater than ~ 750 nm. It was therefore considered appropriate to assume a similar 

level of transparency at high wavelengths during the fitting procedure for PDI-8CN2 in this 

study. To estimate the thickness and refractive index, a fit of Cauchy parameters and the 

thickness of the uniaxial layer was performed in the transparent spectrum of the sample, 

significantly reducing correlation between these variables during fitting. 

Subsequently, the estimations of refractive index for the coupled Cauchy layers and the 

thickness of the anisotropic layer were used as a starting approximation for a point-by-point fit 
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of the ordinary and extraordinary optical profiles. This fitting provided an initial estimate of the 

in- and out-of-plane optical profiles of the organic layers.  

Each Cauchy layer was then converted to a general oscillator layer, and for PDI-8CN2 films a 

combination of Lorentz, Tauc-Lorentz and Gaussian oscillators were used to fit to the 

absorption spectra determined in the point-by-point fitting procedure, which contained large 

amounts of noise and some erroneous features not present in the absorption spectra of PDI-

8CN2 in other studies. These oscillators were based on the shape of the estimates of the optical 

profiles obtained in the initial stage of fitting, where it can be seen that three distinct features 

were present in the extinction coefficient profile, in agreement with absorption measurements of 

the material. Parameters of the oscillators for both the ordinary and extraordinary layers and the 

thickness of the uniaxially anisotropic layer to which these were coupled were set as fit 

parameters and a final fit performed.   
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Figure 6.9: Ordinary and extraordinary (a) refractive indices and (b) Extinction coefficients of 

PDI-8CN2 grown on bare SiO2  

The thickness value determined for the films as a result of the fitting process is 50.0832 nm, 

68.4371 nm and 81.2232 nm, in good agreement with the nominal values of 50 nm, 65 nm and 

80 nm. Extracted ordinary and extraordinary refractive indices and extinction coefficients are 

shown in Figure 6.9 a) and b), respectively. The optical profiles are similar to previous studies 

of Perylene derivatives [166, 271], where differences between the profiles presented in literature 
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and those reported here are believed to be due to differences in the specific chemical and 

physical structure of the investigated Perylene compound.   

In the case of both the refractive index and extinction coefficient, the magnitudes of the in-plane 

(ordinary components) profiles were much greater than those of the out-of-plane (extraordinary 

components) profiles. In the extinction profiles, the principle features were two peaks in 

absorption, one at 505 nm and 509 nm in the ordinary and extraordinary cases respectively, and 

another at 548 nm and 552 nm for the ordinary and extraordinary cases respectively. In addition 

to these features there was also a knee in the absorption spectra at 477 nm for both the in- and 

out-of-plane profiles. The position of these features matches well with those of the main peaks 

in the absorption spectra obtained by [270] for 50 nm thick PDI-8CN2 films deposited on 

transparent glass substrates, further validating the fitting procedure used for optical data. 

After obtaining the initial optical profile for PDI-8CN2 films grown on standard substrates, 

VASE measurements were performed on substrates grown on PDLA thin films. The procedure 

used to model the OSC layers was the same as that outlined above, however, prior to the 

deposition and final VASE measurement of the PDI-8CN2 layer, a VASE measurement of the 

Si/SiO2/PDLA substrate was taken, and the PDLA thin film‟s thickness accurately determined.  
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Figure 6.10: Measured (a) Ψ and (b) Γ data from VASE for a PDI-8CN2 film grown on PDLA 

The measured (dashed) and regressions (solid lines) to the Ψ and Γ data of PDI-8CN2 grown on 

a Si/SiO2/PDLA substrate are shown in Figure 6.10 a) and b). Once again, only the result for the 

50 nm sample is displayed, due to the similarities in results. In the Ψ data the features evident in 
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the reference PDI-8CN2 film are still present, though a shift of the peak to shorter wavelengths 

by approximately 70 nm was observed. This shift can be attributed to the increased thickness of 

the overall structure due to the introduction of the PDLA layer, with its thickness (70 nm) 

corresponding exactly to the shift in the curves. New features were present in both the Ψ and Γ 

measurements, most notably oscillations between the wavelengths of 400 and 700 nm. The 

thicknesses determined from the analysis were 48.7523 nm and 58.0903 nm, once more in good 

agreement with the nominal values of 50 nm and 60 nm.  
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Figure 6.11: Comparison between ordinary and extraordinary (a) Refractive indices and 

(b) Extinction coefficients of PDI-8CN2 films grown on SiO2 and PDLA 

Determined optical constants for a PDI-8CN2 film grown on PDLA are shown in Figure 6.11 a) 

and b), as well as the optical constants for a PDI-8CN2 film grown directly on SiO2. The 

ordinary optical constants are similar between both films, with only small changes in 

magnitudes of features, while peak locations have not changed significantly. The knee present 

in the PDI-8CN2 layer when grown on SiO2 at 477 nm was present as a small peak at the same 

wavelength when grown on the PDLA dielectric. Extraordinary components displayed small 

differences between films. The general profile of the optical constants for the multilayer 

structure was similar to the original PDI-8CN2 film, however differences in magnitude of the 

peaks and small shifts in location were present.  

Differences in morphology evidenced themselves in the optical constants and in particular in the 

extraordinary components, observable by a change in peak magnitudes. Ordinary optical 
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constants remained relatively consistent for all films. The magnitude of the extraordinary 

extinction coefficient profiles was significantly reduced when compared with the in-plane 

extinction coefficient, indicative of preferential alignment of the PDI-8CN2 molecules on the 

surface of the dielectric. To quantify and compare the orientation of the molecules on the two 

dielectric surfaces, the order parameter Φ was used [265]: 

 

 

(6.19) 

where θ is the average angle between the optical axis and the chain axis of the molecules and Φ 

quantitatively describes the anisotropy of the film (Φ = 0 implies a completely isotropic film 

while Φ = -0.5 indicates a completely uniaxially anisotropic film). For each peak in the 

extinction coefficient profile for PDI-8CN2 samples grown on both SiO2 and PDLA dielectric 

surfaces, the value of Φ was calculated and from this θ was determined, shown in Table 6.7. 

Table 6.7: Comparison of Φ and θ for PDI-8CN2 layers grown on SiO2 and PDLA dielectrics 

Peak Location (nm) Φ (SiO2) Φ (PDLA) θ (SiO2) θ (PDLA) 

~477 -0.39 -0.31 30.66
°
 27.04

°
 

~505 -0.39 -0.36 30.66
°
 29.36

°
 

~550 -0.37 -0.39 29.78
°
 30.66

°
 

 

The value for θ determined from each of the three absorption peaks for samples grown on both 

dielectrics was approximately 30
°
. This demonstrates that although there were morphological 

changes induced by the presence of a PDLA film, there were no major structural changes in the 

PDI-8CN2 thin films. The only value that did not agree as well with the rest of the data was the 

value of Φ (and corresponding θ) calculated from the 477 nm absorption peak. The discrepancy 

was not substantially large and was likely due to a small overestimation of the 477 nm 

extraordinary absorption peak during the fitting process. While the peak at 477 nm was 
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undoubtedly a present feature, the difficulty in obtaining high sensitivity to extraordinary 

properties of a sample may explain this slight error.  

6.4.3 AFM Measurements of PDI-8CN2 

AFM measurements were performed on PDI-8CN2 layers grown on bare SiO2 and PDLA layers 

in order to observe changes in the surface characteristics and morphology of the semiconducting 

layer induced by the different dielectric. These AFM measurements were performed on a 

different system than those in Chapter 4; in this instance an XE100 Park instrument operating in 

non-contact mode (amplitude modulation, silicon nitride cantilever from Nanosensor), located 

at the Università di Napoli, Federico II microscopy laboratory was used. All analysis was 

performed using software provided by Park Systems with the instrument. 

Figure 6.12 shows that, in both cases, the PDI-8CN2 films displayed crystalline islands which 

organised mainly in a ribbon-like grain structure. For films deposited on bare SiO2 substrates, 

the crystallites were terraced and exhibited an oval shape with rounded corners, in agreement 

with previous reports [209]. On PDLA covered substrates the crystalline islands were more 

elongated in one direction and assumed a characteristic needle-like shape. While the terraced 

features were less visible, the overall size of the crystallites was increased and their edges 

preferentially faceted. The morphology of the films on PDLA covered SiO2 substrates seemed 

to resemble very closely that of PDI-8CN2 films deposited on octadecyltrichlorosilane (OTS) 

treated SiO2 layers, as discussed by [270]. 

In order to obtain quantitative parameters able to better define the morphology of the PDI-8CN2 

films investigated in this work, RRMS values were obtained through analysis software. The 

correlation length (ξ) and the saturation value (ζsat) of RRMS were extracted through the 

Gwyddion Scanning Probe Image Processor, by fitting the Power Spectrum Density (PSD) 

function: 
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(6.20) 

 

a) b)  

Figure 6.12: 10 µm x 10 µm AFM images of PDI-8CN2 grown on (a) Bare SiO2 and (b) SiO2 

covered with a PDLA layer  

where h(x) is the apparent topographical height with respect to the mean height, calculated on 

images of size L, x is the fast scan direction and f the spatial frequency. The PSD extracted for 

self-affine structures (i.e. those which preserve a similar morphology upon rescaling of the third 

dimension, z) exhibits a plateau at low frequency, followed by a power law decay. The inverse 

of the frequency corresponding to the intersection between the plateau and the decay region 

gives the correlation length, while the low frequency plateau is related to the saturated 

roughness. 

Palasantas et al. [272] have demonstrated that ξ is directly correlated to the effective radius of 

the surface domains of the film under study, highlighting the characteristic features of the film 

growth mode. The results of this analysis, which more clearly identifies the differences in 

PDI-8CN2 morphology on bare and PDLA covered SiO2 substrates, are summarised in Table 

6.8. 
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Table 6.8: Values of RRMS, ζsat and ξ for bare and PDLA covered substrates 

Dielectric Surface RRMS (nm) ζsat (nm) ξ (nm) 

Bare SiO2 1.7 1.78  0.03 147.1  0.7 

PDLA covered SiO2 5.6 4.68  0.01 299.1  1.9 

  

It was confirmed that the samples grown on the PDLA surface exhibit simultaneously both a 

higher roughness (an increase of approximately 4 nm) and increased island dimension with an 

almost doubled ξ value. It is however very important to highlight that the agreement between 

RRMS and ζsat parameters validate the above described fitting procedure, based on self-affine 

fractal surface theory. It can be seen then that PDLA dielectrics have influenced the thermal 

growth of PDI-8CN2, through the differences in the topography of the films. There were two 

likely sources of this influence of the dielectric over the morphological and optical properties of 

the PDI-8CN2 film; the first is the change in topography of the dielectric and the second is the 

change in the surface properties of dielectric. As demonstrated by previous AFM investigations 

presented in Chapter 4, PDLA films exhibit very smooth surfaces with an average roughness of 

approximately 0.20 nm. According to various studies reported in literature, the influence of the 

dielectric topography on the growth of organic films is minimal when the roughness is less than 

0.4 – 0.5 nm [195, 196]. Based on this reasoning, it would be expected that other factors directly 

related to PDLA should have an influence on the growth mode of PDI-8CN2 films. For 

example, untreated SiO2  has a contact angle with water of 35.72°, and a surface energy of ~60 

mJ m
-2

 [210], i.e. SiO2 is more hydrophilic and has a higher surface energy. Comparatively, 

OTS treated SiO2 has a contact angle of ~79° and a surface free energy of ~28 mJ m
-2

. As noted, 

the morphology of PDI-8CN2 thin films grown on PDLA layers was similar to that when grown 

on OTS treated SiO2; PDLA and OTS treated SiO2 evidently have similar properties with 

respect to their surface energies. Differences in the morphology of the PDI-8CN2 films grown 

on PDLA dielectrics were therefore attributed to the difference in the nature of the substrate 

surface, though the difference in surface chemistry likely also has an influence. 
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6.5 OFET Fabrication and Characterisation 

6.5.1 Theory and Methods 

A complete electronic device‟s behaviour is governed not just by the properties of the individual 

layers, but is also influenced by the complex interactions between each of these with one 

another. In OFET devices, the interactions between the dielectric material and the OSC layer are 

particularly important. Steps towards quantifying the degree of this interaction were taken in 

Section 6.3.3, where the surface energy of PDLA layers was investigated. While useful, these 

characteristics do not ultimately determine the electrical behaviour of devices which include this 

interface. The fundamental and electrical properties of PDLA layers showed they would be a 

potential candidate for OFET device applications. To substantiate this, a Si wafer with an oxide 

layer of 500 nm was used as the substrate to fabricate the OFET device. This choice was made 

for compatibility with laboratory equipment and procedures, and allowed for the isolation of the 

interface effects over device performance. By ignoring this step it is difficult to attribute the 

cause of non-functional devices to any one source related to the dielectric layer. In the case 

where the SiO2 layer is present, only the interface effects and influence of PDLA over the 

electrical properties of the OSC are under investigation and this is hence the most beneficial 

starting point. A pentacene layer with a nominal thickness of 100 nm was thermally evaporated 

on top of the PDLA layer at a rate of 0.5 Ǻ s
-1

 monitored by a quartz microbalance, and the 

devices completed with 50 nm thick Au S/D electrodes with channel dimensions L/W equal to 

50 μm and 3 mm respectively [273].  

In an OFET the relationship between VGS, VDS and IDS is typically given by two operating 

characteristics for the device, the transfer curve and the output curves. The transfer curve plots, 

for some constant VDS, the output current IDS as a function of the applied input voltage VGS. The 

output curves plot the relationship between the output current IDS and the output voltage VDS at 

various values of constant applied input potential VGS. These curves provide the electrical 

behaviour of a complete device, and are influenced by many parameters, such as the geometry 
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of the device, the properties of the OSC and the resistivity and permittivity of the dielectric 

layer. The electrical properties of the complete device were hence studied through production 

of, and investigation into, the transfer and output curves (hence referred to as the IV curves) of 

the device. IV curves for the device were measured in air. In these experiments transfer curves 

were measured from -100 V to 100 V VGS in the saturation regime (|VDS| = 100 V) while output 

characteristics were measured between 0 ≤ |VDS| ≤ 100 V at six values of VGS between 

0 ≤ |VGS| ≤ 100 V.  

6.5.2 IV Curves of a Pentacene OFET Device 

In the saturation regime (|VDS| is large), the transfer curve of an OFET device closely follows 

the relation for a MOSFET device: 

  2

2
THGS

D
DSAT VV

L

WC
I    (6.21) 

where L and W are the channel length and width respectively, CD is the capacitance per unit 

area of the gate dielectric, VGS is the applied gate-source voltage and VTH is the device threshold 

voltage. When the channel dimensions and dielectric capacitance are known, the carrier 

mobility and threshold voltage can be determined through analysis of the transfer curve by 

fitting a linear equation to IDSAT
1/2

 (VGS). In the device with a composite dielectric structure, the 

equivalent dielectric capacitance was used in place of CD, which accounts for the thickness and 

permittivity of both dielectric layers.. The gradient of the linearised transfer curve is given by: 
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and allows the calculation of device mobility. Rearranging (6.22) results in: 
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The intercept of the linear fit with the VGS-axis gives the threshold voltage. Analytically this 

value can be determined by relating the y-intercept parameter in the linear regression to the 

constant term in the expansion of (6.21): 
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Rearranging (6.24) results in: 
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Figure 6.13: Pentacene OFET (a) Transfer and (b) Output curve 

Figure 6.14 shows the result of fitting a linear curve to the modified saturation regime transfer 

curve for the pentacene OFET device including the PDLA layer shown in Figure 6.13. Due to 

the hysteresis present in the measured transfer curve, the top (forward going) current curve has 

been used in analysis. Using (6.24) and (6.25) and the results of this fit, the device mobility and 

threshold voltage were calculated to be 0.11 cm
2 

V
-1

s
-1

 and -44 V respectively. By examining 

the current at the most negative and most positive values of applied bias VDS, the on/off ratio 

was determined to be 1.4173 x 10
5
. These results were compared to those derived from a 

pentacene OFET fabricated under identical conditions with the same device geometry, directly 

onto SiO2. 
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Figure 6.14: Linear fitting to IDS
1/2

(VGS) (m = 1.3368 x 10
-4

, c = 0.0059) 

The device deposited on bare SiO2 was found to have a mobility of 0.0033 cm
2
 V

-1
 s

-1
, a 

threshold voltage of -110 V and an on/off ratio of 361. Figure 6.15 shows that a large 

improvement in device characteristics is present when a PDLA dielectric layer is included in the 

device structure. 
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Figure 6.15: Comparison between transfer curves of pentacene OFET devices fabricated with 

and without a PDLA dielectric layer 
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Table 6.9: Operating characteristics of pentacene OFET devices fabricated with and without a 

PDLA dielectric layer 

Parameter SiO2 SiO2/PDLA 

μ (cm
2
 V

-1
 s

-1
) 0.0033 0.11  

Vth (V) -110 -44 

Ion/Ioff ~10
2 

~10
5
 

 

OFET devices incorporating the PDLA have improved operating characteristics with respect to 

all identified device properties. The mobility, threshold voltage and on/off ratio were all 

significantly affected by the change in dielectric surface. This is explained by the change in 

surface chemistry and surface energy. Changes induced in the structure and morphology of the 

pentacene layer were likely responsible for the change in device mobility, while reduction in 

interfacial trapping at the OSC/dielectric interface likely resulted in the reduction of |Vth|. The 

increased thickness of the dielectric layer combined with the high resistivity of the PDLA layer 

resulted in a decrease of the off current, which when combined with the increase in on current 

due to the higher mobility, explain the improved on/off ratio. This behaviour is similar to 

studies in which OFET devices were deposited onto SiO2 surfaces subject to modification of the 

surface chemistry and surface energy through hexamethyldisilazane (HMDS) and the 

improvement in device behaviour attributed to the difference in pentacene morphology induced 

by the different dielectric surface [155]. These results are additionally in good agreement with 

results in Section 6.4 investigating the influence of the PDLA surface properties over the growth 

and morphology of the n-type semiconductor PDI-8CN2. While the semiconductors differ, it is 

reasonable to assume a similar degree of influence over the OSC layer in this case as well. 

6.6 Conclusions 

The compatibility of PDLA thin films with fabrication techniques utilised in the creation of 

organic electronic devices has been investigated in this chapter. Two processes were identified 
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as being used frequently in organic electronics processing; thermal evaporation and annealing, 

and deposition of OSC solutions. In these processes, the previously deposited layers, including 

PDLA thin films, may be exposed to high temperatures and organic solvents. The thermal 

degradation of PDLA thin films was investigated through VASE measurements, and its surface 

properties investigated through CA measurements. 

It was found that onset of thermal degradation began at approximately 200 °C for all samples, 

inferred by a reduction in thickness and significant changes in the optical profiles. Up to this 

temperature, the thickness, refractive index and extinction coefficient remained stable. This 

indicated that temperatures up to 200 °C could safely be applied to the material or any substrate 

it is adhered to during either thermal evaporation or annealing processes without adversely 

affecting the optical properties (such as transparency) of the material or changing its thickness. 

As there was no indication of structural changes (e.g. densification) in the refractive index and 

thickness, which remained constant, it is not expected that the dielectric properties of the 

material would change significantly through the heating process. From these studies it was 

concluded that PDLA layers are suitable for use in organic electronic devices requiring thermal 

evaporation and annealing stages, up to 200 °C.  
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Table 6.10: Summary of chapter results 

Property Investigated Parameter Remarks Power Dependence Relationship 

Thermal Degradation 

Thickness Begins to reduce at 200 °C  

Very small - none - Refractive Index Unaffected up to 200 °C 

Extinction Coefficient Unaffected up to 200 °C 

Surface Parameters 

Contact Angle Hydrophilic Moderate CA increased as power increased 

Surface Energy ~42 mJ m-2 None - 

Surface Energy Components Monopolar, LW dominated Moderate 
AB component decreased as power 

increased 

Wetting Envelope Wettable for low AB liquids Moderate 
Samples less hydrophilic as power 

increased 

Interfacial Tension Positive in all cases Small 
Generally larger with increased 

power 

Solubility Insoluble in most solvents Small 
Generally less soluble with 

increased power 

Growth of OSC 

Optical profile of PDI-8CN2 Minimal changes in anisotropy - - 

Surface Morphology of PDI-8CN2 
Increased roughness and change in 

morphology 
- - 
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CA measurements were then performed, with the principle goal of determining the solubility of 

the material in key liquids used as solvents in solution processing of OSCs, such as chloroform 

and dichlorobenze. Three analysis techniques were used to determine the total surface energies, 

and where made available by the technique, the Lifshitz-van der Waals and acid-base 

components were also determined. The VCG, Neumann and Fowkes method all resulted in a 

total surface energy of ~42 mJ m
-2

, the VCG and Neumann methods providing the highest 

estimate of ~43 mJ m
-2

 while the Fowkes method resulted in a value of ~39 mJ m
-2

. The VCG 

method showed that the surfaces were largely monopolar in nature, evidenced by the large value 

of γ
-
 relative to γ

+
, which was negligible for all samples investigated. The acid-base component 

of the surface energy derived from both the VCG and Fowkes methods showed a tendency to 

decrease as the power density increased, and a larger value of ~7 mJ m
-2

 was obtained through 

the Fowkes analysis compared to ~2 mJ m
-2 

 from the VCG method. The Neumann method 

provided no additional information regarding the component surface energies.  

To obtain a better understanding of the material and its expected interactions with a variety of 

liquids, the component surface energy values for the material derived from the VCG and 

Fowkes analyses were used to generate wetting curves for each surface investigated, and 

boundaries of 0°, 20°, 40°, 60° and 80° used. All curves showed that the samples became more 

hydrophobic as the power density was increased, seen by the tendency for the constant angle 

boundaries to move closer toward the origin as power density was increased, indicating that the 

same probe liquid would have a higher contact angle. Curves derived from parameters 

determined using Fowkes analysis tended to have better agreement with the experimentally 

measured contact angles for the three probe liquids. Chloroform and dichlorobenzene were both 

shown to fall within the 0° boundary, indicating they would completely wet the surface and not 

provide a measurable contact angle.   

The interfacial tension between the surface and a variety of common solvents was then 

investigated to determine the solubility of the material. In all cases it was found that PDLA is 

insoluble, including in chloroform and dichlorobenzene, solvents commonly used to produce 
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OSC solutions. In the case of EG and DIM, the value of interfacial tension was small and near 

to zero, indicating that the material may swell when in contact with these liquids, explaining the 

initially higher rate of change of CA in the transient measurements performed. No such 

behaviour in chloroform or dichlorobenzene was predicted. It was therefore concluded that 

PDLA dielectric layers could be compatible with solution processing of organic electronics, 

though the solubility in solvents not investigated here should be checked prior to device 

fabrication. Additionally, while the material is not soluble in these solvents, other practical 

issues may arise, such as changes in adhesion, or the dielectric properties of the material.  

Layers of the n-type OSC PDI-8CN2 were thermally deposited on PDLA layers, and their 

optical and morphological properties compared to PDI-8CN2 films deposited on standard SiO2 

surfaces. This resulted in the optical characterisation of the OSC, previously unreported until 

this study. It was found that the morphology of the PDI-8CN2 layers was different when grown 

on PDLA surfaces, having higher surface roughness and an increased crystallite island 

dimension, comparable to PDI-8CN2 layers grown on OTS surfaces. These differences were 

attributed to the change in surface energy and surface chemistry of the PDLA layers when 

compared to SiO2 layers. Investigation of the degree of optical anisotropy of the PDI-8CN2 

layers grown on the different substrates revealed that the molecular chain axis tilt remained 

approximately the same, indicating no significant structural changes in the film.  

OFET devices utilising pentacene as the active channel were fabricated. Two devices, one 

utilising 500 nm SiO2 dielectric layer and one utilising a 500 nm/100 nm SiO2/PDLA dielectric 

structure were compared. It was found that inclusion of the 100 nm PDLA layer improved the 

device performance with respect to the mobility by two orders of magnitude and significantly 

improved both the threshold voltage and on/off ratio. These improvements were attributed to the 

influence of the PDLA surface over the OSC layer. This work represents an important step 

towards integration of PDLA layers into organic electronic devices, highlighting the 

compatibility of the PDLA surface with OSC layers and demonstrating the potential for 

improved device operating characteristics.  
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This chapter has then established that PDLA dielectric layers are compatible with high 

temperature processing, up to 200 °C and solution processing using solvents such as 

dichlorobenzene and chloroform, both of these processes being common in the fabrication of 

organic electronic devices. This was further established by the thermal deposition of an OSC on 

the dielectric surface, and the demonstration that the structure of the organic layer remains 

largely unchanged. OFET devices were then fabricated, and shown to provide significant 

improvements in the performance over devices fabricated in similar conditions without PDLA 

layers. The material‟s desirable dielectric and optical properties, its compatibility with common 

fabrication techniques and demonstrated improvement over device operating characteristics 

make it a viable candidate for use in organic electronic devices.  
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Chapter 7: Conclusions and Future Work 

7.1 Outcomes 

In recent years, organic electronics has undergone rapid growth and development as materials 

and devices approach commercial viability and adoption. However, much research still focuses 

on devices utilising Si substrates that do not exploit the advantages offered by organic 

technology such as optical transparency and mechanical flexibility. Materials which share these 

qualities in addition to being low in cost and compatible with organic electronic devices and 

fabrication methods are required. In this thesis, an environmentally friendly, low cost and 

transparent thin film material suitable for applications in organic electronics was developed. 

This material was derived from the monomer linalyl acetate, the dominant component of 

Lavandula angustifolia essential oil, and fabricated using PECVD. The fundamental and 

electrical properties of the material were investigated, in addition to the compatibility of the 

material with current processing techniques used in fabrication of organic electronic devices.  

The outcomes of these studies are outlined below. 

7.1.1 Fabrication of Linalyl Acetate Thin Films and their Fundamental Properties 

Using PECVD, linalyl acetate thin films were successfully fabricated and their fundamental 

properties determined. Fundamental properties were defined based upon the attributes most 

commonly reported in literature for new materials, and included the material‟s optical, 

morphological and chemical properties. To investigate PDLA thin film optical properties, 

VASE and UV-Vis spectroscopy measurements were undertaken. VASE measurements 

confirmed that the films were optically transparent, with a refractive index of approximately 

1.55 at 589 nm. UV-Vis spectroscopy measurements also showed the films to be optically 

transparent, with only one absorbance peak at approximately 300 nm. From these absorbance 

measurements, the optical band gap of the films was determined to be 3 eV, categorising the 

films as insulating materials though with the possibility of becoming semiconducting with 
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appropriate doping. The optical properties of the films were shown to be independent of their 

thickness, and the films were also found to be optically isotropic.  

The topographical properties of the material were investigated using AFM to measure the 

surface topography and nano-indentation was used to measure its hardness. The PDLA layers 

were found to be amorphous, free of pinholes and other defects, and smooth. From analysis of 

the topography, the roughness was precisely quantified across a scan area of 1 μm x 1 μm and 

determined to have an average value of 0.2 nm. The hardness of the material, determined from 

nano-indentation studies, was found to be 0.4 GPa.  

Chemical studies were undertaken to investigate both the bulk and surface chemical properties 

of PDLA thin films. Bulk chemical functionality was measured utilising ATR-FTIR and the 

samples were found to possess predominately hydrocarbon functionalities, with oxygen present 

in the form of hydroxyl and ketone functional groups, likely from oxygen containing 

functionalities in the original monomer and post-deposition ageing reactions between radicals 

embedded in the plasma deposited thin film and atmospheric O2 and H2O. XPS measurements 

of the surface chemistry provided additional confirmation of the chemical properties of the 

material, through analysis of high resolution C 1s spectra showing predominately hydrocarbon 

bonding environments in addition to some oxygen-containing moieties.  

7.1.2 Electrical Properties of PDLA 

The electrical properties of PDLA thin films were investigated in the frequency range of 

0 Hz - 20 GHz. As the measurement technique was dependent upon the frequency range at 

which the properties were investigated, the spectrum was divided into three frequency regimes; 

the dc region, the ac region and the MW region. In the dc region, IV characterisation from 

0 V - 200 V was used to determine the charge transport mechanism in the material, the dc 

conductivity and the dielectric breakdown strength. Analysis of the shape of the JV curves and 

comparison to standard charge transport models for insulating thin films showed that RS 

conduction was the predominate mechanism of charge transport in the films. The dc 
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conductivity was found to be on the order of 10
-11 

Ω
-1 

m
-1

, and at the high limits of applied 

electric fields dielectric breakdown occurred at of 1.8 MV cm
-1

. Dielectric breakdown was 

tested for films of low, moderate and high thicknesses and found to be dependent only on 

applied field and not film thickness.  

In the ac frequency region, between 10 Hz and 100 kHz, IS measurements were used to 

determine the dielectric function of the PDLA thin films. These measurements were performed 

under heating in order to excite relaxation phenomena to frequencies within the experimental 

measurement range to allow better modelling of the material‟s dielectric function. This 

modelling was performed using a generalised relaxation function, dependent on a distribution of 

relaxation times and the dielectric constant of the material. Through modelling, it was found 

that the low frequency permittivity of the material was approximately 11, while the high 

frequency permittivity was found to be approximately 3. The distribution of relaxation times 

was found to possess multiple peaks, one of which clearly dominated and was responsible for 

the main peak in the measured loss spectrum. The high frequency dielectric constant was then 

directly verified by MW measurements at 10 GHz and 20 GHz using the SPDR method, where 

the dielectric constant was found to be 2.4. Electrical characterisation of the material resulted in 

a description of its complex dielectric function, experimentally verified at 0 Hz,  

10 Hz - 100 kHz, 10 GHz and 20 GHz, though theoretically available for all frequencies. 

Knowledge of this function allows calculation of a device capacitance given a particular 

operating frequency, temperature and dimensions, which is of considerable design importance. 

Very low conductivity was observed which was maintained up until the occurrence of dielectric 

breakdown at 1.8 MV cm
-1

. Due to the low conductivity and low permittivity characteristics, the 

material was then considered as a potential insulating layer in OFET devices.  

7.1.3 Identification and Investigation of PDLA in Organic Electronics Applications 

Electrical measurements showed the material to demonstrate highly insulating, low permittivity 

behaviour. Optically the material is transparent and possesses a smooth topography. The 
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combination of these properties makes PDLA thin films an ideal candidate for dielectric layers 

in OFET devices, where SiO2 dielectric layers remain common. To be implemented in an OFET 

device, it was identified that PDLA should be capable of withstanding the processing 

procedures required for deposition of OSC layers, namely, exposure to high temperatures and 

exposure to organic solvents such as chloroform and dichlorobenzene. The thermal and 

chemical stability were therefore investigated using temperature dependent VASE and CA 

measurements respectively. Onset of thermal degradation was found to occur at 200 °C, well 

above annealing temperatures commonly utilised in fabrication of OSC layers, therefore 

demonstrating the films meet the thermal requirement. CA measurements were analysed using 

multiple methods found the surface free energy of the PDLA layers to be ~44 mJ m
-2

 and 

showed the surface to be monopolar. Interaction of the material with different solvents was then 

modelled through the calculation of interfacial tensions and production of wetting curves, which 

showed that the films were insoluble in common solvents such as chloroform and 

dichlorobenzene, and would completely wet when in contact with them. As they are insoluble in 

the investigated organic solvents, the thin films also meet the insolubility processing 

requirement. Additionally, as the dispersive and polar components of the surface free energy of 

the material are known, and with the aid of wetting curves, the expected interaction with any 

other solvent desired can be determined in future work.  

The literature review identified that the structural ordering of OSC thin films was a critical 

determining factor for their overall performance, particularly with respect to their carrier 

mobility. This property was shown to be sensitive to a variety of factors, including the surface 

on which the OSC is deposited. PDI-8CN2 layers were therefore deposited on standard SiO2 

substrates and on PDLA layers and their optical and morphological features compared using 

VASE and AFM measurements. This required the optical modelling of the PDI-8CN2 OSC, 

which was shown to be optically anisotropic. The degree of anisotropy is correlated to the 

structural ordering of the material, and hence this property was used to verify that no bulk 

structural changes were induced in the material when grown on PDLA layers as there was no 
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change in the degree of anisotropy. Morphological changes were induced, and the morphology 

of the OSC layer when deposited on PDLA was similar to that when deposited on OTS treated 

SiO2, most likely due to their similar surface free energies. PDLA layers were successfully used 

in a pentacene OFET device as a buffer layer above the existing SiO2 dielectric. They were 

found to improve the device operating characteristics over those deposited under the same 

conditions without the PDLA layer, as evidenced through an increase in mobility and on/off 

ratio and decrease of the threshold voltage. 

7.1.4 Investigation into the Link between Deposition Conditions and Film Properties 

In nearly all studies the parameter W/FM was varied by changing in the RF power delivered to 

the deposition chamber during film fabrication while keeping the flow rate and monomer fixed. 

This parameter was shown in literature to be the principle determining factor in the overall film 

properties. It was found that PDLA tended to have properties which were relatively constant, 

independent of the power density used, with a few notable exceptions. With respect to 

fundamental properties, the absorbance (i.e. transparency of the film) and optical bandgap were 

found to be unaffected by the power density, while the refractive index showed a very small 

dependence, increasing slightly as power density decreased. The surface topography was shown 

to be unaffected by changing deposition conditions, and the surface roughness remained 

constant across all powers investigated. The hardness of the material did however undergo 

significant variation, increasing from 0.35 GPa to 0.45 GPa as RF power increased from 10 W 

to 75 W. This was attributed to an increase in crosslinking in the film, expected from literature 

reports and an increase in carbon content, corroborated by XPS measurements which showed an 

increase in surface carbon content from 75% to 85% as RF power was varied. Despite the 

change in surface chemistry, no significant change in bulk chemical functionality was observed 

in FTIR measurements.  

The JV curves showed a decrease in dc conductivity as power density increased, and IS 

measurements showed a similar trend with permittivity. The reduction in permittivity at higher 
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RF energies is attributed to the reduction in more polar oxygen functionalities, while the 

decrease in conductivity is attributed to the increase in crosslinking in samples fabricated in 

higher energy conditions. Films could be fabricated with an increased permittivity at the cost of 

a decrease in resistivity, or an increased resistivity with lower permittivity; generally the latter 

is considered more desirable.  

Finally, as part of CA studies, the influence of the power density on surface energy parameters 

was investigated. It was found that as the power density increased, the polar contribution to the 

total surface energy decreased while the dispersive component increased, though the total 

surface free energy remained relatively constant. The decrease in the polar component of 

surface energy was again attributed to the reduction in the more polar oxygen functionalities at 

the surface observed in XPS measurements. No significant trend was observed in the solubility 

of the material in various solvents as a function of RF power; films deposited at all power 

densities were shown to be insoluble in all liquids investigated. Onset of thermal degradation 

was also found to be slightly delayed in films deposited at higher power densities. 

As a result of these studies, it was determined that samples fabricated at higher power densities 

are generally preferred; they are harder, less conductive, lower permittivity, contain less surface 

oxygen and still possess desirable properties such as transparency, low surface roughness and 

high breakdown strength. For OFET devices, films were deposited at higher power densities to 

decrease the dielectric conductivity and hence reduce leakage currents. In addition, the 

reduction of surface oxygen functionality is expected to reduce the availability of trapping sites 

and hence improve device mobility and threshold voltage, confirmed by measurements of a 

pentacene OFET including a PDLA buffer layer. Outside of OFET devices, the relation to 

deposition parameters of all key material properties is now available, and can be utilised to 

guide design choices during the fabrication of PDLA thin films for other applications. A 

summary of all investigated material properties is given in Table 7.1. 
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7.2 Contributions to Knowledge 

As a result of this thesis and addressing the stated research objectives, the following 

contributions to knowledge in the field of materials science and engineering have been made: 

1. A new material has been developed from a non-synthetically derived monomer. 

Development of a new product is a fundamental area of research and an important aspect of 

materials research. In this thesis, a transparent, environmentally stable, smooth and defect free 

thin film material has been developed from the previously unreported monomer linalyl acetate, 

derived non-synthetically from essential oils. The extraction of the monomer from agriculture 

produce through distillation, and the PECVD process resulted in films which are cheap, 

environmentally friendly and useful for a variety of applications. The fundamental properties of 

this material and their relationship to the deposition conditions are well understood. 

2. The electrical properties of the material have been determined in detail. 

To assess the viability of PDLA thin films in organic electronic applications and to assist the 

design process, the charge carrier mechanism, conductivity, breakdown field and complex 

dielectric function from dc to optical frequencies have been determined. In addition, many of 

these properties were studied as a function of power density and operating temperature. 

Knowledge of these parameters allows for the design of devices with precise electrical 

characteristics to elicit an optimised response.  

3. A specific application has been identified, the compatibility of the material with 

modern OSC fabrication techniques assessed and a proof-of-concept device 

successfully fabricated. 

In this work, studies towards assessing the viability of PDLA thin films in organic electronics 

have been completed, and the critically important factor of processing compatibility addressed. 

These studies allow further research into device design and testing. Additionally, they allow for 

immediate elimination of some potential issues should devices not function as expected. 
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7.3 Recommendations and Future Work 

This research has provided a large basis for further work utilising the newly developed PDLA 

thin films. The focus of the work was electrical applications, however the properties described 

in this thesis allow for study of the material in optical and protective applications as well. The 

primary recommendation for future work is therefore to investigate the potential of the material 

in these, using the information provided in this thesis. Further recommendations for future work 

are based solely on the prospect of specific organic electronic applications. 

Firstly, while the thermal degradation and solubility of PDLA thin films have been shown to be 

sufficient for organic electronic applications, further study on the influence of these processes 

on specific properties should be undertaken. For example the dielectric function and 

conductivity should be determined after exposure to various solvents to ensure the electrical 

properties remain unaffected. Additionally, solvent exposure and heating were in this work 

considered separate and independent processes; studies should be performed using sequential 

steps to simulate more accurately the device fabrication process.  

Secondly, only specific types of OFET device and two OSCs have been investigated. While 

these are incredibly important proof-of-concept studies, possible avenues of future research 

could involve investigations into different device architectures and modification of deposition 

parameters and procedures to accommodate these, and investigations into the interaction 

between PDLA layers and different OSC layers. Further investigations into optimisation of 

device performance through modification of the dielectric (for example through surface 

treatments, UV treatments etc.) may also be investigated.  

Finally, in device applications, predominately thermally deposited layers were investigated. As 

organic electronics research progresses, more effort is being devoted towards solution processed 

materials, fabricated quickly on flexible substrates. There is rich potential in this area to 

investigate integration of PDLA layers into these processes. 
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Table 7.1: Summary of key material properties 

Property 

Deposition Energy 

10 W 25 W  50 W 75 W 

Refractive index (λ = 589 nm) 1.55 1.56 1.57 1.58 

Extinction coefficient (λ = 589 nm) 0.003 0.003 0.003 0.003 

Optical band gap (eV) 3.02 2.96 2.96 2.95 

Average surface roughness (nm) 0.2 0.2 0.2 0.2 

Hardness (GPa) 0.3 0.35 0.37 0.45 

Conductivity (Ω-1 m-1) 4 x 10-11 2.25 x 10-11 1.75 x 10-11 5 x 10-13 

High frequency dielectric constant 3.5 3.2 3.15 3 

Breakdown strength (MV cm-1) - - - 1.8 

Thermal degradation onset ( °C) 195 205 215 225 

Surface free energy (mJ m-2) 46 47 46 45 

Solubility in chloroform  Insoluble Insoluble Insoluble Insoluble 
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