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Introduction and Motivation 

This is a collaborative project with the primary objective of improving the wetting 

properties of surfaces on cyclic olefin polymer (COP) surfaces by introducing new 

functional groups into the surface structures without affecting the bulk structure, 

as well as modifying the surface topography. The second part will provide an 

overview of gold nanoparticles deposited on glass for surface plasmon and sensing 

applications. Due to the need for more economical and cost-effective ways for 

material surface modifications to overcome their disadvantages and become 

functional in the biomedical, textile, aerospace, and food packaging industries, the 

importance of Atmospheric Pressure Plasma Jets (APPJs) is due to the variation 

of active species generation that may be beneficial for sterilisation, 

decontamination, and food handling processes. Several of the primary factors 

underlying the renaissance are listed below. As opposed to low pressure plasma 

systems, APPs do not require expensive vacuum equipment. They are capable of 

being operated outdoors, allowing for continuous feed processing. Air can be used 

as the feed gas for APPs, significantly lowering the cost and making them more 

affordable. They produce high concentrations of reactive species, which are 

required for surface modification and metal nanoparticles. The study aims to 

investigate the possibility of improving the cyclic olefin polymer (COP) properties 

using an atmospheric pressure plasma jet APPJ, with a particular emphasis on 

operating parameters such as the type of gas used, the gas flow rate, the power 

supply conditions, and the distance between the jet and the substrate, which all 

play a significant role in plasma species and lead to changes in the properties. The 

primary objective of this research project was to increase the wettability of the 
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COP polymer surface, as COP's naturally hydrophobic surface precludes its use 

in biomedical applications such as microfluidic devices that require a hydrophilic 

surface. As a result, we worked to accomplish the following goals: 

1. Investigating and analysing the physical and chemical properties of the 

COP pre- and post-plasma treatment, including surface roughness, surface 

wettability, and introducing functional groups. 

2. We aimed to achieve the same or better COP surface wettability by 

substituting air for expensive plasma gases such as argon and helium that 

are typically used to modify polymers. 

3.  Electrical and optical characteristics of plasma jets were determined 

using current-voltage probes and optical emission spectroscopy in order 

to gain a better understanding of plasma physics and chemistry and how 

they affect polymer surfaces. 

4.  Increase the hydrophobic recovery time (ageing effect) of plasma-treated 

COP. Recent research indicates that it can take up to four weeks for COP 

to regain its initial wettability. 

5. Optimise the APPJ's operational parameters in order to achieve the 

optimal plasma conditions while conserving time, effort, and money. 

6. We carried out an experimental design using the software package 'Design 

Expert V.12'. 

7. Finally, we used the air APPJ to control glass-coated gold nanoparticles 

for bio sensor applications. The promising results obtained were the 

creation of approximately 8 nm particles. 
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Thesis Contributions 

In this thesis, economic and simple methodologies are employed to gain a super 

hydrophilic COP surface where the lowest water contact angle obtained was 6° of 

operation of various atmospheric pressure jet parameters. Contact angle 

measurements revealed that the hydrophobicity of the COP film decreased and 

stabilised after several weeks at around 20° and about 40° for approximately 6 

months. These promising results provide additional industrial usage capabilities 

compared with previous research (Dudek, Gandhiraman et al. 2009). This is the 

first time that design experts have been used in APPJ to modify the surface of 

polymers, resulting in significant time and cost savings (e.g. gas costs, part 

replacement, and electricity consumed), all of which are directly related to the 

operation's quality and quantity. The primary objective of this study is to 

determine ways to further increase the hydrophilicity of the surface while 

minimising time and costs. The final outcomes of this thesis demonstrate that an 

APPJ device may be used for nanoparticles in biosensing applications. Tailoring 

of the plasmonic enhancement of gold-coated glass has been demonstrated by 

varying the thickness of the gold deposited as well as the plasma parameters of 

gold nanoparticles; although only a small shift in optical peeks was observed on 

the treated surfaces. However, the nanoparticle size of the treated substrates was 

about 10 nm and this is a very promising result, but the number of these particles 

was not sufficient. 
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Structure of the Thesis 

The organisational structure of the thesis is as follows. The history of atmospheric 

pressure plasma, as well as its classification, are discussed in the first chapter.In 

addition, previous research in polymer surface modification has been carried out 

in the past. The experimental procedures and results of the COP surface 

modification experiments are discussed in detail in the second chapter. In the third 

chapter, we will discuss the software Design Expert, which is used to optimise 

experiments. The fourth chapter is devoted to describing the characteristics of the 

APPJ that was used in this study. The stability of the COP surface will be 

discussed in detail in Chapter 5. Then, in chapter six, APPJ was used to coat glass 

nanoparticles with gold, which was a first in the field. Finally, conclusions are 

drawn, and future prospects are discussed in detail. 
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Thesis title: Surface Modification of Cyclic Olefin Polymers 

Using an Atmospheric Pressure Jet 

Faraj Elammari 

Abstract 

The design and development of the plasma pressure jet is used throughout the 

thesis. The plasma jet's key components are discussed. Helium, argon, nitrogen, 

and air plasma were used to study the surface activation and bonding of cyclic 

olefin polymers. The plasma gas had a temperature less than 50 °C, making it 

suitable for polymer processing. The substrates were treated between 3 to 20 mm 

from the plasma exit. Air, as the plasma jet's feeding gas, creates a surface 

wettability of less than 10°. Water contact angle (WCA), scanning electron 

microscopy (SEM), atomic force microscopy (AFM), and infrared spectroscopy 

(IR) were used to characterise the substrate surface properties. This study 

establishes atmospheric pressure plasma as a cost-effective method for making 

cyclic olefin polymers hydrophobic and super hyderophilic. Secondly, design 

expert V12 software was used to optimize the APPJ operating parameters to obtain 

the lowest COP water contact angle with the lowest pricing. More research is 

required to optimise the polymer's surface and reduce the number of repetitive 

experiments. Therefore, the plasma jet was detailed to better facilitate 

understanding. Voltage and current probes were used for electrical measurements, 
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and optical characterisation was performed using optical emission spectroscopy. 

Hydrophobic recovery of polymers is a concern in a variety of applications, most 

notably microfluidic devices. The work presented in Chapter 5 resulted in a stable 

surface that remained stable for more than 60 days and was partially stable for 

approximately 180 days. Finally, we modified the surface of disposable glass for 

biosensor applications. In order to improve the optical properties, the gold of 

different thickness can be tailored in this work by varying plasma jet parameters. 

The surface treated was characterised using UV-VIS spectroscopy and scanning 

electron microscopy. Although the results were not suitable for biosensor 

applications, the experiment was worthwhile. 

 

 

  

 

 

 



 

 

 

 

 

 

 

 

1 Introduction to Atmospheric Pressure Plasma and It’s 

Application  
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 Introduction 

This chapter describes the basic principles of the atmospheric pressure plasma jet 

(APPJ). There are an enormous number of APPJ designs which are dependent on 

used excited voltage which includes kHz alternative current (AC), direct current 

(DC), radio frequency (RF), microwave (MW). Argon helium, nitrogen or mixed 

with oxygen or air as feed gas. The power supply used in APPJ as it is known, may 

be either continuous or pulsed. Therefore, in this chapter, a brief discussion of the 

atmospheric pressure plasma will be showcased. 

 

 Definition of Plasma 

The fourth state of matter is usually referred to as plasma, while others are solid, 

liquid and gas. Plasma is one of the world's most abundant forms of common matter. 

In the rarefied intergalactic regions, especially intra-cluster media and stars, 

including the sun, the majority of plasma occurs; more than 99% of visible matter 

in the universe consists of plasmas. They consist of ions that are positive, electron 

or negative and neutral particles [1], [2]. When a solid gets energy from an external 

source (e.g. heat), the particles within it will have enough energy to loosen its 

structure and thereby melt into a liquid (the second state of matter). The par tubes 

in liquid escape from the gas (third state of matter) after obtaining enough energy 

to vaporise to gas. This results in transition of the phases that occur at a certain 

pressure and a constant temperature and this energy  is known as latent heat for the 

phase transition. Those electors that escape from atoms or molecules will not only 

allow ions to move more freely, but also produce more electrons and ions by means 

of collisions following the rapid reactor in an electric field, where significant 
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amounts of power are then used by to the gas by through mechanisms such as an 

electric discharge. The higher electrons and ions eventually change the electrical 

property of the gas to ionized gas or plasma. This transition from a gas to a plasma 

is nonetheless a thermodynamic phase transition due to the progressive rising of the 

temperature. 

 

 Equilibrium and Non-equilibrium Atmospheric Pressure Plasma 

Different gas pressures can generate plasma in a laboratory and for this to be done 

at lower pressures, it will therefore need a vacuum system. In recent decades, 

plasmas are generated at atmospheric pressures to avoid the expensive and 

complicated vacuum system. The neutral particulate density is approximately 

2.4 × 1025/m3 at a pressure of one atm, where the electron-neutral collision 

frequency υen = n0(2kTe/me)
1/2σ0 is of the order of 1011−12/s, where n0 is the neutral 

particle density, Te electron temperature, me electron mass and σ0 electron-neutral 

collision cross section, and k is considered the Boltzmann constant [3]. If the 

electric field is used to generate plasma, the electrons receive more energy from the 

electric field than they lose by collision with neutral particles. This leads to 

accelerating the electrons, which can cause an avalanche that eventually leads to 

gas breakdowns. Many factors are considered to play a role in the breakdown 

voltage (VB), such as gas composition, pressure (P) and the gap spacing (D) 

between the electrodes [4], [5].  

As illustrated in Figure 1.1, the increase in ambient pressure increased the voltage 

needed for breakdown at constant gap lengths in varying gases. Breakdown 

voltages are calculated using a pressure-distance product. Pd is a two-dimensional 



 

4 

 

parameter that is used because it represents the particle density in the spark gap. 

The mechanism of Townsend’s breakdown is a cascading avalanche of electrons. 

The mechanism of breakdown is a cascading avalanche of electrons, S, following 

the application of an electric field across the spark gap, Electrons are emitted from 

the cathode and travel towards the anode. With an increase in the applied voltage 

across the spark gap, the electrons travelling between the cathode and anode gain 

enough energy to cause ionisation and subsequent electron release, resulting in an 

electron avalanche [6], [7]. When the applied voltage across the spark gap 

becomes sufficiently high, breakdown occurs and a glow discharge occurs, this is 

referred to as the breakdown voltage. As the particle density increases because of 

an increase in pressure, electrons crossing the spark gap from the cathode to the 

anode will lose their energy as a result of an increase in collision frequency. The 

applied voltage across the spark gap must be increased to generate sufficient 

energy to cause further ionisation and thus breakdown [8]. 

The Pd parameter is a representation of the Knudsen Number Kn, shown in 

Equation (1.1) below, which is the ratio of a particle mean free path (the distance 

travelled by an electron between collisions).  

Kn =
𝜆

ԁ
                                                                                (1.1) 

where λ is the mean free path and d is the electrode gap spacing. 

By following the processes in equations (2-1)- (4-1) that lead to equation (5-

1), this Knudsen number equation can be used to compute the Pd. parameters 

utilized in Paschen scaling using the ideal gas equation.  

P = n𝐾𝑏T                                                                                         (1.2) 
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n  =
1

𝜎𝜆
                                                                                         (1.3) 

Pd= n𝐾𝑏Td  =
𝐾𝑏Td

𝜎𝜆
 =

𝐾𝑏T

𝜎

d

𝜆
                                             (1.4) 

Pd =
𝐾𝑏T

𝜎

1

𝐾𝑛
=

C

𝐾𝑛
                                                  (1.5) 

 

where 𝐾𝑏 = Boltzmann’s Constant, n = number of molecules, T = gas temperature and σ 

= collisional cross section swept by a particles travelling in space. 

 

To have enough energy to ionise particles when they collide, the electron's mean 

free path must be sufficiently long, resulting in a low collision frequency. With 

increasing pressure, the electron's mean free path shortens [9], [10]. Due to the 

increased collision frequency, the energy of the electron is dissipated, reducing its 

ability to ionise gas particles. As illustrated in Figure 1, shorter spark gaps result in 

a higher breakdown voltage. This is because the Knudsen Number is large, or the 

electron mean free path is too long, in comparison to the electrode gap spacing d. 

Each gas or combination of gases has a unique E/N ratio, which is constant for glow 

discharges. The E/N ratio is the relationship between the electric field, E, and the 

neutral particle density, N. E/N is a function of the average energy of electrons 

travelling across the gap. To keep the E/N value constant as the gas density N 

increases owing to pressure, the applied electric field E must likewise increase by 

the same factor [11], [12]. 
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Figure 1. 1:  Paschen curves for different gases (helium, nitrogen, neon, hydrogen 

and argon) [13] 

  

The characteristic dependence of VB on P.d, at high frequencies of electron-neutral 

collision, where a significant portion of the electron power is transmitted to the 

neutral particles. If the temperature of the neutral particle Tn is increased 

significantly and becomes closer to the electron temperature of Te, then the plasma 

is classified as an equilibrium plasma. In general, the neutral particle Tn temperature 

and the arc plasma electron temperature Te are several thousand Kelvin. The plasma 

arc is known to be used in various applications, such as welding, cutting and waste 

materials. However, other applications, for example, biomedical (one of the fastest 

growing fields), contamination, sterilizing and surface modification and others, all 

need low temperatures as atmospheric pressure plasma (APP), where the Tn 

temperature is necessary to remain close to room temperature, and in this case, the 
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Tn temperature will be much lower than Te and will be classified as a 

non-equilibrium plasma. 

Thermal plasmas are almost totally ionised, and due to the high rate of collisions 

between electrons and neutral types, a thermal equilibrium will be reached, in which 

the electron temperature (Te) is considered approximately equal to the neutral 

temperature (Tn). The high temperatures in thermal plasmas, for example, barrier 

low discharge, have deficient concentrations of free electrons. In this situation, 

there are insufficient collisions between the electrons and neutral species for 

thermal equilibrium. Electrons are accelerated to a high kinetic energy, a 1 – 2 eV 

arc, rendering them unsuitable for machining. On the other hand, possibly a non-

thermal plasma or weak (1 eV = 11,600 K), while Tn remains 400 K. Therefore, 

these weakly ionised plasmas are considered suitable for the treatment of thermally 

sensitive materials such as polymers and integrated circuits. Thermal plasmas are 

almost totally ionised, and because of the high rate of collisions between electrons 

and the neutral type, a thermal equilibrium is reached in which the electron 

temperature (Te) is approximately equal to the neutral temperature (Tn). The high 

temperatures in thermal plasmas, for example, barrier low discharge, have deficient 

concentrations of free electrons. In this situation, there are insufficient collisions 

between the electrons and neutral species for thermal equilibrium. The electrons are 

accelerated to a high kinetic energy, with 1 to 2 eV arches, which makes them 

unsuitable for machining. On the other hand, possibly a non-thermal plasma or 

weak (1 eV = 11,600 K), while Tn remains 400 K. Therefore, weakly ionised 

plasmas are very suitable for the treatment of thermally sensitive materials such as 

polymers and integrated circuits. [14], [15]. 
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There are several types of kinetic plasmas, but the ion temperature, which is 

approximately equivalent to the electron temperature (Te≈Ti), is the most commonly 

used term for a hot plasma since the neutral atoms and molecules may be at a lower 

temperature [16]. There is little interaction between electrons and ions, hence the 

mean free path of a particle in a kinetic plasma (λ) is long (i.e. the period between 

collisions is high, and the frequency of collisions is low). Kinetic plasmas include 

electron and ion beams at low pressures utilized in semi-conductor manufacturing, 

welding, and melting. 

The reason for plasmas' unique properties and relevance to high-energy processes 

is illustrated in Figure 1.2, where the electron temperature Te is plotted as a function 

of the electron number density for various plasma processes. The Boltzmann 

constant establishes a relationship between energy and temperature. 

 kB: 
1

2
mu2 = kBT. 

 where kB = 1.38 × 10−23 J /K−1 [10], [17]. 
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Figure 1.2:  Classification of plasmas based on charge density per unit volume and 

electron temperature [18] 

 

In a cold plasma, such as that found in a neon lamp, the kinetic energy is almost 

entirely equivalent to the electron energy and while the mean electron temperature 

may be several times that of the surrounding air, the number of hot electrons is a 

relatively insignificant fraction of the total and their thermal mass is relatively 

minimal [19]. 
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Table 1. 1:  Temperature and pressure ranges of hot and cold plasmas [20] 

Low-temperature 

thermal cold plasmas 

Low-temperature 

thermal cold plasmas 

High-temperature 

hotplasmas 

Te ≈ Ti ≈ T < 2 × 104 K Ti ≈ Te≈ 300 K 

Ti << Te <<105 K 

Ti ≈ Te >106 K 

 

Arcs at 100 kPa Low  pressure ∼100 Pa glow 

and arc 

Kinetic plasmas, fusion 

plasmas 

 

 

The temperature of a DBD is typically a few electron volts (eV), and a DBD's gas 

temperature is usually slightly greater than, or nearer to, room temperature. The 

typical maximum electron density of a DBD is 1011 cm−3. Another popular method 

of temporal control is the use of pulsed voltage at nanoseconds for driving the 

discharge [18]. Pulsed voltage at nanoseconds produces plasma only if voltage is 

applied. Total energy is therefore limited as well. In addition, there are several 

pulsed nanosecond discharges. Because of the fast-rising time of the applied 

voltage, the electric field applied to the discharge gap can achieve a significantly 

higher overvoltage, and this can lead to considerably higher electron temperatures 

with a high peak discharge current. The peak electron temperature and electron 

density of an atmospheric pressure plasma driven by nanosecond pulsed applied 

voltages can reach about 10 eV and 1013 cm−3. Because of the high electron 

temperature and high peak current, the reactive species concentration generated by 

nanosecond pulsed voltage will be higher. In addition, studies have found that 

uniform atmospheric pressure can be generated at atmospheric pressure even when 



 

11 

 

air is used as the working gas. Finally, various plasma parameters, such as reactive 

species concentration and gas temperature, can be precisely adjusted by controlling 

the pulse rising time, pulse frequency, pulse width, and amplitude of the applied 

voltage. Table 1.2 presents some differences between LTE and non-LTE plasmas. 

The electron temperature Te in a typical low-power ion source plasma is in the range 

of 30 000–40 000 K, whereas the ion temperature Ti is in the range of 500–1000 K 

[14]. 

 

Table 1.2:  Main characteristics of LTE and non-LTE plasma [21] 

 

 

In a typical low-power ion source plasma, the electron temperature Te is of the order 

30 000 - 40 000 K, while the ion temperature Ti is around 500 - 1000 K [22]. 
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The electron and ion gyro radius size depends on the local magnetic field, which 

can vary dramatically between different plasmas. We can, however, say that the ion 

gyro radius is nearly always significantly higher than the electron gyro radius, as 

long as the electron temperature is not dramatically larger than the ion temperature 

[23]. 

 

 Atmospheric Pressure Plasma Sources 

Atmospheric pressure plasma (APP) are plasma sources that generate cold 

non-equilibrium plasma typically in a noble gas flow through a dielectric tube into 

ambient air [24]. The generation of the plasma inside the noble gas jet produces a 

much larger ionisation level of noble gas compared to the ambient air surrounding 

the jet. However, fast moving ionisation waves with the duration of several hundred 

nanoseconds pass through the dielectric tube and gas jet every half-period, or per 

applied voltage pulse [24]-[26]. These ionisation waves are highly luminous and 

move at a velocity in the range of 10-103 km/s, which is several orders of 

magnitude higher than the gas flow rate [18]. Different sources with different types 

of frequencies can be used to produce atmospheric plasma. Such sources can be 

mainly classified  into three categories: DC (direct current) discharges, continuous 

or pulsed low frequency discharges, RF (radio wave frequency) discharges, and 

microwave discharges. We can have arc plasma torches in low frequency DC 

discharges with a continuous working mode, but we can have dielectric barrier 

discharges if we have a pulsed operating mode. Such discharges can be filamentary 

or glow, depending on other parameters. RF discharges can also work with low and 

high-power supplies. DBD discharges are the most widely used among these 

different types of discharges. 
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1.4.1 Corona Discharge (CD) 

Corona Discharge is characterised by an asymmetric electrode and a pair of 

inhomogeneous electric fields. The high electric field strength in the vicinity of the 

electrode exceeds the gas breakdown threshold, resulting in the formation of 

plasma toward the planar electrodes. Figure 1.3 shows a typical diagram of the 

Corona Discharge. It is a positive corona when the sharp point electrode is 

connected to the positive terminal of the power supply and the negative corona with 

negative output polarity. Dust processing, purification of water, electrocameras, 

printers and powder coating are the areas used for corona discharge [27]. 

 

 

Figure 1. 3: Typical diagram of a Corona Discharge 

 

1.4.2 Dielectric Barrier Discharge (DBD) 

Dielectric barrier discharge is usually formed between two parallel electrodes with 

a 0.1 to 10 mm range separation, where one or both electrodes are coated with a 
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layer of the dielectric barrier due to dielectric charging problems associated with 

direct current (DC). They are usually carried out with square wave currents, sine 

wave flows or pulse waves with frequencies of a few Hz to MHz, but often in the 

KHz range [28]. In any case, the DBD scheme must be presented as a capacitive 

component. The displacement current is defined by the total capacity of the DBD 

system and by the time the voltage was applied. DBDs have unique features and 

characteristics that enable them to be used in a wide variety of applications, 

including ozone production, plasma display panels, surface engineering procedures, 

scrubbing, and excimer lamps [29], [30]. Examples of the DBD characteristics are 

described in [31], [32] and demonstrated with low power (< 1 W), low gas 

temperature (~ 600K) and excellent dissociation capability for molecular species. 

Typical DBDs configurations are shown in Figure 1.4 below. 
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Figure 1.4:  Basic dielectric-barrier discharge configurations [33] 

 

These sources are usually non-thermal equilibrium with energy linked via the 

conductive material of the capillary wall of external ring electrodes. Plasma and 

neutral gas species provide these sources for applications in health care and life 

science, as well as applications on thermally sensitive surfaces. This method has 

been used in the detection of chemical warfare analysis and for the detection of gas-

phase connections [34], drugs and explosives, medical applications [35], pollution 

control [36] and process control, food and safety [37]. The type of discharge gas 

determines the stability of the glow plug. For example, helium leads to a stable 

homogenous glow discharge, whereas nitrogen, oxygen and argon simply lead to 

the transition to a continuous discharge. However, by changing the electrode 

configuration, it is still possible to operate them in a homogeneous glow discharge 

regime [35], [38]. 
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1.4.3 Radio Frequency Discharge Plasma 

Radio Frequency discharge can be generated either by capacitive or inductive 

connecting energy to an AC power supply in the radio frequency range (1 KHz to 

103 MHz; the most common value 13.56 MHz) [39]. The organisational structure 

of the thesis is as follows. 

A.  Inductively coupled RF discharge: 

For a long time, inductive discharges have been known, for example, the RF torch, 

in which the plasma is initiated and maintained by an RF-fed helical coil. [21]. The 

current in the RF transmission coil induces a time-varying magnetic field in the 

vicinity of the plasma zone. The resulting electricity ring area (Faraday Law) 

accelerates the electrons and therefore maintains the discharge. If the frequency of 

the generated plasma exceeds 1 MHz, this frequency level implies that electrons 

follow the fluctuations in the electric field and that neither ions nor electrons can 

reach the torch on the wall, as shown in Figure 1.5.This lack of contact between the 

plasma and the wall reduces the contamination of plasma and torch walls that work 

with various gases: inert, restricted, oxidising, and nitriding gases [40]. The 

inductive torches are employed over a wide range of power, from an average of 20 

kW - 1000 kW, with a flow of 10 - 200 slm. 
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Figure 1.5:  Electron and ion frequencies in cold plasmas [41] 

 

B.  Capacitive coupled radio-frequency discharges 

This is a capacitively coupled radio frequency that is characterized by glow 

discharge electrodes during performance. When one or both of the electrodes are 

non-conductive, As a result of the accumulation of positive or negative charges on 

the electrodes, the glow discharge is extinguished. This problem can be solved by 

an AC voltage between the two electrodes and in both situations the electrodes act 

as a glow cold cathode or as a cathode in an arc of a cathode spot. In either case, 

the electrode is transformed from cathode to anode and reversed every half cycle.In 

practice, many RF glow discharge procedures use 13.56 MHz, and because this 

frequency is assigned by the international communications public, it can emit a 

certain amount of energy while not interfering with communication [42]. For 

plasma processing applications, capacitive coupled RF discharges are also called 

"RF diodes" and are shown to exist in the easiest case of a vacuum chamber 
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containing two planar electrodes that are separated by a distance of a few 

centimetres. 

 

1.4.4 Atmospheric Pressure Plasma Jets (APPJ) 

The atmospheric pressure plasma jet APPJ is one of the most common and vital 

types of dielectric discharge barriers. The APPJ was developed and will be used in 

the open air. It operates in a capacitive coupling mode and consists of two electrodes 

and a dielectric layer. Typically, one electrode connects to a high voltage power 

source with an excitation frequency between a few kHz and RF. Although the 

electrode is grounded, the plasma jets are typically used to generate effective 

chemicals by means of inert gases such as helium and argon with minor impurities 

of molecular gases, which are not reactive, to improve their industrial and biological 

capacities. The APPJ is not only limited to the electrodes, but also extends forward. 

It is fitted with standard, stable and homogeneous discharge characteristics and is 

far from the spark condition. The mechanics describing the propagation of the APPJ 

under the external electric field are still not fully understood. Neither are the 

mechanics describing the propagation of the APPJ under the external electric field. 

The mechanics describing the propagation of the APPJ under the external electric 

field are also not fully understood. 

The atmospheric pressure plasma jet was first produced in the 1960’s as a local 

thermodynamic equilibrium plasma jet. The APPJ was subsequently produced in 

different designs and under considerably different conditions. Koinuma et al. 

discovered APPJ in a plasma-generator with a microbeam in 1992 [43] , which cold 

torch plasma. later dubbed a "cold torch plasma" [44]. contributed to the 
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development of an APPJ non-equivalent by using a radio frequency unit using two 

coaxial metal electrodes where the gas flow through the discharged area was 

supported by a strong gas jet. Teschke et al [45] investigated the future development 

of various portable APPJ devices such as jet needles, plasma pencils, and so on, and 

discovered a new type of plasma jet that is typically generated by using a dual 

dielectric electric electrode. Recently, various alternative tribal techniques to 

improve jet generation have been presented. For instance, by using non-sinusoidal 

exertion and altering the electrode structure. The latter approach includes a barrier 

torch plasma jet with plate electrodes, two parallel thin cop torch electrodes inserted 

in a dielectric cylindrical tube and so on. In recent times, floating electrodes have 

been used so that they have a long plume length, a low operating voltage, and a long 

operating time. Fridman et al [46],recently developed a floating electrode with 

numerous advantages over the traditional production method. Hamid et al [47],  

investigated the impact of the flow rate and tube diameter on improved jet length. 

 

 Applications of Atmospheric Pressure Plasma 

The recent rapid development of plasma technology allows its use to be applied in 

many industrial sectors. Many papers on the topic of generating ozone have been 

published, including those on gas decontamination [48], [49], and those with biological 

applications for several decades. Recently, the topic of APPJ has been widely used in 

polymer research, thin film deposition, food decontamination, control of the 

concentration of items in liquids, classification and identification of substance 

composition, manufacture of semi-conductor devices and others. 
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1.5.1 Gas treatments 

The cleaning of gas is an enormous economic and environmental problem. There 

are different pollutants. These pollutants are derived from exhaust gas engines, 

electric power stations, the chemical industry (solvents, paints, varnishes) and the 

petrochemical industry. These compounds are released into the environment, and 

cause environmental problems. 

 

1.5.2 Spectroscopic analysis      

RF inductively coupled plasmas are particularly of interest, as they can further 

integrate with complementary devices on one ’chip’ and therefore result in a 

miniaturized total analytics system [36]. Plasmas are used as sources of stimulation 

for a spectroscopic analysis [37]. There are two primary types of spectroscopy 

analysis: (i) Hydrocarbons: these are formed from acetylene using an arc plasma in 

the presence of hydrogen in hydrocarbon cracking. It has been used in industrial 

applications for many years and is extremely adaptable to acetylene requirements, 

with its manufacturing adaptable to those requirements [38]. This is extremely 

flexible: manufacturing can be adapted to acetylene requirements; (ii) Ozone: ozone 

is used in a variety of industries, including the chemical, pharmaceutical, water, 

paper dough and food treatment sectors [50].  (iii) Plasma material treatments: there 

are five major categories to consider when it comes to plasma material treatment: 

• Cleaning of surfaces by elimination of organic contaminants and surface 

sterilization. 

• Material surface etching leads to the removal of top layers and surface 

restructuring with an increase in corrugation and surface area. 
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• Cross-linking of surface molecules which cause surface chemistry changes 

surface composition. 

• Coating deposition. 

• Introducing certain functional groups and formulating a chemical 

modification of the presence of some or all of these effects makes plasma 

ideal for treating surfaces in a variety of applications, as shown in Table 1.3.  

 

Table 1. 3:  List of Plasma Processes and Applications [51] 

 



 

 

 Polymer Surface Modification 

Because of their excellent properties, such as low density, high flexibility, elasticity, 

conductivity, strength, easy manufacturing, low material cost and performance 

production, polymers have gained considerable attention from various industries 

including automotive, aeronautical, medical, construction and packaging [52], [53]. 

Polymers often have poor surface characteristics due to their inertia, which limits 

their use in various biomedical applications. Techniques required in the 

modification of the surface need to preserve the desirable bulk properties, which 

involves the alteration of the outer layer of the surface by adding certain functional 

groups and altering the surface morphology to respond to specific requirements. It 

usually improves its interaction with the biological environment, increasing its 

compatibility with bio/blood, barrier properties and adherents, while retaining the 

polymer’s appropriate bulk properties. Plasma treatment is the most suitable 

process amongst the various surface-modifying techniques available because of its 

advantages, such as managed surface-modification at a depth between a few μm 

and nm, multi-layer film creation, highly cross-linking polymers, irrespective of 

geometries, an environmentally friendly dry, lower temperature method, and not 

changing the bulk properties, where previous research has shown that plasma 

treatment can be used to alter the polymer surface properties without affecting its 

bulk properties [54]-[60]. 

Different active plasma species are strong enough to break the bonds between the 

covalent polymers. Surface modification of plasma treatment is a well-known 

method used in a variety of applications, including textiles, biomedical applications, 

and membrane separation [61], [62]. 
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Atmospheric plasmas have been proven to possess many applications in surface 

modification of polymers. Existing research has proven that microwave plasmas 

have a wide range of applications in polymer surface modification [63], while 

inductive and arc plasmas are most appropriate where high power is required. Radio 

and low-frequency plasmas have been found to be most suitable for applications 

that need low temperatures and active species. Existing studies have shown that 

pre-treatment of polymers with atmospheric pressure plasmas changes their surface 

properties so as to improve their adhesive strength and wettability [64], [65]. As 

mentioned earlier, plasmas can generate high or low temperatures, so they can be 

used in various industrial applications, including surface activation. Therefore, 

atmospheric plasmas can treat the unique surface properties of polymers to 

overcome the surface drawbacks of their properties and to continue to attract more 

research. 

Plasma jets, also known as plasma plumes, are  typical of atmospheric pressure 

plasma that discharges in a situation where the plasma is extended past its 

generation region into the surrounding area [66]. The plasma jet length can reach 

up to a couple of centimetres and, as a result, can be controlled by the electrical 

field, pressure gradient or gas flow. Therefore, the interaction between the 

atmospheric pressure plasma jet and the polymer surface can improve various 

reactive species that may be employed in modifying the surface chemistry and, as 

a result, these plasma techniques will need to be developed further. This further 

work will need to rely on atmospheric plasma jets as the main work for further 

research development. 
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1.6.1 Polymer surface modification using atmospheric pressure plasma jet 

Atmospheric plasma jets are known to be used in material processing, such as bulk 

material treatment and surface treatments [67]. Bulk material treatment includes 

toxic waste treatment, machining, and powder treatment. Surface treatments 

include etching, activation, cleaning, and coating. Table 1.3 below outlines some 

examples of applying atmospheric plasma jets to coatings, whereas Figure 1.6 

shows the plasma spray principle used in coatings. 

Table 1. 4:  Examples of APS coatings 
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Figure 1.6:  The plasma spray principle [68] 

 

Advantages of atmospheric pressure plasma processes: 

a. The change is limited to the upper surface layer and does not affect the bulk 

properties of the polymer. 

b. The amendment by the plasma processes is largely independent of the structure 

or chemical reactivity of the substrate. 

c. Varied functional groups can be deposited on the treated surface by varying the 

gas that is used. 

d. In general, the amendment is entirely homogeneous over the entire substrate. 

e. The plasma treatment or polymerisation is a one-step procedure and is a drying 

process. 
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f. In comparison to other techniques, it is a friend to the environment so far. 

g. There is no need for an expensive vacuum system. 

 

• Disadvantages of atmospheric pressure plasma processes: 

1. Due to the complexity of plasma processes, it is difficult to have proper control 

of the chemical composition of the modified surface. 

2. When treating localized regions, it can only process a small size. 

 

Surface contamination removal is required to promote adhesion, which is why the 

adhesive treatment is used. In order to have good adhesion, strong interfacial forces 

are required through chemical compatibility and/or chemical bonding, including the 

need for material structure and hydrophilicity, which are considered important as 

well. Hydrophilicity plays an important role, as it determines the interaction 

between the surface and epoxy or similar polar adhesives and then the degree of 

bond ability [69]. Surfaces are to be carefully prepared before bonding for the 

removal of contaminants. It implies, therefore, that dangerous chemicals are 

commonly used for surface cleaning to increase their hydrophilicity for the removal 

of thin layers of hydrocarbon-based contaminants [70], [71]. There is also the need 

for less harmful, toxic and eco-friendly methods. Hence, plasma surface treatment 

is considered beneficial as it can help the interfacial adhesion process in creating 

chemically active functional groups such as amine, carbonyl, hydroxyl, and 

carboxyl groups [72]. As it is known that plasma improves bonding on substrates 

like glass, polymers and different metals, plasma treatment is then applied to carbon 
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fibre-induced polymers to increase wettability of polymer surface roughness in 

oxygen-based functional groups [73]. 

Usually, polymer chains are very flexible coiled cables with free participation in 

between and are mostly unadorned chains of a linear skeletal structure that can be 

represented by a chain with two ends. Branched polymers have side-chains of great 

length that are connected to the main chain of the coupling points. These are 

distinguished by the number and size of their branches. Network polymers are 

three-dimensional structures in which each chain is connected to all the others by a 

series of clutch points and other chains. These polymers are known as cross-linked 

polymers [38]. Polymers are successfully used in a wide range of industrial 

applications including packaging, adhesion, thin films, biomaterials, coatings, and 

others. 

Polymer applications are considered as absorption materials and these include: 

• Adhesion 

• Print on films 

• Dyeing of fabrics 

• Static dissipation 

• Oil repellency in the air 

• Oil released into detergent solutions 

• Food packaging 

The industrial applications are highlighted further below: 

• Ion exchange 

• Chromatographic Separations 
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• Membrane separators 

• Catalysis 

• Electrical conduction 

• Light reflection 

• Analytical sensors 

• Biotechnological applications 

• Medical and Cell Culture Dishes 

• Cell supports in fermentation processes 

• Degradable polymers biosensors and diagnostic assays 

• Sterile packaging 

• Proteins and cells separations 

• Blood and urine catheters 

• Bandages 

• Healing reactions on surfaces of implants 

• Hemostatic sponges and tissue 

• Blood circulation devices 

• Drug delivery devices. 

Accordingly, it is not only desirable but also necessary to modify polymer surfaces 

[74] by physical, chemical, mechanical or biological methods and the subsequent 

surface interactions and reactions required depend on the certain application 

considered. Sometimes it is desirable to have surface modifications in specific 

patterns on a surface with special techniques borrowed from lithography. This is a 

growing area of surface modification, especially at the micro- and nano-scales. 
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The polymer surface often has low surface energy and high chemical inertia, which 

means that they frequently have poor wettability and adhesion qualities. An 

overview of the objectives of modification of polymer surfaces is:  

• Hydrophilicity (wettability). 

• Ionic charge or PH (where the adsorption of molecules is of consideration). 

• Adhesion of micro-organisms. 

• Permeation of molecules. 

• Chemical or biological reaction kinetics. 

• Roughness or friction. 

• Electric, optical or acoustic properties. 

• Impurities, domains or patterns of the above. 

The surface properties can be changed by modifying the molecular structure with 

low energy consumption. Here, plasma treatment converts the hydrophobic 

polymer to a hydrophilic surface. Studies on plasma polymer interactions for 

improvement of wetting and adhesion of metal-polymer laminates have also been 

conducted [64], [75]. Polymers are used for a wide range of applications in food 

packaging and decorative products and also in electronic equipment insulation 

materials. The adhesion of the substances to polymeric substrates is essential for 

these applications. Not all surfaces of polymers are suitable for adhesion to the 

required physical and chemical properties. Plasma treatment is a modification of 

polymer surfaces to improve adhesion while maintaining the other properties of the 

required applications. 
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Depending on the gas and plasma used, ions, electrons, fast neutrons, radicals and 

UV radiation contribute to the polymer, making the etching, activation and cross-

linking [64], [76]. Plasma treatment of polymer surfaces causes not only a change 

in the plasma exposure, but also active sites on the surfaces that cause post-

reactions; this is also called ageing [76]. Ageing effects depend on external 

influences such as adsorption or oxidation as well as on the internal tendency of the 

system to obtain energy-favourable (thermodynamic equilibrium) conditions by 

restructuring and diffusion. High surface energy is inclined to adsorb contaminants 

from the atmosphere into the surface energy surface, and this will influence 

wettability [77]. Although the mechanisms of adhesion enhancement pre-treatment 

with plasma or ion beams have been investigated extensively in the last three 

decades, there are more studies on the factors behind the lack of adherence to this 

phenomenon. Therefore, the processes in a shallow polymer are low during ion 

bombardment, as well as in the kinetics of post-bombing chemicals that are 

incomprehensible. So many efforts have been made to improve the microstructure 

and thermal stability of metal-polymer interfaces with the aim of preventing 

degradation and improving adhesion [78]. The surfaces prepared for plasma 

treatment should be characterised by the changes in optical, chemical and structural 

features induced by the plasma plume on the surfaces to improve their adherence. 

These polymers are distinguished by their glass transition temperature (Tg), which 

is the temperature at which they transition from a glass-like (hard) to a rubber-like 

(soft) state. Elastomers are cross-linked rubbery polymers that can be stretched 

easily into high-voltage devices and that quickly recover their original dimensions 

as the applied voltage is released. Thermosets are rigid network polymers in that 

chain movement is limited by a high degree of cross-linking [52]. 
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 Polymer Surface Modification Techniques 

The polymeric materials used in the manufacture of biosensors and medical 

equipment should satisfy performance and bio-compatibility requirements. The 

understanding of the relationship between structure and substance in polymers is 

sufficiently advanced in order to achieve the desired mechanical properties that 

should apply a minimum amount of stress to adjacent tissue, a glucose sensor 

membrane that requires high levels of oxygen permeability. The rationale for 

modifying the surface of the biomaterials is straightforward: the main physical 

properties are retained while adjusting only the surface to affect bio-mineral 

content. The mechanical properties and functionality of the device remain 

unchanged with well-designed surface modifications, but bio-compatibility, bio-

recognition, and bi-functionality are improved. In addition, surface alteration can 

also be used. Surface modifications can be divided into two main categories: 

(1) the chemical or physical modification of existing surface atoms or molecules 

(including treating, eating and chemical modification). 

(2) coating of a material having a new composition over the present surface (solvent 

coating or deposition of thin films by chemical deposition of vapour, radiation 

grafting, chemical grafting or RF-plasma). 

Relevant criteria need to be discussed when successfully completing all surface 

alteration categories for biomedical applications. These can be regarded as 

chemical, surface analysis and biological surface alteration challenges. 
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There are different methods of modifying polymer surfaces by generating new 

functional surface groups that preserve the desired properties of bulk polymers [79]. 

Modification techniques such as plasma polymerization, plasma spray coating, ion 

implantation and ion beam-assisted deposition [80], flame, corona treatment [81], 

photon, electron beam, X-rays, and γ-rays [82]. Important characteristics imparted 

by these technologies include wettability, adhesion, chemical affinity and 

bio-compatibility. Surface modification plays a significant role in many industrial 

applications: electronics, packaging, industrial, automotive, aerospace, storage and 

medical devices [83].  Surface modification techniques can change the chemical 

and physical characteristics without impacting the polymer surfaces. The surface 

treatments contribute to the improvement of the surface energy, adhesion 

characteristics, increasing their hydrophobicity, introducing special functional 

groups to the surface and/or affecting the surface roughness. 

 

 Previous Studies on Surface Modification of Different Polymeric 

Materials Using an Atmospheric Pressure Plasma 

The potential applications of atmospheric plasma sources are dependent on their 

plasma properties, particularly their temperature. For example, polymer surface 

treatment requires low temperatures below Tg [84], Metal plasma cutting and 

welding necessitates temperatures in excess of 1227 °C. [21]. The low temperatures 

can be obtained either with low working ability (few hundred watts) or in the plasma 

plume with higher power (especially for microwave plasmas). However, to have a 

sufficient density of active species, the distance from the plasma core should be 

limited. Therefore, low temperatures and an active zone cannot be combined by arc 

or inductive plasmas. Only a high work capacity is available at high gas 
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temperatures and the most appropriate plasmas are inductive or microwave. The 

optimal conditions for polymer surface modification are by using a cold 

atmospheric plasma jet induced by a plasma jet that is obtained from a dielectric 

barrier discharge. The different polymers used in the study included polythene (PE), 

polyethylene terephthalate (PET) [85] and polypropylene (PP) [86]. The samples 

used in the studies were exposed to a plasma jet with a scanning procedure, allowing 

the experiment to achieve a rather uniform surface modification. 

Existing research shows that treatment of all polymers causes a reduction of above 

40 degrees in the contact angle of water. Fourier-Transform IR spectroscopy (FTIR) 

and X-ray photo-electron spectroscopy were used to investigate changes in 

chemical bonding and surface composition. The research found that the wettability 

of PP, PE, and PET polymers was enhanced by using an atmospheric pressure jet 

in the air. If the time of the plasma exposure and the process conditions are 

appropriately selected, then the APPJ can modify the selected area of a sample 

uniformly [51]. For comparison purposes, the researchers treated the same 

polymers with an air dielectric barrier discharge. The FTIR and XPS analyses 

revealed that both processes produce carboxylic acids, alcohols, and carbonyls. 

Similarly, it was indicated that the polymers processed by the APPJ exhibited more 

oxygen content and the hydrophilicity was better once treated by the DBD [58][87]. 

Such a finding can be linked to efficiency in the chemistry of the plasma whereby 

the interaction of the metastable with the air molecule results in the production of 

large amounts of reactive species. The findings could also be due to the gas stream 

of the plasma jet carrying the oxygen species close to the surface. The consequences 

of the study suggest that the APPJ is an efficient tool in the modification of the 
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polymer surface. Therefore, the results of the study could be useful in applications 

that require a rather small treatment area. 

 

1.8.1 Treating a polypropylene (PP) polymer surface 

Results of the study indicated that after treatment with both atmospheric pressure 

plasma and low-pressure oxygen plasma, the presence of carboxyl, hydroxyl, and 

carbonyl groups of films could be confirmed. However, whenever treatment with 

atmospheric pressure plasma occurred, the amount of each functional group was 

larger. This was most evident in the carbonyl group. Additionally, the amount of 

the functional group was altered whenever methanol washed. When polypropylene 

PP films underwent treatment under an atmospheric plasma jet, the hydroxyl group 

was the most obvious [88]. 

The research concluded that the difference in the effects of plasma treatment 

position and plasma treatment time in the plasma jet was hard to recognise. It was 

also concluded that oxygen functional groups could be introduced into the main 

chain of a polymer during plasma treatment when the time is less than three 

seconds. The oxygen atom contained in the plasma jet etches into the surface of the 

polymer and it prevents the introduction of oxygen functional groups. The research 

also found that surface discharge plasma and the surface treatment on PP film are 

effective in generating a hydrophilic surface. 
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1.8.2 Treating polythene (PE) polymer surface 

Many polymers, metals and composite materials, require some treatment before 

painting or adhesive bonding. Treating polymers modifies the properties of the 

substrate’s surface to enhance the durability and strength of an adhesive joint or 

painting. Atmospheric pressure plasmas and low-pressure plasmas have been found 

sufficient to pre-treat polymers. As a result, it has piqued the interest of many 

researchers in the field of polymer treatment. Before experimentation, polythene 

(PE) samples are cleaned with ultrasonic isopropanol. In the experiment, a plasma 

jet system was used for treatment. The jet made use of either pure nitrogen or dry 

air, with an input pressure of around 5.9 bars, and an excitation frequency of 

between 17-22 kHz. The PE samples were moved through the translation stages via 

the plasma jet. Surface tension was determined using contact angle measurements 

such as advancing angle and dynamic mode. Di-iodomethane, water, and glycerol 

were used as probe liquids. The XPS measurements were carried out using a Kratos 

Ultra system [89]. Surface analysis on the PE samples was conducted 24 hours after 

treatment with the plasma jet. For the purpose of adhesive bonding, a methacrylate 

adhesive was used. The reason for choosing this adhesive was because the material 

shows some adhesive failure on a non-treated surface and even after treatment. The 

improvement was linked to an increase in surface tension and the incorporation of 

functional groups containing nitrogen and oxygen into the polythene surface. As 

per the AFM measurements, plasma treatment does not change the roughness of the 

surface significantly. Existing research also indicates that similar effects of plasma 

treatment on surface roughness have been found on polyethylene terephthalate and 

polyvinylidene fluoride. These findings show that the chemical composition of the 
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surface is of more importance than the roughness of the surface concerning adhesive 

bonding ability. 

Research findings correspond to the adhesion mechanism according to the theory 

of chemical reaction, which has found that the formation of chemical bonds and 

dipole attraction between the adhesive and the substrate is the primary cause of 

bond strength [85]. Using two types of gas, it was possible to obtain more 

information about the activation mechanism, and about the conditions in industrial 

applications, by experimenting around the plasma and PE sample without a 

concealed environment. Comparison of surface modifications after treatment with 

nitrogen plasma and air plasma showed some interesting aspects. For example, 

treatment with air plasma caused more surface tension than treatment with nitrogen 

plasma [85]. This is due to the higher concentration of heteroatoms incorporated 

into the surface of the substrate treated with air plasma. Despite having lower 

surface energy, nitrogen plasma samples showed more bond strength. An 

observation such as this indicates that there is no direct correlation between bond 

strength and surface tension. 

APPJ treatment using nitrogen and air improves the PE adhesive bond strength 

through surface modifications. The differences between air and nitrogen plasmas 

lead to different surface modifications. Therefore, results from the study indicate 

that to understand the activation mechanism of the APPJ system used, both the 

plasma reactions on the surface and post-plasma processes should be taken into 

account. Therefore, theoretical predictions on optimal process parameters as a result 

of plasma modelling have become more difficult, since additional reactions that are 

not directly related to the treatment require consideration [85]. 
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1.8.3 Surface modification of polydimethylsiloxane (PDMS) 

Polydimethylsiloxane (PDMS) has been widely used in many devices as 

microfabrication due to being self-sealable, elastic, inexpensive, and 

bio-compatible. PDMS has also proven to allow easy fabrication of devices and 

boasts of having excellent optical transparency. However, its innate hydrophobicity 

portrays non-specific binding, thereby limiting it to applications involving electro-

osmotic flow [90]. Therefore, there is a lot of interest among researchers in how the 

surface of PDMS can be modified to make it hydrophilic while preserving its bulk-

material properties. Plasma treatments using oxygen have been the most commonly 

used and simple method for modifying the PDMS surface to be hydrophilic. 

However, hydrophilicity is lost quickly since PDMS oligomers usually migrate 

from the bulk part to the air-surface interface. 

The difficulties in maintaining the hydrophilicity of PDMS for longer periods after 

treatment have led to developing a method that can modify the PDMS surface and 

make it hydrophilic for a longer period [90]. In their experiment, two different 

layers were deposited on a PDMS surface block using plasma-enhanced chemical 

vapour deposition, abbreviated as PECVD, using TEOS-O2 and CH4 reactants. The 

characteristics of the surface were determined using surface roughness and static 

contact angle measurements and chemical bonding/composition determinations. 

The findings were compared with results from a double layer of a modified PDMS 

surface. 

Results from the study indicate that permanent bonding of PDMS through treatment 

using oxygen plasma did not make it possible to modify the surface of PDMS 
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deposited with a double layer. Permanent bonding of PDMS with silicon, glass, or 

other thermoplastics however, can be induced by treatment formation of siloxane 

bonds to form silanol groups on the surface. Because the double layer was deposited 

on a bare PDMS block in cases where atmospheric plasma PECVD modifies the 

PDMS samples, the molecules of the PDMS cannot be exposed to oxygen plasma. 

The self-sealing characteristic of the PDMS surface can be preserved through 

modification by stencils that have patterned through-holes. Results from the study 

also indicated that surface modification using a double layer and atmospheric 

plasma PECVD using CH4 and TEOS-O2 is a promising technique that can be 

applied where a long-lasting hydrophilic surface of a hydrophobic material is 

needed. 

 

1.8.4 Cyclic Olefin Polymers (COPs) and Surface Modification 

1.8.4.1 Cyclic Olefin Polymers (COPs) 

Cyclic Olefin Polymers, COPs, are described as engineering thermoplastics that 

have a unique combination of properties and are valuable in many applications in 

packaging, CD-ROM, optics, medical equipment, and toners. Existing research 

shows that COPs have low density, excellent electrical properties, glass-like 

transparency, and heat-deflection temperature. They also possess low elongation at 

breaking, good surface hardness, high tensile modulus, and high rigidity. 

Furthermore, COPs have the advantage of being highly pure, having a low moisture 

absorption property, and shrinking and warping slightly, making them more 

suitable for injection moulding. COP chemicals resist bases on aqueous acids and 

polar organic. As shown in Figure 1.7, COPs are obtained through 
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co-polymerization of cyclo-olefin with ethylene or by Mitsui and TOPAS by 

TOPAS, advanced polymers (TAP: formerly Ticona and Hoechst) [91], [92]. They 

are prepared via ring-opening metathesis polymerization (ROMP) of cyclo-olefin 

followed by hydrogenation [93]-[95], and commercialized under the trade names 

Zeonex and Zeonor by Zeon [96] and Arton by Japan Synthetic Rubber (JSR) [92]. 

 

 

 

Existing literature shows that the initial appearance of COPs in research was in the 

1950’s, and their first commercial use in catalysis was in the 1980’s [97]. The light 

transmittance of COPs exceeds that of polycarbonate (PC) and polystyrene (PS), 

and almost equals that of PMMA (poly-methyl methacrylate). They also have low 

haze, birefringence, and chromatic aberration. When COPs are compared with other 

amorphous plastics that are transparent, COPs have a higher heat distortion 

temperature (HDT) with a modulus that is less dense. They are able to replace glass 

in most optical components since they are less brittle as compared to glass where 

Figure 1. 7:  Cyclic-olefin polymer synthesis [95] 
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the durability of glass is considered an issue. Such applications include flat panel 

displays, hard disk drives, automotive light guides, and video camcorders [98]. 

The optical properties of COPs are closely similar to those of PMMA but are better 

for heat resistance [99]. Because of these properties, COPs are an excellent material 

for surface replication on new-generation DVDs. COPs are also suitable where 

optical-quality surfaces are needed, such as in contact lens tooling. COPs are also 

good at insulating electricity and are non-polar. Their ionic content is negligible, 

and they have relatively low electron mobility. 

 

1.8.4.2 Surface Modification of Cyclic-Olefin Polymer by Laser Irradiation 

Controlled modification of the wettability of a polymer’s surface to either 

hydrophobic or hydrophilic is desirable for many applications, such as in the 

self-cleaning of a contaminant. Surface wettability is a property that also determines 

the ease of adhesion in cells and the behaviour of a reagent’s flow in microfluidic 

channels. A hydrophilic surface is able to improve the surface wettability and 

adhesion, which is a desirable property for joining and coating applications. Cyclic 

olefin polymers (COPs) are one of the most widely used polymers in 

bio-technologies and micro-fluidics. Modification of COP surface wettability is 

controllable, and thereby highly desirable for applications in COP-based devices 

that are micro-fluidic in nature [100]. 

Existing literature shows that researchers have employed many techniques, such as 

corona discharges, plasma treatment, wet-chemical etching, electron beam 

irradiation, ion beam treatment, and laser irradiation. However, laser irradiation has 
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proven to be a clean and fast process. Laser irradiation can offer precise control and 

localised treatment for generating features with little thermal impact on the bulk 

material. This technology has been applied to the surface modification of 

semi-conductors, polymers, and metals. The usage of ultra-short pulsed lasers has 

increased as a technique for surface treatment. A previous study demonstrated that 

a femtosecond infrared laser could be used to induce both super hydrophilicity and 

super hydrophobicity on the surface of a COP material using direct laser irradiation 

and different laser parameters [101]. 

Investigation of the power deposition rate effects of laser fluence and roughness of 

the surface of the COP revealed the wettability change that was being induced by 

laser treatment in different laser conditions was investigated by treating COP 

substrates with different laser fluencies. Therefore, the fluence can be described as 

the average energy that is deposited per unit area of a sample of the surface in a 

single pulse [102]. The study's findings revealed that the water contact angle, WCA, 

varies with the power deposition rate and the temperature. If the laser conditions 

are appropriate, the surface wettability of COP can be modified from 

super-hydrophobic to super-hydrophilic. The modification is achieved when the 

laser beam scanning speed and pulse energy are controlled and adjusted. The 

developed process can be applied to the controlled modification of the localised 

surface wettability of a micro-fluidic device or in the development of high 

wettability surfaces used in inkjet printing. 
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1.8.4.3 Surface Modification of A Cyclic Olefin Polymer using Plasma 

Technique 

Few reports have been published on the effects of COP atmospheric pressure 

plasma treatment. In the previously published work, these types of samples were 

quickly recovered (within a few days) [103]. Plasma samples are frequently 

subjected to an additional step towards direct chemical functionality in order to 

increase or prevent the hydrophobic recovery of the plasma samples [104]. It is 

therefore desirable, in any plasma process, to induce functional groups on the 

surface of the COP in a single step so that the hydrophobic recovery times can be 

extended for a long period of time. 

In micro-electronic packages, treatment of polymer surfaces with atmospheric 

pressure and vacuum plasmas to improve poor wetting and adhesion can occur 

during critical stages of the manufacturing process, such as putting epoxy moulding 

compound on the ground and applying epoxy during filling to the Flip Chip 

module.The packaging industry has long exploited low-pressure fuel system 

plasmas to active polymer surfaces before glueing. However, atmospheric pressure 

plasmas (APPS) have been developed as a reactive species concentration that is 

several hundred times higher than in vacuum plasmas, which suggests that the app 

treatment can give a higher throughput. A thorough comparison between these two 

technologies (atmospheric pressure and vacuum discharges) for activation of the 

flame retardant 4 (FR-4) and polyimide substrates for attachment to epoxy during 

filling. This accordingly shows information about both low and atmospheric 

pressure plasmas suitable for the improvement of the attachment. The choice of one 
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method over the other should be based on other considerations, such as production, 

costs and benefits. 

In the recent past, many researchers interested in investigating flexible electronic 

devices revealed that cyclic olefin polymer COP modifies using an oxygen 

atmospheric plasma jet treatment [105]. The COPs used in their research were 

obtained using metallocene catalysts, and this included glass at high transition 

temperatures, combined with low moisture absorption, excellent transparency, low 

dielectric loss and good chemical resistance. Research shows that the key factors 

that are responsible for effects on the surface in plasma treatments of polymers are 

vacuum ultraviolet radiation in a chamber, free radicals that are present in the 

plasma, and impingement of ions on the surface [106]. When plasmas derived from 

simple gases are used, significant change effects include etching or ablation, 

branching or cross-linking near the surface molecules, degradation of the polymer 

molecules and the introduction of newer function groups. 

The etching effect meant that the surface of the polymer was ion bombarded by the 

plasma, while the degradation of the polymer molecules of the surface is known to 

have been caused by the thermal energy induced during plasma treatment. The 

simplest way of modifying the physical and chemical states of the surface of the 

material used was by plasma treatment without necessarily altering any bulk 

properties [107]. Research has shown that no poisonous gases and chemical 

solvents used in the modified process can make it a green modification process. To 

develop the adhesive ability of the COP substrate, oxygen plasma treatment then 

becomes a necessity. Modification of the COP surface was done using different 

experimental parameters such as treatment time and RF power. Surface roughness 

on the COP was investigated using an atomic force microscope and AFM, and at 
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the same time chemical bonding was done considering X-ray photo-electron 

spectroscopy (XPS). 

The study found that there are apparent morphology and chemical changes on the 

COP substrate surface once oxygen plasma treatment is carried out. The surface 

acquired oxygen functionality in the C-O, C=O groups, and this was reflected in a 

noticeable reduction at a contact film angle from 90 degrees to 17.6 degrees after 

10 seconds treatment. The roughness on the COP substrate upon plasma treatment 

resulted in an increase in ions in terms of bombardment effect. The adhesive 

characteristics of the COP-based substrate can be enhanced by inserting hydrophilic 

functional groups on the COP substrate’s surface. This research also found that the 

adhesive performance occurring between the modified surface of polymers and the 

coated layer was due to the interaction between acceptors and the donor [108]. 

In microfluidic devices, the hydrophobicity of COPs (water contact angles around 

90°) can be problematic as oxygen plasma and chemical coating process studies 

have shown to reduce the surface hydrophobicity of low-pressure plasma wherein 

the results are as summarised in Table 1.4 with surface treatments reducing the 

hydrophobicity of COP materials. 

 

Table 1. 5:  Surface treatments to reduce hydrophobicity of COP materials 

Surface treatment 
method 

COP material Native Water 
contact angle (°) 

Treated Water 
contact angle (°) 

Low-pressure 
plasma 

Topas 6071 90 39 [109] 

Oxygen plasma APEX 90 7[110] 

UV/ozone Zeonor 1020 R 95 49[111] 
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Permanent PVA 
coating 

Zeonor 1020 R 95 74[111] 

Corona discharge ZEONOR 90 27 [112] 

Plasma-enhanced 

chemical vapour 

deposition 

Topas 8007 90 10[113] 
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2 Cyclic Olefin Polymers Surface Modification, Experiments 

Procedures and Results  
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 Introduction 

This section describes the experimental set-up and conditions that were used in the 

research project. This section discusses surface modification of thermoplastic 

polymers, experimental procedures and characterisation techniques used in the 

analysis of plasma polymer interaction. The plasma jet nozzle used to generate an 

atmospheric pressure plasma jet has been described in detail and the primary set-up 

is outlined in this section. X-ray Photo Electron Spectroscopy (XPS), Fourier 

transform infrared (ATR-FTIR) spectroscopy, Atomic Force Microscopy (AFM), 

and Contact Angle Goniometry (WCA) were all used to evaluate the 

interaction/fundamental chemical properties of plasma polymers. 

 

2.2 Materials 

2.2.1 Cyclic olefin polymer samples 

The cyclic olefin polymer (COP) samples that were used in the experiment were 

Zeonor film, which was manufactured by Zeon Europe GmbH and used in the 

experiment. COPs are well-known for their excellent optical properties, as well as 

for being a high-purity polymer. With its inert surface, Zeonor Film is well suited 

to the manufacture of sensitive bio-diagnostic devices. In order to accommodate a 

wide range of applications, Zeonor film is available in a number of different 

thicknesses and glass transition temperatures. In this experimental work, the Zeonor 
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Film grade (ZF14-188), glass transition temperature (136°C), and thickness 

(188 m) were all used in conjunction with the glass transition temperature [108] 

2.2.2 Plasma gases 

Process gases purchased from BOC gases in Ireland, such as argon, helium, 

nitrogen and oxygen, are used in the production of plasma and the treatment of 

samples in the laboratory. The air compressor was used to collect the air and filter 

it before it was connected to the plasma jet. 

 

 Experimental plasma jet and plasma processing procedure 

Experiments were conducted using COP films that had been cut into small pieces 

of approximately 2.5 x 2.0 cm in size. To protect the samples, they were wrapped 

in plastic and peeled just before being used in the experiment. In all experiments, 

the inter-electrode gap was maintained at 2 mm. To generate the desired air plasma, 

a high voltage power supply model PVM400 was used. This power supply 

generates high sinusoidal voltages of up to 20 kV at output frequencies of up to 

40 kHz. To control the gas flow to the jet, a digital mass flow controller (0SMC 

integrated display flow metre 0.5/25 L/min) was used. A high voltage probe 

(Tektronix P 6015A, 1000X) and a current transformer were used to measure the 

voltage and current. The voltage and current were measured using a Tektronix tds 

digital oscilloscope (2024, 200MHz). 
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Figure 2.1:  Schematic diagram of atmospheric pressure plasma jet used 

 

 

2.3.1 Plasma jet design 

Plasma treatment of COP surfaces were performed using an experimental plasma 

jet developed by the National Centre for Plasma Science and Technology (NCPST). 

Figure 2.1 depicts a schematic diagram for this system. 

As shown in Figure 2.1, the jet is made of a 120 mm outer plastic tube with a 22 mm 

inner diameter and a 25 mm outer diameter. Gas can be introduced into the jet 

chamber via a 5 mm hole cut into the tube's side. A Peek capsule secured at one end 

of the plastic tube extends 40 mm into the tube. 

Electrical power is supplied to the jet by two stainless steel electrodes. The first 

electrode, a nozzle as shown in Figure 2.1, is threaded into place at the opposite end 

of the plastic tube and is electrically grounded. The nozzle electrode's interior is 
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conical in shape, with a small 0.6 mm hole at the bottom for airflow out of the jet 

chamber.  

The second electrode, a pin, is electrically connected to the high voltage line as 

shown in Figure 3.2. A Polyether Ether Ketone (Peek) capsule secures the pin in 

place and allows it to be moved closer or further away from the ground electrode. 

When a sufficiently high voltage is applied between the pin and ground electrodes, 

plasma is generated and excited species are transported out of the jet chamber to 

the plume. 

As illustrated in Figure 2.1, the outer electrode (nozzle) is grounded while the 

central electrode receives a high voltage power supply at a frequency of (0-40) KHz, 

resulting in a discharge. The reactive species produced exits the nozzle at a high 

rate of speed and travels to the area to be treated. Inside the plastic cylinder, the 

electrode is placed horizontally. When an alternating current high voltage is applied 

in the presence of gas flow, an atmospheric pressure plasma jet (APPJ) is generated 

between the electrode and the grounded cone. Numerous factors contribute to the 

value of applying power to produce APPJ: 

a) Gas type: the use of various gas compositions such as He, N2, Ar and air also gas 

mixtures such as Ar/N2, O2/N2 gives different species for applications. 

b) Distance between electrodes. 

c) Gas flow rate and here, the density of the plasma plume depends on neither the 

gas flow rate nor the tube inner diameter [76]. The gas flow rate used in the 

experiments varied from 5 l/min up to 25 l/min. 
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2.4 Surface Characterisation Techniques 

Various techniques can be used for the analysis of the surface which has its specific 

advantages and disadvantages. Dedicated suitability of each method depends on the 

particular problems as they are reviewed. It is important to examine the sample by 

various techniques for the detection of the same sample. The numerous 

technologies offer and assist with the interpretation of the data, different types of 

information may be obtained if the optical, chemical and structural performance are 

put under consideration. In the current research on the chemical composition of the 

X-Ray, (XPS), the assessment of surface–energy, Fourier Transform Infrared 

Microscopy (FTIR-AR), Atomic Force Microscopy (AFM) and Secondary Electron 

Microscopy (SEM), all these techniques are employed for chemical and topography 

analysis. The contact angle measurement was used in analysing of the surfaces to 

determine changes in properties. Provision of information by the topography and 

characterisation of the various techniques alongside their operation and 

specifications are discussed in the following sub-sections. 

2.4.1 Contact Angle Goniometry 

In 1805 Young, found surface wettability phenomena can be used to determine the 

surface free energy. Physical quantities such as the contact angle and apparent 

surface free energy are used to describe the wettability of surfaces [109]. 

Additionally, the relationship between the contact angle and the apparent surface 

free energy of a solid was discovered. Numerous theoretical approaches exist for 

estimating the free energy of the surface [110], [111]. Despite the problems 

connected with estimation of the apparent surface free energy, it is one of the most 

frequently determined quantities in industry, is usually called surface tension of 
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solids and is estimated based on studies of the spreading of calibrated probe liquids 

over solids using a number of common laboratory solvents; liquids such as: water, 

ethylene glycol, formamide and di-iodomethane [112], [113]. However, water is 

typically used to measure the surface hydrophobicity or hydrophilicity [114] 

Contact angle measurement is the most popular method of solid surface tension 

measurement. A contact angle goniometer (FTA 200) was used to measure the 

contact angle values as shown in Figure 2.2. A droplet of water (3 μl) was placed 

on the polymer surface using a syringe to measure the contact angle. Each contact 

angle value was taken on the same sample surface as an average of three different 

points. 

 

Figure 2.2:  Contact angle goniometer (FTA200) 
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2.4.2 Atomic Force Microscopy (AFM) 

A Nano Scope Ilia size system with a Dimension 3100 controller was used to for 

the polar faces (See Figure 2.3). 

 

Figure 2.3:  The Dimension 3100 atomic force microscope (AFM) 

 

2.5 Results and Discussion 

The experimental results of Cyclic Olefin Polymers (COPs) surface treated with an 

air atmospheric pressure plasma jet (APPJ) are as showcased. 

This section discusses the experimental results gained from the treatment of cyclic 

olefin polymers (COPs) with an air atmospheric pressure plasma jet (APPJ). The 

study's major goal was to determine the behaviour of surface wettability following 

air APPJ treatment. 

During the experimental research, a large number of experiments were conducted. 

Each sample treated was submitted to the characteristics instrument in order to get 

precise results, as the quality obtained deteriorates over time. 
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2.5.1  Characterization of APPJ 

There are a variety of methods for studying and characterising plasma. We may use 

these approaches to determine plasma parameters such as electron density, 

temperature and the type of plasma species by observing the plasma. 

2.6      Effect of the APPJ parameters on COP surface 

A high voltage, high frequency signal is used to generate plasma between two 

electrodes in the presence of a gas flow. The power supply generates a sinusoidal 

signal at a frequency of 0-40 KHz. The substrates are positioned downstream of the 

electrodes so that the surface is exposed to ion bombardment along with the reactive 

species generated by electron collisions with the molecular gases. Many gases can 

be good or bad, depending on the application, when one substrate is being treated 

at a time. Further discussions on atmospheric pressure plasma design can be found 

in several other research papers [71]. 

In this work, we investigated the surface modification by an atmospheric pressure 

plasma jet at different operating conditions to find out the optimal operating 

parameters to modify the COP surface. Several controllable plasma processing 

parameters can be optimised to favour the desired processes with high 

controllability of the plasma processes. These parameters include the distance 

between the substrate and the nozzle, gas type, the gas flow rate and applied power 

(P). Thus, optimising a particular plasma process requires systematically studying 

the dependence of material properties on each relevant parameter. 
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2.6.1 Plasma fed gas impact 

In order to improve the hydrophilic behaviour of COPs, samples were exposed to 

different gas plasma modifications. AR-FTIR investigation reveals the chemical 

changes due to differences of the nature of the plasma on the polymers surfaces. 

WCA of COP shows a significant change from the surface of a pristine COP and 

after plasma treated samples. Figures 2.4 shows water contact angles (WCA) before 

and after helium/oxygen/Nitrogen and air plasma treatment. Surface activation of 

COP with a different APPJ fed gas appears to be quite effective at surface 

wettability. According to several authors, reactive neutral species such as Oxygen, 

carbonyl, carboxyl hydroxyl, peroxide groups, and Nitrogen Dioxide play a primary 

role in the use of plasma for polymers surface modification [115]. 

 

Figure 2.4:  Water contact angles (WCA) before and after helium/oxygen/nitrogen 

and air plasma 
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FTIR-AR spectra have been used to detect the chemical changes after plasma 

treatment.  Fast electrons produced in a non-thermal plasma can have energies of 

up to 10 eV, sparking a variety of chemical reactions. In non-thermal plasma 

processes, energetic photons can play a role in addition to fast electrons. A good 

example of such a reaction is photoionization in air. Electron impact on bulk gas 

molecules, on the other hand, is the fundamental source of all reactions, as it forms 

a vast number of reactive species that can then react with more stable species. OH, 

O, and N radicals, excited N2 molecules, and atomic and molecular ions (e.g. O+, 

O+
2 ) are examples of reactive species [116]. 

From FTIR results, new functional groups have been introduced to the COP surface 

by different inlet gases in the APPJ. Figures 2.5 and 2.6 depict the FTIR absorption 

peak that appears between 1600 and 1750 cm-1 and is associated with the presence 

of carbonyl and aldehyde groups caused by oxidation during plasma treatment 

[117]. It has been reported that various carbonyl-containing species are formed 

during plasma treatment in the presence of oxygen elements. It was discovered that 

the oxygenated-argon plasma specimen exhibited an FTIR-ATR peak in the 3500–

3600 cm-1  range, but not in the argon plasma specimen. This peak indicated the 

presence of polar hydroxyl groups (–OH) [118], which contributes to the increase 

in the hydrophilic nature of the COP surface. 

As expected, plasma treatment enhances the wettability of polymers by generating 

OH groups on the treated surface [119]. Likewise, when PP and PET polymers are 

treated with non-thermal plasma, unique absorption bands at 1548 and 1697 cm-1 

are found, which correspond to the O-H and C=O stretching vibrations respectively. 

Furthermore, plasma treatment introduces or enhances oxygen functional groups on 



 

57 

 

the polymer surface, such as C-O, O-H, and C=O absorption bands between 3200 

and 3600 cm-1, enhancing hydrophilicity [120]. 

 

Figure 2.5:  FTIR spectra of COP films treated by Ar, He and Air plasma. 
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Figure 2.6:  FTIR spectra of COP films treated with Air plasma. 
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The results indicated that plasma chemical reactions had a significant effect on a 

variety of plasma-fed gases, compared with the other gases used, with air plasma 

pre-treatment being the most efficient method of achieving an extremely wet COP 

state. 

 

2.6.2 APPJ plasma treatment function of distance 

In this work, COP was treated at varying jet-to-substrate lengths while maintaining 

all other parameters constant to determine the influence on the COP surface. The 

connection between the jet-to-substrate distance and the water contact angle is 

shown in Figure 2.7. When samples were taken close to the nozzle, the WCA rate 

was almost undetectable due to surface damage. The WCA was lower at 2.5 mm 

than in other distances. However, it can be observed that the WCA value rose 

exponentially as the distance between the jet and the substrate increased from 3 mm 

to 25 mm. The distance between the nozzle and the sample surface influences the 

WCA of COPs.  This could be due to the fact that the concentrations of activated 

species decrease as they travel downstream away from the nozzle, or it could be 

due to the fact that the degree of etching is also affected by the polymer surface 

temperature. 

The findings are consistent with those observed by Vesel and his colleagues  [121].  

Previously published work on WCA representations in an exhaustive study of 

various PET treatment time and distance settings. They discovered that a shorter 

treatment distance decreased WCA values, whereas a longer treatment period 

contributed to the same results. The authors investigated the changes in wettability 

caused by long-lived oxygen species. 
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Figure 2.7:  Changes in water contact angles of the COP surface as a function of nozzle 

distance. 

 

 

2.6.3 APPJ treatment function of power supply frequency 

The APPJ power has demonstrated that frequency variation is a critical method for 

regulating reactive species production and heat flow. Variation in the frequency of 

APPJ devices, which are generally operated in the MHz range, affects the duration 

of the plasma and the intensity of the plume, allowing for control of reactive species 

generation and gas heating. Changes in frequency result in changes in plasma 

characteristics, which influence the wettability of the COP surface, as seen in Figure 

2.8. Whereas a greater plasma frequency results in a lower water contact angle. 

An investigation of the effect of surface treatment frequency on the functionality of 

plasma activation polymer particles, as previously stated [122]. The study 

demonstrates a substantial dependency on the plasma generator frequencies and a 

link with the observed plasma's spectrum emission. An investigation into the 
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influence of plasma processing parameters such as frequency and treatment 

duration on the amount of surface activation was conducted using water contact 

angle (WCA) measurements. After 2 minutes of treatment, the WCA of 

polyethylene terephthalate PTE was decreased from 93° to 32°. 

 

 

Figure 2.8:  Changes in water contact angles of the COP surface as power supply 

frequencyI don’t think this caption makes any sense. 

 

2.6.4 Gas flow rate impact on COP surface 

The effect of APPJ air flow rate on surface wettability was investigated; the results 

are shown in Figure 2.9.The results indicate an inverse relationship between air 

flow rate and COP wettability. Variability in air flow rate is used to identify the best 

plasma conditions for surface modification. While a water contact angle is used to 

determine the wettability of the plasma-treated COP surface, a digital mass flow 
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gas flow to the jet, where the digital output of the gas flow metres connected to the 

plasma jet system is used. The magnitude of the gas flow has a significant influence 

on the plasma [123]. 

 

 

Figure 2.9:  Changes in water contact angles of the COP surface as function APPJ 

feed gas flow. 

 

In our experiments, the plasma gas flow rate can affect the surface wettability of 

polymers for two primary reasons. The first is that it changes the topography of the 

surface, causing fluctuations in roughness, and the second is that the plasma active 

species density in high gas flow is invariably greater than that in low gas flow, 

invariably affecting the polymer's surface chemistry and topography [124], [125]. 

 

2.7 Ambient humidity effect on COP surface wettability 

Few studies have been conducted to determine the effect of the environment on 

surface wettability. The measurement of contact angle is affected by numerous 
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factors including the liquid used, the volume of the drop, ambient humidity and 

temperature studied by Zisman [126], Li et al [127],  Baek et al [128] and SH 

Anastasiadis [129]. 

We investigated the effect of APPJ air plasma ambient humidity on surface 

wettability; the results are shown in Figure 2.10. Measurements of the temperature 

and relative humidity RH are made using an Extech 445815 Humidity Meter with 

an accuracy of 1 °C and 4%, respectively. Controlling the room's moisture by use 

of a deumidifier resulted in a relative humidity range of 40% to 85%. while the 

wettability of the plasma-treated COP surface is determined using a water contact 

angle. The results indicate that the ambient humidity rate and the wettability of COP 

are proportional. The reason for this is not clear and more investigation needs to be 

carried out. 

Contact angle measurements in a variety of environments provide valuable insight 

into the properties of polymer surfaces. Measuring the contact angle in an 

appropriate relative humidity environment is critical because wettability data 

obtained in environments that are not representative of the materials operating 

environment can be highly misleading. 

https://scholar.google.com/citations?user=x98jwLMAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=x98jwLMAAAAJ&hl=en&oi=sra
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Figure 2.10:  Relative humidity impact on COP surface wettability 

 

2.8           COP Surface Topography Analysis 

2.8.1 Scanning Electron Microscopy (SEM) 

The surface characteristics of untreated and atmospheric plasma treated COP are 

analysed using scanning electron microscopy (SEM). Conductive samples are 

required for SEM imaging due to the combined effects of the incident electron beam 

and electron loss from the sample, which can result in charging effects for non-

conductive samples. Due to the non-conductive nature of the COP surface, samples 

were prepared prior to SEM by sputter coating. Figure 2.11 shows scanning electron 

microscopy (SEM) images of COP; no difference between treated and untreated 

samples can be seen in the SEM images; the changes in surface topography were 

nanoscale. As a result, AFM was used to characterise the surface's topography. 
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Figure 2.11:  Scanning electron microscopy (SEM) images of COP polymer images of 

a 1µm wide for control and treated sample. 

 

 

2.8.2 Atomic Force Microscopy (AFM) 

The effect of APPJ treatment on COP polymers was represented in a 3D 

topographic image in Figure 2.12. As one of the important factors in surface 

enhancement, the better wettability is closely related to the higher surface 

roughness [130], [131]. 

Based on the analysis of AFM images, it can be concluded that surface nano-

roughness can also contribute to improved wettability. As expected, after air plasma 

treatment, the COP surface becomes significantly rougher. The correlation between 

the increase in Rrms of plasma-treated films and mass loss measurements indicated 

that the films underwent a significant etching process. Previously, similar linear 

conductance was observed in other polymers [79]. As a result, the surfaces of the 

APPJ structurally modified samples are the result of active species reaching the 

surface via the gas stream. Additionally, the active oxygen-related species can be 

dispersed outwards in such a way that the O atoms formed in the plasma plume 

become incorporated into the polymer chain [132].  The AFM data indicates that 

treating COP surfaces with air APPJ results in an increase in film roughness, which 
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results in a decrease in the COP water contact angle from 90° to less than 10°. The 

following section summarises the results: 

1) The plasma-induced process is the etching of a polymeric surface, which is 

evidenced by the AFM analysis. The removal of the polymeric material to the gas 

phase is reasonably done by the formation of low molecular weight compounds 

formed by the products during the oxidation of the polymer and then resulting in 

the etched surface leading to a rougher surface. 

2) The AFM results of the surface topography and local heterogeneity (high 

and phase images) resulting after the plasma treatment are as displayed in Figures 

2.12 (A and B). The surface properties of the sample were measured in three 

different places, with no extensive differences being observed between these places. 

The high and phase images of the untreated polymer show no significant differences 

in the high and phase profiles. The high and phase images of pristine polymers are 

crude, but there are no discernible inhomogeneities. The Rrms values of pristine COP 

polymers are 4.0 nm and 7.0 nm respectively. The 5/5 μm scan is selected in order 

to ensure clearly visible changes in the COP surface. The pristine COP exhibits a 

surface with no apparent irregularities and surface roughness Ra = 46 nm. The 

plasma-treated sample resulted in the appearance of very fine heterogeneous 

regions, and then the polymer surface became more irregular. The local 

heterogeneity after treatment is seen to be more pronounced. The roughness of 

plasma treated surfaces increases two/three times higher compared to the untreated 

polymer. 
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Figure 2.12:  (a) AFM images of pristine COP, (b) air APPJ treated COP polymers 

 

2.9 Conclusions 

It is shown here how to produce a super hydrophilic surface on COP at a cheap cost 

by employing air plasma rather than more expensive gases like helium, argon, or 

nitrogen plasmas, as previously described. The dry method also exhibits quick and 

effective surface wettability that is repeatable, simple to apply and has no influence 

on the bulk characteristics of COP. These results may be used for sophisticated 

polymers that are utilized in adhesion and biological applications, such as 

microfluidic devices and can be used to analyse them. An investigation of the 

hydrophilic surface and its energy as well as the APPJ plasma properties indicates 
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the potential for regulating the wettability of the surface as well as the more direct 

introduction of specific functional groups, particularly -CH and -OH. When the 

water contact angle is decreased from roughly 90° to less than 10°, a significant 

improvement in COP surface wettability is observed. 
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3 Optimization of Atmospheric Pressure Plasma Treatment on 

COP Surfaces 
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 Introduction 

Low-temperature atmospheric-pressure plasma jets (APPJs) are increasingly being 

used in applications such as surface activation, cleaning, wound care, and 

sterilisation [132].  Successful development of the application of these systems is 

dependent upon the ability to tailor the active species generated in the plasma jets 

to the treatment requirements. The purpose of this chapter is to explore optimising 

the influence of APPJ parameters on the surface wettability of cyclic olefin 

polymers (COPs), where the surface wettability was shown to be connected to the 

geometry of the water contact angle. The purpose of this chapter is to explore 

optimising the influence of APPJ parameters on the surface wettability of cyclic 

olefin polymers (COPs), where the surface wettability of COPs was shown to be 

connected to the geometry of the water contact angle.  The method was optimised 

using historical data using the D-optimal criterion, and the influence of plasma 

parameters such as input voltage, plasma power supply frequency, air flow rate, and 

distance between the nozzle and the COP surface was also studied. The suggested 

model was employed and may be further applied in the study to navigate the surface 

wettability based on the analysis of variance (ANOVA) results. The optimal 

operating conditions for achieving the lowest water contact angle were predicted 

and the results indicated that while all of the parameters studied have an effect on 

the COP surface modification, it is most sensitive to plasma frequency and distance, 

as well as air flow rate. 

Many studies carried out over the years applying these techniques have shown that 

they could be used for materials that were traditionally unviable for microfluidic 

devices. Due to their excellent features in optical, mechanical, chemical resistance, 

low water absorption and low cost, Cyclic Olefin Polymers (COPs) are ideal for 
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microfluidic applications. Conventionally, the materials employed in microfluidic 

devices are generally hydrophobic and so also is the cyclic olefin polymer surface. 

Other techniques, however, are used to create hydrophilic surfaces. These include 

wet-chemical etching [133], corona discharges [106], [134], laser irradiation [95] 

and ion beam treatment [135], but in this work, we have chosen the air atmospheric 

pressure plasma jet (APPJ) as an approach for COP surface modification. As a result 

of many advantages, they can produce many reactive species which have a great 

impact on surface factualisation. In addition to reducing the cost of equipment and 

operation, it is also established that low temperature processes result in low surface 

damage. Furthermore, they can be used in the treatment of microfluidic channels 

[136]. This can be a very practical method for modifying surface functional groups 

without affecting their bulk properties [61].  Whereas the fabrication of polymeric 

materials for microfluidic applications, such as cyclic olefin polymers (COP), can 

be achieved by an atmospheric pressure plasma jet by nanoscale surface etching 

and surface functionality [106], [137]. 

By spatially increasing the low surface energy of polymers, functional surfaces 

have a significant impact on surface fabrication [138] and, therefore, result in 

enhanced wettability of their surfaces as well as an increment in the hydrophilicity 

of the COP. The operating conditions of the APPJ have a substantial impact on 

polymer surface modification [139]. The purpose of this work was to investigate 

the effect of optimising APPJ parameters such as input voltage (V), power supply 

frequency (kHz), gas flow rate (l/min) and jet to substrate distance (mm) on the 

COP surface wettability, which is a measure of the water contact angle. 

Additionally, the cost of sample treatment has been calculated to strike a balance 

between quality (low water contact angle) and quantity (low cost). 
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Thus, this chapter's initial objective is to use historical data to establish a 

relationship between the atmospheric pressure plasma jet input parameters and the 

two responses (water contact angle and operating cost). The second goal is to find 

the best factor combination that reduces the water contact angle while staying 

within a reasonable expense for industrial production. The APPJ parameters used 

in this study were chosen because they are the only ones controllable by the APPJ 

equipment used. 

 

 Methodology 

The response surface methodology (RSM) is a technique for examining the 

relationships between multiple explanatory variables and one or more response 

variables. The main idea behind RSM is to use a series of carefully designed 

experiments to find the best possible response. Box and Wilson [140] recommend 

using a first-degree polynomial model to accomplish this. They recognise that 

this model is only an approximation, but they use it because it is straightforward 

to estimate and apply, even when little is known about the process. 

 

3.2.1  Response Surface Methodology 

Engineers frequently want to define the values of the input process parameters that 

produce the best results. In terms of process input parameters, the optimal value 

may be either the minimum or maximum value for a particular function. Design of 

experiments is a commonly used optimization technique for explaining surface 

efficiency. It could be used to test atmospheric pressure plasma jet modified 

polymers and determine optimal responses. This design is a collection of techniques 
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for predicting interesting responses based on a variety of input variables which can 

be used to optimise this response [141].  This design also defines the relationships 

and the controllable variables of inputs between one or more assessed responses 

[142]. If all independent variables in experiments with negligible errors are 

observable, regulated and continuous, the response surface can be expressed by 

Equation (1-3). 

𝑦 = 𝑓( 𝑥1, 𝑥2, 𝑥3, ……… , 𝑥𝑘 ) (1-3) 

where k is the number of independent variables. 

In order to optimize the'' y'' response, the true functional relationship between 

independent variables and the response surface must be accurately approximated. 

Typically, a second-order polynomial Eq. (2-3) is used in historical data. 

𝑦 = 𝑏0 + ∑𝑏𝑖𝑥𝑖 + ∑𝑏𝑖𝑖𝑥
2
𝑖𝑖 + ∑𝑏𝑖𝑗𝑥𝑖 𝑥𝑗 + 𝜀 (2-3) 

 

where k is the number of independent variables. 

In order to optimize the ''y'' response, the true functional relationship between 

independent variables and the response surface must be accurately approximated. 

Typically, a second-order polynomial Equation (2-3) is used in the design of the 

experiment. 

3.2.2 Experimental Design 

The study was conceived on the basis of historical data design available in Design-

Expert V12 software. The input variable parameters of the plasma jet are power 

(input voltage, frequency), gas flow rate of the feed  and the distance of the sample 

from the plasma jet nozzle. The experimental process run has been carried out by 

modifying one of the process parameters at a time to identify the range of each 
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parameter and the lack of surface wettability of clear polymers. Figure 3.1 shows 

the water contact angle of the COP samples treated with air APPJ (14.5°) and the 

untreated COP surface (96°). The method parameters and actual values are shown 

in Table 3-1. For the code of variables and the design matrix, as shown in Table 2, 

the statistical software Design-Expert V12 has been used. Historical data design 

[143] was employed and for the experimental data, polynomial Equation (3-2) 

regression equations were fitted for all responses to the experimental data. For each 

regression equation, the statistical significance of the terms was checked using the 

sequential F-test, the adaptive test and other adequacy measures with the same 

software to obtain the best fit. 

 

 

Figure 3. 1: The water contact angle of untreated and air APPJ treated selected 

samples of COP. 

 

Table 3. 1  Independent variable and experimental design levels used 
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3.2.3 Desirability Approach 

Several statistical techniques are available for solving multiple response problems, 

such as overlaying the contour plot for each answer, restricted optimization 

problems and the desirability approach. Because of its simplicity and flexibility in 

the system, the desirability approach is recommended and offers consistency in 

weighting and importance for individual responses. Using this approach to solve 

these multiple response optimization problems involves using a technique for 

combining multiple responses into a dimensionless performance metric called the 

overall desirability function. The desirability method involves transforming each 

estimated response, Yi, into a unitless utility with a limit of 0< 𝑑𝑖 <1, where a higher 

di value implies that the response value Yi is more desirable if di = 0 which means 

a fully undesirable response [144]. In the current work, the individual desirability 

of each response, di, was calculated using Equations (3-3) - (3-7). The shape of the 

desirability function can be changed for each goal by the weight field ‘𝑤𝑡-𝑖. 

Weights are used to give more emphasis to the upper/lower bounds or to emphasize 

the target value. 

The desirability of goals at the highest level will be defined by: 

 

𝑑𝑖 = {

1                              ,    𝑌𝑖 ≤ 𝐿𝑜𝑤𝑖                  

(
𝑌𝑖−𝐿𝑜𝑤𝑖

𝐻𝑖𝑔ℎ𝑖−𝐿𝑜𝑤𝑖
)
𝑤𝑡𝑖
  ,    𝐿𝑜𝑤𝑖 < 𝑌𝑖 < 𝐻𝑖𝑔ℎ𝑖  

0                            ,    𝑌𝑖 ≥ 𝐻𝑖𝑔ℎ𝑖                 

 (3-3) 

 

For goal as a minimum, the desirability will be defined by: 



 

75 

 

𝑑𝑖 = {

1                           ,    𝑌𝑖 ≤ 𝐿𝑜𝑤𝑖                  

(
𝐻𝑖𝑔ℎ𝑖−𝑌𝑖

𝐻𝑖𝑔ℎ𝑖−𝐿𝑜𝑤𝑖
)
𝑤𝑡𝑖
  ,    𝐿𝑜𝑤𝑖 < 𝑌𝑖 < 𝐻𝑖𝑔ℎ𝑖  

0                          ,    𝑌𝑖 ≥ 𝐻𝑖𝑔ℎ𝑖                 

 (3-4) 

 

For goal as a target, the desirability will be defined by 

𝑑𝑖 =

{
 
 

 
 (

𝑌𝑖−𝐿𝑜𝑤𝑖

𝑇𝑖−𝐿𝑜𝑤𝑖
)
𝑤𝑡1𝑖

      , 𝐿𝑜𝑤𝑖 < 𝑌𝑖 < 𝑇𝑖      

(
𝑌𝑖−𝐻𝑖𝑔ℎ𝑖

𝑇𝑖−𝐻𝑖𝑔ℎ𝑖
)
𝑤𝑡2𝑖

     ,   𝑇𝑖  < 𝑌𝑖 < 𝐻𝑖𝑔ℎ𝑖

0                          ,   Otherwise           

 (3-5) 

                  

For goal within range, the desirability will be defined by 

𝑑𝑖 = {
1      ,     𝐿𝑜𝑤𝑖 < 𝑌𝑖 < 𝐻𝑖𝑔ℎ𝑖    
0       ,    𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                    

 (3-6) 

𝐷 = (∏ 𝑑𝑖
𝑟𝑖𝑛  

𝑖=1 )1⁄(∑𝑟𝑖)      (3-7) 

 

 Experimental design 

The optimization element of Design-Expert software V12 searches for a 

combination of factor rates that simultaneously satisfy the requirements put on each 

of the responses and process factors (i.e. several-response model) (i.e. optimization 

requirements). In this work, numerical and graphical methods of optimisation were 

used by choosing the desired goals for each factor and response. As described 

previously, the process of numerical optimisation requires integrating the objectives 

into an overall desirability function (D). In the design-expert package, the numerical 

optimization functionality seeks one or more points in the factor domain that would 
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maximize the objective function. The system defines regions in a graphical 

optimization with multiple answers, where parameters fit the proposed criteria 

simultaneously. A contour plot may also define the superimposition or overlaying 

of critical response contours. Instead, it has become possible to search visually for 

the best compromise. When dealing with a large number of responses, it is 

recommended that numerical optimization be performed first; otherwise, it may be 

impossible to find a feasible region. The graphical optimization displays the region 

in the factor space of the feasible answer values. Regions which do not meet the 

criteria for optimisation are shaded. Figure 3.2 displays the flow chart of the design-

expert program optimisation process. 

 

Figure 3.2:  Optimization steps [145] 
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3.3.1  Experimental work Faraj, you need to check the numbering of your 

sections as at present, 1.3 has no text in it. 

Experiments with an air atmospheric pressure plasma jet to modify the COP surface 

were conducted at a room temperature of 21–23C° and a relative humidity of 50–

70%, as detailed in Chapter 2. 

There are many factors that play into the value of applying power to produce APPJ, 

such as the power, frequency, air flow rate and the distance between the nozzle and 

the treated sample. The outer electrode (nozzle) is grounded, while a high voltage 

(50-100W) and a frequency of 0-40 KHz are applied to the central electrode to 

create a discharge. The reactive species generated exits the nozzle at a high velocity 

and attains the area that is to be treated. The electrode is placed horizontally inside 

the plastic cylinder. The atmospheric pressure plasma jet (APPJ) is produced 

between the electrode and the grounded cone when applying a high voltage in the 

presence of gas flow.  

 

3.3.2 Operating cost calculation 

Atmospheric pressure plasma jet operating costs can be estimated per sample. The 

APPJ system used in this work utilizes air gases at a flow rate of between 5 and 

25 l/min. The compressor tank capacity is 24 litres and it consumes 300 W to fill it 

up, so 1 litre requires 12.5 Watts. The power supply consumption depends on the 

input voltage and frequency and to calculate the electricity, we use a voltammeter 

and ammeter and then calculate the power for every run. The operating cost 

calculation does not consider the system hardware, such as the power supply, the 
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variac voltage controller and the nozzle. The total approximated operating cost per 

treated sample is given by Equation (3-8) T 

reatment  cost =

( (𝑃𝑙𝑎𝑠𝑚𝑎 𝑝𝑜𝑤𝑒𝑟+𝑎𝑖𝑟 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑝𝑜𝑤𝑒𝑟)×250)/1000[𝐾𝑊]

[60
𝑚𝑖𝑛

ℎ
]

× 0.2 (€/sample) 

                                                                                                   (3-8) 

where 250 is the sample dots covered by plasma plume and 0.2 is the presumed 

|Kilowatt price. 

 

 

Table 3.2  Design matrix 

 Factor 

1 (A) 

Factor 

2 (B) 

Factor 

3 (C) 

Factor 

4 (D) 

 Factor 

1 (A) 

Factor 

2 (B) 

Factor 

3 (C) 

Factor 

4 (D) 

Run Input 

Voltage 

Frequency Air 

Flow 

Distance Run Input 

Voltage 

Freque

ncy 

Air 

Flow 

Distance 

 V KHz L/min mm  V KHz l/min mm 

1 220 35 5 3 21 175 20 20 5 

2 220 35 10 3 22 175 30 20 5 

3 220 35 15 3 23 175 40 20 5 

4 220 35 20 3 24 175 20 10 5 

5 220 35 25 3 25 175 30 10 5 

6 220 20 20 5 26 175 40 10 5 

7 220 30 20 5 27 155 40 10 25 

8 220 40 20 5 28 175 35 20 25 

9 155 35 20 3 29 155 35 10 20 

10 175 35 20 3 30 155 35 20 20 

11 210 35 20 3 31 175 35 20 20 

12 155 20 20 3 32 175 35 10 20 
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13 155 30 20 3 33 155 35 20 15 

14 155 40 20 3 34 155 35 10 15 

15 210 35 20 25 35 175 35 20 15 

16 210 35 20 20 36 175 35 10 15 

17 210 35 20 15 37 155 35 10 10 

18 210 35 20 10 38 155 35 20 10 

19 210 35 20 5 39 175 35 20 10 

20 210 35 20 3 40 175 35 10 10 

 

 

 

Table 3.3  Experimentally measured responses 

 Response 1 Response 2  Response 1 Response 2 

Run Water contact 

angle 

Cost\sample Run Water contact 

angle 

Cost\sample 

 ° €/sample  ° €/sample 

1 33.28 0.099 21 35.44 0.240 

2 28.45 0.151 22 23.8 0.241 

3 18.62 0.203 23 20.37 0.244 

4 8.98 0.255 24 39.81 0.136 

5 8.93 0.307 25 29.01 0.137 

6 39.81 0.245 26 22.27 0.140 

7 29.01 0.250 27 69.22 0.134 

8 22.3 0.255 28 68.33 0.244 

9 20.71 0.238 29 54.58 0.134 

10 18.77 0.244 30 42.74 0.238 
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11 17.54 0.250 31 43.88 0.244 

12 32.1 0.236 32 48.59 0.140 

13 32.5 0.237 33 37.3 0.238 

14 22.64 0.238 34 39.38 0.134 

15 62.16 0.250 35 38.15 0.244 

16 42.96 0.250 36 39.23 0.140 

17 38.87 0.250 37 40.47 0.134 

18 26.85 0.250 38 36.54 0.238 

19 19.34 0.250 39 27.6 0.244 

20 12.73 0.250 40 32.84 0.140 

 

 Results and Discussion 

3.4.1  Development of mathematical models  

The fit summary tab in the design-expert program shows the highest order 

polynomial where the additional terms are important and the model is not aliased. 

Selecting a step-by-step regression method automatically eliminates insignificant 

model terms. The sequential F-test for the importance of both the regression model 

and the individual model terms, together with the lack of fit testing, was performed 

using the Design-Expert V12 software. The Analysis of Variance (ANOVA) for the 

reduced quadratic models summarizes the study of each answer and indicates the 

significant model terms. Table 3.4 demonstrates the ANOVA findings for the water 

contact angle and operating costs, respectively. Certain adequacy measures, R2, 

Adjusted-R2 and Predicted-R2 are also shown in the same table. All the appropriate 

measures are in logical agreement and indicate a significant relationship. In all 



 

81 

 

cases, the appropriate precision ratios are greater than 4, indicating an appropriate 

model. The analysis of the variance results for the water contact angle model shows 

that the main effective parameter of the APPJ is the distance, followed by the 

frequency, then the air flow. However, the ANOVA finds that there is no significant 

effect on the input voltage, but when interaction is considered with the power supply 

frequency, it becomes significant; so the input voltage was introduced to support 

the hierarchy. Moreover, there is another interaction effect between the input 

voltage and the air flow rate. There are significant model terms. However, the main 

effect of the input voltage was introduced to support the hierarchy. 

The Predicted R² of 0.9140 is in reasonable agreement with the Adjusted R² of 

0.9288, i.e. the difference is less than 0.2. 

Table 3.4  ANOVA analysis for the water contact angle model 

Source Sum of 

Squares 

V Mean 

Square 

F-value p-value 
 

Model 7974.03 7 1139.15 73.73 < 0.0001 significant 

A-Input 

Voltage 

5.32 1 5.32 0.3442 0.5615 
 

B-Frequency 991.77 1 991.77 64.19 < 0.0001 
 

C-Air Flow 412.37 1 412.37 26.69 < 0.0001 
 

D-Distance 5594.54 1 5594.54 362.08 < 0.0001 
 

AB 157.35 1 157.35 10.18 0.0032 
 

AC 97.62 1 97.62 6.32 0.0172 
 

D² 250.35 1 250.35 16.2 0.0003 
 

Residual 494.44 32 15.45 
   

Lack of Fit 482.87 31 15.58 1.35 0.6046 not significant 

Pure Error 11.57 1 11.57 
   

R²=0.942 
 

Adjusted R²=0.929 
  

Predicted R²=0.914 
 

Adeq Precision=32.626 
  

 
Table 3. 5 ANOVA analysis for the operating cost model 

Source Sum of 

Squares 

V Mean 

Square 

F-value p-value 
 

Model 1.93 5 0.3858 241.5 < 0.0001 significant 

A-Input 

Voltage 

0.7356 1 

0.7356 460.41 < 0.0001 

 

B-Frequency 0.1305 1 0.1305 81.68 < 0.0001 
 

C-Air Flow 0.0007 1 0.0007 0.441 0.5111 
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AB 0.0373 1 0.0373 23.32 < 0.0001 
 

AC 0.0048 1 0.0048 3.01 0.0917 
 

Residual 0.0543 34 0.0016 
   

Lack of Fit 0.0543 33 0.0016 
   

Pure Error 0 1 0 
   

Cor Total 1.98 39 
    

R²=0.9726  

 
Adjusted R²=0.9686  

  

 

Nonetheless, the APPJ modified COP wettability parameters have a variable effect 

on the wettability of COP's surface. According to the results, the main effect of the 

four factors was the distance, followed by the frequency, then the air flow rate after 

the quadratic effect of distance and finally, the input. Nevertheless, the main effect 

of input plasma jet voltage was added to support the hierarchy. The analysis of 

variance results in the plasma polymers modification operation cost model, Table 

3.5, showed that the main effect of the input voltage and frequency along with the 

air flow are significant model terms. As mentioned above, treatment costs per 

sample can be calculated using Equation (3.9). In this work, a mathematical model 

was built to estimate optimization costs. Based on the results obtained, the models 

developed are statistically accurate and can be used for further analysis. In Equation 

(3.10), the final models for coded and actual factors are shown. 

 

3.4.2 Final equation in terms of actual factors 

Water contact angle = -65.12818+0.711230* Input Voltage+2.05493* 

Frequency+1.76937* Air Flow +0.179582*Distance-0.01651* Input 

Voltage* Frequency-0.01297 Input Voltage* Air 

Flow+0.06294*Distance² (3.9) 
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Cost sample = 0.74838+0.00126* Input Voltage-0.03571* Frequency+0.01725* 

Air Flow+0.00025* Input Voltage* Frequency                                  (3.10) 

 
 Effect of Process Parameters on the Responses 

In the subsequent headings, whenever an interaction effect or a comparison between 

any two input parameters is being discussed, the other two parameters will be at 

their levels mentioned in the caption. 

 

3.5.1 Water Contact Angle (WCA) 

It is evident from the results that all the process input parameters have a significant 

effect on the water contact angle of an APPJ. However, Figure 3.3 is a perturbation 

plot which illustrates the effect of the plasma parameters on the water contact angle. 

The distance (D) has a positive effect on the water contact angle and the other 

factors have a negative effect. Both the frequency and the air flow have a negative 

effect on the impact water contact angle. While in the case of the distance, the result 

demonstrates that increasing distance leads to increasing the water contact angle. 



 

84 

 

 

Figure 3.3:  Perturbation plot showing the effect of all factors on the COP water 

contact angle. 

 

Figure 3.4 (A) is an interaction plot showing the interaction effect between the 

frequency and the input voltage at air flow of 5 l/min and distance of 3 mm. It is 

evident from plot A that at a frequency range of 20-27.5 KHz when increasing the 

input voltage that it would lead to a slight increase in the water contact angle. At 

27.5 KHz frequency the water contact angle remains at the same value for any input 

voltage, for higher power supply frequency the COP water contact angle decreases 

gradually when increasing the input voltage. The same behaviour is observed in 

Figure 3.4 (B) at air flow 10 l/min and distance 20 mm, the difference is at 35.5 

KHz frequency and the water contact angle remains at the same value at any input 
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voltage value, thenit decreased with increasing the input voltage. This could be 

related to the fact that it heavily depends on plasma frequencies and a correlation 

of the plasma active species. The plasma operating parameters, such as frequency, 

has an effect on the surface activation because of the active species generated which 

reflect on the polymer surfaces wettability [123], [146]. However, when using a 

frequency above this threshold, approximately 27 and 35.5 KHz (in our examples), 

a more desirable contact angle could be achieved by applying a higher input voltage 

of 220 V. In the meantime, the smallest contact angle of about 7° could be obtained 

by using the highest frequency of 40 KHz alongside that of an input voltage of 220 

V. This is because it is affected by other parameters such as air flow rate and 

distance from the plasma nozzle to the sample surface [123] and the active species 

concentration when changing the power supply parameters [147] Figure 3.4. The 

effect of input voltage and frequency on the water contact angle is shown in Figure 

3.5; as the voltage increases, the water contact angle decreases. When a high voltage 

is applied, the COP surface wettability is clearly improved [148]. 

 

 

Figure 3.4:  Contour plot showing the effect of input voltage V and frequency on the 

COP water contact angle (A) d=3mm and air flow=20 l/min. (B) d=20mm and air 

flow= 10 l/min. 
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Figure 3.5:  Interaction effect between input voltage and frequency on the water 

contact angle (red line is high voltage and black line is low voltage). 

 

Figure 3.6-A shows the contour plot of the plasma input voltage and air flow rate 

at a distance of 15 mm and the power supply frequency of 20 KHz. At low flow 

rate the water contact angle is relatively lower at low input voltage and higher at 

higher input voltage. This could be because the gas temperature is reduced with the 

gas flow rate increasing as a result of convective cooling [132]. At a high flow rate, 

however, the water contact angle increases as the input voltage increases. This 

observation can be ascribed to the greater incorporation of O groups with higher 

powers, as there have been no substantial changes in the surface ruggedness. The 

high air flow provides intensive plasma particles while at a low flow rate, there are 

not enough particles [149]. Therefore, the gas flow rate must be sufficiently high to 

provide enough particles travelling towards the polymer surface. Figure 3.6-B 
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shows the interaction between the air flow rate and the input voltage at 5 l/min 

(black) and high flow rate 25 l/min (red). From the figure, as mentioned before in 

[123], it is evident that at a high air flow rate, the water contact angle is lower. 

 

 

 

Figure 3.6:  (A) Contour plot and (B) Interaction showing the effect of input voltage 

and air flow on the water contact angle. 
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3.5.2 Impact on cost 

The cost impact shows the interaction effect of the parameters within the 

investigated range, with the input voltage having the strongest positive effect on the 

cost. Increasing the voltage from the lowest to the highest value increased the 

response by 31.25% and the frequency has a moderate effect. Changing the 

frequency to B has proportionally increased the cost by 15.75%. The cost is affected 

by the air flow, C, in a very small but significant way. 

 

 

Figure 3.7:  Perturbation plot showing the effect of all factors on the COP 

surface modification cost. 

 

 Optimization 

The issue of linking between the surface wettability and treatment cost must be 

addressed as any increase in the surface wettability is usually reflected in an 

increase in the cost as a consequence so both are usually studied together. On 

balance, and based on the above discussion, it is better to run an optimization study 
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to find out the optimal wettability conditions at which a desirable cost of the 

treatment can be achieved. Admittedly, once the models are developed and 

validated, optimization criteria can be established to determine the optimal water 

contact angle conditions. Throughout this investigation, two criteria were 

implemented to minimize both the water contact angle and the cost per sample. The 

first criterion is to reach the minimum water contact angle and no limitation on 

either the process parameters or the operating cost as shown in Table 3.6. While 

Table 3.7 shows the second criterion, with which goal was to reach the minimum 

water contact angle with relatively low-operating cost and maximise profit in the 

long run. 

 

Table 3.6  Optimal solution as obtained by design-expert based on the first criterion 

 

 

Table 3.7 Optimal solution as obtained by design-expert based on the second criterion 

No  Voltage Frequency Air Flow Distance WCA Desirability

1 209.0 39.74 24.8 3.8 6.25 1 Selected

2 218.4 36.60 24.4 3.4 8.77 1

3 216.8 38.34 24.9 4.6 6.72 1

4 202.9 39.83 24.7 3.4 7.59 1

5 217.6 39.38 23.7 6.5 7.80 1

6 209.5 39.63 23.2 3.3 7.43 1

7 206.0 39.71 23.9 4.3 8.18 1

8 201.4 39.94 24.2 3.2 8.14 1

9 212.0 39.87 21.9 4.5 8.58 1

10 219.4 36.09 24.7 3.2 8.87 1
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 Conclusions 

In conclusion, using the plasma jet within the parameters considered in this study 

the following points can be deduced: 

1. Historical data has proven to be an accurate technique for optimising the 

atmospheric pressure plasma jet process, resulting in the best surface wettability of 

the polymers surfaces. 

2. An input voltage of 200 to 220 V is thought to be the best for obtaining an 

excellent water contact angle and its interaction with the frequency at the distance 

is the most effective plasma jet parameter. 

3. The graphical optimization results allow for a more efficient search for the best 

surface treatment settings. 

4. If the optimal APPJ conditions are used, the operating cost of plasma surface 

treatment can be reduced by approximately 30% with acceptable surface 

wettability. The R2 value of approximately 0.9140 indicates that the model 

accounts for approximately 91.4 % of the variability in the data. This fact, combined 

with the satisfactory residual analysis, indicates that the model is a very good fit for 

the data and that the COP surface water contact angle can be predicted within the 

No  Voltage Frequency Air Flow Distance WCA Cost/sample Desirability

1 155.0 40.0 25.00 3.0 19.97 1.17 0.83 Selected

2 155.0 40.0 24.90 3.0 19.99 1.17 0.82

3 155.0 40.0 24.63 3.0 20.06 1.17 0.82

4 155.0 40.0 24.52 3.0 20.10 1.17 0.82

5 155.0 40.0 24.38 3.0 20.13 1.17 0.82

6 155.0 40.0 24.23 3.0 20.16 1.17 0.82

7 155.0 40.0 23.97 3.0 20.22 1.17 0.82

8 155.0 39.8 25.00 3.0 20.06 1.17 0.82

9 155.1 39.9 24.39 3.0 20.14 1.17 0.82

10 155.0 40.0 23.65 3.0 20.30 1.17 0.82
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investigated range of parameters. This model will, theoretically, be able to predict 

the wettability of the sample, which will be useful in comparing the experimental 

model to the theoretical model. If the optimal APPJ conditions are used, the 

operating cost of plasma surface treatment can be reduced by approximately 30% 

with acceptable surface wettability. The R2 value of approximately 0.9140 

indicates that the model accounts for approximately 91.4 % of the variability in the 

data. This fact, combined with the satisfactory residual analysis, indicates that the 

model is a very good fit for the data and that the COP surface water contact angle 

can be predicted within the investigated range of parameters. This model will, 

theoretically, be able to predict the wettability of the sample, which will be useful 

in comparing the experimental model to the theoretical model 

 

 

 

 

 

 

4 Characterization of the Atmospheric Pressure Plasma Jet  
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 Plasma characterization  

This chapter presents the characterization of the plasma jet, the experimental set-

up and the methods used to investigate the plasma dynamics of air as a main 

plume. This is accomplished by analysing voltage peaks at microsecond and 

nanosecond time scales and through optical emission spectroscopy. Methods 

have non-intrusive access to the streamer's evolution and the propagation of 

external parameters. 

Electrical measurements were made to evaluate the APPJ's current-voltage 

characteristics under optimum conditions obtained from DOE; these conditions 

included voltage, airflow and the distance between the two electrodes. 

As previously stated, the plasma jet is comprised of a cylindrical dielectric 

quartz tube with an electrode bar in the centre and a metal nozzle serving as the 

anode. Using the nozzle configurations shows that the plasma is a jet which 

suppresses thermal instabilities and electrical arcing due to the dielectric contact 

surface and the alternating voltage used. The jet was exhausted into the open 

ambient air at atmospheric pressure and at room temperature. The discharge 

tube was filled with air delivered at rates ranging from 5 to 25 standard litters 

per minute (slm). The flow was controlled by a mass flow controller, model 

(MKS247). The continuing plume flow is necessary to sustain the plasma 

discharge and to provide a plume channel to ignite the plasma inside the 

discharge tube and to propagate beyond it, as illustrated in Figure 4.1. 
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Figure 4.1:  Photograph of the plasma jet plume 

 

 Experimental Set-up and Investigation 

4.2.1 Current-voltage measurements 

In this work, the plasma discharge was created using a high voltage power supply 

model PVM400, which produces high sinusoidal voltages of up to 20 kV at output 

frequencies of up to 40 kHz. Voltage measurements were made using a Tektronics 

P6015A high voltage probe with a 1000:1 division ratio. DC Test Voltage: 0 – 20 

kV AC, pulse of less than 40 KV peak to peak. The probe was connected at one end 

to an exposed portion of the high voltage electrode and at the other end to a common 

ground point. Following that, a BNC cable was used to connect the oscilloscope. 

The experimental set-up of electrical characteristic measurements is illustrated in 

Figure 4.2 below. 
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Figure 4.2:  The schematic block diagram for measuring current-voltage 

When the plasma was active, the oscilloscope was triggered by a current spike. This 

was done by selecting the oscilloscope's time division to 100 ns and adjusting the 

oscilloscope's trigger level to be approximately 65 per cent of the current reading, 

resulting in a stable reading for both current and voltage. 

Capacitive load behaviour appears when insufficient voltage is supplied to the gas 

for breakdown to occur. The waveforms of the current and voltage signals are both 

sinusoidal, with the current leading the voltage. The period of both the current and 

the voltage was measured to be 28.7 seconds, which corresponds to a frequency of 

34.8 kHz according to  t =1/f. 

Indicating a small difference between the measured and expected frequency of 

34 kHz. The voltage should lag the current by 90° in an ideal capacitive load, which 

should be 7.17 µs for a period of 28.67 µs, but the calculated phase deference was 

found to be 6.87 µs, corresponding to a phase difference of approximately 86°.  

Figure 4.3 shows an example of current and voltage measurements taken pre plasma 

production. 
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Figure 4.3:  Plasma of typical voltage (A) and current (B) waveforms with a 3 kV 

applied voltage and a 20 slm air flow rate 

 

The optimum APPJ operating conditions were electrically characterised. Figure 4.4 

shows standard electrical (Voltage-Current) measurements were obtained at a 

frequency of around 35 kHz and the applied voltage was increased up to 40 kVp-p. 

We noticed one sharp distinct peak per half cycle of plasma on voltage. The peak 

duration is longer in the positive cycle than the negative cycle. 
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Figure 4.4:  The voltage signal observed when the plasma was in the optimal 

conditions obtained from DOE. 

 

 Figure 4.5 and illustrate the accompanying current spike. During the negative half 

cycle, the voltage drops precipitously, accompanied by a matching rapid, abrupt 

current spike, generally in the range of 05 - 1 mA and enduring for 5 ns. Throughout 

this this sentence is not complete. 

 

When a sufficient electric field was applied between the electrodes, the gas was 

able to break down and switch from a capacitive to a resistive load. During the 

negative half cycle, the voltage drops sharply in magnitude, accompanied by short, 

sharp current spikes decreasing gradually lasting around 30 nanoseconds, typically 

in the range of 1 to 3 A. 

A change in voltage polarity from negative to positive was observed after the 

current surge stopped during this voltage drop. After the voltage drop and polarity 
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reversal, the voltage quickly reversed back to negative polarity and maintained a 

long plateau, usually lasting until the moment when the polarity of the applied 

voltage should change to positive. 

 

Depending on the operating conditions of the APPJ, the plateau remains relatively 

between 1 - 2 kV, decreasing gradually with cycle length. The applied voltage 

started to change polarity during the positive half cycle, the voltage dropped to 

about zero, but the polarity did not change. Waveform distortion also tends to be 

shorter in duration than the negative half cycle. Whereas the current spikes tend to 

be shorter than the negative cycle. 

 

 

                           (a)                                                         (b) 

Figure 4.5:  An example of the corresponding voltage drop and current spike 

(a) the positive half cycle (b) the negative half cycle. 

 

 

4.2.2 Optical emission spectroscopy measurements 

Optical emission spectroscopy OES is one of the most important research tools for 

atmospheric pressure plasmas. The approach does not interrupt the plasma 
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discharge and provides direct knowledge about the plasma components by 

analysing the plasma species that are generated from plasma jets. It presents 

impeccable results in terms of plasma chemistry and plume temperature. Although 

it is quick and simple to use, it is capable of detecting a wide variety of elements 

and concentrations. Accurate and cost-effective, standard optical spectrometers 

cover a wavelength range of about 200 - 1200 nm, i.e. wavelengths less than 200 nm 

are invisible to standard spectrometers. This limitation must be taken into account 

when attempting to interpret plasma spectra acquired using OES. The optical 

emission spectroscopy is a qualitative technique. If a known concentration of 

another atom or molecule is intentionally added, it may be semi-quantitative. The 

technique is also known as actinometry or titration. Extreme caution should be 

exercised when interpreting actinometry or titration results [153]. 

Atomic and molecular excited states can be detected by the intensity of light. Since 

the amplitude of the light intensity at a particular wavelength is inversely 

proportional to the plasma density, the number of molecules can be calculated 

simply by measuring the amplitude of the light intensity at that wavelength. 

Hence, the width of the spectral line of the atom, ion or molecule gives an indication 

of the heavy particle temperature in the plasma. 

Plasma light emission generally depends on the collisions between plasma particles 

in excitation. In the process, the electrons transition to the excited state and then 

return to the lower energy level through a photo-multiplier, emitting photons. In the 

process, the emission line wavelength represents the energy gap. The light is 

focused by lenses and then diffused by a series of mirrors in the spectrometer. Light 

is scattered by the gratings so that a picture multiplier or CCD camera can capture 

it. 
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Figure 4.6 depicts an experimental set-up for time-integrated spectroscopy with 

high resolution and time resolution in a single set-up. An Ocean Optics 

spectrometer, HR4000, was used to observe and analyse the chemical composition 

of the plumes generated by the APP, placed perpendicularly to the nozzle's axis of 

rotation at a distance of 5 mm from the nozzle end. The Spectra Suite is provided 

with Spectra, which allows us to view and study the spectrum, as well as perform 

spectral and preliminary analysis of the raw data. 

 

Figure 4.6:  Schematic diagram of the optical emission spectroscopy measurements 

 

An optical emission spectroscope at an approximate distance of five millimetres 

from the nozzle, is represented in Figure. 4.7. As the spectrum shows, the plasma 

consists of a diverse set of plasma species across a broad wavelength range. As the 

plasma waves spread through the ambient air, the spectra can be monitored. 

Frequent nitrogen and oxygen peaks are included in the figure for nitrous oxide. It 

shows the spectrum of optical radiation emission that occurs 4 mm from the power 

electrode in the downstream direction. [6,7]. 
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The figure indicates the OES signal collected from the plasma jet over a wavelength 

range of 200 - 1100 nm. In general, the spectrum consists of emission peaks 

associated with N2, O, N, OH and H. Several emission peaks correspond to atomic 

and molecular vibrations of oxygen and nitrogen which were present in the 

spectrum [17, 18]. The emission peaks in the 280 - 420 nm wavelength region are 

mostly dominated by the nitrogen vibrational band and those in the 540 - 1100 nm 

wavelength region corresponding to atomic transitions from nitrogen and oxygen. 

The emission peaks observed at around 464 and 407 nm are associated with ionized 

atomic oxygen and those at 525 and 559 nm are related to the ionized molecular 

oxygen. The OES spectra indicates that the plasma jet produces significant reactive 

species of interest for surface functionalization of COP polymers. 

 

Figure 4.7:  Broadband spatially resolved optical emission spectra of APP jet. The 

measurements were taken at 20 kV applied voltage, a 30 kHz driving frequency, and 

a 20 slm plume flow rate. 
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4.2.3 Plasma plume temperature 

The surface temperature of the sample as a result of the plasma plume is specified 

as a critical variable that must be maintained during surface treatment [154]. It must 

be meticulously measured; as the temperature of the surface gas increases, the 

species' intensity also increases. Due to the strong correlation between the rotational 

temperature of the plasma in the atmosphere and the gas temperature [155], [156]. 

The plasma collisions at atmospheric pressure show that the plume rotational 

temperature is constant with respect to the rotation of the electron plume, indicating 

the existence of equilibrium [157]. 

The temperature of the plume was measured using an infrared thermometer (Fluke, 

62 MAX). Measurements were taken at distances between 3 and 20 mm from the 

plasma jet nozzle at 20 kV applied voltage, 35 kHz and air flow rates of 5 slm to 25 

slm, as shown in Figure 4.8. The temperatures measured ranged from 25 to 55ْC.  

These temperature ranges are ideal for polymer surface modification because they 

modify the surfaces without causing damage [158]. 
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Figure 4.8:  Plasma plume temperature at various operating conditions (A, air flow 

rate), (B, Distance) and (C, Frequency). 

 

4.2.4 APPJ plume length as a function of operating parameters 

The expansion of plasma jet plumes into the open air is being studied. The plume 

length is found to be significantly affected by the applied voltage and frequency, as 

well as the air flow rate. By adjusting the operating parameters, the length and 
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intensity of the jet plume can be drastically changed. These experiments are critical 

for developing a thorough understanding of plume expansion dynamics and 

enabling a high degree of control over atmospheric pressure plasmas in surface 

modifications, biomedical, materials synthesis and processing, environmental and 

other applications. 

Figure 4.9 shows how we used a plasma jet device to create a plasma plume that 

expanded from 0.5 to 1.8 centimetres from the nozzle into the surrounding air. The 

plume of the plasma jet remains close to room temperature and experiences no 

thermal increase, which benefits the COP surface modification. Although 

significant observations and realisations of the APPJs plume have been reported, 

the physical mechanisms that lead to their generation and the interaction with the 

surrounding ambient remain poorly understood [159][160].  

 

 

Figure 4.9:  Plasma plume length measurement 

 

Our experiment showed that plasma jet control over the plume is possible. In Figure 

4.10, the different lengths of the plume are illustrated as the bars along the operating 

parameters. According to the plasma images, a plume with a length of 1.8 cm at 20 
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slm, 40 KHz and input voltage 220 v. Increasing both the gas flow and frequency 

increases the plasma plume. 

 

Figure 4.10:  Plume length-scale variation in operating conditions, (A) 5 slm 20 kHz 

220 V, (B) 10 slm 20 kHz 180V, (C) 10 slm 30 kHz 220 V, (D) 10 slm 40 kHz 220 V, 

(E) 20 slm 40 kHz 220 V, (F) 25 slm 40 kHz 220 V. 

 

In conclusion, the effects of various operating parameters on the length of the APPJ 

plume have been studied. The length of the plasma plume is found to be 

significantly affected by the applied voltage, air flow rate and frequency. Future 
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research should focus on understanding the interactions between the plasma plume 

and the surrounding environment, such as air humidity. 

 Summary 

A detailed description of the experimental set-up, electrical characterization, optical 

emission spectroscopy measurements and plume thermal and length measurements 

are presented in this chapter. The goal was to investigate the impact of the plasma 

jet and improve the role of atmospheric pressure plasma parameters in reducing 

COP wettability. Various operating parameters were used to generate plasma, a 

sinusoidal high voltage power supply was used. The electrical parameters of the 

jet were studied by measuring the discharge current, input and power consumed. 

It was concluded that under optimal operational conditions (applied voltage of 

20 kV, frequency of 35 kHz, and air flow rate of 20 slm), the input and power 

consumed were 6 W, with the actual plasma current ranging between 2-2.5 mA. 

The optical emission spectroscopy of the plasma plume and the main discharge 

region revealed that at various external parameters, several reactive species were 

emitted from the atmospheric pressure plasma jet. As a result, the spectra confirmed 

that the plasma can deliver species like (H, O, N, and OH). A measurement of the 

plasma plume temperature was presented, which confirmed that the plasma plume 

temperature was less than 40 °C and that the temperature obtained could be used to 

treat polymer surfaces. 
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5 Cyclic Olefin Polymers Post Air Atmospheric Pressure Plasma 

Treatment 
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 Introduction:  

Surface hydrophilization of polymers treated by plasma and wet chemical processes 

the functional groups such as hydroxyl groups can be introduced to the polymer 

surface, this will make the surface more hydrophilic. Combining plasma with wet 

chemical methods can improve COP's wetting properties. The main challenge was 

to develop a selective functionalization group, at high surface concentrations, this 

forms one type of functional group [161]. Plasma and wet chemical processing are 

two of the most appealing for monotype functionalization [162]. Plasma provides 

excellent ions, electron waves, and radicals such as hydroxyl and carboxyl bonds 

for polymers and their application [163]. Atmospheric pressure plasma was found 

to be a very effective technique for polymer surface modification, but the drawback 

is that the properties gained will disappear over the time [164]. 

 

 Known surface functionalization methods 

Surface functionalization via well-defined classical organic chemistry requires 

primarily suitable polymers that are hydrophilic or hydrophobic in nature. 

Adhesion-promoting groups can be grafted onto polymers containing the most 

preferred sites for changing wettability and bond ability, such as the benzene 

nucleus, hydroxyl groups, double bonds, and halogens [165]. 

Wet chemical oxidation treatments are one of the most traditional and widely used 

methods for surface treatment of inert polymers such as polyethylene, 

polypropylene, and polyester cords, fibres and films [166]. Chromic acid, nitric 

acid, potassium permanganate, hydrogen peroxide, and peroxydisulfate acid are 

examples of strong oxidizing agents. A strong oxidizing agent tends to introduce 

oxygen into all possible chemical combinations, like carbonyls, hydroxyls and 
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carboxylic acid groups on and into the polymer surfaces. The introduction of all 

such combinations in the form of oxygen is often sufficient to improve the 

wettability and adhesion of such inert polymer surfaces. 

Reductive treatment is applied to promote the adhesion property of per-fluorinated 

polymers such as polytetrafluoroethylene (PTFE). Sodium dissolved in naphthalene 

or ammonia is used as a reducing agent for Teflon and has good bending properties 

[167]. 

Plasma treatment is finally the most often used and workable method for polymer 

surface activation [168], the research focus and purpose of this study. A method 

with maximum power and versatility, which can be used for cleaning or etching of 

a polymer surface by removing some of its topmost surface layers, introducing 

functional groups as well as depositing a thin polymer coating on the polymer 

substrate. 

However, modification is a generic term used for all chemical and physical changes 

that are introduced to the surfaces of organic and inorganic materials. It could be 

roughening, coating, oxidizing, etc. Functionalization means the introduction of 

functional groups on the polymer surface. The process introduces chemically 

distinct types of functional groups, which is referred to an unspecific 

functionalization. Specific functionalization refers to consort functional groups, i.e. 

there is only one type of functional group. The most common functional groups are 

OH, COOH, epoxy, and so on. 

 Surface ageing or hydrophobic recovery 

Surface ageing or hydrophobic recovery of plasma-modified polymers is discussed 

in this chapter. The results of non-thermal plasma activation treatments are not 
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irreversible. This is because the surface will attempt to return to its original 

untreated state. It is understood that plasma polymers are vulnerable to oxidation in 

the atmosphere due to rapid recovery in the air [169]. The so-called surface stability 

or ‘ageing process’ has received more attention in science. Many atmospheric 

pressure plasmas have demonstrated promising results in the application of polymer 

surface wettability [60], [169]-[171]. The performance of the COP surface 

immediately after treatment is often not considered. This greatly explains the ageing 

process of polymers. XPS, FT-IR spectroscopy and water contact angle goniometry 

have provided data on surface wettability changes in a few air APPJ operating and 

sample storing conditions. It is agreed that the ageing process starts with these 

reactions. Oxygen and hydrogen bonds have been shown to be present in freshly 

treated samples through FT-IR spectroscopy, disappearing steadily when stored in 

air. The rate and mechanism depend on several factors [172]. 

The ageing behaviour of cyclic olefin polymer (COPs) surfaces post plasma will be 

considered in this chapter. Changes in the surface over time were studied by 

Fourier-transform infrared spectroscopy, FT-IR and water contact angle 

measurements. We discovered the amount of oxygen incorporated varies. This can 

be variable in different environments. To better understand the plasma modification 

properties, the plasma surface has been investigated. 

The ageing of some polymer plasma treatments has no lasting impact on the 

polymer substrates. Rather, the ageing of plasma-treated material, that is, the 

surface polarity, decays with the time of storage. The thermostatically induced 

adjustment of inducing d-polar functional groups into bulk materials, to minimise 

surface energy and the diffusion of polar chemical groups into the polymer matrix, 

is believed to be responsible for this ageing effect [173]. Many parameters affect 
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plasma-treated surface ageing, including how much crystallinity in the substance 

treated, plasma gas used, and storage conditions [174], [175]. A lower crystalline 

content and a higher storage temperature both contribute to the free circulation of 

the molecular chain and to the acceleration of the rearrangement of the surface 

[176]. There have been attempts to restrict ageing phenomena by stabilizing the 

surface layer enabled by connecting it, which reduces the mobility of the polymer 

chains [177]. 

Post plasma treatment stability is one of the main hazards of polymer surface 

modification, also known as the hydrophobic recovery or ageing phenomenon. 

Previous investigations have indicated it is through polar group surface 

reconstruction in bulk, migration of low-molecular weight add-ons from the bulk to 

the surface and environmental contamination of surfaces, particularly in the case of 

polymer surface oxidization, due to inadequate storage conditions [59], [60], [178]. 

 Despite the fact that both treatments are surface oxidation processes, the 

mechanisms of oxidation are vastly different. Because of the limited chain scission 

associated with flame treatment, more polar groups form on the PP surface. Flame-

treated PP is more heavily oxidized after washing with water, and more stable than 

corona-treated PP, according to insufficient Low Molecular Weight Organic 

Molecules LMWOM formation. 

Plasma surface modification has also carefully examined the effects on the ageing 

of different surfaces [171], [172], [180]-[182], which have been modified with 

plasmas of air, oxygen, nitrogen, helium and argon. Although there have been major 

differences between plasma and corona (DBD filamentary mode) treatments, due 

to the range of use of plasma sources and gases, it is hard to compare APPJ with 

other plasma treatments. The hydrophobic recovery effect of APPJs was compared 
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with corona treatment, particularly in roll to roll process DBD plasma of the glow 

type [183] and DBD plasma [184]. In both studies, DBD plasma processing 

produced higher and longer lasting weight resistance on PE surfaces than 

coronation. In summary, ageing is a complex phenomenon strongly influenced by 

the method, the nature of the substrates and the conditions for storage (temperature 

and humidity). As a result, hydrophobic recovery can hardly be generalized or 

predicted [73]. 

 

 Effect of hydrogen peroxide (H2O2) treatment on plasma COP polymer 

surface 

The primary objective was to contrast and compare the physical and chemical 

properties of COP surfaces after being washed with H2O2. The water contact angle 

(WCA) was determined by a COP that had been directly modified by an air APPJ. 

The unmodified surface was found to have a WCA of 90°, indicating that it is 

hydrophobic. The treatment did improve the surface's wettability. The changed 

surfaces were analysed with a WCA of about 30 - 40 on the day after the treatment. 

The stability of the surface modification was determined over a period of several 

weeks (Figure 5.1) by analysing the COP substrate's WCA and surface chemistry. 

In both samples, the WCA continued to rise until it stabilised after approximately 8 

weeks. The sample washed with H2O2 was slightly more hydrophilic than the 

sample treated immediately with air APPJ. Both surfaces evolved similarly over 

time, stabilising at 62 and 77, respectively. Temporal variations in WCA values can 

be attributed to a variety of factors, including treatment and storage conditions. For 

H2O2, it is most likely the product of COP's surface catalysed oxidation of 

reactive/charged species. 
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Figure 5.1:  Water contact angle as a function of time over a period of 60 days. 

(Black) sample treated with air APPJ saved in normal room conditions, (Red) 

sample washed with H2O2 then treated with air APPJ saved in normal room 

conditions. 

 

An ATR-FTIR investigation was applied on unmodified and treated substrates to better 

classify the COP treated surface (Figure 5.2). Various vibrations can be seen in the ATR-

FTIR spectra in two different regions: 3500-2800 cm-1 and 1500-750 cm-1. In the first area, 

there is a broad band between 3750 and 3000 cm-1 that can be fitted with two components 

created at 3565 and 3292 cm-1, which correspond to the associated OH stretching vibrations. 

The peaks at 2900 and 2800 cm-1 can be attributed to asymmetric and symmetric stretching 

of C=H, respectively. Those peaks arise from the substrate, as they appear on both graphs.  

In the second region (1700-1550 cm-1), a peak due to the substrate appearing at 1455 cm-1 is 

associated with C=H bending vibrations. This data, alongside WCA data, shows that the 
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surface is efficiently COP modified with H2O2, resulting in greater long-term stability than 

without the use of H2O2. 

 

 

Figure 5.2:  COP films treated the air APPJ treatment with and without washing with 

H2O2 for 10 minutes. 

 

 Post-plasma oxidation 

Plasma polymers typically react to changes in surface chemistry after treatment. We 

also found a substantial amount of oxygen incorporation in plasma polymerized 

COP films after ageing. 

 



 

115 

 

 Influence of humidity storage affecting the ageing behaviour of the 

COP surface 

In general, the plasma induced surface modification in polymers is not permanent 

and stable, called the ’ageing effect’, as the treated surface tends to recover 

hydrophobicity and revert back to the untreated state, which is an important 

concern. Hence, we will investigate ageing effects as well as factors affecting 

ageing behaviour in this plasma treated polymer. Here we study the stability of the 

treated surfaces by controlling the humidity in the storage chamber. 

For this experiment, plasma treated polymer samples were stored in two different 

environments, first in the normal open-air (at room temperature with high humidity 

of 50-70%) and the second at room temperature with low humidity in the presence 

of silica gel. Contact angle and FTIR measurements were performed as a function 

of ageing of the sample up to a period of 180 days. Figure 5.3 indicates the variation 

of WCA of the plasma treated COP surface as a function of ageing by storing it in 

both the normal ambient environment and in a closed container with silica gel. 

The WCA was found to increase rapidly in the sample stored in the normal ambient 

(high humidity 50-70%). However, the WCA increase occurs at a slow rate in the 

presence of a low humidity atmosphere. As shown in the figure, after 180 days, we 

found a significant increase (~45%) in the WCA of the sample stored in the ambient 

air compared to that stored in the silica gel atmosphere. 

A number of mechanisms have been proposed to explain the hydrophobic recovery 

of polymer surfaces, including loss of low molecular weight organic material 

created on the surface during plasma treatment, diffusion and re-orientation of polar 

surface groups towards the bulk, diffusion and reaction of free radicals and 
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contamination of the plasma treated surfaces. A number of mechanisms have been 

proposed to explain the hydrophobic recovery of polymer surfaces, including loss 

of low molecular weight organic material created on the surface during plasma 

treatment, diffusion and re-orientation of polar surface groups towards the bulk, 

diffusion and reaction of free radicals and contamination of the plasma treated 

surfaces [185], [186]. 

The ATR-FTIR spectrum of plasma-treated COP surfaces aged for 10 and 60 days 

in ambient air and silica gel storage containers is shown in Figure 5.4. While the 

C=O and –OH related peak intensities increased with age in all samples, see Figure 

5.4, the peak intensities decreased less when the samples were stored in silica gel 

containers compared to those stored in open air ambient, which is consistent with a 

significantly slower hydrophobic recovery rate observed in the silica gel containers. 
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Figure 5. 3:  Evolution of the water contact angle of APPJ-treated COP films stored 

at different humidity ambient (A) stored in room temperature and humidity, (B) 

stored in room temperature and low humidity. 
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Figure 5.4:  ATR-FTIR of COPs samples treated with air APPJ saved in different 

humidity conditions. 

5.3 Conclusion 

The chapter proposes an effective and cost-efficient APPJ-based approach for the 

surface functionalization of COP substrates and an efficacious strategy for the 

impediment of the hydrophobic recovery of the plasma treated COP surfaces. The 

indigenous APPJ air plasma treatment improves the wettability of COP substrates 

and reduces the water contact angle from 90° to as little as 10°.We have found that 

a number of plasma parameters have a significant influence on controlling the 

induced hydrophilicity of the COP substrates. We also investigated the long-term 

stability of the plasma treated COP polymers, by studying the effect of the humidity 

of the storage container on the hydrophobic recovery rate. We found that the plasma 

treated polymers remain hydrophilic (WCA < 15o) and stable for up to 20 days, if 

stored in a container filled with silica gel (low humidity). 
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6  Air Atmospheric Pressure Plasma Jet Treatment of A Gold-

Coated Glass Substrate for Use with Sensors  
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 Introduction 

The term ’noble metal’ refers to a group of several metallic chemical elements that 

exhibit exceptional resistance to oxidation, even at elevated temperatures; the 

grouping is not precisely defined, but typically includes rhenium, ruthenium, 

rhodium, palladium, silver, osmium, iridium, platinum, and gold [184], [185]. 

The recent increase in nanotechnology is opening up new opportunities for a variety 

of applications that were impossible just a few decades ago, ranging from chemical 

detection and imaging (Nejati, Dadashpour et al. 2021, Guo, Zhang et al. 2011), to 

cancer treatment and drug delivery (Vodnik, Mojić et al. 2021, Awakan, Ohue et 

al. 2021). 

Recent studies show that, in addition to their possible intentional role, these 

nanomaterials may have unintended or detrimental effects on living cells 

(McClements 2018). In this case, the ability to precisely prepare NP bio-conjugates 

is important for understanding how minor differences in their architecture affect 

their interaction with cells. (Zhang, J., Mou et al., 2020). This, along with scientists' 

growing demand for higher-quality nanomaterials, makes it critical to examine both 

the regulated formulation of NP bio-conjugates and the plethora of scenarios that 

these might have at the nano-bio interface. The majority of plasmon research has 

been conducted on metal nanostructures containing gold, aluminum, or silver. 

These noble metals have plasma resonances and practical properties in the visible 

spectral field. For instance, for oxidation, gold is fairly robust. On the other hand, 

silver's oxidation strength is less stable, but it has narrower and more powerful LSP 

resonances. However, as plasmonic has gained popularity, scientists are 

considering alternatives to noble metals. 
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The synthesis of gold nanoparticles (Au NPs) has been in the spotlight since 

Faraday [154] discovered in 1857 the mechanism of formation of pure gold 

colloids. This synthesis has been the keystone of a large number of chemical routes 

to obtain Au NPs with a controlled size, shape and surface chemistry. Today, 

scientists have a wide catalogue of Au NPs available, which can be used as excellent 

model systems to investigate the nano-bio interface; that is, when Au NPs come 

into contact with biological components, such as biomolecules, cells, etc. Au NPs 

have been paired with antibodies or other proteins to attack specific regions of 

proteins and receptors since the 1970s [186]. 

Gold nanoparticles (Au NPs) of high quality are used in a variety of applications, 

including sensors, opto-electronics, medical imaging, and catalysis [187], [188]. 

Since residual components limit their use, highly distilled surfactant-free Au NPs 

are critical. Au NP has been synthesised using a variety of approaches, including 

chemical reduction, biosynthesis, and laser ablation [189], [190]. Despite the low 

mono dispersibility and the difficulty associated with the manufacturing of their 

controlled-shape nanoparticles, the synthesis process and the use of toxic reducing 

agents increase the total cost of their usability [191]. 

Chemical and biological sensors have received a great deal of attention due to their 

wide range of applications in contamination detection, medical diagnosis, and other 

fields. Surface plasmon resonance (SPR) techniques have made significant 

contributions to the understanding of bimolecular interactions [192]. A relatively 

simple technique can be used for this form of sensor by using noble metal 

nanoparticles. The plasmon resonance band of noble metal nanoparticles can be 

altered by varying physical properties such as size, shape, relative distance, and 

refractive index of the surrounding medium [193]. 
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The collective oscillation of the conduction electrons within noble metal 

nanoparticles, referred to as a localized surface plasmon exhibits an absorption 

spectrum, which depends on the surrounding medium [192]. The sensitivity of a 

sensor is determined by the ratio of the difference in absorption peak shift to the 

change in surrounding refractive index, which is dependent on the surrounding 

refractive index and the binding methods used to adhere the particles to a supporting 

substrate [194]. The immobilization of the nanoparticles onto the substrate can be 

achieved by numerous methods which will be described in this chapter. In 

particular, gold nanoparticles (Au NP) have been used in the form of gold 

nanospheres (Au NS) and gold nanorods (Au NR) and these immobilized particles 

could be used as refractive-index sensors. 

 

 SPR Sensor in Planar, Array-based Form 
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The optical sensor has several key advantages over the conventional SPR sensor. 

Some of these are simple fabrication, better nanoparticle patterning and a UV-

visible spectrometer. Gold colloids and nanorods are used to form an SPR biosensor 

on a glass substrate for many reasons [192]. Gold nanoparticles are ideal for using 

visible and near-infrared light for the absorption of light. SPR can be done in 

transmission or absorption mode, which can be detected by a UV-visible 

spectrometer. Making SPR sensing accessible to any researcher with a UV-visible 

spectrophotometer. 
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 The Use of Noble Metals as a Primary Component of Nanoparticles 

Surface plasmon absorption peaks in spherical silver and aluminium particles are 

more intense than in gold or copper. Silver and aluminium particles, on the other 

hand, are much more shape-dependent than copper and gold particles in terms of 

absorption [195]. As a result, they are extremely reliant on the precise spherical 

contour, size, and shape. Silver has the highest absorption peak, gold has a slightly 

lower absorption peak, and titanium has an even lower absorption peak. Gold or 

silver are the best metals for use in SPR sensors. Due to its low oxidation rate and 

other properties discussed above, gold is preferred in the sensor structure over 

silver in terms of chemical stability. 

 

 A Brief Overview of Au NP 

Spherical gold nanoparticles show a single powerful absorption band that is not 

present on the substrate in a solid layer of deposited gold. Due to the particle's 

transverse and longitudinal structures, two distinct absorption bands are observed 

in elliptical or rod-shaped gold particles. This absorption band occurs when the 

incident frequency of the photon is resonant with the collective oscillation of the 

free electron cloud of a particle [195]. The absorption and maximum wavelength 

are therefore directly commensurate with the change in the LSP's resonance 

frequency. The sensitivity is determined by the composition of nanoparticles 

(type, size, form) and the refractive index of the solvent or medium surrounding 

the medium. 
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 Plasma and Nanoparticles - Application of Plasma for the Synthesis and 

Modification of Nanomaterials 

Due to their unique physical and chemical properties, nanomaterials for biomedical 

applications have drawn great attention. In biomedical applications such as cancer 

therapy, bio-imaging, drug delivery, and tissue engineering, noble metals, transition 

metals, semi-conductors and carbon-based nanomaterials are widely utilised 

[196][197]. Even so, the most frequently used strategy for fabricating nanomaterials 

is chemical synthesis, which requires the use of hazardous and toxic chemical 

compounds as oxidizing/reducing agents. As a result, it is necessary to develop 

alternative ’green’ methods for restricting the toxicity of nanomaterials. Oftentimes, 

plasma technology can be used to fabricate nanomaterials [198], In particular, 

plasma enhanced chemical vapour deposition (PE-CVD) and sputtering. 

Additionally, air atmospheric pressure plasma can be used to synthesise 

nanomaterials in ambient room conditions, resulting in large quantities of RONS, 

which can reduce metal ions in liquid to form metal nanoparticles (NPs). This 

method is also referred to as a ’green’ fabrication method for biomedical research 

nanomaterials. 

Plasmas are extremely versatile and have a wide range of applications. Figure 6.1 

illustrates the material types and length scales that are critical for plasma processing 

of nanomaterials. 
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Figure 6.1:  Plasma processing of materials at different length scales [199]. 

 

 Film Deposition Technique 

The transported atom or molecule will begin nucleating and growing in a variety of 

ways around the substrate. The type of interface formed between the substrate and 

the atom or molecule is determined by the film's incipient growth. By bombarding 

the growing thin film with ions from the vapour phase, the composition and 

microstructure of the thin film can be altered, resulting in sputtering, re-

condensation, and nucleation of the film atoms, as well as enhanced surface 

movement of the film atoms. 

There are various types of deposition techniques, however, the focus of this section 

is on thin film deposition for creating layers of less than one micron in thickness. 

Physical vapour deposition (PVD) and chemical vapour deposition (CVD) are two 

of the most common types of deposition techniques. PVD and CVD are 

distinguished by their vapour phase compositions. The vapour in PVD is composed 

of atoms and molecules that condense on the substrate and in CVD, the vapour 

reacts chemically with the substrate, resulting in the formation of a thin film coating 



 

127 

 

[200], [201]. Figure 6.2 shows thin film deposition types that are purely in the gas, 

solution and semi-molten or molten state. 

 

Figure 6.2:  Diverse techniques of thin film deposition [200]. 

 

 

6.6.1 Deposition techniques used (vacuum evaporation) 

An example of a physical vapour deposition technique is vacuum evaporation. The 

Au thin films required for the present studies were deposited using an Auto 306 

Edwards thermal resistor evaporation system. It is an automated system able to 

work at a base pressure of 1×10-6 mbar by the operation of rotary and oil diffusion 

pumps. An FTM 6 thickness monitor connected with a water-cooled crystal holder 

is attached to the evaporation system. This is used to monitor the thickness of the 

deposited films. The commercially available Si Au powder used in a Tungsten boat 

is evaporated by the resistive heating of the crucible and the evaporation rate can 

be controlled by adjusting the current flow through the crucible. The substrates are 
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placed on a substrate holder about 10 cm away from the heated crucible. Figure 6.3 

presents a schematic representation of an evaporation system. 

 

 

Figure 6.3:  A schematic diagram of a vacuum evaporation system [202] 

You need to correct the spelling of vapour above. 

 

 Characterisation Methods 

Advanced microscopy techniques such as SEM (scanning electron microscopy) 

methods with a spatial resolution in the nm range are required and commonly used 

to characterise nanoparticles [203]. It provides valuable data and is required for a 

comprehensive characterization study and for optical investigations using UV-Vis 

absorption spectroscopy [204]. The optical interactions of gold nanoparticles can 

be used to study plasmonic nanoparticles and their applications, most notably the 
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concepts and applications of surface plasmon resonance (SPR) in Au nanoparticles 

[205]. 

6.7.1 UV –VIS absorption spectroscopy 

Absorption spectroscopy is a technique for investigating the optical absorption of 

energy radiations as a feature of wavelength as a result of their contact with a 

substance. The range of absorbed radiations as a result of wavelength is referred to 

as the absorption spectrum. 

One of the most popular techniques for studying the energy level structure of 

materials is ultraviolet and visible (UV-Vis) absorption spectroscopy. A Perkin 

Elmer Lambda 40 spectrometer was used to investigate the UV-Vis absorption 

spectra of glass samples. In the experiment shown in Figure 6.4, a photograph of 

the Perkin Elmer Lambda 40 UV-Vis spectrometer was used. 

 

 

 

Figure 6.4:  Photograph of the Perkin Elmer Lambda 40 UV-Vis spectrometer. 
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6.7.2 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is one of the most versatile types of electron 

microscopy for the investigation of materials' surface topography and chemical 

composition. The SEM was developed to overcome the optical microscope's 

limitations, particularly its resolution of 2000 Å. The critical advantage of the SEM 

over the conventional optical microscope is its significantly higher magnification 

(> 100,000X) and resolution of 100 Å, which is achieved by imaging with an 

electron beam rather than visible light. 

In this study, a Carl Zeiss EVO LS-15 SEM system was used to examine the gold-

coated glass wafer and nanostructures (see Figure 6.5). This system consists of two 

vacuum chambers: a) the upper chamber, which contains the electron gun column, 

and b) the lower chamber, which contains the sample holder, stage, and stage 

control which can be brought to atmospheric pressure without rupturing the upper 

chamber's vacuum. This is accomplished with the aid of a differential pumping 

system equipped with pressure-limiting apertures. 

 

 

Figure 6.5:  Photograph of the Zeiss EVO LS-15 SEM system. 
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 Experimental Set-up 

Previously, in Chapter 3, Figure 3.1, an overall block diagram of the atmospheric 

pressure plasma jet system used was shown. The plasma is created and the plume 

is expelled from the nozzle when the voltage applied across the gap between the 

electrode and the grounded nozzle reaches the breakdown voltage. The high voltage 

power supply (PV400, Information Unlimited, USA). The primary winding of the 

high voltage step-up transformer was given 0 to 230 Volts via a variac, 50 Hz input. 

 

6.8.1 Sample preparation 

Initially, the 1 mm thick gold structures were sputtered on a 5 × 2 cm microscopic 

glass substrate. To remove any dust or debris, the sample was cleaned with acetone 

and isopropyl alcohol (IPA) in a beaker. The sample was immersed in acetone for 

5 minutes before being washed with IPA. The samples were then dried using dry 

and clean air. 

Samples were then loaded into a vacuum chamber for gold-coating pumping under 

a pressure of 1 x 10-5 Torr. Different thicknesses of gold investigated on the glass 

surface were 3, 5 and 25nm. The samples were then treated with an air atmospheric 

pressure plasma jet. The plasma conditions have been changed to achieve the 

desired results. Four process parameters were varied: plasma flow rate, plasma 

input voltage (power), treatment time, and distance between plasma and substrate. 
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 Results and Dissections 

6.9.1 Morphological properties 

Glass samples were coated with a 2 nm thickness minutes before being treated with 

different flow rates (5, 10, and 20 l/min), while the distance between the samples 

and the nozzle was kept constant (which was chosen to be 2.5 mm) and the 

treatment time was 1.3 and 10 minutes. Scanning electron microscopy (SEM) was 

used to identify the types of nanostructures that could be present. 

A SEM micrograph with an acceleration voltage of 13.6 kV was used for all 

measurements. SEM images show an average grain size of micrometres. As shown 

in Figure 6.6, the gold nanoparticles are selectively positioned within the treated 

area. As a result, a regular pattern of nanoparticles will be produced. Furthermore, 

the more nanoparticles produced in the same area, the longer the treatment time. 

This pattern changed after 20 minutes of treatment with a 25 l/min air flow rate, 

which could be due to the mechanical effect of treatment time, in which case the 

pattern is destroyed (Appendix). 
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Figure 6.6:  SEM images of gold nanoparticle (micro scale patterns on glass obtained 

from plasma treatment at a flow rate of 20 l/min and a distance of 5mm from the 

nozzle at various treatment times. (A) coated glass sample; (B) 1 minute treatment 

time and 5 mm from the nozzle; (C) 3 minute treatment time and 5 mm from the 

nozzle; (D) 10 minute treatment time and 5 mm from the nozzle 

 

We obtained more precise results by using images at a smaller scale; Figure 6.6 

illustrates this in greater detail at a 200 nm scale. Although the Au NPs in (C) and 

(D) are approximately 20 and 8 nm in diameter, respectively, the amount of Au NPs 

was very small, which could have a significant effect on the optical properties. We 

performed UV-INS measurements on these samples and discovered that as the size 

of the Au NPs increased, the nanostructures' plasmon resonance band shifts [206] 

(Link, El-Sayed 2000). However, because the nanoparticles are separated, we did 

not observe the expected shift because the gap between them is greater than 2.5 

times their size, as stated in [193] [207]. 
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m  

Figure 6.7:  200 nm scale of the SEM images of gold nanoparticle patterns on glass 

obtained from plasma treatment at a flow rate of 20 l/min and a distance of 5 mm 

from the nozzle at various treatment times. (C) 3 minute treatment time and 5 mm 

from the nozzle; (D) 10 minute treatment time and 5 mm from the nozzle 

 

500 600 700 800 900

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

A
b
s
o
rb

a
n
c
e

Wavenumber (nm)

 Untreated (A)

 D

 C

 B

565 602

 

Figure 6.8:  Comparison of the UV-vis spectra of as-glass gold coated Au NPs before 

and after air APPJ treatment with a particle size of (A) before treatment, (B) 3 minute 

treatment time and 5 mm from the nozzle; (D) 10 minute treatment time and 5 mm 

from the nozzle, increase in the UV-vis intensity shifted as a function of Au NPs size. 

 

We obtained similar results when the coating thickness was varied between 5 and 

25 nanometres; the data is presented in the Appendix. 
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 Conclusion 

In this experiment, gold-coated glass was treated with air atmospheric pressure 

plasma at various gas flow rates (0.5 l/min to 2 l/min), plasma power, and substrate-

to-nozzle distances. SEM and UV-INS were used to characterise the surface 

morphology and optical properties of control and treated samples. SEM analysis of 

gold coated glass demonstrates that air plasma jet treatments (different gas flow 

rates or plasma exposure time) have a small effect on the gold particle 

measurements of treated samples. Although it is capable of producing small 

nanoparticles, the quantity produced is insufficient. 
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7 Conclusion and Recommendations for Future Work 
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 Conclusions 

This work involved the design and construction of an atmospheric pressure plasma 

jet, as well as the investigation of its chemical, optical and electrical properties. 

Chapter 1 discussed the physics and history of APPs. This work aimed to explain 

the fundamental underlying principles of plasmas, with a particular emphasis on 

those at atmospheric pressure. The applications of APP are discussed in detail, with 

an emphasis on modifying the wettability of polymer surfaces, or converting them 

from hydrophobic to hydrophilic. 

Chapter 2 introduced the plasma jet and surface characterisation devices that were 

used throughout this study. The components used to power the APPJ were 

described, including the high voltage power supply and the air flow control. Plasma 

parameters were changed, as well as the distance between the nozzle and the COP 

substrate, in order to achieve a lower water contact angle. The hydrophobic surface 

of the COP was modified from 90° to 6° using a simple and inexpensive procedure. 

 

Experimental results were employed in Chapter 3 for modelling using the Response 

Surface Methodology RSM by means of Design Expert software, and they are 

practical, accurate and simple to implement. The experimental data was used to 

develop first and second order mathematical models via regression analysis. These 

developed mathematical models were optimised for the output responses using the 

RSM optimization procedure by imposing lower and upper input limits. For air 

APPJ, it is possible to predict the treated COP wettability. Additionally, optimal 

conditions can demonstrate that the plasma process is a cost-effective and efficient 

process. As previously calculated, the additional cost will not exceed 70% of the 

process without optimization. 
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In Chapter 4 electrical and optical properties and the emission properties of the 

plasma were investigated using the experimental method optical emission 

spectroscopy. Initially the basics of radiative emission theory was presented. The 

unique spectra of the APPJ were presented and the major features were described. 

The measurements were token at the optimal parameters obtained from the Design 

Experiment software. 

Chapter 5 demonstrated the treated COP's wettability stability with air APPJ. The 

wettability of the surface was examined in conjunction with the surface chemistry. 

This chapter demonstrated experimentally the presence of C=O and O-H bonds on 

the plasma-treated COP surface. Additionally, the density of these bonds was found 

to be correlated with the water contact angle, decreasing as the COP surface 

wettability increased. Additionally, it was demonstrated experimentally that storing 

the ambient control humidity could prolong the time of stability. 

 

Chapter 6 examined gold nanoparticles coated with glass. We investigated the 

effect of changing experimental conditions such as the APPJ air flow rate, the 

applied input voltage, the distance between the nozzle and the substrate and the 

treatment time on the properties of the resulting nanoparticles. It was discovered 

that by increasing the concentration of gold nanoparticles, SEM image analysis 

revealed that when dimension plots indicated that a uniform distribution of 

nanoparticles had occurred but the maximum density of nanoparticles on the surface 

had not been reached, the density of nanoparticles could be increased even further. 
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 Future Work: 

The COP film property was developed in this work using extremely cost-effective 

and commercially viable methods. It is hoped that the process can be improved 

further with the details provided by this work. 

1. Further investigation can be carried out to evaluate the APPJ and the COP 

properties pre- and post-treatment under various testing and conditions that 

were not covered in this research, such as the photoelectron spectroscopy 

(XPS) technique for analyzing the surface chemistry and adhesive 

properties. 

2. Additional research on the Design of Experiment on air APPJ optimization 

of COP on and other polymers is necessary over a longer time period to 

establish whether or not they behave similarly under the same APPJ 

conditions. A modification procedure may incorporate extra process 

parameters, such as surface roughness, to provide a more precise outcome. 

Additionally, noise factors in atmospheric pressure plasma, such as room 

temperature and humidity, must be considered in future DOE research. 

3. Future study may concentrate gold nanoparticles on a glass surface, limiting 

the particle distribution and enabling the application of these low-cost air 

APPJ as sensing devices  
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Diverse gold thicknesses deposited on glass samples treated with air atmospheric 
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