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Abstract 

Atmospheric plasma jet printing is an exciting technology which uses plasma generated under 

atmospheric conditions to excite, ionize, and induce chemical interactions between the plasma 

and materials. The aim of this work is to use an atmospheric plasma jet printer to create highly 

functional, tailored surface modifications and coatings.  

Understanding the processes which occur in the plasma are essential to use the plasma jet 

printing parameters to control the features of the surface coating formed. High speed video 

analysis and optical emission spectroscopy were used investigate the behaviour of the plasma 

in the atmospheric plasma jet printer. Properties such as the plasma density, flow rate, substrate 

type and proximity to the substrate surface were adjusted. The impact of these parameters on 

the emission features or the physical characteristics of the plasma jet were determined, and the 

relationship of these characterize to the energy transfer processes occurring in the plasma were 

inferred.  

The interactions between aerosols containing desired surface coating materials and the plasma 

are also important to understand. Two model organic polymerisable precursor materials, a 

monomer from a conductive polymer, 3,4-ethylenedioxythiophene and an organosilane, 

hexamethyldisiloxane were investigated under varying plasma printing conditions, and the 

plasma behaviour related to the coating structure and function. In both cases, coherent and 

robust surface coatings were formed and the extent of polymerisation in the surface coating 

was shown to be influenced by peak-to-peak voltages of the RF supply and residence time of 

the aerosol in the plasma. An applied voltage of 22 kV and a flow rate of 2000 sccm 

demonstrated the most dense structures among the conditions test, with lower voltages and 

flow rates resulting in increased polymerisation and structure sizes. Evidence of functionality 

of the coatings was seen in modifications to the surface hydrophilicity, and in conductivity of 

the conductive polymer. 

The plasma deposition of an inorganic colloid was also tested, using micron-sized amorphous 

tungsten oxide particles stabilised by oxalic acid in an aqueous solvent. Coherent films were 
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formed, which appeared to be made up of clusters of the colloidal particles, which retained the 

same size as in the original suspension. The residence time of the aerosol in the plasma showed 

little influence on the size of the depositing cluster structures. In this case an increase in 

residence time of the aerosol within the plasma showed a tendency towards forming a 

crystalline phase of tungsten oxide, a monoclinic-rich surface phase that with an annealing step 

gave solely monoclinic structures. Annealing also caused a significant loss of material from 

the surface and morphological changes to the cluster shape, which was attributed to loss of the 

organic surfactant from the coating.  

The control of the coating surface chemistry and morphology by the action of plasma on 

existing surfaces was also investigated as an alternative to aerosol assisted plasma deposition. 

The changes in the surface composition and hydrophobicity of polymer substrates after 

exposure to oxygen plasma showed that the plasma parameters affected the prevalence of 

reactive oxygen species incorporated at the surface interface, which could be further controlled 

with wet chemistry. This showed initial promise for a hybrid surface coating approach 

involving functionalisation of a surface with plasma for further chemical modification.  

Plasma jet patterned etching to produce pillar-like structures of different perimeter sizes was 

explored to understand how the morphology could be used to control the surface wettability of 

a surface. Control of the patterned etching was achieved through modification of the plasma 

parameters, including the printhead speed, interval gap, and the surface characterised. The 

desired control of the morphology was achieved, and an increase in contact angle controlled 

by the surface structure was also measured using static and dynamic contact angle 

measurements.   

This work has demonstrated the production of robust and functional coatings, the physical and 

chemical properties of which are sensitive to the plasma conditions used in their formation and 

the energy transfer processes occurring in the plasma. Future work will build upon this 

knowledge to use atmospheric plasma jet printing over a range of “real-world” industrial 

applications, by producing functional patterned coatings, layered surfaces with varying 

properties, and surface chemistry controlled by plasma processes. The aim is that atmospheric 
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plasma jet printed coatings will outperform traditional methods to produce highly functional, 

tailored and more sustainable surface coatings.   
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1 Chapter one: Introduction 

1.1 Plasma fundamentals and applications 

A plasma is made up ionized gases, free electrons, radicals, excimers, metastables and neutral 

gas molecules, and has been described as the fourth state of matter. Plasma, from the Greek 

plassein ‘to shape’ and later transformed in Latin to plasma, ‘mould, and to shape’, was a term 

first coined in this setting by Irving Langmuir, who was inspired by the biological plasma 

which describes the fluid component of blood.1 The birth of the name was brilliantly 

communicated in an recount by Lewi Tonks of when Irving Langmuir drew a parallel between 

the concept of blood plasma, which is responsible for carrying proteins, lipids and many other 

biological compounds, to the naming of the 4th-state-of-matter plasma as it is comprised of a 

rich mixture of ionized gases, radicals, free electrons and other components which flow 

together as a quasi-neutral state.1-3   

1.1.1 Useful definitions and terminology 

Before discussing the fundamental plasma, processes and describing mechanisms, plasma 

definitions and terminology used to describe such processes are summarized below.  

Atmospheric plasma is plasma generated under ambient atmospheric conditions, i.e., not under 

a high vacuum system, typically operating in open environment under standard pressure and 

room temperature. 

Breakdown voltage is the voltage where the plasma transitions from a non-self-sustained 

plasma to a self-sustained plasma. The production of frequent breakdowns sustains the plasma 

by a memory effect where remnant charges left from the discharge, provide a “landing” spot 

for the discharge to flow towards when the power supply reverses.4, 5 
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Collision frequency is the frequency of collisions between particles over a period of time i.e. 

values of time between collisions is inversely proportional to collision frequency.6 

Debye length is a measure of the shielding length of a charged particle within the plasma around 

a singly charged particle which is surrounded by oppositely charge particles.7, 8  

Elastic collisions are used to describe collisions where the conservation of kinetic energy is 

observed.9, 10 

Electron temperature (Te) is the temperature of the free electrons which is directly related to 

their kinetic energy. The kinetic energy of the electrons is important in a plasma as they 

undergo collisions with other compounds resulting in transfer of energy or ionization processes. 

Gas temperature is the temperature of the gas species which is directly related to the kinetic 

energy of the heavy gas molecules which exist in the plasma. The gas temperature is an 

important feature of the plasma as it underpins the heating of the plasma. 

Inelastic collisions are collisions which do not result in the conservation of kinetic energy, due 

to interaction between the colliding particles. The kinetic energy is typically transferred to 

internal energy of the colliding particles, which can result in the depopulation of excited species 

to lower energy states.9, 10 

Ionization potential, also referred to as the ionization energy, is the minimum amount of energy 

required to remove an electron from an atom or molecule.11 

Low-pressure plasma is defined as a plasma generated under low pressure, (i.e., high vacuum) 

(approximate range of at least 10-2 to 10-3 bar).12 

Mean free path is the average distance a particle (typically an electron) can travel in the plasma 

until it collides with another particle; it is a measure of the likelihood of a collision.13 

Commented [DM1]: Here (and elsewhere inthis list) is there 

a common symbol? If so should be given in brackets after the 

bit in tilaics. 
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Plasma density is the degree of ionization of the plasma, which is determined as a function of 

how many free moving electrons are present per defined area.14  

Plasma sheath, also known as the Debye sheath, is the accumulation of positive ions built up 

at the plasma-surface interface resulting in a potential barrier which effectively prevents 

electrons from diffusing out of the plasma.15, 16  

Townsend discharge, is a discharge ionisation phenomena where free electrons in a gaseous 

medium are accelerated by an electric field towards anode causing an avalanche of electron 

collisions with gas molecules to generate ionized gas and additional free electrons17 

1.1.2 Development and advances of atmospheric plasma 

Plasmas were first thought to have been used in the early 1800s, with the development of arc 

plasma torches for welding applications, and advances to the processes, applications and 

engineering of atmospheric plasma systems since then has been extensively studied.18-35 The 

use of plasma technology specifically for surface modification in an industrial setting usually 

involves heavy-duty vacuum systems, requiring a high level of expertise to operate and 

maintain the instrument, expensive vacuum chambers, and longer loading times. These features 

make the use of plasma modification difficult to implement on production lines and fast-

turnaround products. Disadvantages such as these have led to the investigation of atmospheric 

plasmas as an alternative for industrial surface modifications.  

1.1.3 Atmospheric plasma 

Atmospheric plasmas are the core focus of this thesis, this section looks to provide an overview 

of the current understanding of the processes and phenomena involved in atmospheric plasmas. 

1.1.3.1 Local thermal equilibrium and non-Local thermal equilibrium plasma 

A plasma consists of a range of particles such as ionized gas, excimers, metastables, neutral 

gases and free electrons. The collisions which occur between these species can occur between 
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the neutral atoms, molecules (including aerosol/precursor material), electrons, ionized atoms 

and molecules, and vibrational and rotationally excited particles.36, 37 The equilibria 

relationship between particular particles can be used to classify the plasma into two categories, 

namely local thermal equilibrium and non-local thermal equilibrium plasmas.  

Local thermal equilibrium (LTE, also known as thermal or hot) and non-local thermal 

equilibrium (non-LTE, non-thermal or cold) plasmas are defined by the relationships between 

the electron temperatures, Te, and the gas molecule temperatures, Tg. A Maxwell-Boltzmann 

distribution describes the kinetic energy of these species which are used to categorize plasma 

into LTE or non-LTE plasmas.20, 38 LTE occurs when the Te  Tg, this category of plasma are 

typically seen in the industry as welding tools, arc-plasmas and plasma torches (as high Tg 

occurs in thermal plasmas). Non-thermal plasmas, generally speaking, describe plasmas 

generated under atmospheric conditions, having a much higher electron temperature than gas 

temperature, Te >> Tg.
20 These two types of plasma have unique properties and are described 

in literature.39-43  

An important difference between LTE and non-LTE plasmas is the nature of the energy transfer 

into species in the plasma. In LTE plasmas, the majority of the electrical energy is put into the 

heating of the entire system, including the gas stream; while in non-LTE plasma the electrical 

energy is predominantly used to produce energetic ions.44  

1.1.4 Dielectric-barrier discharges 

Non-LTE plasmas can be generated using a dielectric-barrier discharge electrode configuration 

to produce a plasma. Dielectric-barrier discharges (DBD) have been studied for over a century, 

with the first reported use of DBD report by Siemens in 1857 with significant work on ozone 

discharges.45 DBD simply refers to a specific electrode configuration whereby the surface of 

the electrode is covered by a dielectric, typically an insulating material such as glass, quartz, 
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plastics or ceramics.18, 20, 21, 46 Shown in Figure 1.1, are examples of electrode configurations 

seen in plasma systems which have a DBD set up.   

 

Figure 1.1-Examples of common dielectric-barrier discharge electrode configurations  

The dielectric plays an important role in the build-up of charged species on its surface alongside 

its innate insulating property. Once the charges accumulate beyond a threshold limit, the 

dielectric reaches a stress point where the discharge is released. The dielectric also prevents 

overheating of the plasma where the temperature increases rapidly as the frequency of arc 

discharges continues. The insulating property of the dielectric will not pass charge with a direct 

current (DC) supply, requiring an alternating current (AC) supply (see Figure 1.1) to supply an 

alternative polarization. Dielectric barrier discharge using an argon feed gas, consists mainly 

of filamentary discharges, which have a lifetime of tens of nanoseconds with a diameter of 

approximately 10-100 m per filament.47  

The basic operation of generating plasma using a DBD set up involves an AC high voltage 

supply with frequency in the kHz range. The insulator, or dielectric, maintains the non-thermal 

equilibrium property of the DBD plasma, acting as the load limiter to the amount of charge and 

average current density in the feed gas. The build-up of surface charges on the dielectric 
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induces an electric field, opposing the electric field generated by the high voltage RF AC supply 

and effectively decreasing the overall electric field.  

Breakdown processes are important as they underpin the ability of the DBD configuration to 

sustain a plasma for long periods of time, which is particularly desirable in an industrial setting. 

Breakdown voltage is defined as the minimum potential difference in volts required for the 

dielectric component to transition from becoming an insulator to electrically conductive; this 

does not require the entire dielectric to transition. The breakdown voltage is expressed by the 

Paschen law shown below: 

𝑉𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛 =  
𝐵 ×  𝑝 ×  𝑑

𝐶 + ln (𝑝 ×  𝑑)
 

Vbreakdown = Breakdown voltage 

d = inter-electrode spacing 

p = pressure of carrier gas 

B and C = constants depending on the nature of the gas and electrode material 

Equation 1.1-Paschen’s law describing the relationship between the voltage required to cause 

a breakdown for a specific inter-electrode and a given pressure18 

Paschen’s law shown in Equation 1.1 describes the relationship between the required voltage 

and the spacing between electrodes to cause a breakdown. As the spacing distance between the 

electrodes increases, the required voltage to cause a breakdown increases proportionally. 

Hence, atmospheric systems that use a DBD electrode configuration have a small inter-

electrode distance to avoid extremely high voltage inputs. The breakdown process is important 

in DBD as the constraint of the insulating material, the dielectric becomes the main contributor 

in reducing the overheating of the gas temperature, essentially becoming the backbone of 

generating a low-temperature plasma in atmospheric conditions.21 
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The breakdown process is initiated by the charging of the insulating dielectric, in which the 

surfaces charges will induce an electric field. This electric field will be opposed to the applied 

electric field and decrease the total field resulting in the extinction of the discharge. Because 

of the micron-time scale of the repetition of the plasma discharges being produced and 

extinguished, the observed plasma region to the naked eye appears as a continuous and 

homogenous plasma.47, 48 As mentioned previously, the insulator will limit the discharge, by 

acting as a load, where the amount of charge and the overall charge density in the gas is limited 

by an insulator material.18  The microdischarges that make up the plasma jet are produced by 

an ongoing process of electron multiplication through excitation and dissociation processes. 

These processes are important for providing dense excited states which play a role in the 

sustainability and stability of the plasma jet beyond the DBD configuration as seen in the APJP 

system used in this thesis.  

Filamentary discharges are a typical operating mode of a DBD when ignited, where the 

breakdown of the gas between the gap results in the initiation of an avalanche of breakdowns 

leading to the development of filaments, which are often referred to as micro discharges.47, 49-

53 Kogelschatz et al. reported a two-dimensional numerical simulation of the formation of a 

microdischarge based on a Hydrogen: Carbon dioxide mixture at atmospheric pressure with a 

1 mm gap between the dielectrics.47  They model the early development phases of the 

microdischarge, at time intervals of 5 ns, 10 ns and 27.25 ns with the microdischarge produced 

at the cathode. The initial electrons formed a homogenous field where the electron avalanche 

(travelling towards the anode) begins to lean towards a stream mode, which initiates the 

formation of the microdischarge filament. It was reported in this study, specifically for DBD 

plasma, the discharges are like Townsend discharges, where the charge density is so low that 

there is little to no influence on the applied field.  

Commented [DM2]: What’s this? 
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Glow discharges are commonly seen in helium plasmas and in DC supply atmospheric systems, 

but have also been reported using nitrogen, air and argon sources.25, 46, 54, 55 Glow discharges 

have been traditionally described as a plasma created by the filling of a cavity at low pressures 

where a DC supply applies a potential field which results in a uniform plasma.25 In the case of 

atmospheric systems where systems are not entirely encased, the term glow discharge is 

broadened to describe uniform or glow-like discharges.54, 56-58  

1.1.5 Optical emission spectroscopy 

Optical emission spectroscopy (OES) is used as a plasma diagnostic tool to characterize the 

emissions produced by the plasma. OES can be a powerful tool in determining plasma 

properties such as electron temperature and electron density.59-61  

 

Figure 1.2-Typical spectra obtained by OES from an Ar plasma jet of the APJP 

The peaks in Figure 1.2, are  argon transitions based on the 2p → 1s pathway and were 

identified from the NIST database.62 The ionized argon species are classified as singly ionized 

Ar (I), in contrast to the relatively low abundance and production of doubly ionized Ar (II) or 
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higher ionized states.24, 63 Under high flow rates strong nitrogen peaks are observed in OES 

spectra between 200 – 400 nm. 

In the case of the APJP instrument, the argon typically purges the DBD region before ignition 

to ensure a high population of argon present and to flush impurities from air containing 

nitrogen, oxygen and water vapour. The purging step efficiently removes any residual air 

within the inner pipeline, however at particular flow rates, an increase of intermittent nitrogen 

peaks can be seen due to the more turbulent flow.  

Excited state transitions are defined as the relaxation processes of an excited state atom to lower 

energy levels. The transitions of these processes seen in the APJP are identified in Table 1, 

which are based on standard spectra obtained when using the argon gas to generate plasma (Ar 

I).  

Molecule/atom Peak position (nm) 

Ar 693.3, 706.5, 714.5, 727.3, 738.4, 750.2, 

751.6, 763.4, 772.2, 795.0, 800.7, 801.57, 

810.3, 811.6, 826.5, 840.8, 842.6, 852.1, 

866.9 

N 281.3,  

O 777.5, 844.5 

OH 308.4 

Table 1- Summary of typical OES peak positions and associated identifier for plasma jet 

produced by APJP55, 64-66 
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Traditionally, Langmuir probes have been used to measure the electron density, ion and 

electron temperature of low-pressure plasma systems. These probes are difficult to use in 

atmospheric plasma systems due to the physical constraints of most systems making it hard to 

integrate the probe without interference to the plasma. Furthermore, Langmuir probes require 

high mean free path length, which is difficult to implement into atmospheric plasma systems.   

In recent years, OES has been used to detect plasma reactive species present in the plasma 

through their emission, and also as a diagnostic tool for electron number density and electron 

temperature.59-61, 67 This methods offers advantages over traditional methods due to their non-

invasive nature, ability to be calibrated against a known light source and flexibility in 

integration into an atmospheric plasma system. The calculation of the electron temperature 

typically involves selecting a peak obtained from OES, which is fitted and then a model 

containing a set of derived equations is applied. With appropriate intensity calibration, the 

emission peaks against a known light source and the ratio between the Gaussian and Lorentzian 

functions provides a crucial parameter in determining the electron temperature.   
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Figure 1.3- Diagram of a emission peak obtained from a plasma jet OES spectra at 20 kV with 

the data of the 696.4 nm peak shown in black dots, a gaussian fit (solid line) and a Lorentzian 

fit (dashed line) applied to the data between 695 and 700 nm 

Assuming the plasma obeys local thermal equilibrium, the observed intensity of emission 

spectra yields the number density of the excited state. From the number density, the electron 

temperature can also be determined as the LTE plasma will obey the Boltzmann distribution 

where the temperature will be the slope of the Boltzmann plot.59 Other models and methods 

which are used for the calculation of electron temperature and electron density are the 

collisional radiative model, Boltzmann plot method, two-line plot method.59, 68  

1.1.6 Radio-frequency power supply 

Radio-frequency (RF) power supplies are commonly used in atmospheric plasma systems due 

to their innate ability to generate high voltage supplies at tuneable frequencies.69-76 Typical 

designs of a RF power supply involve the RF generator which is typically linked to an 

automatic matching network that accounts for the reflection power and impedance matching. 
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The output can then be directed towards the load, which in this case is the electrodes of the 

DBD system. The discharge mode of RF plasma operates differently to other discharges. The 

discharge regime operates in -mode or -mode, with the -mode described as a sustained 

discharge where the main electron production and heating is likely to happen in the sheath 

region.18 Bazinette et al., reported a study on the different diffused DBD obtained between 50 

kHz and 9 MHz, which found the frequencies higher than 250 kHz behaved like a Townsend 

discharge and the discharges that up to 200 kHz behaved more like a glow DBD.77 RF power 

supplies are useful as they generate plasma characterized by an -mode, with lower breakdown 

voltages and ability to apply high voltages make it an ideal choice of power supply in DBD 

configurations.  

1.1.7 Gas type and influence on plasma discharge behaviour 

The choice of gas and gas mixtures have been shown to influence the properties of the plasma 

jet, for our applications, this section will focus on only argon, helium, nitrogen and air as 

plasma feed gases. 

1.1.7.1 Characteristics of using helium gas for to produce plasma jets 

Helium gas is widely regarded as the ideal gas for plasma discharges due to its long metastable 

lifetimes, a high thermal conductivity and an ionization energy of 24.587 eV (He I).62 Of all 

the plasma gases used, helium is the lightest gas and therefore has been shown to have lower 

electron densities under identical operating conditions which is useful for temperature 

consistency in longer run times for plasma, while avoiding the heating of the gas in the 

plasma.78-80  

A study by Jonkers et al., showed that the electron temperature of the helium plasma was twice 

as high as argon plasma generated under identical operating conditions which was attributed to 

the strongly ionizing character of helium plasma at atmospheric pressure. Of the three gases 
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outlined, helium has the lowest breakdown voltage followed by argon and then nitrogen.81 

Helium gas has also been shown to produce plasma bullets, with reports of higher influence to 

plasma plume lengths at lower voltages (less than half that required of argon or nitrogen 

plasma) to produce almost a plasma plume almost twice as long.19, 81-83 In addition to a lower 

breakdown voltage (relative to argon and nitrogen), homogenous discharges are much more 

easily obtained, which are filament-free and have a high thermal conductivity.19 

1.1.7.2 Characteristics of using argon gas to produce plasma jets 

Argon gas is widely used as it is a relatively cheap and readily available noble gas in 

comparison to more expensive alternative gases, such as helium. The noble gas is abundant, 

and has an ionization potential of 15.759 eV (Ar I).62 The emission wavelengths of argon gas 

under atmospheric conditions are observed between 650 nm and 900 nm. The observable 

colour of plasma generated using argon gas is a purple-violet colour.  

It has been reported that the argon plasma behaves differently in contrast to helium plasma, 

with the deposition of hexamethyldisiloxane (HMDSO) showing a highly inorganic film when 

deposited in an argon plasma which was indistinguishable to the SiO2-like film. The organic 

film deposited in a helium plasma, showed high resemblance to the HMDSO monomer.66 A 

study reported the argon plasma was less likely to ionize nitrogen and air impurities in a plasma 

chamber, but when helium plasma was used, the OES detected traces of nitrogen (first negative 

and second positive system as well as oxygen).78, 84 This could be  attributed to the lower 

thermal conductivity of argon plasma in comparison to helium plasma. 

1.1.7.3 Characteristics of using air and nitrogen gas for to produce plasma jets 

Nitrogen and air plasmas are typically more difficult plasmas to generate as they require more 

energy to overcome the breakdown voltage. Nitrogen has commonly been reported throughout 

literature in biological and dental applications.85-87 Similar to that of helium and argon, 
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increasing the flow rate of the feed gas is shown to increase the plasma jet length up to a 

particular threshold (which partially depends on the construction of the individual’s plasma set 

up).88  

Most emissions of a nitrogen plasma are observed between 200-500 nm with broader peaks 

occurring at higher wavelengths but with a relatively smaller intensity.89 Nitrogen plasma is 

not commonly used as the only feed gas, but has been reported to be in used with C2H4, NH3, 

mixed with oxygen, for polymer treatments and also in biological applications .85, 86, 90-95  

1.2 Comparison and features of using atmospheric plasma jet printing, 

vacuum plasma and conventional methods 

This section provides a comparison of using wet chemistry, vacuum plasmas and atmospheric 

plasma to deposit coatings onto a surface. Due to extensive research on the formation of organic 

films being reported widely using each of the three methods, the deposition of organosilanes 

was chosen to make a parallel comparison between the methods.   

1.2.1 Conventional methods for deposition of silane coatings 

Silane coatings have been particularly popular due to their versatility in chemical functionality, 

flexibility in structural features, and its ability to form monolayer films. These attributes are 

demonstrated in Figure 1.4, with a few examples of various types of commonly used silanes 

illustrated in Figure 1.5. 
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Figure 1.4- Illustration of basic structures of common silanes used in surface functionalization 

Shown in Figure 1.4 are the examples of structural layouts seen in silanes which are used for 

surface functionalization and coatings. The X-group represents the binding group used to form 

a linkage, covalently or intermolecular binding, to the surface. Monopodial and dipodal silanes 

(literally single-foot and double-foot respectively) are different due to the number of possible 

binding groups with dipodal having a greater number of surface-anchoring groups. A typical 

silane structure consists of the hydrolysable groups which are responsible for binding to the 

surface of the substrate, the linker unit which is typically an alkyl chain which can vary in 

length, and the functional group. 

 

 

Functional group 
Linker 

Hydrolysable 

groups 

Trialkoxysilane Monoalkoxysilane Dipodal silane 
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Figure 1.5-Illustration of examples of common silanes used in surface functionalization 

The versatility of the silane structure makes it a highly desirable molecule to use as it can be 

modified depending on the desired application. An example of this would be to use an amine 

terminal group as an attaching group on the silane to covalently bound to a carboxylic-

terminated molecule through an amide linkage. The silane would commonly bind to the surface 

through a Si-O linkage, and the amino-group would covalently bind to the carboxyl-

functionalized molecule via a amide bond.96 The flexible nature of the ability to use a variety 

of structurally different silanes make it desirable across a wide range of applications. 

The wet chemistry method typically involves copious solvents in both the deposition stage as 

well as the washing method. Shown in Figure 1.6, is an illustration of a typical wet chemistry 

method used to attach silanes to surface.  
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Figure 1.6- Illustration of a typical wet chemistry method used for the deposition of silanes. 

From left to right: Samples are immersed in solution; left to incubate for a fixed period; rinsed 

with an appropriate solvent; and then cured at high temperature for a fixed time. 

This procedure involves dipping your substrate into a silane mixture for a prescribed amount 

of time. Generally speaking, the longer the time, the thicker the initial coating of silane on the 

surface will be. However, the covalent attachment of the silane to the surface can be difficult 

to achieve, particularly for surfaces without suitable attachment sites. After a prescribed time, 

the substrate is taken out of the silane mixture, and washed multiple times to ensure 

physiosorbed silanes are removed. The silane coating undergoes a post-annealing step which 

can be used as a post-processing step.97 

This wet chemistry method, although thoroughly researched and traditionally used, has 

disadvantages including the multi-step process, creation of solvent waste and often inconsistent 

batch processing. Despite the disadvantages, however, the wet chemistry methods do tend to 

retain the structural integrity of the monomer and have a more acute control of the depositing 

structures such as the extent of polymerisation and thickness.  

1.2.2 Plasma deposited organosilanes under low pressure conditions 

Early reports of the deposition of silane-based films were in a study by Bogart et al. in 1995, 

who reported what was considered a high deposition rate at the time of approximately 1360 Å 
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min-1.98 Takai et al. reported the deposition of a transparent trimethylmethoxysilane (TMMOS) 

using a vacuum microwave powered plasma enhanced chemical vapour deposition (PECVD), 

describing deposition rates of between 15 – 45 nm min-1.99 Reports of vacuum plasma systems 

to deposit trimethylmethoxysilane have also been reported to show an interesting trait of 

nucleation during the vapor phase interaction with the plasma.100  

In a study by Inoue et al. the electrical properties of the substrate looked to have an influence 

on the aggregation of the deposited particles and the density of the deposited material. The 

TMMOS microstructure and spherical nature of the plasma-deposited organosilanes shows 

similarities to the structure shapes shown in the APJP deposition (although much larger in 

diameter) of hexamethyldisiloxane in an upcoming results chapter.100 Wei et al. recently 

reported a deposition rate of approximately 50 nm min-1, with the limitation of too many 

collision at the given pressure leading to a reduction in ion density and deposition rate.101, 102 

 Frequent problems reported in the literature seem to be the instability of introducing too much 

material into the plasma and effectively quenching the plasma, resulting in a relatively low 

deposition rate. However, at low pressures, the plasma discharge is much more controlled and 

purer in the sense that the environmental conditions surrounding the instrument do not 

influence the plasma discharge as much as it does in an atmospheric plasma.  

1.2.3 Organosilanes deposited using plasma under atmospheric conditions 

Traditionally, a vacuum plasma deposited film will tend to be more homogenous in thickness 

in comparison to a film prepared by atmospheric plasma. However recent research and 

development has led to overcoming the challenges.  

Table 2 tabulates an overview of reported articles of HMDSO deposited by atmospheric plasma 

jet printed (excluding the case of Lopez-Barrea et al.) with the substrate used and the power 

input. The range of wettability measurements reported demonstrates the flexibility of the silane 
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molecule to produce a hydrophobic or hydrophilic coating over a range of substrates using 

atmospheric plasma jet printing.  

The deposition rates of organosilanes deposited by atmospheric pressure plasma have been 

shown to increase over the past decade with Kakuichi et al. reporting a deposition rate of 13 

nm s-1 for hexamethyldisiloxane based coating.103 Kakuichi et al. also reported high quality 

amorphous Si-films at 20 nm s-1 with overall film thickness being controlled up to 1.2 m.104 

Levasseur et al. reported contact angle of plasma polymerized HMDSO, deposited at a fixed 

power input at varying times.105 The study showed the longer the plasma deposition time, the 

more durable and consistent the contact angle was under natural ageing. At treatment times of 

15 s and 30 s, the contact angle decreased by 30 after 4 months and decreased 55 after 30 

days. A plasma treatment time of 4 minutes resulted in the contact angle values remaining 

relatively constant across the entire time period of over 8 months 

Table 2-Summarized contact angle and plasma parameters reported of atmospheric plasma 

deposited coatings using an HMDSO precursor 

Reported by Substrate Gas Untreated CA 

() 

Treated CA 

() 

Power 

(W) 

Bashir et al.106 Glass Ar 46.88 128.50 12.5 

    94.45 17.5 

    76.07 22.5 

Foest et al.107 Polypropylene  N.R. 110 (1 round) 30 

    70 (3 rounds)  

Levasseur et 

al.105 

Wood He  136  40 
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Lopez-Barrea et 

al.108 

Stone   100 50 

Ji et al.109 Glass Ar 51 135-150 200 

 

  

1.2.4 Critical comparison of deposition methods 

Table 3 summarizes the relative pros and cons of the three different methods of producing thin 

silane film coatings on solid substrates. 

Table 3- Summary of pros and cons to using wet chemistry, low pressure plasma deposition 

and atmospheric plasma deposition of silane molecules 

 Pros Cons 

Wet chemistry -Solvent control over structure 

-Retain monomer structure 

 

-Solvent waste 

-Inconsistent batch 

Low pressure 

plasma deposition 

-Batch processing 

-Homogenous film deposition 

-Consistent thickness 

-Substrate limited 

Atmospheric 

plasma deposition 

-Fast and versatile deposition 

-Cheaper option 

-Low temperature 

 

-Changes in thickness across 

deposit 

 

Commented [DM4]: Insert grislines to separate tbe cells 



Chapter 1: Introduction 

 21 

1.3 Modelling states used to understand the wetting behaviour  

Wettability measurements are useful as they provide an insight into a combination effect as it 

depends largely on both the surface morphological and chemical functionality features. The 

wetting state of a water droplet when in contact with a surface is characterized by the angle of 

contact at the boundary of the surface-gas-liquid interface. Static contact angles can be used to 

measure the effect of changes occurring in the surface morphology or chemical changes 

through this functional method of characterization. Here, we briefly introduce the attributing 

factors in describing the wetting behaviour and important experimental parameters involved.  

1.3.1 Contact angle    

Contact angle constitutes one of the most important parameters measure in an experiment, in 

describing the wetting behaviour of a coated film. It is where the surface, gas and the liquid 

intersect at the boundary, shown in Figure 1.7.  

 

 

Figure 1.7- Illustration of the 3-states for the application of contact angle measurements 

By convention, the contact angle can be used to determine whether the surface is hydrophobic 

or hydrophilic. Hydrophobic surfaces exhibit contact angles over 90 and hydrophilic surfaces 
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have contact angles under 90. Superhydrophilic surfaces exhibit contact angles under 10 and 

a superhydrophobic surface will have a contact angle of over 150. Contact angle 

measurements are regularly used in surface coating studies, largely due to the simplicity of the 

experimental set up and measurement, however the processing and analysis of the data to obtain 

an understanding of the surface energy is much more complex.  

1.3.2 Cassie-Baxter and Wenzel state  

Understanding wetting behaviours involves a complex problem; a number of interconnected 

mechanisms contribute to deciding the final state.110 An example of two mechanisms in 

competition with each other is the Cassie-state and the Wenzel state which are used to describe 

the wetting behaviour of micro-nano sized structured and textured surfaces.111  

The Cassie-Baxter and Wenzel states are used to describe the interaction of a water droplet 

with the surface of a micropatterned or micron sized features on a surface.112-115 Although the 

structures present on the samples prepared by APJP are not micron sized features, a pipeline 

transfer of information can be made due to the mechanistic similarities. We hypothesise a 

similar process of events occur to a lesser extent to the samples prepared in this thesis.  

 

Figure 1.8- Illustration of the Wenzel regime (left) and the Cassie-Baxter regime (right) 

The Wenzel regime can be defined as the wetting of a surface resulting in the entire solid area 

under the droplet becoming wet, and the Cassie-Baxter regime described as the wetting of a 
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surface resulting in parts of the surface-liquid interface being wet due to vapour between the 

pillar or textured surface.116, 117 This is illustrated in Figure 1.8, above, with water in the Wenzel 

regime completely filling the spaces between the structures on the surface and in the Cassie-

Baxter regime not filling the spaces resulting in vapor pockets between the structures. The 

shape of the pillars influences the surface contact points between the surface and the liquid and 

has been shown in an extensive review to by Milne et al. to be the case.118 

1.4 Towards understanding the interactions during plasma jet deposition 

Plasma systems, especially for plasma generated in atmospheric pressure, are difficult to model 

due to the number of considerations that must be considered to formulate a model that closely 

resembles the actual system. In the case of an atmospheric plasma jets where the plasma 

protrudes beyond the confinements of the plasma generation region uncontrollable variables 

such as the oxygen and nitrogen from the surrounding air, humidity, temperature of the room 

needs to be considered. This section of the thesis aims to uncover the underlying factors 

governing the plasma interactions which occur during the plasma jet deposition process. In 

doing this, we aim to highlight the known cause-and-effects and correlation between 

controllable plasma parameters (e.g., voltage, frequency, gas flow rate) and the observed 

features of the deposition film.  

Within Section 1.4 we discuss the design of the atmospheric plasma jet printer (APJP) and the 

modelling used to gauge a deeper understanding of the effect of plasma control variables on 

the resulting modified coating or substrate. The APJP system is divided into three sections to 

simplify and define the sections which relate to the main processes which occur during the 

plasma surface modification. These sections are outlined below and are shown schematically 

in Figure 1.9: 
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Figure 1.9- Diagram of the three-section model used to describe the deposition process of the 

APPJ 

1. Dielectric barrier discharge region: Gas and aerosol input from the atomizer unit inside 

the dielectric barrier discharge region (DBD) 

2. Plasma jet-aerosol interactions-atmosphere: Plasma jet protruding beyond the orifice, 

interactions and influence from external atmosphere 

3. Plasma jet to surface: Interaction of the plasma jet with the substrate, deposition process 

of aerosol species 
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1.4.1 Interactions and process within the dielectric barrier discharge region  

The first region to consider is the dielectric barrier discharge region, shown in detail in Figure 

1.10. 

 

Figure 1.10-Conceptualized diagram of section 1 (DBD region) used in the model to describe 

the deposition process in APJP 

The length of the DBD region is approximately 10 mm in length and the length of the plasma 

jet during plasma deposition is approximately 10 mm or etching shortens to approximately 5 

mm. The purity of the plasma (with regards to incorporation of atmospheric air) within the 

DBD region is much higher than that of the plasma jet. The purity of the plasma gas can be 

Aerosol 

Neutral Ar atom 

Excited Ar atom 
zone 
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determined by the OES spectra, which can detect nitrogen species under particular conditions 

(for example, under turbulent conditions, nitrogen peaks are more likely to form). This purity 

is due to the initial purging of the DBD tubing with the feed gas, before the ignition of the 

plasma, removing air and gas impurities within this region. When the aerosol enters the DBD 

it is subjected to the flow of the argon gas therefore being influenced by the feed gas flow only 

upon entry into the DBD region. A range of interactions and processes that may occur within 

the DBD region are outlined below, they have been identified to be the most significant in the 

DBD region for our system. 

1.4.1.1 Diffusion and movement of species within aerosol droplet 

Spatial organisation of species (of a multi-component system) within an aerosol is expected to 

influence the resulting plasma deposited structure, as seen in the literature, particularly if there 

is more than one component of the aerosol with the ability to form a solid structure or film.34, 

119, 120 Hypothetically speaking, aerosol systems can consist of a precursor mixture made up of 

an organic silane and gold nanoparticles (Figure 1.11) – the organic silane has the ability to 

form a polymerized film and the gold nanoparticles also have the ability to form structures on 

the surface.  
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Figure 1.11- Illustration of potential organisations of two-component mixture scenarios in an 

aerosol droplet 

Illustrated in Figure 1.11 are possible scenarios that a two-component precursor mixture may 

organise itself into within the aerosol. The three scenarios identified are, (i) where the gold 

nanoparticles and the silane molecules are randomly distributed within the aerosol droplet, (ii) 

the gold nanoparticles move towards the outer edge of the aerosol droplet and (iii) the organic 

silane molecule moves towards the outer edge of the aerosol droplet. The driving process 

favouring the possible scenarios could be due to solvent-solute interactions, the size of the 

droplet, and miscibility of the solutes in the solvent. The droplet size may be the most 

influential driving factor, with smaller droplets (100’s of nm) will limit the size of the molecule 

at the liquid-air interface because of the curvature of the interface being more extreme as 

droplet size decreases.  

For each of these scenarios, it is expected that they will produce different deposited structures 

due to the process during plasma deposition. In chronological order, the initial entry of the 

aerosol into the plasma will undergoes an initial evaporation of the solvent, exposing the 

molecules organised on the outer edge. In the case of the silane molecules on the outer edge, 
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generally speaking, the deposited film is expected to produce a polymerized silane, with 

embedded gold nanoparticles. Finally, in the case where the gold nanoparticles are organised 

towards the outer edge, a deposited structure similar to that of a Pickering emulsion may be the 

resulting structure with the gold nanoparticles dictating the overall depositing structure.121-123 

The notion of a the aerosol droplet in the plasma acting as a microreactor is explained and 

conceptualized by Stancampiano et al.34, 124  

1.4.1.2 Aerosol splitting and coalescence 

The size of the aerosol droplet has been identified to influence the permittivity of plasma 

streamers which exist within plasma systems. Smaller droplets (tens of m) have been reported 

to be enveloped by the streamers within the plasma, with larger droplets influencing the 

trajectory pathway of plasma discarges.34, 125, 126 The size of the droplet is expected to influence 

the size of the deposited structures, with larger droplets expected to deposit more densely 

populated structures in comparison to smaller droplets which would deposit less populated 

clusters but an increase in the number of clusters (assuming the concentration of the aerosol is 

constant).  

Because of the introduction of the feed gas flow, moving at higher flow rates, aerosols have 

been reported to exist as smaller droplets at higher flow rates.127 As mentioned earlier, smaller 

droplets are more susceptible to plasma permittivity but also are more exposed to faster rates 

of evaporation which may result in powder formation due to incomplete nucleation. The 

opposite effect could synergistically occur where large droplets have sufficient time to collide 

and coalesce with another aerosol droplet, forming larger droplets and results in incomplete 

nucleation or quenching of the plasma jet.128 The size of the droplet and the size distribution of 

the droplets play important roles which is expected to have a domino effect to the resulting 

plasma deposited structures.  
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1.4.1.3 Evaporation of the aerosol droplet 

Evaporation rates of the droplet solvent are important as they dictate, to some degree, the extent 

of plasma exposure of the precursors carried by the aerosol. An example of a precursor mixture 

is ethanol and HMDSO. The ratio between the two components will make up the composition 

of the aerosol, as it travels through the pipe of the DBD region. Due to the volatility of the 

solvent, the temperature of the plasma and the rate of flow of the aerosol, the aerosol will 

undergo some degree of evaporation. Spherical structures were produced of naturally dried 

aerosol droplets which were made up of silica colloids, which is relevant due to the spherical 

structures produced when depositing materials by APJP.129, 130 Other studies have also been 

performed on the impact of the aerosol on the plasma properties. 131, 132  

1.4.1.4 Particle nucleation within plasma 

Particle nucleation is the initial step during the process of forming a coating deposited by 

plasma. The growth of the deposited materials has been shown to occur in the vapor phase 

within the plasma, at the interface between the particle and the plasma. Inoue et al. identified 

that homogenous particle nucleation of the silane particles is a key process to forming between 

the spherical shape when depositing trimethylmethoxysilane with a low pressure plasma.133 

Nucleation can occur homogenously or heterogeneously, where the latter occurs when a foreign 

surface or impurity is used for the nucleation.134  

1.4.2 Processes occurring beyond the orifice of the plasma jet 

The second section describes the processes of the plasma jet being exposed to open atmospheric 

conditions, as shown in Figure 1.12, which exposes the plasma jet to gases which are not 

controlled. The humidity, the composition of the air will influence the plasma jet and precursor 

material that is injected into the plasma jet.135   



Chapter 1: Introduction 

 30 

 

Figure 1.12-Conceptualized diagram of section 2 used in the model to describe the deposition 

process in APPJ 

The residence time of the particles in the plasma jet can be controlled by varying the length of 

the plasma jet, with the length of the plasma jet being proportional to the residence time. 

Increase the length of the plasma jet will inevitably increase the exposure of the plasma jet 

which has been shown to transition to turbulent flows incorporating eddies.136-138  Controlling 

the residence time will affect the resulting film by increasing the exposure of the species to the 

plasma jet and also ionized species within the plasma jet. In the case of an organic precursor 

this would resulting in higher degrees of random polymerization.  
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1.4.3 Processes occurring at the surface between the plasma jet and the substrate 

 

Figure 1.13-Conceptualized diagram of section 3 used in the model to describe the deposition 

process in APPJ 

An illustration of the region where the plasma jet meets the substrate is shown in Figure 1.13, 

a region dominated by the interaction between the plasma jet and both the substrate, and the 

plasma deposited material. Continuous exposure to the plasma will also alter the interaction 

between the deposited material and the substrate.  

Plasma surface interactions differ depending on the mode of plasma deposition (namely, static 

deposit or plasma printing where the plasma jet is in motion). A study by Silkboer et al. 

revealed the interaction between a helium plasma and the surface using Mueller polarimetry 

on an electro-optic target that allowed a simultaneous measurement of the electric field caused 

by the plasma-jet-induced charge accumulation on the surface and also the surface temperature 

Deposited film 
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variation.139 The study reported that an increase in both the electric field and temperature at the 

position of interaction between the plasma jet and the substrate which increased as a function 

of frequency (0-50 kHz). 

 Discharge localization and spreading of the plasma jet is also known to depend on the substrate 

properties such as conductivity has been reported to influence interactions between the plasma 

jet and the substrate.19, 140-142  Charge accumulation, temperature heating of the substrate and 

plasma jet spreading will play influential roles in the outcome of the deposit structure. During 

static deposition, the charge accumulation, plasma jet spreading, and heating of the substrate 

are all expected to increase as has been previously reported in literature above.  

A prolonged exposure of deposited molecules and the plasma jet is experienced when the 

printhead is stationary. The influence of the plasma jet will be sustained on the already 

deposited material, however, moving the printhead back and forth provides relaxation time for 

the deposited material. The frequency of the backwards and forward motion may provide the 

deposited material time to form a layer type deposition which is part of future work into 

understanding printing scenarios using APJP.  

1.5 Trends and future materials using plasma jets 

The capabilities of the atmospheric plasma jet include controllable reactivity using plasma 

control parameters, layer by layer depositions, the ability to pattern while etching or depositing 

a material and flexibility in both precursor and substrate will allow flexibility over a range of 

desirable applications.  

The field of atmospheric plasma coatings is rapidly growing with a number of coating 

applications being published for wettability control,143-145 coupling agents,146 nanoparticle 

deposition,147-150 biomedical applications,151 and polymers.152 Nevertheless, the systems 
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reported in the literature tend to lack the capability in areas such as versatility in precursor 

delivery, printing on non-conformal shapes, and patterned coatings.   

1.5.1 Plasma combustion 

Plasma combustion has been an intriguing field of research where the plasma is used to produce 

ozone species which aid in the cleaner combustion of fuel sources.153-155 Combustion, 

especially in diesel engines, usually leave behind a lot of soot or organic residue which results 

from inefficient combustion and general problems in the long run for the engines.156, 157 The 

environmental aspect of inefficient fuel burning can lead to additional harm to the environment, 

which is where the use of plasma to produce a cleaner, greener combustion for fuel is 

advantageous.   

1.5.2 Plasma in medicine 

Plasma medicine has been defined by K-D Weltmann as the  “direct application of cold 

atmospheric plasma on or in the human body for therapeutic purposes”.158 More recently, the 

use of plasma as tools in the medical field is becoming increasingly lucrative due to the unique 

ability of non-thermal plasmas to produce low temperature reactive regions. Plasma has been 

shown to be effective for uses as a tool for plasma medicine,158, 159 in the process of cancer 

treatment,95, 158, 160-164   wound healing,34, 165-169 and studies with interactions skin cells.135, 165, 

170, 171 Large interest around the kINPen, which is the world’s first, commercially available CE-

marked product which is a class IIa medical product primarily used in wound healing and skin 

disorders.167 The kINPen is an argon based plasma jet, which has reported temperatures of less 

than 39 C.167, 172 Plasma jets have also been shown potential more recently in dentistry 

applications, particularly in treatment of dental implants and infections.158, 173-176 The evidence 

for the use of plasma jets in a medical setting to improve healthcare options is becoming 

increasingly advantageous due to the flexibility of the plasma system in what it can deliver 
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such as specific temperatures, reactive species, cleaning of surfaces and deposition of materials 

on to an area of interest.  

1.5.3 Plasma in renewable energy 

The use of atmospheric plasma as an alternative fabrication method to the more traditional wet 

chemistry deposition of surface coatings, is a much more environmentally friendly option. This 

is largely because there is little precursor waste, one-step process without wasting solvent on 

washing steps. More recently, the flexibility of atmospheric plasma has been used in a number 

of ways such as in seawater desalination,177 decomposition of carbon dioxide,178-181 green 

synthesis of ammonia,182-184 The potential of plasma to improve the current status of renewable 

energy is till yet to be tapped, with extension into areas such as solar cells, cleaner air, sensing 

materials still in its early development stages.  

1.5.4 Plasma for lightweight electronics 

More recent literature covering the use of atmospheric plasma to deposit conductive polymers 

such as polyaniline, poly(3,4-ethylenedioxythiophene), polythiophene and which have 

potential to be used as fabrications processes in applications such as wearable and flexible 

electronics.185-193 Using an atmospheric plasma jet system is ideal in this instance, because of 

its ability to print on to non-conformal and flexible surfaces. In addition, the ability to produce 

low temperature plasmas allows the use of temperature sensitive precursors or substrates to be 

implemented. There is still a gap in the literature on the control of plasma polymerisation of 

organic molecules to produce linear chains or controlling the plasma, in a way so the 

polymerisation is not random. This is largely due to the plasma energy usually on the scale 

where bond scission can occur in more than one way, effectively creating a multitude of 

initiation reactions producing random-branched polymers. Conductive polymers provide a 

future material capable of conducting electricity, relatively light weight and cheap, and the 

potential to be printed onto flexible and non-conformal surfaces.185, 191, 192, 194, 195 
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1.6 Aims and objectives   

The aims of this thesis are very much rooted in exploring the capabilities of using an 

atmospheric plasma jet printer to produce unique and tailored coatings.  With the atmospheric 

plasma jet is at the centre of this thesis, and the understanding and potential for this novel route 

of surface coating product is in its infancy, the ability of the atmospheric plasma jet printer is 

explored over a range of potential applications. These applications are in parts, spoken to in 

section 1.5 and extended beyond the range of applications to other areas. The atmospheric 

plasma jet printer used was a commercial instrument, which comes with its own difficulties 

towards the understanding and processes to use the instrument. 
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2 Chapter 2: Methods and Materials 

The reagents, methods and procedures used throughout, are summarized within this chapter. 

Brief summaries for characterization methods are also supplied to support results and 

discussions in the coming chapters. The methods and procedures will be organized and 

differentiated by chapter, for simplicity, in the methods below will have the same heading as 

the results section that refer to. The atmospheric plasma jet printing process parameters (APJP) 

are defined individually below.  

2.1 APJP components, diagnostics, upgrades and future improvements 

The APJP system was majorly constructed by a start-up company based in Silicon Valley, 

California founded by Ram Gandhiraman (CEO) and Dennis Nordlund (CTO). The 

components of the system are outlined below in stepwise order- 

i. Gas feed  

ii. Mass flow controller and gas inlet 

iii. Atomizer 

iv. Power supply 

v. DBD  

vi. X-Y-Z motor controller 

The beta prototype was constructed on a modular foundation which allows for additions and 

upgrades to be integrated into the system.  

The atmospheric plasma jet printer (APJP) was designed and constructed by Space Foundry 

Inc. which allows a high level of control of precursor concentration, gas flow, voltage, 

frequency, aerosol volume, z-height and x-y-z motion control through G-code programming. 
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The basic layout of the printhead in which the plasma is produced with the plasma jet 

protruding is shown below in a diagram alongside the realistic printhead.   

 

Figure 2.1-Sketch of APJP components (left), photograph of real APJP printhead (right) 

Shown in Figure 2.1 is a diagram of the various components of the APJP on the left with the 

actual APJP printhead constructed by space foundry and used to deposit materials. The gas 

feed was typically high purity argon, with a regulator attached to the bottled in series with a 

mass flow controller, which is directly controlled through the graphic user interface (GUI) 

based on sccm units. Introduction of the precursor material is in the form of a liquid, which the 

flow towards the atomizer is controlled by a peristaltic pump. The aerosol was produced by 

mechanised mesh plate, which oscillated in tune with an applied working voltage also 

controlled by the GUI. The plasma gas feed line flows irrespective of the aerosol introduction 

into the system, and vice versa, the aerosol introduction as well as its flow into the system 

works irrespective of whether the plasma gas feed line is operating. Nevertheless, the aerosol 

will move at a different velocity when the plasma gas feed line is not operating and when it is.  
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Plasma jets, observed by the naked eye, appear to be made up of a continuous glow or jet plume 

when in fact it was revealed to be made up of smaller, fast moving plasma discharges. Using 

an atmospheric pressure plasma jet and an intensified charge couple device (ICCD) camera, 

allows direct imaging of the plasma stability. 

2.1.1 Gas feeds 

The gas flow used is instrumental grade argon gas, however the capability to incorporate 

nitrogen and helium gas has recently been integrated into the APJP system. Individual mass 

flow controllers are used for each gas inlet, each gas having a correction factor which is specific 

to each individual gas. The gas correction factor is based on a relative scale to nitrogen gas 

(N2) which has a gas correction factor of 1, Ar = 1.39, O2 = 0.993, He = 1.45. The APJP has 

the capability to introduce four gases can be pre-mixed before excitation by the DBD region. 

 

Figure 2.2-Schematic of the gas flow set up used with for atmospheric plasma jet printer 

A summary of the gas flow set up is schematically shown in Figure 2.2, which illustrates the 

argon gas bottle attached to an argon gas regulator, typically fixed at a pressure of 20 psi. The 

regulated gas pressure flows immediately to the mass flow controller which the gas flow can 
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be varied from 200 sccm to 2000 sccm. The mass flow controlled has an allowed +/- value of 

5%. The mixing of gas is a future improvement to extending the abilities of the APJP system, 

where the mixture of He/Ar, of He/O2 and Ar/O2, can be used to manipulate the properties of 

the plasma jet. 

2.1.2 Atomizer 

A proprietary atomizer system designed by Space Foundry is used in the APJP, which produces 

aerosol droplets is approximately 3-5 m in size, depending on the properties of the precursor 

solution.  

2.1.3 DBD- plasma generation region 

The DBD material used in the APJP printhead is a Teflon-based material. The material used 

for the DBD geometry is important due to the function it plays in the plasma generation process. 

The dielectric typically differs from one plasma system to another, which contributes to the 

individuality of each user’s system. The teflon based dielectric is encased by the high voltage 

electrode (top electrode) and the ground electrode (bottom electrode). In a typical plasma 

generation process, the gas is allowed to flow through the DBD set up to fill the inner dielectric 

container and through the orifice. Once the argon has saturated the inner container, power is 

applied to the electrodes to incite plasma production. The plasma typically ignites within the 

first minute, however, to avoid over saturation of electrical build up, both the voltage and the 

frequency are increased steadily 1-2 kV/kHz at a time. The use of argon plasma usually begins 

with arc discharges, characterized by a high-pitched zapping noise, which when the resonant 

frequency and an appropriate working voltage is used, will transition reduce the arcs 

occurrence and produce a more glow-like plasma discharge. The working range for the peak-

to-peak voltage where plasma is ignited is around 16-24 kV, with a resonant frequency of 21 

kHz.  
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2.1.4 X-Y-Z motor controller 

The X-Y-Z motor controller is used to control the XYZ coordinates of the printhead. The 

system is based on a linear 3-axis gantry system which controls each axis individually through 

the graphical user interface (GUI). The movements of the gantry system are determined by 

input of G-code into the system control section. The G-code allows control over the homing 

position, printhead movement speed, XYZ coordinates, linear or circular movement.  

2.1.5 Future system improvements 

As a prototype system, the Space Foundry APJP is still under continuous development. Some 

of the weaknesses of the system that can be improved include that in relation to movement, the 

gantry system lacks the ability to incorporate repeated commands automatically, which can 

mean for movements back and forth, the G-code can become tedious. Improvement to this may 

come in the form of an upgrade G-code system that allows simple movements to have the G-

code written automatically. The ability to automatically generate a G-code based on a picture, 

or a simple paint drawing can be made possible using a secondary software programme which 

uses CAM (computer aided manufacturing) as a method.  

Similarly, another weakness is that the gantry system lacks the ability to synchronize plasma 

deposition or plasma jet protrusion with specific coordinate positions. Increasing the 

sophistication by synchronizing the coordinate position with plasma jet being on/off allows the 

ability to plasma modify the surface at area points of interest only. This could open more 

technical and advanced movements which could lead to more interesting forms of applications 

of this technology.  
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2.2 Exploring the influence of printing scenarios on the properties of the 

atmospheric plasma jet 

This section describes the methods and materials involved in Chapter 3: Exploring the 

influence of printing scenarios on the properties of the atmospheric plasma jet. 

The plasma process controls kept constant were the voltage, frequency and the atomizer power. 

The voltage was held at 20 kV, frequency was kept at 21 kHZ, and the atomizer power was 

22.5 % of its maximum operating power.  

The substrate used was a silicon wafer N-type, phosphorous-doped with a 100 orientation with 

a thickness of 380  10 m. The argon gas used for plasma deposition was instrumental grade 

argon obtained from BOC.  

The high-speed analysis of the plasma jet was analysed using a Promon U750 Camera mounted 

with a 25 mm lens. The video was taken at 500 frames per second for 5 seconds. The video 

was saved into a form where each individual frame was recorded as a JPEG image, of which 

the frame number correlates with the time from t = 0 s.  

The camera was fixed in a position during the measurement within the printhead, connected to 

the computer and triggered through the PROMON software. Within the software, control over 

the resolution, pixel analysis area, framerate, exposure, and length of time was possible.  

The optical emission spectrometer is an HR2000+ES model from ocean optics which has an 

optical resolution of <0.1 nm (FWHM) and a QP-600-1-SR model optical fibre connected to a 

collimating lens. The collimating lens and the optical fibre were fixed in position to be directly 

pointed towards the position of the protruding plasma jet by a 3D-printed design made in-

house.  
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Figure 2.3- Design and implementation of the optical fibre + collimating lens holder to support 

and direct the collection of emission consistently whilst printing movements occur 

As shown above in Figure 2.3, a 3D printed construct of a holder to support the weight of the 

optical fibre while the printhead is moving but also to ensure the measurement during 

movement is consistently directed towards the same position of the plasma jet. The 3D printed 

prototype is fixed to the backing plate which supports the printhead.  

The collection of the optical emission spectroscopy is performed as a “snap” of the plasma 

during the click which measures the emission spectroscopy over a defined period and averaged 

out to produce a spectrum.  

2.3 Understanding the processes and interactions between aerosol droplets 

and atmospheric plasma 

This section describes the methods and materials involved in Chapter 4: Understanding the 

processes and interactions between aerosol droplets and atmospheric plasma 
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HMDSO was purchased from Sigma Aldrich and used as received. The ethanol solvent was 

analytical grade and used as received. A mixture of 10 % vol/vol (HMDSO/Ethanol) was used 

as the precursor. All substrates used within this investigation were cleaned twice with water 

and twice with ethanol followed by a nitrogen stream. The substrates were kept in a vacuum 

chamber with desiccant overnight to ensure any additional moisture or solvent remaining on 

the surface was removed.  

Scanning electron microscopy was performed on a Hitachi SU-70 Schottky field emission 

microscope. The samples were coated in a Hitachi E-1035 ion sputter model with platinum in 

an argon plasma for 30 seconds at room temperature.  

The high-speed camera method and optical emission spectrometry were performed in an 

identical manner to that as previously mentioned.  

The plasma controls are outlined below as per the title in the section headings within Chapter 

4- Understanding the processes and interactions between aerosol droplets and atmospheric 

plasma. 

2.3.1.1 The effect of composition of the precursor on the emission spectroscopy of the plasma 

jet 

The frequency was held at 21 kHz, argon gas flow rate was 1650 sccm, the peak-to-peak 

amplitude of the RF wave was fixed at 20 kV and a working voltage of atomizer unit = 22.5 

%. 

2.3.1.2 The effect of introducing an organic aerosol on the physical properties of the plasma 

jet 

The frequency = 21 kHz, argon gas flow rate = 1650 sccm and working voltage of atomizer 

unit = 22.5 %. The peak-to-peak amplitude of the RF wave was controlled at 16, 18, 20 and 22 
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kV for the change in voltage. When the effect of flow rate was controlled at 1200, 1650 and 

2000 sccm, the peak-to-peak voltage was fixed at 20 kV.  

2.3.1.3 Using residence time to control plasma exposure 

The frequency = 21 kHz, peak-to-peak voltage = 20 kV, Z-height = 5 mm. The argon gas flow 

rate was controlled from 1200, 1650 and 2000 sccm.  

2.4 Morphology and surface chemistry control in surface coatings prepared 

by aerosol injected atmospheric plasma jet printing 

This section describes the methods and materials involved in Chapter 5: Morphology and 

surface chemistry control in surface coatings prepared by aerosol injected atmospheric plasma 

jet printing.  

The silicon substrates used were N-type, <100>, phosphate-doped silicon wafers which were 

polished and used as received. Argon gas used as the plasma gas was instrumental grade. 

Hexamethyldisiloxane was obtained from Sigma Aldrich and was used as received, the 

precursor solution used was 10% v/v (HMDSO: Ethanol). The ethanol used was analytical 

grade ethanol. 3,4-Ethylenedioxythiophene precursor material was prepared by180 L of 3,4-

ethylenedioxythiophene (EDOT) being diluted with 15 mL of ethanol. The EDOT was obtained 

from Sigma Aldrich and used as received. The ethanol solvent was analytical grade.  

The scanning electron microscopy method was identical to that as previously described above. 

The image analysis was performed using Fiji extension of ImageJ, with the structures analysed 

based on circular shapes identified by the software followed by a gaussian histogram fitted in 

Igor software. 

The optical emission spectroscopy method was identical to that as previously described above.  
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The bond structure and chemical analysis was performed by Fourier transformed infrared-

spectroscopy (FTIR) under attenuated total reflectance using a Bruker vertex 70. The spectra 

collected were taken within the wavenumber range of 400-4000 cm-1 in absorbance mode, at 

64 scans with a resolution of 2 cm-1.  

Atomic force microscopy was performed on an MFP-3D origin from oxford instruments 

using a tap 300 tip with the resonant frequency set at 256 MHz The AFM images were 

measured over 50 m2 and 10 m2 areas.  

The wettability of the resulting HMDSO-based film was performed using a Biolin Scientific 

attension theta flex optical tensiometer with a motorized syringe. The droplets sizes were 

optimized to fit on the deposited film spots at 0.2 L of type I water. The contact angles were 

measured at 14 frames per second for 10 seconds with the average across all frames used. A 

Young-Laplace model was used to model the images. Three different deposits per variable 

setting were also measured with the average across the films used. 

The plasma controls used within the experiments are outlined below as per section heading in 

Chapter 5- Morphology and surface chemistry control in surface coatings prepared by organic 

aerosol injection atmospheric plasma jet printing 

2.4.1.1 Deposition of HMDSO-ethanol precursor 

The control of the voltage changed the voltage from 16, 18, 20 and 22 kV. The fixed plasma 

controls: f = 21 kHz, argon gas flow = 1650 sccm, working voltage of atomizer unit = 22.5 % 

and Z-height = 5 mm.  

The control of the flow rate changed the argon gas flow rate from 1200, 1650 and 2000 sccm. 

The fixed plasma controls: f = 21 kHz, V = 20 kV, working voltage of atomizer unit = 22.5 %, 

Z-height = 5 mm and a deposition time of 5 minutes.  
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2.4.1.2 Deposition of 3,4-ethylenedioxythiophene precursor by atmospheric plasma jet 

printing 

The control of the peak-to-peak amplitude of the radio-frequency power supply changed the 

voltage from 20, 21, 22 and 22 kV. The fixed plasma controls: f = 21 kHz, argon gas flow rate 

= 1950 sccm, working voltage of atomizer unit = 25 %, Z-height = 5 mm and a deposition time 

of 4 minutes.  

2.5 Exploring the effect of plasma residence time of tungsten colloids in 

atmospheric plasma jet printing on surface morphology and chemical 

functionality 

This section describes methods and materials involved in Chapter 6- Exploring the effect of 

plasma residence time of tungsten colloids in atmospheric plasma jet printing on surface 

morphology and chemical functionality 

Tungsten oxide colloids were prepared by an acid reduction synthesis route using an oxalic 

acid surfactant prepared by PhD student Robert Deas which was prepared with a concentration 

of 1.7 mol L-1. The silicon substrate was N-type, phosphate doped, <100> polished and used 

as received. 

The plasma residence time was controlled by varying the argon gas flow rate from 1250, 1500, 

1750 and 2000 sccm. The fixed plasma controls- peak-to-peak voltage = 20 kV, f = 21 kHz, 

working voltage of atomizer = 27.5 %, Z-height = 5 mm and deposition time of 10 minutes.  

The optical emission spectroscopy and scanning electron microscopy methods were identical 

to those as previously described above.  

A Dektak stylus profilometer from Bruker was used. An analysis length of 3000 m, and a 

stylus force of 4 mg was used and measured in the center position of the plasma deposited spot. 
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The height profile obtained from the measurements were analysed using Igor software, and 

with the peaks used as height data points.  

Confocal Raman spectroscopy was performed on a HORIBA LabRAM HR evolution confocal 

Raman microscope, using a green light source at a wavelength of 532 nm which was auto 

calibrated to using a silicon substrate to adjust the wavelength. A control of silicon wafer only 

was performed with a single peak at 527 cm-1 and a grating size of 1800. 

2.6 Atmospheric plasma jet etching of polymethylmethacrylate thin films for 

patterned coatings 

Silicon substrates were N-type, <100>, phosphate-doped, polished and used as received. A 

stream of nitrogen gas was used to remove any dust particles or debris that may have been on 

the silicon wafer before the spin-coating process. Polymethylmethacrylate was purchased from 

Sigma Aldrich and used as received. Toluene was analytical grade toluene which was kept in 

a bottle with drying beads to remove interference of water in solution.  

A solution of PMMA in toluene (15 mg/mL) was prepared by adding 15 mL of toluene to 225 

mg of PMMA. The resulting mixture was sonicated for 15 minutes at room temperature 

followed by light heating (approximately 60 C) and mixing until all visible PMMA particles 

dissolved into solution. The solution was filtered into a new vial. The filter used was a PTFE 

syringe filter 13 mm, 0.22 m. The resulting solution was used to prepare all samples with 

the volume of PMMA solution used consistent across all samples.  

The input into the spin-coating instrument were as follows: acceleration 500 RPM over 5 

seconds, total spin time 1 minute, and RPM was 750 RPM and 1500 RPM respectively. The 

spin coater used a vacuum source to stabilize the substrate while spinning and nitrogen as the 

source for compressed gas.  
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The contact angle measurements were measured using a goniometer from KSV instruments, -

CAM 100 Model. The measurement rate was 14 FPS for a measurement time of 10 seconds, 

which was initiated using the manual record trigger function. The liquid used across all 

measurements was type 1 water. 5 measurements were recorded for each sample, with the 

measurement recorded at a different position on the substrate each time to ensure no residual 

hydration from a previous measurement carried over. Static contact angle measurements were 

with a fixed volume of 4 L which was automatically controlled and dispensed by the Attension 

software. The droplet volume of 4 L was determined by the amount of volume required to 

cover the grid size of the largest interval gap which was 2 mm intervals.  

Single angle ellipsometry for Brewster angle imaging (BAM) can be used to distinguish multi-

component coatings from one another based upon the refractive index properties. The Brewster 

angle defined for the silicon wafer substrate was used throughout all measurements at 73. The 

scale bar was deduced by a pre-measured image of a ruler at the same zoom settings applied to 

the samples.  

Dynamic impact measurements were performed at the University of Auckland in the Dynamic 

Microfluidics laboratory using drop impact measurements. The measurements for this 

instrument were performed by Mikhael Sayat. The data processing was performed using 

MATLAB software and code produced by the Willmott research group and Mikhael Sayat.  

The liquid used in the measurements was type I water only.  

2.7 Effect of oxygen plasma on surface activation 

All polypropylene substrates were prepared by injection moulding from raw polypropylene 

beads used as obtained from the manufacturer. The injection moulding produced a substrate 

that was approximately 40 x 40 mm square, which was then cut into 4 pieces which were all 
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used as controls to ensure consistency within sample sets. The vitride solution was used as 

received and diluent used was analytical grade Toluene.  

2.7.1 X-ray photoelectron spectroscopy 

Elemental composition of a given area of 300 x 700 µm2 sample, was studied qualitatively and 

the chemical state information of the elements were analysed by X-ray photoelectron 

spectroscopy (XPS). The samples were prepared by injection moulding of polypropylene with 

5% maleic acid, followed by a cleaning using isopropyl and curing at 80 ºC for 1 hour. The 

individual preparation parameters are described below. The data was collected on a Kratos 

Axis UltraDLD equipped with hemispherical electron energy analyser. Spectra were excited 

using a monochromatic Al Kα X-rays (1486.69 eV), with the X-ray source operating at 150 W. 

The measurements were carried out in normal emission geometry, at an analysis chamber 

pressure of ≈10-9 Torr. Survey scans were collected with a pass energy of 160 eV, while core 

level scans of C 1s, O 1s, N 1s, Si 2s, Al 2s and valence band scan were collected with a low 

pass energy of 20 eV. The binding energy scale was corrected for specimen charging and the 

neutraliser shift by using the C 1s signal from adventitious hydrocarbons at 285.0 eV as an 

internal standard. Data analysis was performed using CASA XPS (www.casaXPS.com) with 

Shirley backgrounds and the relative sensitivity factors supplied with the instrument. Where 

necessary, the XPS peaks were fitted with Gaussian-Lorentzian (30%Lorentzian).  

2.7.2 Scanning electron microscopy 

For scanning electron microscopy, the polypropylene samples were sputter coated using an 

argon plasma with a platinum target. The SEM used was a JEOL-JCM 6000 desktop SEM with 

an auto-alignment function in secondary electron mode. The accelerating voltage was 10 kV 

with the automated stigmator, focus and exposure used to process the SEM images.  

 

http://www.casaxps.com/
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2.7.3 Contact angle measurements 

The surface hydrophilicity was evaluated using static contact angle measurements on a drop 

shape analyser (KSV instruments ltd. CAM 100). The contact angle measurements were 

extrapolated as an average across 3 measurements, which was performed immediately after 

oxygen plasma treatment and sequentially post-reduction. There was no treatment in between 

the oxygen plasma exposure and the measurement. The addition of the reducing agent to the 

surface of the oxygen plasma treated polypropylene was rinsed first with toluene, then 

sonicated with toluene, followed by a blowing a stream of nitrogen, and a 10-minute exposure 

in a reduced pressure environment to remove any solving remnant.  

2.7.4 Oxygen plasma treatment 

Oxygen plasma was produced using a CS-1701 reactive ion etcher with microprocessor. The 

samples under the same dataset (repeats) were treated with plasma in the same chamber at the 

same time. The remained constant at 500 W, powered by an RF power supply with an 

impedance matching to the reduced reflected power, pressure was kept at 450mTorr according 

to readout of the vacuum pressure parameter.   
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3 Chapter 3: Printing scenarios and their influence on the atmospheric 

plasma jet 

This chapter is based upon early experiments used to understand the beta-prototype 

atmospheric plasma jet printer. Shown below in Figure 3.1, is a photograph of the APJP system 

provided by Space Foundry Inc. which was used.  

 

Figure 3.1- The Space Foundry atmospheric plasma jet printing prototype used 

The plasma-deposition literature, particularly in the case of atmospheric plasma systems, 

illustrates a significant variation in power input systems, dielectrics and gas input systems 

amongst other variables.38, 196, 197 Because the  atmospheric plasma jet printer (APJP) system 

used for the present work was a prototype system with only 2 others manufactured at the time 

(the system at UoA technically being 2nd beta type) meant that systematic process variable 
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studies were required to understand how this specific APJP system functions and controls the 

deposition process.   

3.1 Introduction and processes of atmospheric plasma jet printing  

This section describes the processes involved in using a radio-frequency power supply and 

recent literature on the APJP, features of the effect of flow rate and peak-to-peak amplitude of 

the radio-frequency wave.  

3.1.1 Effect of radio frequency power supply amplitude on the plasma jet 

The power supply of the APJP is a radiofrequency (RF) alternating current (AC) sinusoidal 

wave, in which the amplitude (voltage) of the wave applied to the electrodes of the dielectric 

barrier discharge system can be tuned from 0 kV up to approximately 26 kV. Using the APJP 

system with argon gas to produce the plasma at resonant frequency, the working range of 

voltage applied is approximately 15-25 kV. 

3.1.2 Peak-to-peak amplitude of radio-frequency supply 

 Increasing the voltage applied to the electrodes has been shown to correlate with an increase 

in the number of plasma discharges within the dielectric barrier discharge (DBD) region.17 The 

effect of voltage on the physical parameters of the plasma jet are shown in high speed camera 

analysis in the coming sections, which show the influence of voltage on the plasma jet length 

is minimal. This has previously been shown to be the case by Jiang et al. who reported the 

plasma jet length was most influenced by the gas flow rate: flow rates of 50 – 200 l/h showed 

almost a 4 cm increase in plasma jet length between the lowest and highest flow rate .198 

Mericam-Bourdet et al. reported the plasma jet length increasing substantially as the flow rate 

was increased up until about 7 L min-1, where the plasma jet length began to decrease almost 

in the shape of a Gaussian curve.82  Mericam-Bourdet also reported the voltage having a more 
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substantial impact on the plasma jet length as it increased with no downwards trend within the 

voltage range used in the paper.  

The APJP system share similar attributes of other plasma jet systems, particularly the reporting 

of the plasma jet length increasing with increasing voltage up to a limit for the system: for 

example, with our own system in the present work, the plasma jet appeared at an applied 

voltage of 17 kV, increased in length with increase in voltage to 20 kV, then did not extend 

substantially with further increase of voltage. The voltage increases have been shown to 

influence the plasma jet shape stability. It has been well documented that in Ar plasma 

discharges on a DBD set up, increasing the voltage results in a higher potential instability in 

the form of localized arc discharges.199, 200 

3.1.3 Flow rate and its effect on the plasma jet  

Change of flow rate significantly alters the plasma jet length, which in particular has been 

shown to be highly dependent on gas flow in the transition range between laminar and turbulent 

flows.136, 201, 202 The transition between laminar and turbulent flow occurs when the Reynolds 

number (Equation 1.1) increases above a threshold. 203, 204 

 𝑁𝑅𝑒 =
𝑝𝑣𝑑


 

NRe = Reynolds number 

𝑝 = density 

𝑣 = average velocity 

𝑑 = diameter (of pipe) 

 = viscosity 

Equation 3.1-Equation for calculation of Reynolds number 
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For flow through a tube, Reynolds number values less than 2300 indicate laminar flow, and 

values greater than 4000 indicate turbulent flow, with an intermediate transition between 

laminar and turbulent found in the ranges between 2300 - 4000.202 Characterizing the flow and 

transition in an unconstrained jet is more complex with studies showing laminar flow 

transitions to turbulent flows.136, 137 A study by Basher et al. reported the presence of nitric 

oxide in plasma jet emissions with turbulent flows, with the key indicator in transition between 

laminar and turbulent flows being identified as the point where began to decrease in length.137  

Laminar flow out of the nozzle is much more preferred due to its longer length plasma jet, 

uniformity in shape and composition.136, 202, 205 The interaction of the plasma jet gas with the 

surrounding air is also important: turbulent flow causes the surrounding air to mix into the 

gaseous mixture making up the plasma jet. A small perimeter of blue emission appearing 

around the edge of the plasma jet at high flow rates indicates some proportion of air being 

integrated into the plasma gas component of the plasma jet.  

3.1.4 Investigating characteristics of plasma jet under certain modification environments 

The plasma jet length is defined here by the length of the plasma jet from the orifice to the 

bottom of the plasma jet where it converges. In section 2, the residence time was modelled on 

the internal constructs of the APJP printhead and an elementary model that the jet retains its 

shape and velocity until it impacts the substrate - the length of the plasma jet was not 

considered. However, the length of the plasma jet is significant for spatial resolution in a 

patterned deposit, spatial spread of the plasma spot, and residence time of reactive species 

within the plasma.  
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3.2 Exploration of plasma jet control by increasing peak-to-peak voltage of 

applied RF wave 

The plasma jet has been shown to be strongly influenced by the voltage applied to the electrodes 

within the printhead. High speed camera video analysis was used to visualize physical changes 

that occur to the plasma jet as the voltage applied to the electrodes increases. Optical emission 

spectroscopy (OES) has been used to understand the changes occurring within the plasma, 

particularly the energy distribution into excited states of argon, deduced from the energy and 

intensity distribution of argon emissions. This establishes a basis for understanding how 

controlling the energy within the plasma can translate to controlling the deposition of specific 

materials.  

3.2.1 High speed camera recording of the plasma jet at varied voltage 

The high-speed video analysis allows the physical behaviour of the plasma jet to be 

investigated when exposed to particular environments or process parameters such as 

interactions with substrate, increased flow rate or voltage.  
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Figure 3.2-High speed camera snap shots of the plasma jet at fixed time intervals of 0.4 s for 

the varied applied voltage between 16 - 22 kV with no substrate interaction. Plasma 

parameters- f = 21 kHz, gas flow = 1500 sccm, Z height = 15 mm 

The working range of the plasma jet printhead is between 16 and 22 kV. The printhead 

produced a jet up to 24.5 kV but overheated rapidly at this voltage. Increasing the voltage 

changes the characteristics of the discharge, and typically involves an increase in the number 

of plasma discharges per cycle.17 A set of images recorded of the plasma jet at 0.04 s time 

4 mm 
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intervals at varying applied voltage from 16 – 22 kV is shown in Figure 3.2. At 16 kV there 

was no real formation of a jet, however the plasma generation within the DBD section of the 

printhead operates at this voltage setting. The protrusion of a small plasma head on the cusp of 

the orifice was typically observed. However, sustaining a plasma jet at this voltage was difficult 

and inconsistent. With increasing voltage, the plasma jet started to form. At 17 kV the plasma 

jet periodically protruded and receded as shown in the snap shots. At 18 kV, a stable plasma 

jet was formed which was consistent over time. Increasing the voltage showed an increase in 

the amount of sway of the plasma jet which is typical because of turbulent flow being 

proportional to voltage applied.  
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Figure 3.3-High speed camera snap shots of the plasma jet at fixed time intervals of 0.4 s for 

the varied applied voltage between 16 - 22 kV with substrate interaction of silicon wafer. 

Plasma parameters- f = 21 kHz, gas flow = 1500 sccm, Z-height = 5 mm 

3.2.2 Emission diagnostics of the plasma jet emissions by varying voltage 

The relationship between the applied voltage and the energy absorbed by the plasma jet was 

investigated by OES. The 763.4 nm peak was chosen to focus on primarily due to the stability 

4 mm 
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of the peak. This peak was the least erratic, when compared to all other peaks, and therefore 

was the most suitable for characterising the OES emissions for each plasma control varied.  

 

Figure 3.4- OES spectra of the plasma jet without substrate interaction cycled through voltages 

in 1 kV increments from 16-22 kV. The spectra are offset on the wavelength axis by 1 nm for 

each increment, with the 16 kV at the correct x-position, of voltage applied to the DBD. Plasma 

parameters- f = 21 kHz, gas flow = 1500 sccm, Z = 15 mm 

Figure 3.4 shows OES of the plasma jet without interaction with the silicon substrate. The 

emission intensity monotonically increased as the applied voltage increased. This trend of 

increase emission intensity is consistent across most of the peaks measured by OES. The 

emission is dominated by that of argon. Small peaks in the 280-300 nm range can be attributed 

to hydroxyl emissions, which are observed when water vapour is introduced into the plasma 

system.17, 57 Because the peaks for the hydroxyl transitions are not well defined in the spectra, 

alongside the fact that emissions due to nitrogen gas can be typically found in the spectra in 

the same range, the peaks were not included in the analysis.57 
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Figure 3.5-OES spectra of the plasma jet on interaction with Silicon wafer cycled through 

voltages in 1 kV increments from 16-22 kV. The spectra are offset on the wavelength axis by 1 

nm for each increment of voltage applied to the DBD. Plasma parameters- f = 21 kHz, gas 

flow = 1500 sccm, Z-height = 5 mm 

The OES spectra for the peak at a range of applied voltages from 16 – 22 kV is shown in Figure 

3.5 with each voltage increment being offset in the x-axis by 1 nm. At a Z-height of 5 mm, the 

plasma jet is long enough so that it is physically interacting with the surface at this height. In 

comparison to the spectra obtained with no interaction, shown in Figure 3.4, the interaction 

shows a dramatic increase in intensity from 17 kV to 18 kV. Voltages of 18 kV and above show 
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a steady increase with no dramatic increases like that seen in the high-speed video images 

shown in Figure 3.3.  

 

Figure 3.6-Intensities for 763.4 nm peak plotted at all different applied voltage (16-22 kV) with 

the plasma jet and no interaction (red) and the plasma jet with interaction with silicon wafer 

(blue) at a fixed Z-height of 5 mm and a flow rate of 1500 sccm 

The effect of increasing the peak-to-peak amplitude of the radiofrequency supply on the 

interaction between the plasma jet and a silicon wafer substrate was explored. Figure 3.6 

portrays the emission intensity of the peak found at 763.4 nm obtained from the OES spectra 

for the plasma jet interacting with the silicon substrate (Z = 5 mm) and the plasma jet only 

without interacting with the silicon substrate (Z= 11 mm). A steady increase in the emission 

intensity is shown as the voltage applied to the electrodes increases which is expected. At the 

stationary Z-height of 5 mm, a sharp spike in intensity is seen as the voltage excess 17 kV 

which increases steadily from 18-22 kV at a similar gradient to the plasma jet with no 

interaction. The steep increase could be due to a threshold reached where the energy input 
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sustains plasma species long enough so that processes like ion-reflection, sputtering of the 

substrate may feed back into the excited species within the plasma jet.  

 

3.3 Exploring the effect of the choice of substrate on the plasma jet  

The spread of the plasma jet along the substrate is important as it defines the deposition spot 

size as well as the resolution and uniformity of the plasma deposited film. As well as the choice 

of substrate, charged species present in the plasma have an influence on the degree of plasma 

jet spreading.100 

3.3.1 Effect of substrate type on plasma jet spreading 

The substrates used to investigate the effect of substrate type on plasma jet spreading were 

polypropylene (PP), polydimethylsiloxane (PDMS), copper and silicon wafer. These choices 

were based upon the varying the balance of conductivity to insulating properties of the 

substrate, with PP being a highly insulating plastic to the highly conductive copper substrate. 

The influence of the substrate type on the degree of plasma jet spreading was analysed by high-

speed video imaging, with the plasma jet analysed at varying Z-heights starting at 11 mm and 

decreasing in 2 mm intervals. The imaging obtained from the high-speed video is summarized 

in Figure 3.7. 
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Figure 3.7- High speed images of the plasma jet interactions with polypropylene, 

polydimethylsiloxane, silicon and copper. The plasma parameters- V = 20 kV, f = 21 kHz, gas 

flow = 1500 sccm and the Z-height is outlined in left column from 11 mm (top row) to 1 mm 

(bottom row) 

The plasma jet spreading was the greatest when exposed to higher insulating substrates as seen 

in the 3 mm images of the polypropylene substrate and the 1 mm image of the PDMS substrate. 

This is in comparison to the plasma spreading seen in the most conductive copper substrate 

which shows minimal plasma jet spreading and little increase in light intensity. The most 
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noticeable change in light intensity of the plasma jet was seen when the plasma jet interacted 

with the silicon substrate. As the plasma jet came within interacting distance with the silicon 

substrate, around 9 mm, it starts showing increases in light intensity and jet spreading is it came 

into closer proximity between the plasma jet and the substrate. From the high-speed images, 

there is a difference in plasma jet spreading between insulating and conductive surfaces, with 

the latter showing less spreading of the plasma jet as it interacts with the surface. However, 

when comparing the silicon wafer, semiconductor material, and the copper, the semiconductor 

influenced the intensity of the plasma jet. Further experiments will be required to confirm, but 

the roughness and the reflectivity of the surface may affect the plasma density shown through 

the increased light emission.  

3.3.2 Effect of substrate type on OES 

Probing variations in plasma reactive species, specifically the prevalence of transitions 

pathways that may be controllable by process parameters or controlling the number of reactive 

species to tailor a particular exposure to sensitive molecules are just some of the motives behind 

studying how the process parameters influence the plasma species. The species that make up 

the plasma takes part in a variety of processes such as excitation, ionization, relaxation and 

radicalization. From preliminary exploration studies, the most influential environments on the 

plasma jet are explored by OES to gauge a better understanding of how these environments 

effect the plasma jet and whether they can be used to our advantage during surface modification 

using APJP.  The OES spectra for the range of substrates are shown below in Figure 3.8 to 

Figure 3.11. 
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Figure 3.8- OES of plasma jet on approach to silicon wafer at Z-heights 11 mm decrease to 3 

mm. The spectra are offset on the wavelength axis by 1 nm for each increment of approach 

distance for clarity. Plasma parameters- V = 20 kV, f = 21 kHz, gas flow = 1500 sccm 
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Figure 3.9-OES of plasma jet on approach to polypropylene at Z-heights 11 mm decrease to 5 

mm. The spectra are offset on the wavelength axis by 1 nm for each increment of approach 

distance for clarity. Plasma parameters- V = 20 kV, f = 21 kHz, gas flow = 1500 sccm 
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Figure 3.10-OES of plasma jet on approach to polydimethylsiloxane at Z-heights 11 mm 

decrease to 1 mm. The spectra are offset on the wavelength axis by 1 nm for each increment of 

approach distance for clarity. Plasma parameters- V = 20 kV, f = 21 kHz, gas flow = 1500 

sccm 
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Figure 3.11-OES of plasma jet on approach to copper at Z-heights 11 mm decrease to 1 mm. 

The spectra are offset on the wavelength axis by 1 nm for each increment of approach distance 

for clarity. Plasma parameters- V = 20 kV, f = 21 kHz, gas flow = 1500 sccm 

 



Chapter 3: Printing scenarios and their influence on the atmospheric plasma jet 

 69 

 

Figure 3.12-Intensities for 763.4 nm peak plotted at the range of distance of orifice from the 

substrate (1-11 mm) for the range of substrates outlined above. Plasma parameters- V = 20 

kV, f = 21 kHz, gas flow = 1500 sccm 

The intensities for the OES peak at 763.4 nm were plotted as a function of distance between 

the orifice and the surface for the 4 different substrates. The distance from the orifice is defined 

as the horizontal distance deviated from the centre of the orifice. The silicon substrate showed 

a noticeable influence at 9 mm, where the copper and PDMS substrates showed changes that 

began at 5 mm. The silicon wafer also showed a substantially larger increase in emission 

intensity upon interaction. The polypropylene substrate did not seem to contribute to an 

increase in emission intensity in a similar fashion to the other three substrates. At distances 

below 5 mm, the polypropylene formed arcs, which meant that the plasma jet had to be 

manually extinguished to avoid harming the APJP system.  This behaviour could be due to the 
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build of charge implanted onto the surface by the plasma jet, and once the metallic printhead 

came into proximity, random arcs formed from the built-up charge on the insulator surface.  

 

 

Figure 3.13- Ratio of intensities of the 763.4 nm (Imin / I max) peak obtained from OES when 

interacting with different substrates. Plasma parameters- V = 20 kV, f = 21 kHz, gas flow = 

1500 sccm 

The ratio of intensity is displayed in Figure 3.13 showing the minimum intensity taken from 

the OES spectra at Z = 11 mm ensuring no interaction between the substrate and the plasma jet 

(Imax), maximum interaction distance at Z = minimum interaction without arc formation (Imin). 

Ratio of intensities with values closer to 1 mean the plasma jet has little influence from 

interacting with the surface of the substrate in comparison to the values closer to 0 which show 

a higher influence towards the plasma jet. The influence referred to above relates to the changes 

of the emission spectra which is a correlation to the species existing within the plasma 

undergoing more frequent excitation-relaxation pathways resulting in an increased intensity 
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emission when in contact with the substrate (Imax). Polypropylene showed the highest value in 

intensity ratios of the 763.4 nm peak, which corroborates with the hypothesis that more 

insulating substrates are less influential to changing the emission spectra of the plasma jet as a 

result of the plasma jet interacting with the substrate. This hypothesis is largely based on the 

idea of charging of the substrate, ion-embedment on the surface and reflected ion species being 

more prevalent on conductive surfaces. This hypothesis was reinforced by the semiconductor 

silicon substrate and the conductive copper substrate showing the lowest ratio between Imin/Imax.   

3.4 Conclusion and future progress 

The influence of printing scenarios on the physical properties and the emission features of the 

plasma jet was explored. The printing scenarios defined were the influence of increasing peak-

to-peak voltage, substrate type and the effect of Z-height (distance between the orifice of the 

printhead and the substrate). It was found that the plasma jet emissions increased as the voltage 

increased which was foreseen as the increase in amplitude increases the power input into the 

DBD region, increasing the number of successful ionizations. The plasma jet increase in length 

as the voltage increased, with the high-speed analysis revealing a greater interaction and 

intensity of the plasma jet which agreed with the OES spectra.  

The substrate type showed the interactions between the plasma jet and the substrate was more 

unpredictable for insulating type substrates, with less influence on the plasma jet shown by the 

copper substrate. The silicon substrate showed the high change in emission intensity, with the 

plasma jet showing a greater interaction at Z= 9 mm relative to the other substrates who only 

showed influence below Z = 5 mm. This is interesting as greater interaction between the plasma 

jet and the substrate should give a more defined spot deposition.  

Leading into the Z-height, which was used to gauge an understanding of when interactions 

between the plasma jet and the substrate start to occur and whether this interaction influences 
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the emission intensity as shown by the OES. In all cases, the proximity of the substrate was 

proportional to the emission intensity of the chosen argon peak in the OES.  
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4 Chapter 4: Processes and interactions between aerosol droplets and 

atmospheric plasma 

This chapter investigates the processes and interaction that aerosol droplets injected into the 

plasma are exposed to and what plasma process controls could influence the behaviour of 

deposition of structures deposited by atmospheric plasma jet printing (APJP). 

 

Figure 4.1- Illustration of an HMDSO: Ethanol aerosol droplet exposed to plasma undergoing 

a multitude of interactions and processes 

A summary of potential processes acting on the aerosol droplet as it travels through the plasma 

is illustrated in Figure 4.1, which is based on a hexamethyldisiloxane precursor material diluted 

in ethanol.  
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4.1 Flow rate modelling on the residence time of species 

The residence time of the species is defined as the time the particle of interest spends within 

the DBD region (dielectric tube from electrode to electrode) and is related to its chemical fate. 

The residence time can be estimated through modelling of the plasma parameters. 

4.1.1 Calculation of average velocity of argon within the APJP printhead 

The feed gas flow rate was controlled by the mass flow controllers in series with the gas 

regulator attached to the argon gas bottle. The flow rate controls the residence time of the 

aerosol droplets both within the plasma generation region and in the plasma jet region. These 

two regions differ in that, in the DBD region energy is being pumped into the plasma and ions 

an electrons are being accelerated by the electric field, whereas in the plasma jet region, outside 

the fringing field of discharge, the ions and electrons are subject only to thermal motion 

modified by their mutual interaction.136, 137  Given that evaporation of solvent from the aerosol 

is another process that should be considered, the residence time in the tubing connecting the 

nebulizer to the DBD region should also be calculated. The actual residence time of aerosol 

droplets in each region would be dependent on the carrier gas velocity and influenced by 

collisions of the droplets with the walls and with one another. Within the DBD region, the 

droplets may become charged and then trapped by the oscillating electric field. A lower limit 

for the residence time would be that given by consideration of the average gas velocity. The 

velocity of the feed gas flow was calculated using simple flow-dynamic equations and a model 

of the plasma printhead entry points.  

The area and the volume were calculated for all 3 sections based on cylindrical models as 

outlined above. The flow of gas was then calculated as appropriate to the respective feed gas 

flow rate from the mass flow controller.  
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𝑄 =
𝑉

𝑡
=  

𝐴 ×  𝑑 

𝑡
= 𝐴 × 𝜈𝑎𝑣 

Q = flow of gas per unit of time (m3s-1) 

𝜈𝑎𝑣 = Average speed  

Equation 4.1- Flow gas equation for volume per unit of time 

Using Equation 4.1 the flow rate was calculated for each feed gas flow rate setting used of 1250 

sccm, 1500 sccm, 1750 sccm and 2000 sccm (sccm = standard cubic centremetres per minute). 

It is important to note that the flowrate in sccm should not be confused with the flow rate 

required as it corresponds to the volumetric flow rate and not the mass flow rate. Volumetric 

flow rate (a unit of volume at a flow rate, sccm) is a measure of the volume of gas that passes 

through the printhead. Volumetric flow rate is a measurement of the space the gas molecules 

occupy in a 3-dimensional space as it passes through the printhead. It must also be noted that 

the volumetric flow rate is not independent of pressure and is inversely proportional (loosely 

speaking) to pressure, in contrast the mass flow rate will remain constant even at varying 

pressures. Throughout this modelling process we use that the assumption that the density of 

the gas will not change, such that the mass flow rate is conserved over the course of the process 

throughout the system. The relationship between the mass flow rate and the volumetric flow 

rate is shown in 

𝑚 =  𝜌 ×  𝒱 

𝑚 =  𝜌 × 𝑉𝑎𝑣𝑔. 𝐴 

 

m = mass flow rate 

 = density 

𝒱 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒  
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Note that the average velocity is used to simplify the calculation as a velocity distribution is 

seen when gas moves through a cylindrical pipe as in this case. An observed velocity of the gas 

at the walls of the pipe is seen as being zero, and the velocity of the gas flow being highest in 

the centre point of the cross-sectional area of the pipe. An illustration of this concept is shown 

in Figure 4.2. Using an average velocity to account for the velocity distribution across the cross-

sectional area is a simplifying assumption.   

 

Figure 4.2-Illustration of the velocity distribution over the cross-sectional area of the 

cylindrical pipe 

Sections A, B and C, shown below in  Figure 4.3,  are representative of the different radii 

between each cylindrical portion of the printhead which play influential roles towards the 

volumetric flow rate and therefore the average velocity of the gas. The velocity of the gas is 

important as it is not only the gas for ignition of plasma and ongoing feed gas, but is also the 

carrier gas of the aerosol as which is of particular importance during section C. Section C is 

defined as the dielectric cylinder which is encased by the electrodes, when the electrodes have 

power applied to them the plasma ignites and the dielectric cylinder is filled with plasma 

reactive species, neutral gases, and ions.  

Gas flow 
into pipe 

v = 0 ms-1 

v = max 



Chapter 4: Processes and interactions between aerosol droplets and atmospheric plasma 

 78 

 

 Figure 4.3- Illustration of the sections considered for volumetric flow rate (left) and a diagram 

of the respective length and diameter (in mm) for each section 

 Figure 4.3 outlines the sections considered for volumetric flow rate as follows. 

A. Initial connecting tubing from the mass flow controlling to the entry valve of the 

printhead 

B. Connecting pipe of the atomizer head towards the dielectric tubing 

C. Dielectric cylinder between the atomizer and the orifice 

Each of these sections were modelled based upon the concept that the velocity used for the 

previous section would be used to calculate following sections velocity as shown by equation 

below.  

𝐴1  ×  𝑣1 =  𝐴2  ×  𝑣2 

A = Area 

v = average velocity 

Equation 4.2-Constant flow rate; relationship between area and average velocity 

A B C 

l = 600 
mm 

l = 75 

mm

l = 45 
mm

d = 2.5 
mm

d = 10 

mm

d = 3 

mm

A 

B 

C 



Chapter 4: Processes and interactions between aerosol droplets and atmospheric plasma 

 79 

4.1.1.1 Dielectric barrier discharge region calculations 

The area and volume of the respective sections are summarized in Table 4, which shows a 

substantially large relative area of area B relative to areas A & C. The actual area of section C 

will be slightly less than what is calculated as the inside of the section is held within a 

compartment that cannot be fully accessed by calliper or measuring tool, the measurement was 

taken based on a calliper measurement on the perimeter of the section.  

Section A B C 

Area (mm2) 4.91 78.54 7.07 

Volume (mm3) 2 946 5891 318.15 

Table 4-Summarized calculation of the cross-sectional area and volume of the respective 

sections used to model residence time outlined 

The calculations summarized in Table 5 assume no leakage of gases into and out of the sections 

outlined from  Figure 4.3.  

 

Volumetric flow rate 

(sccm) 

Average velocity  

(mm s-1) Cylinder A 

Average velocity  

(mm s-1) Cylinder B 

Average velocity  

 (mm s-1) Cylinder C 

1250 63.7 4.0 44.2 

1500 76.4 4.8 53.1 

1750 89.1 5.6 61.9 

2000 98.0 6.4 70.7 

Table 5- Volumetric flow rates used (1250 to 2000 sccm) and their respective calculated 

average velocities relative to their sections A-C 

As shown in Table 5, the average velocities for the argon gas flowing at the volumetric flow 

rates prescribed were calculated.   

Volumetric flow rate 

(sccm) 

Time spent in 

cylinder A (s) 

Time spent in 

cylinder B (s) 

Time spent in 

cylinder C (s) 

1250 9.4 2.5 1.0 

1500 7.9 2.2 0.9 

1750 6.7 1.8 0.7 

2000 6.1 1.6 0.6 
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Table 6- Volumetric flow rates used, and their respective calculated time of flights spent in 

sections A-C 

The time the argon gas spent in the sections outlined in  Figure 4.3, is summarized in Table 6, 

based on calculations of the average velocities summarized in Table 5. The estimated residence 

time of the argon gas molecules will deviate from the true figure due to external influences 

such as the plasma itself, collisions with the walls, reduction of actual volumetric flow from 

leaks and other molecules and flux in actual volumetric flow input for example. The 

calculations reported are purely for use as an indicative period that the argon gas will spend 

within each of these sections. Of particular interest is the proportion of time spent in section C, 

the time spent within the DBD region of the plasma jet printhead.  

4.1.1.2 Plasma jet region calculations 

The time spent in the plasma jet was also calculated based upon the reported values in section 

C. An approximation of the shape of the jet as cylindrical to estimate the volume of the plasma 

jet with distance of the plasma jet being calculated at 1, 5, 10 and 15 mm across the flow rates 

1250 – 2000 sccm. 

Volumetric flow rate (sccm) Average velocity 

(mm s-1) 

1250 99.2 

1500 119.4 

1750 139.3 

2000 159.2 

Table 7- Average velocities of the travel within plasma jet calculated at the volumetric flow 

rates of 1250, 1500, 1750 and 2000 sccm 
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Volumetric 

flow rate 

(sccm) 

Time spent at  

Z= 1 mm 

(s) 

Time spent at  

Z= 5 mm 

(s) 

Time spent at  

Z= 10 mm 

(s) 

Time spent at  

Z= 15 mm 

(s) 

1250 0.01 0.05 0.1 0.15 

1500 0.008 0.042 0.08 0.12 

1750 0.007 0.035 0.07 0.1 

2000 0.006 0.031 0.06 0.09 

Table 8-Summarized calculation of the estimated time of species spent within plasma jet region 

beyond the DBD at changing Z-heights, from exiting the orifice (diameter = 1 mm, plasma jet 

width = 1 mm) to landing on surface 

4.2 Exploring interactions and processes between the atmospheric plasma and 

introduced aerosol 

The interactions and processes between the atmospheric plasma and the aerosol are explored 

in this section. Particular attention to the effect of the composition on the excited species within 

the plasma, the influence of the aerosol on the plasma jet properties, and how the residence 

time of the aerosol species within the plasma can govern the properties of the plasma deposited 

structures.   

4.2.1 The effect of composition of the precursor on the emission spectroscopy of the plasma 

jet 

The composition of the plasma excited species has shown to be influenced by the introduction 

of the aerosol. Introducing foreign molecules such as the aerosol into the plasma region is a 

balancing act between introducing enough material to produce a reasonable deposition rate and 

not introducing so much material that the system cannot generate enough excited species on a 

fast-enough time scale and the energy transfer to the heavy molecules occurs frequently enough 

that the plasma is quenched. Optical emission spectroscopy (OES) was used to determine the 

effect of not only introducing aerosol droplets into the plasma, but the effect of the ratio 
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between the organic solvent (ethanol) and a silane molecule (hexamethyldisiloxane) which is 

prone to polymerization. 

 

Figure 4.4- Percentage of HMDSO diluted with an ethanol solvent which make up the 

precursor introduced as an aerosol into the plasma from ethanol only (0%) to HMDSO only 

(100%). The Percentage change was based on the plasma jet only (Ibefore) and plasma jet with 

the introduction of the aerosol (Iafter) 

Shown in Figure 4.4 is the OES data for introduced aerosols into the APJP system at 4 different 

compositions- 

1. Ethanol only 

2. 30% HMDSO, 70% ethanol 

3. 60 % HMDSO, 40 % ethanol 

4. 100% HMDSO 
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It was found that the emission intensity of the 763.4 nm peak increased upon introduction of 

the ethanol aerosol. An important note is the overall intensity of each peak also increased, 

however due to the intensity and abundance of the excited species detected for the 763.4 nm 

peak was chosen as the peak for analysis. An increase in emission intensity correlates with an 

increase in plasma density and the frequency of excited-relaxation pathways occurring. It is 

still yet to be determined the mechanism of additive excitation produced by introducing the 

ethanol aerosol, however the processes outlined in Figure 4.1 such as evaporation, UV/IR 

radiation and vapor-phase reactions seem most applicable in this case. As the amount of 

HMDSO content in the precursor was increased, the emission intensity upon introduction of 

the aerosol decreased relative to that shown at 100 % ethanol. At 30 % and 60 % HMDSO 

content, the emission the emission intensity was increased slightly. An HMDSO content of 100 

% precursor material shows a quenching effect to almost 40 % of the original emission intensity 

of the plasma jet only. This shows the effect of the organic material and its ability to accept 

energy transfer from the plasma excited species to sites on the HMDSO molecule. These 

transfer of energies, whether in the form of producing radical sites or bond scission, are more 

prevalent the higher the HMDSO content.  

4.2.2 The effect of introducing an organic aerosol on the physical properties of the plasma 

jet 

High speed video images were recorded for the protruding plasma jet at the varied voltages 

and argon gas flow rates. The plasma jet was analysed using a high-speed camera with the 

frames at 0.5 seconds intervals over 10 seconds. The plasma jet deviation, width of plasma jet 

and the plasma jet spread along the substrate was investigated using image processing 

software.  Shown below in Error! Reference source not found. is several graphs illustrating 

the comparison of high-speed camera imaging between the plasma jet only (red line with red 

circle markers) and the plasma jet with aerosol (black line with black square markers) for the 
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voltage (graphs on the left) and the feed gas flow (graphs on the right). The top row shows 

the analysis of the images based on the plasma jet width which was measured in the same Z-

height halfway up the jet. The middle row shows the analysis of the length of spread of the jet 

when in contact with the substrate at the deposition height, this was measured along the edge 

of the substrate line in the image. The bottom row illustrates the deviation of the plasma jet 

from the orifice, which was calculated as the distance between the centre of the orifice and 

the centre of the plasma jet. This is important as it can give indications on whether the plasma 

jet is in laminar or turbulent flow state.   

Apart from the plasma jet at 20 kV, the plasma jet width was shown to increase as the voltage 

applied increased. The increasing trend was also the case for the plasma jet spread along the 

substrate and the plasma jet deviation from the center of the orifice. The most susceptible 

voltage to variation in the measured plasma jet properties was found to be when the applied 

voltage was 20 kV. We suspect the combination of voltage to gas flow produces a greater 

laminar flow effect in the case of 20 kV. The plasma jet produced at 20 kV showed the most 

desirable trait of consistent and most uniform printing spot, it was chosen as the fixed voltage 

used during the gas feed flow variation. Changes in gas flow showed that there were little 

changes to the physical attributes of the plasma jet at 1200 and 2000 sccm with the feed gas 

flow at 1650 sccm being the same plasma jet as the 20-kV shown for the varied voltage graphs. 

The flow at 1650 sccm was considerably different in terms of plasma jet width and plasma jet 

spread which coincided with the relatively smaller spot size of the plasma polymerized 

HMDSO deposit.  

Importantly, the increase in electron density by raising the power input also influences the 

structural features of the plasma deposited material. The increase in applied voltage to the 

electrodes resulted in an increase in electron density which is seen throughout literature and is 

summarized by Merche et al.38 High speed imaging of the plasma jet revealed the prevalence 
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of arcs and streamers forming increased as the voltage input increase. Arcs are known to be 

much more electron dense, and therefore have been reported to show a much more random, 

branched and cross-linked plasma polymerized deposit. 

4.2.3 Using residence time to control plasma exposure  

Intuitively, the time that the molecules and aerosols spend interacting with plasma reactive 

species should be important. Because the exposure time can be controlled by controlling the 

gas flow rate, the extent of plasma exposure can thereby be controlled.  

To demonstrate the use of the flow rate for the purpose of controlling the extent of plasma 

interaction, an organic molecule diluted with ethanol was used as the precursor. From the 

precursor, an aerosol was generated containing hexamethyldisiloxane. Hexamethyldisiloxane 

(HMDSO) is a silicon-containing organic molecule which has been chosen because it has been 

used extensively in plasma deposition processes.103, 106, 206-209 The flow rate was varied from 

1200 sccm, to 1650 sccm and to a final flow rate of 2000 sccm. As noted above, these flows 

correspond to a variation of the time in the DBD region from approximately 1.5 to 3 s. The 

height above the substrate was 5 mm so the time in the plasma jet varied from approximately 

0.05 to 0.031 seconds as detailed in Table 8.  

The SEM images of HMDSO/ethanol aerosol deposited by APJP both in plan and cross-section 

are shown in Figure 5.5 with the flow rates from left to right, 1250 sccm, 1650 sccm and 2000 

sccm respectively. Histograms displaying the distribution of 256 nm (lower flow rate) to 149 

nm (higher flow rates) of deposited features are given in Figure 5.5. In all cases, the appearance 

is that of deformed spheres, implying that the aerosol droplets, of polymerised structures that 

retain the shape of the initial droplet, are the primary species deposited. Interestingly, the 

change in flow rate showed from the top view a trend of increasing packing as the feed gas 

flow rate increased. The feed gas flow rate can be shown to affect not only the packing from 
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the top view SEM images, but the cross-section supports the notion of the feed gas flow rate 

contributing to a more densely packed structure. The velocity of the plasma jet is increased by 

the orifice as it has a diameter change from the DBD region (diameter = 3 mm) to an orifice of 

1 mm. The decreased diameter size increases the observed flow rate and average velocity of 

the now excited species.  

Using an exit orifice of 1 mm, the average velocity of the argon gas flowing at 1200 sccm, 

1650 sccm and 2000 sccm is 382 mm s-1, 525 mm s-1 and 637 mm s-1 respectively. The impact 

force on the substrate of the plasma jet and of the aerosol species carried by it increases with 

increasing gas flow rate. This downward force exerted during deposition on the droplets 

remaining within the jet would appear to play a role in the packing of the structures as the feed 

gas flow rate increases. This is demonstrated in the cross section of the plasma deposited films: 

the film produced with a feed gas flow rate of 2000 sccm was much more densely packed than 

those formed at 1200 sccm and 1650 sccm, which showed interesting column-growth 

structures.  

The distribution of the size of the structures was also controllable by the feed gas flow rate. 

The size of the structures decreased as the feed gas flow rate increased, as shown in Figure 5.5. 

The distribution analysis shows modal radius of 255 nm, 193 nm and 159 nm for 1200 sccm, 

1650 sccm and 2000 sccm respectively. Two factors can account for these observations: the 

rate of evaporation of solvent, ethanol, from the aerosol droplets, and the rate of polymerisation 

of HMDSO within the droplets. Larger structures form at lower feed gas flow rates. The effect 

of evaporation in decreasing droplet size would increase with decreasing flow rate; the extent 

of polymerisation would increase with decreasing flow rate. Given the net small but significant 

increase of deposited particle size with decrease of flow rate, a plausible model is that, as the 

aerosol evaporates, HMDSO is released into the plasma and polymerises both in the vapour 
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and within the droplet. Re-attachment of vapour-polymerised species would cause the larger 

particles to grow at the expense of smaller ones.  

4.3 Conclusion 

The interactions between the aerosol droplet and the atmospheric plasma generated by the 

APJP system has been explored to understand the chemistry at play. The effect of the 

composition of the aerosol on the emission intensity found there to be a balancing act between 

introduction of materials which are viable sites for energy transfer between the plasma and the 

material at a rate which does not quench the plasma as was demonstrated by the aerosol with 

100% HMDSO introduced. The aerosol introduction was also shown to affect the plasma jet 

properties which were analysed by high-speed imaging across voltages of 16 – 22 kV which 

showed significant changes to the plasma jet width, deviation from orifice and the plasma 

spread upon interaction with the silicon substrate. The residence time of the aerosol within the 

plasma regions was modelled in earlier sections and explored with control of the flow rate 

between 1200 and 2000 sccm using a HMDSO: Ethanol based aerosol. The higher flow rates 

showed significant difference with high packing density of the plasma deposited structures, 

and a smaller polymerized structure which are the result of the reduced exposure time to the 

plasma by reducing the residence time. 

We show in this work that there is a highly functional and practical approach to control aerosol-

plasma chemistry and its effects not only on the excited states of the plasma but also on the 

physical properties of the plasma jet which are shown to be influential to the deposited 

structures. Further work over a wider range of materials is pivotal to explore the trends of 

aerosol-plasma chemistry which are likely dependant on sites that may be more influence by 

plasma excited species than others.  
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5 Chapter 5: Plasma jet printing of organic based aerosols and the control 

of surface features 

Atmospheric plasma jet printing (APJP) is a technology that is being largely developed over 

the last decade, for their advantages over their vacuum-based counterpart such as reduced 

solvent wastage, cost, running time and ability to integrate into an industrial manufacturing 

line.33, 38, 197, 210-212 The atmospheric plasma technology allows a range of power supplies, 

precursor materials and substrates, electrode configurations and flexibility in operating 

temperatures providing the correct set up is used.44, 73, 197, 213 Dielectric barrier discharges 

(DBD) are a commonly used electron configuration in atmospheric plasma systems widely 

used to deposit materials by plasma deposition .17, 20, 57, 64, 197, 214, 215 Specific applications of 

DBD systems have been reported to deposit a range of materials such as organics,38, 120, 216 

inorganic materials,38, 215, 217 nanoparticles and polymers.218 Using plasma process parameters 

of our APJP system, we look to explore the effect of plasma density and residence time on the 

deposited film of organic precursors. 

5.1 Motives and aims 

The motive in this research is the exploration of controlling the surface morphology and the 

chemical functionality of molecules when exposed to plasma under atmospheric conditions, in 

this case hexamethyldisiloxane (HMDSO) and monomer unit 3,4-ethylenedioxythiophene 

(EDOT). It is desirable to be able to use the APJP system to deposit materials which are fit for 

purpose by exploring ways in which we can use the same precursor material but producing 

different structured films by using the plasma process.  
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5.1.1 Previous reports on the deposition of hexamethyldisiloxane by atmospheric plasma 

jet 

The deposition of HMDSO using an atmospheric plasma pressure plasma has been reported by 

researchers, with reports from Kakuichi et al.  of the deposition of Si and SiOx films with rates 

of deposition at approximately 13 nm/s.103 The paper investigated the relationship between the 

deposition rate and the distance between the exit nozzle of the plasma jet and the substrate for 

the purposes of controlling the residence time. The study showed the deposition rate and the 

area of the film increased with a decrease in distance between the exit nozzle and the substrate. 

Additionally, a figure from the introduction chapter of this thesis extensively covers a range of 

reports of the deposition of silane precursors using an atmospheric plasma system. 

Reported by Substrate Gas  Untreated CA 

() 

Treated CA () Power (W) 

Bashir et 

al.106 

Glass Ar 46.88 128.50 12.5 

    94.45 17.5 

    76.07 22.5 

Foest et al.107 Polypropylene  N.R. 110 (1 round) 30 

    70 (3 rounds)  

Levasseur et 

al.105 

Wood He  136  40 

Lopez-Barrea 

et al.108 

Stone   100 50 

Ji et al.109 Glass Ar 51 135-150 200 

Table 9- Summarized table of results of HMDSO deposited by atmospheric plasma systems 
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Table 9 summarizes previous reports of HMDSO deposited by an atmospheric plasma system 

with the respective substrate, power input and contact angle reported.  

A comparison between the characteristics of using a RF power supply and a microwave was 

investigated by Schafer et al. to deposit SiO2-like films.19, 219 Schafer reported the microwave 

supply yielded higher deposition rates (600 - 1020 nm min-1) of porous, irregular, oligomerized 

film whereas the RF power supply produced a more dense, uniform and smooth film at a lower 

deposition rate (6-24 nm min-1). 

A mixture of HMDSO and ethanol were used as a two-component precursor material for 

aerosol generation, with the aerosol size being approximately 3 – 5 m in diameter. The 

component of the precursor materials has different levels of volatility with ethanol having the 

lower boiling point, the ethanol will be more likely to evaporate more quickly than the 

HMDSO. As the two-component aerosol travels through the pipe of the DBD region it will 

undergo some degree of evaporation which we estimate is most if not all solvent is removed 

during plasma deposition. A study by Lengorro et al. on the size of colloidal nanoparticles by 

electrospray revealed electron micrographs of naturally dried silicon nanoparticles.129 This 

study has comparatively similar deposit structures reported as is shown within the results 

section of this chapter. Due to the complication of measuring in-situ aerosol size and 

composition in this application, the extent of evaporation of the aerosol droplet in the APJP is 

still unknown. However, we are confident for the most part that the product is a film rather 

than a mixture of plasma deposited film and unreacted aerosol droplets. 
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5.1.2 Investigating the influence of control processes on atmospheric plasma deposited 

hexamethyldisiloxane structures 

The control processes used to explore the atmospheric plasma deposition of HMDSO by APJP 

were the plasma density, controlled by the peak-to-peak amplitude of the radio-frequency 

power supply, and the residence time, controlled by the feed flow rate of the argon gas.  

5.1.2.1 Plasma density control  

The energy supplied to the plasma was explored as a function of the voltage applied directly 

varying the power input. A study by Bashir et al. showed a hydrophobic-hydrophilic transition 

at varying power inputs (12.5 -22.5 W) with the lower power inputs retaining more monomer 

properties and hydrophobic natures however with was the most susceptible to ageing effects.106 

In this work the power input, at a fixed frequency of 21 kHz, ranging from 16 kV to 22 kV puts 

the power input much higher than that reported previously in lierature.105, 108, 109, 206, 220 

Although the power input was not recorded within the plasma region due to the compartmental 

structure of the APJP system, an oscilloscope linked directly to the power supply was used 

during the set up to identify the peak to peak heights of the sinusoidal AC wave.  

5.1.2.2 Residence time of aerosol in plasma 

The investigation of the residence time was controlled by the feed gas flow, with lower feed 

gas flow rates resulting in longer residence time of the aerosol in the plasma region. Although 

the residence time has been previously reported in literature through control of the feed gas 

flow, 103, 206, 220, 221  the characteristics of the plasma polymerized HMDSO shows unique 

structural changes across the plasma controlling variables. 

5.1.3 Previous reports on the deposition of conductive polymers by atmospheric plasma jet 

The deposition of conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), by 

atmospheric plasma jet printing was explored within this 2-part chapter. PEDOT is a well-
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known conductive polymer with extensive literature previously reported on its properties.189, 

222-227 The chemical structure of EDOT and common polymer structure seen in oligomer 

structurers and oxidisation of PEDOT are illustrated in Figure 5.1.  

 

Figure 5.1- Structural formula for EDOT (left) and its common polymer form PEDOT (right) 

The polymerisation of EDOT is generally performed by mixing the EDOT monomer with an 

oxidant such as hydrogen peroxide or ammonium persulfate.188, 228 Depending on the 

mechanism, the oxidant oxidizes a site on the thiophene ring, usually carbon or the sulfur atom 

forming a radical site initiating polymerization.188, 189, 224, 228, 229 The plasma polymerisation of 

organic materials is generally random in structure in comparison to synthesizing the polymer 

by a chemical synthesis route as previously mentioned. A combination of collisions by ions, 

free electrons and radical-induced monomer units contribute to several localized 

polymerization reactions on different regions of the building block units.  
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To date, there are very few reports of the deposition of conductive polymer by atmospheric 

plasma using the monomer precursor EDOT.185-187, 190 A study by Ondo et al. proposed a 

mechanism for the polymerisation routes using atmospheric pressure matrix assisted laser 

desorption\ionisation (AP-MALDI) to correlate the hypothetical polymerization mechanisms 

with the thin-film analysis.186 The study concluded the plasma polymerized films were 

produced by two main mechanisms in competition (i) plasma oxidative polymerisation (ii) 

plasma fragmentation, with the latter limiting the conductivity of the plasma polymerized 

EDOT substantially.  There is still much work needed in understanding how atmospheric 

plasma systems can be used to control the surface morphology and the chemical functionality 

of an atmospheric plasma polymerized conductive polymer, working towards becoming a more 

viable method of fabrication for flexible and lightweight electronics.  

5.1.4 Direction and aim of this chapter 

Morent mentioned in his concluding statement that the importance and relevance of controlling 

the effect of the deposited material by varying the operating conditions opens up interesting 

perspsectives.206 This perspective underpins the a motive of this work, which is to investigate 

and explore the plasma jet printer control parameters and its influence on the morphology and 

chemical functionality of the plasma jet printed material. This chapter is divided into two 

sections (I) Exploring the control of chemical functionality and surface morphology of a 

HMDSO: ethanol precursor deposited by atmospheric plasma jet printing (II) Exploring the 

potential for using atmospheric plasma jet printing to be implemented into possible applications 

around lightweight and flexible electronics. 

5.2 Results for deposition of HMDSO-ethanol precursor 

The first results section covers the deposition of a HMDSO: Ethanol precursor and explores 

the influence of plasma density and residence time of the plasma deposited HMDSO. The first 

half of this section describes the effect of the chemical composition of the aerosol on the 
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atmospheric plasma jet. This is followed by results on the control of the surface morphology 

and concluded by the control of the chemical functionality of the plasma deposited HMDSO. 

5.2.1 Investigation of effect of HMDSO and ethanol aerosol on plasma reactive species 

Investigation into the effect of HMDSO and ethanol compositions is explored, its effect on the 

plasma jet species by analysis of the emission spectra obtained from OES. The emission spectra 

gives information about the excited species within the plasma, the abundance of emissions, 

influence of atmospheric conditions and the plasma density.  
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Figure 5.2-Comparison of OES spectral line 763.4 nm for the plasma jet only (solid red) and 

with the aerosol introduced (dashed blue) for the ethanol aerosol (top) and the HMDSO 

aerosol (bottom) 

The OES spectra of the argon emission region shows the relative difference between the plasma 

jet only (red) and the plasma jet with the introduction of the aerosol (blue). The data shows the 

intensity differences are considerably larger as the voltage applied to the system increases. The 

increase in intensity correlates to an increase in plasma density of reactive argon species as the 

voltage increases.83 The gas flow rate showed no change in emission intensity as the flow rate 
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increased. The change in intensity was measured as a relative figure between the emission of 

the plasma jet only and the plasma jet with the introduction of the aerosol.  

The ratio of HMDSO in the precursor mixture which makes up the contents of the aerosol was 

varied to investigate the effect of the ethanol on the plasma jet reaction species as shown in 

Figure 5.2. The aerosol introduced with 100 % HMDSO precursor, showed a quenching effect 

of the 763.4 nm peak with over 50% reduction of the emission intensity. An increase in ethanol 

of the mixture showed an increased emission intensity of the 763.4 nm peak. The role of the 

ethanol is important to reduce the frequency of energy transfer from reactive species to the 

HMDSO molecules. Too many collisions will result in energy transfer from reactive species to 

the HMDSO molecules results in quenching due to the plasma region being overpopulated with 

HMDSO molecules. The use of pure HMDSO to deposit a film consistently resulted in powder 

formation, most evident in the centre of the deposit. The collisional processes between the 

excited argon atoms and the HMDSO monomer into reaction products was found to be of 

crucial importance for the formation of the polymer film.  Future work is planned to involve 

further experimental work and investigation into the effect of ratio components of the solvent: 

material has on the resulting film in terms of structural characteristics and chemical 

functionality.  
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Figure 5.3- OES spectra for raw data collection of plasma jet only at 16 kV (red), 18 kV 

(orange, x-offset of 2 nm), 20 kV (green, x-offset of 4 nm and y-intensity decreased to 50%) and 

22 kV (x-offset of 6 nm, and y-intensity decreased to 10%) 

Shown above in Figure 5.3 is the plasma emission data obtained from the OES results for the 

applied voltages of 16 – 22 kV within the range of argon plasma excited species. The data for 

20 kV shown in green was reduced to 50% along with the data for 22 kV which was reduced 

to 10% of the actual intensities (y-axis) as the comparison in intensity between the voltages 

becomes exponentially greater as voltage is increased. This increase in intensity correlates to 

an increase in the density of the particles discharged by the DBD. The control over this particle 

density is shown to be strongly influenced the applied voltage as shown in the figure above.  

5.2.2 Control of surface morphology of plasma deposited HMDSO 

The surface morphology of the plasma deposited HMDSO structures was examined by 

scanning electron microscopy (SEM) with the electron micrographs shown in Figure 5.4 and 

Figure 5.5. 
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5.2.2.1 Influence of voltage on the surface morphology of plasma deposited HMDSO 

structure 

The influence of changing the peak-to-peak amplitude of the radio-frequency power supply has 

on the surface morphology of the plasma deposited HMDSO structures is investigated. The 

extent of polymerisation shown in the physical structures alongside the distribution and control 

in which these structures organise on the surface are of interest. 

 

Figure 5.4-SEM images for the varied voltages used from right to left, 16, 18, 20 and 22 kV 

with the cross-sections in the bottom row (top 3 rows of images) and the corresponding 

5 μm 5 μm 5 μm 5 μm 

1 μm 1 μm 1 μm 200 nm 

2 μm 
2 μm 

2 μm 5 μm 
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histogram with fitted curves of the size distribution gathered by image analysis of plasma 

deposition at 16 kV (red), 18 kV (orange) and 20 kV (green) (bottom) deposition time = 5 min 

The size distribution of the particles deposited by APJP were analysed using imaging software 

to calculate the radius of the deposit. The radius of the plasma deposited structures were used 

to construct a histogram as shown in the lower image of Figure 5.4. The plasma polymerized 

HMDSO deposited at 22 kV was not included in the histogram analysis due to the resulting 

plasma deposited HMDSO having a dramatically reduced number of deposits structures and 

producing a more irregular film as shown in the SEM images in Figure 5.4. The histogram 

graph above revealed the distribution of particle radius is relatively homogenous for HMDSO 

deposited at 18 kV in comparison to HMDSO deposited at 16 and 20 kV. HMDSO deposited 

at 16 and 20 kV showed a greater size range of plasma polymerized HMDSO structures, the 

HMDSO deposited at 22 kV showed the much larger structures which were both irregular in 

size and shape relative to the other voltages. 16 kV showed voids in the film which was also 

present for the feed gas flow rate of 2000 sccm. The prevalence of the voids was more frequent 

at these parameters leading us to presume there is a correlation between the voids and the extent 

of polymerization and packing of the plasma deposited structures. The transition of cross-

section profiles from unformed structures at 16 kV to more defined homogenous column 

growth structures at 18 and 20 kV which transitions to a dense, and irregular film at 22 kV is 

shown in the bottom row of the electron micrographs in the figure above. This transition is 

interesting as there is a clear transition between structures and the applied voltages in which 

the column growth structures are present up till 20 kV where the film becomes denser and 

irregular at 22 kV.  
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5.2.2.2 Influence of feed gas flow rate of argon on the surface morphology of plasma 

deposited HMDSO structures 

The influence of the feed gas flow rate on the surface morphology of plasma deposited 

HMDSO structures by APJP is explored. Increasing the flow rate of the feed gas is inversely 

proportional with residence time, i.e., as the flow rate is increased, the residence time of the 

aerosol travel within the plasma decreases proportionally.  

 

Figure 5.5-SEM images for the varied gas flow rates from right to left of 1200 sccm, 1650 sccm 

and 2000 sccm (top) and the corresponding histogram with fitted curves of 1200 sccm (red), 

1650 sccm (orange) and 2000 sccm (green) (bottom), deposition time = 5 min 

5 μm 5 μm 5 μm 

200 nm 200 nm 200 nm 

5 μm 5 μm 5 μm 
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Varying the feed gas flow rate resulted in specific size distributions, characteristic to each gas 

flow rate as shown in the histogram graph in Figure 5.5. The lowest gas flow rate used at 1200 

sccm, had larger size HMDSO deposited on the surface relative to structures deposited at 1650 

sccm and even more so relative to the deposition at 2000 sccm. The higher flow rates are 

correlated with a shorter residence time, with the precursor material experience reduced 

exposure to the plasma excited species which initiate polymerization, therefore resulting in 

smaller less prominent structures. Across all flow rates, the circular structure from the top view 

and column growth structures shown in the cross section was present. The top view SEM 

images show the organization of plasma polymerized HMDSO was more constricted at 2000 

sccm relative to the low gas flow rate of 1200 sccm which showed a high packing order of the 

HMDSO plasma deposited structures. The void structures were more evident at higher gas flow 

rates which was also the case at lower applied voltages. The density of the films shown in the 

packing of the spherical structures looked to increase as the feed gas flow rate used increased.  

5.2.3 Chemical functionality changes of plasma deposited HMDSO  

The chemical functionality was investigated by FTIR, with the peaks of particular importance 

outlined in Figure 5.6 as Si-O-Si, Si-CHx and Si-OH. These peaks were identified based on 

assignments reported throughout literature of plasma polymerized HMDSO films which are 

referred to as required.  
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Figure 5.6-(Top) FTIR spectrum of typical measurement of plasma polymerized HMDSO by 

APJP, (middle) plot of relative FTIR intensities of important peaks for the plasma polymerized 

films at applied voltages 16 – 22 kV, (bottom) plot of relative FTIR intensities of important 

peaks for the plasma polymerized films at different feed gas flow rates  

FTIR spectra was used to relate the chemical composition of the plasma polymerized HMDSO, 

which was normalized to compare relative intensities of FTIR peaks. The main peaks present 
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in the FTIR spectra are the large and broad Si-O-Si stretching vibration at 1030 cm-1 and a 

sharp peak at 1140 cm-1, the Si-CHx peak at 1240 cm-1 and the Si-OH peak at 2950 cm-1 and 

3000-3600 cm-1 are all characteristics FTIR peaks of plasma polymerized HMDSO.72, 103, 206, 

220  The normalized intensities of the spectra reveal that increasing the voltage resulted in a 

higher Si-O-Si intensity which indicates a Si-O-Si density increase with increasing plasma 

density. The Si-O-Si was highest at 18 kV and decreased slightly at 20 and 22 kV respectively 

which could account for a threshold effect of the Si-O network at 18 kV. The Si-O-Si peak was 

largest when deposited at 18 kV, with the trendline of the Si-O-Si shoulder peak at 1140 cm-1 

shadowing the larger asymmetric stretching peak at 1020 cm-1. 

Increasing the voltage resulted in a peak intensity increase of the Si-O-Si peak at 1030 cm-1and 

the Si-CH3 peak at 2900cm-1. Lowering the feed gas flow rate showed an increased peak 

intensity of the Si-O-Si peak at 1030 cm-1, and the Si-OH peak at 2900 cm-1 a similar effect to 

increasing the voltage.   

The Si-CH3 peak at 1240 cm-1, gives an indication of the carbon content within the plasma 

polymerized HMDSO, which increase proportional to the voltage. As for feed gas flow rates, 

the carbon content increases with increasing gas flow as shown by the Si-CHx peak at 1240 in 

the bottom graph of Figure 5.6. As mentioned previously, the Si-CHx increased slightly when 

changing the process parameter which would represent the Si-O network terminated by more 

methoxy groups. The FTIR peaks identified show an increase in identified peaks as the 

exposure to the plasma species increases or through an increase in the plasma density which 

are both controlled by an increase in the amplitude or the residence time respectively.  

5.2.4 Wettability measurements of plasma deposited HMDSO 

Water contact angles were used to measure the combination of the effects of changing the 

chemical functionality and surface morphology. Contact angles have been shown to be largely 
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influence by the surface roughness or surface morphology and by the chemical properties of 

the surface with more polar groups usually displaying hydrophilic characteristics.110-112  

Dynamic water contact angle measurements were taken for the plasma polymerized HMDSO 

with the contact angle measured over 10s at 14 FPS, with the average on 3 deposited films 

taken for each parameter. The standard deviation within each sample is represented in the error 

bars in Figure 5.7. The contact angle was based on the Young-Laplace model. 

 

Figure 5.7-Contact angle measurements for the varied voltage applied of 16, 18, 20 and 22 kV 

– fixed plasma parameters of gas flow = 1650 sccm, f = 21 kHz and working atomizer voltage 

= 25 % (left). The feed gas flow rates of 1200, 1650 and 2000 sccm -fixed plasma parameters 

voltage = 20 kV, f = 21 kHz, working atomizer voltage = 25 %(right) 

The wettability measurements showed similarities in contact angles of 93 and 99 ,for the 

deposition perform at 16 and 18 kV, with a transition to a lower contact angle of 82 and 80, 

for 20 kV and 22 kV respectively. Controlling the feed gas flow rate showed a contact angle 

when the film was deposited at 1200 sccm of 78, with the films deposited at 1650 sccm and 

2000 sccm having a hydrophobic nature with contact angles of 90.  
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5.3 Results for deposition of 3,4-ethylenedioxythiophene precursor by 

atmospheric plasma jet printing 

The results for the deposition of 3,4-ethylenedioxythiophene (EDOT) using an atmospheric 

plasma jet printer at applied voltages controlled by the amplitude of the radio-frequency wave. 

The peak-to-peak voltages used were 20, 21, 22 and 22 kV, these voltages were chosen based 

on preliminary work based on stability of the plasma jet below 20 kV would extinguish at the 

fixed working voltage of the atomizer unit. The working voltage was based on the minimum 

working voltage required to introduce the aerosol without extinguishing the plasma over the 

time of deposition, t = 5 minutes. The substrate used was a silicon wafer as described in 

materials section.  

5.3.1 Chemical analysis of plasma polymerized EDOT by atmospheric plasma jet printing 

The analysis of the chemical functionality of the plasma polymerized EDOT deposited by APJP 

was performed using Fourier-transformed infrared (FTIR) spectroscopy in absorbance mode.  

 

Figure 5.8- Typical spectra obtained from plasma polymerized EDOT deposited by 

atmospheric plasma jet printer at Z= 5 mm, V = 20 kV, gas flow = 1650 sccm, f = 21 kHz and 

a working atomizer voltage of 25 %  
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The assignments for the peaks obtained by FTIR are shown in Table 10 showing the peaks 

which are consistent across all spectra obtained from plasma polymerized EDOT.  

Assignment Wavenumber (cm-1) 

 (Oxyethylene ring) 565 

Sym.  (C-S-C) 610 

Assym.  (C-S-C) 740 

Sym.  (C=C) 1375 

Assym. (C=C) 1455 

C=O 1627 

(C=O) 1720 

Sym. (C-H) 2870 

Assym. (C-H) 2930 

-OH 3450 

Table 10- Peak assignments in FTIR of plasma polymerized EDOT by atmospheric plasma jet 

printing 

The hydroxyl peak at 3450 cm-1 arises from increased water absorption ability of the plasma 

polymerized PEDOT film. This is enhanced by the carbonyl groups with a double peak 

assigned at 1627 cm-1 and 1720 cm-1, which have been assigned as the ,-unsaturated 

ketone/ester groups formed from the opening of the dioxyethylene ring of the EDOT 

monomer.230, 231 We expect the extent of polymerisation to increase with an increase in the 

carbonyl content as the carbonyl group would be susceptible to radical attack. The C-S-C 

intensity is correlated to an increase in polymerisation along the carbon-sulfur-carbon 

backbone as seen in traditional polymerisation of EDOT, using an oxidant to reduce the 

thiophene ring or form a radical site to initiate polymerisation.  
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Figure 5.9- Peak intensities of -OH (3450 cm-1 = cross), C=O (1710 cm-1 = circle), C=C (1455 

cm-1 = triangle) and C-S-C (740 cm-1 = square) obtained from FTIR spectra for plasma 

polymerized EDOT deposited at applied voltages of 20, 21, 22 and 23 kV 

The peak intensities are shown above in Figure 5.9 showing the peak intensities of the -OH, 

C=O, C=C and C-S-C bonds as described above. These peaks were identified as having the 

highest contribution towards representing the extent of polymerisation. Interestingly, the 

plasma polymerized EDOT deposited at 21 kV showed the highest value across all identified 

peaks. The hydroxyl content of the plasma polymerized structures at 21 kV are related to the 

increased carbonyl content of the as the broad peak will increase as the amount of water 

absorption increases.  
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5.3.2 Surface morphology of plasma polymerized EDOT by atmospheric plasma jet 

printing  

The surface morphology of plasma polymerized EDOT by APJP was investigated using 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). 

5.3.2.1 Scanning electron microscopy 

 

Figure 5.10- plasma polymerized EDOT by atmospheric plasma jet printing at voltages from 

top to bottom of 20, 21,22 and 23 kV. Fixed plasma parameters are the gas flow = 1650 sccm, 

f = 21 kHz and working atomizer voltage of 25 %, deposition time = 5 min 

The images obtained from SEM for plasma polymerized EDOT deposited by APJP at applied 

voltages of 20, 21, 22 and 23 kV are shown above in Figure 5.10. The electron micrographs 

obtained were difficult to find features on the surface at 20 kV as the surface was mostly smooth 

without features. At the applied voltage of 21 kV, the features showed a polymerized structure 

that resembled structures to recently reported literature.186, 194, 232 The structures deposited also 
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show a resemblance to that seen of HMDSO structures deposited by APJP reported in this 

chapter. A similar morphology was seen by the plasma polymerized EDOT at 23 kV. A 

plausible hypothesis for the difference in surface morphology over the range of applied 

voltages could potentially be due to the balance of plasma fragmentation and plasma oxidation 

processes at 21 kV showing optimal balance between the processes of polymerisation in 

comparison to the other voltages. 

5.3.2.2 Atomic force microscopy 

Atomic force microscopy (AFM) was performed on the plasma polymerized EDOT to 

investigate the surface profile and roughness. Although the overall area of analysis is smaller 

than that of SEM, it provides more detail in the roughness of the surface through a direct 

measurement of the AFM in tapping mode.  
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Figure 5.11- Data obtained from AFM measurements on plasma polymerized EDOT at varying 

voltages applied from top to bottom of 20, 21, 22 and 23 kV. Fixed plasma parameters are the 

gas flow = 1650 sccm, f = 21 kHz and working atomizer voltage of 25 % 

The AFM images of the plasma polymerized EDOT deposited by APJP are shown in Figure 

5.11, for the range of applied voltages from top to bottom of 20, 21, 22 and 23 kV. The AFM 
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images which show the height profiles of the structures over a defined area of 50 m2 (left 

column) or 10 m2 (right column). The height profiles increase slightly as the applied voltage 

increases, which could be due to the polymerized structures experiencing prolonged exposure 

to binding monomer units from the increased energy density as the applied voltage increases. 

5.4 Discussion 

The two-part chapter with an overlying them of exploring the polymerisation of organic 

molecules and how they behave within the plasma jet are reported within this chapter. The 

discussion which follows will individualise the appropriate sections around which this chapter 

was constructed.  

5.4.1 Processes and understanding of the effect of applied voltage on the HMDSO 

structures deposited by atmospheric plasma jet printer  

Dissociation processes by electron collisions and reactive argon species is largely dependent 

on the abundance of these species colliding with HMDSO molecules. Voltages of 16 kV to 22 

kV applied to the electrodes allowed control over the density of argon reactive species within 

the plasma as function of applied voltage input. Loffgagen et al. reported the effect of HMDSO 

admixtures on the discharge characteristics with varying amounts of HMDSO introduced into 

an argon-DBD system using a spatially one-dimensional fluid-Poisson model.233 The report 

showed that HMDSO had a proportional quenching effect by dissipating electrical energy of 

the argon plasma due to the effect of penning ionization. The OES spectra for 22 kV showed 

there was a large increase in the counts of excited argon species in the argon region between 

700-950 nm. Increasing the population of excited species showed a relative increase in 

successful plasma-initiated polymerization of the HMDSO precursor. Relative bond energies 

of Si-C (318 kJ mol-1), C-H (411 kJ mol-1) and Si-O (447 kJ mol-1) show potential bond-

breaking pathways of the plasma-initiated polymerization. For long polymer chains of 
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HMDSO, ideally results in Si-C and Si-O bond breaking resulting in the production of a 

HMDSO polymer with an Si-O-Si backbone rather than a branched polymer. Control over the 

radius of deposits shown in the SEM images illustrate that the size of the plasma polymerized 

HMDSO increases in size and distribution as the voltage increased. As mentioned previously, 

the spherical structures showed similarities to organosilane structures deposited by low 

pressure plasma deposition on silicon substrate.133 The OES spectra also revealed the influence 

of aerosol composition on the emission spectra with increasing the amount of HMDSO 

resulting in a decreased emission intensity for all argon peaks. The OES spectra can be used to 

explain the degree of interactions through the interaction of the reactive species and the 

HMDSO aerosol droplets. The increased flux of reactive species as a result of increased 

voltage, increased the extent of polymerization along the Si-O-Si backbone as shown in the 

FTIR. The control over both size and degree of polymerization of HMDSO precursor is shown 

over the range of 16 kV to 22 kV for our system. Controlling the abundance of reactive species 

by varying the voltage resulted in adjusting the extent of polymerization through exposure of 

the HMDSO precursor to collisions with reactive species. The wettability measurements 

showed a small decrease in contact angle from 18 to 20 kV of approximately 10. There were 

no significant changes in wettability between the HMDSO deposited at 16 and 18 kV, and 

between 20 and 22 kV.  

5.4.2 Processes and understanding of the effect of feed gas flow rate on the film deposited 

by atmospheric plasma jet printer  

The flow rate of the argon feed gas flow was used to control the residence time of the HMDSO: 

Ethanol aerosol within the plasma. Controlling the residence time was used to govern the 

average exposure time of HMDSO precursor to the excited argon species and free electrons 

within the plasma. The OES spectra showed no change in the intensity of the emissions within 

the argon range as the flow rate was changed from 1200 sccm to 2000 sccm, therefore we 
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presume the average distribution and abundance of reactive species within the plasma was 

consistent. The increased residence time in lower feed gas flow rates resulted in an increase of 

the radius distribution of plasma deposited HMDSO structures as shown by the SEM imaging. 

The longer residence time produces a higher degree of polymerization as the main peaks of the 

Si-O-Si and the Si-CH3 peaks had higher absorbance in the normalized FTIR spectra.  

However, unlike the varied voltage peak where the higher polymerized films showed a greater 

carbon content indicated by the Si-CH3 peak at 1207 cm-1 which shows a higher carbon content 

at high flow rates. This result indicates the difference controlling of the energy supplied to the 

plasma and the residence time of the aerosol droplets in the plasma have on the chemical 

composition of the plasma polymerized HMDSO. SEM imaging revealed the column growth 

structures were prevalent at 1200 sccm and 1650 sccm, with less influence on the HMDSO 

aerosol droplets resulting in relatively relaxed order of packing of the HMDSO structures. The 

highest feed gas flow rate of 2000 sccm, which showed a higher degree of constricted packing 

and a denser film as shown by the radius distribution graph and cross section respectively. The 

wettability showed similar contact angle between the range of feed flow rates, which could 

potentially be to the similarity in chemical functionality being the dominant feature in 

determining the wettability of the surface coating over the surface morphology.  

5.4.3 Processes and understanding of the effect of applied voltage on the deposition of 

plasma polymerized EDOT to potential in fabrication of light weight electronics 

Understanding the effect of the applied voltage on the deposition of plasma polymerized EDOT 

over the range of 20-23 kV was explored, as a proof-of-concept, probing the ability of our 

APJP system to print conductive polymers. As mentioned in earlier chapters, the amplitude of 

the radio-frequency waves directly effects the number of discharges which occur during a cycle 

within the dielectric-barrier discharge (DBD) region. This directly effects the plasma density 

of the DBD region. Fundamentally, it is expected that the increase in plasma density results in 
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an increase in the extent of polymerization of the EDOT monomer unit towards a more random 

polymer film. The confirmation of the plasma polymerized EDOT was confirmed by the FTIR 

which showed similar features to that reported by Ondo et al.186 The chemical functionality 

showed shifts in the intensities  with the most prominent peaks showing at an applied voltage 

of 21 kV. The plasma deposited EDOT at 21 kV showed the highest hydroxyl, carbonyl, C=C 

and C-S-C intensities which indicate an increase in the extent of polymerization.  The applied 

voltage at 21 kV was the most promising voltage in terms of structural features demonstrated 

by the SEM images and the extent of polymerization demonstrated by the identified peaks in 

the FTIR spectra. An optimized peak of 21 kV seems to be the preferred voltage, with work to 

still be done in understanding why at this voltage the polymer structure and chemical 

functionality of the plasma polymerized EDOT is most ideal.  

5.5 Conclusion and future remarks 

The control over the surface morphology and the chemical composition was investigated for 

our atmospheric plasma jet printer by controlling the voltage supplied to the system and the 

feed gas flow rate. The film topography and the chemical structure of the atmospheric plasma 

jet polymerized HMDSO were characterized using SEM imaging and IR measurements 

complimented by OES and high-speed imaging. Varying the voltage from 16 kV to 22 kV, 

showed a threshold of which the structures deposited transitioned from column-growth 

structures to dense, irregular films. The IR revealed the carbon content and the degree of 

polymerization along the Si-O-Si backbone increased as the voltage increased. It was 

concluded that the flow rate greatly influenced the organization and packing of the plasma 

polymerized HMDSO structures, with more constricted structures prevalent as the feed gas 

flow was increased. The carbon content decreased as the degree of polymerization along the 

Si-O-Si backbone increased which is the opposite to what was shown in the carried voltage 

investigation. Both the energy supplied to the plasma jet and the residence time of aerosol 
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droplets in the plasma have characteristic traits in their morphology and chemical functionality 

of their deposited structures.  

The successful deposition of plasma polymerized EDOT by APJP was demonstrated. An 

investigation into the effect of plasma density on the chemical functionality and surface 

morphology of the deposited structure. Although conducted as a proof-of-concept, the interest 

into more complicated structures, improving conductivity and incorporating dopants as a one-

step fabrication process are currently underway. Exploring the control of plasma oxidation and 

plasma fragmentation by using the plasma process controls is of high interest in future work, 

particularly to improve the conductivity of plasma polymerized EDOT deposited by APJP. The 

conductivity was measured and produced an electrical signal, however improvements towards 

improving the electrical properties is underway. A driving factor for the contribution to 

conductive polymer fabrication is the huge potential application in wearable, lightweight and 

flexible electronics demands sophisticated and flexible fabrication processes such as that 

demonstrated here.  

  

Commented [DM5]: No conductivity measurements? Even 

very simple ones? 
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6 Chapter 6: Effect of residence time in atmospheric plasma jet printing of 

tungsten colloids 

6.1 Introduction 

The electrochromic properties of tungsten oxide (WOx) are well known, and as a consequence 

there is a growing interest in the use of films of this material particularly in optoelectronics234, 

235 and as active window coatings. 236 Tungsten oxide also finds extensive use in gas sensing237-

240 and also as a catalyst.241-243 Tungsten oxide has a unique ability to occupy a range of 

oxidation states, the ability to generate oxygen deficient sites and have an array of WOx 

stoichiometries.244 The oxidation states of tungsten can range between -2 to +6.245, 246  The 

combination of producing oxygen deficient sites, having a range of oxidation states and the 

ability to exist in a variety of crystal structures with a range of stoichiometry gives rise to 

properties of interest for applications such as gas sensing and detection.  

6.1.1 Current status of tungsten oxide materials deposited by plasma 

The deposition of tungsten oxide films by chemical vapor deposition (CVD) and plasma-

enhanced CVD from a variety of organo-metallic precursors has been extensively studied.247-

253 The use of atmospheric pressure plasma jets (APPJ) to deposit tungsten based materials has 

been reported by Lin et al.254-260 These authors have reported the synthesis of tungsten oxide 

films deposited by atmospheric pressure plasma jet using an air plasma with a tungsten 

carbonyl, W(CO6) vapor as precursor material. The paper reported a plasma deposited film 

with excellent electrochromic properties. An alternative approach using the route of APPJ 

printing of tungsten-based materials is desirable because it offers a simpler and more effective 

route of integration to an industrial line, with the properties of the film yet to be investigated 

and compared to that of previously reported tungsten oxide films. Furthermore, if it were 
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possible to avoid the use of organic solvents and air- and moisture-sensitive organometallic 

precursors then further process simplification could be achieved, and environmental impacts 

lessened. Hence, the present work explores the use of a tungsten oxide colloid dispersed in an 

aqueous solution as the starting material for APJP, anticipating the deposition of a film in the 

form of porous, spherical nanoparticles. Such a film would be useful in gas sensor applications, 

for example. The deposition of tungsten oxide is reported in this chapter using an APPJ, 

exploring the effect on the morphology and chemical state of the deposit of changing the 

residence time in the plasma region of the aerosol containing the tungsten oxide colloid.   

6.1.2 Aim of this chapter 

The aim of this chapter was to investigate the use of a colloidal solution containing a tungsten 

material as a precursor material to introduce into an atmospheric plasma jet printer and deposit 

it onto a surface.  The residence time of the tungsten-oxide colloid was controlled by changing 

the gas flow rate, where the residence time was estimated based on gas flow velocities in earlier 

chapters. Understanding processes in the use of colloids as a precursor material is a key aspect 

in this research and will provide crucial building blocks for further research into controlling 

the chemistry within the atmospheric plasma jet.  

6.2 Results 

Tungsten oxide colloids were provided by PhD student Robert Deas. The tungsten colloids 

were synthesized using a sodium tungstate precursor with an oxalic acid surfactant to stabilize 

the tungsten colloids in solution. The precipitating mixture was a light-yellow gel-like 

precipitate which was washed with 0.01M HCl, followed by a centrifuge and decanting step. 

The washing step was conducted three subsequent times. Then the resulting solution was 

suspended and dissolved in water.  The concentration of the colloidal solution of tungsten oxide 

was 1.7 M. Dynamic light scattering, (DLS) was used to confirm the presence of stable tungsten 

colloids in solution with an estimated diameter of  1.8 m. 
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The residence time of the aerosols containing the tungsten colloids was controlled by changing 

the flow rate of the feed gas flow between 1250, 1500, 1750 and 2000 sccm. Voltage was fixed 

at 20 kV, and the frequency was also fixed at 21 kHz. The working voltage used to control the 

amount of aerosol introduced was fixed, the deposition time was fixed at 5 minutes (time of 

aerosol introduction) and the Z-height between the orifice and the silicon substrate were fixed 

at 5 mm. The tungsten oxide films were also annealed at 400 C, which was chosen as any 

organic residue from the oxalic acid surfactant would be removed.  

6.2.1 Optical microscopy 

Optical microscope images were taken of the spots printed by APJP at a range of flow rates 

from 1250 sccm to 2000 sccm for the APJP, pictures on the left in Figure 6.1, and the same 

deposited tungsten oxide but annealed at 400 C in the right column.  The optical microscope 

images clearly show a more concentrated spot print in the center of the plasma deposited 

tungsten oxide, increasing in size as the flow rate increased.  The spatial density of the deposit 

could be roughly assessed from the reflected light intensity in the image.  The spatial density 

of the plasma deposits assessed in this way also increased as the flow rate increased: Figure 6.2 

shows the reflected light intensity integrated vertically between the yellow lines shown on 

Figure 6.1, as a function of lateral position across the deposited spot.  
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Figure 6.1-Atmospheric plasma jet printed WOx at a range of flow rates of 1250 – 2000 sccm 

(left column) followed by post-annealing step of the WOx at 400 C (right column), deposition 

time = 5 min 
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Figure 6.2-Plot profile intensity for the plasma deposited tungsten oxide by APJP at changing 

flow rates of 1250 - 2000 sccm 

From the images shown in Figure 6.1 and the reflected light intensity profiles shown in Figure 

6.2, the spread of material printed onto the surface also increased with increasing flow rate. 

The structures deposited appear to have organized into clusters of deposited material rather 

than forming a smooth film-like structure that might for example be that expected for a 

polymerized organic film. Particularly in the center, the optical microscope images appear to 

show a consistent center spot, followed by rings of varied thickness. The distance between 

deposited clusters increases as the distance from the center increases, with clusters located 
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further away from the center spot appearing further apart. To confirm the hypothesis from the 

optical microscope images that the samples were becoming thicker with increased flow rate 

and the presence of a dome-like deposit where the deposited structures were closer together in 

the center of the deposit and tapered outwards, stylus profilometry was performed. 

6.2.2 Stylus profilometer 

A stylus profilometer was used to investigate the effect of residence time of the aerosol 

containing tungsten oxide on the height profile of the deposited film, which we pursued further 

by determining the effect that annealing at 400 C has on the height profile. For all stylus 

profilometry data, the tungsten oxide initially deposited by APJP is always shown in red. The 

profile resulting when the original film was then annealed at 400 C which will be shown in 

black.    

 

Figure 6.3- Stylus profilometry data for the plasma deposited tungsten oxide (red) at changed 

flow rates as labelled offset in y-direction, and the plasma deposited tungsten oxide followed 

by annealing step at 400 C 
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The stylus profilometry revealed a trend of an increasing thickness as the feed gas flow rate 

was increased from 1250 to 2000 sccm. The modal height of the peaks shown for the stylus 

profilometry data shown in Figure 6.3 was calculated to be 2.1, 3.4, 8.1 and 10.4 m for the 

tungsten oxide deposited by APJP at 1250, 1500, 1750 and 2000 sccm respectively. The height 

profiles shown above revealed the deposited spot diameter increased as the flow rate increased.  

Height distributions derived from the profilometry are shown in Figure 6.4.  

 

Figure 6.4- Histograms of the height distributions of data collected from stylus profilometry 

for Tungsten oxide deposited at gas flow of 1250 sccm (top left), 1500 sccm (top right), 1750 

sccm (bottom left) and 2000 sccm (bottom right). The data points and fit show the WO3 

deposited by atmospheric plasma jet printing only (red) followed by an annealing step at 400 

C (black). Plasma parameters- V = 20 kV, f = 21 kHZ, working voltage of atomizer = 27.5 %, 

Z-height = 5 mm 
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The height of the deposit decreased significantly when the plasma deposited tungsten oxide 

was annealed at 400 C. This could indicate the presence of the organic material being 

removed, or potentially a result of weakly adhered material being removed. The height 

distribution also became narrower supporting the claim of organic material being removed and 

similar size tungsten structures remaining. A similar phenomenon is seen across all the feed 

gas flow rates post-annealing, which further reinforces the idea that the remnant tungsten oxide 

structures organise into similarly sized clusters.  

The range of height measurements deposited at a feed gas flow rate of 1500 sccm increased in 

comparison to the range observed at 1250 sccm indicating the residence time may influence 

the cluster size of tungsten structures.  Large clusters of deposited material could arise as a 

result of a post-deposition pathway specifically during the interaction between the plasma jet 

and the substrate process as opposed to producing clusters within the DBD region. As noted 

above, the mode height of plasma deposited tungsten oxide pre-annealing increased with 

increasing gas flow rate. Post-annealing the plasma deposited tungsten oxide formed at 1750 

sccm produced the largest structures. Annealing caused the deposit formed at a feed gas flow 

rate of 2000 sccm to decrease in modal height from 10.4 m to 1.1 m. The tungsten oxide 

structures plasma deposited at 1750 sccm showed a smaller decrease in height from modal 

average of 8.1 m to 3.5 m, a value which is reasonably larger than that observed for any of 

the other feed gas flow rates.  

6.2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to investigate the surface morphology of the 

tungsten oxide structures deposited by APJP. A detailed set of electron micrographs is 

presented below with the respective histograms of diameter of the spherical particulates, 

directly measured from the micrographs. It is important to note, the magnified particles were 
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not entirely representative of the size distribution, but were to show the contrasting difference 

in the physical feature before and after calcination. 

 

Figure 6.5-SEM images of tungsten oxide deposited by APPJ at 1250 sccm (top) and the APJP 

deposited tungsten oxide followed by annealing at 400 C (bottom) with the histogram of the 

diameter of the deposited structures in each of the samples (middle right) 

The structures shown above in Figure 6.5 reveal an interesting character about the deposition 

behaviours of the tungsten colloids. The structures deposited across all feed gas flow rates 

showed a spherical shape with the appearance of some indentation in the middle of the 

deposited structure. Potential reasons for the indentation could be that it was the result of a 

deposited structure colliding with another structure in the plasma at the time of solvent 
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evaporation or polymerisation of the oxalic acid, influence from the plasma jet or the result of 

an incoming particle colliding at a high velocity with particles already deposited structure.  

There would have to be some level of flexibility in the outer wall structure of the deposit during 

the production of this structure for this shape to take form. With annealing at 400 C, the 

deposited particles consistently appear to shrivel, lose the spherical shape and become hollow. 

The possible make-up of the resulting structure post-annealing will be discussed later. The 

modal diameter shrank from approximately 3 m to approximately 1.5 m upon annealing at 

400 C. The spatial density of particles of the annealed deposit was much lower than that in the 

as-prepared deposit. In comparison the tungsten oxide deposited at the higher feed gas flow 

rates, 1500 sccm, 1750 sccm and 2000 sccm, had a significantly smaller distribution range of 

the diameter of the deposited structures. Furthermore, at these higher gas flow rates (shorter 

residence time in the plasma) the modal diameter of the deposited particles did not much vary 

with gas flow rate: all had a modal diameter of around 1.5 m (Figure 6.6 to Figure 6.8).  
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Figure 6.6- SEM images of tungsten oxide deposited by APJP at 1500 sccm(top) and the APJP 

deposited tungsten oxide followed by annealing at 400 C (bottom) with the histogram of the 

diameter of the deposited structures in each of the samples (middle right) 

The structures in Figure 6.6 reveal a change in diameter distribution with the residence time of 

the aerosolized tungsten colloids decreasing within the plasma region as the feed gas flow rate 

increases. A slight decrease (around 0.3 m) in diameter upon annealing of the structures 

deposited at a feed gas flow rate of 1500 sccm is shown in figure 10. The change in diameter 

upon annealing was much less dramatic than that of the structures deposited at lower flow rate, 

shown in Figure 6.5. 
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Figure 6.7- SEM images of tungsten oxide deposited by APJP at 1750 sccm(top) and the APJP 

deposited tungsten oxide followed by annealing at 400 C (bottom) with the histogram of the 

diameter of the deposited structures in each of the samples (middle right) 

The indented face of the deposited structure seen in the tungsten oxide structure deposited by 

APJP at feed gas flow rate of 1750 sccm shown in Figure 6.7 has been seen throughout the 

APJP deposited structures across all flow rates. Although the size distribution was much 

broader, the difference in modal diameter between the structures deposited by APJP and the 

post-annealed tungsten oxide structures was approximately the same as that for material 

deposited at 1500 sccm. The annealed material seemed to be more adherent and easier to find 
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on the surface in the electron microscope in comparison with the annealed material deposited 

at 1250 sccm.   

 

Figure 6.8-SEM images of tungsten oxide deposited by APJP at 2000 sccm(top) and the APJP 

deposited tungsten oxide followed by annealing at 400 C (bottom) with the histogram of the 

diameter of the deposited structures in each of the samples (middle right) 

The structures deposited at 1250 sccm showed the largest decrease in diameter when annealed 

at 400 C. This could be attributed to the longer residence time resulting in an increased 

polymerization of the organic content of the aerosol particles from greater exposure to plasma 

reactive species. Decomposition and consequent volatilisation of this organic component upon 



Chapter 6: Effect of residence time in atmospheric plasma jet printing of tungsten colloids 

 131 

annealing could explain the significant material removal during the post-annealing step, and 

the formation of hollow structures.  

6.2.4 Confocal Raman spectroscopy 

Confocal Raman spectroscopy was used to investigate the chemical changes of the tungsten 

oxide material that may have occurred as a result of controlling the residence time of the aerosol 

while travelling through the plasma. The Raman spectra for the deposited tungsten oxide over 

the range of feed gas flow rates are shown in solid line profile below, with the annealed tungsten 

oxide shown in the dashed line profile in Figure 6.9. The peaks were assigned according to 

literature reports of tungsten oxide materials.261-266  

 

Figure 6.9- Raman spectra of tungsten oxide deposited by APJP at feed gas flow rates of 1250 

sccm (red), 1500 sccm (orange), 1750 sccm (green) and 2000 sccm (blue) with the deposited 

sample then put through a post annealing step at 400 C shown in the dashed line profile 
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The Raman spectra for tungsten oxide deposited at 1250 sccm shows two distinct peaks at 1395 

cm-1 and 1591 cm-1 which are assigned as the  (C-C) and  (C-O) respectively. Once the 

sample deposited at 1250 sccm was annealed at 400 C the two organic peaks disappeared. 

These two peaks can be attributed to the oxalic acid surfactant used in the synthesis of the 

precursor material. Interestingly, the organic peaks were not distinctly present at the other feed 

gas flow rates. The residence time could be partially responsible for the presence of the organic 

character shown at 1250 sccm, with the longer residence time perhaps causing a higher degree 

of polymerization of the oxalic acid.  

The spectra of as-deposited material showed broad peaks suggesting a multi-phase tungsten 

oxide material. The peaks tended to be broader for material deposited at higher gas flow rate. 

The broad peak at 662 cm-1 can be assigned to (W-OH2) and is characteristic of tungstic acid. 

It was observed only at the highest gas flow rate (shortest plasma residence time) and 

disappeared on annealing. The other peaks in the spectrum of the as-deposited materials 

became sharper and shifted upon annealing to positions characteristic of monoclinic WO3. 

Assignments are of W-O-W peaks at 712 cm-1 and 805 cm-1 for the bridging  W-O-W and O-

W-O single bonds.267 The peaks at 130 cm-1, 262 cm-1, 324 cm-1, 712 cm-1 and 805 cm-1 are 

attributed to monoclinic WO3.
261, 265 
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Figure 6.10- Peak position shifts of the  (W=O) peak for the range of feed gas flow rates 1250 

- 2000 sccm 

The W=O peak at 944 cm-1 is assigned as the terminal bond in the crystal structure and is a 

faint peak. The peak undergoes a red shift when the tungsten oxide material is annealed (Figure 

6.10), indicating the compression of the crystal structure increasing as the APJP deposited 

tungsten material is exposed to elevated temperatures.  
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Figure 6.11-Peak position shifts of the  (W-O-W) peak for the range of feed gas flow rates 

1250 - 2000 sccm 

Figure 6.11 shows that the  (W-O-W) wavenumber of plasma deposited material before 

annealing (red circles) showed a monotonic decrease with increasing feed gas flow rate, that is 

with decreasing residence time.  Upon annealing, the peak shifted to the value characteristic of 

monoclinic WO3. The red shift of the  (W-O-W) stretching mode could indicate compression 

of the lattice consistent with hydration of the original tungsten oxide colloid: the degree of 

polymerisation of the initial hydrous colloidal tungsten oxide and loss of water from the 

resultant structure would increase as the residence time of the aerosol in the plasma decreases 

with higher feed gas flow rate.   
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6.3 Discussion 

6.3.1 Influence of residence time 

The residence time of the aerosol containing tungsten oxide stabilized by oxalic acid was 

controlled by controlling the feed gas flow rate of argon gas. The plasma gas was used to carry 

the aerosol through the dielectric-barrier discharge region where it exited through an orifice 

and was deposited. In earlier chapters, the residence time for the gas was calculated which 

translates to a proportional time for the residence time of the aerosol droplets. Although DLS 

was performed on the colloids in solution, the arrangement of the tungsten colloid and oxalic 

acid components in the aerosol droplet is still unknown. This information would shed a light 

on the depositing behaviour of the tungsten oxide. Some possible arrangements are illustrated 

in Figure 6.12. 

 

 

Figure 6.12-Illustration of the potential organisation of the components of the deposited 

structures using APJP containing tungsten oxide (blue) and the oxalic acid surfactant (yellow) 

The height profile of the deposited tungsten oxide investigated by stylus profilometry showed 

a loss in material during the post-annealing step. The material that remained post-annealing 



Chapter 6: Effect of residence time in atmospheric plasma jet printing of tungsten colloids 

 136 

showed very similar height profiles suggesting the material removed may have been the organic 

component of the plasma deposited structures.  

The SEM images showed that the residence time of the aerosol in the plasma didn’t have a 

great influence over the diameter of the particles within the deposited structure. The particles 

deposited at different feed gas flow rates showed similarities in spherical structures which 

suggests that the tungsten material was likely to diffuse to the outer edges of the aerosol during 

the plasma deposition. This is opposed to having oxalic acid, which is highly likely to 

polymerize, on the outer edges or more exposed to the plasma which would have resulted in a 

larger distribution of particle size, such as was shown in the studies presented in earlier chapters 

of the deposition of the organosilicon molecule hexamethyldisiloxane.  

The Raman characterization of the tungsten oxide reveals the deposition of tungsten oxide by 

APJP will produced a mostly monoclinic crystal structure. However, at the higher feed gas 

flow rate of 2000 sccm a W-OH2 vibration was observed for the as-deposited material, 

suggesting that at this flow rate loss of water and polymerisation of hydrous tungsten oxide 

was not complete.  Across all feed gas flow rates, the monoclinic WO3 phase was consistently 

observed when the deposit was annealed at the elevated temperature.  

6.3.2 Thermal stability of tungsten colloids deposited by atmospheric plasma jet printing 

Thermal stability in this context means the ability of the deposited material to remain 

unchanged at elevated temperatures. Figure 6.12 shows an illustration of potential organisation 

of the components within the deposited structure which can also be used to describe the 

organisation of the two components in the aerosol droplet. The scenario where the tungsten 

oxide organises itself within the droplet to diffuse to the outer edge of the aerosol could be 

compared to the phenomena of a Pickering emulsion. The colloidal tungsten oxide particles 

were found to be 2.0  0.3 m in diameter as assessed by dynamic light scattering, could 
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stabilise the aerosol by diffusing to the interface between the aerosol and the plasma gas 

species.   

The aerosol droplet diameter in the plasma is difficult to determine. It is reported by the 

manufacturer of the nebuliser to be approximately 2-5 m. Some level of evaporation 

dependent on the residence time in the plasma would reduce the overall volume and therefore 

the diameter of the droplets. The colloid could polymerize into a gel at the droplet surface, 

stimulated by the plasma. The resultant gel spheres would then form the observed deposit.  The 

size of the deposited structures would be pre-determined by the size of the aerosol droplets as 

the tungsten colloids move towards the interface of the aerosol and the plasma gas. These 

hypotheses could be investigated further by controlling the size of the aerosol droplets and 

showing its relationship to the size of the deposited structures.  

The stylus profilometry and SEM images showed a significant loss of material and the 

formation of hollow structures upon annealing at 400 oC.  The images also showed lacy, 

necklace-like structures formed around the outside of the deposited spheres. The formation of 

hollow structures implies that the interior was largely polymerized oxalic acid. The loss of 

material implies that a major part of the volume of the deposited particles was in fact oxalic 

acid. The lacy, necklace-like structures could have been formed from a hydrous tungsten oxide 

gel. Densification of this gel on annealing would give the hollow structures; hydrous tungsten 

oxide particles that were not bound in a gel but simply finely dispersed within a polymerized 

oxalic acid matrix would be lost from the surface as the oxalic acid component decomposed. 

This suggests a similar depositing structure is present post-annealing, with the potential 

structures leading to the likely scenario where the tungsten structures are more populated 

towards the aerosol-plasma interface.   
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Annealing the plasma deposited tungsten oxide showed Raman characteristics of the   (W-O-

W) shifting to higher wavenumber and the  (W=O) stretch decreasing in wavenumber when 

annealed at 400 C. An oxalic acid component showed at higher wavenumbers for the tungsten 

oxide deposited at 1250 sccm, suggests the longer residence time may give rise to increased 

polymerization of the oxalic acid. The tendency for the plasma deposited tungsten material to 

move towards a monoclinic WO3 when annealed at 400 C meant that the temperature and 

reactivity of the plasma region was not sufficient to produce entirely monoclinic structures 

within the range of residence time available for study.  

6.4 Conclusion and potential for tungsten oxide films deposited from colloid 

using atmospheric plasma jet printing 

The deposition of thin, porous tungsten oxide films from an aqueous tungsten oxide colloidal 

precursor stabilized by an oxalic acid surfactant, by injecting an aerosol into an atmospheric 

plasma jet printer has been demonstrated in this chapter. The residence time of the aerosol 

containing the tungsten colloids was investigated alongside post-deposition annealing of the 

plasma jet deposited tungsten oxide at 400 C. It was found that the annealing temperature had 

an impact on the crystal structure of the deposited tungsten material resulting in a monoclinic 

structure.  The plasma jet deposited tungsten oxide material had monoclinic character but also 

some other crystal phases. The annealing step seems to remove the organic component, due to 

the oxalic acid which is used as the surfactant in synthesizing tungsten colloids. Investigation 

into the chemical functionality of the surface should confirm or negate the concept of the 

annealing step removing the organic (likely to be polymerized) oxalic acid component. 

An interesting future study to pursue would be to control the energy of the plasma by 

controlling the amplitude of the applied RF wave and then to explore the possibility of 

controlling the crystal phases of the deposited material. The plasma jet also offers the ability 
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to control the oxidation state of the tungsten oxide, by control of the gas composition, thus 

allowing the control of the band gap of the tungsten material, thus opening a range of 

applications.  
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7 Chapter 7: Exploration of oxygen plasma and processes to increase 

oxygen moieties 

7.1 Introduction 

Plasma is primarily ionized gas, but is also made up of other species which include excited gas 

species, ions, neutral molecules and radicals which are the reactive species that are responsible 

for the chemical reactions within the region of plasma.20, 21 These reactive species can take part 

in a range of reactions such as ionization, bond scission, structural rearrangement and the 

introduction of radical species. Plasma treatments are well known to be fast, effective and 

efficient methods to modify surfaces through techniques such as surface activation, etching, 

and plasma enhanced chemical vapour deposition.  

 

 

Figure 7.1- Structural formula of polypropylene 

Surface activation, or plasma activation, refers to a process where chemical groups or charges 

are introduced by plasma onto a surface to increase physical and or chemical changes by 

etching, increasing roughness, exposure to chemical modification to increase properties such 

as adhesion.268 Plasma treatment of the surface by way of oxygen plasma has been extensively 
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covered on plastic surfaces, wood composites and silicon wafers.269-275 Oxygen plasma 

treatments are well known to increase the hydrophilicity and roughness.145, 270, 271, 273, 276 A 

review by Drelich et al.276 covers a hydrophilic and superhydrophilic surfaces, as well as a 

summary of contact angle measurements and definitions. Contact angle is commonly used post-

oxygen plasma treatment, to confirm and measure the extent of oxygen containing groups being 

incorporated onto the surface of the substrate.277-279 Alongside this, characterization of the 

chemical composition of the surface post oxygen plasma treatment is carried out typically by 

X-ray photoelectron spectroscopy due to its surface sensitive characterization which has a 

analysis depth of approximately 10 nm. This is a useful technique especially in the case of 

plasma surface modification due to the low modification depth of plasma treatments.274, 275, 280 

Oxygen plasma treatments are well studied for concepts such as hydrophobic recovery,281-283 

induced hydrophilicity, 278, 284 and increasing adhesion properties.269, 285, 286 Oxygen plasma 

treatment of polypropylene, to the best of our knowledge, has not been covered in the 

application of using a reducing agent to increase the population hydroxyl moieties for 

increasing potential binding sites of organic molecules. The increase in the population of 

hydroxyl groups will theoretically increase the population of potential binding sites for the 

molecules to attach to. We hypothesise that the reducing agent, vitride, will reduce the oxygen 

functionalities introduced by the oxygen plasma treatment to hydroxyl groups. Vitride, also 

known as sodium bis(2-methoxyethoxy) aluminium hydride is a reducing agent commonly 

used in organic synthesis and is a safer alternative to other more flammable reducing agents 

such as lithium aluminium hydride.  
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Figure 7.2- Structural formula for vitride, sodium bis(2-methoxyethoxy) aluminium hydride 

Within this chapter, we explore the use of reducing agent (vitride) and its effectivity to reduce 

oxygen containing functional groups to hydroxyl moieties. The oxygen containing functional 

groups are introduced onto the surface of a polypropylene (PP) substrate by exposing the PP to 

oxygen plasma under reduced pressure. The details of the oxygen plasma treatment can be 

found in the methods and materials. The initial oxygen plasma treatment step is expected to 

show the incorporation of oxygen containing polar functional groups onto the surface of the 

polypropylene substrate. Following this step, we attempt to increase the population of hydroxyl 

binding groups by the addition of a reducing agent (vitride). This work will be used as a 

template for atmospheric plasma jet printing (APJP) of reducing groups onto a substrate using 

a plasma with small introductions oxygen plasma. Understanding the effect of oxygen plasma 

to investigate the effect of plasma modification of an existing surface as opposed to deposition 

by plasma printing. 

7.2 Results 

7.2.1 Investigating effect of oxygen plasma in activating polypropylene using x-ray 

photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was used specifically due to a few main attributes that 

the technique possesses. XPS is a surface sensitive technique and has a limited penetration 

depth of 2 – 10 nm. This penetration depth is optimal for chemical functionality detection as 

the incorporation of oxygen moieties by oxygen plasma will be within the range of the detection 
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limit of XPS. XPS is also a powerful tool in determining the elemental composition and 

changes in elemental environments which allows the investigation into the oxygen moieties 

activated on a surface and a level of understanding around the chemical modification to the 

substrate itself.  Survey scans were performed on the control substrate, and the oxygen plasma 

treated substrates as shown in Figure 7.3 and Figure 7.4 respectively. The elemental 

composition is based on the ratio of carbon to oxygen.  

 

Figure 7.3-Survey spectra obtained from XPS for the polypropylene control 

 The presence of oxygen in the polypropylene sample are present in the control samples 

because they are exposed to atmospheric conditions which can be due to adcentitious 

contamination,  humid conditions or oxidation of the polypropylene sample.  As expected, the 

elemental composition of the polypropylene control is carbon from the polymer backbone. The 

relative peak positions are shown in Figure 7.3, with the carbon KVV Auger peak at 1223 eV 

and a small oxygen peak for  KL23L23 Auger line at 978 eV.287 Additionally, the large shoulder 
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peak of the main carbon peak can be typically seen in samples with deeper burrowed structures 

of that particular element. Because polypropylene is an extensively carbon rich environment 

throughout the substrate, as the x-ray particles penetrate the surface beyond the 10 nm limit, 

the x-rays which were detected that penetrated deeper into the material, experience resistance 

on their return, decreasing the overall kinetic energy.  

𝐾𝐸 = ℎ𝑣 − 𝐵𝐸 − 𝜙𝑠 

KE = kinetic energy 

hv = energy of the photon 

 = spectrometer work function 

Equation 7.1- Equation for calculation of the kinetic energy of an incoming photon287 

Because binding energy is inversely proportional to kinetic energy, the lower kinetic energy x-

ray particles which penetrate deeper into the sample contribute to this shoulder of the carbon 

peak as they are shown at a slightly higher binding energy. This supports the allocation of the 

oxygen peak as adventitious oxygen and hydration of the polypropylene from exposure to the 

atmosphere as there is an almost unnoticeable shoulder peak following the main oxygen peak 

identified in Figure 7.3.  
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Figure 7.4- Survey spectra obtained from XPS for the polypropylene treated by oxygen plasma 

at 500 W 

Shown above in Figure 7.4 is the survey spectra for the polypropylene sample post-oxygen 

plasma treatment. A dramatic difference of the peak intensities between the carbon and oxygen 

when compared to the polypropylene control demonstrate a clear indication of the 

incorporation of oxygen content onto the polypropylene. The surface activation of the 

polypropylene sample is evident in the spectra, with the main oxygen peak the large shoulder 

peak indicating surface activation of oxygen incorporation onto the surface. The Auger lines 

become much more prominent in this spectrum with the KL1L23 and KL23L23 peaks. 
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Control 

Polypropylene 

Oxygen plasma Vitride treatment 

Carbon  92% 53% 37% 

Oxygen  8% 47% 52% 

Table 11- Elemental composition of carbon and oxygen obtained from the survey spectra 

collected by XPS 

The elemental composition of the presence of carbon and oxygen were calculated and 

summarized in Table 11. The oxygen content increased dramatically from 8% to 47 % when 

the polypropylene was exposed to the oxygen plasma. The sample which was treated with the 

vitride reducing agent also increased the oxygen content further to 53 %. A downside of using 

the reducing agent vitride is its viscous character which makes it extremely difficult to remove 

from the substrate. Attempts at removing the vitride such as washing with a range of solvents, 

sonicating in a heated bath and physically washing, was unsuccessful as remnant aluminium 

was detected using XPS. A potential solution for future work could be to explore different 

reducing agents which have a known process of simple removal by solvent wash.  

 

Polymer materials show a unique fingerprint at low binding energy, scanning at low binding 

energy, between -10 and 45 eV. Low binding energy scans allow investigation of the behaviour 

of the valence bands of the elements present at the surface.  
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Figure 7.5- Valence band spectra obtained from XPS for the polypropylene control (blue) and 

the oxygen plasma treated polypropylene (red) 

Figure 7.5 compares the valence band structures of the spectra obtained from XPS for the 

polypropylene control (blue) and the oxygen plasma treated polypropylene (red). The 

polypropylene control in blue shows a spectra which is consistent with valence band structures 

previously reported.288, 289 The polypropylene control peak at 11 eV relates to the 2s – 2s carbon 

to carbon bonding backbone of the polymer and the tall narrow peak at 14 eV  the antibonding 

molecular orbital with the methyl side group (see Figure 7.1) of the polymer structure. The 

polypropylene structure becomes less defined once the oxygen plasma treatment has been 

performed which can be attributed to the high energy impact and reformation of surface groups 

incorporating the oxygen moieties in the upper nm of the polypropylene substrate.  
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Figure 7.6- Valence band spectra obtained from XPS for the polypropylene control (blue), 

oxygen plasma treated polypropylene (red) and oxygen plasma treated polypropylene with a 

15-minute vitride treatment (green) and a 30-minute vitride treatment (pink) 

The valence band spectra were also obtained for the substrates when treated with vitride which 

shows a distinct peak between 22 and 30 eV, evidently arising from the vitride treatment itself 

as the peak height increases by longer vitride treatment time of 15 minutes to 30 minutes.  

  Control PP Oxygen plasma Vitride treatment 

-OH 83% 33% 44% 

-C=O 16% 15% 15% 

-C-O-C n/a 51% 25% 

Table 12- Oxygen functional groups fitted to the oxygen peaks between 525 and 535 eV for 

bare polypropylene, oxygen plasma polypropylene and vitride treated polypropylene 

The oxygen moieties were fitted to the oxygen peak with the area under peak taken as relative 

abundance of the functional groups which were hydroxyl, carbonyl and ether based functional 
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groups. The C-O-C group was most abundant post-oxygen plasma treatment which increased 

to 51 %. The oxygen plasma has been known to reorganise the polymer backbone structure in 

the upper few nm of the surface.93, 288, 289 The vitride treatment did look to reduce the carbonyl 

and ether functional groups to hydroxyl groups with an increase in the hydroxyl content and a 

decrease in the ether content. Because ether groups are present in the vitride, the washing of 

the surface would have been sufficient for the purpose of not interfering with the reduction 

process.  
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7.2.2 Imaging the surface roughness changes from oxygen plasma treatment 

 

Figure 7.7- Electron micrograph images of polypropylene substrate with a foil mask used to 

protect the substrate from oxygen plasma (left) and the polypropylene substrate exposed to 

oxygen plasma (right) at 150 W 
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Figure 7.8-Electron micrograph images of polypropylene substrate with a foil mask used to 

protect the substrate from oxygen plasma (left) and the polypropylene substrate exposed to 

oxygen plasma (right) at 300 W 

Scanning electron microscopy (SEM) images are shown in Figure 7.7 and Figure 7.8, which 

were oxygen plasma treated at power levels of 150 W and 300 W respectively. The 

polypropylene substrate was masked using aluminium foil to protect one half of the surface 



Chapter 7: Exploration of oxygen plasma and processes to increase oxygen moieties 

 152 

from exposure to oxygen plasma. As you can see by the images the roughness of the surface is 

evident on the exposed section of the polypropylene substrate which has increased texture 

across both power inputs. The SEM cross section were identical for the substrate with 

difference between the two sections. In the high 1500 x magnification of the 300 W image a 

clear difference between the masked area and the oxygen plasma exposed area shows an almost 

unrelated surface with structures appearing showing some degree of surface damage. The SEM 

images revealed the oxygen plasma treated samples increased the roughness of the 

polypropylene surface with the extent of increased roughness being proportional to the power 

input of the radio-frequency power supply. 

 

7.2.3 Wettability measurements over time of oxygen plasma treated surfaces 

 

Figure 7.9- Contact angle measurements for polypropylene control (t = 0s) and oxygen plasma 

treated samples for time 0 - 60 minutes at 500 W 
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Figure 7.10-Contact angle measurements for polypropylene control (t = 0s) and oxygen 

plasma treated samples for time 0 – 210 minutes at 500 W 

Contact angle measurements were performed to measure the extent of change to the 

polypropylene. The wetting of a surface largely depends on the chemical functionality of the 

surface and the topography or roughness of the surface. In Figure 7.10, the untreated 

polypropylene shown at time = 0 minutes, has a contact angle of 81 º. There is a lead time from 

the time of oxygen plasma treatment to the first measurement of 20 minutes, which was 

controlled to transport the polypropylene samples from the clean room to the contact angle 

instrument. This time was kept constant across all characterization methods to ensure 

consistency. The noticeable drop from the untreated polypropylene to the first measurements 

shows a dramatic change in surface interface of the polypropylene post oxygen plasma 

treatment. These changes can be associated with the incorporation of the oxygen containing 

polar groups, confirmed by way of XPS. Contact angles were measure sequentially to 

approximately 3 hours where the contact angles started to plateau. The samples were measured 
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using the average of 5 contact angle measurements, with the standard deviation of these 

measurements shown in the error bars. Each measurement time was measured with its own 

oxygen plasma treated polypropylene. The final contact angle measurement was performed 1 

week later, which appeared to level of at approximately 65 º. This trend of a lower contact 

angle in the aged plastic surfaces in comparison to the untreated plastic is consistent with 

previously reported papers on oxygen plasma treatment.93, 290 The contact angle stays within 

the range of 35 to 55 º within the first hour of treatment. 

7.3 Discussion 

Oxygen plasma treatments have been shown to modify the surface both chemically and 

physically, with changes to the upper layers characterized by XPS and SEM. The XPS revealed 

the incorporation of oxygen moieties onto the surface was successful, with a hydroxyl, carbonyl 

and ether functional groups used to fit the oxygen core level spectra. It was shown that the 

vitride was effective in reducing the carbonyl and ether groups resulting in a higher relative 

population of hydroxyl groups on the surface of the substrate. However, the survey scan and 

the valence band also detected remnant vitride on the polypropylene surface, despite efforts to 

remove the vitride post treatment. The SEM probed the roughness changes of the oxygen 

plasma treatment at 150 W and 300 W with the high power evidently increasing the extent of 

roughness and texture on the polypropylene substrate. The roughness change was consistent 

over the entire area of the exposed substrate which is attributed to the glow-like discharge 

rather than a filamentary discharge which would result in sections of the exposed area showing 

roughness changes. The wettability measurements were used to show the combined effect of 

the chemical and the topography changes of the substrate when exposed to oxygen plasma 

treatment. The contact angle showed a dramatic drop in the contact angle from 81 to 38 º, which 

was more likely much less but due to the time taken to degrown from a clean room and the 

instrument set up, the contact angle was likely much more hydrophilic during the first 5 
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minutes. The contact angle measurements were used to measure the oxygen plasma changes as 

a functional measurement, which considers both the chemical and physical changes occurring 

on the substrate.  

7.4 Conclusion 

The oxygen plasma treatment proved a successful route in conjunction with the vitride 

treatment to increase not only the oxygen moieties on a surface but reducing the oxygen 

containing functional groups to hydroxyl groups. The concept being the increase in hydroxyl 

groups increases the number of potential binding groups for covalently attachment or 

interactions to a particular molecule. The transfer of understanding of the process used under 

the ideal and well-studied oxygen plasma discharge under reduced pressure, to our current 

APJP system once the incorporation of oxygen plasma is possible. The plausibility for the use 

of oxygen plasma with the introduction of a reducing agent could allow oxygen plasma surface 

activation with in-situ reduction of oxygen moieties in a single process. The oxygen plasma 

treatment proved useful for this purpose and will be pursued in future studies. 
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8 Chapter 8: Patterned plasma etching of thin film polymer for wettability 

control 

8.1 Introduction 

Poly (methyl methacrylate) (PMMA) is an acrylic plastic made up of methyl methacrylate 

monomer units which make up the acrylic plastic. A comprehensive review by U Ali et al. 

extensively covers recent applications, synthesis routes, and also knowledge around the 

synthetic polymer.291  The transparent polymer has favourable properties for a wide range of 

applications due to its resistance to weathering and scratching, lightweight and ease of 

synthesis through a number of potential methods.  

 

Figure 8.1-Illustration of the spin-coating process of PMMA followed by the plasma jet etching 

to produce patterned coatings 

Spin-coating is a commonly practiced technique, used to create uniform, flat coatings on a 

substrate by dropping a solution containing a material onto a surface and rapidly spinning the 

substrate. The spinning motion is very important, with a range of controllable spin-coating 
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parameters such as time, acceleration speed to final revolutions per minute (RPM), final RPM 

and multi-step processes, all of which have an influence on the resulting film.  

Using a spin-coated film of PMMA deposited on a silicon substrate, an atmospheric plasma jet 

printer (APJP) was used to produce patterned and textured etching. The APJP used an argon 

plasma jet to etch PMMA resulting in exposed silicon substrate. The processes we found most 

influential from preliminary studies were the travel speed of the plasma printhead, the interval 

gap for the centre-to-centre distance of the etched pattern and the RPM used for the spin-

coating step to prepare the thin PMMA film. A schematic of these processes is illustrated in 

Figure 8.2. Controlling the RPM of the spin coater afforded control over the thickness of the 

film, to approximately a factor of 2 between 750 RPM and 1500 RPM. The travel speed is 

defined by the speed that the plasma jet printhead moves as it enacts the G-code.  The travel 

speed plays a role in the cleanliness of the cut (whether the etching profile had tapered edges 

or was sharp edges) and the texture of the etched area. The centre-to-centre travel is defined as 

the distance between intervals through the G-code input, which will the same length as the 

distance moved (in the X or Y direction) from the centre of the printhead orifice positions.  
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Figure 8.2-Illustration of the processes of sample preparation used 

Plasma jet etching is a simple, quick and effective way to pattern a coating, in this case to 

achieve control of the wettability when in contact with water. The etching process involves 

using the energy of the plasma jet to ablate the thin PMMA coating and remove the PMMA 

which is in contact with the plasma jet.  

8.1.1.1 Controlled transitions from Cassie-Baxter to Wenzel state regimes 

This chapter demonstrates the ability to use the APJP to etch materials in an organized pattern 

and the effect the patterning has on the end function which is wettability. This route of surface 

modification demonstrates the ability of the APJP to be used in numerous ways to control the 

way the modified film behaves. The wetting transitions of nano pillared structures have been 

shown to be capable of transitions from the Wenzel to Cassie-Baxter states on a nano pillared 

wing of a Cicadia.292 Murakami et al. reported a transition of wetting from the Cassie-Baxter 

state to the Wenzel state by controlling hexagonal pillared lattices from a nano to microscale 

size. It was found that the height of the pillar largely influenced the water contact angles.114 A 
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review by Dimitrakellis et al. provides an overview on recent advances on the fabrication of 

hydrophobic surface using atmospheric cold plasma. Influencing the wettability of the surface 

has been reported, with resultant microstructures arising from interaction between the plasma 

jet and the substrate,293-298 using the plasma jet to produce structures which influence the 

wettability is the aim of this chapter. 

8.1.2 Aim of this chapter 

The aim of this chapter is to investigate the effects of using the APJP systems to modify the 

surface in a way in which it controls the wettability. The APJP system allows chemical and 

physical modification of the surface by interactions with the plasma which both heavily 

influence the wettability of the surface. An argon plasma jet was used with a diameter of 

approximately 1 mm when in stationary operation. The surface modified was a silicon substrate 

with a spin coated PMMA layer which was etched pattern by the plasma jet. 

8.2 Results 

The plasma jet etching was conducted on a silicon substrate with a spin coated PMMA thin 

film layer. The PMMA layer was etched under conditions outlined below in Table 13 with an 

etching pattern in the shape of a grid where the horizontal lines were etched followed by vertical 

lines perpendicular to the horizontal lines as illustrated in Figure 8.3.   
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Figure 8.3- Etching pattern used for atmospheric plasma jet etching of PMMA (blue) and 

etched PMMA exposing silicon substrate (grey) 

8.2.1 Preparation methods used to create pillar-patterned surfaces 

The processes used to modify the plasma jet etched pattern were the travel speed of the 

printhead, the interval spacing between the etched lines, and the thickness of the PMMA layer 

controlled by the RPM of spin coating instrument. The combinations of these processes to 

produce 8 samples are outlined below in Table 13 and were designed to create contrasts and 

comparisons between the processes.  

Sample 

number 

Etching speed 

(mm min-1) 

Spin coating speed 

(RPM) 

Grid spacing interval 

(mm) 

1 60 750 1 

2 120 750 1 

3 60 750 2 

4 120 750 2 

5 120 1500 0.5 

6 120 1500 1 

7 120 1500 1.5 

8 120 1500 2 
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Table 13-Sample numbers and their preparation parameters 

The etching speed is defined as the speed the printhead moves while the jet is operating. The 

speeds chosen were previously explored at the extremes with 60 and 120 mm min-1. The spin 

coating speed is the revolutions per minute (RPM) that the substrate moved during the spin 

coating process, the thickness of the films was measured by a stylus profilometer. 750 RPM 

and 1500 RPM were found to have thicknesses of approximately 45 nm and 30 nm respectively.  

8.2.2 Investigation into the profiles of the etching pattern of the atmospheric plasma jet 

printer 

8.2.2.1 Stylus profilometry on plasma jet etched grid patterns 

The topography of the surface was investigated using a stylus profilometer. Samples 3, 4, 7 

and 8 were chosen because the landing of the tip position was controllable for these samples 

but was difficult and untenable for the other samples. The samples were measured in 3 different 

positions and shown in a y-offset data graph.  

 

Figure 8.4- Stylus profilometry data for sample 3 taken at 3 different points of the etched 

sample 
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Sample 3 had a printhead travel speed of 60 mm min-1, spin-coated speed of 750 RPM and 2 

mm interval gaps with the data collected by the profilometer shown in Figure 8.4. The 2 mm 

interval are shown to be consistent with the middle-to-middle distance of the plasma etched 

regions represented as the decreased height troughs. The comparison between sample 3 and 4 

can be made as the plasma etching printhead speed changed from 60 mm min-1 to 120 mm min-

1 respectively.   

 

Figure 8.5-Stylus profilometry data for sample 4 taken at 3 different points of the etched sample 

The troughs drops are much more defined in sample 4 when compared to the wider and more 

gradually etched edges of the troughs. The slower travel speed of the printhead appears to be 

more inclined to spread along the surface at 60 mm min-1 which means a longer plasma-sample 

contact time. As the speed was increased to 120 mm min-1, the etching is much sharper and 

appears to have little tapering towards the edges of the etched area. The sharp etching trait at 

the higher travel speed can also be seen for samples 7 and 8, shown in Figure 8.6 and Figure 

8.7 respectively. The gap intervals were consistent throughout all samples and can be measured 

by the distance between the middle of a trough to the other, which during the etching process 

would be the movement of the orifice from one position to the next. The troughs have a 
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roughness factor to them as the plasma jet doesn’t completely remove the PMMA during the 

etching process. This can be seen in the single-angle imaging ellipsometry images, the etching 

profile does not completely remove the PMMA from the area of contact between the plasma 

jet and the PMMA. At the lower speed, the removal of the PMMA is much more effective 

relative to the high travel speed which is shown in the images obtained by single angle imaging 

ellipsometry.  

 

Figure 8.6-Stylus profilometry data for sample 7 taken at 3 different points of the etched sample 

This could suggest the etching process is carried out by interactions with filamentary discharges 

rather than a glow discharge with the filaments etching discrete sections of the PMMA.  

Additionally, if the plasma jet produces a glow-discharge which is much more uniform, we 

would expect the slower travel speed of the printhead to produce a deeper etching profile that 

has little roughness, and the faster travel speed to produce a shallower profile with little 

roughness.  
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Figure 8.7-Stylus profilometry data for sample 8 taken at 3 different points of the etched sample 

The stylus profilometer revealed distinct features about the etching profile arising from the 

control of the travel speed of the plasma printhead. At 60 mm min-1, the etching profile was 

more tapered and less abrupt relative to the etching profile at 120 mm min-1 which produces a 

more abrupt and defined etching profile but with a higher degree of roughness in the etched 

area resulting in a greater amount of remnant PMMA.  

8.2.2.2 Single angle ellipsometry at Brewster angle 

Brewster angle images can reveal changes in the refractive index property of components 

present on a surface. Because there is a contrasting difference between the refractive index of 

silicon and PMMA, the images can expose the presence of PMMA on the silicon substrate. 
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Figure 8.8- Images obtained from single angle imaging ellipsometry and the respective plot-

profiles for samples 1-4. From top to bottom, 60 mm min-1 and 1 mm intervals distance, 120 

mm min-1 and 1 mm interval distance, 60 mm min-1 and 2 mm intervals distance, 120 mm min-

1 and 2 mm interval distance, 
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Single angle ellipsometry uses a CCD camera to analyse the reflection of polarized light from 

the surface of the substrate. The black areas are a result of the incoming polarized light perfectly 

transmitting through the substrate as a result of the chosen angle. The chosen angle was the 

Brewster angle of silicon because the substrate was a silicon wafer. The Brewster angle is 

specific from material to material and defined as a particular angle at which plane polarized 

light is transmitted through the material.299 

 For the images in Figure 8.8, all images were captured with the approximate Brewster angle 

of silicon material at 73, although it may fluctuate from substrate to substrate, the level of 

transmission will still show contrast between the silicon wafer and PMMA at angles 

approximately  2. The images in Figure 8.8 show the silicon wafer substrate in black, and 

the light grey areas shown are the PMMA remains post-plasma etching. As you can see from 

the images above, the square size increases from S1 & S2, to S3 & S4. The etching width also 

decreases as the travel speed of the plasma printhead increases from 1 mm/s to 2mm/s, with 

average etch widths of 0.62 and 0.5 mm respectively.  

Because of the contrast between the exposed silicon and the PMMA, a plot profile was created 

based on the white intensity of the image which is shown in Figure 8.9. The peaks shown 

correspond to the PMMA (whiter areas of the image) and the relative zero points of each dataset 

correspond to the exposed silicon wafer (dark areas of the image). The plot profile reveals a 

contrast in the etching profile which was reported earlier in the stylus profilometry studies 

showing the effect of the travel speed of the printhead on the roughness of the etched area. The 

fast travel speed of 2 mm/s has a much rougher, and abrupt etching profile in comparison to 

that seen at 1 mm/s which has a square trough resulting from a more effective etch.  
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Figure 8.9-Plot profile of the intensities obtained from the Brewster angle ellipsometry images 

for sample 1 (red), sample 2 (orange), sample 3 (green) and sample 4 (blue) 

8.2.3 Investigation into the effect of grid patterning plasma jet parameters on the 

wettability  

The wettability of the grid patterned produced by plasma jet etching of the spin coated PMMA 

was explored with the static contact angle measured in contrast with dynamic drop 

measurements. Investigation into the hydrophilicity or hydrophobicity of the surface based 

upon static contact angle measurements were performed, with dynamic drop measurements 

used to understand the effect of the roughness and chemical modification of the patterned 

surface under dynamic drop measurements.  
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8.2.3.1 Wettability study by static contact angle measurements 

Static contact angle measurements were taken to compare the variations between the 

combinations of processes used to prepare the patterned coatings. Shown in Error! Reference 

source not found. are the contact angle measurements for all samples, with contact angle the 

measured at 5 different positions which were averaged out, with the error bars representing the 

standard deviations across the 5 measurements. The summarized results of the average contact 

angles and the associated standard deviation errors are outlined in Table 14.  

Table 14- Summarized results of the average contact angle and their respective standard 

deviations across all samples (ES = etching speed mm/min, Spin coating shown in unit RPM, 

GSI = grid spacing interval defined in the G-code shown in mm) 

 Average Standard deviation 

Bare silicon wafer 33.6 0.8 

Control PMMA (750 RPM) 101.1 0.7 

Control PMMA (1500 RPM) 97.1 0.8 

ES = 60, 750 RPM, 1mm 16.9 1.4 

ES = 120, 750 RPM, 1 mm 57.9 6.1 

ES = 60, 750 RPM, 2 mm 39.5 5.3 

ES = 120, 750 RPM, 2 mm 50.9 2 

ES = 120, 1500 RPM, 0.5 mm 22.3 1.8 

ES = 120, 1500 RPM, 1 mm 35.3 3.2 

ES = 120, 1500 RPM, 1.5 mm 44.8 6.5 

ES = 120, 1500 RPM, 2 mm 69.1 7 

 

 

Bare silicon wafer, PMMA film prepared by spin-coating at 750 RPM and 1500 RPM were 

used as controls. Minor variance in contact angles were reported for the controls demonstrating 
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uniform films were prepared and used. Bare silicon wafer showed a hydrophilic surface with 

an average contact angle of 33.6  0.8 with a much more hydrophobic measurement shown 

for the PMMA controls prepared at 750 RPM and 1500 RPM, with contact angles of 101.1  

0.7  and 97.1  0.8  respectively. The contact angle measurements of the controls outlined 

are important because they have contrasting interactions with water, the extent of the influence 

that the silicon wafer or the PMMA plays when samples 1-8 encounter water can be 

investigated.  

Samples 1-4 were all prepared at 750 RPM but varies in the travel speed of the printhead (1 

mm/s for S1 & S3, and 2 mm/s for S2 & S4). The interval between the centre-to-centre travel 

of the printhead was also varied (1 mm interval for S1 & S2 and 2 mm intervals for S3 & S4). 

To investigate the role of the travel speed, we will compare S1 & S2 and S3 & S4. Likewise, 

to compare the effect the centre-to-centre interval gap has on the contact angles measured we 

will compare S1 & S3 and S2 & S4. Sample 1 had a highly hydrophilic behaviour with an 

average contact angle of 16.9  1.4, the recorded video showed the water droplet spreading 

immediately when in contact with the patterned coating. The instantaneous wetting was 

consistent as shown by the relatively small standard deviation value of 1.4. By increasing the 

interval gap to 2 mm with all other process remaining constant, sample 2 showed a dramatic 

increase in contact angle with an average contact angle of 57.9 and a standard deviation of 

6.1.  The same trend was shown for samples 3 and 4, with averaged contact angles of 39.5  

5.3 and 50.9  2 respectively showing a trend towards becoming more hydrophobic as the 

travel speed increased from 1 mm/s to 2 mm/s. As mentioned previously, this could largely be 

due to the roughness factor resulting from faster and less effective etching as 2 mm/s, also the 

influence of the etching profile which is much more defined and abrupt at the faster travel 

speed. This would influence a stricter physical barrier in addition to the hydrophobic character 
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of PMMA would contribute to the more hydrophobic behaviour seen at faster printhead travel 

speeds.  

 

Figure 8.10- Contact angle measurements for plasma etched grid patterns of PMMA to 

exposed silicon wafers at varied interval spacings of 0.5, 1, 1.5- and 2-mm. Fixed parameters- 

Spin-coating RPM = 1500 RPM, printhead speed = 120 mm min-1 

The concept of increasing the interval gap to control the wettability of the plasma jet patterned 

surface was further explored in samples 5 to 8, with the interval gap being altered by 0.5 mm 

increments.  G-code inputs to control the interval gap started at 0.5 mm, 1 mm, 1.5 mm and 2 

mm for samples 5, 6, 7 and 8 respectively. An overall trend shows that as you increase the 

interval gap from 0.5 mm through to 2 mm, you get a steady increase in contact angle towards 

a more hydrophobic pattern. Interesting the samples increased relatively consistently which is 

promising for control of wettability studies. The samples had the same travel speed and PMMA 

thickness therefore the controlling factor of interval gap  
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8.2.3.2 Dynamic drop impact measurements 

Dynamic drop impact measurements were performed in the Dynamic microfluidics laboratory 

at the University of Auckland. The output of the measurements, once processed through code 

run in MATLAB software, produced datasets measuring the motion of the liquid droplet as it 

was dropped from heights of 140 mm, 280 mm and 420 mm. 3 measurements for each sample 

were averaged and the standard deviation used as the error.  

8.2.3.2.1 Diameter change of the droplet before and after impact with the surface  

The diameter of the droplet was measured by the images using a MATLAB code which 

measures the diameter by the pixels which make up the perimeter and the contrast between the 

droplet and the background. The key points of interest for measurement were the initial droplet, 

the droplet at maximum spread, and the droplet once it settled. These 3 points are referred to 

as start, maximum and end respectively. An illustration of the 3 points is outlined below in 

Figure 8.11.  

 

Figure 8.11-Illustration of the 3 points measured during the travelling motion of the water 

droplet from left to right- diameter of free falling droplet before impact (start),diameter of 

maximum spreading distance upon initial impact before retraction (maximum) and the 

diameter of droplet upon relaxed settled phase without movement (end) 

The velocity of the droplet at the 3 different drop heights were calculated based upon the 5 

most appropriate frames before impact, of which a calibrated image was used to calculate the 

length of a single pixel, resulting in the velocity being calculated. The average velocity for all 
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droplets were taken with the error calculated using the standard deviation. The average 

velocities were 1.542  0.006 ms-1, 2.279  0.004 ms-1 and 2.811  0.007 ms-1 for drop heights 

of 140 mm, 280 mm and 420 mm respectively.  
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Figure 8.12-Start, maximum spread and end measurements of the droplet diameter for samples 

1-4 at drop heights of 140 mm (top), 280 mm (middle) and 420 mm (bottom) 
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The start, maximum and end diameter measurements at the range of drop heights are shown in 

Figure 8.12 for samples 1 – 4. Previously reported in section 8.2.3.1, samples 1 to 4 had static 

contact angles of 16.9  1.4, 57.9  6.1, 39.5  5.3 and 50.9  2 respectively. The difference 

between the diameter at the maximum point and the diameter at the end point give an indication 

of the extent of hydrophobicity or hydrophilicity. It is expected that upon impact, the droplet 

will undergo energy transfer from potential energy to kinetic energy, kinetic energy of the 

droplet will typically translate to the maximum spreading point. The average velocities 

mentioned have good values of standard deviations with most droplets largest standard 

deviation being 0.39 % of the velocity value. The volume of the droplet was also calculated by 

using the formula for the area of a sphere, which also showed consistent droplets sizes were 

used. Based on the formula for kinetic energy shown in Equation 8.1. 

Ek=
1

2
 m.v2 

Ek = Kinetic energy 

m = mass 

v = velocity 

Equation 8.1- Formula for calculation of kinetic energy 

The roughness of the surface will also affect the diameter of the droplet at the maximum point, 

with rougher surfaces reducing the diameter as the surface area associated with increased 

roughness will contribute to slowing the droplet by friction. The difference in preparation of 

samples 1 – 4 are through the travel speed of the printhead with samples 1 and 3 = 60 mm min-

1, and samples 2 and 4 = 120 mm min-1. The initial drop at the start point was relatively 

consistent, with the largest maximum diameter measured for the most hydrophilic sample 1, 

with the maximum spread decreasing for more hydrophobic samples. Across all heights, the 
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largest maximum spread in order was sample 1, sample 3, sample 2 and sample 4 which fits 

the trend of the more hydrophilic surfaces having a larger maximum spread diameter. As the 

drop height increased, the similarities between the samples became less obvious, and the 

difference in the change in diameter between the maximum point and end point also began to 

level out.  

The dynamic drop analysis was also performed on samples 5 – 8 as shown in Figure 8.13. 

Similarly, as seen in the measurements of samples 1 – 4, the measurements in Figure 8.13 begin 

to become more similar in diameter decrease as the drop height increase. Interestingly, the 0.5 

mm interval gap for sample 5, behaved differently at the greater drop heights with the largest 

maximum spread. The static contact angles for samples 5 – 8, increased almost proportionally 

as the interval gap distance increased. The dynamic drop measurements revealed showed a 

similar trend as seen by the graphs in Figure 8.12, which shows a more hydrophilic character 

results in a higher maximum point diameter. Assuming density of all droplets are equal, and 

the volumes of the droplets are consistent, the kinetic energy of the droplets are relatively equal 

for all drops measured before impact. The movement of the droplet towards the maximum point 

is greater at lower interval gap distances as shown by the high diameter measurements for 

sample 5 relative to sample 8.  The dynamic drop measurements were useful to expose the 

trends correlated with the roughness and the pillar structures specifically for the dynamic 

behaviour of initial wetting of the patterned surface prepared by etching using an APJP. 
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Figure 8.13-Start, maximum spread and end measurements of the droplet diameter for samples 

5-8 at drop heights of 140 mm (top), 280 mm (middle) and 420 mm (bottom) 
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8.3 Discussion 

Patterned etching was investigated in this chapter to demonstrate the practical significance of 

using an atmospheric plasma jet printer to control the wettability of a surface. Exploring the 

balance between the chemical modification and the physical profile of the etched surface 

requires further work, but this work lays an initial foundation for further studies. The chemical 

modification in the form of altered PMMA encountering the plasma jet may come in the form 

of implanted oxygen moieties from oxygen incorporated into the plasma around the perimeter 

of the plasma jet. Oxygen additives and oxygen plasma in general is known to have the effect 

of activating the surface by oxygen polar groups increasing the hydrophilicity.93, 290, 300 The 

speed of the movement of the plasma jet is shown to significantly modify the wettability of the 

surface with the faster speed movements showing more hydrophobic character than the slower 

speed. At higher speeds it was found that the roughness was larger with a reduced etching 

effectivity in the sense, less PMMA was removed between the PMMA thin-film and the silicon 

substrate at higher speeds. The chemical modification of the surface activation could be said 

that the slower speed allows efficient mixing of oxygen into the plasma jet and activation of 

the surface resulting in a hydrophilic character.  

The static contact angles revealed a distinct trend between increasing interval gap size and 

increasing contact angles. As shown in Error! Reference source not found., the contact angle 

for the 0.5 mm interval gap was 22.3  1.8 increasing steadily to 69.1  7 at 2 mm interval 

gap. This is particularly interesting as the sessile drop technique allows the droplet to settle 

much more steadily than if the water droplet was dropped from a height, in which case it tends 

the droplet takes longer to stabilize and more influencing factors must be considered. The 0.5 

mm interval demonstrated a higher level of hydrophilicity than that of the hydrophilic bare 

silicon wafer control which had a contact angle of 33.6  0.8.  This leads to the increase in 

roughness and introduction of PMMA onto the surface as the influencing factor on the sample 
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being more hydrophilic than the silicon substrate. Controlling the interval gap afforded control 

over the extent of how hydrophilic the surface was with water, with several influencing factors 

behind the effect of the interval gap on the wettability of the surface. One of the most obvious 

influences would be the physical barrier of the etched trough (trough referred to as the etched 

portion of the surface coating). The dynamic drop measurements supported the trends seen in 

the static contact angle measurements, also revealing the rate of spread of the droplet upon 

impact to a surface. The grid-like pattern opens the potential for different shapes to be used 

which could potentially control the direction of movement of water, acting as a pattern-

propeller which passively controls the direction of flow.  

8.4 Conclusion 

The manipulation of wetting by controlling the grid spacing of pillar structures, travel sprint 

speeds and heights of pillars were explored in this chapter. APJP was used to etch patterns on 

a spin coated PMMA film with exposed silicon wafer. The grid spacing was shown to be 

effective in controlling the hydrophilicity, with increased grid spacing intervals resulting in a 

more hydrophobic nature. The print speed was explored on two occasions, which also resulted 

in an increase in hydrophobic nature at faster travel speeds of the plasma printhead while 

etching. The travel speed was effective at increasing hydrophobicity with increasing travel 

speed. The height of the pillar structures showed to increase the hydrophobicity by increasing 

the size of the physical barrier and exposure of the water to the hydrophobic PMMA. Further 

studies into the effect of shapes on wettability control and how particular patterns could bring 

about controlled spread ability of water by patterned etched coatings. Attempting to move 

towards control of plasma etching to produced defined nano-sized and micron-sized structures 

will be pursued further as this could potentially bring about more dramatic influence on the 

wettability of the surface. Additionally, a more in-depth view into the contrasting difference 

between controlling the chemical modification of a moving jet i.e., does the plasma speed 
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influence the plasma excited species particularly incorporation of atmospheric air, and the 

physical modification particularly the controlling the gradient of the side of the walls and the 

effect on wettability. This chapter demonstrated how the APJP could be used as a practical, 

effective and versatile pathway to pattern a surface by plasma etching, and the potential of the 

APJP to control interactions of the plasma modified coating.  
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9 Chapter 9: Summary and future work 

Throughout this thesis, work has been reported on an atmospheric plasma jet printer in which 

a methodical exploration into potential applications and areas of interest are reported. The 

interests in this work are embedded in probing the possibility to control the plasma-aerosol 

chemistry through controlling APJP parameters to produce a desirable product. Predicting how 

particular precursor materials will interact with the plasma will improve greatly with 

experience, however, producing a systematically sound procedure to estimate the likelihood of 

using a particular material and how it will behave is a future endeavour.  

9.1 Summary 

The atmospheric plasma jet printer has demonstrated the ability to provide plasma excited 

species for the purpose of depositing materials, organic and inorganic, patterning, and plasma 

etching. These processes are highly applicable characteristics sought after for surface 

modification applications. Understanding the processes involved and investigating the 

behaviour of the atmospheric plasma jet printer was a priority in this thesis. A methodical and 

exploratory approach was taken to venture into potential possibilities of what the atmospheric 

plasma jet printer can achieve.  

The first part of this thesis was dedicated towards understanding how the atmospheric plasma 

jet printer behaved under different operating conditions. Examples such as varying the peak-

to-peak voltage, increase flow rate or the effect of the substrate using for modification would 

do to the emission features of the plasma jet, and the physical features of the plasma jet. It was 

found that the plasma jet is highly influenced by several conditions, with almost all conditions 

exposed to showing variance in the plasma jet emission features of the physical features, with 

examples of conditions effect both features.  
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The second part of the thesis was gauged towards exploring the depositing characteristics of 

the APJP using organic and inorganic precursors alongside the potential for patterned etching 

for effective wettability control. It was found in organic based precursors used that 

polymerisation of the resulting surface coatings was polymerized to some extent, however 

under particularly low plasma density or high flow rates, the features of the monomer were 

more evident. The adhesion of the organic materials was highly satisfactory with conditions 

such as sonicating, tape, physical abrasion had little effect on the film.  

The tungsten-based precursor a showed some influence in both the chemical and physical 

features of the deposited material when exposed to the atmospheric plasma, in relation to the 

organic precursor, the material was influenced less. The tungsten material was not as strongly 

adhered to the silicon substrate as the organic precursors, however, exploring the use of oxygen 

plasma integration into the APJP process may incorporate more binding groups for the 

inorganic precursors to attach to resulting in a higher adhesion strength.  

The patterning of plasma etched PMMA was explored for the purpose of controlled wettability, 

where it was found that the interval gaps of exposed PMMA: silicon was highly influential to 

how hydrophobic or hydrophilic the surface was.  

Within this thesis, the capability of the APJP system to plasma etch patterns, plasma deposit 

organic and inorganic materials and exploring the control of the plasma chemistry was 

demonstrated. Control of surface topography, chemical functionality was investigated with the 

ability to tailor characteristics such as size of clusters, extent of polymerisation or the packing 

density of the structures was shown to be possible using APJP.  

9.2 What is out there and who are we competing with? 

The current status of NZ companies who use forms of chemical surface modification seem to 

be perform traditional wet chemistry methods, lack flexibility and which inevitability results 
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in a struggle when scaling up to production lines. These methods tend to be wet chemistry 

based, require multi-step processes before and after deposition, be inconsistent and involve 

wasteful amounts of solvents for the modification and washing stages.  

9.2.1 Current status of surface modification within New Zealand 

To our knowledge, we are the only group within New Zealand, with the capability to produce 

atmospheric plasma jet printed (APJP) coatings. Our system can deposit a wide range of 

materials due to its low temperature plasma, allowing a variety of surfaces to be treated, with 

means of producing patterned coatings too. This unique ability has only recently been made 

possible, exposing a potential opening that is yet to be filled. There are several companies in 

areas which are renowned for advanced technologies such as Plasmatreat Inc. (Germany), 

Coating plasma innovation (France), Aerlikon Metco (Switzerland), and Tocalo (Japan). The 

general trend of these companies are to manufacture and supply low vacuum plasma 

instruments and atmospheric plasma systems. APJP allows for a one stop process in which 

coatings can be plasma deposited under atmospheric conditions, using favourable patterning 

subject to the desired surface properties. The low temperature, atmospheric conditions and 

flexibility of gases, precursors and plasma controls makes APJP high applicable to technology 

and research and development focused companies.  

We foresee a reasonably high degree of technical risk involved within this project due to the 

novelty of the atmospheric plasma printed coatings. However, the ripple effect on not only 

New Zealand companies, but also the research and development outcomes add slack to the 

necessary risk. We look to overcome these risks with the in-house knowledge of this plasma 

jet printing system, alongside well as using our collaborators, for insights in barriers we may 

face. 
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9.3 Future Work 

Within this thesis, the groundwork for the exploration of possible pathways of research have 

been explored, particularly the ability to plasma print both organic and inorganic precursor 

materials. The foundation of understanding the behaviours, processes and abilities of the 

atmospheric plasma jet printer provided by Space Foundry Inc. has been laid. Future work into 

setting up protocols, measuring the plasma density and temperature of excited species using 

integrated code made in house, to calculate these parameters.  

The patterning of surfaces using plasma etching requires further exploration into the different 

shapes, patterns and whether patterning on the micron-scale is possible to extend this research 

into the extreme ends of wettability. The patterning of a surface will also extend into the 

patterned deposition of precursor materials in to achieve more sophisticated coatings. 

Alongside this, further investigation into the behaviour of organic and inorganic molecules will 

be vital in building a database of how particular materials behave depending on their chemical 

and physical characteristics. Continuation of the exploring the deposition of the conductive 

polymer to improve the efficiency and adhesion, with the end goal being an ability to produce 

a lightweight, flexible and effective conductive polymer which can be patterned on a surface. 

The current work on tungsten-based deposition using APJP has an end goal of becoming a 

sensor material for the detection of volatile organic compounds in the air, improving the 

adhesion, control of chemistry and surface morphology are goals anticipated for that area.  

The themes outlined earlier in the introduction were not a coincidence and are targeted areas 

of application themes that are of interest. Exploring the deposition of biomaterials such as 

proteins and peptides by using APJP as an effective way of adhering biomolecules to a surface 

in a “soft” landing approach. The ability to use the plasma as a source to activate both the 

surface and targeted area of the biomolecule will be effective in bio-printing applications which 

is anticipated to be a highly sought-after ability to perform. Using the APJP as part of a process 
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which produces or improves materials used in renewable energy or environmentally driven 

applications. An example is the use of APJP to print perovskite materials directly onto a TiO2 

substrate for use as a solar cell. Another project that is of interest is the use of APJP to improve 

the growth of seeds by printing nutrients for the seedling to use in an agricultural setting, these 

could also be extended to improving seedling growth under dry or unfavourable conditions. 

Interests in biocompatible coatings deposited by APJP on implants to improve the lifetime of 

the implant potentially by decreasing the likelihood of rejection or scarring. 
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