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ABSTRACT 
Plasma polymers are coming to occupy a niche position in the development of 

functionalised thin films for use in electronic, biomedical, and optical devices. In 

particular, plasma polymers synthesised from natural organic precursors, such 

as essential oils, have demonstrated promising properties relating to electronic 

charge transport/insulation, biocompatibility, and protective device 

encapsulation. Several of these environmentally friendly precursors, including 

terpinen-4-ol, are derived from resources native to Australia and their commercial 

uptake in plasma polymer-enabled technologies holds economic benefits for 

Australian industry. 

This commercial uptake can be advanced through several initiatives. First, the 

economics of the plasma polymer synthesis process can be improved through 

better understanding of the relationship between precursor, plasma environment, 

and polymer properties. Second, efforts can be made to demonstrate the 

retention of electronically and biomedically relevant properties following exposure 

to a standardised sterilisation process, such as gamma irradiation. Finally, the 

range of suitable applications for plasma polymers can be expanded by 

developing new techniques (such as radiation processing) for tailoring and 

enhancing their chemical and physical properties.  

Resultantly, this thesis focussed on the cold plasma synthesis of polyterpenol thin 

films from the natural terpinen-4-ol precursor, and the subsequent exposure of 

these films to a variety of ionising radiation sources and species. 

The synthesis process involved the introduction of terpinen-4-ol monomer units 

(a monocyclic terpene alcohol extracted from the distillation of Melaleuca 

alternifolia oil) into a radio frequency glow discharge. Subsequent fragmentation 

and recombination/deposition of species within the plasma led to the formation of 

thin, flexible, and morphologically uniform polyterpenol films. Following synthesis, 

the polyterpenol films were exposed to ionising radiation in the form of swift heavy 

ions from an ion beam, gamma rays from a cobalt-60 source, and high-

temperature species generated by a dense plasma focus device.  
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The energy, type, and relative abundance of plasma species was explored using 

residual gas analysis and positive ion mode quadrupole mass spectrometry. 

Properties of the irradiated polyterpenol thin films were examined using crystal 

quartz microbalance analysis, spectroscopic ellipsometry, atomic force 

microscopy, Fourier transform infrared spectroscopy, X-ray photoelectron 

spectroscopy, scanning electron spectroscopy, energy dispersive X-ray 

spectroscopy, Raman spectroscopy, X-ray reflectometry, and two-probe current-

voltage and capacitive characterisation.  

Specific findings from this thesis include: 

 Determination that the plasma environments of terpinen-4-ol and 

Melaleuca alternifolia oil (from which terpinen-4-ol is distilled) show 

increasing commonalities in plasma species as the applied power is 

increased. This finding indicates that the less processed Melaleuca 

alternifolia oil may be used as a cost-effective substitute for terpinen-4-ol 

in applications that are reliant primarily on the mechanical and physical 

properties of the resultant plasma polymer. Conversely, priority should be 

given to the use of terpinen-4-ol in a low power plasma environment for 

the synthesis of films that are required to demonstrate traits that are 

strongly dependent on chemical functionalities (e.g., antibacterial 

coatings, or coatings to support endothelialisation).  

 Determination that high energy (~50 MeV) iodine ion (I10+) irradiation at 

low fluence (≤1×1012 ions/cm2) can be employed to generate polyterpenol 

thin films with controlled surface pore density. This opens up the possibility 

of using porous polyterpenol thin films as nano- or micro-porous filtration 

membranes, or as loading and controlled dispersal platforms for 

pharmaceutical products. 

 Determination that high energy (~55 MeV) iodine ion (I9+) irradiation at high 

fluence (≥1×1013 ions/cm2) can be employed to convert polyterpenol thin 

films into graphitic-polymer nanocomposite films, whilst still retaining some 

degree of polymer chemical functionality. This opens up the possibility of 

using high fluence ion treatment of polyterpenol to synthesise layers for 

use in supercapacitors, organic electronics, membranes, and biological 

assay. 
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 Determination that the physical and chemical characteristics of 

polyterpenol exhibit stability following gamma irradiation at doses up to 

four times in excess of the 25 kGy dose commonly employed to sterilise 

materials for biomedical applications. The antibacterial properties of 

polyterpenol (specifically with respect to the pseudomonas aeruginosa 

pathogen) are strongly dependent upon the surface morphology and 

chemical functionalities of the film. The retention of these characteristics 

following gamma irradiation at doses well in excess of 25 kGy suggests 

that polyterpenol antibacterial coatings (for devices such as in-dwelling 

implants) may be valid targets for gamma sterilisation processes. 

 Determination that exposure to extremely high temperature transient 

irradiation from a dense plasma focus device can induce inelastic 

deformation of plasma polymer films. Plasma polymers exhibit a high 

degree of crosslinking, and as such behave in a fashion similar to that of 

thermosetting polymers when heated (i.e., they char and decompose). The 

high heating slope and rapid cooldown time associated with dense plasma 

focus treatment permits chain mobility and plastic behaviour to occur 

before thermal degradation is expressed. This has implications for 

reshaping plasma polymers, and enables the formation of novel 

topographical features (such as hollow bubble-like cavities). 

In summary this thesis has enhanced the understanding of plasma chemistry 

relevant to naturally occurring terpene precursors, and expanded the suite of 

post-synthesis techniques that can be applied to tailor the properties of 

plasma polymerised polyterpenol thin films. Applications relating to these 

developments have been identified, and future avenues for investigation have 

been proposed. 
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CHAPTER 1  INTRODUCTION 

1.1 RATIONAL 

The healthy and equitable continuation of society is challenged by a host of trends 

spanning aging demographics, resource depletion, climate change, and the rise 

of antibiotic resistant pathogens. Surmounting these challenges requires the 

design of new technologies, including bioelectronic and organic electronic 

devices, built using new materials. These novel materials must satisfy an ever 

growing suite of performance demands, and should ideally be synthesised from 

environmentally friendly precursors using green-chemistry techniques. 

One such technique, plasma polymerisation, presents as an attractive choice for 

the solvent-free and dry synthesis of chemically functionalised thin films [1]. 

Resultantly, from 2009 – 2011, A/Prof. Mohan Jacob and Dr. Kateryna Bazaka 

successfully synthesised polyterpenol thin films via plasma polymerisation of the 

terpinen-4-ol monomer, extracted from Melaleuca alternifolia essential oil (aka. 

tea tree oil) [2]. Successive studies into the fundamental and applied properties 

of this polymer highlighted its suitability for a variety of uses, including as an 

encapsulating film for electronic devices [3], an antibacterial coating for 

biomedical devices [4], and an electron-blocking/hole-transport layer in organic 

electronic devices [5].  

The production economics and utility of polyterpenol can be further enhanced by 

additional exploration into the relationship between precursor selection and 

plasma environment, and by the post-synthesis tailored modification of its 

properties via ionising radiation processing.  

The desirability of radiation processing (via swift heavy ions, gamma rays, and 

pinch plasma) is grounded in its ability to induce spatially uniform changes in 

chemical and physical structure throughout the bulk of the polyterpenol thin film. 

Alternative processing techniques, including thermal, chemical, and cold plasma 

treatments are marred by complexities such as thin film degradation, post-

treatment presence of chemical residues, and spatial confinement of treatment 

effects to the surface and near-surface regions of the film. 
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As mentioned, plasma polymerised polyterpenol has prospective applications in 

biotechnology, electronics, and as a passivation coating for various devices. 

Whilst being employed in these functions, polyterpenol is liable to be exposed to 

various forms of radiation (for example, sterilising gamma rays or electron beam 

processing). Thus, it is essential to understand how such radiation may influence 

the application-specific properties of the polymer. 

The effects of radiation on conventional polymers (i.e., those comprised of 

regularly repeating monomeric units) are relatively well established, with 

commercial applications already available for polymer crosslinking, sterilisation, 

and recycling [6]. Unlike conventional polymers, plasma polymers are 

synthesised in a radiation-rich environment and as a result demonstrate 

significant structural disorder and presence of trapped free radicals [1]. Beyond 

the specific case of cold plasma treatment, very little is known about how the 

unique structure of plasma polymers responds to ionising radiation. Hence, 

radiation processing of plasma polymers presents as a virgin field of scientific 

inquiry with uncultivated potential.  

1.2 RESEARCH OBJECTIVES 

This thesis aimed to provide new understanding pertinent to both the fundamental 

elements of polyterpenol thin film synthesis, and the subsequent processing of 

these films with ionising radiation. In doing so, the following primary research 

questions were addressed by this thesis: 

 Under what conditions does the choice of terpenoid precursor influence 

the plasma environment used to synthesise polyterpenol and related 

terpenoid plasma polymer thin films? 

 Can the as-deposited physical and chemical properties of polyterpenol thin 

films be retained following exposure to radiation conditions conducive to 

biological sterilisation? 

 Can the physical and chemical properties of polyterpenol thin films be 

selectively tailored by exposure to ionising radiation, and if so, what 

applications are these processed films best suited for? 
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Specific sub-objectives and their associated rational are detailed as follows: 

 Sub-objective: to use mass spectrometry to elucidate the relationship 

between radio frequency power applied during polyterpenol synthesis, and 

the resulting species formed within the plasma environment. 

Rational: the antibacterial properties of polyterpenol thin films have been 

established in previous work for films synthesised as low power. This 

antibacterial behaviour was ascribed to the likely preservation and 

incorporation of intact terpinen-4-ol monomer units into the polymer 

deposit. Determination of the species present within the plasma volume 

as a function of applied power can substantiate the validity of this claim. 

 Sub-objective: to use mass spectrometry to elucidate the relationship 

between radio frequency power applied during plasma polymer synthesis, 

and the resulting species formed within plasma environments supplied 

with terpinen-4-ol or Melaleuca alternifolia oil precursors. 

Rational: the identification of commonalities in the type and relative 

abundance of species generated within plasma environments supplied 

with terpinen-4-ol or Melaleuca alternifolia oil precursors will enhance the 

economics of film synthesis. Specifically, it will allow informed selection of 

the cheapest precursor material capable of forming films with comparable 

composition and structure to those formed from the more expensive 

precursor. Conversely, the identification of disparities in the type and 

abundance of plasma species from precursors excited at a given plasma 

power permits informed precursor selection with respect to the desired 

chemical functionality of the final film product. 

 Sub-objective: to expose polyterpenol thin films to sterilising doses of 

gamma radiation and assess the effects of this radiation on the chemical 

and physical characteristics responsible for the material’s previously 

identified bioelectronic and antibacterial properties.  

Rational: if antibacterial polyterpenol coatings are to be applied to 

biomedical devices, it must first be established that the surface chemical 

functionality and morphological characteristics responsible for the 

antibacterial behaviour can be retained following exposure to a commonly 

employed method of biomedical product sterilisation (viz. gamma 
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radiation). Post-irradiation retention of electronic properties must also be 

proven if polyterpenol is to be incorporated into bioelectronic devices for 

insulating, hole transport, or interlayer adhesion promoting purposes. 

 Sub-objective: to expose polyterpenol thin films to low fluence swift heavy 

ions, and determine the effects of this radiation on the material’s optical 

and morphological characteristics. 

Rational: demonstration of the controlled development of latent ion tracks 

and ion beam etching of polyterpenol thin films can open up new 

applications for these films as micro- or nano-porous membranes, drug 

loading architectures, and optical waveguides. 

 Sub-objective: to expose polyterpenol thin films to high fluence swift heavy 

ions, and determine the effects of this radiation on the material’s chemical 

composition and structure. 

Rational: demonstration of the ion beam induced conversion of 

polyterpenol thin films into graphitic-polymer nanocomposites can open up 

new applications for these films as electrically conductive contacts/layers 

in supercapacitors, organic electronic devices, and biosensors. 

 Sub-objective: to expose polyterpenol thin films to dense plasma focus 

irradiation, and determine the effects of this radiation on the material’s 

morphological structure. 

Rational: the utility of plasma polymers is partially limited by their 

thermosetting-like behaviour, and limited capacity to withstand thermal 

annealing. The application of an extremely transient high-temperature 

DPF treatment environment may present new pathways for circumventing 

these limitations. 

1.3 DOCUMENT ORGANISATION 

This thesis is organised into a series of chapters populated by journal papers in 

various stages of publication. In the interests of modularity each paper has been 

presented as a self-contained unit with standalone subheadings, experimental 

methodology, figure/table numbering, and references. The thesis is organised as 

follows: 
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Chapter 1 introduces the subject matter of plasma polymers and radiation 

processing, outlines the objectives to be realised by this thesis, and provides 

justification for the pursuit of these objectives. 

Chapter 2 provides a literature review in the form of a review paper that details 

the use of plasma technologies, including dense plasma focus, in the 

environmentally sustainable synthesis and processing of polymers for electronic 

applications.  

Chapter 3 studies the relationship between terpenoid precursors and their 

associated plasma environment, as a function of applied plasma power. Ion 

energy probes and quadrupole mass spectrometry provide information about the 

type, abundance, and energy of neutral and ion species within the plasma 

environments generated from terpinen-4-ol and Melaleuca alternifolia oil 

precursors respectively. Supplementary information about the polyterpenol 

deposition rate is also provided by quartz crystal microbalance. 

Chapter 4 outlines the response of polyterpenol thin films to swift heavy ion 

irradiation in two papers. The first of these uses spectroscopic ellipsometry, 

atomic force microscopy, and X-ray reflectometry to probe changes in material 

properties following irradiation with 50 MeV I10+ ions at low fluences ranging from 

1×1010 - 1×1012 ions/cm2. Parameters of interest include the optical complex 

refractive index, air-polymer and polymer-substrate interfacial roughness, and 

surface morphology. 

The second study explores the effects of high fluence ( ≥1×1013 ions/cm2) 55 MeV 

I9+ ion irradiation on polyterpenol’s physical structure and chemical composition. 

Scanning electron microscopy, spectroscopic ellipsometry, Raman 

spectroscopy, Fourier transform infrared spectroscopy, and atomic force 

microscopy are employed to investigate subsequent film restructuring and 

formation of a chemically functionalised graphitic-polymer nanocomposite. 

Chapter 5 outlines the inelastic deformation response of polyterpenol thin films to 

transient thermal and radiation treatment delivered by a dense plasma focus 

device. Surface restructuring and the elemental composition of newly formed 
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microstructures is examined using scanning electron microscopy and energy 

dispersive X-ray spectroscopy.  

Chapter 6 details the preservation of polyterpenol properties relevant to 

biomedical and organic electronic applications following exposure to gamma 

radiation (1.17 and 1.33 MeV) at doses ranging from 0.1 – 100 kGy. Post-

irradiation stability of optical, electronic, chemical, and surface morphological 

properties is verified with spectroscopic ellipsometry, capacitive and current-

voltage analysis, Fourier transform infrared spectroscopy, and atomic force 

microscopy. 

Chapter 7 summarises the work undertaken throughout the course of this thesis, 

highlights potential applications stemming from the findings contained herein, and 

identifies additional avenues for future investigation. 

REFERENCES 

1. J. Friedrich, Mechanisms of Plasma Polymerization - Reviewed from a 
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5. M.V. Jacob, et al., Electron-blocking hole-transport polyterpenol thin films. 

Chemical Physics Letters, 2012. 528. 

6. R.L. Clough, High-energy radiation and polymers: a review of commercial 

processes and emerging applications. Nuclear Instruments and Methods 

in Physics Research Section B, 2001. 185: p. 8. 
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CHAPTER 2 PLASMA FOR ORGANIC ELECTRONICS 
This chapter introduces core concepts integral to understanding the synthesis 

and radiation processing of polymeric materials employed in the fabrication of 

organic electronic devices. Factors relating to precursor selection, deposition 

mechanisms, and the properties of polymeric materials are all considered in the 

context of organic electronic applications. The chapter also provides a detailed 

review of dense plasma focus systems and the radiation environment that they 

generate, with a particular emphasis on the sustainable processing of polymeric 

materials for electronic applications. 

2.1 DENSE PLASMA FOCUS RADIATION PROCESSING OF 
MATERIALS FOR SUSTAINABLE POLYMER 
ELECTRONICS 

This review paper outlines the need for sustainable polymer-based electronics, 

and details the role that dense plasma focus processing has played in facilitating 

this technology. Challenges facing the green and sustainable production of 

electronic materials are identified, and a case is made for transitioning from 

traditional silicon-based electronics to carbon-based electronics. Specifically, the 

advantages associated with polymer electronics are highlighted, along with 

potential challenges relating to their quality, performance, toxicity, and complex 

assembly. Non-thermal plasma synthesis routes for polymer electronics are 

briefly touched on, before progressing to a detailed presentation of fundamental 

dense plasma focus treatment mechanisms and demonstrated applications in 

polymer electronics. “Dense plasma focus radiation processing of materials for 

sustainable polymer electronics,” has been submitted to Renewable & 

Sustainable Energy Reviews. This paper involved collaborations with Olha 

Bazaka, and A/Prof. Rajdeep S. Rawat. 
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Abstract 

Polymers fill several critical functions in modern photovoltaic and electronic 

applications, and are commonly found serving as protective coatings, insulators, 

dielectrics, conductive layers, adhesion promoting layers, and photoresists. 

Ionising radiation has been used for decades to achieve the synthesis and 

modification of these polymeric materials, with a varied range of radiation 

sources, species, and target materials being employed. This paper introduces 

one such source, the dense plasma focus (DPF), and explores the diverse work 

that has been undertaken in applying DPF to polymer processing. Revealing the 
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unique properties of DPF may serve to stimulate specialists presently working in 

the polymer irradiation domain to consider DPF as an alternative vehicle for 

accomplishing innovation in polymer processing for sustainable photovoltaic and 

electronic applications. 

Keywords: ionising radiation; dense plasma focus; polymer irradiation; organic 

electronics 
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1. Introduction 

Advances in nanoscale technologies have delivered significant benefits to most 

industries, from electronics to medical to agricultural fields, leading to substantial 

advancements in those areas. Indeed, currently available fabrication 

technologies allow for the deterministic organisation of materials at different 

length scales, from atomic to macro level, thereby allowing for the nanoscale 

control of the physicochemical properties and functionality of the materials 

produced. At the nanoscale, elements behave differently than they do in their bulk 

form, giving rise to novel effects and unique optical, electronic, chemical or 

mechanical properties. It is with these unique nanoscale effects and properties 

that superior performance, energy efficiency, and substantial miniaturisation of a 

large range of mechanical, optical and electronic devices can be attained, 

overcoming obstacles that hinder the development of macro and microscale 

technologies. 

Although nanoscale materials and devices continue to become ever more energy 

efficient and environmentally friendly to operate, the energy and material 

expenditure associated with their production and post-use management remain 

disproportionally high. The application of nanomaterials is challenged by the 

sensitivity of the desirable properties to the presence of undesirable 

imperfections, such as structural defects, chemical or physical non-uniformity, as 

well as the quality of the integration of individual components within the device. 

To operate properly, nanoscale materials and processes demand a high degree 

of precision in terms of material purity, chemical conformation, dimensions and 

architecture. This generally translates to high cost, energy-intensive processing 

of highly purified, often toxic precursors. Indeed, the majority of currently available 

high-performance precursors are produced using complex synthesis techniques, 

often in more than one production environment, with significant water, energy and 

material inputs, and large amounts of waste output. This holds true for inorganic 

and organic materials, even though the latter are considered having the potential 

to be a lower-cost, more sustainable alternative to metal salts, metal halides, 

organic alkoxides, and other materials used in modern electronics. Process 

energy and material consumption are thus the critical targets for making 

electronics more sustainable. 
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This review aims to critically evaluate the use of ionising radiation, specifically 

that generated by the dense plasma focus family of devices, as an enabling 

technology for nanoscale processing of polymer materials for application in 

organic electronics. The review will first briefly discuss the sustainability of current 

electronics, focusing on the challenges in achieving material and energy 

efficiency throughout device lifecycle, and outlining the areas where significant 

improvements are warranted. It will then demonstrate how the highly-reactive 

physical and chemical effects generated by dense plasma focus radiation can 

enable innovation in polymer processing for sustainable electronic applications. 

2. Challenges in the fabrication of sustainable electronics 

Since its emergence in the 1980s, nanotechnology has become a tool to organise 

and control carbons at atomic- and nanoscales, advancing every aspect of 

modern electronics, from nanoscale material synthesis, device patterning and 

assembly, to inspection and metrology capabilities. This enabled unprecedented 

miniaturisation of device components and large scale integration, leading to the 

development of highly-efficient, low-cost electronic devices with novel and 

advanced capabilities while reducing their weight, physical dimensions, and 

power consumption.  

Notwithstanding these benefits, operating at the nanoscale is not trivial. There 

are general complexities associated with designing devices at these length 

scales, such as the issues of power dissipation and heat removal in 

geometrically-scaled conventional silicon devices [1]. Challenges that become 

prominent during scaling include subthreshold leakage and standby power 

associated with short channel effects in field effect transistors, increasing 

operating power due to junction leakage, high standby current associated with 

gate dielectric thickness scaling, memory scaling being hindered by charge 

storage and retention, and many others.  

The key technical challenge for nanoelectronics, however, is the requirement for 

nano- or even atomic-scale precision, which increases the complexity, costs and 

energy requirements for semiconductor material synthesis and processing [2]. 

According to Gutowski and colleagues, in the past 30 years, an increase by at 

least six orders of magnitude has been observed in the intensity of materials and 
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energy used per unit of mass of material processed, with this phenomenon being 

driven largely by the demands of miniaturisation and nanoscale precision [3]. This 

means that even though the operational efficiency and environmental credentials 

of electronics have experience dramatic improvements, the energy and material 

cost associated with fabrication of these devices remain excessively high. 

Although several different types of electronics are being developed, at present, 

electronics based on silicon and gallium arsenide offers the best combination of 

performance and stability and as such remains the dominant technology [4]. Most 

of these photovoltaic and electronic devices use high-purity polycrystalline 

silicon, scarce elements, such as indium and tantalum, and precious metals, such 

as gold and platinum, the refinement and processing of which is material- and 

energy-consuming, costly, and impactful on the environment [5]. The assembly 

of device components is typically energy-inefficient, requires multi-step 

processing and the use of potentially environment- and human-health-hazardous 

auxiliary organic solvents and catalysts. For instance, CVD fabrication of 

electronic grade silicon is estimated to consume in excess of 20 PJ of electricity 

per year [3], with the complex multi-step process of silicon wafer fabrication 

consuming a large fraction of the energy and material expended in the production 

of an integrated circuit [6].  

The cost of post-use management has also remained a considerable impediment 

on the path to sustainability for modern, highly-integrated electronics. Until 

recently, excellent long-term stability under as broad of a range of environmental 

conditions as possible has been highly caveated, as it translated into longevity of 

device performance over years or even decades. Unsurprisingly, most of the 

currently used materials are non-biodegradable, that is, they break down at an 

extremely slow rate and persist in the environment (e.g. remain in the landfill), 

long after their disposal. Alternatively, these materials need to be post-processed 

to initiate their decomposition. However, this is logistically challenging: the multi-

component, highly integrated nature of modern electronics precludes easy device 

disassembly; on the other hand, there are few techniques that would be equally 

suitable for pre-treatment of such a wide variety of materials as those found in 

modern electronics. Most types of post-use management attract additional 

material, water and energy costs, including collection of the used articles, their 
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transportation to landfill or a recycling factory, chemical and/or physical 

treatment, disposal of end-products, remediation of auxiliary substances and 

catalysts, and so on. Post-use management (i.e. decomposition and recycling) is 

complicated by the high degree of integration associated with nanoproducts, as 

more complex processes are required to decompose or extract specific 

constituents from the device.  

Thus, many nanoproducts that are considered ‘green’ due to low-cost and energy 

efficient operation may nonetheless attract significant production and/or end-of-

life management costs. Indeed, even though material and energy efficiency and 

waste management are closely interlinked not only at the production stage, but 

at the use and post-use stages, the manufacturing, use and disposal are often 

developed and evaluated separately. From ‘green synthesis’ that disregard the 

impact of the work-up chemistry, to ‘green waste management’ that ignores the 

transportation costs, the examples are many both in industry protocols and in 

academic reports. There is a need to converge the advancements in each of 

these areas to attain the most successful ‘green’ solution. 

3. Carbon vs silicon in electronics 

Carbon-based nanomaterials have emerged as a potentially lower-cost, more 

environmentally sustainable technology that can either replace or supplement 

silicon-based electronics [7]. Indeed, organic materials are plentiful, versatile and 

often renewable. It is generally regarded that the production of organic materials, 

particularly polymers, is more energy-efficient. According to some estimates, up 

to six orders of magnitude more energy is consumed in the production of high-

quality inorganic electronic material than that necessary to produce high-quality 

plastic [3]. They are also regarded as being more environmentally friendly to 

source, as carbon and carbon-based materials are omnipresent in nature, and to 

dispose of, since many are inherently biodegradable or can be manipulated to 

become more readily degradable. In addition to post-use recycling into lower-

value products, used carbon-based materials can also be incinerated to produce 

energy.  

Besides their environmental and economic credentials, the physical and chemical 

properties of carbon-based materials can enable the development of novel forms 
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of electronic devices. For instance, in addition to very low-weight and large area 

coverage, weak Van der Waals bonding between organic molecules enables 

polymers to endure substantial mechanical deformation [8, 9], which is critical for 

the development of sensoring, energy harvesting and light emitting devices for 

foldable electronics, smart clothes, electronic skin, and surface conforming foils 

[10]. Unlike those based on silicon electronics, organic electronic devices can be 

fabricated using a variety of low-cost, high-throughput, scalable methods, e.g. 

though inkjet or offset printing of electrically-functional electronic or optical inks, 

as well as established chemical and physical vapour deposition techniques 

widely used in modern semiconductor processing [11].   

Nonetheless, a large proportion of presently used organics are derived from non-

renewable petrochemical resources by means of purification methods that 

consume and produce hazardous liquid, solid, and gaseous substances. Yet 

more energy, water and material resources are then required to mitigate these 

toxic by-products. Toxic substances can also be entrapped within a device itself, 

potentially leaching out into the environment during operations or post-use.  

The use of carbon nanotubes (CNTs) in electronics continues to expand given 

their unique mechanical, thermal, and electrical properties [12]. At present, 

controlling the properties and assembly of carbon nanostructures is challenging 

[13]. CNTs are typically synthesised using arc discharge, laser ablation and 

chemical vapour deposition [14, 15]. Processing of carbon nanomaterials using 

traditional methods is also highly energy-demanding, with CNTs and single-

walled nanotubes (SWNTs) requiring at least 1 to 2 orders of magnitude higher 

energy input compared to less-ordered carbon nanofibers. 

The temperature at which synthesis is performed is typically significantly higher 

than a polymer substrate can withstand, and thus CNTs cannot be deposited 

directly onto the end-substrate. Instead, they are grown on a temporary support, 

typically patterned with a metal catalyst, and then the synthesised layers of CNTs 

are either directly transferred onto the end-substrate, or dissolved in a suitable 

medium for solution processing, e.g. drop-coating, spin-coating, or printing. 

Nanotubes can be grown in the gas phase using atmospheric-pressure floating-

catalyst (aerosol) chemical vapour deposition (FC-CVD), where carbon and 

catalyst precursors are simultaneously fed into the chamber [16]. A membrane 



15 

filter is used to collect the CNTs, and is then dissolved in acetone to transfer the 

as-grown nanotubes onto the end-substrate. However, these methods are 

restricted by the size of the initial substrate and may not suit high-throughput, 

low-cost device assembly. For commercial applications, solution-based 

processing, particularly spray-coating and printing may be more suitable [17].  

Furthermore, the concomitant synthesis and deposition directly onto end-

substrate or the direct transfer of the as-deposited layer is also hindered by the 

difficulties in controlling chirality, diameter, length, and the ratio of 

semiconducting to metallic NTs [18-20]. Although higher temperature arc 

discharge and laser ablation produce CNTs with fewer structural defects, the level 

of contamination with amorphous carbon and metal catalyst is also typically 

higher than that of CVD process. To address heterogeneity and remove 

impurities, CNTs are then subjected to a range of post-deposition treatments, 

such as dispersion, purification and separation. These include density-gradient 

ultracentrifugation (using structure-discriminating surfactants) [21], gel 

chromatography [22], substrates with controlled topography [23, 24], alternating 

current dielectrophoresis [25], and so on. Such post-processing ensures 

monodispersity of the CNTs [26], yet it limits the yield and increases the cost and 

the level of waste associated with CNT production.  

4. Polymer electronics – opportunities and challenges 

As is the case with any other type of nanotechnology, the performance of organic 

nanoelectronics is reliant on the precision with which materials are fabricated and 

assembled, as it directly affects circuit density and functionality. A critical 

determinant of device performance, the efficiency with which charge is 

transported within the organic layer(s), is dependent on a multitude of factors; 

among them molecular packing, degree of disorder, presence of impurities, size 

and molecular weight, and factors associated with the conditions under which the 

device operates [27].  

4.1 Quality vs performance 

One of the major parameters governing the transport properties of polymer 

electronic devices at the microscopic level is the amplitude of the electronic 

transfer integrals between adjacent oligomer or polymer chains [28]. The transfer 
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integrals are the function of distance and angles between atoms on adjacent 

chains, and as such are directly affected by the nature and relative positions of 

the interacting units [28, 29]. The amplitude of the transfer integrals is extremely 

sensitive to the molecular packing, e.g. lamella stacking, π−π stacking, chain 

alignment, etc. For example, by reducing the π–π stacking distance between co-

facially stacked, conjugated backbones in a 6,13-bis(triisopropylsilylethynyl) 

pentacene semiconductor crystal lattice from 3.33 Å to 3.08 Å, it was possible to 

increase electron orbital overlap between the molecules within the film. This 

increased the hole mobility in TIPS-pentacene transistors from 0.8 cm2 V−1 s−1 to  

4.6 cm2 V−1 s−1 [30]. 

Most low-cost printing technologies do not offer the necessary degree of control 

over the degree of ordering of the chains in the solid state and the density of 

chemical and/or structural defects [28]. This leads to inferior performance of these 

devices, particularly when compared to silicon-based devices [4, 7, 31, 32]. 

Similarly, the use of organic precursors in their ‘raw’, minimally processed form 

rarely affords sufficient device performance. A higher order control over the 

assembly process is typically achieved by using a more stringently controlled 

environment, pre- and post-processing, which adds to the overall complexity, 

cost, and energy- and material consumption.  

4.2 Material synthesis 

The demand for high-quality polymer materials significantly affects the cost and 

processing complexity of fabrication. For instance, the production energy of 

PC71BM, the acceptor of choice for practically all of the highest-performing 

research-scale organic photovoltaic (OPV) devices [33, 34], is almost two orders 

of magnitude greater than that of polysilicon, at approximately 90 GJ kg−1 [35]. 

Although the quantities of PC71BM required to produce one OPV is 2–3 orders of 

magnitude smaller compared to that of polysilicon used in the fabrication of 

conventional solar cells, the production energy is nonetheless significant. 

Conjugated donor polymers, such as P3HT and PCDTBT, are regarded as 

greener compared to fullerenes, with a production energy of 1.8−1.96 GJ kg−1 

and 5.8 GJ kg−1 for P3HT and PCDTBT, respectively [36, 37]. However, the 

polydispersity of the polymers increases fabrication complexity [38]. The 
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performance of polymer-containing OPVs has been demonstrated to correlate 

with the molecular weight, e.g. the changes in surface morphology of P3HT and 

P3HT:PCBM with molecular weight increasing from 34–121 kDa led to a one 

order of magnitude decrease in hole mobility in the device [39].  

Then, there is a matter of declaring a material or process as ‘green’ while 

disregarding the environmental and energy credentials of other stages in the 

product lifecycle, such as the input products, work-up chemistry, auxiliary 

substances, and potential toxicity of the product during degradation (post-use). 

For example, the fabrication of many of the organic materials that may 

themselves be low-cost and benign (e.g., cosmetic and food grade dyes and 

pigments), also involves and generates harmful by-products and waste [7]. 

Conversely, the synthesis of the organic semiconductor itself may be sufficiently 

green, yet the input units can be toxic or be produced via costly, environmentally-

harmful pathways. In addition to the toxicity of semiconducting layers, the 

potential negative effects of additives such as dithio- and diiodooctane [40, 41] 

and polydimethylsiloxane [42] need to be considered [43]. 

Certain types of polycondensation, e.g., Knoevenagel condensation, are 

generally considered ‘green’ as no or minimal catalyst is used and the reaction 

by-products are water or CO2, and are often used for the efficient synthesis of 

unsaturated semiconducting polymers [44-46]. ‘Green’ solvent-free reactions 

facilitated by mechanical grinding have also been reported for Passerini, Grignard 

and Reformatsky reactions and aldol and Knoevenagel condensations [47-49]. 

The reactivity here is attributed to the grinding-induced formation of a eutectic 

melt of uniformly distributed solids; the advantages include high yield, short 

reaction time, mild reaction conditions (i.e., the use of mild catalyst at room 

temperature), minimal by-products, and simple purification of the resultant 

product [50, 51]. However, in order to estimate the net energy and environmental 

benefits of these technologies, the respective costs of the input materials, 

assembly methods and disposal have to be incorporated into the analysis.   

4.3 Device assembly 

Theoretically, printing of solution-processed organic electronics enables fast, 

large-volume and low-cost production of thin, lightweight and flexible electronic 
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devices and systems [52]. However, the formation of uniform, flat thin films and 

alignment and patterning of individual semiconducting nanowires at a desired 

position in a large area using conventional printing methods is challenging, 

resulting in relatively poor resolution, electrical performance, and device yield. 

The non-uniformity is due to the “coffee ring effect”, where in the course of solvent 

evaporation on the surface, the solute is transported from the center of the drop 

to the contact line [53], forming a ring-like profile. Surface roughness and porosity 

of solution-processed layers, and difficulties in achieving sample-to-sample 

consistency of device parameters are also frequently reported [54].  

Higher resolution, repeatability, and uniformity can be significantly improved by 

using more mature techniques, such as vacuum evaporation or lithography 

techniques [55], or lab-scale techniques, such as doctor blading and spin-coating 

[56, 57]. However, these techniques are more time-consuming, complex and 

expensive [58, 59]. The specifics of the processing environment typically restrict 

the type of organic semiconducting materials that can be deposited/treated using 

these methods. For instance, few high performance organic semiconductors and 

insulators can endure conventional photolithographic processes, such as the 

interactions with developer and acetone in lift-off processes [60].    

The use of green solvents in place of toluene, chlorobenzene and o-

dichlorobenzene [61, 62], which are environmentally hazardous both when used 

and when emitted, also typically leads to a decrease in device performance. The 

issue is particularly evident for conjugated polymer semiconductors, where higher 

molecular weight is associated with lower solubility for given molecular moieties 

[63]. Test P3HT:PCBM devices produced with relatively green pristine o-xylene 

and 1,2,4-trimethylbenzene were characterised by lower power conversion 

efficiencies of 2.9% and 1.47%, respectively, and the use of 

mesitylene/acetophenone solvent blend produced only a slightly better result, at 

3.38% [64-66].  

Devices based on small molecule N(Ph-2T-DCN-Et)3 and PC70BM fabricated 

using ‘green’ pristine benzaldehyde or a benzaldehyde:mesitylene solvent blend 

had slightly better efficiencies, at 3.62% and 3.74%, respectively [63], indicating 

that lower molecular weight small molecule active layers may be better suited to 

green solvents due to their inherent higher solubility [67]. Solution-processed 
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multilayers using alcohol- [68, 69] and water-soluble [70, 71] polyelectrolytes 

would provide a more environmentally-friendly alternative to organic solvents. 

However, the ionic side groups in polyelectrolytes can induce an undesired 

electrochemical doping effect [72].  

4.4 Potential toxicity 

Attractive electrical, thermal, optical and mechanical properties of 2D carbon 

materials, such as CNTs and nanocrystals, render them well-suited for a range 

of semiconducting and photoactive thin films in flexible optoelectronics [73, 74]. 

The nanoscale dimensions of these materials also give rise to chemical and 

biological activity that can be markedly different from that of the bulk material [75]. 

For instance, a conductive polymer, poly(3,4-ethylenedioxythiophene), shows 

cytocompatibility as a coating, but has cytotoxic and apoptotic effects on human 

and mouse lung cells as a nanoparticle that increases with their decreasing 

aspect ratio [76]. Indeed, the biochemical activity of nanoparticles is highly 

dependent on both the geometry and composition of these structures [77]; as 

such, it is difficult to estimate how these nanostructures will interact with complex 

systems, such as living organisms or ecosystems [78, 79].   

While these biochemical properties can be beneficially exploited to develop novel 

medical and environmental treatments, they also present challenges for carbon 

semiconductor manufacturing, especially as the technology transitions from 

laboratory scale to the scale needed to address global demand [75, 80]. Consider 

indium tin oxide (ITO), a transparent electrode material frequently used in organic 

photovoltaics and displays. When immobilised as part of the surface electrode 

layer, ITO is biocompatible, which supports its use in implantable electronic 

devices. In particulate form, ITO is toxic, associated with such health issues as 

pulmonary inflammation in rats [81], mice [82] and hamsters [83], carcinogenicity 

in rats, and pulmonary fibrosis in workers exposed to ITO aerosols at 

manufacturing or recycling plants [84-86]. Particles of ITO are significantly more 

toxic in vivo and in vitro than In2O3, SnO2, or their unsintered blend [87], with 

toxicity increasing with decreasing particle size. The smaller size may enable 

uptake of the poorly soluble ITO particles by cells, where the particles are 

solubilised via phagolysosomal acidification to release toxic indium ions [88]. 
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Current research indicates that sufficiently long and biopersistent fibrous CNT 

can deposit in the lungs and exhibit asbestos-like behaviour, causing oxidative 

stress and provoking inflammation, and potentially fibrosis and cancer in the long 

term [89]. In addition to pathologic changes, CNTs can elicit direct genotoxic 

effects on epithelial cells and mesothelium [89, 90]. CNTs introduced into the 

abdominal cavity of mice show asbestos-like pathogenicity [91].  

Although more evidence is required to determine the exact toxicity of various 

carbon nanomaterials to human health and the environment, it would be prudent 

to exercise material efficiency to minimise nanomaterial waste, i.e. i) high degree 

of control over the properties of produced nanomaterials, and ii) efficient 

incorporation of the synthesised nanomaterials into desired device structures. 

4.5 Commercial competitiveness 

At present, carbon-based electronic devices are unable to present a competitive 

level of performance to challenge silicon technology [92-95]. Consider 

mechanically-flexible solar cells, where thin film inorganic technologies require 

similar or less energy during production, have shorter energy payback times of 

0.75−2 years, longer lifetime, and reach higher conversion efficiency (~ 20.3%) 

compared to organic photovoltaics, where a lifetime of several years and energy 

payback of 2−4 years is not uncommon [31, 96]. Thus, in the near future, the 

large-scale replacement of hard core inorganic components within the presently 

used devices (e.g., those active in high-speed processors, integrated circuits, and 

even solar cell modules) remains unlikely.  

The critical issue here is the ability to find technologies that would support 

molecular scale ordering and nanoscale organisation required for fabrication of 

high-performance electronics without compromising on the economic and 

environmental advantages of organic semiconductor manufacturing. 

5. Ionising radiation 

Ionising radiation takes the form of beta particles, protons, alpha particles, heavy 

ions, photons, and neutrons. To be considered ionising, these particles must 

possess sufficient energy to liberate bound electrons (typically greater than 10’s 

eV), and can originate from both natural and artificial sources.  
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The dominant interactions between ionising radiation and matter include the 

development of atomic displacements, and radiochemistry (manifesting itself in 

the form of ionisation and free radical production). An assortment of artificial 

sources of ionising radiation have been developed to take advantage of these 

interactions, including electron beams, synchrotrons, radioisotopes, and non-

thermal plasmas. This assortment of sources has, in turn, been applied to an 

equally diverse spread of polymer-related fields [97], including for the synthesis 

of electrically insulating polymers [98-105], heat-shrink polymers, the curing of 

coatings and inks, synthesis and functionalisation of antibacterial surfaces [106-

108], and the sterilisation of disposable plastic medical devices [109]. 

Among these artificial sources, plasmas are unique in that they can provide 

environments in which virtually all species of ionising radiation can be found. The 

majority of plasma-based techniques for synthesising or modifying materials, 

especially polymers, in electronics have employed non-thermal plasmas. 

Included here are radio frequency, microwave, direct current, and dielectric 

barrier discharges. Dense plasma focus (DPF) stands out in contrast to these 

sources as one of the few high temperature plasmas employed in polymer 

processing. 

The DPF device was developed separately in both the United States by Mather 

[110] and the Soviet Union by Fillipov, Fillipova, and Vinogradov [111]. Initially 

DPF attracted considerable attention for its ability to generate neutrons, with 

hopeful applications in controlled thermonuclear fusion research [112, 113]. More 

promising avenues for achieving fusion resulted in the attention of DPF research 

groups being directed towards more fruitful pursuits, with practical applications 

being developed in X-ray lithography [114], radiography [115], and in studying 

the effects of neutron radiation on materials to assess their suitability for use in 

fusion reactors [116]. 

With respect to materials research, the vast majority of DPF effort has been 

devoted to studying the synthesis of graphene or diamond like coatings [117, 

118], and the synthesis or nano-structuring of metallic films [119]. This review 

paper aims to introduce non-thermal plasma processing, before extending the 

general discussion and course of research for DPF applications to enclose the 

domain of polymer synthesis and modification via DPF processing. 
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5.1 Non-thermal plasmas in silicon electronics 

In semiconductor manufacturing, plasma-assisted synthesis and surface 

modification is widely used for highly controlled removal and deposition of 

material, including etching, ashing, sputtering, and chemical vapour deposition. 

Mild plasma treatments, such as those using oxygen gas, are used to activate 

the surface to facilitate or promote subsequent interactions with other materials 

in a predefined fashion. For example, exposure to mild oxygen plasma improves 

bonding adhesion for lattice-mismatched semiconducting material systems (e.g., 

Si and GaAs, or Si and InP), without the need for high-temperature annealing. 

The treatment results in a high density of chemically active species on the surface 

that can undergo spontaneous bonding at near-room temperature.  

Low-pressure, low-voltage plasmas are particularly useful for anisotropic, highly 

selective etching, where the goal is to limit excessive heating and ion 

bombardment that may damage the fine structures on the surface of the wafer. 

Enabled by mostly vertical delivery of reactive ions, high fidelity transfer of 

patterns and highly anisotropic etch profiles on a variety of substrates can be 

attained, not only at the microscale, but also in the nano- and sub-nm range, 

yielding highly-resolved, well-defined and ordered morphologies with high aspect 

ratio. The mechanism involves electric-field-driven, fast delivery of reactive ion 

species to the unmasked areas of the substrate, where they bond with the 

substrate atom, resulting in the formation of volatile species that can be effectively 

removed from the reactor by the action of the vacuum pump.  

For example, Si nanowires with radii < 100 nm, aspect ratios above 100:1, and 

perpendicular orientation to underlying substrate are fabricated using time-

multiplexed deep reactive ion etching at room temperature (Figure 1) [120]. 

Because of their highly mobile, energetic nature and the effect of the electric field 

which pulls them towards the substrate, plasma-generated ions can penetrate 

deep inside the fine features, e.g. trenches or pits, without inflicting substantial 

damage on their walls, thus enabling fabrication of very deep, closely-spaced 

features. Densely-packed sub-10 nm fine features with aspect ratios greater than 

10:1 and vertical Si wire features with 15 nm diameter, 26 nm feature-to-feature 

spacing, and aspect ratios of up to 17:1 were produced using block copolymer 

lithography and low-temperature etching [121].  
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Figure 1. (A) An example of the mechanism of formation for Si nanocones via 

simultaneous plasma enhanced reactive ion synthesis and etching (SPERISE) 

process using oxygen and bromine plasma. Exposure to plasma results in the 

formation of pseudorandomly distributed silicon oxybromide nanodots (orange), 

which then grow into hemispheres via a phase-transition nucleation process. 

These hemispheres act as a protective nanomask for the simultaneous reactive 

ion etching of the underlying silicon cone structures (green). Wet oxide etchant 

removes the hemispheres to reveal nanocones. (B) The growth rate of the 

hemispheres and the crystalline structures of the silicon determine the aspect 

ratio of nanocones. SEM images of nanostructure profiles on single crystalline, 
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polycrystalline, and amorphous silicon substrates after oxide removal show 

cones with extremely smooth sidewall and sharp tips. Reproduced from [122] 

Self-organised arrays of inorganic nanotips can be effectively produced at low 

temperature over large areas using self-masked plasma etching [123]. The mask 

is deposited using nanostructure-forming plasmas, e.g. methane and silane; the 

deposition is followed by Ar+H2 plasma etching [124]. Since this method uses 

self-organised nanoclusters to define the radius of the tip, very sharp tips (~1 nm) 

can be fabricated [125]. In a similar way, tall polymer nanowires (d < 50 nm, 

aspect ratio > 20:1) for sensor, optoelectronic and energy storage devices can 

be produced using a layer of polymer photoresist as a base for mask-less 

fabrication [126]. 

Plasma deposition, such as plasma-enhanced chemical vapour deposition 

(PECVD) and sputter deposition, is widely used for fast-rate fabrication of 

inorganic, organic and composite films on a variety of substrates, including 

temperature-sensitive polymer substrates and thin film structures [127]. The 

properties of these films can vary from smooth, highly-uniform with respect to 

surface nanoscale features and chemistry, to rough, porous, chemically graded 

structures by controlling processing conditions, namely applied power, input gas, 

pressure, temperature, reactor geometry, etc. For instance, mixed plasmas 

containing dichlorosilane, silane, or tetraethoxysilane (as Si precursor) and O2 is 

used to deposit high quality silicon dioxide layers, where silane+O2+Ar plasmas 

produce films containing minimal hydrogen impurities. Plasma-specific effects 

can be effectively used for the quasi-deterministic assembly of 0D, 1D, 2D and 

3D nanostructures. For example, using SiH4+N2 or SiH4+H2 plasmas, amorphous 

and crystalline Si quantum dots (QDs) can be grown in an inorganic matrix at low-

temperatures, with low power densities and a relatively high growth rate.  

Plasma can be used to produce photoluminescent Si and Ge nanocrystals with 

clear facets and high degree of surface hydrogenation, where the non-equilibrium 

nature of plasmas promotes shape retention and fast recrystallisation of the 

grown nanostructures [128]. As nanocrystals are produced in the plasma bulk, 

they can be easily deposited onto a wide range of substrates, for example, pre-

patterned glass substrates for light-emitting diodes. Distinct thermal and chemical 
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effects of low-temperature, non-equilibrium plasmas also enable fabrication and 

in situ functionalisation of nanoparticles in gas and liquid phases, where plasma 

serves as a catalyst driving the electrochemical reaction [129, 130]. For the 

growth of Si nanowires, plasma-enhanced environment, e.g. chemical vapour 

deposition (PECVD), is used to improve selectivity and reduce the temperature 

of fabrication. This enables deposition of thinner preferentially-ordered 

nanostructures that are more sparsely distributed across the surface of the 

substrate. Similarly, plasmas are well-suited for highly-controlled lower-

temperature deposition of ultra-thin semiconducting layers, e.g. 

InGaCaGdN/GaN, InGaZnO, and diamond superlattice structures.   

In non-thermal plasmas, the difference in the velocities between electrons and 

ions lead to the formation of a plasma sheath, a thin region near the surface of 

the substrate that separates this surface from the plasma bulk. The thickness of 

the sheath is dependent on plasma density, electron temperature and other 

factors, and can be used to control the deposition process. The sheath is the 

result of a large flux of highly mobile electrons arriving to the surface of the 

substrate well ahead of slower-travelling ions. To balance the negative charge on 

the substrate surface, a layer with a much higher density of ions (i.e., the sheath) 

is formed. As the electric field is at its highest value at the surface of the substrate, 

ionised atoms and molecules are electrostatically accelerated towards the 

surface as they traverse the sheath [131]. For material fabrication, it is important 

to balance the speed with which ions arrive at the surface, so as to maximise the 

speed of material formation yet minimise excessive ion bombardment which may 

cause formation of defects or etch the newly formed deposit. As such, electrons 

play a key role in the generation of radical species in the plasma bulk, within the 

sheath and on the substrate surface, whereas plasma-produced ions, atoms and 

radicals interact with the surface to induce heating, deposition, etching, 

recombination, and other processes.   

5.2 Non-thermal plasma processing of polymers 

Ionising radiation processing enables tailorable variations in the physical and 

chemical characteristics of polymeric materials. These variations can be induced 

in both the bulk volume of the materials or, as is most commonly encountered in 

plasma irradiation, at their surfaces.  
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Regardless of the species in question (ion, electron, high energy photon, etc.), 

ionising radiation predominantly induces two elementary processes within 

polymers, namely: bond scissioning, and bond formation. With respect to the first 

of these, the ionising particle supplies sufficient energy to induce a scission either 

along the main chain (e.g., C−C scission), or with side groups (e.g., C−H 

scission). Natural consequences of these scission events include a reduction in 

the molecular weight of the polymer, the production of free radicals within the 

polymer, and possibly the evolution of gases such as H2, HCl, N2 etc (depending 

upon side group species) [132]. 

Scissioning events are followed by recombination, leading to either unsaturated 

bond formation within a chain, or crosslinking between carbon atoms in adjacent 

chains. This crosslinking results in the formation of a three-dimensional network 

with an increase in the average molecular weight of the polymer. Polymers 

crosslinked in this manner also exhibit increased insolubility and reinforced 

dimensional stability in hostile environments [133]. In addition to these 

elementary processes, ionising radiation with ions is also prone to inducing lattice 

defects within crystalline materials, ion implantation, and etching of surface 

matter [134]. 

It bears mentioning that these elementary processes hold true at low 

temperatures and in the absence of oxygen. Outside of these conditions, 

additional avenues for energy conversion or dissipation (including molecular 

movement, the formation of oxidised species, or interactions with additives) serve 

to complicate the diversity of material responses to the applied radiation [132]. 

Such complications may be prevalent in DPF devices, where the plasma serves 

to expose the irradiated material to electrons with temperatures into the keV 

range and ions with energies into the MeV range [119]. 

6. Dense plasma focus as a radiation source 

To better understand the potential for DPF in the processing of polymeric 

materials, the typical operation of the device is first be presented, along with a 

discussion of the components and properties of the plasma and ionising species 

formed by the device. 
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Figure 2. Typical dense plasma focus device configuration 

The DPF device is typically arranged as shown in Figure 2. In brief, its general 

mode of operation involves the sample being mounted on the sample holder 

platform. The height of the sample holder platform is then adjusted to enable 

control over the total fluence received across the surface of the sample. The 

chamber is evacuated down to working pressure. If desired, a process gas is 

introduced to the chamber, and the chamber pressure is adjusted to facilitate 

optimum focussing action (typically between 0.5−10 mbar, depending on the gas 

used). The capacitor bank is charged to the desired voltage (typically between 

10−30 kV). High-current short reaction time switches are triggered, allowing the 

energy stored within the capacitor bank to be transferred to the chamber 

electrodes, initiating the formation of a plasma sheath across the insulator sleeve, 

as illustrated in Figure 3A. The plasma sheath accelerates along the electrode 

assembly under the presence of a J × B force, as shown in Figure 3B. Once the 

plasma sheath reaches the end of the anode, it undergoes radial compression 

and collapses in on itself, thus forming the dense pinch plasma, as shown in 

Figure 3C. This pinch plasma persists for up to several tens of nanoseconds, until 

it is broken up by m = 0 and m = 1 instabilities. Following degradation of the pinch 

plasma the electrons contained within the pinch are accelerated towards the 

positively charged anode at relativistic energies (>100 keV). Concurrently, the 
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pinch plasma ions develop an ionisation wavefront, travelling at up to 120 cm/μs, 

which is subsequently projected towards the sample holder platform, as shown 

in Figure 3D.   

In instances where it is advantageous to ensure that the sample is only treated 

with energetic electrons, it is alternatively possible to mount the sample beneath 

the hollowed-out anode. Additional modifications to the DPF’s typical mode of 

operation include the use of masks, guards, and various filters to selectively 

control the spatial distribution, type, and energy of species arriving at the sample 

surface. 

 

Figure 3. Evolution of the DPF operating phases: (A) initiation, (B) axial 

acceleration, (C) radial collapse, (D) pinch plasma destabilisation and 

subsequent irradiation 
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The DPF device generates a material processing environment that cannot be 

readily emulated by common forms of non-thermal plasma-enabled processing 

techniques. For instance, the instability-accelerated electrons operate at an 

energy regime on the order of tens to hundreds of keV [135, 136], whilst the 

accelerated ions have energies ranging from tens of keV to a few MeV [137, 138]. 

These energies, coupled with the transient nature of the plasma discharge (tens 

to a few hundreds of nanoseconds [139-141]), allow for rapid treatment and 

thermal annealing of target samples, and increased ion penetration and 

implantation depths within polymer films. In addition to ionising species common 

to non-thermal plasma such as electrons, ions, and energetic UV photons, DPF 

can also supply additional ionising species such as X-ray photons and neutrons 

[142]. Furthermore, despite the myriad of differing DPF device designs and 

dimensions, these devices all produce plasmas with comparable temperatures 

and densities within the focus volume (when properly configured) [143]. This 

uniformity across platforms enables a degree of reproducibility throughout 

research groups and DPF facilities that is difficult to recreate with non-thermal 

plasma processing techniques [144]. 

7. Dense plasma focus processing of polymeric materials 

A concentrated collection of DPF papers relating to matters of import in the 

processing of polymeric materials for electronic applications are presented 

hereafter. 

7.1 Polymeric photoresist lithography 

Lithography is a key technique employed in the electronics industry to fabricate 

semiconductor devices. The technique utilises a mask with localised absorption 

regions to permit the patterned irradiation of the underlying material (typically a 

viscous polymer deposited over a silicon substrate). Depending upon the 

chemical composition of the resist, it may exhibit preferential crosslinking (for 

negative resists) or chain-scissioning (for positive resists) in response to this 

irradiation. Subsequent chemical solvent treatments can then be applied to 

remove the soluble (i.e., non-crosslinked) regions [145].  

Optical processes presently dominate the lithography industry, though limitations 

relating to the techniques’ resolution have led to sustained interest in developing 
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a number of supplementary or alternative processes, including ion beam [146], 

electron beam [147], extreme ultraviolet (EUV) [148] and X-ray lithography [145]. 

The viability of applying DPF as a source for the generation of several of these 

radiations in lithography has been successfully demonstrated in a number of 

studies that predominantly focus on the exposure of SU-8 polymeric photoresist 

[149].  

Given the preference for extending pre-existing optical processes to operate at 

shorter wavelengths, a variety of admixtures of nitrogen, neon, argon, xenon, 

krypton, and lithium vapour have been employed in DPF to generate photon 

radiation with energies ranging from 10’s eV to 10’s keV (i.e., UV to hard X-rays) 

[150]. The characteristic line energies of these species (associated with de-

excitation radiation) is also accompanied by Bremsstrahlung and recombination 

radiation, leading to a broadening of the radiation energies [151]. To compensate 

for this, DPF devices are commonly fitted with filters (e.g., beryllium, 

molybdenum, silver, etc.) to facilitate greater selectivity over the applied 

lithography wavelength [152-154]. 

 
Figure 4. Early studies demonstrating DPF X-ray lithography of SU-8 

photoresist, highlighting (A) the high aspect ratio of 20:1 on 25 μm thick resist 

[153], and (B) fine resolution  that can be achieved following SU-8 exposure to 

500 X-ray shots [155] 

Relative to synchrotron and laser produced plasma, DPF shares a number of 

advantageous characteristics with other discharge produced plasmas (DPPs), 

including low cost, compact form factor, and ease of use [156, 157]. Efforts to 

enhance the durability and emission yield of DPF devices are ongoing [158, 159], 
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with the intent of realising the large-scale utility of DPF driven lithography (along 

with its accompanying excellent aspect ratios and fine feature resolutions, as 

evidenced in Figure 4). 

7.2 Polymer synthesis 

In addition to organic conducting and semiconducting materials, polymers are 

used extensively within the electronics industry for insulating layers, dielectrics, 

and device encapsulation. Traditionally radiation such as UV rays and non-

thermal plasmas have been extensively employed in the synthesis of these 

polymeric materials to accomplish crosslinking and curing [160, 161].  

One exemplar polymer, polyacrylic acid, finds utility in industrial applications 

[162], and has also been investigated for applications in gas detection [163], 

nanowire passivation [164], binding or adhesion promotion [165], and as a dopant 

in electrically conductive polymers [166]. Furthermore, when fabricated as a 

plasma polymer, polyacrylic acid has attracted attention for covalent 

immobilisation of biomolecules by virtue of its carboxyl functional groups [167, 

168].  

Whilst plasma synthesis techniques for polyacrylic acid have predominantly 

focussed on the application of cold plasma, in 2011 Alavi et al. [169] 

demonstrated for the first time the synthesis of polyacrylic acid with a DPF device. 

Using a 4.5 kJ Mather type DPF device powered by a 36 μF, 16 kV capacitor, the 

researchers in this study were able to fabricate plasma polymerised acrylic acid 

after 15 shots. The polymer was formed on a styrene-butadiene-rubber (SBR) 

substrate coated in a layer of acrylic acid in the presence of a nitrogen process 

gas. Following irradiation, the samples were rinsed with water to remove soluble 

residue, and the subsequent presence of the polymer was confirmed using ATR 

FTIR, with the spectra and associated peak assignment presented in Figure 5 

and Table 1, respectively. 
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Figure 5. FTIR-ATR spectra of plasma-polymerised acrylic acid over SBR 

substrate 

Table 1. Assignment of FTIR-ATR absorption bands (excluding SBR) 

Type of vibration Wave number (cm−1) 

OH broad band 2,800–3,500 

CH stretch band 2,800–3,000 

C=O 1,695–1,725 

OH deformation 910–950 

C=C 1,617–1,634 

CH2 bending 1,430 

C–O vibration 1,167–1,250 

C–N stretch band 1,055–1,175 

Beyond validating the viability of using high-temperature DPF to synthesise a 

polymer, the researchers were also able to demonstrate increased substrate 

adhesion following plasma treatment using 30 DPF shots, though increased 

copper sputtering (from the anode material) may partially mitigate the utility of this 

development. The findings presented here indicate that DPF is a viable technique 

for the synthesis of polyacrylic acid with carboxyl surface functionalities. This, in 

turn, suggests that DPF may be able to play a role in the development of common 

plasma polymerised acrylic acid applications, such as biofunctional surfaces, or 
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as adhesion-promoting layers in polymer-polymer and polymer-metal interfaces 

[170-172]. This research may also open up interesting avenues of future enquiry 

by prospectively coupling single-step polymer synthesis with DPF’s other salient 

nanofabrication and modification applications (such as nano-structuring the bulk 

substrate, implanting nitrogen or carbon to form nitrides or carbides in metallic 

substrates, or depositing metallic thin films) [119]. 

7.3 Organic p-n junctions  

A p–n junction is an interface between two types of semiconductor material, p-

type and n-type, and is a critical element in the fabrication of diodes and transistor 

devices, enabling the subsequent development of LEDs, amplifiers, digital logic 

circuits, photovoltaics, processors, and a whole host of other microelectronic 

devices [173, 174]. In contrast to silicon based p−n junctions, in which impurity 

doping is used to produce n- and p-type regions within a single crystal [174], the 

vast majority of processes used to fabricate organic p-n junctions employ solution 

and thermal deposition techniques to produce defined interfaces consisting of 

one of a great many distinct n-type (electron transporting) and p-type (hole 

transporting) materials [175]. Such methods suffer from a number of limitations, 

including limited ambient environmental stability and the common inclusion of 

polar groups in organic n-type materials (leading to reduced solution 

processability) [176, 177]. 

Srivastava et al, has demonstrated diode like behaviour in polyaniline films 

subjected to DPF irradiation [178]. Polyaniline is a low cost intrinsically 

conducting polymer with attractive prospective applications in a number of fields, 

including tissue engineering [179], display devices [180, 181], and energy storage 

devices [182, 183]. 

The polyaniline employed in Srivastava’s study was synthesised by chemical 

oxidation of aniline in aqueous acidic media using ammonium perdisulphate as 

the oxidant, resulting in p-type semiconducting films. These films were then 

subjected to argon ion irradiation in a 3.3 kJ Mather type DPF device powered by 

a 30 μF, 15 kV Maxwell capacitor. XPS analysis of these films indicated a 

reduction in the presence of nitrogen following argon irradiation treatment and 

this, coupled with an increase in crosslinking, is believed to be the primary factors 
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in developing the n-type nature of those portions of the polyaniline film exposed 

to the DPF radiation. In this manner, films were developed with p-n junctions that 

demonstrated diode like properties, as evidenced by the I-V measurement results 

presented in Figure 6. Furthermore, this doping was accomplished with no visible 

damage to the thin film when the sample was mounted at distances of 4 cm or 

greater from the DPF anode. 

 

Figure 6. I−V characteristics of a junction formed on a single p-type doped 

polyaniline due to DPF argon ion irradiation [178] 

The capacity to produce p-n junctions in polymeric films that have been cation 

doped chemically on one side and anion doped via DPF ion irradiation may 

suggest interesting applications in the development of organic electronic devices, 

specifically with respect to employing more traditional doping processes, as 

opposed to being constrained to synthesising devices using dissimilar n- and p-

type polymers. 

7.4 Conductive polymer nanowires 

Conductive nanowires represent a field of one-dimensional (1D) materials that 

exhibit a number of novel properties by virtue of their high surface-to-volume ratio 

[184], and the increasing influence exerted by quantum effects at the scale in 

question [185]. These properties include significantly higher electron mobility and 

a capacity to suppress the absorption or emission of photons [184], and mark 

nanowires as attractive components for incorporation into a variety of nanoscale 
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electronic devices relating to biosensors [186, 187], photonics [188], and energy 

scavenging [189, 190].  

Among candidate polymers, the environmental stability, conductivity, and high 

specific pseudocapacitance of polyaniline nanowires in particular make them 

especially promising for applications relating to supercapacitors and actuators 

(among others) [191, 192]. The vast majority of literature relating to the synthesis 

of polyaniline nanowires (and organic nanowires in general) has focussed on 

vapour deposition and solution-based methods [193]. Large scale fabrication of 

nanostructured polyaniline surfaces continues, however, to be hampered by the 

complexity of these methods, coupled with their long process times and small 

treatment areas. By using irradiation to circumvent these dominant synthesis 

techniques, Mohanty et al [194] was able to demonstrate a method for 

synthesising polyaniline nanowires via single-shot exposure to a pulsed electron 

beam generated by DPF. 

In the study a 2.2 kJ Mather type DPF device powered by a 7.1 μF, 25 kV 

capacitor was used as the source for a pulsed electron beam. Irradiation was 

performed in a nitrogen atmosphere at 40 Pa, providing electrons with energies 

ranging from approximately 10 keV up to greater than 200 keV [195]. Following 

irradiation with a single shot, FESEM micrographs demonstrated the synthesis of 

polyaniline nanowires in less than 2 μs, with dimensions ranging from 50-80 nm 

in diameter and up to a few micrometers in length, as evidenced in Figure 7. 

 

Figure 7. FESEM micrograph of self-organised nanowires grown on polyaniline 

films using  DPF [194]. 
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This physical approach to nanowire synthesis obviates the need for complex 

chemical processing techniques, and for certain template-based synthesis 

methods it mitigates complications associated with retaining nanowire integrity 

following removal of the template. The rapid in-situ formation of nanowires on 

whatever topography the polyaniline happens to possess may be coupled with 

masking techniques to spatially localise the synthesis, and subsequently 

eliminates the need to employ transfer processes to relocate the nanowires from 

their site of synthesis to their final locus. Taken in concert, these prominent 

features of DPF nanowire synthesis may serve to hasten the commercial 

production and uptake of electronic devices deploying nanowire components. 

7.5 Modification of polymer surface chemistry and morphology 

The physical and chemical characteristics of polymers are often modified to 

enhance their suitability for a wide variety of roles. With respect to polymers 

employed in the electronics domain, radiation-induced surface chemistry 

modification is often applied to increase the concentration of polar groups at 

surfaces, with the intention of enhancing the polymer’s printability, wettability, 

adhesion, and compatibility [109]. Additional morphological variations following 

irradiation often include increased surface roughening coupled with a subsequent 

increase in surface area, resulting in further variations in the polymer’s surface 

wettability and adhesion properties [196-198]. 

 

Figure 8. Water contact angle measurements for (A) pristine PET at 88º, (B) 
and PET following 10 shots of argon DPF at 51.2º [199] 

In 2014 Habibi and Alavi employed a DPF device to modify the surface properties 

of polyethylene terephthalate (PET) [199]. PET is a commercially important 
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polymer employed in the fabrication of plastic bottles, packaging materials, 

textiles [200], and is attracting growing interest in the biomedical field [201, 202]. 

Furthermore, PET has been extensively used as a flexible substrate in electronics 

research [203-205]. Whilst its bulk properties make it an ideal candidate for 

utilisation in these fields, its surface properties (such as adhesion, wettability, and 

biocompatibility) may serve to limit its utility [206]. 

In the study a 4.5 kJ Mather-type DPF device operated at 12.5 kV and powered 

by a 40 μF capacitor was used to expose PET sheets to argon pulsed plasma at 

a working pressure of 3 mbar. Following irradiation via 10 shots at a distance of 

10 cm from the central anode, water contact angle measurements (CAM) were 

carried out using the sessile drop method (Dataphysics OCA-20 device). CAM 

results revealed a reduction in contact angle from 88° ± 5° for pristine PET sheets 

to 51° ± 5° for PDF irradiated PET sheets, as evidenced in Figure 8. 

As with other plasma processing techniques, the authors attributed the increase 

in hydrophilicty to an increase in the presence of oxygen functional groups via 

post-irradiation interactions between the carbon radicals at the PET surface and 

oxygen present within the atmosphere. It is also interesting to note that this 

increase in hydrophilicity was accomplished with a very short process time. Other 

forms of plasma discharges used to enhance PET hydrophilicity can require 

plasma exposure times ranging from 10s to 100s of seconds [206, 207]. In 

contrast, DPF was able to produce comparable variations in wettability after 10 

shots, with an associated total plasma exposure time of ~ 10-6 s. In addition to 

the reduced exposure time, the energetic species generated by the DPF source 

are also liable to approach greater penetration depths than their non-thermal 

plasma counterparts, facilitating the modification of a greater volume of the 

polymer’s properties. 

8. Concluding comments 

In this review we have demonstrated that irrespective of whether the electronics 

is based on inorganic materials or carbon-based precursors, its performance is 

directly linked to dimensions and properties of the nanostructures and the 

precision with which these nanostructures are organised and assembled [2]. 

Indeed, advancement and uptake of sustainable electronics, such as that based 
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on polymer materials, is inherently linked with the development of technologies 

that can enable fast, efficient, and highly controlled synthesis and organisation of 

polymers on a variety of surfaces. 

The applications reviewed in this paper demonstrate that DPF is a viable tool for 

the synthesis, doping, surface modification, nanostructuring, and lithography of 

polymeric materials for electronics. Furthermore, these outputs can be achieved 

using a process which, in addition to sharing several traits with other (typically) 

non-thermal plasma techniques (e.g., dry, single-step processing requiring 

minimal substrate/material preparation), also exhibits a number of unique salient 

features. Included here are DPF’s capacity to produce a wide variety of energetic 

species (e.g., hard X-rays, EUV, ions, electrons, and neutrons), selectivity over 

the irradiating species and energy (by modifying sample locus, process gas, filter 

material, etc.), and transient thermal effects coupled with an extremely short 

processing time. 

DPF is a novel source of energetic radiation species, and fundamental 

investigations into the synthesis and modification of polymeric materials using 

varied DPF treatment regimens have the potential to play a leading role in the 

development of new electronic applications for polymers, and in the 

enhancement of the utility of polymers in existing applications. Furthermore, the 

aforementioned characteristics of DPF suggest that the technique is well 

positioned to deliver advances in organic electronics, bioelectronics, and 

micro/nano-scale technologies. 
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CHAPTER 3 TERPENOID PLASMA ENVIRONMENT 
Identifying the type and relative abundance of species present within a terpenoid 

plasma environment is a vital step towards improving the quality and production 

economics of terpenoid-based plasma polymers. This information facilitates 

informed selection of the lowest-cost terpenoid precursor and applied plasma 

power combination that can be employed to produce a plasma polymer 

demonstrating the requisite physical and chemical properties for a particular 

application. When applied to a single precursor, such as terpinen-4-ol, it also 

allows for the identification of applied power thresholds that must not be 

exceeded if certain molecular structures or functionalities are to be preserved 

within the plasma environment and subsequently be made available for retention 

within the deposit. Furthermore, greater insight into the structure of the resulting 

plasma polymer may be provided by identifying species within the plasma 

environment that are available for incorporation into the deposit. This stands in 

contrast to common chemical characterisation techniques (such as FTIR, EDX, 

XPS, etc.) which, while useful for understanding chemical composition, are 

typically incapable of providing insight into the chemical structure of plasma 

polymers given their high degree of disorder. 

3.1 COMPARATIVE STUDY OF NATURAL TERPENOID 
PRECURSORS IN REACTIVE PLASMAS FOR THIN FILM 
DEPOSITION APPLICATIONS 

This paper compares terpinen-4-ol and Melaleuca alternifolia oil plasma 

environments as a function of applied power. A quadrupole mass spectrometer 

was operated in residual gas analysis and positive ion mode to provide 

information about the type and relative abundance of neutral and ionic species 

present within glow discharges supplied with terpinen-4-ol or Melaleuca 

alternifolia oil precursors. Ion energy distributions were compiled using data 

provided by an energy analyser integrated into the quadrupole mass 

spectrometer, and deposition rates within the glow discharge were captured by a 

crystal quartz microbalance. Thin films prepared from both precursors, and at 

various power settings, were subjected to supplementary biological assay to 
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assess antibacterial action (against S. aureus proliferation and biofilm formation) 

and cytocompatibility (with respect to human fibroblasts and Balb/c mice 

macrophages). “Comparative study of natural terpenoid precursors in reactive 

plasmas for thin film deposition applications,” has been submitted to Polymer 

Journal. This paper involved collaborations with Dr. Jakaria Ahmad, A/Prof. 

Jason D. Whittle, Dr. Andrew Michelmore, and Prof. Krasimir Vasilev. 
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Abstract 

If plasma polymer thin films are to be synthesised from sustainable and natural 

precursors of chemically heterogeneous composition, it is important to 

understand the extent to which this composition influences the mechanism of 

polymerisation. To this end a well-studied monoterpene alcohol, terpinen-4-ol, 

has been targeted for a comparative study with the naturally-occurring mix of 

terpenes (viz. Melaleuca alternifolia oil) from which it is commonly distilled. 

Positive ion mode mass spectra of both terpinen-4-ol and M. alternifolia oil 

showed a decrease in disparities between the type and abundance of cationic 

species formed in their respective plasma environments as applied plasma power 

was increased. Supplementary biological assay revealed the antibacterial action 

of both terpinen-4-ol and M. alternifolia derived coatings with respect to S. aureus 
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bacteria, whilst cytocompatibility was demonstrated by comparable eukaryotic 

cell adhesion to both coatings. Elucidating the processes occurring within the 

reactive plasmas can enhance the economics of plasma polymer deposition by 

permitting use of the minimum power, time and precursor pre-processing 

required to control the extent of monomer fragmentation and fabricate a film with 

the desired physical and chemical properties. 

Keywords: ion energy distribution / mass spectrometry / Melaleuca alternifolia / plasma 

polymer / terpinen-4-ol  
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1. Introduction 

Plasma polymerisation is a well-established technique for the fabrication of thin 

films from volatile precursor species, and represents a complex interplay between 

species within the plasma volume itself and those at the plasma-substrate 

interface [1]. The chemical and physical properties of these films are heavily 

dependent upon a number of process parameters, including precursor species, 

flow rate, applied power, pressure, and substrate temperature [2]. By quantifying 

the role that each of these parameters play in influencing the nature and energies 

of plasma species, it is possible to precisely manipulate the deposition process 

in order to fabricate films exhibiting specific properties.  

The drive for sustainability has spurred growing interest in replacing synthetic or 

highly purified organic precursors with natural, minimally-processed, and 

abundant low-cost alternatives [3].  One exemplar of this drive is polyterpenol, a 

plasma polymer synthesised from the terpinen-4-ol precursor monomer, a non-

synthetic monocyclic terpene derived from the distillation of M. alternifolia oil (aka. 

tea tree oil). By virtue of the plasma polymerisation process, polyterpenol thin 

films share a number of attributes common to other plasma polymers including 

smooth, pin-hole free surfaces, and optical transparency [4]. Beyond this, post-

deposition retention of terpinen-4-ol functionality within polyterpenol thin films 

fabricated at low power demonstrates a promising capacity to support 

antibacterial action [5-8], piquing interest in their potential use for biomedical 

applications. 

For most high-tech thin film applications there is a direct relationship between the 

consistency of nanoscale properties and subsequent material or device 

performance. In this respect the chemical heterogeneity and batch variability of 

natural precursors poses a challenge to their commercial uptake. Resultantly, to 

realise reproducible fabrication of quality high-value films from essential oils it is 

imperative to understand the input chemistry and how it relates to the subsequent 

chemistry of the film. Whilst the complexity of the plasma polymerisation process 

makes it difficult to arrive at this understanding, mass spectrometry (MS) presents 

itself as a capable tool for tackling the challenge. 



61 
 

MS utilises an ion source, analyser, and detector to generate a two dimensional 

plot of signal intensity versus m/z (mass-to-charge ratio), with the product given 

as the mass spectrum. These spectra yield a wealth of information relating to 

chemical processes occurring within the plasma, including fragmentation, 

recombination, and the abundance of species involved in these reactions. By 

virtue of the fact that MS processes occur under high vacuum (resulting in long 

mean free paths), it permits one to examine the gas phase chemistry of isolated 

ions that arrive at the grounded surface beneath the plasma sheath at the 

sampling entrance. This, in turn, has resulted in MS being identified as a useful 

tool for understanding the processes occurring within the plasma volume 

following the introduction of a volatile plasma polymer precursor candidate. To 

this end, MS has been employed to generate a mechanistic understanding of the 

plasma chemistry of a number of precursors with biomaterial applications, 

including acrylic acid, allylamine, and ethanol [9-11]. 

Plasma polymerisation is an exceptionally complex process, owing to the diverse 

range of species present within the plasma and the extent to which interplay 

between these species is reliant upon deposition parameters. This poorly defined 

and complex chemistry can lead to the formation of films with variable structure 

and surface functionalities, the desired tuning of which may require considerable 

empirical investigations. Comparisons between terpinen-4-ol and M. alternifolia 

oil plasma environments at various powers allows for informed and cost-

optimised decision making with respect to the choice of precursor and plasma 

power, depending on the desired properties of the thin film to be deposited.  

2. Materials and methods 

The high-purity non-synthetic precursor monomer, terpinen-4-ol (Figure 1 a)), 

was sourced from Australian Botanical Products and the parent M. alternifolia 

essential oil (with major components given in Figure 1 a) – d)) was procured from 

G.R. Davis Pty Ltd. Both were subjected to freeze-thaw degassing to remove 

dissolved oxygen prior to being introduced into the glow discharge. Deposition 

was performed on 1 cm2 silicon wafers that were subjected to pre-deposition 

ultrasonic treatment in acetone and ethanol before being blown dry with nitrogen 

gas. 
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a)  

 

b) 

 

c)  

 

d) 

 
Figure 1. Major components and typical composition of M. alternifolia: a) 

terpinen-4-ol (40.1%), b) γ-terpinene (23.0%), c) α-terpinene (10.4%), d) 1,8-

cineole (5.1%) 

Continuous wave plasma polymerisation was undertaken within a stainless steel 

vacuum reactor vessel (length: 0.25 m, internal diameter: 0.3 m) evacuated to a 

working pressure < 3×10-3 mbar with a two-stage rotary vane pump. The reactor 

setup has been described in detail elsewhere [12]. Power was delivered to the 

reactor vessel via a 13.56 MHz R.F. generator at 5, 25, and 50 W. Actual power 

coupled into the plasma (distinct from the output power of the R.F. generator) 

was obtained from the electrode voltage, current, and phase measurements of 

an OctIV Probe (Impedans, Dublin). The deposition rate was measured using a 

Sycon Instruments (USA) crystal quartz microbalance (QCM) with a 6 MHz gold 

crystal (diameter: 7 mm), mounted at the centre of the grounded bottom electrode 

within the reactor.  

A combined quadrupole mass spectrometer and energy analyser (Hiden 

EQP1000) was situated along the reactor midline. Sampling was accomplished 

using a grounded 100 μm orifice through which the reactor vessel was 

differentially pumped using a turbomolecular pump so as to ensure that system 

pressure was kept below 8×10-6 mbar during the sampling process. This low 

pressure provided an ion mean free path that is much longer than the ion 

trajectory in the MS [13]. It must be noted that species extraction was confined to 

occur at a single grounded orifice, and as such there is an implied assumption in 

this work that the measurements thus obtained are generally representative of 

the plasma environment experienced by likewise grounded samples. 

Ion optics were tuned to provide maximum signal strength at the monomer unit 

mass (i.e., m/z = 154). For positive ion spectra the ion optics were re-tuned for 

each run by sampling at the peak ion energy, and an electron impact source (2 
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μA, 70 eV) was used for electron impact ionisation of neutral species. The mass 

spectrometer was operated in RGA and PIM to acquire the mass spectra for 

neutral and cation plasma species respectively. 

3. Results and discussion 

3.1 Plasma characteristics – commonly reported parameters 

Table 1 outlines a number of key plasma and polymer parameters characterised 

throughout the course of this experiment. Specifically, it details nominal generator 

power (i.e., the output power from the R.F. generator), actual power coupled into 

the plasma (as measured with the OctIV Probe), terpinen-4-ol monomer flow rate 

into the reactor vessel, reactor vessel pressure, and the mass rate at which the 

polymer was deposited (obtained via crystal quartz microbalance (QCM)). 

It is common to report various plasma and thin film properties as a function of the 

nominal generator output power, which may be readily obtained from the display 

on the generator unit. Unfortunately, this figure ignores parasitic energy losses 

within the system, and thus inevitably over-represents the actual power delivered 

to the plasma. For this study, however, access to an OctIV Probe permitted 

quantification of the actual transmitted power. The disparity between the nominal 

generator power and the actual transmitted power can be attributed to various 

energy losses and inefficiencies inherent to the deposition assembly employed 

for this study. These inefficiencies include transmission line losses, matching 

network losses, and coupling losses between the electrodes and plasma volume 

[14]. 

Table 1. Plasma parameters 

Nominal 
Generator 
Power [W] 

Actual 
Transmitted 
Power [W] 

Flow Rate, ɸ 
[sccm] 

Pressure*, P 
[mbar] 

P/ɸ Mass 
Deposition Rate 
[μg·m-2·s-1] 

5 4.8 1.0 2.53×10-2 4.8 5.6 

25 19.2 0.7 3.10×10-2 27.4 55.2 

50 35.1 0.9 3.97×10-2 39.0 42.3 

* Working pressure with the plasma turned on 

The rate (ɸ) at which the terpinen-4-ol monomer flowed into the reactor vessel 

was controlled by a needle valve, and is expressed in standard cubic centimeters 
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per minute (sccm). By observing that the maximum deposition rate occurs for the 

minimum flow rate (i.e., at 0.7 sccm), we can speculate that the flow rate (and 

thus the number of monomeric units delivered to the plasma volume and available 

for fragmentation/deposition) is not a limiting factor in film formation. It must be 

noted, however, that this observation is only relevant if one discounts the 

influence of applied power on the deposition rate (which is also varied). Pressure 

exhibited an increasing trend in response to increases in the actual transmitted 

power, as one would expect following the associated increase in the density of 

energetic species within the plasma [2]. 

The Yasuda Factor given in Equation (1) (where W = wattage in J/s, M = 

monomer molecular weight in kg/mol, and F = monomer flow rate in mol/s) 

provides a measure of a system’s plasma energy density [15], and allows for a 

general comparison of plasmas operating at different conditions within the same 

reactor vessel [16].  

YF = W/MF  (1) 

In this instance M is held constant and as such the YF can be reduced to an 

applied power-to-flow rate ratio (P/ɸ) to facilitate comparison between the 

plasmas generated in this study. It must be noted when interrogating information 

presented in Table 1 (and subsequent figures) that it was not possible to 

undertake mass deposition rate and MS measurements at precisely the same 

P/ɸ.  

Deposition rates for plasma polymers derived from non-synthetic sources have 

been shown to demonstrate both a positive correlation with power (e.g., γ-

terpinene [17]) and a negative correlation with power (e.g., linalool [18]). This 

deposition rate is highly dependent upon the energy invested per particle of gas 

mixture flowing through the glow discharge zone. For a given plasma reactor 

setup this is a function of several process parameters, including pressure, applied 

power, flow rate, and monomer species [1, 2]. Beyond these parameters, it is 

known that substrate thermal and energetic conditions also influence plasma 

polymerisation processes, including adsorption, desorption, diffusion, and 

chemical reactions [19-21]. These substrate conditions are themselves a function 

of the energy per bombarding particle, and the flux density of these particles [22]. 
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Hence, the reduction in mass deposition rate from 25 W to 50 W may indicate 

that an adsorption-desorption equilibrium is beginning to become a rate limiting 

process in polyterpenol deposition at higher powers.  

The decreasing deposition rate at 50 W may also be interpreted with respect to 

the ion energy distributions presented in Figure 2. Here we can assume that there 

is a shift in the balance from molecular physisorption, soft landing and 

chemisorption process (occurring between ~ 0.1-15 eV), to abstraction and 

sputtering processes at collision energies above ~ 15 eV [23, 24]. It is also known 

that below a certain YF threshold the rate of plasma polymerisation is strongly 

dependent upon the structure of the feed gas or monomer. At higher YFs the 

structure of the feed gas exerts less influence on the rate of deposition owing to 

increased monomer fragmentation [25, 26].  

Developing a macroscopic understanding of the role that the R.F. power plays in 

the deposition rate may permit further control over the plasma polymerisation 

process. Knowing the mass deposition rate under a particular deposition scheme 

(i.e., pressure, flow rate, etc.) also provides the means to selectively control 

polyterpenol film thickness by selecting an appropriate deposition time. 

Furthermore, the deposition rate may now prospectively be used as a metric for 

providing generalisations about the process conditions that exist within the 

plasma system. 

3.2 Ion energy distribution functions 

The ion energy distribution function (IEDF) for positive ions arriving at the 

substrate is influenced by a number of parameters, including system pressure 

and instantaneous local electric field at the substrate [27]. Given that ion energy 

is not mass dependent, the IEDFs presented below are representative of all 

positive ions present within the plasma (not just those appearing at m/z 154). 

The lack of a narrow ion energy band within Figure 2 a) - c) can be attributed to 

pressure (or more precisely, the ratio of the mean free path of the ions to the 

sheath thickness). In this instance, increases in pressure lead to an increase in 

the prevalence of collisional processes in the sheath, which in turn serve to bring 

about a broadening of the IEDFs and a decrease in the mean energy [28, 29]. 

Conversely, we can attribute the narrowing of the IEDFs as the transmitted power 
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is reduced to ion transit time effects related to the extent of precursor monomer 

fragmentation. Specifically, at lower powers the monomer units exhibit minimal 

fragmentation (relative to higher powers), and these heavier ion fragments are 

not accelerated as rapidly as light ions. This, in turn, contributes to longer transit 

times and an associated reduction in the width of the IEDF [30].  

 

 

Figure 2. Positive ion energy distribution functions for m/z 154 and fragment 

ions arriving at the self-biased surface for powers and pressures of a) 5 W 2.17 

Pa, b) 25 W 1.95 Pa, and c) 50 W 1.69 Pa; d) Ion energy as a function of 

applied R.F. power 

Within non-thermal low pressure R.F. plasmas the maximum ion energy is given 

by e0Vsh, where e0 is the electron charge and Vsh is the electric potential drop 

across the sheath in front of the substrate [22]. Thus, allowing for the electron 

charge to remain constant, the maximum ion energy is determined by the voltage 

drop across the substrate’s plasma sheath, Vsh, [31], given as the difference 

between plasma potential Vpl and substrate potential Vs : 

Vsh = Vpl - Vs   (2) 

The maximum ion energies given in Figure 2 a) - c) and summarised in d) indicate 

an increase in the maximum ion energy of the IEDFs as the generator and 
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transmitted R.F. power is increased; a finding that is in keeping with those 

reported by other studies [32]. This relationship can be interpreted with respect 

to e0Vsh and Equation (2) by asserting that the increases in R.F. power serve to 

produce an increase in the sheath potential. Furthermore, given that the substrate 

is grounded (ensuring that Vs = 0) these increases in sheath potential can be 

solely attributed to an increase in the plasma potential, Vpl. 

It is well known that the kinetic energy of bombarding ions plays a significant role 

in modifying the properties of thin films [33, 34]. Specifically, processes such as 

ion implantation, etching, and chain-scissioning/cross-linking can result in 

variations in the density, adhesion, hardness, and conductivity of plasma polymer 

thin films [35-37]. For this reason it is common for many plasma systems to 

employ a capacitively coupled R.F. biased substrate electrode to control the 

kinetic energy of the ions bombarding the substrate [30, 38]. In this instance, 

however, our findings indicate that we can control this kinetic energy simply by 

careful selection of the generator power. This, in turn, may play an important role 

in controlling processes that are sensitive to energetic ion bombardment including 

etching rates, selectivity of the etched material, and material degradation [27, 39]. 

3.3 Plasma characteristics – residual gas analysis of terpinen-4-ol 

Figure 3 depicts the electron impact ionisation residual gas analysis (RGA) mass 

spectra of the neutral terpinen-4-ol species, and m/z ratios present at R.F. powers 

of 5, 25, and 50 W. The spectra have been corrected to account for the 

instrument’s transmission function by assuming that peak intensity was 

proportional to m-1, as advised by the manufacturer. All spectra were also 

normalised with respect to the total area under the spectra peaks. 

The no plasma spectrum was analysed by direct interpretation of signal peaks for 

ions produced by impact ionisation of the neutral species. Here each peak 

represents a linear summation of all fragment ions with the corresponding m/z 

ratio, and it is probable that each such m/z relates to only a single fragment 

species (given that analysis is only being carried out on a single monomer and 

not a mixture of differing monomer species). 
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Figure 3. RGA mass spectra for a) monomer with no plasma; and plasma-

phase neutrals at b) 5 W, c) 25 W, and d) 50 W 
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71 C5H11
+ or C4H7O+ 

93 C7H9
+ 

111 C8H15
+ 

136 C10H16
·+ 

154 C10H18O·+ 

+ positive even-electron ions 

+· positive radical ions 

For no plasma the base peak is located at m/z 71, and additional molecular 

weight species are present at m/z 154 (representing the terpinen-4-ol monomer, 

either with or without scissioning), 136, 111, 93, 71, and 43. In this instance 

C10H16 is liable to degrade into m/z 93 with a loss of forty-three mass units 

(corresponding to C3H7), as evidenced by the comparable abundance of the 

complementary m/z 93 and 43 units. Increases in power resulted in a noticeable 

shift in intensities towards lower m/z species, including the detectable formation 

of H2 as evidenced by m/z 2. 

RGA of the plasma-phase neutrals suggests extensive fragmentation of terpinen-

4-ol. However, the mode of fragmentation at low power (i.e., at 5 W) is similar to 

that provided by electron impact in the no plasma sample, indicating that this 

power stimulates minimal plasma-induced fragmentation of the monomer. It is 

interesting to note that even at an applied power of 25 W (and to a lesser extent, 

50 W), there remains a non-trivial source of precursor monomer within the plasma 

volume. This also indicates that some of the spectral intensity of m/z ratios less 

than that of the monomer may be wholly or partially attributed to the RGA electron 

impact fragmentation of these precursor monomers, as opposed to plasma-

induced fragmentation. This stands in contrast to similar studies conducted on 

lower molecular weight monomers such as acrylic acid where virtually total 

monomer fragmentation was achieved at 15 W. This disparity between spectral 

intensity of the monomer ions from an acyclic structure (such as acrylic acid) and 

the cyclic terpenin-4-ol may be partially accounted for by scissioning of the cyclic 

structure, which would result in a change in the ion’s molecular structure, but not 

its molecular weight. However, the relatively low intensity of m/z 154 peaks in b) 

- d) suggests that such contributions are likely to be of a modest nature. The 
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remaining peaks can be attributed to plasma-induced fragmentation of the 

terpinen-4-ol monomer, with the resulting neutral fragments being ionised by the 

mass spectrometer. 

At low YF we observe minimal fragmentation, and considerable preservation of 

monomeric units. By assuming that these relatively intact monomeric units are 

incorporated into the plasma polymer, we can further substantiate findings 

presented in [40] which attribute the enhanced antibacterial properties of 

polyterpenol thin films fabricated at low YF to the preservation of monomer 

functionalities (i.e., -OH and double bonds) within the polymer film. Incorporation 

of monomeric units into the final deposit may be further advanced by increased 

adsorption of non-fragmented units at low substrate temperatures [41] 

eventuating as a natural by-product of the low applied power. 

This finding permits us to tune the plasma parameters, and in particular the 

plasma power, in order to achieve the desired fragmentation scheme and 

subsequent incorporation of specific fragment and monomer species within the 

plasma volume and resulting plasma polymer deposit.  

3.4 Plasma characteristics – positive ion mode analysis of terpinen-4-ol and M. 

alternifolia Oil 

As detailed in Table 3, the monomer of interest in this study, terpinen-4-ol, is the 

primary subcomponent of M. alternifolia oil. Subsequently, a comparative 

analysis of the positive ion mode (PIM) mass spectra for the cationic species 

generated by the plasma environment alone (without any further electron impact 

ionisation-induced fragmentation) was performed for both the monomer and the 

parent oil, as shown in Figure 4. Associated peak assignments for terpinen-4-ol 

fragments are provided in Table 4. 

Table 3. Major components of M. alternifolia oil [5, 42] 

Component  Chemical formula Molecular weight Typical composition (%) 

Terpinen-4-ol C10H18O 154.25 40.1 

γ-Terpinene C10H16 136.24 23.0 

α-Terpinene C10H16 136.24 10.4 
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1,8-Cineole C10H18O 154.25 5.1 

Terpinolene C10H16 136.24 3.1 

ρ-Cymene C10H14 134.21 2.9 

α-Pinene C10H16 136.24 2.6 

α-Terpineol C10H18O 154.25 2.4 
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Figure 4. PIM mass spectra for terpinen-4-ol at R.F. plasma powers of a) 5 W, 

c) 25 W, and e) 50 W, and the parent M. alternifolia oil at R.F. plasma powers of 

b) 5 W, d) 25 W, and f) 50 W 

Elimination of water (18 amu) from the monomer gives rise to the base peak at 

m/z 137 for all terpinen-4-ol spectra. Other features of note in the monomer 

spectra include the low intensity presence of a dimer at m/z 309, with a 

concomitant peak at m/z 292 following elimination of OH. With respect to the M. 

alternifolia PIM spectra, we again observe the presence of the base peak at m/z 

137, associated with the presence of any number of the oil’s myriad of protonated 

C10H16 species and fragmentation of C10H18O species following water elimination. 

As with the terpinen-4-ol PIM spectra, successive increases in the applied R.F. 

power correlate with a decrease in the intensity of all prominent peaks identified 

at the lower power setting, and an accompanying increase in the variety of both 

low and high m/z fragmentation/recombination products. 

Despite the preponderance of terpinen-4-ol monomeric units in M. alternifolia oil, 

a disparity exists between the abundance and variety of cationic species present 

in the low power plasma environments for these two respective precursors, as 

evidenced by Figure 4 a) and b). In explanation, consideration must be given to 

the possibility that the difference in vapour pressure for the multitude of species 

present in M. alternifolia oil favours the introduction and prevalence of lower 

molecular weight species (i.e., C10H16) into the plasma environment. This 

possibility is given further credence by the close resemblance of the spectrum in 

Figure 4 b) to that of the low power PIM spectrum of a single C10H16 species 
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(namely γ-terpinene) presented in a previous study [17]. As the applied power is 

increased, however, disparities begin to disappear as increased molecular 

fragmentation of both terpinen-4-ol (Figure 4 c) and e)) and M. alternifolia oil 

(Figure 4 d) and f)) ensures convergence towards comparable cationic plasma 

environments. 

Based on these findings we can assert that if retention of the terpinen-4-ol peak 

and associated functionality is of relevance to the final application of the thin film 

(e.g., in eukaryotic cell compatible coatings), utilisation of the pure monomer in a 

low R.F. power plasma environment is essential. Conversely, if the thin film is to 

be synthesised at an elevated R.F. power (say, to produce a protective coating 

with enhanced crosslinking), the choice of precursor becomes trivial from a 

properties point of view. Here the less processed (and hence less costly) parent 

M. alternifolia oil may serve to produce films with comparable composition to 

those formed from the terpinen-4-ol monomer alone. 

Table 4. Peak assignment in terpinen-4-ol PIM mass spectra 

Dominant Peaks Possible Species 

309 [2M + H ]+ 

292 [2M + H]+ - OH 

282  

273  

267  

223  

171  

155 [M + H]+ 

137 [M + H]+ - H2O 

122  

111 C8H15
+ 

109  

93  



74 
 

81  

71 C5H11
+ or C4H7O+ 

68  

55 C4H7+ or C3H3O+ 

43 C3H7
+ 

30  

18 H2O·+ 

 

3.5 Biological assay 

Plasma polymerised films from terpinen-4-ol and M. alternifolia (i.e., tea tree oil) 

precursors were subjected to supplementary antibacterial assay, as depicted in 

Figure 5. Uncoated glass control displayed the highest S. aureus biofilm 

thickness and biovolume, at 15.3 ± 1.92 μm and 8.5 ± 1.58 μm3/μm2 respectively. 

Relative to the control, terpinen-4-ol and M. alternifolia coatings demonstrated 

significantly reduced biofilm thickness (2.5 ± 0.75 μm and 2.3 ± 0.72 μm 

respectively) and biovolume (1.4 ± 0.95 μm3/μm2  and 1.5 ± 0.87 μm3/μm2 

respectively). Given the similarity in biofilm reduction for the two coatings, it is 

possible that their antibacterial action is supported by fragments species common 

to their respective mass spectra, such as m/z 81, 93, 137, and 155 (as revealed 

in Figure 5 a) and b)). This finding also indicates that if antibacterial action is the 

prime characteristic required of the coating, then preference may be given to the 

less processed and cheaper tea tree oil as the precursor material.  
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Figure 5. Biofilm thickness and biovolume of S. aureus biofilm grown for 18 hr 

at 37ºC on the surface of thin films deposited from terpinen-4-ol and tea tree oil 

precursors, with unmodified glass used as a control. Inset: a-b) phase contrast 

images of wells containing human fibroblasts grown in the presence of the 

coatings. c-d) attachment of Balb/c mouse macrophages incubated in the 

presence of coatings (attachment to control not shown) 

Phase contrast images of human fibroblasts incubated in the presence of the 

coatings (Figure 5 a and b) revealed healthy cell size and morphology similar to 

that of cells incubated in the presence of the inert glass control, suggesting 

cytocompatibility of the coatings and limited leaching of the biologically-active 

agents into the liquid media. To investigate cytocompatibility of these coatings on 

contact, mice macrophage cells were seeded at a density of 5 × 105 cells per mL 

into 24–well plates by adding 1 mL of cell suspension to each well containing 

substrates coated by terpinene-4-ol or M. alternifolia films, with glass cover slips 

used as a control. After incubation at 37°C and 5% CO2 for 48 hr, macrophage 

attachment was quantified at 2.1 ± 0.2 ×102 cells/mm2 for control, 2.3 ± 0.2 ×102 

cells/mm2 for terpinene-4-ol, and 2.0 ± 0.3 ×102 cells/mm2 for M. alternifolia 

samples (Figure 5 c and d). Whilst being within the margin of error for control and 

terpinene-4-ol treated samples, slightly reduced attachment of eukaryotic cells to 

coatings derived from the M. alternifolia precursor is to be expected, given that 
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M. alternifolia is comprised of a multitude of molecules (such as 1,8-cineole, α-

terpinene, aromadendrene, etc) that can be toxic to these cells [43, 44]. These 

findings indicate that whilst plasma polymers synthesised from either terpinen-4-

ol or tea tree oil precursors are suitable for antibacterial coatings, slight priority 

may be given to terpinen-4-ol coatings for indwelling implant surfaces requiring 

interaction with, and attachment of, eukaryotic cells. 

4. Conclusion 

This work elucidated the relationship between applied R.F. power, and the 

subsequent fragmentation of terpinen-4-ol monomeric units. The use of MS 

coupled with ion energy spectroscopy analysis facilitated identification of neutral 

and cationic fragmentation species, and the aggregate kinetic energy of cationic 

species. Monomer fragmentation was found to increase with applied power, and 

this is accompanied by an increase in the spread of m/z values. On a comparative 

basis, this increased fragmentation served to diminish disparities between the 

plasma environment of the monomer, and that of its parent M. alternifolia oil. 

Conversely, operating at reduced power levels is liable to produce films exhibiting 

an increase in the selective retention of terpinen-4-ol monomeric units and their 

associated biologically relevant functionalities. 

These findings can be employed to correlate the various properties of terpenoid-

based plasma polymer thin films to the power and plasma environmental 

conditions under which they were fabricated. For example, the specific choice of 

precursor (i.e., terpinen-4-ol monomer, or the less-costly M. alternifolia oil from 

which it is distilled) may now be justified with respect to the plasma environment 

generated for each precursor as a function of the plasma power. Such 

correlations underlay the financially- and physically-driven fine-tuning of the 

deposition process to achieve the development of films derived from natural 

precursors that exhibit appropriate qualities for particular applications. 
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CHAPTER 4 SWIFT HEAVY ION IRRADIATION 
This chapter examines the restructuring and development of new properties for 

polyterpenol thin films following irradiation with high energy swift heavy ions (SHIs). 

SHIs (i.e., ions with an energy greater than ~1 MeV) deposit energy within target 

polymer materials via electronic and nuclear stopping mechanisms. Energy deposition 

is spatially localised within a cylindrical region along each ion track, with track lengths 

that can extend into the tens of μm. The resulting excitation, ionisation, and 

displacement interactions that occur within this region precipitate a multitude of 

physiochemical processes, including chain-scissioning, crosslinking, outgassing, and 

etching. 

Section 4.1 focusses on the exposure of polyterpenol to 50 MeV I10+ SHIs at fluence 

values ≤1012 ions/cm2. This low fluence ensures isolated energy deposition and 

material modification within a single track regime. In Section 4.2 the fluence is 

increased above 1013 ions/cm2, allowing for uniform film restructuring within an 

overlapping multiple track regime provided by 55 MeV I9+ SHIs. 

4.1 ION IRRADIATION AS A TOOL FOR MODIFYING THE 
SURFACE AND OPTICAL PROPERTIES OF PLASMA 
POLYMERISED THIN FILMS 

This paper examined the processing of polyterpenol thin films with 50 MeV I10+ SHIs 

at fluence values ≤1012 ions/cm2. Air-polyterpenol and polyterpenol-substrate 

interfacial roughness was probed with X-ray reflectometry (Cu-Kα ), and verified with 

supplementary data provided by atomic force microscopy and spectroscopic 

ellipsometry characterisation. Radiation-induced variations in film refractive index and 

extinction coefficient were also extracted from modelling of spectroscopic ellipsometry 

experimental data over the 250 – 1000 nm region. “Ion irradiation as a tool for 

modifying the surface and optical properties of plasma polymerised thin films.” is 

published in Nuclear Instruments and Methods in Physics Research B: Beam 

Interactions with Materials and Atoms (Elsevier). This paper involved collaboration 

with Dr. Stephen Holt, and Dr. Rainer Siegele. 
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Abstract 

Radio Frequency (R.F.) glow discharge polyterpenol thin films were prepared on 

silicon wafers and irradiated with I10+ ions to fluences of 1×1010 and 1×1012 ions/cm2. 

Post-irradiation characterisation of these films indicated the development of well-

defined nano-scale ion entry tracks, highlighting prospective applications for ion 

irradiated polyterpenol thin films in a variety of membrane and nanotube-fabrication 

functions. Optical characterisation showed the films to be optically transparent within 

the visible spectrum and revealed an ability to selectively control the thin film refractive 

index as a function of fluence. This indicates that ion irradiation processing may be 

employed to produce plasma-polymer waveguides to accommodate a variety of 

wavelengths. XRR probing of the substrate-thin film interface revealed interfacial 

roughness values comparable to those obtained for the uncoated substrate’s surface 
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(i.e., both on the order of 5Å), indicating minimal substrate etching during the plasma 

deposition process.  

Keywords: plasma polymerisation; polyterpenol; thin films; swift heavy ions; XRR; 

AFM; ellipsometry
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1. Introduction 

Swift heavy ion (SHI) irradiation (energies above 1 MeV) is known to induce a 

number of characteristic radiation-chemical processes in polymeric materials. In 

common with other types of ionising radiation (e.g., gamma rays, electrons, etc.), 

SHIs can produce cross-linking, chain scissions, free radicals, and unsaturated 

bonds in hydrogenated polymers [1]. Unique to SHI irradiation however, is that 

as the ion traverses the polymeric medium (with penetration depths that can be 

tailored in the order of tens of micrometres) its large deposited energy density 

produces a latent track of well-defined dimensions [2, 3]. Furthermore, the energy 

and species of the ion employed in the irradiation process exert considerable 

influence on the extent of crosslinking or chain-scissions within the structure of 

the polymer in question [4]. Many of the aforementioned radiation-chemical 

processes are confined to occur within the penumbra of this track [5]. The 

capacity for SHIs to modify physical and chemical properties of polymers has 

fostered a number of studies aimed at developing and enhancing commercial 

applications. These include lithography processes, the fabrication of nanotube 

templates, and nanoporous membranes [6-8]. 

Radio frequency (R.F.) glow discharge is a well-established dry process for the 

fabrication of organic thin films [9]. Typically, energy is supplied to a process gas 

(such as helium, argon, or atmospheric gas) leading to the formation of a non-

equilibrium cold plasma within either an internal, external, or electrodeless 

reactor vessel [10]. Monomer units are then introduced to the plasma glow, where 

they are subjected to fragmentation, excitation, and ionisation by the energetic 

plasma. The resulting species subsequently adhere to the substrate material via 

either physical absorption or chemical bonding processes. The result is the 

formation of highly crosslinked and structurally disordered films possessing a 

number of advantageous physical and chemical properties, including strong 

substrate adhesion, pin-hole free surface topologies, and chemically 

functionalised surfaces. Furthermore, a large variety of deposition parameters 

(including vacuum pressure, precursor selection, R.F. power, reactor geometry, 

monomer flow rate, plasma gas, deposition time, etc.) can be varied to achieve 

polymer films with specific properties or combinations thereof [11]. For these 

reasons, R.F. glow discharge polymers have found numerous current and 
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prospective applications as conformal coatings for inorganic electronic 

assemblies [12], encapsulation films for organic electronic devices [13], and 

coatings for various other substrate materials (exhibiting an assortment of tailored 

anti-fogging, corrosion resistant, and abrasion resistant properties) [14]. 

In this research, we focus on the application of 50 MeV I10+ SHIs to polyterpenol 

thin films fabricated using an R.F. glow discharge polymerisation technique. The 

precursor monomer for these films, terpinen-4-ol, is a non-synthetic monocyclic 

terpene derived from the distillation of tea tree oil. Studies undertaken by our 

group have demonstrated that in addition to possessing the aforementioned 

generic plasma polymer properties [15, 16], polyterpenol thin films demonstrate 

rectifying electron-blocking hole-transport behaviour [17], and the retention of 

terpinen-4-ol functional groups within the polymerised film imbues this polymer 

with antibacterial properties [18]. The primary objective of this research is to 

characterise the effects of iodine SHI irradiation on the surface and optical 

properties of polyterpenol, and, to the extent that it is possible to do so, to interpret 

these property changes in the context of the elementary ion energy loss 

mechanisms. These findings will tailor the direction of future investigations into 

coupling polyterpenol’s attractive material traits with SHI irradiation’s capacity to 

modify polymeric material properties. 

2. Material preparation methods 

2.1 Substrates 

Plasma polymerised polyterpenol thin films were deposited on highly polished 

500 μm thick 1×1 cm <100> photoresist coated single crystal silicon wafers (n-

type Sb doped), sourced from Fondazione Bruno Kessler. 

Prior to plasma deposition the wafers were rinsed in acetone to remove the 

photoresist coating. The wafers were then washed in a solution of Extran and 

distilled water, ultrasonically cleaned in a sonicator (distilled water, 50 °C, 30 

min), and rinsed in isopropanol to remove inorganic contaminants. Residual 

organic contaminants were then removed using piranha solution (3:1 mixture of 

25% H2SO4 in concentrated H2O2). The wafers were then subjected to a final 

rinse in distilled water and blown dry. The cleaning procedure produced a 

hydrophilic surface and led to no variation in surface roughness. 
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2.2 Plasma polymer deposition 

Plasma polymerisation of terpinen-4-ol (99%, Australian Botanical Products) was 

carried out using a custom-made cylindrical glass reactor chamber, with an 

approximate volume of 0.0029 m3, a length of 0.75 m, and internal diameter of 

0.07 m. Radio frequency power was supplied to the chamber at 13.56 MHz via 

two externally coupled copper electrodes spaced 0.07 m from one another and 

0.11 m from the monomer inlet. Prior to plasma formation, the chamber was 

flushed with argon gas for 60 s to dislodge loose contaminant particles and 

displace atmospheric gas. Films were fabricated at 25 W over a deposition time 

of 15 s, yielding film thicknesses of less than 500 Ǻ. 

2.3 Iodine ion irradiation 

The polyterpenol thin films were irradiated under vacuum with 50 MeV I10+ ions, 

generated using the 10 MV ANTARES tandem accelerator (ANSTO). Specimens 

were irradiated at < 20 nA over a 2 cm2 area to minimise macroscopic heating, 

and irradiation time was varied to achieve total fluences of 1 × 1010 and 1 × 1012 

ions/cm2. Beam current was ascertained before and after each irradiation run 

using a Faraday cup, and irradiation was undertaken at a temperature of 293 K 

and a pressure of 10-5 mbar. 

The choice of ion energy and species employed in this study is liable to influence 

a number of interaction processes between the radiation and the polymeric 

material. These include the large number of nucleons (relative to say, H or He) 

leading to an increased prevalence and importance of nuclear stopping (i.e., 

atomic displacements and phonons) in the ion-specimen interaction as a result 

of the larger Rutherford cross-section and momentum transfer. The high ion 

energy also results in an ion velocity well in excess of the Bohr velocity, leading 

to a shorter interaction time between the ion and its surrounding medium, and a 

reduction in electronic stoppage (i.e., reduced electron excitation and ionisation) 

[1]. 

3. Characterisation 

3.1  Surface properties 

XRR (Cu-Kα) measurements were performed at the air-solid interface using a 

PANanalytical X-Pert PRO reflectometer (high tension = 45 kV, current = 40 mA). 
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These measurements were performed as a function of incident angle (θ), 

observing the specularly reflected beam as a function of the momentum change 

perpendicular to the surface (Qz=4πsinθ/λ).  

The XRR data was modelled using the Motofit [19] reflectivity analysis software 

package running in the IGOR Pro environment. These data were fitted as log(R) 

vs. Q using a Differential Evolution [20] algorithm, with corrections for a linear 

background, resolution smearing, and Gaussian roughness at each interface. As 

a reflectivity instrument, XRR measures the square of the amplitude. 

Consequently, phase information is lost, and this presents the possibility of being 

able to develop multiple different models that produce similar reflectivity curves. 

Given that the wrong physical model is unlikely to provide agreeable fits to 

different specimens, this issue was mitigated to some extent by measuring and 

co-refining multiple specimens, and through cross comparison with values 

provided by ellipsometry. The lack of well-defined stoichiometry in plasma 

polymers (and the difficulties associated with determining chemical structure of 

plasma polymers) precluded the use of XRR for determining film density. 

Optical methods for surface feature interrogation of pristine and irradiated 

polyterpenol coated silicon substrates were supported by AFM (NT-MDT 

NTEGRA Prime), with subsequent data analysis undertaken using the Nova 

software package. The instrument was fitted with an NSG10 probe (255 kHz 

cantilever resonant frequency, 11.5 Nm-1 force constant, 3:1 tip aspect ratio and 

10 nm curvature radius). Scans were undertaken in tapping mode to eliminate 

lateral tip-sample forces and limit the formation of inelastic specimen 

deformations. No AFM-specific specimen preparation was performed prior to 

undertaking the measurements, and scans were obtained at 3×3 μm resolution 

to reveal nano-scale features.  

3.2  Optical properties 

A J.A. Woollam variable angle spectroscopic ellipsometer (VASE) was used to 

probe specimen optical properties, including the complex refractive index N(λ) = 

n – ik. Data was collected across the 250 – 1000 nm wavelength region and at 

five angles of incidence (50 - 70°, in increments of 5°). Data analysis and 

modelling was carried out using the WVASE32 software package, following 
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supplier recommended procedures outlined within the software package manual. 

Specifically, specimens were modelled using a stratified model consisting of 

si_jaw, sio2_jaw, and Cauchy components to model the silicon substrate, oxide, 

and polyterpenol thin film layers respectively. The optical constants of the silicon 

substrate and oxide layer were approximated using literature values contained 

within the software package (i.e., si_jaw and sio2_jaw respectively), and the good 

fit between the substrate experimental data and model fit obviated the need to 

adjust the literature values. 

The optical constants of the polyterpenol thin films were obtained by fitting a 

Cauchy function to the polymeric layer experimental data across the measured 

spectral range. Strong parameter correlation precluded simultaneous fitting of 

both the film’s thickness and complex refractive index. Thus, the spectral range 

was reduced to 400 – 1000 nm (over which the extinction coefficient k is assumed 

to equal zero), and normal fitting was performed solely for the layer’s thickness, 

long-wavelength asymptotic index (An), and the (Bn) dispersion term. Thereafter, 

point-by-point fitting was undertaken for n and k across the entire measured 

spectral range. The Cauchy function was then converted to a GenOsc by fitting 

with two Gaussian oscillators, with specific fit parameters including the amplitude 

(A), centre energy (Ec), and broadening (B). 

4. Results and discussion 

4.1  Surface topography - AFM 

AFM imaging in Figure 1 details the progression in surface pore density (i.e., 

number of pores/unit of surface area) as a function of fluence. Figure 1A shows 

the surface profile of pristine polyterpenol films, and Figure 1B shows the 

formation of discreet pores following irradiation to a fluence of 1×1010 ions/cm2. 

Irradiation to the fluence of 1×1012 ions/cm2 resulted in significant etching of and 

damage to the polymer film, coupled with the elimination of discernible discreet 

ion tracks. 

The well-defined geometry of entry tracks, coupled with the ability to control 

surface pore density by varying the ion fluence, highlights the prospective 

application of ion beam irradiation to polyterpenol thin films for the production of 

nanoporous surfaces and membranes. Other researchers have demonstrated 
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that these entry tracks and latent ion tracks beneath the polymer surface can be 

converted into uniform cylindrical channels using chemical etching processes 

such as immersion in NaOH solution [21, 22]. Such ion track technology has 

found industrial application in filters (Whatman, Trackpore, Oxyphen) and printed 

circuit boards (IST) [23], with active ongoing research in the fields of controlled 

drug release and nanotube technology [24-26]. 

 

 

A 

B 
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Figure 1. Surface profile of pristine polyterpenol (A), and thin films irradiated at 

fluences of 1×1010 (B), 1×1012 (C) 

Specimen irradiated at a fluence of 1×1010 ions/cm2 exhibited a surface skewness 

value less than 0, indicating that the height profile is dominated by troughs 

(representing the pores exhibited in Figure 1B). Kurtosis (Rkur) values, found to 

be greater than 3, indicate that deviations in the surface profile are primarily the 

result of a sparse number of high-magnitude deviations. Taken together, these 

measures indicate that these specimen exhibit a dominance of troughs (relative 

to peaks), which may be readily explained by the relatively scarce presence of 

ion tracks, resulting in subsequently small deviations from the planar nature of 

the specimen. Irradiation at maximum fluence, 1×1012 ions/cm2, produced 

specimens exhibiting positive skewness, and a small degree of positive kurtosis. 

These findings indicate that height deviations from the mean are dominated by 

peaks, and that these deviations are of a modest though numerable nature. 

Visual inspection of the pristine specimen demonstrates the pin-hole free nature 

and nano-scale smoothness of the plasma polymerised thin film, whilst the latter 

two images highlight the high degree of uniformity in pore dispersion or coverage. 

Average roughness values were found to be 0.19, 0.29, and 0.75 nm for pristine 

samples, and samples irradiated at 1×1010, and 1×1012 ions/cm2 respectively. 

The increase in roughness from the pristine sample to the sample irradiated at 

the lower fluence value can be explained by the small number of pores in the 

C 
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latter contributing an associatively small number of sampling counts at the lower 

height value. The progressive increase in surface roughness from the pristine 

sample through to the sample irradiated at the maximum fluence is characteristic 

of ablation induced by ion beam irradiation at high fluence. In Figure 1 (C) we 

observe significant degradation of the polymer film, coupled with an increase in 

surface roughness relative to the pristine sample. The degradation may be 

prospectively attributed to significant carbonisation of the specimen [27], resulting 

from excessive desorption or evolution of hydrogen and heavier molecules 

brought about by the greater irradiation fluence [28]. The observed variations in 

surface topography (predominantly manifested as increased surface roughness) 

brought about by the ion irradiation may prospectively enhance polyterpenol’s 

adhesive properties in a similar fashion to that observed for other forms of ionising 

radiation [29, 30]. This may have important implications for bonding processes 

between the treated polymer and metallic electrodes or contacts, resulting, in 

turn, in improved performance of electronic devices incorporating the polymer 

[27]. 

4.2  Optical properties – ellipsometry 

Refractive index and extinction coefficient values shown in Figure 2 reveal that 

both the pristine and irradiated thin films are optically transparent across the 

spectral range investigated, indicating that these films may be suitable for 

applications relating to the protective encapsulation of various devices (including 

circuit boards and organic photovoltaics). The pristine specimen exhibited a 

refractive index and extinction coefficient comparable to those obtained 

previously [31], and irradiation at 1×1010 ions/cm2 produced a refractive index 

comparable to that of the pristine specimen (i.e., both on the order of n = 1.55 at 

500 nm). Subsequent irradiation at 1×1012 ions/cm2 resulted in a decrease in 

refractive index to n = 1.52 at 500 nm. 
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Figure 2. Refractive index and extinction coefficient (insert) for pristine and 

irradiated polyterpenol thin films 

Whilst uncertainty continues to surround the matter of attributing variations in 

optical properties to either electronic or nuclear energy transfer mechanisms [32, 

33], the optical findings presented above have been tentatively rationalised with 

respect to a number of key processes. Ion irradiation is known to lead to 

increased densification of the polymeric material resulting from dehydrogenation 

of the material and the subsequent increase of crosslinking within the penumbra. 

This, coupled with the formation of conjugated double and triple bonds [1], results 

in increased material density and an associated increase in refractive index. With 

this in mind, the minimal variation in refractive index exhibited by specimens 

irradiated at the lowest fluence can be attributed to the small extent of either 

increased void fraction and/or increased optical densification. 

The substantial decrease in refractive index exhibited by specimens irradiated at 

the greatest fluence may be explained by the extensive density of entry and latent 

ion tracks, leading to an increased incorporation of void fraction within the 

material following the development of chain-scissions and ejection of polymeric 

material in the wake of the ions, which is further exacerbated by the thinness of 

the films. This void (or air) content has a substantially reduced refractive index 

relative to that of the polymer, which manifests as a reduced refractive index for 

the entire thin film.  
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These findings substantiate the capacity for ion irradiation to selectively modify 

the refractive index of plasma polymerised thin films. This indicates that it may be 

possible to employ ion irradiation processed plasma-polymers in the 

development of passive optical devices that incorporate waveguides 

accommodating a variety of different wavelengths (as determined by the 

waveguide’s refractive index) [27].  

4.3  Surface and sub-surface topography - XRR 

Figure 3 represents the log(R) vs. Q/A-1 relationship for both a pristine 

polyterpenol thin film, and a film irradiated at a fluence of 1×1012 ions/cm2. The 

figure clearly depicts the plateau at log(R) = 0 for incident X-ray angles below θc, 

for which total internal reflection occurs and reflectivity is held constant at R = 1. 

Exceeding θc results in a decrease in intensity of R (as ~Qz-4), and this “Fresnel” 

reflectivity is furthermore overlaid with Kiessig fringes (or oscillations) resulting 

from interference between radiation reflected from the superstrate-polymer 

interface, and the polymer-substrate interface.  

The period of these fringes (given as ΔQz) facilitated determination of the 

thickness (d) of the films by d ≈ 2π/ΔQz. XRR modelling revealed strong 

agreement between XRR and ellipsometry findings with respect to film thickness, 

with XRR thickness values approximating those obtained via ellipsometry to 

within a maximum variation of 3 nm. Additional modelling of the reflectivity data 

permitted the calculation of interfacial roughness (σ) between each of the 

stratified layers present within the specimen. Representative film roughness 

values provided by XRR modelling were found to deviate up to ± 1 nm from those 

provided by AFM, whereby the discrepancy between these two can be attributed 

to the disparity in the surface area probed by each instrument (i.e., 1×1 cm area 

for XRR, and 3×3μm for AFM).  
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Figure 3. Representative XRR spectra for a pristine polyterpenol thin film, and a 

film irradiated to a fluence of 1×1012 ions/cm2. Circles and squares represent 

the experimental data, and the solid and dashed lines are the calculated 

reflectivity obtained from the structural model (for the pristine and irradiated 

films respectively) 

A summary of the key XRR findings are presented in Table 1 below, detailing film 

thickness, scattering length density (SLD), and film surface roughness. The 

findings confirm the fabrication of thin films of less than 50 nm, and support the 

AFM findings which indicate an increase in surface roughness with increasing ion 

fluence. The decrease in SLD at the maximum ion fluence (representing a 

decrease in film density) further supports the assertion that the decrease in 

refractive index at this fluence may be attributed to an increase in the film’s void 

content.  

Table 1. Summary of XRR findings 

Specimen Film thickness 
(nm) 

SLD  Roughness 
(superstrate-polymer 
interface) (nm) 

Pristine 
Polyterpenol 

43.99 ± 1.96 12.9 ± 0.9 0.49 ± 0.01 

1×1010 ions/cm2 46.31 ± 0.75 13 ± 1 0.52 ± 0.03 

1×1012 ions/cm2 42.62 ± 2.03 9.81 ± 0.07 1.12 ± 0.00 
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The ability of XRR to probe features at the interface between stacked layers was 

also capitalised upon to ascertain the substrate-polymer interfacial roughness, 

which was compared with that of the uncoated pristine substrate surface. In both 

instances, a roughness value on the order of 5Å was obtained, indicating that the 

plasma deposition process (and its competitive ablation process) brought about 

no detectable roughening of the substrate surface. 

5. Conclusion 

In this study we have demonstrated that 50 MeV I10+ irradiation of plasma-

polymerised polyterpenol thin films can be employed to modify the material’s 

optical properties (producing a substantial reduction in refractive index across all 

investigated wavelengths for specimens irradiated at 1×1012 ions/cm2) and 

surface architecture (including the incorporation of nanopores, or substantial 

material etching). These findings indicate that SHI irradiation of plasma-polymers 

may be employed to fabricate materials suitable for use in membranes, nanotube-

templates, and passive optical devices. 
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4.2 HIGH FLUENCE SWIFT HEAVY ION SYNTHESIS OF 
NANOCRYSTALLINE AND AMORPHOUS CARBON FROM 
A PLASMA POLYMERISED POLYTERPENOL THIN FILM 
PRECURSOR MATERIAL 

This paper examined the conversion of polyterpenol thin films into graphitic-

polymer nanocomposites following exposure to 55 MeV I9+ SHIs at fluences > 

1013 ions/cm2. Surface restructuring and morphology was explored with atomic 

force microscopy and scanning electron microscopy. Retention of polyterpenol’s 

chemical functionalities was verified with Fourier transform infrared spectroscopy, 

and the presence of nanocrystalline and amorphous carbon was substantiated 

with vibrational mode data collected via Raman spectroscopy. “High fluence swift 

heavy ion synthesis of nanocrystalline and amorphous carbon from a plasma 

polymerised polyterpenol thin film precursor material,” has been submitted to the 

Journal of Applied Polymer Science. This paper involved collaboration with Dr. 

Rainer Siegele. 
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Abstract 

Graphitic-polymer nanocomposites with nanocrystalline and amorphous carbon 

phases were prepared by swift heavy ion irradiation of polyterpenol thin films 

synthesised from an environmentally sustainable precursor by radio-frequency 

plasma enhanced chemical vapour deposition. Atomic force microscopy and 

scanning electron microscopy revealed fluence-dependent surface restructuring 

of the thin films leading to the formation of interconnected island structures, with 

no discernible delamination from the underlying electrically conductive aluminium 

substrate. Raman spectroscopy confirmed the development of D and G peaks 

associated with graphitic materials, whilst Fourier transform infrared 

spectroscopy indicated retention of the plasma polymer’s chemical functionalities 

(including hydroxyl groups) within the material after irradiation. Graphitic-polymer 

nanocomposite films prepared by this dry and solvent free process have 
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numerous potential applications in biological assay, organic electronics, and 

membrane technology. 

Keywords: ion irradiation; plasma polymerisation; thin films; composites; Raman 

spectroscopy 
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1. Introduction 

Graphitic materials comprised of nanocrystalline and amorphous carbon 

structures have received considerable scientific interest owing to their unique 

characteristics that include high tensile strength [1], thermal conductivity [2], 

electrical conductivity [3], and high surface area [4]. Accordingly, efforts have 

been made to incorporate carbon based nanostructures and graphitic-polymer 

composites into a broad range of applications in renewable energy, 

supercapacitors/energy storage, mobile communications, gas sensing, and 

bioactive materials [5-8]. 

These materials have been fabricated using a variety of techniques, including 

exfoliation [9], pyrolysis chemical vapour deposition [10, 11], and magnetron 

sputtering [12]. These techniques are, however, often constrained by the need 

for metal catalysts, special substrate preparation, high processing temperatures 

or pressures, and complex procedures for transferring the film after synthesis [5, 

13, 14].  

One dry and low temperature alternative technology for the spatially localised in 

situ production of graphitic materials is that of swift heavy ion (SHI) irradiation of 

polymeric precursors. SHIs deposit a large amount of energy (upward of several 

hundred eV/Å) within a cylindrical region along the ion track, and subsequent 

ionisation processes produce chain scissions, crosslinking, and gas evolution 

within a modified defect-rich zone [15-18]. Modifications contingent upon the ion 

penetration depth, radius of the cylindrical ion track zone, and dominance of 

electronic or nuclear stopping, can be controlled by informed selection of the 

energy, mass, and fluence of the SHIs [17]. Modified parameters in the polymer’s 

physical and chemical properties include composition, density, molecular weight, 

solubility, optical bandgap, and electrical conductivity [19-22].  

Given its capacity to transform chemical composition and structure, SHI 

irradiation has been utilised to synthesise and modify a variety of polymeric and 

graphitic nanostructured materials. For instance, tetrahedral amorphous carbon 

insulators have been converted into graphitic nanowires and self-aligned 

structures [18, 23], and ions have been used to slice and weld single walled 

nanotubes [24]. Nucleation of conjugated carbon clusters has also been induced 
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in an assortment of traditional polymers, including polyethylene terephthalate 

(PET), polycarbonate (PC), and polymethylmethacrylate (PMMA), bringing about 

a consummate transformation and enhancement of their mechanical and 

electrical properties [25-29]. 

Contrary to the majority of papers that elucidate interactions between SHIs and 

comparatively thick (> 10’s μm) traditional polymers (such as PET, PC, PMMA, 

etc.), this study focusses on the application of SHIs to a non-traditional polymeric 

material synthesised via radio frequency plasma enhanced chemical vapour 

deposition (RF-PECVD). In this process a variety of reactor configurations 

(internal/external electrode, inductively/capacitively coupled, etc.) and power 

sources (dc, ac, pulsed, etc.) have been employed to produce graphene and 

polymeric pinhole-free thin films with tailorable thickness, surface functionality, 

complex refractive index, and electrical conductivity [11, 30, 31]. The polymer 

under investigation in this study, polyterpenol, is a stable plasma polymer [32] 

that exhibits a diverse range of characteristics that make it suitable for use as an 

antibacterial coating [33], encapsulating or insulating layer for electronic devices 

[34, 35], and electron-blocking/hole-transport layer in organic transistors [36]. 

Low fluence SHI irradiation leading to porous microstructures with a variety of 

potential applications [37, 38] has already been documented for polyterpenol 

films irradiated at fluences ranging from 1×1010 to 1×1012 ions/cm2 [39]. By 

increasing the fluence by two orders of magnitude (up to 2×1014 ions/cm2), this 

study explores the conversion of polyterpenol into a functionalised graphitic-

polymer composite incorporating nanocrystalline and amorphous carbon phases. 

2. Experimental 

Polished silicon wafers (100) were cut to size before being rinsed in acetone, 

sonicated (double distilled water, 50ºC, 30 min), rinsed in isopropanol, and blown 

dry. Aluminium layers were then applied to the Si substrates via vacuum coating. 

Polyterpenol thin films ~ 900 nm thick were deposited over the aluminium layers 

using capacitively coupled external electrode RF-PECVD (25 W, 60 min) in a 

custom-made glass reactor chamber. The polyterpenol films were synthesised 

from the terpinen-4-ol precursor monomer, a terpene alcohol distilled from 

Melaleuca alternifolia oil. 
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Irradiation was carried out with 55 MeV I9+ ions using the 10 MV ANTARES 

tandem accelerator (ANSTO) over an area of ~ 1 cm2, with fluence varied from ~ 

0.5 - 2×1014 ions/cm2 by controlling the irradiation time. Beam current was kept 

below ~ 20 nA to minimise thermal heating effects. 

The thickness of pristine films was determined via ellipsometry with an M-2000 

J.A. Woollam Variable Angle Spectroscopic Ellipsometry instrument [40]. A lack 

of surface uniformity prohibited reliable determination of the thickness and optical 

properties of the irradiated films. Surface imaging was performed using a JEOL 

JSM-6700F scanning electron microscope (SEM) . Pristine polyterpenol films 

were coated with platinum to facilitate imaging, whilst no conductive coating was 

required for irradiated samples owing to their enhanced electrical conductivity. 

Vibrational mode peaks were obtained via Raman spectroscopy using a WITEC 

CRM200 Raman system with 488 nm (2.54 eV) excitation wavelength. Fourier 

transform infrared spectroscopy (FTIR) was performed in attenuated total 

reflectance (ATR) mode with a Perkin Elmer Spectrum 100 spectrometer (range: 

4000-1000 cm-1, scan number: 4, resolution: 4.00 cm-1). Atomic force microscopy 

(AFM) was performed using an NT-MDT NTEGRA Prime instrument (255 kHz 

cantilever resonant frequency, 11.5 Nm-1 force constant, 3:1 tip aspect ratio and 

10 nm curvature radius), and analysis was performed with the Nova 1.0.26.1487 

software package.  

3. Results and discussion 

3.1 Scanning electron microscopy 

Figure 1 shows SEM images of pristine and irradiated polyterpenol films. Image 

(a) in Figure 1 reveals the uniform, defect-free and smooth nature of the pristine 

polyterpenol film following RF-PECVD fabrication. Subsequent SHI irradiation at 

the lowest applied dose of 0.5×1014 ions/cm2 shows widespread and uniform film 

restructuring (b). Higher magnification imaging indicates the formation of discrete 

island hubs interconnected by filaments as the applied fluence is increased from 

0.5×1014 ions/cm2 (c) to 2×1014 ions/cm2 (d). 
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a) b) 

c) d) 

Figure 1. SEM images of pristine polyterpenol (a), and polyterpenol irradiated 

to 0.5×1014 ions/cm2 (b)-(c), and 2×1014 ions/cm2 (d) 

Use of high energy (55 MeV) I9+ ions guarantees that virtually all bombarding ions 

come to rest within the supporting substrate medium [41]. This, coupled with the 

use of a fluence greater than ~1013 ions/cm2, indicates that the observed 

morphological restructuring can be predominantly attributed to electronic energy 

loss mechanisms (excitation and ionisation) occurring within regions subjected to 

a multiple track overlap regime [42]. 

3.2 Raman spectroscopy 

Raman spectra for pristine polyterpenol and polyterpenol irradiated to the 

maximum fluence of 2×1014 ions/cm2 are given in Figure 2.  
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Figure 2. Raman spectra of pristine polyterpenol (insert), and polyterpenol 

irradiated to 2×1014 ions/cm2 

The pristine sample’s spectrum is notably devoid of any features commonly 

associated with graphite or its derivatives. Following irradiation peaks associated 

with graphitic phases manifest, and peaks observed in the pristine film from 

~1900 to 2400 cm-1 are also retained with low intensity. The intensity (taken as 

peak height) and wavenumbers of graphitic peaks were identified following 

spectra processing that consisted of baseline correction and Gaussian curve 

fitting (two prominent curves for the D and G peaks, and a small curve at the 

lower wavenumber shoulder of the D peak). The graphitic index, given as the ID/IG 

ratio, was also determined and used to calculate the nanocrystalline carbon 

cluster size (La) via the Tuinstra-Koenig relation given as [43]: 

 (1) 

Where ID and IG are the intensities of the deconvoluted D and G peaks 

respectively, and λ is the wavelength of the excitation source in Å. Given that the 

irradiated material is not entirely comprised of nanocrystalline graphite, and that 

La is liable to underestimate the true cluster size due to the dominant effect of 

small crystallites [44], consideration must be given to the fact that Eq. 1 only 

provides an approximate indication of cluster size in this instance. An alternative 
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approach to calculating cluster size using D and G peak areas [45] yielded La 

values ~ 9 Å greater than those provided by Eq. 1 across all fluence values. 

Processing results summarised in Table 1 show the presence of D and G peaks 

at ~ 1384 and 1580 cm-1 respectively, and an additional broad band over the 

region ~2500-3250 cm-1 that likely represents a confluence of G', D+G, G+D', and 

G'' second order modes [46]. 

Table 1. Peak locations, graphitic index, and approximate carbon cluster size 

as a function of fluence 

The E2g mode of graphite, given by the graphite G peak, is indicative of the 

presence of nanocrystalline graphite regions with C-C stretching of sp2 carbon 

pairs arranged in rings or chains within the irradiated films. The disorder-induced 

D peak at ~1384 cm-1 corresponds to the breathing mode of A1g and is forbidden 

in perfect graphite. Resultantly, its presence indicates the formation of sixfold 

aromatic rings in a disordered structure [47]. The broad width of the D peak, 

evident upon Gaussian curve fitting, also suggests a distribution of clusters with 

different orders and magnitudes [47]. The slight red shift of the D peak with 

increasing fluence represents a decrease in the number of ordered aromatic rings 

[48], though the magnitude of this shift may be partially offset by the decrease in 

cluster size which tends to shift D upwards [49, 50]. A low intensity peak at ~ 

1100 cm-1 was also fitted during Gaussian deconvolution to account for the 

probable presence of sp3 bonded diamond nanocrystals and their precursor 

structures [51, 52]. 

The graphitic index can be used to provide a measure of the degree of disorder 

in the film [53], and the observed increase in ID/IG with increasing fluence 

suggests that the higher fluence produces a greater degree of disorder in the 

films and an associated increase in elastic scattering. This trend also indicates 

Fluence (×1014 
ions/cm2) 

D location (cm-1) G location (cm-1) ID/IG La (Å) 

0 - - - - 

0.5 1386 1580 1.08 32.4 

1 1384 1580 1.19 29.4 

2 1382 1580 1.25 28.0 
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conversion of the polymer matrix into nanocrystalline graphite, as a 

predominance of sp2 amorphous carbon resulting from high defect density would 

produce a decrease in ID/IG [54, 55]. Hence, from the position of the G peak and 

the graphitic index, we can assert that the irradiated polymer consists of both 

nanocrystalline and amorphous carbon phases. Furthermore, the increase in 

graphitic index with increasing fluence suggests an increase in the defect 

densities facilitated by the greater degree of overlap in defect regions. These 

subsequently produce more elastic scattering and a drive from the amorphous 

carbon phase towards nanocrystalline graphite organised in clusters of 

decreasing dimensions [54, 55]. 

3.3 Fourier transform infrared spectroscopy 

The spectra for pristine polyterpenol, and polyterpenol irradiated to the 

intermediate fluence of ~1×1014 ions/cm2 are provided in Figure 3. Measurements 

were performed in ATR mode and subjected to ATR correction post-processing. 

Skewing of peak intensities at the higher wavenumbers in the irradiated film may 

be attributed to the decreasing pathlength of the sample being probed, coupled 

with the reduction in film thickness following irradiation [56]. The assignment of 

excitation frequencies is provided in Table 2. 

 

Figure 3. FTIR spectra for pristine polyterpenol (solid line) and polyterpenol 

irradiated to 1×1014 ions/cm2 (dashed line) 
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Table 2. FTIR excitation frequency assignment [57, 58] 

Assignment Group frequency (cm-1) 

Hydroxyl group, H-bonded OH stretch ~3450 

Methyl asymmetric C-H stretch 2955, 2930 

Methyl symmetric C-H stretch 2875 

Alkenyl C=C stretch ~1660 

Methyl asymmetric C-H bend 1459 

Symmetric C-H bend 1380 

C-O stretching of alkyl-substituted ether 1150, 1050 

As observed for other conventional polymers [16], homogeneous reductions in 

peak intensities for post-irradiated polyterpenol films reveal significant elimination 

of OH and C-H groups, indicating hydrogen and oxygen evolution from the 

polymer matrix. In conventional polymers this degradation also represents 

scissioning of the main chain and elimination of monomeric units from the 

irradiated polymer [27], though this interpretation may not translate to 

polyterpenol, given the inherently disordered and branched structure of plasma 

polymers. Dangling bonds formed by the hydrogen and oxygen abstraction 

provide opportunities for subsequent recombination of carbon into a disordered 

network of π-conjugated bonds, and hence facilitate the formation of the 

nanocrystalline and amorphous carbon clusters identified in the Raman spectra. 

The retention of polyterpenol functional groups following irradiation is particularly 

desirable, given that these functionalities are influential in the previously stated 

electrical, encapsulation, and antibacterial properties of polyterpenol thin films. 

Functional group retention also suggests that the irradiated material is a 

confluence of polymeric and graphitic phases. 

3.4 Atomic force microscopy 

Surface morphological parameters obtained from AFM are presented in Table 3, 

and representative two-dimensional surface images of pristine and irradiated 

films are provided in Figure 4. As expected from the degree of film restructuring 

evident in SEM images, AFM confirms a considerable increase in the roughness 

of the films from RRMS = 0.9 nm for pristine polyterpenol, to RRMS = 20.1 nm for 
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films irradiated to a fluence of 2×1014 ions/cm2. Skewness indicates almost 

symmetrical height distribution about the mean for the pristine film (Rsk = 0.09), 

whilst an increasing dominance of surface valleys is indicated by the negative 

skewness values of the irradiated films as the fluence increases. Initially these 

valleys manifest as frequent slight deviations (i.e., Rku < 3), before the onset of a 

small number of extreme deviations (i.e., Rku < 3) for irradiation at the maximum 

fluence. 

Table 3. Surface morphological parameters as a function of fluence 

 
Fluence (×1014 

ions/cm2) 

Surface parameter 

Average 
roughness 
(Rav) nm 

RMS 
roughness 
(RRMS) nm 

Skewness 
(Rsk) 

Kurtosis (Rku) 

0 0.6 0.8 0.09 3.2 

0.5 6.3 8.0 -0.43 0.4 

1 14.7 19.0 -0.72 1.1 

2 14.5 20.1 -1.01 3.4 

 

a) b) 

Figure 4. 3×3 μm AFM images of (a) pristine and (b) irradiated (2×1014 

ions/cm2) films 

Increases in polymer film roughness following irradiation have been observed in 

other polymer thin films [59], and plays an important role in a variety of physical 
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processes, including thermal and electrical conduction, and the adhesion 

strength of metals deposited over ion irradiated polymers [60]. Hence, the post-

irradiation formation of nanostructures with an increase in roughness and a 

probable accompanying increase in exposure of polyterpenol’s retained 

functional groups has potential implications for applications spanning thermal 

insulation, catalysts, absorbents, and biocompatibility [61-64].  

4. Conclusion 

In this study plasma polymerised polyterpenol thin films were converted into 

graphitic-polymer nanocomposite films using high energy SHI irradiation. The 

resulting thin films exhibited a trend towards the formation of discrete islands 

interconnected by filamentary structures as the fluence increased. The formation 

of these structures was accompanied by the nucleation of disordered clusters rich 

in π-conjugated carbon bonding, displaying a preferential increase in the 

presence of nanocrystalline graphitic clusters relative to amorphous carbon 

content with increasing fluence. Chemical functionalities specific to the plasma 

polymer were also retained within the irradiated material, albeit with reduced 

prevalence and a clear reduction in hydrogen and oxygen content.  
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CHAPTER 5 DENSE PLASMA FOCUS IRRADIATION 
This chapter details the discovery of inelastic deformation and surface structure 

formation in polyterpenol thin films following exposure to dense plasma focus 

(DPF) irradiation. As a form of non-cylindrical z-pinch plasma, the DPF 

environment exposes target films to a high-velocity kinetic shockwave, ionisation 

wavefront, hot plasma, ion beam, and energetic photons. These processes and 

species bring about a high heating slope and speed in the target film over the 

course of 10 – 100’s of ns. Despite the thermosetting behaviour of plasma 

polymers, rapid transient thermal treatment delivered by DPF can facilitate 

thermoplastic behaviour before degradation processes can take effect. 

5.1 INELASTIC DEFORMATION OF PLASMA POLYMERISED 
THIN FILMS FACILITATED BY TRANSIENT DENSE PLASMA 
FOCUS IRRADIATION 

This paper highlights the ability of transient dense plasma focus treatment to 

induce inelastic deformation in highly crosslinked plasma polymer thin films. The 

presence and elemental composition of new ‘bubble-like’ structures formed on 

the surface of polyterpenol thin films were determined by scanning electron 

microscopy and energy dispersive X-ray analysis respectively. Pre- and post-

irradiated polyterpenol thin film thickness was also determined via spectroscopic 

ellipsometry and modelling. “Inelastic deformation of plasma polymerised thin 

films facilitated by transient dense plasma focus irradiation,” is published in 

Materials Research Express. This paper involved collaboration with A/Prof. 

Rajdeep Rawat. 
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Abstract 

The high degree of crosslinking present in plasma polymerised thin films, coupled 

with their high molecular weight, imbues these films with properties similar to 

those of thermosetting polymers. For instance, such films tend to be relatively 

hard, insoluble, and to date have not exhibited plasticity when subjected to 

elevated temperatures. In this paper it is demonstrated that plasma polymers can, 

in fact, undergo plastic deformation in response to the application of extremely 

short-lived thermal treatment delivered by a dense plasma focus device, as 

evidenced by the evolution of bubble-like structures from the thin film. This finding 

suggests new avenues for texturing plasma thin films, and synthesising cavities 

that may find utility as thermal insulators or domains for material encapsulation. 

Keywords: thin films; radiation processing; plasma polymer; dense plasma 

focus; inelastic deformation 
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1. Introduction 

Owing to their high degree of crosslinking, plasma polymers typically exhibit 

thermal decomposition and degradation in response to the application of heat. 

This decomposition includes the scissioning of chemical bonds and vaporisation 

of molecular fragments, leading to significant mass loss and the formation of a 

brittle and charred carbonised material [1]. Thus, the vast majority of studies 

investigating the relationship between plasma polymers and temperature have 

focussed either on the influence of temperature on the growth response of these 

films [2, 3], or on the thermal stability of films post synthesis [1]. In contrast to 

prior work, this study focusses on the transient irradiation and thermal treatment 

of plasma polymer thin films with dense plasma focus (DPF) – a form of non-

cylindrical z-pinch plasma device [4]. DPF devices expose target materials to a 

confluence of short-lived phenomena, including a high-velocity kinetic 

shockwave, ionisation wavefront, hot plasma, ion beam, extreme ultraviolet rays, 

and soft/hard X-rays [5]. Resultantly, for the first time it has been possible to 

demonstrate thermoplastic behaviour in plasma polymers in response to this 

unique treatment environment. 

2. Materials and methods 

Prior to deposition the polished silicon wafers were cut to size (~1×1 cm2), rinsed 

in acetone, sonicated for 30 minutes in double distilled water, rinsed in 

isopropanol, and then blown dry. The precursor monomer, terpinen-4-ol, was 

introduced to the glow discharge without any additional processing. Film 

synthesis was undertaken using continuous wave radio frequency (13.56 MHz) 

plasma polymerisation in a custom-made glass reactor, as detailed elsewhere 

[6]. Deposition was performed for 60 minutes at 25 W and a pressure of 100 

mTorr. The synthesised films were approximately 1170 nm thick, as determined 

via ellipsometry (J.A. Woollam variable angle spectroscopic ellipsometer). 

Following film deposition, the samples were irradiated using a 3.3 kJ UNU/ ICTP 

DPF device [4] powered by a single 15 kV, 30-μF Maxwell capacitor. Prior to 

exposing the samples to a transient thermal load in the DPF device, a number of 

conditioning shots were fired (with the shutter closed and samples shielded from 

the radiation and hot dense decaying plasma) in order to ensure optimal 
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focussing/pinching efficiency of the DPF device. Samples were then treated with 

a single DPF shot in either an Ar or N2 process gas, at a sample-to-anode 

distance ranging from 6 to 12 cm. Whilst these processing conditions influenced 

a number of polymer thin film chemical and physical properties (to be published 

separately), they exhibited no apparent influence over the prevalence, size, or 

shape of the bubble structures formed. 

Following DPF treatment, scanning electron microscope (SEM) imaging was 

performed using a JEOL JSM-6700F instrument on platinum coated samples to 

confirm the presence and visual characteristics of bubble structures formed via 

inelastic deformation. SEM was coupled with an Oxford Instruments INCA x-sight 

7421 for energy dispersive X-ray (EDX) analysis to confirm the carbon 

composition of the structures, and eliminate misidentification with possible copper 

impurities (from the DPF device anode) or silicon artefacts (from the substrate). 

3. Results and discussion 

As an example of the inelastic deformation wrought by DPF treatment, the SEM 

image coupled with EDX spectra presented in Figure 1 indicates the presence of 

the thin film (C and O) over the silicon substrate (B), the C, N, and O composition 

of the bubble with some of the underlying substrate being detected (C), and the 

deficit of plasma polymer underneath the bubble at the locus of venting (D).  

Figures 1 and 2 indicate that there is no distinct phase delineation or boundaries 

between the structures formed and the plasma polymer film that they evolve from. 

These structures exhibit a variety of morphologies including ripples, cracks, and 

perfectly smooth surfaces, and may be populated with venting pores. They are 

universally comprised of C and O, with the possible presence of nitrogen in N2 

irradiated films, and trace amounts of Pt arising from the application of a thin 

conductive coating to aid SEM imaging.  
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Bubble or blister formation following 

exposure to radiation has been reported in 

a number of other studies for traditional 

(i.e., non-plasma synthesised) polymers. 

Typically the formation of these structures 

has been attributed to the scissioning-

induced evolution of gases from within the 

polymer matrix [7-9]. The timescale 

associated with the evolution of these 

volatile species ranges from hours up to 

several days, and the bubbles formed 

thereafter either show prolific surface 

coverage/distribution (in response to 

uniform surface irradiation) or precise 

spatial confinement (in response to 

localised radiation delivered by ion or 

electron beams). 

  

 

 

 
Figure 1. A) SEM image of a DPF 

induced structure, B) EDX spectrum 

at location 1,  C) EDX spectrum at 

location 2, D) EDX spectrum at 

location 3 

A 

B 

C 

D 
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Figure 2. SEM images of DPF irradiation induced structures on separate 

samples 

Given the extremely short DPF irradiation time and low surface density of the 

structures formed thereafter within the plasma polymer films, we have discounted 

the bubble growth mechanism proffered by previous studies in favour of an 

approach centred on the thermal expansion of pre-existing void content within 

the films as follows: 

1. Pre-existing voids are present either within the thin film or at the interface 

between the film and substrate. [Figure 3 A] 

2. The films are subjected to DPF irradiation with an approximate duration 

ranging from tens to hundreds of nanoseconds [10, 11]. In this phase the 

shock front, ionisation wavefront, plasma, ion beam, and high energy 

photons serve to bring about a transient heating slope that has been shown 

to reach as high as ~3600 K/μm and a heating speed that can reach up to 

~40 K/ns  at a sample-to-anode distance of 4 cm [12]. [Figure 3 B] 
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3. This rapid increase in material temperature induces a rise in the pressure 

of gaseous species present within void spaces. Assuming that the elevated 

temperature is also liable to exceed the plasma polymers’ melting point, 

the pressure exerted by these species is free to take advantage of the films’ 

transient plasticity to grow the void volume into the observed bubble 

structures. [Figure 3 C] 

4. Termination of structure growth occurs in response to the development of 

defects in the structure’s ‘skin’ (which facilitate gas venting), or as a result 

of rapid cooling of the polymeric material beneath its melting point, 

subsequently allowing the structure’s cohesive forces to counterbalance 

the pressure of the energetic gas species. [Figure 3 D]  

  

  

Figure 3. Mechanism of postulated structure formation following transient 

DPF processing: A) Original void content, B) DPF irradiation, C) Expansion of 

void content and structure formation, D) Void content venting 

In previous studies the application of thermal treatment (starting in the tens of 

degrees and terminating in the hundreds of degrees Celsius) to plasma polymer 

thin films has resulted in significant decomposition of the films, with the evolution 

of volatile degradation products and eventual transformation into a carbonaceous 

residue  [13, 14]. In these studies temperature elevation occurred in controlled 

increments (e.g., 10 K increments held constant for 5 min to ensure thermal 

equilibrium) over the course of several hours. This approach to thermal treatment 
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may have exacerbated film decomposition, given that the rate of thermal 

decomposition is not only a function of the temperature, but also of the amount 

and nature of the decomposition processes that proceeded it [15]. Thus, in these 

studies the possibility of heating-induced plasticity was precluded by the onset of 

complete decomposition occurring before the thin films could undergo a phase 

change.  

Transient DPF treatment may circumvent a number of factors that contributed to 

the total thermal decomposition of plasma polymers in prior studies. For example, 

the extremely high heating slope and rate of heating ensured that the entire film 

could be elevated above its melting temperature without first being subjected to 

a protracted temperature rise regime that permits complete decomposition before 

the melting temperature can be reached. The short duration of the cooling 

process that followed after intense transient heating also allowed for retention of 

the plasma polymer before complete decomposition and vaporisation could take 

place.  

4. Conclusion 

The action of inelastic deformation, as evidenced by the formation of bubble-like 

structures, presented itself as an unintended (though in retrospection not 

unexpected) phenomenon following the exposure of plasma polymerised thin 

films to DPF irradiation. This development suggests the utility of DPF treatment 

in destructive identification of plasma polymer void content, relieving internal film 

mechanical stress, and surface microstructure texturing. 
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CHAPTER 6 GAMMA IRRADIATION 
Whilst the process employed to synthesise PECVD thin films is inherently sterile, 

plasma sterilisation has yet to receive international status as an officially 

regulated and standardised sterilisation technique. Therefore, polyterpenol thin 

films must demonstrate functional stability following exposure to an approved 

sterilisation technique before their commercial uptake within the biomedical 

industry can be considered. As such, this chapter examines the post-irradiation 

response of polyterpenol thin films to gamma radiation delivered at a variety of 

doses below, equal to, and above that required to accomplish biological 

sterilisation. 

6.1 ORGANIC BIOELECTRONIC PLASMA POLYMERISED 
POLYTERPENOL THIN FILMS – PRESERVATION OF 
PROPERTIES RELEVANT TO BIOMEDICAL AND 
ORGANIC ELECTRONIC APPLICATIONS FOLLOWING 
EXPOSURE TO STERILISING DOSES OF GAMMA 
RADIATION 

This paper outlines the capacity for polyterpenol thin films to retain select physical 

and chemical properties following exposure to sterilising doses of gamma 

radiation. Film thickness, refractive index, and extinction coefficient were 

determined with spectroscopic ellipsometry and modelling. Surface morphology 

was examined with atomic force microscopy, and the preservation of chemical 

functionalities was verified with Fourier transform infrared spectroscopy. 

Electrical properties including capacitance, dielectric constant, and resistivity 

were characterised with LCR meters and high precision source meters. “Organic 

bioelectronics plasma polymerised polyterpenol thin films – preservation of 

properties relevant to biomedical and organic electronic applications following 

exposure to sterilising doses of gamma radiation,” is in press with the Journal of 

Materials Science: Materials in Electronics. This paper involved collaboration with 

Dr. Justin Davies and Mrs Connie Banos. 
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Abstract 

Plasma polymers such as polyterpenol have been investigated for use as 

biofunctional coatings, insulating/dielectric layers in electronics, and adhesion 

promoting interlayers in organic electronics. The commercialisation of plasma 

polymers in these and other biomaterial-related applications is contingent upon 

their ability to resist degradation in response to sterilising and potentially 

damaging ionising radiation, such as gamma rays. Hence, this study focusses on 

the stability of plasma polymerised polyterpenol thin films following exposure to 

gamma radiation doses ranging from 0 to 100 kGy. Irradiated films were 

subjected to ellipsometry, current-voltage, dielectric, Fourier transform infrared, 
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and atomic force microscopy characterisation. Stability of polyterpenol was 

evidenced by the observed lack of radiation-induced variation in its complex 

refractive index, optical band gap, relative permittivity, dc conductivity, surface 

chemical functionalities, and surface morphology.  

Keywords: plasma polymer; polyterpenol; gamma radiation; polymer 

degradation; sterilisation; organic electronics 
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1. Introduction 

Bioelectronics presents a multitude of opportunities for enhancing patient quality 

of life and longevity through improved monitoring and treatment driven by a 

confluence of sensor-driven data collection and intelligent electrical actuators, as 

evidenced by well-established devices such as implantable pacemakers [1], 

cochlear implants [2], and glucose monitors [3]. Development of the next-

generation of bioelectronic devices is already underway, with research into 

electronic controlled drug release systems [4], electrode arrays for 

neuroprosthesis [5], resorbable electronic sensors (for monitoring intracranial 

pressure, temperature, pH, fluid flow, acoustics, etc.) [6-8], and flexible 

piezoelectric thin film energy harvesters to power these devices [9]. Successful 

commercialisation of these advanced applications is contingent upon the advent 

of new materials, including organic bioelectronic materials, that can satisfy a 

gamut of constraints imposed by both the physical demands of the devices and 

the biological environments in which they operate, defining the need to 

simultaneously preserve electronic performance and biological function [7]. 

For organic bioelectronic materials and devices these constraints manifest in a 

variety of forms, including the need for biocompatibility [10, 11], surfaces that 

resist bacteria biofilm formation and ensuing infection [12], clean interfacial 

boundaries with strong adhesion between layers [5], and biodegradation to 

obviate secondary surgery [13].  To satisfy these requirements materials are often 

designed to specifically serve as either device encapsulating layers, or as active 

components within the bioelectronic device. Encapsulating layers facilitate 

control over the device’s interaction with the biological medium by protecting 

against biofluid-induced corrosion [5], inhibiting pathogen adhesion and 

proliferation [14, 15], and mediating immunogenic responses [10]. Active 

component materials facilitate operation of the device by performing a variety of 

roles, such as charge carrier transportation or blocking [8], promoting interlayer 

bonding [16], or acting as dielectrics for capacitors, transistors, and component 

isolation [17, 18]. 

The performance and economics of bioelectrionic devices can benefit from the 

development of a single class of renewable organic bioelectronic materials that 

can simultaneously satisfy biological and electronic constraints; here, plasma 
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polymerisation may present as a viable contender for the synthesis of this class 

of materials. This process employs a cold plasma environment rich in neutral 

species, metastables, ions with temperatures close to ambient at 300 K, electrons 

with temperatures in excess of 1×104 K, and energetic photons with wavelengths 

down to the extreme UV region [19]. Precursor monomers introduced into this 

environment are subjected to ionisation, fragmentation, and recombination 

begetting polymeric thin film deposition [20]. Contrary to conventional polymers, 

plasma polymers are not comprised of regularly repeating monomeric units. 

Instead, they represent a polymeric matrix constructed from fragments of the 

original precursor/s, with these fragments spanning a spectrum of power-

dependent products ranging from almost intact monomeric units, to individual 

constituent atoms from the original precursor/s. The final result is the formation 

of a highly disordered and crosslinked hydrogenated carbon structure, with 

significant presence of trapped free radicals that cannot readily undergo 

recombination due to reduced chain mobility stemming from extensive 

crosslinking [21]. 

Plasma polymerisation technology incorporates several attractive features into a 

single-step process for thin film organic bioelectronic material synthesis. For 

example, the presence of high energy ionising species facilitates the destruction 

of microorganisms, leading to inherent and economical bio-decontamination of 

material surfaces (including heat-sensitive surfaces) exposed to the non-thermal 

plasma [22-25]. The films demonstrate conformational coverage, allowing 

homogeneous or micro/nano-patterned coatings to be applied to devices with 

irregular geometries, including nails, plates, stents, and meshes [26-29]. Strong 

adhesion to a wide variety of substrate materials relevant to the biomedical field 

(including ceramics, metals, and polymers) is also evidenced and made possible 

by surface cleaning, activation, and formation of covalent bonds induced by the 

plasma environment. Finally, the type and density of biomedically-relevant 

chemical functional groups on these pin-hole free films can be selectively tailored 

by informed selection of deposition conditions, choice of precursor/s, and 

masking or diffusion gradient techniques [30-33]. 

The plasma polymer under investigation in this study, polyterpenol, possess 

properties pertinent to the biological and electronic requirements of organic 
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bioelectronic materials. Previous studies have provisioned the utility of 

polyterpenol as: an electrically insulating coating for electrical components [34], 

electron blocking – hole transport layer in organic electronic devices [35], coating 

to control magnesium biodegradation [36], and as an antibacterial coating [37]. 

Polyterpenol also addresses the demand for green chemistry and sustainable 

production, being synthesised from the natural terpinen-4-ol precursor, a 

monocyclic terpenoid alcohol extract from Melaleuca alternifolia (aka. tea tree 

oil). Before plasma polymers such as polyterpenol can find commercial success 

in the field of organic bioelectronics, it must first be shown that these polymers 

can retain the properties that underpin their organic bioelectronic utility following 

exposure to a commercial sterilisation technique, such as gamma irradiation. 

Gamma irradiation at a standardised dose of ~25 kGy is one of the foremost 

methods employed in the sterilisation of polymers for pharmaceutical and 

biomedical applications [38-40]. This approach is used in preference to 

steam/heat or chemical techniques that can damage the target materials and 

leave behind harmful residues, or electron beams techniques that may provide 

unacceptable variation in sterilisation performance depending upon the material’s 

composition [41-43]. As a form of uncharged radiation, gamma rays impart 

energy to polymeric materials via three dominant mechanisms: photoelectron 

absorption, pair production, and Compton scattering [44]. These photon-material 

interactions result (either directly or indirectly) in the subsequent generation of 

ionised absorber atoms, energetic photo-, recoil- , or Auger electrons, and further 

photon production from either atomic de-excitation processes or positron 

annihilation. Species thus formed often possess sufficient energy (i.e., energy > 

10 eV) to sever chemical bonds, and resultantly induce crosslinking and chain-

scissioning [45-47].  

In instances where the rate of crosslinking exceeds that of chain-scissioning, 

gamma radiation has been shown to enhance the mechanical properties of a wide 

range of polymer-related materials, including polymer fiber reinforced concrete 

[48], carbon nanotube reinforced polymers [49], and synthetic biodegradable 

polymers [50]. Such crosslinking also serves to increase the conductivity of 

polymer composites, with possible applications in dosimetry [51]. Gamma 

radiation’s capacity to polymerise monomeric units has also been employed to 
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synthesise polymers with antimicrobial properties [52] and smart biocompatible 

hydrogels [53]. With respect to crosslinking’s complementary process of chain-

scissioning, the associated reduction in molecular weight can enhance the 

workability and incorporation of polymer components into coatings and inks, and 

polymer recycling outcomes [54]. More often, however, chain-scissioning brings 

about undesirable degradation in the mechanical, electrical, optical, and chemical 

properties of the polymer [55-57]. This degradation serves to limit the utility and 

life expectancy of biomedical polymers subjected to radiation sterilisation 

processes [58], as evidenced by doses as low as 30 kGy significantly decreasing 

the duration and uniformity of antibiotic elution from biodegradable polymer 

composites [59], and irradiation at the standard 25 kGy sterilising dose inducing 

degradation in the mechanical properties of biodegradable medical polymers 

[40]. 

Countering this degradation has necessitated a sustained effort to synthesise and 

study radiation resistant polymeric materials [60], though this effort has, however, 

almost completely overlooked the novel class of plasma polymers [61]. In 

recognition of this oversight, this study seeks to advance the standing of plasma 

polymerised polyterpenol as a stable organic bioelectronic material by 

establishing a relationship between sterilising gamma radiation, and those 

material properties of polyterpenol that are of biological and electronic relevance.  

2. Experimental 

2.1 Sample fabrication 

Metal-insulator-metal (MIM) structures were fabricated on glass substrates, as 

detailed in Figure 1 (left). The glass substrates (Knittle Glass, standard slides) 

were cleaned in Extran and distilled water, sonicated for 30 min in distilled water 

at 50ºC, rinsed in isopropanol, and then blown dry. Following cleaning, 

conductive aluminium layers (Advent Research Materials AL5020) were 

deposited onto the glass substrates with a HHV Vacuum coating unit (12A4D).  

Polyterpenol layers (~ 300 nm thick) were deposited over the aluminium layers 

using a 13.56 MHz continuous wave capacitively-coupled plasma polymerisation 

setup detailed in Figure 1 (right). Prior to polymerisation, the custom-made 

cylindrical glass reactor vessel (length: 0.75 m, internal diameter: 0.07 m) was 
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flushed with argon gas for 60 s to dislodge loose contaminants and displace 

atmospheric gas.  Terpinen-4-ol sourced from Australian Botanical Products Ltd. 

was used as the precursor monomer without any supplemental processing, and 

the plasma polymerisation process was performed for 30 min at an applied power 

of 25 W and starting pressure of ~ 200 mTorr. Following irradiation, additional 

aluminium layers were applied over masked polyterpenol layers to complete the 

MIM structures. 

The aforementioned plasma polymerisation process was applied to polished 

silicon substrates (100) for 60 min at 25 W to prepare ~ 700 nm thick samples for 

ellipsometry and atomic force microscopy (AFM) analysis. The silicon substrates 

were rinsed in isopropanol then blown dry before polymer deposition. The same 

plasma polymerisation regime (i.e., 60 min, 25 W) was applied to 25×5 mm 

potassium bromide (KBr) discs (International Crystal Laboratories, part: 0002C-

133) to prepare samples for transmission Fourier transform infrared (FTIR) 

spectroscopy analysis. 

 

 

 
Figure 1. Metal-insulator-metal structure (left), and radio frequency plasma 

polymerisation setup (right) 

2.2 Sample irradiation 

Samples were irradiated at doses of 0, 0.1, 1, 10, 25, 50, and 100 kGy using the 

Gamma Technology Research Irradiator (GATRI) at the Australian Nuclear 

Science and Technology Organisation (ANSTO). Gamma radiation was provided 

by Co-60 sources at a dose rate of 1.97 kGy/h under ambient conditions (~ 23 

ºC) in air. Dose rates were determined via Fricke dosimeters [62], with the 

associated uncertainty of 2.0% providing a confidence level of ~ 95%. Whilst 

Electrodes (Al) 

Plasma polymer  
(polyterpenol) 

Electrode (Al) 

Glass substrate 
RF generator Matching network 

Monomer vial 

Rotary pump 
vacuum port 

Gas inlet (A

Vacuum gauge 

Copper electrodes 



136 
 

polymers display degradation in response to thermal treatment, oxidation, and 

hydrolysis [21, 63], prior studies on plasma polymerised polyterpenol thin films 

have shown minimal aging under ambient laboratory conditions [64]. This, 

coupled with the use of pristine unirradiated reference samples, allowed any 

observed variation in film properties to be confidently ascribed to the influence of 

gamma radiation.  

2.3 Sample characterisation 

The optical parameters for magnitude ratio (Ψ) and phase difference (Δ) of 

reflected p- and s-polarised light were obtained on silicon substrate samples with 

an M-2000 J.A. Woollam Variable Angle Spectroscopic Ellipsometry (VASE) 

instrument over the wavelength region of 200 – 1000 nm (6.2 – 1.2 eV) at incident 

angles of 55º, 60º, and 65º. These parameters were then used to construct a 

model (Cauchy dispersion layer over Si) using WVASE32 software to determine 

film thickness and complex refractive index (i.e., N = n + ik).  

Capacitance measurements were performed on the MIM structures using a Hioki 

3522-50 LCR HiTESTER with 100 test points over a frequency range of 1 Hz – 

10 kHz. Current-voltage characteristics were determined using a Keithley 2636A 

System SourceMeter over a voltage range of 0.2 – 20 V. Step sizes of ~ 0.2 V 

were applied over a hold time of 50 ms/point, and current was measured at a 

range of 1 μA. All electrical characterisation was performed at a temperature of ~ 

25ºC. 

FTIR transmission scans of the KBr substrate samples were taken with a Perkin 

Elmer Spectrum 100 spectrometer (range: 4000 – 450 cm-1, scan number: 4, 

resolution: 4.00 cm-1). 

3 × 3 μm tapping mode surface scans of the silicon substrate samples were 

performed with an NT-MDT NTEGRA Prime atomic force microscope fitted with 

an NSG10 probe (255 kHz cantilever resonant frequency, 11.5 Nm-1 force 

constant, 3:1 tip aspect ratio, and 10 nm curvature radius). Subsequent data 

analysis was performed with the Nova 1.0.26.1487 software package. 
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3. Results and discussion 

3.1 Optical properties 

Real refractive index (n) and extinction coefficient (k) components of the complex 

refractive index at representative doses of 0, 50, and 100 kGy are given as a 

function of wavelength in Figure 2. Maximum variance in the real refractive index 

ranged from ~ 1.7 at 200 nm to 1.50 at 1000 nm, and the extinction coefficient 

varied from ~ 0.1 at 200 nm to 8×10-6 at 1000 nm, with neither parameter 

demonstrating appreciable variability in response to the applied radiation. 

 

Figure 2. Refractive index (top) and extinction coefficient (bottom) as a function 

of wavelength for samples irradiated at 0, 50, and 100 kGy 

The real refractive index of polymers is dependent upon a number of physical 

and chemical parameters, including the molecular refraction (R), molecular 

weight (M), and molecular volume (V) of the polymer’s constituent atomic and 

molecular units, as represented by the Lorentz-Lorenz equation [65-67]: 
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Within amorphous hydrogenated carbon (a-C:H) films, including those 

synthesised via plasma techniques, it has also been shown that the refractive 

index depends upon the film’s density, and the ratio of sp3/sp2 bonds [68, 69]. 

Given the dependence of n on all of these parameters, the negligible variance in 

n indicates that polyterpenol expressed no preferential crosslinking or chain-

scissioning in response to the applied gamma radiation, and that the 

concentration of atomic and molecular groups contributing to the molar refraction 

(i.e., R/M) remained unaltered.  

The real refractive index provides critical information about the propagation of 

light through the polymer and the refraction of light at interfaces between the 

polymer and materials adjacent to it [70]. As such, it is a defining parameter in 

the design of polymers for optical waveguides [68, 71], optical lenses [72], 

encapsulating layers for organic light emitting diodes [73], and photodetectors for 

biochemical sensing and in vivo imaging [74, 75]. The operation of these devices 

and their protective encapsulating layer frequently calls for the use of low k 

polymers so as to minimise light or signal attenuation. Resultantly, the observed 

stability of polyterpenol’s real refractive index and low extinction coefficient 

following irradiation suggests that it may be a viable candidate for incorporation 

into the synthesis of optical biomedical devices. 

Extinction coefficient data was further interrogated to yield information about the 

optical absorption coefficient α by way of the relation [76]: 

 (2) 

The absorption data within the higher energy region was then related to the 

optical energy gap via the Tauc equation [77]: 

  (3) 

Where Eopt is the optical energy band gap, hv is the incident photon energy, m 

represents the form of electronic transition (given as indirect allowed transition 

with m = 2 for polyterpenol [34]) and B is a constant related to electrical 

conductivity, refractive index, and the width of the tail of the localised states. 
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Equation (3) was rearranged to provide a Tauc plot of (αhv)1/2 vs. hv, and a 

MATLAB program was written to approximate Eopt by fitting and extrapolating the 

linear section of each curve to the energy axis intercept. Representative Tauc 

plots are provided for polyterpenol irradiated at 0, 50, and 100 kGy in Figure 3. 

 

Figure 3. Tauc plot for samples irradiated at 0, 50, and 100 kGy 

The optical energy gap provides a measure of the energy at which a rapid 

increase occurs in the absorption coefficient (i.e., the fundamental absorption 

edge), owing to the absorption of photons and subsequent promotion of electrons 

across the fundamental gap from the highest occupied continuous energy level 

to the lowest unoccupied continuous energy level [78]. Using the Tauc plot 

method, Eopt values ranging from 3.29 to 3.50 eV were observed (see Table 1), 

suggesting that polyterpenol occupies a middle ground between semiconductor 

(Egap < 3 eV) and insulator (Egap > 4 eV) materials [79].  This classification may 

be subject to change if there exists appreciable disparity between the optical and 

electronic band gap of polyterpenol. 

Table 1. Optical energy gap as a function of dose 

Dose (kGy) 0 0.1 1 10 25 50 100 

Eopt (eV) 3.33 3.29 3.33 3.33 3.35 3.35 3.50 
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The optical energy gap of organic semiconductors is dependent upon a number 

of parameters, including their chemical composition, extent of π-conjugation, 

temperature, and pressure [80]. With environmental factors held constant, the 

lack of variation in Eopt values supports earlier inferences drawn from the stability 

of the real refractive index – viz. minimal changes occur in polyterpenol’s 

underlying chemical composition and structure following gamma irradiation. 

3.2 Dielectric properties 

The real part of the relative permittivity, εr, is given by [81]: 

  (4) 

Where C is the experimentally determined capacitance in F, and C0 is the 

equivalent capacitance in vacauo. C0 can in turn be calculated from the sample’s 

geometry as C0 = ε0A/d, allowing εr at sonic frequencies to be calculated by [81]: 

  (5) 

Where D is the film thickness in m, ε0 is the permittivity in vacuo given as 8.854 

× 10-12 F m-1, and A is the cross-sectional area in m2.  

Drawing on optical results presented earlier, the real refractive index of 

polyterpenol can be related to its relative permittivity and relative permeability (μr) 

by [82]: 

 (6) 

By allowing the relative magnetic permeability of the polymeric material to 

approximate to 1, the relationship can be rearranged to give εr at optical 

frequencies as: 

  (7) 

Using Equations (5) and (6) the relative permittivity has been calculated at sonic 

frequencies ranging from 0.1 to 10 kHz, and at optical frequencies representing 

ultraviolet (400 nm) and infrared (800 nm) wavelengths bounding the visible 

spectrum, and one wavelength within the visible region (600 nm). 
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Table 2. Relative permittivity from capacitive and optical measurements 

 Relative permittivity, εr 

 Sonic frequencies Optical frequencies 

Dose 
(kGy) 

0.1 kHz 1 kHz 10 kHz 375 THz 500 THz 749 THz 

0 3.50 3.45 3.39 2.30 2.32 2.41 

0.1 3.70 3.64 3.59 2.27 2.29 2.35 

1 3.74 3.69 3.64 2.27 2.29 2.36 

10 4.19 4.13 4.06 2.27 2.29 2.36 

25 4.37 4.25 4.15 2.27 2.29 2.36 

50 4.03 3.95 3.87 2.25 2.27 2.35 

100 4.06 3.91 3.80 2.26 2.28 2.35 

A polymer’s relative permittivity depends on factors such as temperature [83], 

frequency [84], chemical composition [85], and water content [86], and can be 

decomposed into three contributing components as [87]: 

 (8) 

Stability of polyterpenol’s relative permittivity across the sonic range of 

frequencies may be attributed to low ionic polarization of the film’s molecular 

structure, suggesting that polyterpenol is predominantly apolar [26]. The 

encroachment of  εr values into the 3.5 to 5 range does, however, imply some 

degree of polar nature, which is to be expected given the presence of hydroxyl 

side groups and trapped free radicals [88]. The contribution of these ionic and 

orientational components to the relative permittivity decreases with increasing 

frequency in the sonic range, reflecting their reduced capacity to follow variations 

in the applied field. Stability of the relative permittivity across the range of applied 

doses implies minimal variation in the contributing electronic, ionic, and 

orientational components. This stability may be attributed to the film’s high degree 

of crosslinking, which serves to limit molecular mobility and hence the contribution 

of orientational components to the permittivity [89, 90].  
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The relative permittivity provides a measure of a material’s capacity to store 

energy in an electric field and is a key parameter in material selection for 

capacitors, insulators, and dielectric gates in organic thin film transistors at sonic 

frequencies [91], as well as dielectric resonator antennas at optical frequencies 

[92]. In this respect, pristine and irradiated polyterpenol compares favourably with 

dielectric polymers derived from natural and synthetic precursors, including 

plasma polymerised methyl methacrylate (εr = 3.86), Aloe vera (εr =3.39), 

poly(vinyl alcohol) (εr = 1.99), poly(methyl methacrylate) (εr =3.45), and poly(4-

vinylphenol) (εr = 2.18) [18, 93]. The attractiveness of polyterpenol as a dielectric 

material in bioelectronic devices may be further enhanced by plasma 

polymerisation’s capacity to overcome performance-limiting boundary interface 

inhomogeneities common to solution-based processing, and difficulty in applying 

organic dielectrics to organic semiconductors due to their low surface energy [94, 

95].  

3.3 Electrical properties 

Current density (J) was calculated using experimentally determined current and 

voltage values under dc conditions, with representative J-V curves for 0, 50, and 

100 kGy doses given in Figure 4 for samples with thickness values of 346, 301, 

and 328 nm respectively. Variations in absolute current density values may be 

attributed to differences in the thickness of the samples used,  given that 

increasing thickness leads to reduced current density in plasma polymerised thin 

films [96]. Despite this thickness dependence, information about the modes of 

conduction can still be extracted from the shape of the curves. 
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Figure 4. J-V relationship as a function of gamma radiation dose 

The very low field region (~0 – 1.5 V) may be described by a power law relation 

as [97]: 

 (9) 

This advances to a linear Ohmic relationship above 1.5 V which can modelled as: 

 (10) 

Where μ is charge carrier mobility, n0 is the free charge carrier density, and e is 

the electronic charge. This linearity breaks down around the ~10 - 15 V region 

and a non-Ohmic relationship is established between J and V. The dependence 

of the J-V relationship on applied voltage and film thickness indicates that current 

conduction may be modelled by a number of mechanisms, including Poole-

Frenkel (PF) conduction, Richardson-Schotty (RS) conduction, and Space 

Charge Limited Conduction (SCLC) [98-100]. If present, PF/RS conduction can 

be determined by linearity in the plot of ln J vs V0.5, whilst SCLR conduction can 

be confirmed by linearity in the plot of ln J vs. ln V (for SCLC) [101].  
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Figure 5. ln J vs. V0.5 (top), and ln J vs. ln V (bottom) for samples irradiated to 

0, 50, and 100 kGy 

From Figure 5 it is apparent that neither PF/RS or SCLC exhibit prominent 

linearity relative to each other, enforcing the likelihood that the mode of 

conduction within the voltage range under investigation can be attributed to a 

confluence of electrode- and bulk-limited mechanisms, including the material’s 

trap barrier potential being lowered by the application of a high electric field, 

electric-field assisted transfer of energetic electrons from the metal to the polymer 

at the electrode-polymer interface, and the filling of traps [102]. 

DC electrical conductivity (σ) was calculated over the range of 0.2 – 20 V using 

the experimentally measured current and voltage values as: 

 (11) 

Where I is the current in A, D is the sample thickness in m, V is the applied voltage 

in V, and A is the cross-sectional area in m2. The dielectric’s resistivity (ρ) is by 
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definition given as the reciprocal of σ and is also provided in Table 3 at 1 and 20 

V. 

Table 3. Conductivity and resistivity as a function of dose 

 σ (pS·cm-1) ρ (MΩ·m) 

Dose (kGy) 1 V 20 V 1 V 20 V 

0 3.66 0.22 2731 44943 

0.1 3.90 0.21 2561 48498 

1 3.03 0.16 3296 62289 

10 3.36 0.20 2975 50535 

25 5.31 0.77 1884 13033 

50 4.33 0.35 2311 28781 

100 3.92 0.37 2550 26942 

Gamma radiation can produce transient increases in a polymer’s electrical 

conductivity due to the radiation-induced formation of charge-carrying electrons 

and holes  [103]. Post-irradiation, polymers are also known to show altered long-

term electrical conductivity in response to variations in irradiation factors such as 

total dose, dose rate, and air/vacuum environment [104, 105]. These factors 

influence the occurrence of competing crosslinking and chain-scission 

mechanisms, with chain-scissioning supporting free radical formation and the 

subsequent development of defects in conduction pathways through the material, 

giving rise to reduced conductivity. Conversely, crosslinking and the 

recombination of free radicals can facilitate the formation of new electrical 

pathways and thus increase the polymer’s conductivity [106, 107]. In this instance 

a lack of preferential crosslinking or chain-scissioning has resulted in polyterpenol 

displaying no marked variation in electrical conductivity following irradiation, with 

the conductivity order of magnitude of all samples remaining in the 10-12 S/cm 

range. This falls within the conductivity range of electrical insulators [108], and is 

a favourable outcome in support of polyterpenol’s use as an insulating interlayer 

or encapsulating organic bioelectronic material. 
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3.4 Chemical properties 

Variations in chemical structure and composition as a function of applied dose 

were explored using FTIR spectroscopy, with accompanying transmission 

spectra and absorption frequency assignments provided in Figure 6 and Table 4 

respectively. 

 

Figure 6. FTIR transmission spectra for pristine and irradiated films (spectra 

offset for clarity) 

Table 4. FTIR group frequency assignment [109, 110] 

Group Assignment Group Frequency (cm-1) 

Hydroxyl group, H-bonded OH stretch ~3450 

Methyl asymmetric C-H stretch 2955, 2930 

Methyl symmetric C-H stretch 2875 

Alkenyl C=C stretch ~1660 

Methyl asymmetric C-H bend 1459 

Symmetric C-H bend 1380 

C-O stretching of alkyl-substituted ether 1150, 1050 
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Gamma irradiation at doses as low as 18 kGy have been shown to induce 

dehydrogenation and variation in the presence of double/triple bonds in plasma 

polymerised polypyrroles [61], whilst doses below 0.1 kGy produce oxidation and 

p-type doping in organic semiconducting oligomers such as pentacene [111]. In 

contrast to the onset of these chemical modifications at low doses, polyterpenol 

FTIR spectra revealed no appreciable variation in peak intensity, frequency shift, 

or the formation/elimination of peaks in response to the applied radiation. This 

indicates that the films expressed no preference for either crosslinking (no 

additional C=C) or chain-scissioning, and furthermore the lack of an increase in 

oxygen functionalities (i.e., OH, C-O) suggests that even though the irradiation 

treatment was carried out in an air environment known to increase radical 

formation and degradation [112], it resulted in no additional oxidation of the films. 

The destructive effects of ionising radiation (i.e., chain-scissioning and free 

radical formation) may have been moderated by the inherently disordered and 

crosslinked nature of the plasma polymer. Furthermore, undesirable radical-

mediated reactions within plasma polymers can be terminated by the 

recombination of two radicals [21], and as such the deleterious effects of radicals 

produced by the gamma irradiation may have been moderated by the abundance 

of pre-existing trapped plasma-generated radicals available for recombination 

and termination. 

The antibacterial and bioactive properties of polyterpenol have previously been 

attributed to the incorporation of intact terpinen-4-ol monomer structures, and the 

presence of polar carbon-oxygen and oxygen-hydrogen groups that enhance the 

polymer’s hydrophilicity [37]. Demonstrating the preservation of these groups at 

a gamma irradiation dose of 100 kGy (four time in excess of the standard ~ 25 

kGy dose used in sterilising procedures) is an important step towards validating 

the biomedical utility of polyterpenol thin films following gamma sterilisation. 

3.5 Morphological properties 

Polymer thin film morphology is dependent upon a variety of parameters such as 

molecular weight and polydispersity index [80], and has shown considerable 

rearrangement following exposure to gamma radiation [113]. In the case of 

polyterpenol, however, retention of the pristine film’s smooth and defect-free 

surface features is observed in films irradiated at all dose values. Metrics given 
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in Table 5 for average roughness (Ra), RMS roughness (Rq), surface skewness 

(Rskw) and coefficient of kurtosis (Rkur) revealed no prominent variations in surface 

architecture as a result of irradiation.  

Table 5. 3×3 μm AFM metrics for pristine and irradiated films 

Dose (kGy) Ra (nm) Rq (nm) Rskw Rkur 

0.0 0.47 0.59 0.22 0.26 

0.1 0.42 0.53 0.12 0.31 

1.0 0.24 0.31 0.25 0.29 

10.0 0.48 0.61 0.16 0.32 

25.0 0.43 0.55 0.19 0.17 

50.0 0.29 0.36 0.14 0.09 

100.0 0.42 0.53 0.12 0.05 

 

AFM images for 3×3 μm sites (Figure 7) revealed a lack of powder formation, 

indicating that polymerisation occurred predominantly at the substrate surface 

and not in the gas phase [20]. This indicates that low pressure was maintained 

throughout the deposition process, resulting in long mean free paths and low 

collision rates for molecular fragments within the plasma volume. Surface 

morphology was marginally dominated by peaks relative to troughs, as evidenced 

by Rskw > 0, and the variation in height values is predominantly comprised of 

frequent small-amplitude deviations, demonstrated by Rkur < 3. 

 

  

Figure 7. AFM 3D images of pristine (left), and irradiated film (100 kGy) (right) 
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Surface morphology is critical to both the electronic and biological performance 

of organic bioelectronic devices. For instance, surface porosity is a major factor 

influencing the leakage current density of organic dielectric layers [114], and the 

performance of devices with organic dielectric – organic semiconductor interfaces 

(such as phototransistors and organic thin film transistors) is dependent, in part, 

on the surface roughness of the materials at the junction interface [115, 116]. On 

the biological front a number of processes (including the adhesion, alignment, 

and proliferation of cells) are mediated by surface patterning and roughness [26]. 

Similarly, polyterpenol’s bioactive properties are also strongly dependent upon 

surface roughness and architecture [117, 118], and the preservation of these 

morphological traits following irradiation is an important step in validating its 

organic bioelectronics utility. 

4. Conclusion 

The realisation of next-generation bioelectronics devices is dependent upon the 

development of renewable, non-toxic, and biocompatible organic bioelectronic 

materials that can pass biomedical sterilisation procedures with their properties 

intact. With this demand in mind, this study focussed on characterising the 

response of plasma polymerised polyterpenol thin films to gamma irradiation at 

maximum doses of up to 100 kGy. Polyterpenol thin films possess a host of 

chemical and physical properties with concomitant applications ranging from gate 

dielectrics in transistors to antibacterial coatings. Post-irradiation preservation of 

the suite of properties that underlie its performance in these applications allows 

us to present polyterpenol as a viable organic bioelectronic candidate material 

capable of satisfying both biological and electronic performance constraints. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

7.1 FINDINGS 

Technology can play a pivotal role in meeting many of the challenges faced by 

humanity in the 21st century, and its advance is underpinned in no small measure 

by the development of new materials. Here, the novel characteristics of plasma 

polymers mark them as attractive materials for supporting technological 

innovation spanning several domains, including the transition from inorganic 

electronics to organic electronics, and the development of antibacterial surfaces 

for biomedical devices. Despite their potential utility, the commercial uptake of 

plasma polymers within certain technologies has been hampered by property 

limitations (e.g., low electrical conductivity), poor understanding of the plasma 

chemistry within the synthesis environment, and limited information about their 

stability following exposure to biomedically sterilising doses of radiation. 

The aim of this thesis was to enhance the utility of plasma polymerised 

polyterpenol thin films derived from the environmentally sustainable terpinen-4-

ol/tee tree oil precursor. In doing so, this thesis has characterised the plasma 

chemistry used to synthesise polyterpenol, and explored the material’s response 

to various radiation regimes. The radiation-induced tailoring of polyterpenol thin 

film properties, and their biomedical sterilisation, opens up new avenues for 

achieving technological innovation driven by the use of a plasma polymer 

synthesised from a natural resource using a green-chemistry approach.  

7.1.1 Terpenoid Plasma Environment 

The relationship between synthesis parameters and plasma environment was 

explored using mass spectrometry and ion energy analysis. A comparative 

positive ion mode analysis of terpinen-4-ol and M. alternifolia oil plasmas 

revealed marked differences in the type and abundance of m/z species at 5 W. 

Terpinen-4-ol exhibited peaks at m/z 43 (C3H7+), 71 (C5H11+ or C4H7O+), 81, 93, 

111 (C8H15+), 137 ([M + H]+ - H2O), 155 ([M + H]+), 171, 273, 292 ([2M + H]+ - 

OH), and 309 ([2M + H ]+). Despite being comprised of a diverse cocktail of 

terpenes (including terpinen-4-ol), M. alternifolia only displayed peaks at m/z 81, 

93, 122, 137, and 155 at low power. Subsequent increases in power served to 
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diminish the disparity between terpinen-4-ol and M. alternifolia plasma 

environments, with comparable abundance of m/z 95, 137, and 155 and other 

low molecular weight species present at 50 W. This unifying trend towards 

smaller molecular fragments was also accompanied by significant elimination of 

species above m/z 155, including 171, 273, 292, and 309 peaks. 

Quartz crystal microbalance data revealed mass deposition rates of 5.6, 55.2, 

and 42.3 μg/m2s for glow discharges supplied with terpinen-4-ol monomeric 

precursors at nominal generator powers of 5, 25, and 50 W respectively. 

Assuming comparable flow rates and pressures, the reduction in mass deposition 

rate from 25 W to 50 W may indicate that an adsorption-desorption equilibrium is 

beginning to become a rate-limiting process. This may be in response to 

increased substrate temperature (induced by higher applied power), or increased 

abstraction and sputtering facilitated by a shift in the ion energy distributions 

towards higher energy values. This latter explanation is supported by data 

obtained via an energy probe coupled to the quadrupole mass spectrometer, 

which revealed a positive correlation between maximum ion energy values and 

applied power. Specifically, maximum ion energies of ~ 13.7, 18.4, and 24.1 eV 

were observed for applied powers of 5, 25, and 50 W respectively.  

Residual gas analysis of terpinen-4-ol plasmas at 5, 25, and 50 W revealed a 

trend towards the proliferation of low m/z species with increasing power, with 

considerable abundance of m/z 2 (H2), 18 (H2O), 28 (CO·+ or C2H4·+), 43 (C3H7+), 

55 (C4H7+ or C3H3O+), and 71 (C5H11+ or C4H7O+) species. Similarities between 

the no plasma and 5 W plasma spectra suggest that minimal plasma-induced 

terpinen-4-ol monomer fragmentation occurs at this low power, though non-trivial 

concentrations of the monomer are still present in 25 and 50 W plasmas. 

The antibacterial properties of films prepared from the two precursors have also 

been demonstrated, with terpinen-4-ol and M. alternifolia plasma polymer 

coatings showing reduced Staphylococcus aureus biofilm thickness and 

biovolume relative to the uncoated glass control. Phase contrast images of 

human fibroblasts incubated in the presence of the coatings revealed healthy cell 

size and morphology similar to that of cells incubated in the presence of the inert 

glass control, suggesting cytocompatibility of the coatings and limited leaching of 
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biologically active agents into the liquid media. Contact cytocompatibility has also 

been shown with Balb/c mice macrophage cells incubated in the presence of the 

coated and control samples. 

7.1.2 Swift Heavy Ion Irradiation 

Polyterpenol thin films were exposed to high energy ions under low and high 

fluence regimes. In the first case, 50 MeV I10+ swift heavy ion irradiation at low 

fluence (≤ 1 × 1012 ions/cm2) produced polyterpenol thin films with well-defined 

nano-scale ion entry tracks, as revealed by atomic force microscopy. X-ray 

reflectometry findings indicated that this irradiation was accompanied by an 

increase in superstrate-polymer interface roughness from 0.49 ± 0.01 nm for 

pristine films to 1.12 ± 0.01 nm for films irradiated to the maximum fluence of 1 × 

1012 ions/cm2. X-ray reflectometry also revealed minor reduction in the scattering 

length density from an initial value of 12.9 ± 0.9 for pristine films to 9.81 ± 0.07 

for films exposed to the maximum fluence. This reduction in scattering length 

density was accompanied by optical densification leading to a reduction in 

refractive index and an increase in extinction coefficient across the 250-1000 nm 

wavelength region investigated via spectroscopic ellipsometry. 

Swift heavy ion irradiation with 55 MeV I9+ ions at high fluence up to 2 × 1014 

ions/cm2 transformed polyterpenol into a morphologically restructured polymer-

graphitic composite. Scanning electron microscopy analysis revealed that the 

smooth, defect free, pristine thin films progressed to a uniform restructured state 

consisting of discrete island-like hubs interconnected by filamentary structures as 

the applied fluence increased. This morphological restructuring is accompanied 

by the formation of discrete G and D peaks, corresponding to E2g graphite at ~ 

1580 cm-1 and A1g breathing modes at ~1384 cm-1 respectively. These peaks 

indicate the presence of nanocrystalline graphite regions comprised of sp2 carbon 

pairs arranged in both ordered and disordered sixfold aromatic rings and chains, 

with greater fluence leading to increased nanocrystalline graphite content. This 

transformation was accompanied by retention of polyterpenol’s chemical 

functionalities, including OH, C-H, and C-O groups, albeit at reduced peak 

intensities resulting from hydrogen and oxygen evolution. 
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7.1.3 Dense Plasma Focus Irradiation 

Despite similarities between plasma polymers and thermosetting polymers, 

inelastic deformation was successfully induced in highly crosslinked polyterpenol 

by transient dense plasma focus irradiation. Scanning electron microscopy 

revealed the development of bubble-like structures rising from the surface of the 

thin films, likely in response to the thermally-induced expansion of pre-existing 

void content trapped within the film. It is postulated that this manifestation of 

inelastic deformation occurs in four stages: 1. Void content is inherently present 

in the thin films following plasma deposition; 2. DPF exposure produces a high 

heating slope (up to ~ 3600 K/μm) and heating speed (up to ~ 40K/ns) in the 

sample over a treatment period of 10’s to 100’s of ns; 3. This rapid temperature 

rise increases the pressure of species trapped within void content regions, 

allowing for the growth of bubble structures within the polymer melt; 4. Structure 

growth terminates in response to rapid cooling of the polymer, or the development 

of defects/holes in the structure’s ‘skin’. Previous studies on the thermal treatment 

of polyterpenol and other plasma polymers have universally resulted in 

decomposition of the thin films and formation of a carbonaceous residue. In 

contrast to these studies, it is advanced that short-lived transient DPF irradiation 

allows the polymer to enter a melt state, deform, and resolidify, all before thermal 

degradation mechanisms can exert a dominant effect. 

7.1.4 Gamma Irradiation 

Polyterpenol thin films demonstrated stability following exposure to gamma 

irradiation at doses four times in excess of that employed in standard biomedical 

sterilisation. Minimal variation in both the real and imaginary components of the 

complex refractive index suggest negligible change in underlying film density, 

sp3/sp2 bonding ratio, and the concentration of atomic and molecular groups. 

Relative permittivity determined from capacitive measurements remained within 

3.39 – 4.37 across sonic frequencies spanning 0.1 – 10 kHz, with the associated 

low ionic polarization suggesting that polyterpenol is predominantly apolar. The 

stability of the relative permittivity within this frequency range may also be 

attributed to the highly crosslinked nature of the film, which serves to limit 

molecular mobility and thus the contribution of orientational components. Current-

voltage curves within the studied voltage region (0.2 – 20 V) revealed that charge 
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carrier movement is likely to be due to a confluence of Poole-Frenkel, 

Richardson-Schotty, and Space Charge Limited conduction. DC conductivity, σ, 

varied from 0.22 – 0.37 pS/cm following the application of 20 V to pristine and 

100 kGy irradiated films respectively. This electrically semiconductor/insulating 

behaviour is supported by 3.33 – 3.50 eV optical energy gap values derived from 

Tauc plot analysis of extinction coefficients for pristine and 100 kGy irradiated 

films. Fourier transform infrared spectroscopy also revealed no discernible 

change in chemical functionalities between the pristine films, and those irradiated 

up to the maximum 100 kGy dose. 

7.2 POTENTIAL APPLICATIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 

The findings presented within this thesis suggest several natural avenues for 

future investigation into the radiation processing of polyterpenol, and the 

conversion of research findings into applications. 

7.2.1 Terpenoid Plasma Environment 

Macroscopic understanding of the relationship between deposition conditions 

(i.e., R.F. power, pressure, flow rate, etc.) and deposition rate permits economic 

refinement of the polyterpenol deposition process. Specifically, the polyterpenol 

film thickness can be reliably set by selecting an appropriate deposition time for 

a given set of deposition conditions, eliminating use of the present ‘trial-and-error’ 

approach. Determining that ion kinetic energy within terpinen-4-ol reactive 

plasma can be controlled by careful selection of the generator power (without the 

need for substrate biasing) also permits tailoring of processes that are sensitive 

to energetic ion bombardment (including material etching, degradation, and 

physisorption of molecular ions). 

Information provided by quadrupole mass spectrometer residual gas analysis 

permits tuning of plasma parameters (specifically power) to arrive at the desired 

terpinen-4-ol fragmentation scheme and subsequent provisioning of fragment 

and monomer species available for incorporation into the plasma polymer 

deposit. In particular, it is now confirmed that significant abundance of the 

terpinen-4-ol monomer within the plasma environment can be accomplished by 
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operating at low applied power (e.g., 5 W). This, in turn, suggests that 

polyterpenol thin films intended for biomedical applications, where surface 

chemical functionality is particularly important, should be synthesised at the 

lowest available power so as to preserve the bioactive properties of terpinen-4-ol 

within the polymer deposit. 

Positive ion mode data suggests a convergence in the type and abundance of 

cationic species present within both terpinen-4-ol and M. alternifolia plasma 

environments as the power is increased. This finding serves to enhance the 

economics of terpenoid-based plasma polymer film synthesis by allowing 

selection of the less processed (and hence less costly) M. alternifolia precursor 

mixture in films that are to be produced at high power and used in physically 

protective coating applications. Conversely, if the preservation of terpinen-4-ol 

chemical functionality is of relevance to the final application of the film (e.g., in 

biomedical coatings), then use of the distilled monomer in a low power plasma 

environment is essential. 

Cytocompatibility of both the terpen-4-ol and M. alternifolia plasma polymer films, 

coupled with their antibacterial action against S. aureus, suggests potential 

applications for these films as bioactive coatings for indwelling implants, drug 

eluting surfaces, and organic bioelectronic devices. Exposure of polyterpenol thin 

films to a wider variety of eukaryotic and prokaryotic microorganisms under in 

vivo and in vitro conditions may strengthen the case for its use biomedical 

devices. 

7.2.2 Swift Heavy Ion Irradiation 

Porous polyterpenol films synthesised with low fluence swift heavy ion irradiation 

may find utility as controlled-release drug loading platforms, filtration membranes, 

and templates for the production of micro- or nano-scale metallic rods. The utility 

of thin films with ion track pores showing fluence-dependent surface density can 

be materially advanced by first determining if the dimensions of these pores can 

be controlled via the application of chemical or physical etching techniques. 

Further work may then be undertaken to produce free-standing SHI irradiated 

polyterpenol films (i.e., without a substrate), before experimentally establishing 

the feasibility of using these porous films in the aforementioned applications. 
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Polyterpenol conversion into a micro- and nano-structured polymer-graphitic 

phase composite material following exposure to high fluence SHIs can be 

capitalised upon in a number of ways. First, masking technique may be applied 

to spatially confine the ion beam-induced graphitic conversion process, allowing 

for the creation of electrically conductive polyterpenol layers that can serve as 

electrodes or conduction regions within organic electronic devices. Retention of 

polyterpenol’s chemical functionality, along with the significantly increased 

surface area, also suggest likely applications for the processed material in 

temperature and gas sensing applications. Additional studies into the conductivity 

of the processed film under different atmospheres and temperatures can serve 

to validate this premise. 

7.2.3 Dense Plasma Focus Irradiation 

The discovery of inelastic deformation behaviour in polyterpenol following 

exposure to transient dense plasma focus treatment can be built upon with 

additional studies focussing on the use of controlled void content to produce thin 

film cavities/structures of defined size, shape, and surface density. These 

structures may then serve as platforms suitable for drug loading, or to imbue the 

film with thermally insulating qualities. 

Internal stresses created within plasma polymers during the deposition process 

also serve as a key limiting factor in the maximum thickness that can be achieved 

before curling/peeling behaviour manifests. The DPF induced melt state may 

alleviate such stresses, and additional studies should be undertaken to determine 

if DPF treatment can be used to produce plasma polymer coatings with 

substantially increased thickness, along with a consummate increase in barrier 

properties and longevity in wear-related applications.  

7.2.4 Gamma Irradiation 

Retention of biomedically relevant physical and chemical properties following 

exposure to high doses of gamma radiation suggest that polyterpenol is a suitable 

candidate for the encapsulation of bioelectronic and biomedical devices. Previous 

studies demonstrating the antimicrobial and cytocompatibility behaviour of 

polyterpenol thin films should be replicated on gamma sterilised films to verify 

that post-irradiation retained properties do indeed translate across to retained 
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bioactivity. Post-irradiation characterisation of adhesion strength, hardness, and 

breakdown voltage may strengthen the case for polyterpenol’s use as an 

adhesion-promoting interlayer within bioelectronics devices, or physical/electrical 

protective coating.  

Additional studies into the exposure of polyterpenol thin films to gamma radiation 

under a broader range of conditions may deliver useful insight into the film’s 

stability mechanisms and supplementary avenues for processing. For example, 

sample irradiation within an inert atmosphere will eliminate the possibility of 

radiation-induced oxidation during the irradiation process, and may serve to 

enhance polyterpenol’s stability response. Successively higher doses may also 

be applied in order to determine a maximum dose threshold for polyterpenol 

irradiation, and possibly serve as a means for stimulating degradation of what is 

otherwise a highly crosslinked and durable polymeric material. 

7.2.5 Supplementary Future Work 

All aspects of our understanding of polyterpenol radiation processing would 

benefit from expansion in the scope of irradiation conditions and characterisation 

techniques applied. In the interests of providing reasonable parameters to the 

scope increases of future studies, priority may be given to first broadening the 

suite of radiation species to include X-rays, UV rays, and electrons. In conjunction 

with those species already investigated, this would permit the formation of a 

comprehensive framework that can describe polyterpenol-radiation interactions 

and property changes. Molecular mass data provided by fundamental gel 

permeation chromatography studies on irradiated polyterpenol films also 

presents itself as a high priority target for future studies. The resulting data may 

yield vital information about the polymer’s net preference for exhibiting either 

crosslinking or chain-scissioning following exposure to different irradiation 

conditions (species, energies, doses, etc.). Such information will permit the 

development of guidelines demarcating the boundaries between useful irradiation 

of polyterpenol, and the onset of molecular degradation. 
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7.3 CONCLUDING STATEMENT 

This thesis has contributed new information to the understanding of terpenoid 

plasma environments, and the response of plasma polymerised polyterpenol thin 

films to various forms of ionising radiation.  

Specifically, identification of the type and abundance of species generated within 

terpinen-4-ol and Melaleuca alternifolia oil reactive plasmas allows for informed 

and economical selection of precursor and deposition conditions. Processing with 

low fluence swift heavy ions has produced polyterpenol thin films with modified 

optical properties, and latent ion tracks suitable for a variety of applications. The 

multiple overlapping track regime generated by swift heavy ion irradiation at high 

fluence transformed polyterpenol into a chemically functionalised graphitic-

polymer nanocomposite with significant morphological restructuring. Dense 

plasma focus irradiation has been used to facilitate the first instance of inelastic 

deformation in a plasma polymer, as evidenced by the development of bubble-

like surface structures following the thermally induced expansion of trapped void 

content. Demonstrating the preservation of polyterpenol’s physical and chemical 

properties following exposure to gamma radiation at doses up to 100 kGy was an 

essential step towards the commercial uptake of polyterpenol in biomedical 

applications.  

These accomplishments, coupled with their associated publications and the 

review paper completed in the course of this thesis, have served to expose and 

elevate the importance of radiation processing as a tool in the development of 

plasma polymerised polyterpenol thin films in sustainable organic electronic and 

biomedical applications. 
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