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Abstract 

This thesis starts, in Chapter 1, with an introduction to the krypton fluoride (KrF) 248 nm 

nanosecond laser micromachining. Chapter 2 covers preliminary research into the laser 

micromachining of eleven different kinds of commercial plastic films with different chemical 

structures and thermal properties. 

Chapters 3 and 4 discuss the synthesis and characterisation of chromophore functionalised 

poly(methyl methacrylate) and polyurethanes. The hypothesis for this section is based on the 

idea that incorporating a photosensitive group into a polymer’s main chains will enhance the 

laser-polymer interaction. The laser micromachining result proves that both the etch rate and 

the ablation area quality (as studied by Dektak® and SEM images) can be enhanced by 

modifying the polymers with a chromophore by comparing them with a corresponding control 

polymer. Besides insulating polymers, Chapter 5 aims to explore laser micromachining of 

conductive polyanilines with different dopants. Chapter 6 focuses on the laser micromachining 

of hybrid materials of polyaniline and polyurethane.   

In addition to the photochemical ablation mechanism, other researches have also demonstrated 

that the gaseous product generated during the decomposition process would enhance the laser 

micromachining result by blowing the debris away. Using this concept, Chapter 7 presents the 

synthesis and characterisation of two kinds of polyimide with a carbonyl group which could 

decompose into carbon dioxide during the ablation process and thus enhance the laser 

micromachining performance. Lastly, Chapter 8 presents laser micromachining studies of the 

perfluorocyclobutane polymer which display typical fluoropolymer thermal and chemical 

properties. 
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Chapter 1. Introduction and Literature Review 

1.1. Introduction 

1.1.1.  Principle of nanosecond excimer laser 

Among the various applications of laser beams, laser micromachining has attracted increasing 

attentions in recent years because it is faster, cleaner and more economical than the 

conventional wet etching methods. Micromachining with laser can be applied to most 

materials, including metals, ceramic, glass, silicon and polymers, for cutting, micro-hole 

drilling, welding, surface modification and even 3D printing.1 Laser ablation is a dry etching 

process for directly removing matter from the surface of a solid material by irradiating it with 

a laser beam (Figure 1.1). This technique has more advantages than traditional fabrication 

methods, some of those advantages being not using solvents, the ease of automation by using 

robots, low running costs and a minimal heating effect on the target material. When discussing 

laser ablation, the concept of micromachining is different to macro-machining. The latter 

always use a laser beam of several kWs in automotive and military areas, while 

micromachining, with the average power under 1 kW causing fine impact structures on the 

material surface, is usually applied in small scale electronics such as healthcare and consumer 

product applications by precisely controlling the beam, shape size and intensity.2  

 

 

Figure 1.1 Process of nanosecond excimer laser micromachining of polymer 
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The types of pulsed lasers can be divided into nanosecond, femtosecond and picosecond laser 

three categories, depending on the laser pulse duration. Among them, the nanosecond excimer 

laser is most widely used in laser micromachining of polymers and it is mainly applied in this 

thesis. Nanosecond excimer laser operates in the ultraviolet spectral region by using a noble 

gas (including argon, krypton, or xenon) with a reactive gas (including fluorine or chlorine), 

thereafter generating nanosecond pulses.3 The commonly used nanosecond excimer laser beam 

source, which includes F2, ArF, KrCl, KrF, XeBr, XeCl, XeF, is summarised in Table 1.14. 

Excimer laser beam offer high average throughput power with low cost. Moreover, high 

resolution and low thermal damage, which is relative low heat affected zone (HAZ), can be 

simultaneously achieved. HAZ refers to the area of base material that cannot be melted and has 

had its microstructure and properties altered by welding or heat intensive cutting operations.5 

Possible heat effects that thermal processes induce include melting, splashing of melted 

material, cracking, bubble formation, and plasma generation. The mechanisms and applications 

of these nanosecond excimer lasers on polymer will be reviewed in the next section. 

 

Table 1.1  Nanosecond excimer laser beam source4 

Nanosecond excimer laser 

beam source 
wavelength (nm) Average Power 

F2 (fluorine) 157 <5 W 

ArF (argon fluoride) 193 30 W 

KrCl (krypton chloride) 222 30 W 

KrF (krypton fluoride) 248 50-200 W 

XeBr (xenon bromide) 282 peak ~200 W6 

XeCl (xenon chloride) 308 50-200 W 

XeF (xenon fluoride) 351 <50 W 

 



Chapter 1.  

3 
 

The principle of a nanosecond excimer laser is described below (Figure 1.2). Taking the ArF 

laser as an example, the absorbed energy makes the noble gas react with the reactive gas thus 

producing the corresponding exciplex (such as argon fluoride).3   

 

 

Figure 1.2 ArF nanosecond excimer laser operation 

 

The lifetime for the molecule is typically less than 5 ns. The excited energy state complex can 

undergo spontaneous or stimulated emission, reducing its energy to the ground state (Figure 

1.3),3 which quickly dissociates into unbound atoms, thus resulting in an exciplex laser radiated 

energy at the corresponding wavelength.   

  

 

Figure 1.3  ArF nanosecond excimer laser theory (* depicts the excited state)7 
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Besides the ArF nanosecond laser, the Krypton fluoride laser (KrF laser) is a type of 

nanosecond excimer laser which is a longer wavelength ultraviolet laser. This is always 

adopted in electronic micromachining devices, including industrial and scientific research. The 

KrF laser principle is similar to that of the ArF laser. There are two components in the KrF 

laser medium, krypton as a noble gas and fluorine as a halide. Most applications of KrF laser 

includes nuclear fusion energy research, micromachining of materials such as plastics, crystals, 

and composites, medical therapy and dental surgery.  

Although a large variety of organic polymers can be machined with a nanosecond laser 

successfully, femtosecond laser might be an alternative for the treatment of polymers.8 

Femtosecond lasers have the advantage of improved ablation precision and a reduced heating 

affect zone (HAZ) compared with nanosecond laser machining (Figure 1.4). Furthermore, the 

theoretical mechanism description for the ablation with nanosecond laser matter interaction is 

no longer valid in the femtosecond case. For femtosecond pulses, the electrons are excited 

instantaneously and thermalised on a time scale of about 100 fs.9   

 

 

Figure 1.4 The effect of nanosecond laser and femtosecond laser beams applied on the material surface 

 

Most of the polymers have different levels of absorption at the nanosecond excimer laser beam 

wavelengths, which makes it easier for the ablation at these UV wavelengths. For the UV 

transparent materials, such as metals and ceramics, femtosecond laser will be applied.9-10 

Furthermore, a disadvantage of a nanosecond excimer laser is that the halogen gases used as 
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the laser medium have a limited lifetime and have to be exchanged often, resulting in higher 

costs.11   

Femtosecond laser ablations of commercial polymers, such as polycarbonate, poly(methyl 

methacrylate) and polyimide, were well studied. Baudach et al described the relationship 

between the ablation threshold fluence and the number of ablation shots applied on 

polycarbonate and poly(methyl methacrylate) in accordance with incubation behaviour.12 

Mendonca et al studied the role of pulse energy and translation speed in the resulting 

morphology of femtosecond laser micro-machined poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene) (MEH-PPV).13 Besides, femtosecond laser ablation two-photon 

polymerization (2 pp) can create 3D micro- or nanostructures, which is impossible when 

applied with other lithographic methods including nanosecond laser ablation.14 Other 

applications of femtosecond lasers can be found in photochemistry, medical imaging, surgery 

and optical communication.15-16 In this thesis, femtosecond laser micromachining of 

polyaniline and acid-doped polyaniline films will be presented. 

 

1.1.2. Laser micromachining set-up 

The Photon Factory has two laser systems, the nanosecond excimer laser beam of Xantos XS 

KrF at the wavelength 248 nm, as well as 800 nm Ti:Sapphire femtosecond laser, together with 

JPSA IX-100 machining work station (Figure 1.5). These make it possible to handle the 

polymer film sample in a micrometer scale. In this thesis, an excimer laser beam with fixed 

mask was used for the laser working station set-up. The nanosecond laser beam would be 

applied on all the synthetic polymers mentioned in this thesis, including chromophore 

functionalised poly(methyl methacrylate) (PMMA) and polyurethane (PU), polyaniline 

(PANI), polyimide (PI) and perfluorocyclobutane (PFCB) containing polymer. A femtosecond 

laser beam would be applied on doped and undoped PANI films (see Chapter 5).  

The KrF laser is from Coherent Inc., which can produce 5 ns pulses of 248 nm radiation at a 

repetition rate of 500 Hz. The contained variable attenuator to control the power is applied on 

the polymer film surface. Compared with the solid-state laser beam, the excimer laser in the 

UV range has the advantages of a homogeneous beam profile, equipped with a mask to image 

a small laser ablation area in which most of the polymers have high absorption. A schematic 

of the KrF excimer laser set-up is shown in Figure 1.6. 
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Figure 1.5 JPSA IX-100 machining work station 

 

 

Figure 1.6 Schematic of KrF 248 nm nanosecond excimer laser set-up 
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The schematic of the femtosecond laser set-up is shown in Figure 1.7. The laser beam was 

coupled with a Mantis fibre oscillator which can produce a laser pulse at the wavelength of 800 

nm with pulse width of 110 fs, and repetition rate of 1 kHz. A pulse picker (Series 5046ER, 

Fastpulse Inc., USA) gives us the option of varying the repetition rate or machining with a 

select numbers of pulses and a variable attenuator (Watt Pilot, UAB Altechna, Lithuania) 

allows for the controlled transmission of specific powers. A 75 mm focal length lens (LA1608-

B-ML, Thorlabs Inc., USA) was used to focus the laser beam onto the sample.   

 

 

Figure 1.7 Schematic of Ti:Sapphire 800 nm femtosecond laser set-up 

 

1.1.3. Parameters used to characterise the laser micromachining of polymers 

The most used parameters to characterise the laser micromachining of polymers process are 

the etch rate, the absorption coefficient and the ablation threshold. When evaluating the laser 

micromachining process, the most intuitive parameter is the etch rate, which is used to refer to 

the depth of the material removed from the material surface by each laser shot, depending on 

different laser fluence, or simplified by the depth per shot.17 The value of the etch rate, whose 
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unit designated for etch rate is µm per shot, can be affected by the method used in measurement. 

Such value can be defined as the depth after one laser shot, or alternatively, tends to be defined 

as the linear trend slope when plotting against the ablation depth and number of shots at a given 

fluence. Evaluating the linear trend slope is also the method adopted in this thesis with 

profilometric measurements. When defined as the depth of the ablated area after one laser shot, 

incubation takes an important part in the explanation.   

The incubation effect describes the phenomenon that the chemical or physical modification on 

the polymer films caused by the first few laser shots overlap, which may lead to an easier 

cutting process afterwards but without visible defects.11 It is also a phenomenon which can 

only be observed from the polymers that have a low absorption at the laser cutting wavelength.  

The ablation threshold fluence describes the fluence above which ablation starts, and is 

commonly defined as energy per unit area (J cm-2). The effective absorption coefficient is the 

parameter used to describe the effectiveness of a medium containing chromophores (cm-1). 

Both the ablation threshold and the effective absorption coefficient depend on the property of 

the material itself as well as the laser beam source used.   

For UV nanosecond excimer laser micromachining at low laser fluences (this usually means 

the laser fluence less than 1 J cm-2), Beer’s law, which is applied on the calculation of these 

three parameters (etch rate, ablation threshold and effective absorption coefficient), has been 

applied.18 At low fluences, the etch rate is expected to vary with the natural logarithm of the 

fluence according to the equation (1), where d(F) is the etch rate, αeff is the effective absorption 

coefficient at the selected wavelength and Fth is the ablation threshold fluence. This model is 

derived from Beer’s law and has been widely used to fit with the laser ablation experimental 

data. 

𝑑(𝐹) =
1

𝛼𝑒𝑓𝑓
ln (

𝐹

𝐹𝑡ℎ
)                                                    (1) 

 

1.1.4. Instrumentations used in the study of laser micromachining of polymers 

Fundamental instruments are applied to characterising the chemical and physical properties of 

the synthesised polymers for the laser micromachining. The ultraviolet-visible (UV-Vis) 

absorption spectrum of each sample was recorded from 190 to 900 nm by using a Shimadzu 
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UV-2101PC UV-visible spectrophotometer. The infrared (IR) spectrum of each sample was 

acquired by using a Thermo Scientific Nicolet iS50 FTIR spectrometer through an attenuated 

total reflection (ATR) mode for chemical functional group characterisation. The solution 

nuclear magnetic resonance spectroscopy (NMR) was used to confirm the chemical structure 

of each sample with a Bruker Avance 400 MHz spectrometer in CDCl3 or DMSO-d6. The gel 

permeation chromatography (GPC) was used to determine the number average molecular 

weight and weight average molecular weight. The GPC instrument used to characterise the 

samples was fitted with a Waters 1515 isocratic HPLC pump equipped with HR 4E and HR 4 

styragel columns (25 °C) in series and a Waters 2414 refractive index detector. DMF or THF 

was used as the eluent at a flow rate of 1.0 mL min-1. The thermal stability behaviours of each 

sample were studied in N2 by using a thermogravimetric analyser (TGA) (TA Instruments 

Q5000). The thermal transition temperature of each sample was determined by the differential 

scanning calorimetry (DSC) with TA Instruments DSC Q1000. 

The profilometer can measure the surface roughness information together with the vertical 

depths data. The profilometers that are used in this thesis can work in the non-contact mode 

especially for 3D scanning and the contact mode when equipped with a diamond stylus. In this 

thesis, a Bruker stylus profilers Dektak®XT is applied in the depth measurement to acquire the 

ablation depth information. Meanwhile, a Bruker 3D microscopy system is applied in some 

other chapters.  

Scanning electron microscopy (SEM) images are always used to evaluate the laser ablated 

surface quality after the laser matter interaction. Not all the known polymers can be ablated 

perfectly, because of the possible heat effects that might always happen during the laser 

polymer interaction process, including melting, splashing of melted material, cracking, bubble 

formation and plasma generation. Furthermore, some special features can be observed, such as 

“perfectly conical” on the surface of polycarbonate (PC) after irradiation with the 308 nm 

excimer laser beam19 and dendritic structures formed on the surface of polyethylene 

terephthalate (PET) after irradiation with the 248 nm excimer laser beam20. These are 

phenomenon that depends on the fluence. In this thesis, SEM was used to check the quality of 

the etched cavities with a Philips XL30S field emission scanning electron microscope 

(accelerating voltage 10KV). The samples were sputter coated with 20 nm of gold using a 

sputter coater (Polaron ED 5000) for observation. 
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The quantum chemical calculation which may be used to evaluate the decomposition 

compound during the laser ablation process was not applied in this thesis due to the 

experimental limitation. However, this oversight might lead to a discussion in future work. The 

quantum chemical calculation including mass spectrometry can be used to analyse and identify 

the ablation products.   

 

1.2. Polymers for nanosecond laser micromachining 

Among the materials applied in laser micromachining, the polymer is one branch of the studies 

with extensive applications such as the fabrication of organic electronic devices, 

microelectronic packaging and microanalysis applications. For example, microfluidic chips 

which have micro-channels ablated on the surface of polymers, such as PMMA and PC, can be 

widely used in the analytic area, especially in genomics and proteomics researches.21 Also, the 

waveguide is usually based on multilayer polymers, such as PI, after the fabrication by the laser 

beam, and is extensively used in the signal transmitting and measurement for both industrial 

applications and scientific researches area.22 Therefore, investigating polymer films to achieve 

an effective and controllable ablation as well as to avoid the roughness and debris after the 

fabrication process is a research focus.  

As mentioned before, among numerous different kinds of laser beams, the nanosecond excimer 

laser is a high-intensity ultraviolet beam with advantages of monochromaticity, short pulse 

duration, polarisation, collimation and coherence. The laser micromachining is usually carried 

out with nanosecond excimer lasers, which emit lights in the UV range where many polymers 

absorb strongly. This thesis intends to focus on the research of KrF 248 nm nanosecond 

excimer laser micromachining of synthetic organic polymers films.  

Due to both the research and industrial value of nanosecond laser micromachining of polymers, 

several reviews have been published, offering us clear information on this subject. These 

reviews cover both the application and the mechanism models of the laser ablation of polymers. 

The first review of polymers for the laser micromachining was published in 1986 by 

Srinivasan23, who is also the pioneer of the research on ultraviolet laser ablation on materials. 

This review covered an extensive range including not only polymers but also biological tissues. 

After that, several reviews provided new insights into UV laser micromachining of organic 

polymers.24-26 The UV laser photoablation of polymers in the 1990s was reviewed by Lazare 
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and Granier, suggesting that the wavelength-dependent experimental data could be fitted with 

a dynamic model.24 Besides commercially available polymers, research on novel polymers 

designed for the UV laser was summarised by Lippert et al.27 Lippert has published extensively 

in the field of laser micromachining of polymers. They also reviewed the laser micromachining 

of the doped polymer system.28 Moreover, Lippert reviewed the chemical and spectroscopic 

aspect of the polymer ablation,29 together with applications,30 and also the interpretation on the 

photon matter interactions.31 The review on industrial applications of the polymer ablation was 

studied by Gower, covering such aspects as hole drilling, thin film scribing and other future 

trends such as micro-electro-mechanical systems.32   

In this section, in addition to the reviews mentioned, more literature are reviewed involving 

three main kinds of polymers for the laser micromachining, which are commercial polymers, 

doped polymers as well as novel designed polymers. Furthermore, the chemical and physical 

methods that have been used in the laser micromachining evaluation will be reviewed.  

  

1.2.1. Commercial polymers 

Most of the polymers are sensitive to UV laser photoablation. Consequently, the laser 

processing of polymers is one of the main research highlights in polymer photochemistry.  

In 1978, the infrared wavelength laser, 10.6 µm CW-50-watt Model-42 CO2 laser, was applied 

on the irradiation of eleven commercial polymers such as PMMA, polystyrene (PS) and 

poly(tetrafluoroethylene) (PTFE).33  Only since this research of CO2 laser on polymers, have 

studies on excimer laser ablation of organic polymer started.  

Nearly all the literature related to nanosecond excimer laser micromachining of polymers 

would refer to the first two reports in this research area, which are almost published at the same 

time in 1982. In Kawamura’s work, the surface of PMMA which was doped with a small 

amount of benzoin for the purpose of increasing the ultraviolet absorbance, was ablated with a 

KrF UV laser beam at the wavelength of 248 nm.34 How the exposed energy density 

corresponds to etching depth was studied in his work. Almost simultaneously emerging in 

history, Srinivasan et al at IBM demonstrated that the radiation of ArF nanosecond excimer 

laser with the wavelength of 193 nm could micromachining poly(ethylene terephthalate) (PET) 

films without any further cleaning.35 In this research, pulses of 370 mJ cm-2 with duration of 

12 ns gave an etch rate of 0.12 µm per shot. The author discovered that the high absorption 
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coefficients and the high efficiency for bond breaking may contribute to the self-developing 

photoetching, where more than 30 different decomposed organic compounds were observed.35 

This was followed by ablative photodecomposition studies. For ablated area quality, SEM 

images showed a rough etched surface.   

Studies during the same period also included 185 nm laser beam etching on PET film, and the 

controlled dry-etching process was demonstrated.36 During the same period, Jain et al 

demonstrated that high-resolution images could be obtained by treating photoresists systems 

such as ®AZ-2400 and diazonaphthoquinone-®Novolak with a XeCl 308 nm laser and KrF 

248 nm laser.37  

Literature related to laser ablation appeared after that, on commercially available polymers 

such as PS38-39, polyimide (PI)40-53 and polycarbonate (PC)12, 54, not limited to the nanosecond 

excimer laser, but including the femtosecond laser. Even though the femtosecond laser also 

receives much attention from the literature, the review in this section will mainly focus on the 

nanosecond laser micromachining of polymers, considering our topics.  

Andrew et al investigated the laser processing of PET film, PI film and Shipley AZ1350 

photoresist film by using a XeCl laser at 308 nm which was close to the long wavelength UV 

absorption edge.18 The author indicated that this etching result was primarily due to a thermal 

process, and also described the form of the etch rate and the ablation threshold based on Beer’s 

law (see section 1.1.3.), which can be applied for a limited range of fluences above threshold. 

The thresholds of PET, PI and AZ1350 are 170 mJ cm-2, 60 mJ cm-2 and 40 mJ cm-2 

respectively. The etch rate exhibited a logarithmic dependence on the laser fluence F, where 

Fth is the threshold fluence basing on the Equation 1. The quantitative infrared analysis 

indicated that the major decomposition products were CO2, CO, C2H2, CH3CHO, and H2O with 

small traces of C2H4. The etching PET film with 308 nm XeCl laser presented an interesting 

feature, which was that the surface morphology changed from a relatively smooth to a furrowed 

texture with increasing number of shots and finally exhibiting a highly granular structure. 

Garrison and Srinivasan proposed the mechanism of laser radiation of 193 nm wavelengths 

with a fluence above a threshold value applied to the polymer film by using a microscopic 

model.55 Later in 1985, Garrison and Srinivasan summarised the predicted photochemical 

model and thermal model, and concluded that the photochemical model was appropriate for 

UV excimer laser ablation on organic polymers.56 
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As mentioned above, Srinivasan then published a paper in Science in 1986, which reviewed 

the UV laser ablation of polymers and biological tissue.23 This made him become the lead 

researcher in the study field of polymers for laser machining.  

Braren et al at IBM investigated the temperature dependence of ablative photodecomposition 

at wavelengths of 193 nm, 248 nm and 308 nm aiming to understand the role of thermal energy 

in the bond-breaking process.57 In their studies, PMMA films were irradiated at each fluence 

in the range of 5 to 40 shots, together with a changing temperature range from 90 K to 293 K. 

This experiment results indicated that the thermal component was of little significance in the 

ablative photodecomposition at 193 nm. However, when etched with a beam at 248 nm, the 

temperature showed a strong influence in the etching mechanism. The thresholds at 90 K and 

293 K were almost the same, whereas the etch rate plotted against the fluence showed a much 

lower slope at 90 K than 293 K. SEM images also showed differences at 248 nm at different 

temperatures. Many stress cracks as well as holes were observed at 90 K, but the average size 

of these holes was small when compared to 293 K. 

Al-Dhahir et al investigated the laser ablation of PET at wavelength of 193 nm. The PET film 

used in the experiment was preheated by using a pulsed TEA CO2 laser.58 The laser result was 

significantly enhanced by preheating the polymer film.  

A clean etching has been demonstrated with laser wavelengths ranging from 193 nm to 351 nm 

applied on strong optically absorbing materials such as photoresists and even live tissues. Yeh 

summarised the characteristics of polymer ablation by UV lasers such as laser wavelength, 

pulse width, etch rate and fluence.26 The threshold of each polyimide sample is summarised in 

Table 1.2. The threshold values reported from different groups vary, potentially because of 

different measurement techniques and experimental setups. 
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Table 1.2  Summary of absorption coefficient and threshold on nanosecond excimer laser micromachining on 

polymers 

Polymer 
Wavelength 

(nm) 

Effective 

absorption 

coefficient 

αeff (104 cm-1) 

Ablation 

threshold 

Fth (J cm-2) 

Polyimide41 

synthesised in the 

lab, chemically 

identical to Kapton® 

248 22 0.027±0.004 

308 10 0.07±0.011 

351 3 0.12±0.02 

Polyimide59 

commercial film 

193 45 0.10±0.01 

248 26 0.20±0.02 

351 3 1.50±0.15 

Kapton®60 

193 18±1 0.025±0.003 

248 10±0.5 0.055±0.002 

308 5±0.3 0.115±0.005 

 

1.2.2. Doped polymers 

As an aim of enhancing the laser micromachining result, doped polymers have also been well 

studied, which makes it possible to process polymers that cannot absorb the laser beam energy. 

The doping system can be divided into the following categories: (1) a mixture of absorbing 

with non-absorbing polymers, (2) polymer and molecular dopant both absorbing at the laser 

wavelength, (3) only molecular dopant absorbing at the laser wavelength, (4) only polymer 

absorbing at the laser wavelength.28 The photochemical and photothermal polymer degradation 

mechanism can be applied in the bond breaking in the laser abaltion of polymer process. The 

review in this thesis on the doping system has some intersections with the commercial 

polymers, as current available commercial polymer is usually based on doping system, which 
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is common in practical environments. The dopant and the host polymer can be excited by the 

laser beam separately or jointly. 

The system with absorbing and non-absorbing polymer is commonly used in commercial 

available polymers. Cole et al first studied the laser ablation of PMMA doped with different 

content of poly(α-methyl-styrene) at the wavelength of 193 nm.61 A higher ablation rate was 

observed for the blend with lower dopant concentrations.  

The systems involve the molecular dopant with absorbing or non-absorbing polymers are the 

simplest and most common. Masuhara et al at IBM research in California investigated the laser 

micromachining of chromophores doped PMMA at 308 nm wavelengths.62 The dopants used 

in this work were pyrene and benzophenone. This work clearly demonstrated that the ablation 

of nonadsorbing polymers could be induced by adding an absorbing dopant species.   

A totally different doping system, where only polymer was absorbed at the laser wavelength, 

was taken by Lemoine et al.63 Besides the chemical properties of the polymer and dopant, the 

physical and mechanical properties of the blending may also influence the laser ablation result. 

The laser ablation efficiency of PS at the wavelength of 248 nm was enhanced by doping with 

rhodamine 6G. The expulsion of the fragments was accelerated by the additive in the polymer 

blending system. 

The dopants used in current literature are summarised in Figure 1.8. The technology of a doping 

system basically involves dissolving the dopant with the polymer in an organic solvent 

followed by film casting. A doping system makes it possible to do the laser micromachining 

with the polymers that are not sensitive to the corresponding laser wavelength.  

However, the doping system has a dual character,31 especially when considered from a 

chemical point of view. The dopant is usually limited to approximately 10 wt% which can 

cause a notable decrease in Tg of the polymer. The effective absorption coefficient would also 

have a maximum operation value depending on the amount of the dopant added in. 

Furthermore, the higher doping level can result in an agglomeration of the dopant. In addition, 

it is difficult for further cleaning of the doped polymer with solvent due to the solubility of 

small dopant molecule compound. These characteristics make it well worth to developing novel 

polymers with specific functional group for the laser ablation instead of just mixing.   
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Figure 1.8  Chemical structure of dopant used in polymers for laser ablation 
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1.2.3. Novel designed polymers 

The development of novel designed polymers for specific laser wavelength micromachining 

was started in early nineties and then developed by Lippert’s group. The results during this 

period were reviewed by Lippert et al  in 1997.27 The novel polymers were designed by 

incorporating a chromophore into the main chain of polymers to absorb the corresponding laser 

beam energy at a specific wavelength, or containing a functional group which can be 

decomposed and emitted into gaseous products such as N2 or CO2 during the laser ablation 

process acting as a driving force gas.    

Triazeno (–N=N-N-) and pentazadieno (–N=N-N(R)-N=N-) compounds, which cause the π-

π* transition located around 300 nm, were first physically doped into polymers.28  Besides the 

doping system, triazeno and pentazadieno may also be introduced into the polymer backbone 

to design novel polymers for laser ablation. Nitrogen (–N=N-X) containing polymers for 308 

nm laser micromachining were well studied, which contained triazenopolymer (TP), 

diazosulfidepolymer (DASP), pentazadienopolymer (PAP), diazophosphonatepolymer 

(DAPP) and diazocopolyester (DACOPE) (Figure 1.9).27 The ablation mechanism was studied 

in detail by using technologies including the surface analysis, the laser transmission and 

modelling, the ns-photography, the ns-interferometry and the time-of-flight spectrometry 

(TOF-MS). 

 

 

Figure 1.9  Chemical structure of nitrogen containing polymers for laser ablation27 
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Wei et al studied the micromachining characteristics of various polymers including polymers 

containing triazene and ester groups, the same polymers without triazene, and PI as reference 

(Figure 1.10).64 Similar ablation results were obtained when etched with high fluence. When 

treated with a low fluence, the polymers containing the most photochemically active group 

exhibited the lowest threshold and highest etch rate. It could be demonstrated at least that 

photochemical breaking of these bonds is possible.  The order of the ablation activity for the 

above polymers is triazene polymer > polyester > PI, considering the effective absorption 

coefficient for all designed polymers, being quite the same and independent of the linear 

absorption coefficient. The decomposition of PI is purely a photothermal mechanism while the 

decomposition of designed polymer is a combination of photochemical and photothermal 

processes. 

 

 

Figure 1.10 Polymers containing triazene and ester groups, the same polymers without triazene, and PI as 

reference64 
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Besides nitrogen containing polymers, the modification of commercially available 

polycarbonate was also studied.19  For the polymer designed based on commercially available 

polymer, Kunz et al investigated the chemical modificative polyestercarbonates (Figure 

1.11).54 Increasing the containing of ester group could lead to lower threshold fluence and 

increased ablation rate. This improvement could be explained by the releasing of gaseous 

decompositions such as CO and CO2 from the ester group.  

 

 

Figure 1.11 Polycarbonate and chemical modificative polyestercarbonates19 

 

Furthermore, at Hitachi in Japan, the polyurethane-based polymers with different chemical 

structures were ablated by 248 nm laser beam, which presented a high sensitivity and 

absorption to 248 nm irradiation (Figure 1.12).65 

 

 

Figure 1.12 Typical polyurethane resin65 
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Pyrene, a type of chromophore, was also employed as the light absorbing group to enhance the 

laser ablation property of the polymers. In 2014, Biver et al synthesised and investigated the 

248 nm laser ablation of pyrene grafted on PMMA (Figure 1.13), which demonstrated that the 

effective absorption coefficient increased and the ablation threshold fluences decreased with 

the pyrene-based chromophore percentages in each PMMA sample.66  

 

 

Figure 1.13 Pyrene grafted PMMA66 

 

1.2.4. List of polymers for KrF 248 nm nanosecond excimer laser micromachining 

Selected researches on KrF 248 nm nanosecond excimer laser micromachining of polymers are 

listed in the following table, including commercial polymer, polymer with dopant and novel 

designed polymer. It can be concluded that most of the polymers involved are PMMA, PET 

and PI, with dopant, or to be used directly without any pre-treating.  

 

Table 1.3  A list of selected polymers for KrF 248 nm nanosecond excimer laser micromachining 

Year 

System  

Type 

Base  

Polymer 

Key points of laser 

micromachining result with KrF 

248 nm laser beam 

1982 
Polymer 

with dopant  
PMMA doped with benzoin34 Etching depth was increased by 

increasing the exposed power 
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density for the same exposed 

energy density. 

1982 
Commercial 

polymer 

®AZ-2400 and 

diazonaphthoquinone-

®Novolak37, 67 

Resolution down to 1000 line 

pairs per millimetre is 

experimentally demonstrated 

with XeCl laser and KrF laser. 

1985 
Commercial 

polymer  
PET and PI films68 

Thermal coupling and etch rate 

measurements are reported, 

providing useful information on 

the laser matter interaction 

mechanism. 

1985 
Commercial 

polymer 
PI41 

Polyimide can be efficiently 

etched in air, and the etch rate 

plot against incident fluence are 

found to obey a Beer-Lambert 

etching relation. 

1986 
Commercial 

polymer 
PMMA doped with acridine69 

Low to 2% doped acridine can 

decrease the threshold for 

significant etching at 248 nm, 

which may be due to the photon 

decomposition of the acridine.  

1986 
Commercial 

polymer 
PMMA70-71 

Detailed study on the products 

were formed by the laser ablation 

of PMMA at 193 and 248 nm; the 

ablation products upon 

irradiation with UV light are 

analysed. 
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1986 
Commercial 

polymer 
PMMA57 

The temperature dependence of 

ablative photodecomposition was 

investigated at wavelength of 248 

nm.  

1990 
Polymer 

with dopant 

Teflon doped with 

tris(perfluoroalkyl)-s-

triazene72 

The 10 µm thick doped Teflon 

film can be etched completely at 

the fluence of 428 mJ cm-2. 

1991 
Polymer 

with dopant 

PS doped with Rhodamine 

6G63 

The low concentration of dopant 

in the film can significantly 

enhance the laser ablation result. 

1993 
Polymer 

with dopant 

PMMA doped with               

p-terphenyl73 

Transient absorption spectral 

measurement during the laser 

ablation process was studied, 

which indicated that the excited 

singlet and triplet states were 

involved based on time-resolved 

absorption spectra. 

1993 
Commercial 

polymer 
PI (KaptonTM) films46 

Analysis of the UV ablation 

decomposition product, and 

photographs of the blast wave 

rising above the polyimide 

surface. 

1994 
Polymer 

with dopant 
PMMA doped with pyrene74 

Per dopant can absorb about 12 

photons at the threshold. 

1994 

1995 

Polymer 

with dopant 

PMMA doped with 

biphenyl74-75 

PMMA doped with biphenyl 

induces laser ablation with less 
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fluence compared to neat PMMA 

film. 

1995 
Polymer 

with dopant 

PMMA doped with 5-diazo 

Meldrum’s acid (DM)76 

Laser ablation dynamics study, 

suggesting that, although DM 

photodecomposes with a high 

quantum yield, it has little or no 

effect on laser ablation. 

1996 

Novel 

designed 

polymer 

Triazeno-polymer77-78 

Transmission behaviour 

comparison with a theoretical 

model. 

1997

1998 

Commercial 

polymer  

A variety of PU (more than 

50 kinds)79-80 

Discussion on threshold fluence 

and ablation rates. 

2000 
Commercial 

polymer 
Polypropylene (PP)81 

Demonstration of photochemical 

and thermal effects are co-

operative during 248 nm laser 

ablation on polypropylene (PP) at 

several fluences. 

2000 
Commercial 

polymer 
PEEK, PC and epoxy resin82 

The polymers’ surfaces were 

modified after the 248 nm laser 

ablation threshold which has 

been characterised by using XPS 

and water contact angle 

measurement. 

2001 
Polymer 

with dopant 

PMMA doped with the iodo-

derivative of the aromatic 

naphthalene (NapI)83 

Comparison of the photoproducts 

with two wavelength 248 nm and 

193 nm, and suggests that the 
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inducted product did not change 

with the wavelength applied.  

2004 

Commercial 

polymer 

and 

polymer 

with dopant 

Polyimide, triazene polymer84 

The carbonisation of the polymer 

surface can affect the thickness 

measurement which may not give 

an accurate number for ablation 

rates. 

2006 
Polymer 

with dopant 

PMMA doped with 

iodonaphthalene (NapI) and 

iodophenanthrene (PhenI) 

Demonstration of 248 nm laser 

ablation of PMMA with 

dependence of molecular weight 

based on the bulk photothermal 

model. 

2013 

Novel 

designed 

polymer 

Pyrene grafted PMMA66 

Investigating on the effects of 

KrF laser ablation on PMMA in 

combination with pyrene. 

 

1.2.5. Summary on nanosecond laser micromachining mechanisms 

Mechanism models of nanosecond excimer laser micromachining of polymers could be 

concluded as follows: photochemical models, photothermal models, photophysical models. A 

complete description of each model has been summarised by Bityurin et al and reviewed by 

Lippert in 2003 (Table 1.4).29, 85 According to their studies, the features that polymers have, 

such as the electronic structures, bonds between neighbouring molecular groups, and chemical 

reactions in polymer materials, make the laser micromachining of polymers different from 

other materials including metals, ceramics, dielectrics, semiconductors. 
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Table 1.4 Summary of laser micromachining theoretical models29
 

Theoretical Models Description 

Photochemical models 
Electronic excitation results in direct bond breaking; excited-

state absorption may be included (two-level model). 

Photothermal models 
Electronic excitations thermalise on picosecond-time scales, 

yielding thermally broken bonds. 

Photophysical models 

Both thermal and nonthermal processes are important. The 

models may incorporate two independent channels of bond 

breaking, or employ different bond breaking energies for 

ground state and electronically excited chromophores. These 

models are most important for short pulses (ps and fs). 

 

When interpreting the mechanism of nanosecond excimer laser micromachining of polymers, 

the above-mentioned models can be applied either individually or combined. The investigation 

of these mechanism has lasted from the early emergence of the laser micromachining 

application. In recent years, the evidence for  the separation of these models is slowly softening, 

making it generally accepted that the UV laser ablation of organic polymers is mainly a 

photochemical processing.30 

The mechanism of the laser matter interaction also depends on the laser beam type itself.  

According to the difference of the pulse duration, the laser beam can be classified into 

nanosecond, femtosecond and picosecond laser based on the laser beam wavelength. For 

nanosecond pulses, when applied with the photochemical model, the first step of the process 

of nanosecond excimer laser micromachining is the electronic excitation upon absorption of 

UV photons. The subsequent step can be varied and thus turns complex, depending on the laser 

wavelength, fluence, the properties of the sample, and environmental conditions such as 

temperature, pressure, and gas atmosphere. It is a process of photon absorption, heating and 

material vaporisation, based on Beer’s law, while femtosecond laser ablation is a cold-cutting 

process. In general, a photochemical ablation mechanism is preferred to explain the process of 

nanosecond laser working on a polymer film.11 

As mentioned, the photochemical and photothermal model were mainly used in the 

interpretation of the basic features of laser micromachining of polymers. However, the 
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discussion on modelling for the laser micromachining of polymers is still in progress. There 

emerges other models involving the separation of surface and volume models, which are 

depending on the laser process taking place within a few monolayers below the surface or 

within the bulk of the polymer.11 New models include a coarse-grained chemical reaction 

model (CGCRM)86, a molecular dynamics model87 and the breathing sphere model88.  

 

1.3. Conclusions and objectives of this research 

Previously published results on the laser micromachining of polymers under different laser 

beam source have been reviewed and discussed. The laser micromachining of polymers is 

usually carried out with excimer lasers at different wavelengths depending on the available 

laser beam source. Polymers that used in the laser micromachining study include commercial 

polymers, dopant modified polymers, and novel designed polymer for laser micromachining. 

Particularly, the KrF 248 nm excimer laser ablation of polymers was summarised in detail since 

the same laser beam would be used in this research. These polymers focused on commercial 

polymers such as PMMA, PC, PET etc as a directly used or doped form. Novel polymers with 

specific chemical structures include chromophore grafted and moiety that can decomposed into 

gaseous products. As the laser micromachining of polymers draw more and more research 

interest these days, it is well worth developing further novel designed polymers or polymers 

that have the potential to be used widely in laser micromachining but have been studied 

insufficiently before. 

The aim of this research is to enhance the laser ablation result of the mostly used polymers 

such as PMMA and PU, as well as to investigate polymers with the conductivity, the thermal 

stability and the optical property that have the potential to be used in laser ablation area. This 

research involves the synthesis and characterisation different kinds of polymers for KrF 248 

nm excimer laser micromachining and the evaluation of the laser ablated area qualitatively and 

quantitatively by using SEM images and ablated depth measurement with calculating of etch 

rate and threshold, and then the discussion on the possible laser matter interaction mechanism.  

This thesis is organised as the following structures; each chapter includes the organic synthesis 

part and the laser ablation result discussion: 

Chapter 2. Commercial plastics 
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Chapter 3. Polyacrylate glassy polymers containing light-absorbing groups 

Chapter 4. Polyurethane rubbery polymers containing light-absorbing groups 

Chapter 5. Polyaniline conducting polymers 

Chapter 6. Polyurethane/Polyaniline hybrids 

Chapter 7. Polyimide with carbonyl group 

Chapter 8. Perfluorocyclobutane polymer 
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Chapter 2. Preliminary Research on Laser Micromachining 

of Commercial Plastics  

2.1. Introduction 

To gather some preliminary results on the laser micromachining of polymers, eleven different 

commercially available plastics were machined with KrF 248 nm nanosecond excimer laser 

beam with different laser fluences. These commercially used plastic granules cover most 

typical polymers and have different chemical structures, such as aromatic polymers and 

aliphatic polymers, and exhibit different thermal properties, such as the processing temperature 

and thermal conductivity. The chemical structures of these eleven different plastics are listed 

in Figure 2.1. The detailed description, processing temperature and thermal conductivity which 

were collected from the suppliers are listed in Table 2.1.    

The goal of this chapter is to evaluate how these plastics respond to being laser machined, with 

a focus on understanding such characteristics as how efficiently the materials are machined, 

how much material can be removed with a single shot and the extent of melt and reflow present 

when the materials are machined at a range of different laser powers. To attain this 

understanding, the JPSA laser micromachining stage was used to machine lines into a variety 

of polymers over a range of powers. These lines were then depth-profiled using a Dektak® 

stylus profilers in order to identify which samples are machined efficiently and the degree of 

melt and reflow present when they were machined. In the end, these samples can be divided 

into three broad categories: low melt and reflow, high melt and reflow, and other samples which 

are not machined clearly or efficiently enough to give meaningful results for the range of 

powers considered.   
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Figure 2.1 Chemical structures of eleven plastics for preliminary laser micromachining research 
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Table 2.1 Detail description and thermal properties of the plastic materials 

Plastic 

films 
Description 

Processing 

temperature 

(°C) 

Thermal conductivity 

(W mK-1) 

P1 Polyamide (PA) DuPont™ Elvax® 156 0.13-0.15 

P2 
Polybutylene terephthalate (PBT) 

DuPont™ Crastin® 
225 0.29 

P3 
Polyethylene terephthalate (PET) 

Eastman A12 
238 0.15 

P4 Polystyrene (PS) PS-Dow E700 241 0.07 

P5 
Polyether block amide  

PEBAX® MH 1657 
204 0.18 

P6 Polystyrene (PS) GPPS-Kumho 180 0.07 

P7 Polycarbonate (PC) Makrolon® 280 0.20 

P8 Polyamide (PA) Grilon® T 300 GM 260 0.13-0.15 

P9 
Maleic anhydride grafted polymer 

(MAH-g) EXXELOR™ PO 1015 
117 0.16 

P10 

Polyvinyl alcohol (PVA) 

Chang-chun PVA-BP17    
180-230 0.20 

P11 

Polyether based thermoplastic 

polyurethane (TPU)  

Elastollan® 1160 D 

230 0.31 
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2.2. Experimental 

2.2.1. Preparation of plastic films for laser micromachining 

A ten-tonne heated press (Figure 2.2) of two aluminium plates with two sheets of Teflon® paper 

was used to process the commercial plastic granules into films. The films were then cut into a 

square with a size of 2 cm × 2 cm for the laser micromachining experiment.  

 

Figure 2.2 Ten-tonne heated press 

 

2.2.2. Laser micromachining 

A JPSA laser micromachining stage was used to perform the laser ablation experiments. The 

laser used at this stage for the experiments presented in this research was a KrF nanosecond 

excimer laser (Xantos XS laser, Coherent Inc., USA), with a wavelength of 248 nm. The lines 

were machined with a triangular mask with step-profiled edges to evaluate the amount of melt 

and reflow in the samples; if the samples exhibited little to no melt and reflow behaviour at a 

given power then the step profile would be preserved in the depth profile of the lines. However, 

if there was a significant amount of melt and reflow then the profile of the lines would be 

smoothed out. 

The lines were machined with one shot hitting the sample at the edge of the lines, increasing 

by one shot incident on the sample every 10 µm away from the edge, up to ten shots hitting the 

sample at the very centre of the lines. The power measurements were taken with this setup at a 
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range of transmission values, as shown in Table 2.2. After lines were machined at each of these 

powers in each of the samples, a Dektak® stylus profiler system was used to obtain depth 

profiles across the lines.  

 

Table 2.2 KrF 248 nm nanosecond laser transmission with the measured power and calculated fluence  

Transmission  Measured power (mW) Beam fluence (J cm-2) 

100% 37 0.74 

75% 27 0.54 

50% 19 0.38 

25% 10 0.20 

 

2.3. Results and Discussion 

2.3.1. Depth profile for each plastic film 

The depth profiles for each of the lines machined with the settings described in Section 2.2 at 

100% laser beam transmission (0.74 J cm-2) were selected to be shown here to give a 

preliminary result on how these plastic films can be etched (Figure 2.3 - Figure 2.8). Where 

profiles were not shown, the lines machined were too shallow to be properly profiled. Note that 

while attempts were made to level and zero the data, the curvature of the samples meant that 

some profiles were not level, and for many lines the sample surface did not rest at a depth of 

zero. Based on the results obtained from the Dektak®, the samples can be roughly divided into 

the following three categories: low melt and reflow, high melt and reflow and others. 

Type 1. Low melt and reflow plastics 

These plastic samples maintained the step profile of the spot used to machine the lines, 

indicating that the machining was done with very little melt and reflow occurring. The 

following materials could be categorised as such: P2 (PBT, Figure 2.3), P3 (PET, Figure 2.4), 

P6 (PS, Figure 2.5), P7 (PC, Figure 2.6) and P11 (TPU, Figure 2.7). For P11 (TPU), an 

aromatic isocyanate unit might be contained although the detailed chemical structure 

information for this polymer is not available from the supplier. This result indicated that the 
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plastic films which can be etched efficiently with a low melt and reflow were the polymers 

with the aromatic group, as shown with the chemical structures in Figure 2.1. This phenomenon 

might result from the high absorption of the nanosecond laser beam by which the aromatic 

group incurred.  

 

Figure 2.3 Ablated depth profile of polybutylene terephthalate (PBT) P2 

 

 

Figure 2.4 Ablated depth profile of polyethylene terephthalate (PET) P3 
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Figure 2.5 Ablated depth profile of polystyrene (PS) GPPS-Kumho P6 

 

 

 

Figure 2.6 Ablated depth profile of polycarbonate (PC) P7 
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Figure 2.7 Ablated depth profile of Elastollan® polyether based thermoplastic polyurethane (TPU) P11 

 

Type 2. High melt and reflow plastics 

These samples showed smooth walls, indicating a significant amount of melt and reflow, while 

still machining efficiently enough to attain a significant depth. P4(PS) was the only sample in 

this category.  

 

Figure 2.8 Ablated depth profile of polystyrene (PS) PS-Dow E700 P4 
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Selected SEM images of ablated lines on P3 and P4 are shown in Figure 2.9 to illustrate the 

difference between the two broad categories of etched surface behaviours, which were the low 

melt and reflow, compared with the high melt and reflow. These SEM images also provided 

the same information as from the Dektak® stylus profiler. The SEM image of P3, which was 

the low melt and reflow, kept the etched step profile with a sharp wall. Differently, P4 

presented a smooth curve which meant the material was melted during the ablation process and 

solidified again to offer an etched line profile without the etched steps.  

 

 

Figure 2.9 SEM images of ablated depth profile for polyethylene terephthalate (PET) P3 and polystyrene (PS) 

PS-Dow E700 P4 
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For the ablated lines profile behaviour, considering the difference of the melt and reflow 

between P3 and P4, the processing temperatures of these two samples had a similar value, 238 

ºC for P3 and 241 ºC for P4. However, the thermal conductivity of P4 (0.07 W mK-1) was 

much lower than P3 (0.15 W mK-1) which might lead to a relatively slow energy transmission 

after irradiation with the laser beam. P6 (PS, from another supplier with P4), which had the 

same thermal conductivity but a lower processing temperature than P4, showed a low melt and 

reflow phenomenon. Above all, the melt and reflow feature of the plastic films after ablation 

was a result of the combination of the thermal conductivity and processing temperature.  

 

Type 3. Plastics failing to show detectable ablated lines  

These samples did not give meaningful results, given that lines were not detectable. The 

following samples belonged to this category including: P1 (PA), P5 (PEBAX), P8 (PA), P9 

(MAH-g) and P10 (PVA). In an extreme case, only P1 could be ablated when applied with a 

100% laser transmission with 10 shots at a lower etch rate. The commonality of the polymers 

in this category seemed to belong to the aliphatic polymers. Obviously, this kind of polymer 

had a low absorption at a specific UV-Vis wavelength, thus resulting a low absorption of the 

corresponding nanosecond laser beam energy. 

 

2.3.2. Depth measurement for each plastic film 

The profiles showed in Figure 2.3 - Figure 2.8 were used to measure the depth of the machined 

materials. The data was shown in Table 2.3, and plotted in Figure 2.10. The ablated depth of 

each sample showed an increasing trend with the enhancing of the beam fluence. It thus could 

be concluded that the ablation depth could be controlled by changing the laser beam fluence. 

Among these samples, P2 presented the most efficient etch rate by using the highest laser beam 

fluence of 0.74 J cm-2, while P6 showed the lowest etch rate at this fluence. When applied with 

the lowest laser beam fluence of 0.20 J cm-2, P4 and P6 could not be ablated at all, while P11 

displayed the highest etch rate value of 0.60 µm per shot. 
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Table 2.3 Ablation depth in each of the materials by 10 laser shots and etch rate at several fluences 

Fluence 

(J cm-2) 

Ablation depth of 10 shots (µm)  Etch rate (µm per shot) 

P2 P3 P4 P6 P7 P11 
 

P2 P3 P4 P6 P7 P11 

0.74 15.5 15.0 12.5 10.0 12.0 14.5 
 

1.55 1.50 1.25 1.00 1.20 1.45 

0.54 13.0 14.0 5.5 9.0 10.0 12.0 
 

1.30 1.40 0.55 0.90 1.00 1.20 

0.38 9.0 11.0 3.0 6.5 6.5 11.0 
 

0.90 1.10 0.30 0.65 0.65 1.10 

0.20 5.0 4.0 - - 1.0 6.0 
 

0.50 0.40 - - 0.10 0.60 

 

 

Figure 2.10 Ablated depth according to the laser beam fluence with 10 shots for the plastic films 

 

2.3.3. Thermal properties vs. etch rate 

Besides the chemical structure difference between each plastic film (aromatic vs. aliphatic), 

thermal properties of these material might give rise to another concern. The thermal 

conductivity data from Table 2.1 were plotted against the etch rate of each sample at the fluence 

of 0.74 J cm-2 (Figure 2.11). The materials with the lowest thermal conductivity (P4 and P6) 

still could be ablated, regardless of the low and high melt and reflow properties respectively. 
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However, the materials with a medium thermal conductivity, P8, P9 and P10, could not be 

ablated at all, even with the highest beam fluence that was applied in this study. It could be 

concluded that the photochemical model would be more suitable in elucidating the mechanism 

of the laser ablation rather than the photothermal model.   

 

 

Figure 2.11 Etch rate (at 0.74 J cm-2) and thermal conductivity of P1-P11  

 

Similarly, Figure 2.12 shows the processing temperature and the etch rate data of each plastic 

film at the fluence of 0.74 J cm-2.  Considering the plastic material which had a melting range, 

an average processing temperature value was calculated to plot against the curve. Based on 

existing data, there was also no explicit relationship between the etch rate and the processing 

temperature when comparing them with each sample. For example, P7 and P8 had the similar 

and the highest processing temperature values among these plastic samples. The etch rate of 

these two samples, however, were quite different.  P7 presented a medium etch rate among 

these plastics, while P8 could not be ablated at all, even when applied with the highest laser 

beam fluence 0.74 J cm-2.  In conclusion, the processing temperature was unrelated to the etch 

rate. 
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Figure 2.12 Etch rate (at 0.74 J cm-2) and processing temperature of P1-P11 

 

2.4. Conclusions 

Plastic films with different chemical structures, processing temperatures and thermal 

conductivities were ablated with the KrF 248 nm nanosecond excimer beam with several beam 

fluences. The plastic material with an aromatic group could be etched efficiently with the beam 

fluence from the lowest 0.20 J cm-2 to the highest 0.74 J cm-2. The etch depth of each material 

indicated an increasing trend when enhancing the laser beam fluence. There was no obvious 

correlation between the etch rate and the thermal property of each sample. The ablated depth 

profiles of these samples could be divided into the low melt and reflow, which presented a 

sharp etched step, and the high melt and reflow which showed a smooth etched wall. Under a 

similar processing temperature (e.g. P3 vs. P4), the thermal conductivity could influence the 

ablated surface profile. Accordingly, under the same thermal conductivity (e.g. P4 vs. P6), the 

processing temperature of the material could also influence the ablated surface profile.  

A photochemical model would be mainly applied when interpreting the above phenomenon 

rather than a photothermal model.  This leads to a further study in the next chapter on modifying 

the polymer chemical structure with a photosensitive group to enhance the beam energy 

absorption, thus resulting in a much more efficient laser micromachining appearance.  

Furthermore, some of these plastic samples will merit further investigation at different powers 

in order to fully understand their machining characteristics. 
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Chapter 3. Enhanced Laser Micromachining Performance of 

Polyacrylates Containing Light Absorbing Groups  

3.1. Introduction 

The laser ablated poly(methyl methacrylate) (PMMA) can be used as optic waveguides or as 

microfluidic chips.89-90 As mentioned in the literature review section, the laser micromachining 

of PMMA, from the nanosecond laser to the femtosecond laser at different wavelengths, has 

been widely investigated. The first work of the laser ablation of PMMA was investigated by 

Kawamura in 1982 under the KrF 248 nm laser beam with a small amount of benzoin as a 

dopant.34 Since the neat PMMA does not exhibit a strong UV absorbance at the laser beam 

wavelength of 248 nm, a dopant is usually applied. Such doped PMMA has been proven to 

present a higher etch rate and a lower ablation threshold. 

Besides the doping system, the novel designed PMMA with a chromophore that directly links 

to the side-chain is also an increasing focus of research interest. The pyrene-grafted PMMA 

(Figure 3.1) showed an enhanced KrF 248 nm nanosecond excimer laser micromachining 

result.66 It was observed that the effective absorption coefficient increased and the threshold 

fluence decreased, with the chromophore concentration increasing in PMMA. Also, the laser 

micromachining of methyl methacrylate and 9-anthrylmethylmethacrylate copolymer (Figure 

3.2) was investigated by using an XeF laser beam at the wavelength of 351 nm, with different 

laser fluences and number of shots applied.91  

 

Figure 3.1 Pyrene-grafted PMMA used for KrF 248 nm nanosecond excimer laser micromachining66 
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Figure 3.2 Anthracene-grafted PMMA used for XeF 351 nm nanosecond excimer laser micromachining91   

 

In this chapter, the PMMA grafted with a chromophore group anthracene is designed and 

synthesised. This design is based on the concept that the light-absorbing group may enhance 

the laser micromachining result because the laser beam energy is absorbed by the polymer at 

the specific wavelength. The synthesised PMMA and anthracene functionalised PMMA (An-

PMMA) are characterised by using conventional chemical and physical methods including 

NMR, IR, UV-Vis, GPC, TGA and DSC. The KrF 248 nm laser micromachining of the 

functionalised An-PMMA result will be compared with the pure PMMA, together with the 

previous published result of a similar anthracene functionalised PMMA, ablated with the XeF 

351 nm laser beam. Further, the KrF 248 nm laser beam ablation of the anthracene grafted 

PMMA will be compared with the pyrene grafted PMMA.   

 

3.2. Experimental 

3.2.1. Materials 

9-hydroxymethylanthracene (≥97%, Sigma-Aldrich), tetrahydrofuran (THF, 99.5%, stabilised 

with 0.025% BHT, J. T. Baker Chemicals), thionyl chloride (SOCl2, 99%, Merck), sodium 

hydride (NaH, 60% dispersion in the mineral oil, Sigma-Aldrich), tetrabutylammonium iodide 

(TBAI, 98%, Aldrich), azobisisobutyronitrile (AIBN, 99%, Aldrich), ethyl acetate (EtOAc, 

99.8%, J. T. Baker Chemicals), n-hexane (≥95%, J. T. Baker Chemicals), sodium sulphate 

(Na2SO4, ≥97%, Sigma-Aldrich), acryloyl chloride (97%, Sigma-Aldrich), triethylamine 

(≥99%, Sigma-Aldrich), dichloromethane (DCM, ≥99%, J. T. Baker Chemicals), sodium 

hydrogencarbonate (NaHCO3, ≥95%, ECP Ltd), methyl methacrylate (MMA, 99.0%, Aldrich), 
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deuterated chloroform (CDCl3, D 99.8%, Cambridge Isotope Laboratories), were all 

commercially available. Among them, THF and toluene were dried with 4Å molecular sieves 

overnight respectively before use. The other chemicals were used without further purification. 

 

3.2.2. Synthesis of anthracene grafted poly(methyl methacrylate) (An-PMMA) and 

pure poly(methyl methacrylate) (PMMA) 

9-(chloromethyl)anthracene 

 

Thionyl chloride (SOCl2) (2.1 mL, 28.8 mmol) was added to a solution of 9-

hydroxymethylanthracene (2.0 g, 9.6 mmol) in THF (50 mL). The solution was stirred at room 

temperature (20 °C) overnight. The resulting solution was evaporated to remove THF and 

unreacted SOCl2, giving the product a yellow solid appearance without any further purification 

for the next step. 

3-(anthracen-9-ylmethoxy)propan-1-ol 

 

NaH (1.0 g, 25.0 mmol, 60% in mineral oil) was added in a solution of 1, 3-propanediol (4.0 

mL, 55.7 mmol) in THF (50 mL) at 0°C. The mixture was stirred for 3 h at room temperature 

(20 °C). A solution of tetrabutylammonium iodide (0.18 g, 0.48 mmol) and 9-

chloromethylanthracene (9.6 mmol, theoretically) which was obtained from the previous step 

in THF (20 mL) was added at 0 °C. The mixture was stirred overnight at room temperature 

(20°C).  The resulting suspension was evaporated to remove THF, then treated with water (50 

mL) and extracted with ethyl acetate (50 mL×2). The combined organic phases were dried over 

Na2SO4. The solvent was removed under a reduced pressure and the residue was purified by 
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chromatography column (ethyl acetate: n-hexane = 1: 2), giving the product as an orange 

yellow oil (2.2 g, 86%, two steps).  

3-(anthracen-9-ylmethoxy)propyl acrylate (An-monomer) 

 

Acryloyl chloride (1.3 mL, 16.6 mmol) was added in a solution of 3-(anthracen-9-ylmethoxy) 

-propan-1-ol (2.2 g, 8.3 mmol) and triethylamine (2.3 mL, 16.6 mmol) in DCM (50 mL) at 

0°C. The mixture was stirred for 1 h at room temperature (20 °C). The resulting solution was 

washed with saturated aqueous solution of NaHCO3 (50 mL). The aqueous layer was extracted 

with DCM (50 mL × 2). The combined organic phases were dried over Na2SO4. The solvent 

was removed under a reduced pressure and the residue was purified by chromatography column 

(ethyl acetate: = n-hexane 1: 9) to give An-monomer as a yellow solid (2.5 g, 94%). 1H NMR 

(400 MHz, CDCl3): 8.46 (s, 1H), 8.37 (d, J = 8.6Hz, 2H), 8.01 (d, J = 8.5Hz, 2H), 7.56-7.45 

(m, 4H), 6.32 (dd, J = 1.5, 17.4Hz, 1H), 6.05 (dd, J = 10.4, 17.4Hz, 1H), 5.77 (dd, J = 1.5, 

10.4Hz, 1H), 5.49 (s, 2H), 4.23 (t, J = 6.1 Hz, 2H), 3.75 (t, J = 6.1 Hz, 2H), 2.01-1.95 (m, 2H) 

Anthracene grafted poly(methyl methacrylate) (An-PMMA) 

 

Methyl methacrylate (1.0 g, 10.0 mmol), An-monomer (100 mg, 0.31 mmol), and AIBN (10 

mg, 0.06 mmol, 0.6 mol%) were dissolved in toluene (3.0 mL). The solution was bubbled with 

N2 for 1h at room temperature (20 °C). The solution was then heated to 70 °C under N2 for 24 

h, and cooled to room temperature (20 °C). The resulting mixture was dropped slowly to 

methanol (150 mL) with the magnetic stirring for 1h. The precipitate formed was filtered to 
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give a crude product, which was re-dissolved in chloroform (5.0 mL) and precipitated in 

methanol (150 mL) to give the final copolymer An-PMMA as a pale-yellow solid powder, and 

afterwards dried in a vacuum oven at room temperature (20°C) for 48h (0.83 g, 75%). 1H NMR 

(400 MHz, CDCl3): 8.48-8.39 (br, 0.06H), 8.05-8.02 (br, 0.04H), 7.56-7.49 (br, 0.09H), 5.50 

(br, 0.04H), 4.09 (br, 0.08H), 3.60 (br, 3H), 2.07-1.81 (br, 2H), 1.02-0.85 (br, 3H); The 

molecule weight was determined by GPC (THF, polystyrene standard): Mn =14,949 g mol-1, 

Mw =27,900 g mol-1, PDI=1.87). 

Poly(methyl methacrylate) (PMMA) 

 

Methyl methacrylate (1.0 g, 10.0 mmol), and AIBN (10 mg, 0.06 mmol) were dissolved in 

toluene (3.0 mL). The solution was bubbled with N2 for 1 h at room temperature (20 °C), then 

heated to 70 °C under N2 for 24 h, and cooled to room temperature (20 °C). The resulting 

mixture was added slowly to methanol (150 mL) with magnetic stirring. The precipitate formed 

was filtered to give the crude product, which was re-dissolved in chloroform (5.0 mL) and 

precipitated in methanol (150 mL) to give the final polymer PMMA as a white solid powder, 

and afterwards dried in a vacuum oven at room temperature (20 °C) for 48 h (0.92 g, 92%). 

1H NMR (400 MHz, CDCl3): 3.60 (br, 3H), 2.07-1.81(br, 2H), 0.93 (br, 3H); The molecule 

weight was determined by GPC (THF, polystyrene standard): Mn =25,212 g mol-1, Mw 

=49,846 g mol-1, PDI=1.98). 

 

3.2.3. Preparation of PMMA samples for laser micromachining 

Both pure PMMA and An-PMMA were dissolved in chloroform and then drop cast on the 

glass slide respectively. The PMMA coated glass slide was then dried in the vacuum oven at 

room temperature (20 °C) overnight. The coating substrate had an area of approximately 2 cm 

× 2.5 cm for each. The thickness of the coating substrate was measured to be 92 µm for PMMA 

and 70 µm for An-PMMA, by using Dektak® surface profiler. As PMMA is a polyacrylate 

glassy acrylate polymer, the formed films were hard to peel off the glass slide. Based on this, 

the PMMA coated glass substrates were directly used for further laser micromachining studies. 
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3.2.4. Characterisation 

Ultraviolet-visible (UV-Vis) absorption spectra of PMMA and An-PMMA dissolved in 

chloroform were recorded from 190 to 900 nm by using a Shimadzu UV-2101PC UV-visible 

spectrophotometer. PMMA and An-PMMA samples were prepared in chloroform with a 

concentration of 0.1 mg mL-1 respectively.  

Infrared (IR) spectra of PMMA and An-PMMA samples were acquired by using a Thermo 

Scientific Nicolet iS50 FTIR spectrometer through an attenuated total reflection (ATR) mode.  

Nuclear magnetic resonance spectroscopy (NMR) was used to confirm the chemical structure 

of An-monomer, PMMA and An-PMMA in CDCl3 with a Bruker Avance 400 MHz 

spectrometer. 

Gel permeation chromatography (GPC) was used to determine the number average molecular 

weight (Mn) and weight average molecular weight (Mw). PMMA and An-PMMA samples 

were prepared in THF with a concentration of 10.0 mg mL-1 separately. The eluent was THF 

with a flow rate of 1.0 mL min-1. The molecular weight was calibrated with polystyrene 

standards. The operating temperature was 24.3 °C. All the PMMA solutions in THF were 

filtered on a PTFE syringe filter before using. 

The thermal stability behaviours of PMMA and An-PMMA samples were studied in N2 by 

using a thermogravimetric analyser (TGA) (TA Instruments Q5000). TGA curves were 

recorded between 25 °C and 600 °C with a heating rate of 10 °C min-1 under N2 atmosphere. 

Scanning electron microscopy (SEM) was used to check the quality of the etched cavities with 

a Philips XL30S field emission scanning electron microscope (accelerating voltage 10 KV). 

Laser ablation profiles of the PMMA and An-PMMA samples were detected by using Dektak® 

XT profilometer. 

 

3.2.5. Laser micromachining  

To evaluate the influence of anthracene grafted in the PMMA under the KrF 248 nm laser 

micromachining, a matrix of cavities was first ablated on each polymer surface for SEM images 

characterisation, where two parameters were varied: the fluence (from 0.08 to 0.74 J cm-2) and 

the number of shots (1, 2, 5, 10, 15, 20 shots) by using KrF 248 nm laser beam. The dimension 
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of each spot was 50 µm by 150 µm.  Power measurements were taken with this setup at a range 

of transmission values.   

To access the impact of anthracene functionalisation on the effective absorption coefficient and 

the threshold fluence, another series of etched lines were performed on each synthetic PMMA 

sample by using the following method for further detailed studies: A 50 µm × 50 µm square 

mask was used to select a homogenous portion of the beam. The produced lines with an 

effective pulse overlap of 1 shot, 2 shots, 5 shots, 10 shots, 15 shots, 25 shots, 50 shots and 100 

shots respectively (Figure 3.3). A separation of 200 µm was kept between the etched lines to 

prevent heat effects from one line affecting the adjacent lines.  

 

 

Figure 3.3 Diagram of the effective number of shots for each ablated line using a square masked beam 

 

A JPSA translation machining stage was used to move the sample relative to the laser. This 

was controlled remotely using a custom-written programme which also controlled the 

attenuator and the mechanical shutter in order to automate the machining process. The beam 

power with no attenuation was measured as 10.93 mW. The depth of each spot and line was 

measured by using the Dektak® XT profilometer and plotted against the number of shots. The 

ablation rate obtained from these graphs were plotted against the fluence in natural log scale. 

The laser beam used for this study was a KrF nanosecond excimer laser (Xantos XS laser, 

Coherent Inc., USA), with a wavelength of 248 nm, a repetition rate 500 Hz, and 5 ns pulse 

duration. This laser set-up also included a variable attenuator to arbitrarily control the laser 
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power, and therefore the beam fluence. This pattern was repeated on each sample 6 times for 

different levels of beam attenuation, which were applied at 100%, 80%, 60%, 40%, 20% and 

10% power (Table 3.1).  

 

Table 3.1 KrF 248 nm nanosecond laser attenuator transmission with the measured power and calculated 

fluence for PMMA and An-PMMA 

Transmission Measured power (mW) Fluence (J cm-2) 

100% 10.93 0.87 

80% 9.44 0.76 

60% 6.73 0.54 

40% 3.64 0.29 

20% 1.57 0.13 

10% 0.87 0.07 

 

Scanning electron microscopy (SEM) was used to qualitatively evaluate the quality of the 

etched cavities and lines with a Philips XL30S field emission scanning electron microscope 

(accelerating voltage 10KV). The samples were first coated with 20 nm of gold using a sputter 

coater (Polaron ED 5000) in order to improve the signal from deep channels before SEM was 

carried out.  

 

3.3. Results and Discussion 

3.3.1. Chromophore containing An-PMMA synthesis  

In the previous chapter, eleven kinds of commercial plastic films with different chemical 

structures were first studied by using the 248 nm KrF laser beam. It was found that the polymers 

with aromatic groups such as PBT, PET and PS presented much cleaner etched surfaces and 

faster etch rates than the polymers only with aliphatic groups. Based on this information, 

together with the published literature on the chromophore grafted polymer affecting the laser 
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micromachining result,66, 91 it prompted this thesis to begin with a chapter on chromophore 

functionalised polymer which can increase the light absorbing property of the target polymer.    

Initially, anthracene grafted PMMA shown in Figure 3.4 which was based on the published 

literature91 was first attempted to synthesis as the target chromophore grafted polymer for laser 

micromachining studies. However, according to our experimental results, the copolymer in 

Figure 3.4 could not be obtained even after changing variables such as the solvent (from toluene 

to THF, DMF, 1,4-dioxane, benzene, and anisole), the reaction time (from 18 h to 24 h), the 

mole ratio of the initiator AIBN (from 0.8 mol% to up to 2 mol%), the temperature (from 60 

°C to up to100 °C), and the initiator from AIBN to benzoyl peroxide (BPO).   

 

 

Figure 3.4 Previously designed anthracene grafted PMMA for KrF 248 nm laser micromachining 

 

Previously published research has proved that the chromophore grafted MMA monomer has 

less reactivity than MMA partly due to the pre-associated chromophore group and the steric 

hindered structure of chromophore grafted PMMA.66 This reason might be the same that 

happened in the synthesis process although former studies have already demonstrated the 

synthesis of this kind of anthracene grafted PMMA copolymer but without NMR spectra 

supporting information. The bulk of the anthryl group, in close proximity to the acrylate double 

bond was considered to be an issue, thus its copolymer with methyl methacrylate (MMA) was 

attempted in a bid to mitigate this perceived problem. However, in this case, only PMMA was 

isolated from the product mixture. Alternatively, in order to solve this problem to get the target 

product, the chain extended An-PMMA was designed as shown in Figure 3.5. The starting 

material 9-hydroxymethylanthracene was extended with 1, 3-propanediol in order to lower the 

steric hindered effect.   
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Figure 3.5 Designed chain extended An-PMMA 

 

To accomplish this, 9-hydroxymethylanthracene was first used to be reacted with thionyl 

chloride in dioxane at reflux condition, and 9-(chloromethyl)anthracene was obtained by 

checking with thin-layer chromatography (TLC) plates. But this reaction cannot be finished 

when treating the starting material with thionyl chloride in dioxane at reflux condition with 

remaining of the 9-hydroxymethylanthracene. Furthermore, the 9-(chloromethyl)anthracene 

was hard to be purified by using the conventional chromatography column which might be due 

to the unstable property of the product with the silica gel column. When Lucas reagent (a 

mixture of concentrated hydrochloric acid and zinc chloride) was employed, this reaction could 

be finished in several minutes. However, this 9-(chloromethyl)anthracene was not stable when 

treated with water which might result a decomposition. Finally, thionyl chloride was applied 

and used as the reagent with THF as the solvent. The product can be purified by a simple 

evaporation. Thionyl chloride, which has a boiling point of 74.6 °C, can be removed when 

evaporating THF and then be further purified by washing and evaporation again with THF 

twice. Scheme 3.1 shows the final successful method to synthesis anthracene contained acrylate 

monomer (An-monomer) with three carbon spaces. 
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Scheme 3.1 Synthesis of 3-(anthracen-9-ylmethoxy)propyl acrylate (An-monomer) 

 

The resulting An-monomer was successfully polymerised with MMA in toluene at 70 °C for 

24 h. The obtained copolymer An-PMMA appeared as a pale-yellow powder, and had good 

solubility in THF and chloroform. 

 

3.3.2. Chemical characterisation 

UV-Vis spectra of PMMA and An-PMMA are presented in Figure 3.6. The samples were 

dissolved in chloroform. It was observed that PMMA had almost no absorbance at the range 

from 190 nm to 450 nm. Differently, anthracene grafted An-PMMA showed strong absorbance 

peaks at the middle ultraviolet range at 262 nm, near ultraviolet range at 333 nm, 350 nm, 368 

nm, and 388 nm which were standard absorption peaks of the anthracene moiety. Also, as 

shown in Figure 3.6, An-PMMA presented much higher absorbance than pure PMMA at the 

specific wavelength of 248 nm which was the laser beam wavelength that applied on the 

polymer surface. 
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Figure 3.6 UV-Vis spectra of PMMA and An-PMMA 

 

 

Figure 3.7 IR spectra of PMMA and An-PMMA 

 

The infrared radiation (IR) spectrum was used to determine the presence of functional groups, 

such as C=O stretching and C-H bending. The IR spectra of PMMA and An-PMMA are shown 

in Figure 3.7. The bands at 840 cm-1, 986 cm-1 and 1062 cm-1 were the characteristic absorption 

vibrations of PMMA. The band at 1722 cm-1 showed the presence of the acrylate carboxyl 
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group. The chemical structure of PMMA could be confirmed upon above functional group 

discussion. However, the band from the anthracene group could not be identified, which might 

be due to the covering by the other bands from PMMA or the baseline noise. In order to 

determine the successful incorporation of the anthracene into the PMMA main chain, NMR 

was employed to identify the characteristic peak from the anthracene moiety.   

The chemical structure of anthracene-contained acrylate monomer 3-(anthracen-9-

ylmethoxy)propyl acrylate (An-monomer) was confirmed by using 1H NMR, as shown in 

Figure 3.8. Aromatic protons were observed at the range of 8.46 ppm to 7.45 ppm, which 

responded to the anthracene moiety. Alkene protons showed three groups of peaks at the range 

of 6.32 ppm to 5.77 ppm. Two groups of peaks form 1, 3-propanediol moiety were observed at 

4.23 ppm, 3.75 ppm and 2.01-1.95 ppm respectively. 

 

Figure 3.8 1H NMR spectrum of 3-(anthracen-9-ylmethoxy)propyl acrylate (An-monomer) 

 

The 1H NMR spectrum of pure PMMA is shown in Figure 3.9, which demonstrated the broad 

peaks at 3.60 ppm, 2.07-1.81 ppm and 0.93 ppm assigned to the methoxy group, the methylene 

and methyl group respectively. 
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Figure 3.9 1H NMR spectrum of pure PMMA (without anthracene grafted) 

 

Figure 3.10 shows the 1H NMR spectrum of An-PMMA with attribution of each peak. The 

aromatic broad peaks in the region between 8.48-7.49 ppm together with the absence of the 

protons from the monomer 3-(anthracen-9-ylmethoxy)propyl acrylate alkene group in resulting 

anthracene grafted PMMA, demonstrated the successful copolymerisation of the anthracene 

moiety into the PMMA main chain. The comparison of the 1H NMR spectra for An-PMMA 

and PMMA is shown in Figure 3.11. The ratio of x/y of copolymer An-PMMA was calculated 

by the integration of the peaks from the methylene peak at 5.50 ppm (assigned to An-monomer) 

and the methyl peak at 0.94 ppm (assigned to MMA) in Figure 3.10, that was x:y = (0.04/2): 

(3/3) = 0.02/1, compared with 0.03:1 theoretically according to the raw ratio. Thus, the actual 

molar percentage of anthracene was around 2%. The error could be caused by the accuracy of 

the integration. 
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Figure 3.10 1H NMR spectrum of An-PMMA  

 

 

Figure 3.11 Comparison of An-PMMA and PMMA 1H NMR spectra 

 

The molecular weight of PMMA and An-PMMA was characterised by using GPC analyses 

(Figure 3.12). The number average molecular weight (Mn), the weight average molecular 
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weight (Mw) and the polydispersity index (Ð) are given in Table 3.2. The polydispersity of 

PMMA and An-PMMA had a similar value of Ð around 1.9. Molar masse of An-PMMA was 

slightly lower than pure PMMA, which might result from the lesser reactivity of An-monomer 

than MMA. 

 

 

Figure 3.12 GPC chromatograms of PMMA and An-PMMA 

 

Table 3.2 Molecular weight and thermal analysis data of PMMA and An-PMMA 

Polymer 

Molecular weight 

(g mol-1) 
Ð 

Td (ºC)a Td5 (ºC)b 

Mn Mw Mn/Mw 

PMMA 24,125 49,846 1.98 148.61 159.21 

An-PMMA 14,949 27,900 1.87 153.93 197.71 

a Onset temperature of decomposition; b Decomposition temperature at 5% weight loss 

 

To investigate the thermal properties of PMMA and An-PMMA, TGA (Figure 3.13) was 

conducted and summarised in Table 3.2. The onset temperature of the decomposition was 

around 150 °C for both PMMA and An-PMMA with similar thermal degradation step 

behaviours. However, PMMA performed decomposition at a faster rate than that of An-
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PMMA after the onset temperature of decomposition. It could be concluded that the thermal 

stability of PMMA increased by incorporating with an anthracene moiety.  

 

 

Figure 3.13 TGA curves of PMMA and An-PMMA under N2 at 10°C min-1 

 

3.3.3. Laser micromachining study 

The Dektak® profilometer was used to measure the etching depth on the polymer surface.  

When a 0.08 J cm-2 laser beam with one shot was applied on pure PMMA surface, the polymer 

could not be ablated at all except leaving a swelling bump because of the melting and solidified 

material on the surface after treating with the laser beam (Figure 3.14a). An entirely different 

phenomenon was observed for An-PMMA, which could be ablated competently with the first 

laser pulse at the same laser beam fluence giving a sharp and flat profile and bottom without 

any swelling material (Figure 3.14b). 
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Figure 3.14 Comparison of cavities  depth profile done by KrF 248 nm laser with one shot at 0.08 J cm2 on the 

surface of (a) pure PMMA, (b) An-PMMA 

 

SEM images were used to evaluate the morphology of the spots on the surface ablated by using 

a laser beam. As shown in Figure 3.15, quite different profiles of laser cutting cavities were 

observed for pure PMMA and An-PMMA. A laser beam with the fluence of 0.08 J cm-2 was 

applied on both films with different number of shots. Pure PMMA presented a laser ablated 

area but with bubbles at the bottom of the etching area, and with lots of debris outside the edge. 

This might be because of the substance that melted due to the heating process of the nanosecond 

excimer laser beam and then solidified around the etched surface. With the same laser 

micromachining condition, anthracene grafted PMMA, An-PMMA, was observed as a very 
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clean and clearly defined etching area without any debris outside or inside. This phenomenon 

demonstrated that the UV-Vis absorbance difference had a great impact on the laser ablated 

surface morphology.  

 

Figure 3.15 SEM micrographs of cavities on the surface of (a) PMMA and (b) An-PMMA with the fluence of 

0.08 J cm-2 at different number of shots  

 

These images were compared with previous published result of 351 nm laser micromachining 

of anthracene grafted PMMA91. As mentioned in the introduction section, under the XeF 351 

nm laser beam irradiation, the spots ablated on the surface of anthracene grafted PMMA and 

anthracene doped PMMA at the fluence of 0.5 J cm-2 presented a damaged surface more than 

an etched pattern. When enhancing the laser beam fluence (1 J cm-2, 10 shots), both the grafted 

and doped sample still gave a much rougher etching surface pattern (Figure 3.16a and b) than 

the KrF 248 nm laser micromachining of anthracene grafted An-PMMA (Figure 3.16c) that 
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was synthesised and discussed in this chapter, even with a much lower laser beam fluence (0.08 

J cm-2, 15 shots).   

 

 

Figure 3.16 SEM images of (a) XeF 351nm laser micromachining of anthracene grafted PMMA and (b) doped 

PMMA91, (c) KrF 248 nm laser micromachining of anthracene grafted PMMA synthesised in this thesis 

 

As shown in the UV-Vis absorbance spectra comparison of PMMA and An-PMMA at the 

specific wavelength at 248 nm and 351 nm (Figure 3.17), clearly, the absorbance at 248 nm 

displayed a much higher value (1.9260) than the absorbance at around 351 nm (0.3921). It 

could be concluded that the anthracene moiety can absorb more 248 nm laser beam energy than 

a 351 nm laser beam, which led to a more efficient ablation result.  
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Figure 3.17 Comparison of UV-vis spectra between PMMA and An-PMMA at 248 nm and 351 nm 

 

The ablation depth of PMMA and An-PMMA was plotted against the number of shots at 

different fluences respectively in Figure 3.18 and Figure 3.19, which indicated the etch rate of 

each. It was observed that the data of An-PMMA could be fit in a more linear trend (average 

R2>0.99) than that of PMMA (average R2~0.95). This phenomenon resulted from the 

roughness of the ablated spots of pure PMMA, which could induce depth measurement 

deviation. The numerical value of the etch rate of each sample, shown in Table 3.3, at different 

fluences were obtained from the slope of the linear trend in Figure 3.18 and Figure 3.19. The 

ablated depth of PMMA at the lower laser fluence, 0.29 J cm-2 and 0.13 J cm-2, was too shallow 

or rough to be detected by using a Dektak® profiler.   

The comparisons of ablation depth per shot between PMMA and An-PMMA were shown in 

Figure 3.20, Figure 3.21, Figure 3.22 at the fluence of 0.87 J cm-2, 0.76 J cm-2 and 0.54 J cm-2 

respectively. When a 100% laser beam transmission was applied, in which the fluence was 

measured to be 0.87 J cm-2 (Figure 3.20), it was concluded that the etch rate of PMMA and 

An-PMMA was similar in value, calculated as 1.05 µm per shot for pure PMMA and 1.37 µm 

per shot for An-PMMA. However, the difference between these two samples had become 

wider when lower laser fluence was applied, which was 0.82 µm per shot for PMMA and 1.36 

µm per shot for An-PMMA at the fluence of 0.76 J cm-2. When the fluence of 0.54 J cm -2 was 

applied, the value was 0.66 µm per shot for PMMA and 1.12 µm per shot for An-PMMA. For 

lower laser fluence, such as 40% or 20% laser beam transmission, the etched depth on pure 
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PMMA surface was hard to be detected due to the swollen debris contaminating the etched 

spots.  

 

Figure 3.18 Ablation depths according to the number of shots for lines etched in PMMA at several fluences 

 

 

 

Figure 3.19 Ablation depths according to the number of shots for lines etched in An-PMMA at several fluences 
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Table 3.3 Etch rate (µm per shot) of PMMA and An-PMMA at several fluences of KrF 248 nm laser 

 Etch rate (µm per shot) 

Fluence (J cm-2) PMMA An-PMMA 

0.13 - 0.56 

0.29 - 1.05 

0.54 0.66 1.12 

0.76 0.82 1.36 

0.87 1.05 1.37 

 

Figure 3.20 Comparison of ablation depth between An-PMMA and PMMA at 0.87 J cm-2 

 

Figure 3.21 Comparison of ablation depth between An-PMMA and PMMA at 0.76 J cm-2 
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Figure 3.22 Comparison of ablation depth between An-PMMA and PMMA at 0.54 J cm-2 

 

The etch rate of each sample was plotted against the corresponding laser beam fluence in 

logarithmic scale (Figure 3.23) to fit with the equation (1) based on Beer’s law, thus deducing 

the effective absorption coefficient (αeff) and the ablation threshold (Fth) value.  

𝑑(𝐹) =
1

𝛼𝑒𝑓𝑓
ln (

𝐹

𝐹𝑡ℎ
)                                     (1) 

A logarithmic trendline was estimated for each curve of the samples, with a calculation of αeff 

= 1.32×104 cm-1, Fth
 = 0.232 J cm-2 for PMMA; αeff = 2.46×104 cm-1, Fth

 = 0.029 J cm-2 for An-

PMMA. It was concluded that the effective absorption coefficient of PMMA could be 

enhanced when grafted with an anthracene moiety. In the meantime, the ablation threshold of 

PMMA was about ten times greater than the value of An-PMMA. As the minimal number of 

sample to calculate the standard deviation is usually not less than 10, the relative error of 

effective absorption coefficient and ablation threshold was not present here, which also leads 

to a further detailed study on the laser micromachining behaviour of the synthesised PMMA 

and An-PMMA with more fluence level. 

Compared with the previous published 248 nm laser micromachining of pyrene (a polycyclic 

aromatic hydrocarbon chromophore) grafted PMMA, both the αeff and Fth of anthracene grafted 

PMMA were enhanced when the same molar chromophore concentration was applied (pyrene 

grafted PMMA at fluence < 0.6 J cm-2, αeff = 1.18×104 cm-1, Fth
 = 0.152 J cm-2).66 This 

enhancement was caused by the different UV-Vis absorbance of pyrene and anthracene. It 
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could be concluded that anthracene functionalised PMMA presented a much more efficient 

laser ablation result at the wavelength of 248 nm. 

 

 

Figure 3.23 Ablation depth per shot (µm) according to the fluence for PMMA and An-PMMA 

 

3.4. Conclusions 

In summary, to improve the KrF 248 nm nanosecond excimer laser ablation of PMMA, 

anthracene modified An-PMMA was designed and synthesised, together with the control 

sample pure PMMA which was the same as in commercial use. To inhibit the steric hindrance, 

the extended space An-PMMA with 2 mol% anthracene was sythesised, which gave a 

flexibility for the copolymerisation. Chemical and physical properties of PMMA and An-

PMMA were characterised and compared. Above all, Anthracene grafted An-PMMA was 

observed with a much stronger UV-Vis absorbance than pure PMMA especially at the 

wavelength of 248 nm, which was the wavelength that the KrF laser beam applied. The thermal 

stability of An-PMMA was enhanced, compared to pure PMMA.   

The qualitative measurement of the ablated surface by using the Dektak® profiler and SEM 

images revealed that the ablated surface quality was greatly improved by modifying the PMMA 

with anthracene. At the same time, the ablation threshold of An-PMMA decreased, and the 

etch rate increased. The results showed that a laser beam at the wavelength of 248 nm was 

much better than 351 nm laser beam for anthracene-modified PMMA. Compared with the 
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commercial PMMA, the chromophore grafted PMMA offer an alternative way for the practical 

use, such as microfluidic chips, with a much more efficient ablation rate and cleaner ablated 

area. 
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Chapter 4. Laser Micromachining of Polyurethane Rubbery 

Polymers Containing Light Absorbing Groups  

4.1. Introduction 

Polyurethane plastics, widely used as elastomers and foams, have been developed for more 

than 80 years.92  A study of the KrF 248 nm nanosecond excimer laser micromachining of the 

commercially available polyurethane was published by Küper et al in 1993.93 This type of 

polyurethane can be etched efficiently but still generates debris outside the etching surface 

when using the low beam fluence (0.10 J cm-2).  At the fluence of 0.20  J cm-2, the amount of 

debris generated was greatly reduced compared with using the laser fluence of 0.10 J cm-2
 

according to Küper’s study.93 In 1998, Suzuki et al also extensively studied the 248 nm 

nanosecond laser micromachining of more than 50 kinds of polyurethanes.80 Suzuki stated that 

the polyurethane was a promising material for the excimer ablation lithography, and the design 

of the polymer structure was essential to improve the ablation rate.80 A comparison of the KrF 

248 nm nanosecond excimer laser micromachining of polyurethane under air and under water 

demonstrated that the laser ablation process was a combination of the photo-thermal and photo-

chemical mechanisms.94 

Although much research has been undertaken on commercially available polyurethanes, many 

issues still remain, such as the contamination by the debris on the surface and the rough etched 

appearance especially when using a low laser beam fluence (around 0.10 J cm-2).29 As 

mentioned in Chapter 3, one remarkable research field of polymers suitable for laser ablation 

involves incorporating the chromophore into the main chain of the polymer, such as pyrene 

grafted PMMA66 mentioned in the last chapter, to enhance the KrF 248 nm nanosecond laser 

micromachining result.  

In this chapter, the role of anthracene group grafted polyurethanes applied in the KrF 248 nm 

nanosecond excimer laser micromachining is first investigated, then whether the anthracene 

inclusion can affect the laser machining result is evaluated, especially at the low laser beam 

fluence (around 0.10 J cm-2). Five anthracene-grafted polyurethanes with different loading 

levels were synthesised and fully characterised. The ablation parameters of these synthetic 

polyurethane films were studied through the optical interference tomography and the scanning 
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electron microscopy (SEM). The resulting anthracene-grafted polyurethanes showed both 

excellent film forming properties and laser ablation results. 

 

4.2. Experimental 

4.2.1. Materials 

Bis(4-isocyanatocyclohexyl) methane (H12MDI), polypropylene glycol Mw~1000 (PPG 

1000), propylene glycol (PG), dibutyltin dilaurate (DBTDL) were supplied by Uroxsys Limited 

(New Zealand). 9-hydroxymethylanthracene (≥97%, Sigma-Aldrich), thionyl chloride (SOCl2, 

99%, Merck), potassium carbonate (K2CO3, ≥97%, Sigma-Aldrich), diethanolamine (≥98.0%, 

Sigma-Aldrich), acetonitrile (99.5%, J. T. Baker Chemicals), tetrahydrofuran (THF, 99.5%, 

stabilised with 0.025% BHT, J. T. Baker Chemicals), chloroform (CHCl3, 99.8%, J. T. Baker 

Chemicals), ethyl acetate (EtOAc, 99.8%, J. T. Baker Chemicals), sodium sulphate (Na2SO4, 

≥97%, Sigma-Aldrich), toluene (99.5%, J. T. Baker Chemicals), dimethylformamide (DMF, 

99.8%, Sigma-Aldrich), deuterated chloroform (CDCl3, D 99.8%, Cambridge Isotope 

Laboratories), deuterated dimethyl sulfoxide (DMSO-d6, D 99.9%, Cambridge Isotope 

Laboratories), were all commercially available. Among them, THF, acetonitrile, chloroform 

and toluene were dried over 4Å molecular sieves before use, and all the others were used just 

as received. Anthracene containing diol monomer was synthesised following the method 

described by Wang et al.95  

 

4.2.2. Synthesis of N-(anthracen-9-yl-methyl)bis(2-hydroxyethyl)amine (chromophore 

monomer)  

 

Scheme 4.1 Synthesis of N-(anthracen-9-yl-methyl)bis(2-hydroxyethyl)amine 
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Step 1: The synthesis of chlorinated intermediate. Thionyl chloride (0.26 mL, 3.6 mmol) was 

added to a solution of 9-hydroxymethylanthracene (0.5 g, 2.4 mmol) in THF (50 mL). The 

solution was stirred at room temperature (20 °C) overnight, followed by evaporation under 

reduced pressure to get a yellow solid. Then THF (50 mL) was added to dissolve the solid and 

evaporated again to remove the residue thionyl chloride. The above process was repeated twice. 

The product was used for the next step without further purification.  

Step 2: The synthesis of chromophore monomer. Diethanolamine (1.5 g, 14.3 mmol) and 

potassium carbonate (3.3 g, 23.9 mmol) were added to a solution of 9-chloromethyl-anthracene 

which was obtained from the previous step in chloroform (20 mL) and acetonitrile (30 mL). 

The resulting mixture was heated to reflux for 5 hours. The final suspension was evaporated 

under reduced pressure to remove the solvent, then treated with water (50 mL) and extracted 

with ethyl acetate (50 mL×2). The combined organic phases were dried over Na2SO4 and then 

filtered. After the removal of ethyl acetate, the crude product was recrystallized from ethyl 

acetate/ n-hexane to give a yellow solid (0.58 g, 82%, two steps). 1H NMR (400 MHz, CDCl3): 

δ = 8.47 (s, 1H), 8.44 (d, J = 4.6 Hz, 2H), 8.01 (d, J = 8.3 Hz, 2H), 7.54 (td, J1 = 8.2 Hz, J2 = 

1.3 Hz, 2H), 7.46 (td, J1 = 4.6 Hz, J2 = 1.2 Hz, 2H), 4.71 (s, 2H), 3.53 (t, J = 5.5 Hz, 4H), 2.81 

(t, J = 5.5 Hz, 4H), 2.11 (bs, 2H); 13C NMR (100 MHz, CDCl3): δ = 131.48, 131.24, 129.33, 

128.06, 126.21, 124.97, 124.31; IR (cm-1): 3210 (OH), 3050 (aromatics CH), 2940 (alkanes 

CH), 2860 (alkanes CH), 2790, 1620 (aromatics CC), 1030 (CN), 891, 727 (aromatics CH) 

4.2.3. Synthesis of Polyurethane PU1-PU6  

Polyurethane elastomers were synthesised by a conventional two-step method. Step 1: The 

same method of preparing prepolymer was applied to PU1-PU6. H12MDI (1.0 g, 3.81 mmol) 

and PPG1000 (1.10 g, 1.10 mmol) were dissolved in anhydrous toluene (4 mL), then one drop 

of DBTDL was added to the solution as the catalyst. The reaction was stirred at room 

temperature (20 °C) for 24 h to form the prepolymer with isocyanate terminal groups.  

Step 2: PG and anthracene containing monomer were then added to the prepolymer solution. 

The loading contents of PG added to prepolymer for PU1-PU6 were 0.206 g (2.71 mmol), 

0.192 g (2.52 mmol), 0.187 g (2.46 mmol), 0.145 g (1.90 mmol), 0.140 g (1.85 mmol) and 0 g, 

together with a corresponding loading of anthracene containing monomer of 0 g, 0.056 g     

(0.19 mmol), 0.074 g (0.25 mmol), 0.239 g (0.81 mmol), 0.254 g (0.86 mmol), 0.800 g          

(2.71 mmol) separately. The reaction was then stirred at room temperature (20 °C) for another 

24 h, and this solution was ready for the film casting.  
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Scheme 4.2 Synthesis of different anthracene loading polyurethanes PU1-PU6 

 

4.2.4. Preparation of polyurethane PU1-PU6 films for laser micromachining 

The resulting polyurethane solution was casted on a glass petri dish to make a film, upon 

solvent evaporation at room temperature (20 °C) for seven days. The homogeneous and 

transparent polyurethane films were then dried under a vacuum oven under 20 °C for 48 h. The 

polyurethane films were cut to a favored size (approximately 2 cm × 4 cm) and placed on a 

glass slide for the laser micromachining.   
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4.2.5. Characterisation 

Nuclear magnetic resonance spectroscopy (NMR) was used to confirm the structure of 

chromophore monomer and final polyurethane in CDCl3 and DMSO-d6 respectively with a 

Bruker Avance 400 MHz spectrometer. 

Ultraviolet-visible (UV-Vis) absorption spectra of each polyurethane sample dissolved in 

chloroform were recorded from 190 to 900 nm by using a Shimadzu UV-2101PC UV-visible 

spectrophotometer. Polyurethane samples were prepared in chloroform with a concentration of 

0.1 mg mL-1 respectively.  

Infrared (IR) spectra of the polyurethane samples were acquired by using a Thermo Scientific 

Nicolet iS50 FTIR spectrometer through an attenuated total reflection (ATR) mode.  

GPC instrument was fitted with Waters 1515 isocratic HPLC pump equipped with HR 4E and 

HR 4 styragel column in series and a Waters 2414 refractive index detector. Polyurethane 

samples were prepared in DMF with a concentration of 9.0 mg mL-1 separately. The eluent was 

DMF with a flow rate of 1.0 mL min-1. The molecular weight was calibrated with polystyrene 

standards.  

The thermal stability behaviors of the polyurethane samples were studied in N2 by using a 

thermogravimetric analyser (TGA) (TA Instruments Q5000). TGA curves were recorded 

between 25 °C and 600 °C with a heating rate of 10 °C min-1 under N2 atmosphere. 

The thermal transition temperature was determined by differential scanning calorimetry (DSC) 

with TA Instruments DSC Q1000 over the temperature range of -80 to 220°C, which was 

recorded at a heating rate of 5 °C min-1 under a N2 atmosphere. The polyurethane film was 

initially heated from room temperature to 220°C to remove the thermal history at a heating rate 

of 10 °C min-1. The sample was then quenched to -80 °C at the rate of 5 °C min-1 and then 

scanned up to 220 °C at the rate of 10 °C min-1. 

Scanning electron microscopy (SEM) was used to check the quality of the etched cavities with 

a Philips XL30S field emission scanning electron microscope (accelerating voltage 10KV). 

The laser ablation profiles of the PU films were detected by using Dektak® XT profilometer. 
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4.2.6. Laser micromachining 

The KrF 248 nm nanosecond excimer laser micromachining of PU1-PU6 was performed using 

the same method described in Chapter 3 (Section 3.2 Experimental: Laser micromachining) 

with the same laser beam energy and fluence. As mentioned, the ablated spots on each 

polyurethane film were used to evaluate the laser ablation quality according to SEM images 

and Dektak® profiles. A series of ablated lines were measured with the depth to calculate the 

ablation threshold and the effective absorption coefficient. 

 

4.3. Results and Discussion 

4.3.1. Chromophore containing polyurethane synthesis 

Polyurethanes can be synthesised through the reaction between polyol and diisocyanate 

(Scheme 4.3). The long polyol segment, also known as soft segment, such as polypropylene 

glycol, contributes to the flexibility of polymers. Short chain diol, such as propylene glycol, 

works as a chain extender also called hard segment.  

 

 

Scheme 4.3 Generalised polyurethane reaction 

 

A common way of tailoring polymers for the UV laser micromachining is by altering them 

with a chromophore that absorbs strongly in the UV region. Doping or grafting are the two 

major approaches. Doping consists of simply mixing the chromophore into the polymer 

mixture while grafting involves attaching the chromophore molecule into the polymer chain 

with a covalent bond. Doping is faster and cheaper but polyaromatic molecules, which are often 

used as dopants, tend to aggregate leaching96, resulting in less homogeneous polymers, a 

problem that grafting could potentially overcome.   
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The grafting approach was taken in this study.  We synthesised the chromophore containing 

polyurethanes based on the reaction of diisocyanate with anthracene containing diol. 

Chromophore monomer, which is N-(anthracen-9-yl-methyl)bis(2-hydroxyethyl)amine, were 

synthesised in two steps by using 9- hydroxymethylanthracene as the starting material (Scheme 

4.2)13. First bis(4-isocyanatocyclohexyl)methane (H12MDI) reacted with polypropylene glycol 

Mw~1000 (PPG1000) to give a prepolymer. Propylene glycol (PG) and/or chromophore 

monomer were then added to obtain a series of polyurethanes with different anthracene 

concentration. 

The ratio of soft segment and hard segment of chromophore containing polyurethane PU2-PU6 

was identical to the control sample PU1, and the concentration of anthracene in each sample 

could be achieved by changing the ratio of PG and chromophore monomer (Table 4.1). The 

chromophore monomer and final polyurethanes all featured good solubility in toluene, thereby 

making it possible for easy processing and film casting. The resulting anthracene grafted 

polyurethanes showed excellent film forming property which gave flexible and transparent 

films, and the colour became darker from the control sample PU1 (colorless) to PU6 (light 

yellow) along with the increase in anthracene content (Figure 4.1).  

 

 

Figure 4.1 Synthesised transparent polyurethane films PU1-PU6 
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Table 4.1 Molar equivalent formulations and of different anthracene loading polyurethanes PU1-PU6 

a Anthracene containing diol monomer;  

b Theoretical chromophore monomer mol% was calculated as
𝑀𝐶𝑀

𝑀𝐻12𝑀𝐷𝐼×2
, MCM is the mole of chromophore 

monomer, MH12MDI is the mole of H12MDI;  

c Actual chromophore monomer mol% was calculated as 
𝐴𝑏

𝐴𝑑×2
, Ab represents the integral area of peak b (Figure 

4.5), Ad represents the integral area of peak d (Figure 4.5);  

d Actual chromophore moiety wt% was calculated as 
𝑀𝐶𝑀×𝑚𝑤𝑎𝑛

𝑚
×

𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑛−𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑚𝑜𝑙%

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑛−𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑚𝑜𝑙%
 , MCM is the 

mole of chromophore monomer, mwan is the molecular weight of anthracene, m represents the total weight of 

each component used in the polymerisation 

 

4.3.2. Chemical characterisation  

The chemical structure of the synthesised N-(anthracen-9-yl-methyl)bis(2-hydroxyethyl) 

amine was confirmed by using NMR analysis. The proton peaks assigned in 1H NMR spectrum 

(Figure 4.2, Figure 4.3 for peaks ranging from 7.4 ppm to 8.5 ppm) and carbon peaks assigned 

in 13C NMR spectrum (Figure 4.4) had good an agreement with the previous publications.97   

The incorporation of anthracene to polyurethane backbone was characterised by 1HNMR. As 

shown in Figure 4.5 for the 1H NMR (in DMSO-d6) of PU4, broad peaks assigned to the 

aromatic protons (7.53-8.55 ppm) belonged to the anthracene derivative, and the N-H protons 

(6.87-7.07 ppm and 5.50-5.87 ppm) were from the urethane of the polymers. Peaks assigned to 

the methylene (2.81 ppm) belonged to the anthracene derivative. The narrow peaks from the 

chromophore monomer were absent, suggesting that anthracene derivative was successfully 

grafted to the polymer’s chain as expected, instead of simply doping. The CH, CH2 and CH3 

PU 

Diisocyanate 
Soft segment 

diol 

 
Hard segment diol 

Theoretical 
chromophore 

monomer  
mol%b 

Actual 
chromophore 

monomer  
mol%c 

Actual 
chromophore 

moiety  
wt%d 

H12MDI 
(equiv.) 

PPG1000 
(equiv.) 

 
PG 

(equiv.) 

Chromophore 
 monomera 

(equiv.) 

PU1 3.45 1.0  2.45 0 0 0 0 

PU2 3.45 1.0  2.28 0.17 2.46 2.57 1.53 

PU3 3.45 1.0  2.22 0.23 3.33 3.32 1.97 

PU4 3.45 1.0  1.72 0.73 10.58 10.42 5.80 

PU5 3.45 1.0  1.67 0.78 11.30 11.43 6.38 

PU6 3.45 1.0  0 2.45 35.51 32.89 12.82 

https://www.bing.com/dict/search?q=molar&FORM=BDVSP6&mkt=zh-cn
https://www.bing.com/dict/search?q=equivalent&FORM=BDVSP6&mkt=zh-cn
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protons from PG, PPG and H12MDI segments were found within 0.87-1.76 ppm and 3.18-4.0 

ppm. A comparison of polyurethane without anthracene (PU1) and each anthracene containing 

polyurethane samples (PU2-PU6) NMR result is shown in Figure 4.6. The level of the aromatic 

protons was observed to gradually enhance from PU1 to PU6, which was in agreement with 

the increasing concentration of the anthracene derivative. The actual chromophore monomer 

mol%, which was calculated according to the integral area of anthracene moiety (peak b) and 

N-H protons from urethane (peak d), was consistent with its feed ratio (Table 4.1). 

 

 

Figure 4.2 1H NMR spectrum of N-(anthracen-9-yl-methyl)bis(2-hydroxyethyl)amine 
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Figure 4.3 1H NMR spectrum of N-(anthracen-9-yl-methyl)bis(2-hydroxyethyl)amine (7.4 ppm -8.5 ppm) 

 

 

 

Figure 4.4 13C NMR spectrum of N-(anthracen-9-yl-methyl)bis(2-hydroxyethyl)amine 
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Figure 4.5 Typical 1H NMR spectrum of anthracene grafted polyurethane PU4 

 

 

Figure 4.6 Comparison of 1H NMR spectra of different anthracene loading polyurethanes PU1-PU6 
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The UV-Vis spectra were measured from polyurethanes dissolved in chloroform. The 

concentration of the diluted polymer solution was 100 mg L-1 for each. To avoid the function 

of benzene group absorbance around 248nm, aliphatic diisocyanate H12MDI was used to 

synthesise the polyurethane samples instead of the aromatic diisocyanate such as methylene 

diphenyl diisocyanate (MDI). As shown in Figure 4.7, pure polyurethane without anthracene 

(PU1) exhibited almost no absorbance at range of 190-400 nm. Chromophore containing PU2-

PU6 were observed λmax values of 262, 334, 356, 373, and 393 nm originated from anthracene.  

The absorbance of PU2-PU6 in the middle ultraviolet (200-300 nm) and near ultraviolet (300-

400 nm) area both showed enhancement with the increasing of the anthracene derivative in 

each sample. As a 248 nm nanosecond laser beam was used for the ablation, the anthracene 

concentration in each sample (PU1-PU6) was plotted against the absorbance at 248 nm (Figure 

4.7 inset) which displayed a linear trend. Clearly, the anthracene group resulted in an increased 

absorption at the laser irradiation wavelength.  

 

 

Figure 4.7 UV-Vis spectra of polyurethane without anthracene (PU1) and anthracene-grafted polyurethane 

(PU2 - PU6), Inset: Chromophore monomer mol% plot against the absorbance at 248 nm 

 

IR spectroscopy gave the results shown in Figure 4.8 exhibiting common polyurethane 

character (cm-1): 3320 (N-H stretching), 2930 and 2850 (C-H stretching), 1690 (C=O 

stretching), 1530 (C-N bending), 1450 (C-H bending), 1370 (C-H rocking), 1230 (C-N 
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stretching), 1090 (C-O esters), 777 (N-H bending), 733 (aromatics C-H bending). The end 

hydroxyl and isocyanate stretching bands from the monomer around 3480 and 2260 cm-1 

disappeared, which demonstrated that the polymerisation was finished.98 The increase in the 

aromatic C-H bending peak around 733 cm-1 from PU2 to PU6 was in good agreement with 

the increase of anthracene grafted. 

 

Figure 4.8 Comparison of IR spectra of different anthracene loading polyurethanes PU1-PU6 

 

The GPC chromatogram of the different anthracene loading polyurethanes PU1-PU6 is shown 

in Figure 4.9. The determined number average molecular weight (Mn), weight average 

molecular weight (Mw) and polydispersity index (PDI) of the synthesised polyurethanes are 

given in Table 4.2. The synthesised increasing anthracene loading polyurethane from PU1 to 

PU6 all exhibited a similar number average molecular weight, around 30,000, and weight 

average molecular weight, around 45,000 as well as the polydispersity index around 1.5.   
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Figure 4.9 GPC chromatograms of the different anthracene loading polyurethanes PU1-PU6 

 

Table 4.2 Average molecular weights and polydispersity index of different anthracene loading polyurethanes 

PU1-PU6 

PU 
Anthracene 

content (wt%) 

Molecular weight (g mol-1) 
 

Ð 
 

Td (°C)a Tg (°C)b 

Mn Mw 
 

Mn/ Mw 
 

PU1 0 29,178 44,161 
 

1.51 
 

214.0 -23.7 

PU2 1.53 31,380 45,079 
 

1.44 
 

226.9 -23.2 

PU3 1.97 28,987 40,656 
 

1.40 
 

228.3 -21.4 

PU4 5.80 29,174 43,311 
 

1.48 
 

240.3 -21.2 

PU5 6.38 30,294 44,261 
 

1.46 
 

242.1 -17.7 

PU6 12.82 32,071 50,183 
 

1.57 
 

257.4 -18.4 

a Onset temperature of decomposition; b Glass transition temperature 
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The thermal stability of the polyurethanes was examined by using TGA under N2. As shown 

in Figure 4.10, the thermal analysis for the anthracene contained polyurethanes revealed that, 

when the chromophore concentration increased, the thermal stability increased 

correspondingly. It showed an increasing thermotolerance trend with the increase in anthracene 

concentration, from 214.0°C of control sample PU1 to 257.4°C of PU6 (Table 4.2).  

 

 

Figure 4.10 TGA curves of different anthracene loading polyurethanes PU1-PU6 under N2 at 10°C min-1 

 

Upon DSC measurements (Figure 4.11), there was a single glass-transition temperature (Tg) 

extracted from the broad glass-transition area for each sample from the soft segment over the 

period from -23 °C to -17 °C (Table 4.1). This demonstrated that the anthracene moiety did not 

affect the Tg value of polyurethane dramatically.  
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Figure 4.11 DSC thermograms of different anthracene loading polyurethanes PU1-PU6, arrows indicate the 

glass transition points (Tg) of each sample 

 

4.3.3. Evaluation of laser ablation results 

SEM was used to qualitatively evaluate the quality of the etched cavities and lines. When using 

0.08 J cm-2 fluence to treat PU1 (pure polyurethane without anthracene), as shown in Figure 

4.12a, no abalted spot was found on the surface except a slightly swollen area. With higher 

laser beam fluence 0.16 J cm-2, shown in Figure 4.12b, the ablated surface of PU1 showed with 

more bubbles at the etched bottom. The shape of the etched spot could not be clearly defined. 

A SEM image is shown in Figure 4.12c of an ablated spot of PU1 film with an equivalent 

overlap of 20 shots with a fluence of 0.59 J cm-2. This revealed that the edge of the spot was 

not very clearly resolved, and the bottom of this spot exhibited a very rough profile which 

showed molten material and solidified bubbles. Outside the spot, additional material was found 

on the surface. This was likely material which was thrown out of the irradiated area by the 

explosive photo reaction, then deposited and solidified on the surface. 

Quite different behaviors were observed for the anthracene-grafted polyurethane. As shown in 

the SEM image of Figure 4.12d-i, taking PU4 for example, the anthracene-grafted polyurethane 
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exhibited a remarkable influence on the quality of the treated polymer film. The spots showed 

well-defined profiles with sharp edges and flat surfaces at the bottom. Even with low laser 

beam fluence 0.08 J cm-2
, the shape of the etched spot was clearly defined with certain depth. 

The synthesised anthracene-grafted polyurethane also showed a cleaner etched surface at low 

fluence (0.08 J cm-2) than commercially available polyurethane reported previously93, 

according to SEM images. Similar laser ablated profiles were observed for all the other 

anthracene grafted polyurethane films. 

 

Figure 4.12 SEM micrographs of spots done with 20 laser shots at 0.08 J cm-2 (a, d, g), 0.16 J cm-2 (b, 
e, h), 0.59 J cm-2 (c, f, i) respectively; (a, b, c) PU1 (polyurethane without anthracene); (d, e, f) PU4 

(5.80 wt% anthracene-grafted polyurethane); (g, h, i) zoom in PU4 

 

The Dektak® profile of etched spots shown in Figure 4.13 and Figure 4.14 were anthracene 

contained polyurethane PU4 and pure polyurethane PU1 etched with the same laser beam 

source (0.08 J cm-2) with several laser shots. As shown in Figure 4.13, the ablated spots on the 

surface of PU4 displayed a smooth etched bottom and sharp etched wall. Under the exact same 

laser machining condition, the pure polyurethane film without anthracene contained PU1 
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showed a quite different result in Figure 4.14. The pure polyurethane film could not be etched 

at 0.08 J cm-2 efficiently when the number of laser shots was lower than 100. At the 0.08 J cm-

2 laser beam fluence with 1 shot and 2 shots, the polyurethane film showed a flat surface without 

any further etched spot. When increasing the shot number to five, the etching surface showed 

a swollen pattern. This phenomenon remained even when the shot number was increased to 

100. When etched with 200 shots, the polyurethane film surface showed an ablated spot but 

with debris outside the etched spot edge. 

 

 

Figure 4.13 Depth profile of anthracene grafted polyurethane PU4 after 1, 2, 5, 10, 15, 20 shots, 0.08 J cm-2 

 

 

Figure 4.14 Depth profile of pure polyurethane PU1 after 1, 2, 5, 10, 15, 20, 40, 100, 200 shots, 0.08 J cm-2 
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In additional to Dektak®, the optical interference tomography was used to build up a surface 

profile image of the ablated polyurethane films and perform an accurate measurement of the 

ablation depth. The example depth profiles of PU1, containing no anthracene, and PU4, 

containing 5.80 wt% anthracene is shown in Figure 4.15. Both etched lines depth profiles 

shown were performed using 0.76 J cm-2 beam fluence with 1, 2, 5 and 10 shots overlap. The 

pure polyurethane film could not be etched at all at 0.76 J cm-2 with one shot and two shots 

(Figure 4.15a). When increasing the shot number to five, the ablated surface showed a swollen 

pattern, likely due to slight melting and deformation of the surface. With 10 shots, the surface 

was ablated, however a raised feature was seen in the centre of the channel. Under the same 

laser micromachining conditions, PU4 showed a quite different result in Figure 4.15b. As 

shown in Figure 4.15b, the ablated holes on the surface of PU4 were much deeper and showed 

a sharp etched wall.  

 

 

Figure 4.15 Depth profile of (a) pure polyurethane PU1 and (b) anthracene-grafted polyurethane PU4 after 1, 2, 

5, 10 shots, with 0.76 J cm-2 obtained through optical interference tomography. 
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4.3.4. Effective absorption coefficients and threshold fluences 

As mentioned, the laser micromachining properties of the polymer could be evaluated by the 

following two parameters, the threshold fluence, Fth, and the effective absorption coefficient, 

αeff, which are related as shown in equation (1).  

𝑑(𝐹) =
1

𝛼𝑒𝑓𝑓
ln (

𝐹

𝐹𝑡ℎ
)                                           (1) 

The ablation threshold describes the fluence above which ablation occurs, and the effective 

absorption coefficient depends on the intrinsic property of the material itself as well as the laser 

beam that applied. At the low fluence, the ablation depth is expected to vary as the natural 

logarithm of the fluence according to the equation, where d(F) is the depth as a function of 

fluence.  

Figure 4.16 to Figure 4.21 show the ablation depths according to the number of laser shots for 

lines ablated in pure polyurethane PU1 and anthracene-grafted polyurethane PU2-PU6 at 

several fluences. A nonlinear trend was noted for samples PU1, PU2 and PU3 with increasing 

numbers of shots compared with the linear relationship seen with PU4, PU5 and PU6 from one 

shot to 100 shots. However, PU2 and PU3, which have relatively lower chromophore 

concentration than the higher absorbing PU4, PU5 and PU6, still showed a linear trend of 

ablation depth according 1 shot to 25 shots. This phenomenon indicated that higher 

chromophore contained samples (PU4, PU5 and PU6) presented high-efficiency controlled 

ablation depths when applied with more than 50 shots. The etch rate of these samples was 

extracted from these figures, shown in Table 4.3.  
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Figure 4.16 Ablation depths according to the number of shots for lines etched in PU1 at several fluences 

 

 

 

 

Figure 4.17 Ablation depths according to the number of shots for lines etched in PU2 at several fluences (1 shot 

to 100 shots) 
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Figure 4.18 Ablation depths according to the number of shots for lines etched in PU3 at several fluences (1 shot 

to 100 shots) 

 

 

Figure 4.19 Ablation depths according to the number of shots for lines etched in PU4 at several fluences 
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Figure 4.20 Ablation depths according to the number of shots for lines etched in PU5 at several fluences 

 

 

Figure 4.21 Ablation depths according to the number of shots for lines etched in PU6 at several fluences 
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Table 4.3 Etch rate (µm per shot), effective absorption coefficient (αeff) and ablation threshold (Fth) of 

polyurethane without anthracene (PU1) and anthracene-grafted polyurethanes (PU2-PU6) at several fluences of 

KrF 248 nm laser 

PU 

Anthracene 

content 

 
Etch rate (µm per shot) 

 Effective 

absorbance 

coefficient 

Ablation 

threshold 
Fluence (J cm-2) 

wt% 
 

0.13  0.29  0.54  0.76   0.87  
 

αeff (cm-1) Fth (J cm-2) 

PU1 0 
 

- 0.32 0.86 0.86 0.94 
 

1.85×104 0.143 

PU2 1.53 
 

0.07 0.67 1.11 1.48 1.73 
 

1.19×104 0.127 

PU3 1.97 
 

0.09 0.75 1.31 1.57 1.85 
 

1.13×104 0.121 

PU4 5.80 
 

0.28 0.77 0.92 0.94 1.03 
 

2.71×104 0.050 

PU5 6.38 
 

0.28 0.70 0.83 0.93 0.94 
 

2.95×104 0.048 

PU6 12.82 
 

0.24 0.75 0.96 1.00 1.07 
 

2.37×104 0.063 

 

 

As shown in Figure 4.22, the etch rate of each sample was plotted against the different laser 

beam fluence in logarithmic scale to fit with Beer’s law to thus deduce the effective absorption 

coefficient (αeff) and the ablation threshold (Fth) value (Table 4.3). From PU2 to PU5, with 

increasing anthracene concentration, the synthesised polyurethanes showed a general 

increasing trend of the effective absorption coefficients and a decreasing trend of threshold 

fluences. Whilst PU6 contained more than twice the equivalent amount of anthracene 

compared to PU5, the ablation thresholds were not significantly different, suggesting that there 

was an amount of anthracene above which no further improvement could be achieved. This 

phenomenon indicated that a small concentration of chromophore monomer in the synthesis of 

polyurethane could significantly affect the laser micromachining result at 248 nm, especially 

at low shot numbers where incubation effects were not significant. Although the computation 

of the effective absorption coefficient αeff is considered as a complex dynamical changing of 

parameters during the ablation, a general description of the ablation could be expressed and 

guided for practical applications.  
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Figure 4.22  Ablation depth per shot (µm) according to the fluence for polyurethane without anthracene (PU1) 

and anthracene grafted polyurethanes (PU2-PU6) 

 

4.4. Conclusions 

Polyurethanes were successfully prepared, which contained five concentration of anthracene 

chromophores as functional group for absorbing high energy UV-light. The structures and 

chemical properties of the novel synthesised polyurethanes were confirmed with 1H NMR, UV-

Vis, IR and GPC. The thermal analysis of the synthetic polyurethanes films revealed that when 

the chromophore concentration increased, thermal stability showed an increasing trend 

correspondingly.   

Even a small amount of chromophore monomer in the copolymer, less than 2 wt% (PU2 and 

PU3), could affect the laser micromachining result impressively, which showed a sharp etched 

profile and clean machined surface without any debris around. Moreover, even at the low 

etching fluence (<0.1 J cm-2), the anthracene contained polyurethanes could still be etched 

efficiently at low shot numbers according to the SEM images and optical profiles.   

Ablation depths as a function of number of laser shots for spots etched in each anthracene 

contained sample at several fluences showed a linear increasing trend, which indicated the 

etching rate of each sample. The threshold fluences of each anthracene-grafted sample showed 

a general decreasing trend with the increase in chromophore monomer concentration although 

there was not a significant decrease beyond 5.80 wt% anthracene. These types of anthracene-

grafted samples designed for 248 nm laser ablation could greatly improve micromachining 
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without significantly altering the mechanical integrity of the polyurethane, which is very 

attractive for their use in practical applications. 
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Chapter 5. Laser Micromachining of Polyaniline Conducting 

Polymers 

5.1. Introduction 

Polyaniline (PANI) is a well-known polymer, which can be widely used in anticorrosive 

coating, antistatic textile and organic electronic devices.99-101 PANI can be found in three 

oxidation states, which are the fully oxidised pernigraniline base, the half-oxidised emeraldine 

base (EB) together with the acid-doped EB form and the fully reduced leucoemeraldine base. 

The appearance colour of each form is distinct based on the difference of oxidation states. It is 

white for fully reduced PANI, but turns darker from blue violet to blue for the partial oxidised 

and the fully oxidised form. The acid doped form of PANI presents a green colour.    

 

 

Figure 5.1 Leucoemeraldine base, pernigraniline base, emeraldine base and emeraldine salt forms of PANI 

 

EB form of PANI powder can be prepared by chemical oxidative polymerisation of aniline in 

an acidic aqueous solution (Scheme 5.1a).102 This EB state of PANI can then be doped with 

protonic acid to yield corresponding emeraldine salt (ES) with good conductivity which 

exhibits a wide range of electronic applications (Scheme 5.1b), so called “synthetic metals”.103 
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Scheme 5.1 (a) Synthesis of PANI; (b) Emeraldine base form of PANI and acid doped emeraldine salt form of 

PANI 

     

Conducting polymers are widely used for organic electronic devices. For example, the 

polyaniline conductive thin film was used as electrodes for electrochromic display devices 

because of their acid doping properties.104 Furthermore, the polyaniline coating on the printed 

circuit boards can take the place of the use of electroless copper to achieve environmental 

friendly purpose and also reduce the cost.105 Therefore, the micromachining of conducting thin 

films is well worth doing in both fundamental researches and industrial applications as it is a 

promising candidate for the organic electronic use. It has been reported that the 308 nm laser 

machining of PANI films, both in its insulating and conducting forms showed similar ablation 

properties, and the doped and undoped PANI films could be etched efficiently with high 

resolution at high fluences using the 308 nm laser beam.106 

In this research, undoped EB form (PANI-EB) and acid doped ES form (PANI-ESH, doped 

with hydrochloric acid; PANI-ESS, doped with sulfuric acid; PANI-ESC, doped with (+)-

camphor-10-sulfonic acid) of polyaniline were successfully prepared in the film form.  

Investigation of the chemical and thermal properties were performed by using UV-Vis, IR, 

TGA and DSC. Both the nanosecond laser at 248 nm and femtosecond laser at 800 nm 

micromachining behavior of these undoped EB and doped ES form of polyaniline films were 



Chapter 5.  

95 
 

studied in detail with SEM images comparison and etch rate, effective absorption coefficient 

(αeff) and ablation threshold (Fth) analysis.  

 

5.2. Experimental 

5.2.1. Materials 

Aniline (≥99.5%, Sigma-Aldrich), ammonium persulfate (≥98.0%, Sigma-Aldrich), 

hydrochloric acid (37%, Merck), (+)-camphor-10-sulfonic acid (≥98.0%, Sigma-Aldrich), 

sulfuric acid (≥98%, Merck), ammonium hydroxide solution (28.0~30.0% NH3 basis, Sigma-

Aldrich), N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Aldrich) and methanol 

(99.8%, ECP Ltd) were all used as supplied from commercial sources without further 

purification. 

 

5.2.2. Synthesis of PANI emeraldine base (PANI-EB) powder and PANI emeraldine 

salt (PANI-ES) powder 

The synthetic procedure of PANI was performed according to the IUPAC report107. 

Ammonium persulfate (6.0 g, 0.026 mol) was dissolved in 30 mL of 1M hydrochloric acid in 

a 100 mL beaker and kept at 25°C. Aniline (2.0 g, 0.021 mol) was dissolved in 30 mL of 1M 

hydrochloric acid in another 100 mL beaker and also kept at 25°C. The ammonium persulfate 

solution was then added slowly to the aniline solution over a period of 1 minute. The mixture 

in the beaker was stirred at 25°C overnight. The precipitate was collected on a Buchner funnel 

and washed with water, then subsequently with acetone until the filtrate became colourless. 

The filter cake was dried at room temperature for 24 hours to give a green powder. Afterwards, 

the dried precipitate cake was suspended with constant stirring in 100 mL of an ammonium 

hydroxide solution in order to convert the PANI emeraldine salt (PANI-ES) to PANI 

emeraldine base (PANI-EB) as dark blue powder. After filtration, the resulting PANI-EB 

powder was dried in an oven at 50°C for 24h (1.9 g, 96%). 

Acid doped PANI powder was obtained by suspending the PANI-EB powder in 1.0 M 

hydrochloric acid, 1.0 M sulfuric acid and 1.0 M (+)-camphor-10-sulfonic acid solution 

separately for 24 h, then filtered, and rinsed with water. The corresponding resulting PANI-ES 
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powder (hydrochloric acid doped polyaniline (PANI-ESH), sulfuric acid doped polyaniline 

(PANI-ESS), (+)-camphor-10-sulfonic acid doped polyaniline (PANI-ESC)) was dried 

respectively at room temperature for further characterisation. 

 

5.2.3. Preparation of PANI-EB film and PANI-ES film for laser micromachining 

PANI-EB (1.0 g) was dissolved in N-methyl-2-pyrrolidone (NMP, 10 mL) for 24 h under 

stirred sonication, and then the resulting solution was filtered with cotton wool. The PANI-EB 

NMP solution was cast on a glass petri dish to make a film upon solvent evaporation in an oven 

at 50°C for 72h. The obtained flat and free standing PANI-EB film was cut into a suitable size 

(around 2 cm × 3 cm) and then protonated with 1.0 M hydrochloric acid, 1.0 M sulfuric acid 

and 1.0 M (+)-camphor-10-sulfonic acid aqueous solution separately for 24 h followed by 

rinsed with water. The resulting acid doped films, including hydrochloric acid doped 

polyaniline film (PANI-ESH), sulfuric acid doped polyaniline film (PANI-ESS), (+)-

camphor-10-sulfonic acid doped polyaniline film (PANI-ESC), were dried at room 

temperature for further characterisation and laser micromachining study.  

 

5.2.4. Characterisation 

Ultraviolet-visible (UV-Vis) absorption spectra of each PANI sample dissolved or suspended 

in N-methyl-2-pyrrolidone (NMP) were recorded from 190 to 900 nm by using a Shimadzu 

UV-2101PC UV-visible spectrophotometer. PANI samples were prepared in NMP with a 

concentration of 0.1 mg mL-1 separately.  

Infrared (IR) spectra of the PANI samples were performed by using a Thermo Scientific 

Nicolet iS50 FT-IR spectrometer through an attenuated total reflection (ATR) mode.  

The thermal behaviour of the PANI samples were studied in N2 by thermogravimetric analysis 

with TGA Q5000. TGA curves were recorded between 25 and 900 °C, with a heating rate of 

10 °C min-1 under N2 atmosphere. 

The thermal transition temperature was determined by differential scanning calorimetry with 

DSC Q1000 over the temperature range of 25 to 180 °C which was recorded at a heating rate 

of 10 °C min-1 under a N2 atmosphere.  
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Scanning electron microscopy (SEM) was used to check the quality of the etched cavities with 

a Philips XL30S field emission scanning electron microscope (accelerating voltage 10KV). 

Laser ablation profiles of the PANI films were detected by using Dektak® XT profilometer. 

 

5.2.5. Laser micromachining 

The KrF 248 nm nanosecond excimer laser micromachining of undoped and doped PANI films 

was performed by the method described in Chapters 3 and 4. It is noted that the laser beam 

fluence applied depends on the detailed laser set-up each time, thus resulting in a somewhat 

different fluence value when compared with previous values under the same laser beam 

transmission setting. The corresponding laser power energy and fluence are listed in Table 5.1. 

 

Table 5.1 KrF 248 nm nanosecond laser attenuator transmission with the measured power and calculated 

fluence for undoped and doped PANI films 

Transmission Measured power (mW) Fluence (J cm-2) 

100% 17.8 1.42 

80% 14.2 1.14 

60% 10.7 0.85 

40% 7.1 0.57 

20% 3.6 0.28 

10% 1.8 0.14 

 

For the femtosecond laser micromachining, a Ti: Sapphire femtosecond laser consisting of an 

oscillator (Mantis, Coherent Inc., USA) and an amplifier (Legend Elite, Coherent Inc., USA) 

was used. The 800 nm, 110 fs pulse duration, with a repetition rate of 1 kHz, was directed 

through an attenuator (Watt Pilot, UAB Altechna, Lithuania) to control the pulse energy. The 

ablated lines were ablated the same as the lines with nanosecond laser beam. The average beam 

power with 100% transmission was measured to be 8.3 mW. Table 5.2 shows the femtosecond 

laser attenuator transmission with the measured power and calculated fluence.  
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Table 5.2 Femtosecond laser attenuator transmission with the measured power and calculated fluence for PANI 

films 

Transmission Measured Power (mW) Fluence (J cm-2) 

100% 8.30 0.33 

80% 6.64 0.27 

60% 4.98 0.20 

40% 3.32 0.13 

20% 1.66 0.07 

10% 0.83 0.03 

 

5.3. Results and Discussion 

5.3.1. PANI films properties 

Acid doped form PANI was hard to dissolve in any solvent except in the condition that some 

organic sulfonic acid doped PANI could be soluble in a specific polar solvent108. Acid doped 

form of PANI films involved in this chapter were all based on doping the film in acid solution 

which could be concluded as the surface doping. It was not homogeneously doped through the 

whole film depth, instead it still allowed enough surface doping load for a laser cutting study 

as the laser beam would react with the polymer surface first.  

 

 

Figure 5.2 Free standing PANI-EB film 
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The key problem in making PANI film was how to dissolve or disperse PANI powder into the 

solvent evenly. It was known that PANI-EB powder could be only dissolved in specific polar 

organic solution such as NMP, DMF and DMSO. Among these solvents, PANI-EB powder 

has the best solubility in NMP when compared with the others. PANI-EB powder need to be 

dissolved in NMP totally, and sonicating was applied in this process. The resulting PANI-EB 

solution in NMP was filtered to get rid of the insoluble particles which could cause the uneven 

polymer surface. The challenge of film casting is that the boiling point of NMP is more than 

200 °C, which prevents the evaporation of NMP at the room temperature. Unlike the solvent 

used in the other film casting, such as THF or chloroform, NMP could be only evaporated upon 

heating. Heating would not only increase the solvent evaporation rate, but also cause bubbling 

and wrinkling during the film forming process. It was quite important to control the balance of 

heating and solvent evaporation rate. The heating temperature and time used in this chapter for 

PANI-EB film cast in NMP was 50 °C for three days. This method could produce an even and 

smooth surface PANI-EB film with favourable strength and flexibility (Figure 5.2). Doping 

the PANI-EB films into each acid solution did not affect the film’s physical property to the 

naked eye. The corresponding acid-doped PANI films (PANI-ESH, PANI-ESS and PANI-

ESC) all presented a similar even surface and flexible property (Figure 5.3) with a dark 

turquoise colour.   

 

 

Figure 5.3 Free standing PANI-EB, PANI-ESH, PANI-ESS and PANI-ESC films for laser micromachining 

 

5.3.2. Chemical charaterisation 

All the synthesised undoped and doped PANI powder could be dissolved or dispersed in NMP 

as a dilute solution (Figure 5.4).  There is still controversy in the discussion of the solubility of 

PANI, as some believe that PANI, even the EB form, could only be dispersed in organic 

solvents.109  
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Figure 5.4 PANI-EB, PANI-ESH, PANI-ESS and PANI-ESC powders dissolved/ dispersed in NMP 

 

The UV-Vis absorption spectra of PANI-EB, PANI-ESH, PANI-ESS and PANI-ESC in 

NMP are shown in Figure 5.5. PANI-EB had two peaks at 327 and 630 nm, which was in good 

agreement with previous published literature.110 The absorbance at 327 nm was assigned to the 

π- π* of the benzene rings in polyaniline backbone, whereas the peak at 630 nm arose from the 

exciton transition of the quinoid rings. The relative intensities ratio of the benzene ring and 

quinoid peaks was 1: 0.7920. The 630 nm peak from the quinoid rings was absent when imine 

groups were protonated, which caused a decrease in the exciton absorption and generated the 

absorption peaks at about 450 and 850 nm assigned to the optical absorption of the 

polaron/bipolaron band.111 The absorbance of these PANI samples at 248 nm was hard to be 

observed due to the absorbance of pure NMP solvent at the wavelength from 200 nm to 270 

nm. 

 

Figure 5.5 UV-Vis spectra of PANI-EB, PANI-ESH, PANI-ESS and PANI-ESC in NMP 
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Figure 5.6 shows the IR spectra of the undoped and different acids doped PANI films. The 

broad peak around 3300 cm-1 corresponded to the moisture in the PANI films. The peaks at 

1587 cm-1 and 1489 cm-1 of PANI-EB were due to the presence of the quinoid ring and the 

benzenoid ring respectively. The peak around 1215 cm-1 in the spectrum was assigned to the 

C-N stretching vibrations of the secondary aromatic amine, and the peak around 1158 cm-1 

corresponded to the C-H bending. The peak at 803 cm-1 was attributed to the deformation of 

C-H. After being doped with different acids, the peaks of the PANI films exhibited different 

degrees of the red-shift phenomena which was in good agreement with the previously published 

literature.112 Take PANI-ESH for example, the peaks of the quinoid ring and the benzenoid 

ring shifted to around 1538 cm-1 and 1393 cm-1 respectively. The peak of C-N stretching shifted 

to 1204 cm-1. The peak due to the C-H bending shifted to around 1052 cm-1 and the peak due 

to the C-H deformation shifted to around 723 cm-1. The enhancement of the charge 

delocalisation and the formation of the conjugation structure had been advised as the cause of 

the red-shift phenomenon.112 In the spectra of PANI powder forms, similar red-shifts of the 

acid doped forms were also observed compared to that of the undoped form PANI (Figure 5.7). 

 

 

Figure 5.6 IR spectra of PANI-EB, PANI-ESH, PANI-ESS and PANI-ESC films 
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Figure 5.7 IR spectra of PANI-EB, PANI-ESH, PANI-ESS and PANI-ESC powder 

 

The thermal stability of PANI of both film and powder form was investigated by TGA. Two 

separate stages of weight loss were observed for both film and powder form of PANI-EB 

(Figure 5.8). The first stage of weight loss was caused by the moisture and residue solvent that 

was absorbed by the samples. When the temperature reached 900 °C, PANI-EB film still kept 

62% of its initial weight whereas the residue weight of PANI-EB powder reached zero. The 

reason of this phenomenon will be discussed later.  

As shown in Figure 5.9, the PANI-ESH powder showed a three steps mass-loss process, which 

was in good agreement with previously studies.113 The first step started from room temperature 

to 130°C exhibiting 18% loss of the weight which was due to the release of the moisture and 

residual solvent in the sample. The second weight loss step started from 140 °C to 400 °C with 

around 10% weight loss; this corresponded to the degradation and the release of the 

hydrochloric acid dopant. The third step after 400 °C indicated the chemical structure 

decomposition of the backbone of PANI, and the residual mass decreased to zero after 750 °C. 

The thermal stability of PANI-ESH film showed a similar first two degradation process 
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compared with PANI-ESH powder but a much slower degradation trend during the third mass-

loss process. After heating to 900 °C, PANI-ESH film still kept around 50% of the initial mass. 

A similar weight loss process could be observed for the other two acid-doped PANI samples 

(Figure 5.10 and Figure 5.11).  

 

Figure 5.8 TGA curves of PANI-EB film and PANI-EB powder under N2 at 10 °C min-1 

 

Figure 5.9 TGA curves of PANI-ESH film and PANI-ESH powder under N2 at 10 °C min-1 
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Figure 5.10 TGA curves of PANI-ESS film and PANI-ESS powder under N2 at 10 °C min-1 

 

Figure 5.11 TGA curves of PANI-ESC film and PANI-ESC powder under N2 at 10 °C min-1 

 

The DSC spectra of PANI films and powder of both doped and undoped form (Figure 5.12 and 

Figure 5.13) show the result is in good agreement with the TGA result. The endothermic peaks 
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indicated the evaporation of the moisture in EB form, and moisture with doped acid in ES form 

during the heating process. 

 

Figure 5.12 DSC thermograms of undoped and doped PANI films 

 

 

Figure 5.13 DSC thermograms of undoped and doped PANI powder 
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The slower decomposition rate after around 450 °C of the film form of PANI compared to the 

powder form indicated that it might undergo a crosslinking process during the film forming 

procedure in the oven at 50 °C for 3 days after PANI-EB was dissolved in NMP. This 

phenomenon could also be proved by the dissolubility of PANI-EB film in NMP. The 

crosslinking process happened between the neighbouring quinoid ring and benzenoid ring 

through a link of the imine nitrogen (Scheme 5.2  Thermal cross-linking reaction between 

PANI polymer chains) which has been demonstrated by the previous research.114 This might 

also be confirmed by the difference between the IR spectra of PANI-EB powder and film 

(Figure 5.14). 

 

Scheme 5.2  Thermal cross-linking reaction between PANI polymer chains 114 

 

Figure 5.14 IR spectra of PANI-EB film and powder 
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5.3.3. Nanosecond laser micromachining evaluation of PANI films 

As shown on the SEM images of PANI-EB with different laser fluence and number of shots 

in Figure 5.15, the nanosecond laser ablated lines on this PANI film displayed relatively clear 

etched profiles without obvious debris or bubbles. All the other SEM images of different acid 

doped PANI films (PANI-ESH, PANI-ESC and PANI-ESS) had similar results, as shown in 

Figure 5.16, Figure 5.17 and Figure 5.18 respectively. Meanwhile, the ablation started from 

the lowest number of shots for all the laser beam which indicated a low incubation behavior 

for PANI films. These results demonstrated that acid-doped and undoped PANI films could be 

ablated efficiently by using 248 nm laser and that they have great potential to be useful 

materials for the laser micromachining process.  

 

 

Figure 5.15 SEM micrographs of lines done in PANI-EB with 248 nm nanosecond laser fluence of (a) 40% 

transmission, 0.57 J cm-2; (b) 60% transmission, 0.85 J cm-2; (c) 80% transmission, 1.14 J cm-2; (d) 100% 

transmission, 1.42 J cm-2; the number of shots from left to right are: First row: 1, 2, 5, 10, 15, 25, 50, 100, 

Second row: 10, 20, 50, 100, 150, 250, 500, 1000. 
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Figure 5.16 SEM micrographs of lines done in PANI-ESH with 248 nm nanosecond laser fluence of (a) 40% 

transmission, 0.57 J cm-2; (b) 60% transmission, 0.85 J cm-2; (c) 80% transmission, 1.14 J cm-2; (d) 100% 

transmission, 1.42 J cm-2;  the number of shots from left to right are: First row: 1, 2, 5, 10, 15, 25, 50, 100, 

Second row: 10, 20, 50, 100, 150, 250, 500, 1000. 

 

 

Figure 5.17 SEM micrographs of lines done in PANI-ESS with 248 nm nanosecond laser fluence of (a) 40% 

transmission, 0.57 J cm-2; (b) 60% transmission, 0.85 J cm-2; (c) 80% transmission, 1.14 J cm-2; (d) 100% 
transmission, 1.42 J cm-2;  the number of shots from left to right are: First row: 1, 2, 5, 10, 15, 25, 50, 100, 

Second row: 10, 20, 50, 100, 150, 250, 500, 1000. 
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Figure 5.18 SEM micrographs of lines done in PANI-ESC with 248 nm nanosecond laser fluence of (a) 40% 

transmission, 0.57 J cm-2; (b) 60% transmission, 0.85 J cm-2; (c) 80% transmission, 1.14 J cm-2; (d) 100% 

transmission, 1.42 J cm-2;  the number of shots from left to right are: First row: 1, 2, 5, 10, 15, 25, 50, 100, 

Second row: 10, 20, 50, 100, 150, 250, 500, 1000. 

 

To achieve the etch rate of KrF 248 nm nanosecond excimer laser ablation on PANI films, the 

ablation depth of each PANI film was plotted against the number of shots. As shown in Figure 

5.19 for PANI-EB, the ablation depth increased linearly with the number of shots. All the other 

acid doped PANI films (PANI-ESH, PANI-ESS, PANI-ESC) also gave linear trend according 

to several different laser beam fluences (Figure 5.20, Figure 5.21 and Figure 5.22). It was 

observed that the etch rate for each PANI film at the same laser beam fluence presented a 

similar value suggesting a similar etch efficiency. All the linear trends gave R-squared with the 

value more than 0.99. The etch rate for each PANI film with different laser beam fluence is 

summarised in Table 5.3. It was concluded that the KrF 248 nm nanosecond excimer laser 

micromachining of PANI films could be precisely controlled by changing the laser beam 

fluence and number of shots.  
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Figure 5.19 KrF 248 nm nanosecond laser ablation depths according to the number of laser shots for lines 

ablated in PANI-EB film at several fluences 

 

 

Figure 5.20 KrF 248 nm nanosecond laser ablation depths according to the number of laser shots for lines 

ablated in PANI-ESH film at several fluences 
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Figure 5.21 KrF 248 nm nanosecond laser ablation depths according to the number of laser shots for lines 

ablated in PANI-ESS film at several fluences 

 

 

 

Figure 5.22 KrF 248 nm nanosecond laser ablation depths according to the number of laser shots for lines 

abalted in PANI-ESC film at several fluences 
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Table 5.3 Etch rate (µm per shot), effective absorption coefficient (αeff) and ablation threshold (Fth) of PANI 

films at several fluences of KrF 248 nm laser 

PANI Dopant 

Etch rate (µm per shot) 
Effective 

absorbance 
coefficient 

Ablation 

threshold 
Fluence (J cm-2) 

0.14 0.28 0.57 0.85 1.14 1.42 αeff (cm-1) Fth (J cm-2) 

PANI-EB - 0.13 0.20 0.28 0.34 0.38 0.40 8.31×104 0.050 

PANI-ESH hydrochloric acid - 0.17 0.28 0.34 0.35 0.38 8.06×104 0.064 

PANI-ESS sulfuric acid 0.11 0.18 0.27 - 0.40 0.52 6.11×104 0.085 

PANI-ESC 
(+)-camphor-10-

sulfonic acid 
0.12 0.19 0.27 0.35 0.37 0.45 7.33×104 0.065 

 

The laser ablation properties of the polymer can be evaluated by the following two parameters, 

the effective absorption coefficient (αeff) and the ablation threshold fluence (Fth) which are 

related to the equation based on Beer’s law. The effective absorption coefficient is a 

combination of the intrinsic property of the material itself and the property of the laser beam 

that is applied. The ablation threshold describes the fluence above which ablation occurs. 

At low fluence, the etch rate is expected to vary as the natural logarithm of the fluence 

according to Beer’s law. The ablation threshold as well as the effective absorption coefficient 

can be extracted from the above ablation depth plot against number of shots curves in 

logarithmic scale (Figure 5.23). The ablation threshold calculated in Table 5.3 showed that 

PANI-EB has the highest effective absorption coefficient and the lowest ablation threshold. 

When doped with the acids, PANI films presented a decreasing trend of effective absorption 

coefficient and an increasing trend of ablation threshold. However, to some extent, the undoped 

and doped PANI films all gave a similar effective absorption coefficient, which were from 

8.31×104 cm-1 of αeff for PANI-EB to the lowest value 6.11×104 cm-1 of αeff for PANI-ESC. 

Similarly, the ablation threshold for PANI-EB was 0.050 J cm-2, while the value for PANI-

ESC was 0.085 J cm-2. These results indicated that the acid dopant in PANI films would not 

change the KrF 248 nm laser ablation property dramatically. 

This phenomenon was found to be similar with the previous published 308 nm laser ablation 

of acid doped and undoped PANI films.106 Both types of the PANI films revealed similar 

ablation properties upon the laser beam at the wavelength of 308 nm, with similar value of 

effective absorption coefficient and ablation threshold for undoped and doped PANI films.  
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Figure 5.23 Ablation depth per shot (µm) according to the fluence for undoped and doped PANI films 

 

5.3.4. Femtosecond laser micromachining evaluation of PANI films 

Ti:Sapphire 800 nm femtosecond laser was applied with the same laser micromachining 

method as the KrF 248 nm nanosecond laser mentioned in the last section. SEM images were 

taken to evaluate the quality of the laser ablated area for each sample. As shown in Figure 5.24 

with the comparison of undoped and three kinds of acid-doped PANI films ablated with 100% 

laser beam transmission of 0.33 J cm-2 and different number of shots, all the ablated lines 

presented relatively clean surfaces without any obvious debris or bubbles. This phenomenon 

was observed to be the same as the nanosecond SEM images for undoped and doped PANI 

films.   
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Figure 5.24 Comparison of SEM images of 800 nm femtosecond laser ablated undoped and doped PANI films 

with 100% transmission, 0.33 J cm-2; the number of shots from left to right are: First row: 1, 2, 5, 10, 15, 25, 50, 

100, Second row: 10, 20, 50, 100, 150, 250, 500, 1000. 

 

The laser micromachining mechanism of the femtosecond laser is quite different from 

nanosecond, as the previous one emits laser beam in the IR range compared with the UV range 

of nanoseconds.115 The short timescales of the femtosecond laser beam is one of its advantages, 

as it can avoid the heat effect that usually happens when applied with nanosecond laser beam. 

Furthermore, femtosecond laser beams always lead to a lower ablation threshold and are 

available in the use of laser micromachining of UV transparent material.29, 116-117  

In this case, the ablation depths of both undoped and acids doped PANI films showed 

increasing trend with the number of ablation shots for each laser beam fluence (Figure 5.25 - 

Figure 5.28 for PANI-EB, PANI-ESH, PANI-ESS and PANI-ESC respectively). However, 

different from the curves obtained from nanosecond laser beam of each sample, neither a linear 

or an obvious logarithmic trend could be observed for these curves.  
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Figure 5.25 Ti: Sapphire 800 nm femtosecond laser ablation depths according to the number of laser shots for 

lines ablated in PANI-EB film at several fluences 

 

 

Figure 5.26 Ti: Sapphire 800 nm femtosecond laser ablation depths according to the number of laser shots for 

lines ablated in PANI-ESH film at several fluences  
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Figure 5.27 Ti: Sapphire 800 nm femtosecond laser ablation depths according to the number of laser shots for 

lines abalted in PANI-ESS film at several fluences 

 

  

Figure 5.28 Ti: Sapphire 800 nm femtosecond laser ablation depths according to the number of laser shots for 

lines abalted in PANI-ESC film at several fluences 
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Taking the similar ablation fluence of nanosecond and femtosecond for comparison, as shown 

in Figure 5.29, 0.28 J cm-2
 for nanosecond and 0.27 J cm-2 for femtosecond, for all the undoped 

and three kinds of acid doped PANI films, a femtosecond laser beam could ablate the PANI 

films more efficiently than a nanosecond laser beam with a deeper depth. For example, when 

applied with a femtosecond laser beam, PANI-EB had a depth of 28.7 µm compared with 20.5 

µm for a nanosecond laser beam at 100 shots. This would provide another new method for the 

laser micromachining of PANI films by using a femtosecond laser beam. 

 

 

Figure 5.29 Nanosecond vs. femtosecond laser micromachining of undoped and doped PANI films (0.28 J cm-2 

of nanosecond laser beam and 0.27 J cm-2 of femtosecond laser beam respectively) with ablation depth plot 

against the number of shots for each sample 

 

5.4. Conclusions 

In this chapter, the PANI film of emeraldine base form (PANI-EB) was successfully prepared, 

together with the hydrochloric acid, sulfuric acid and (+)-camphor-10-sulfonic acid and doped 

PANI films as emeraldine salt form (PANI-ESH, PANI-ESS and PANI-ESC). The chemical 

and thermal properties of these undoped and doped PANI films were fully characterised and 
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compared by using UV-Vis, IR, TGA and DSC. The resulting PANI film showed good film 

forming property upon heating the PANI NMP solution in an oven at 50°C for 72h. 

The laser micromachining process of these synthesised undoped, and PANI films doped with 

three different acids were studied by using the KrF 248 nm nanosecond and Ti:Sapphire 800 

nm femtosecond laser beam. All ablated samples presented relatively smooth surfaces without 

any visible debris from low to high laser beam fluence according to SEM images. For the 

nanosecond laser micromachining, the etch rate of each PANI film was obtained by plotting 

against the ablation depth with the corresponding number of shots. The laser micromachining 

results of these PANI films indicated that there was no obvious difference, including etch rate, 

effective absorption coefficient (from 8.31 to 6.11 × 104 cm-1) and ablation threshold (from 

0.050 to 0.085 J cm-2), between the undoped and acid doped form of PANI films upon the same 

laser micromachining condition. The femtosecond 800 nm laser micromachining process gave 

a more efficient ablation depth than does the 248 nm nanosecond laser beam when the similar 

laser fluence is applied, those being 20.5 µm per 100 shots for PANI-EB by using 0.28 J cm-2 

of nanosecond laser beam and 28.7 µm per 100 shots for PANI-EB by using 0.27 J cm-2 of the 

femtosecond laser beam respectively. These “synthetic metals” PANI films, both undoped and 

acid doped forms, have great potential to be useful materials for both KrF 248 nm nanosecond 

and Ti: Sapphire 800 nm femtosecond laser micromachining, especially in the area of 

electronic devices and sensors. 
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Chapter 6. Laser Micromachining of 

Polyaniline/Polyurethane Hybrids 

6.1. Introduction 

The laser micromachining of both doped and undoped polyaniline (PANI) films by the 

nanosecond and femtosecond laser beam sources has been studied in the previous chapter. 

Although the polyaniline has many advantages in applications, the processability and 

mechanical properties are still not perfect, especially when compared with other commonly 

used flexible polymers such as polyurethane (PU).  

Therefore, it is well worth further studies in modifying the polyaniline to be conductive, as well 

as flexible and easily processable material. As mentioned in Chapter 4, PU is a kind of elastic 

polymer that can be synthesised between the polymerisation of diisocyanate and diol. The free 

isocyanate in the polyurethane prepolymer could react with both the primary amine and 

secondary amine. This makes it possible to modify the polyaniline chain by the reaction with 

the amine in the polyaniline chain and isocyanate terminal polyurethane prepolymer to form 

the cross-linked network. 

The blends of polyurethane and aniline-containing poly(urethane-urea) copolymer or 

composite have also been widely used and studied with the aim of improving mechanical 

properties.118-120 These composites can be also doped with protonic acids including 

camphorsulfonic acid (CSA) and dodecylbenzenesulfonic acid (DBSA) to obtain blends with 

the expected electrical conductivity.118 The applications of the PANI/PU composite and blends 

include the electromagnetic interference (EMI) shielding, the gas-sensing and the biomaterial 

fields.121 

The possible reactions that can happen during the crosslinking process is described in Figure 

6.1. In this study, two different loadings of polyaniline/polyurethane hybrids, PANI-PU-A (2.3 

wt% loading of PANI) and PANI-PU-B (4.5 wt% loading of PANI) were synthesised for the 

KrF 248 nm nanosecond laser micromachining study and evaluation.  
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Figure 6.1 Possible reaction between isocyanate terminated PU prepolymer and polyaniline 

 

The chemical properties of the synthesised polyaniline/polyurethane hybrid films were 

evaluated by using IR and thermal analysis instruments (TGA and DSC). Furthermore, the laser 

ablation result indicates that these hybrid films have the potential to be used in the future as 

flexible conducting polymers for applications in semiconductors or metal-like conductors. 

 

6.2. Experimental 

6.2.1. Materials 

Aniline, ammonium persulfate, hydrochloric acid, ammonium hydroxide solution, N-methyl-

2-pyrrolidone (NMP), methanol, sulfuric acid, (+)-camphor-10-sulfonic acid, bis(4-

isocyanatocyclohexyl)methane (H12MDI), polypropylene glycol Mw~1000 (PPG 1000), and 

dibutyltin dilaurate (DBTDL) were all commercially available from the same supplier listed in 

Chapters 4 and 5. 

6.2.2. Synthesis of emeraldine form of polyaniline (PANI-EB) 

PANI-EB was synthesised with the same method described in Chapter 5 (section 5.2.2 

Synthesis of PANI emeraldine base (PANI-EB) powder and PANI emeraldine salt (PANI-ES) 

powder). 
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6.2.3. Synthesis of polyaniline/polyurethane hybrid 

H12MDI (1.0 g, 3.81 mmol) and PPG1000 (1.1 g, 1.10 mmol) were dissolved in NMP (2 mL). 

One drop of DBTDL was added to the solution as the catalyst. The reaction was stirred at room 

temperature (20 °C) for 24 h to form the polyurethane prepolymer. The synthesised PANI-EB 

powder (50.0 mg) was dissolved in NMP (4 mL) beforehand, and was then added to the above 

polyurethane prepolymer solution and stirred at room temperature for another 2 h. The resulting 

solution was cast on a glass petri dish. The final free-standing polyaniline/polyurethane hybrid 

film could be easily peeled off from the petri dish after being dried in an oven for 24 h at 70 

°C, and labelled as PANI-PU-A. PANI-PU-B film was prepared with the same method 

described above except a different loading of PANI-EB powder (100.0 mg). The concentration 

of PANI in each sample was calculated as 2.3 wt% for PANI-PU-A and 4.5 wt% for PANI-

PU-B. 

The obtained PANI/PU hybrid film PANI-PU-A and PANI-PU-B were protonated with 1.0 

M hydrochloric acid, 1.0 M sulfuric acid and 1.0 M (+)-camphor-10-sulfonic acid solution in 

water for 24 h separately and then rinsed with water. The resulting acid doped films were dried 

at room temperature (20 °C). 

 

6.2.4. Characterisation 

The infrared (IR) spectra of the PANI/PU hybrid films were acquired by using a Thermo 

Scientific Nicolet iS50 FTIR spectrometer through an attenuated total reflection (ATR) mode.  

The thermal stability behaviours of the PANI/PU hybrid films were studied in N2 by using a 

thermogravimetric analyser (TGA) (TA Instruments Q5000). TGA curves were recorded 

between 25 °C and 800 °C with a heating rate of 10 °C min-1 under N2 atmosphere. 

The thermal transition temperature was determined by the differential scanning calorimetry 

(DSC) with TA Instruments DSC Q1000 over the temperature range of -80 to 220 °C, which 

was recorded at a heating rate of 5 °C min-1 under a N2 atmosphere. The PANI/PU films were 

initially heated from room temperature to 220 °C to remove the thermal history at a heating 

rate of 10 °C min-1. The sample was then quenched to -80 °C at the rate of 5 °C min-1, then 

scanned up to 220 °C at the rate of 10 °C min-1. 
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Scanning electron microscopy (SEM) was used to check the quality of the etched cavities with 

a Philips XL30S field emission scanning electron microscope (accelerating voltage 10KV). 

The laser ablation profile of the PANI/PU hybrid films was detected by using Dektak® XT 

profilometer. 

6.2.5. Laser micromachining 

The KrF 248 nm nanosecond excimer laser micromachining of PANI/PU hybrid films was 

performed using the same method presented in the previous Chapter 5 (section 5.2.5 laser 

micromachining). The corresponding laser power energy and fluence are listed in Table 6.1.   

 

Table 6.1 KrF 248 nm nanosecond laser attenuator transmission with the measured power and calculated 

fluence for PANI-PU-A and PANI-PU-B 

Transmission Measured power (mW) Fluence (J cm-2) 

100% 6.3 0.50 

80% 5.1 0.41 

60% 3.9 0.31 

40% 2.8 0.22 

20% 1.4 0.11 

10% 0.7 0.05 

 

6.3. Results and Discussion 

6.3.1. Characterisation of polyaniline/polyurethane hybrid films 

The resulting PANI/PU hybrid films showed good film-forming properties with smooth and 

uniform surfaces. Both hybrid films presented the same violet colour as PANI-EB together 

with a metallic lustre (Figure 6.2, the rest half was cut for the laser micromachining). The 

thickness of the films was measured to be 102 µm for PANI-PU-A and 110 µm for PANI-PU-

B. The PANI/PU hybrid films after drying in the oven could not be dissolved in NMP or other 
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commonly used organic solvent. The swelling of these polymers in NMP suggested that the 

cross-linked network was formed between the PANI chain and PU chain (Figure 6.3a).122 

 

 

Figure 6.2 PANI-PU-A and PANI-PU-B films 

 

 

 

Figure 6.3 (a) Chemical structure of the PANI/PU hybrid; (b) Demonstration of the cross-linked network 122 

 

The free isocyanate (NCO) terminals from polyurethane prepolymer reacted with the amine 

group from polyaniline powder upon heating to form a urea linkage between the chains, thus 

resulting in a cross-linked network (Figure 6.3b). The resulting PANI/PU hybrid film was 

doped by different kinds of acids by immersing the film in the corresponding acid solution. 
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The successful doping was proved by the colour changing from violet of PANI-PU to the green 

acid doped form. 

The IR spectroscopy gave the results shown in exhibiting typical polyurethane backbone and 

polyaniline character (cm-1): 3340 (N-H stretching), 2923 and 2853 (C-H stretching), 1633 

(C=O stretching), 1557 (C-N bending), 1504 (benzenoid ring), 1448 (C-H bending), 1377 (C-

H rocking), 1248 and 1231 (C-N stretching), 1099 (C-O esters). The increasing of benzenoid 

ring at 1504 cm-1 from PANI-PI-A (2.3 wt% of PANI) to PANI-PU-B (4.5 wt% of PANI) 

demonstrated the increasing concentration of PANI loading in the sample. 

 

 

Figure 6.4 IR spectra of PANI-PU-A and PANI-PU-B 

 

The thermal stability of the corresponding pure polyurethane PU1 (synthesised in Chapter 4) 

and PANI-EB (synthesised in Chapter 5) was compared with hybrid films PANI-PU-A and 

PANI-PU-B. The TGA curves of the above four samples are illustrated in Figure 6.5. PU1 and 

PANI/PU hybrid films were thermally stable at around 220 °C while PANI-EB film presented 

a remarkable weight loss when heated to around 490°C. The comparison of onset temperature 

of decomposition between these samples is summarised in Table 6.2. It was observed that the 

thermal stability of PU1, PANI-PU-A and PANI-PU-B had a similar value. The onset 
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temperature of decomposition was increased by enhancing the loading of PANI, which might 

be result from the more likely condition of the crosslinking between the PU and PANI chains.   

 

 

Figure 6.5 TGA curves of PU1, PANI-PU-A, PANI-PU-B and PANI-EB film under N2 at 10°C min-1 

 

Table 6.2 Comparison of onset temperature of decomposition and glass transition temperature between PU1, 

PANI-PU-A, PANI-PU-B and PANI-EB 

Polymer Td (°C) a Tg (°C) b 

PU1 214.0 -23.7 

PANI-PU-A 218.3 -41.8 

PANI-PU-B 228.2 -42.9 

PANI-EB 491.1 - 

a Onset temperature of decomposition; b Glass transition temperature 

 

The glass transition temperature (Tg) of the synthesised materials was achieved by using DSC. 

As shown in Figure 6.6, the glass transition temperatures for the cross-linked PANI/PU hybrid 
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polymers were observed at -41.8 °C and -42.9 °C for PANI-PU-A and PANI-PU-B 

respectively, compared with -23.7 °C for PU1 (Chapter 4). It thus could be concluded that the 

glass transition temperature of the PU chain was decreased by introducing the PANI component 

and there was no significant difference between PANI-PU-A and PANI-PU-B at the range of 

2.3 wt% to 4.5 wt% loading of PANI. 

 

Figure 6.6 DSC thermograms of PANI-PU-A and PANI-PU-B 

 

6.3.2. Laser micromachining study 

The SEM images of the ablated lines that were made with the KrF 248 nm nanosecond excimer 

laser beam on PANI-PU-A and PANI-PU-B films are shown in Figure 6.7 and Figure 6.8 

respectively. The SEM images of the laser ablated film surface at the low laser fluence, 10% 

transmission of 0.05 J cm-2 and 20% transmission of 0.11 J cm-2, are not shown here because 

no obvious ablation on the polymer surface was observed. Compared with the laser ablated 

surface of the pure polyurethane PU1 that studied in Chapter 4, PANI/PU hybrid films revealed 

a relatively cleaner etched surface, especially when a higher concentration of PANI was loaded. 

When being applied with a low laser beam fluence (such as 40% transmission, 0.22 J cm-2), 

both the two cross-linked PANI/PU hybrid films reserved relatively flat surfaces, while pure 

polyurethane PU1 presented a messy etched surface under this condition.  
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Obviously, there was less debris around the etched surface of PANI-PU-B than PANI-PU-A. 

Each line on PANI-PU-B of different laser beam fluences and the number of shots could be 

clearly identified. It could be concluded that the laser ablation quality of the cross-linked 

PANI/PU hybrid film was enhanced by increasing the PANI component loading. 

 

Figure 6.7 SEM micrographs of lines done on PANI-PU-A film with 248 nm nanosecond laser fluence of (a) 

40% transmission, 0.22 J cm-2; (b) 60% transmission, 0.31 J cm-2; (c) 80% transmission, 0.41 J cm-2; (d) 100% 

transmission, 0.50 J cm-2; the number of shots from left to right are First row: 1, 2, 5, 10, 15, 25, 50, 100, 

Second row: 10, 20, 50, 100, 150, 250, 500, 1000. 
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Figure 6.8 SEM micrographs of lines done on PANI-PU-B film with 248 nm nanosecond laser fluence of (a) 

40% transmission, 0.22 J cm-2; (b) 60% transmission, 0.31 J cm-2; (c) 80% transmission, 0.41 J cm-2; (d) 100% 

transmission, 0.50 J cm-2;  the number of shots from left to right are First row: 1, 2, 5, 10, 15, 25, 50, 100, 

Second row: 10, 20, 50, 100, 150, 250, 500, 1000. 

The ablation depth of each line on PANI-PU-A and PANI-PU-B films was plotted against the 

corresponding shot number at different laser beam fluences (Figure 6.9 and Figure 6.10). 

However, no obvious linear trend was observed for these two samples, which suggested an 

incubation effect. The etch rate was calculated by the average value of ablation depth divided 

by the number of shots for each laser beam fluence. The etch rate of each sample with a 

different laser beam fluence is summarised in Table 6.3. It was found that PANI-PU-B had a 

higher etch rate than PANI-PU-A when the same laser ablation condition applied. For example, 

when applied with the fluence of 0.50 J cm-2, the etch rate was 0.1085 µm per shot for PANI-

PU-A, while the value of PANI-PU-B almost tripled (0.2727 µm per shot). In conclusion, the 

KrF 248 nm laser micromachining of PANI/PU hybrid film efficiency could be enhanced by 

increasing the PANI loading in the sample. 
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Figure 6.9 Ablation depths according to the number of shots for lines etched in PANI-PU-A at several fluences 

 

 

Figure 6.10 Ablation depths according to the number of shots for lines etched in PANI-PU-B at several 

fluences 

Table 6.3 Etch rate (µm per shot), effective absorption coefficient (αeff) and ablation threshold (Fth) of PANI-

PU-A, PANI-PU-B, PU1 and PANI-EB at several fluences of KrF 248 nm laser 

Polymer 

Etch rate (µm per shot) 
Effective 

absorption 

coefficient 

Ablation 

threshold 
Fluence (J cm-2) 

0.22 0.31 0.41 0.50 αeff (cm-1) Fth (J cm-2) 

PANI-PU-A - 0.01 0.02 0.11 5.16×104 0.314 

PANI-PU-B 0.10 0.20 0.24 0.27 4.85×104 0.129 

 

Etch rate (µm per shot) 
Effective 

absorption 

coefficient 

Ablation 

threshold 
Fluence (J cm-2) 

0.29 0.54 0.75 0.87 αeff (cm-1) Fth (J cm-2) 

PU1 0.33 0.86 0.86 0.94 1.85×104 0.143 
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Etch rate (µm per shot) 
Effective 

absorption 

coefficient 

Ablation 

threshold 
Fluence (J cm-2) 

0.14 0.28 0.57 0.85 αeff (cm-1) Fth (J cm-2) 

PANI-EB 0.13 0.20 0.28 0.34 8.31×104 0.050 

 

The etch rate of PU1 and PANI-EB were compared with the synthesised PANI/PU hybrids 

(Table 5.3). Taking the laser beam fluence of around 0.5 J cm-2 for a reference, PU1 presented 

the highest etch rate of around 0.8 µm per shot. PANI-PU-B (4.3 wt% loading of PANI) had a 

similar etch rate as PANI-EB, with a value of around 0.3 µm per shot. The etch rate of PANI-

PU-A (2.4 wt% loading of PANI) had the lowest value among these samples, i.e., around 0.1 

µm per shot.  

The etch rate of each PANI/PU hybrid was plotted against the corresponding laser beam 

fluence in logarithmic scale (Figure 6.11). The logarithmic trend of each sample was fit with 

the Beer’s law to extract the effective absorption coefficient (αeffI) and ablation threshold (Fth) 

value (Table 6.3). PANI-PU-B, which has more PANI component loading than PANI-PU-A, 

presented a similar effective absorption coefficient and a lower ablation threshold (αeff = 

5.16×104 cm-1, Fth = 0.314 J cm-2 for PANI-PU-A; αeff = 4.85×104 cm-1, Fth = 0.129 J cm-2 for 

PANI-PU-B). When compared with PU1 and PANI-EB, PANI/PU hybrid presented a medium 

effective absorption coefficient value between PU1 and PANI-EB. The ablation threshold of 

the PANI/PU hybrid was higher than PANI-EB, and similar to PU1. As mentioned, the laser 

ablation parameters (effective absorption coefficient and ablation threshold) depend on the 

combination of the polymer property and the laser pulse. Although these values are relatively 

easy to be calculated, the interpretation of the principle is still ongoing. However, the values 

that we extracted based on Beer’s law can still provide us an intuitive judgment of the laser 

ablation process.66 
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Figure 6.11 Ablation depth per shot (µm) according to the fluence for PANI-PU-A and PANI-PU-B 

 

6.4. Conclusions 

Polyaniline/polyurethane (PANI/PU) hybrid films with two different concentration loadings of 

polyaniline (2.3 wt% and 4.5 wt%) were synthesised via the polyaniline chain and polyurethane 

prepolymer chain cross-linked network. The resulting cross-linked films enhanced the 

flexibility of polyaniline film, through introducing the polyurethane prepolymer chain as a soft 

segment. The polymer synthesis and thermal properties had been described in detail. The TGA 

result showed that the thermal stability of the PANI/PU film increased through the cross-

linking modification when comparing with a pure polyurethane film. The resulting hybrid 

polymer film combines the advantages of both the polyurethane and the polyaniline. 

PANI/PU hybrid films were ablated with the KrF 248 nm nanosecond excimer laser beam for 

micromachining study at different fluences and numbers of shots applied. It can be concluded 

that the quality of ablated lines on the PANI/PU films was improved by increasing the 

concentration of the polyaniline component according to the SEM images. More effective 

etched lines with higher etch rate were observed for PANI-PU-B (4.5 wt% of PANI) than 

PANI-PU-A (2.3 wt% of PANI). PANI-PU-B, with higher loading of polyaniline, presents a 

promising further detailed study with the acid doped form. Further work for the next stage of 
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this project will focus on the ablation of doped form of this PANI-PU-B with different acid 

dopants by using the nanosecond and femtosecond laser beams. 
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Chapter 7. Laser Micromachining of Polyimide with 

Carbonyl Group  

7.1. Introduction 

Laser micromachining of organic polymers has been studied extensively for more than 30 

years. Among these polymers, laser ablated polyimide has been used in a wide range of 

applications including semiconductor123, flexible circuit124, capillary electrophoresis chips125, 

and microelectronics packaging126. Polyimide materials have the properties of heat stability, 

flexibility, and chemical inertness which make the grooves and cavities cut on the polymer 

surface possible to be used in the above-mentioned applications.29 Among the various kinds of 

polyimide, the most known commercialised polyimide used in laser ablation is Kapton® from 

DuPont, which was synthesised by the condensation polymerisation of pyromellitic 

dianhydride and 4,4’-oxydianiline (Scheme 7.1). 

 

 

Scheme 7.1 Synthesis of poly(4,4'-oxydiphenylene-pyromellitimide), also known as Kapton® 
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The first research on laser micromachining of polyimide films, was published in 1984 by 

Moskowitz et al, and demonstrated that the laser micromachining result depended on soaking 

Kapton® (or Vespel®) in basic solutions at the wavelength of 488 nm and 516 nm.40 In 1987, 

Srinivasan et al from IBM reported the 193 nm, 248 nm and 308 nm nanosecond excimer laser 

micromachining of DuPont Kapton® polyimide films, together with the laser-induced 

fluorescence analysis and etch depth measurement.42 They proved that the etching of Kapton® 

film was a photochemical decomposition process involving the ejection of volatile small 

molecule products including CO and C.46 

The nanosecond excimer laser ablation of polyimide is not limited to lab level study, but also 

covers the manufacturing facility level research. For example, IBM has been running XeCl 

excimer laser beam for polyimides successfully for over 2 billion shots during 1988 to 1992.45  

Different from commercially available polyimides, fluorinated polyimides have the properties 

of low moisture uptake and low dielectric constants, making them more promising candidates 

in laser micromachining applications such as optical interconnects and optoelectronic 

integrated circuits (OEICs) which can be fabricated using conventional photolithography and 

dry etching techniques.127 The morphology of fluorinated polyimide films before and after 248 

nm excimer laser ablation were studied with the application of various spectroscopy techniques 

including FTIR, AFM, TOF-MS.52 These characterising methods demonstrated that the 

decomposition of imide rings after laser radiation and accumulation of carbon residues, was in 

correspondence with a cone-like feature.  

In addition, previous reports demonstrated that the laser micromachining result of polymer film 

could be enhanced by increasing the carbonyl group in the polymers’ main chain because of 

the release of gaseous decomposition products such as CO and CO2 which could blow off the 

debris on the ablation surface (Figure 7.1a).54 The same phenomenon was also observed in 

azopolymer, which could release N2 (Figure 7.1b).128  
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Figure 7.1 Chemical structures of (a) PC (I=0) and PEC with carbonyl group,54 (b) Designed azopolymers with 

different substituents Rx
128 

 

Taking the above-mentioned aspects into consideration, the synthetic fluorinated polyimides 

with carboxylic acid group, which are more functionalised than commercial polyimide such as 

Kapton®, have great potential in laser micromachining applications. This kind of polyimides 

was originally designed as materials for gas separation membrane.129 In this chapter, KrF 248 

nm nanosecond excimer laser machining would be applied on these polyimide films to evaluate 

whether they are suitable for laser cutting applications. 

Two kinds of polyimides were involved in this chapter (Figure 7.2). The first, copolymer PI-

A, contains 6FDA-DAM moiety and 6FDA-DABA moiety with the ratio of 3:2, and the other, 

PI-B, contains 6FDA-DAM unit. As the chemical structures of PI-A and PI-B shown below 

illustrate, PI-A contains 40% more carbonyl group contained units than PI-B, which means 

PI-A will be decomposed into more gaseous product when ablated with UV excimer laser 

beam. The aim of this chapter is to investigate the laser ablation etch rate and threshold of these 

two kinds of polyimides with the comparison of commercialised polyimides, and whether the 

carbonyl group included in the polymer chain will impact the laser ablated result or not.   
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Figure 7.2 Chemical structure of PI-A: 6FDA-DAM:DABA and PI-B: 6FDA-DAM 

 

7.2. Experimental 

7.2.1. Materials 

4, 4’-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA, 99%, Sigma-Aldrich), 3, 5-

diaminobenzoic acid (DABA, 98%, Sigma-Aldrich), 2, 4, 6-trimethyl-m-phenylenediamine 

(DAM, 96%, Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-

Aldrich), tetrahydrofuran (THF, 99.5%, stabilised with 0.025% BHT, J. T. Baker Chemicals), 

methanol (99.8%, ECP Ltd) were used in this chapter. DAM and DABA were recrystallised 

before polymerisation. All the other chemicals were used as received, without further 

purification. 

7.2.2. Recrystallisation of 2, 4, 6-trimethyl-m-phenylenediamine (DAM) 

2, 4, 6-Trimethyl-m-phenylenediamine (5.0 g) was dissolved in 100 mL ethanol in a round 

bottom flask upon heating to reflux. The solution was then cooled to room temperature (20 °C) 

and left overnight. The white crystal was formed and then filtered by using a Buchner funnel. 

After drying in vacuum oven at 40 °C overnight, a white crystal was collected (4.2 g, 84%).    
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7.2.3. Recrystallisation of 3, 5-diaminobenzoic acid (DABA) 

3,5-Diaminobenzoic acid (5.0 g) was put into a round flask with approximately 200 mL water.  

The solution was then heated to 90 °C and kept at this temperature for 4 h. When most of the 

solid was dissolved in water, the solution was immediately filtrated by using a Buchner funnel 

when hot. The solution was cooled down to room temperature (20 °C), and then put into a 

fridge and kept at 4 °C overnight. The solution was filtrated the next day to get the precipitate.  

Ether (150 mL) was poured into the solid. The suspension was then stirred for 1.5 h. After 

filtration, the solid was dried in the fume hood to get an off-white solid (3.2 g, 64%). 

7.2.4. Synthesis of PI-A: 6FDA-DAM: DABA 

 

6FDA (991 mg, 2.23 mmol), DABA (136 mg, 0.89 mmol) and DAM (202 mg, 1.34 mmol) 

were dissolved in anhydrous NMP (4.0 mL). The mixture was stirred at room temperature 

overnight (20 °C) under N2. The reaction was heated to 200 °C for 6h under N2. After cooling 

to room temperature (20 °C), THF (15 mL) was added to dilute the solution. The mixture was 

afterwards added dropwise to methanol (200 mL) under vigorous stirring for precipitation. The 

polymer powder was filtered and dried, then the precipitation process was repeated once to get 

the light brown polymer powder (1.20 g, 96%). 1H NMR (400 MHz, DMSO-d6) δ 8.22-7.79 

(m, 36H, ArHd-k), 7.33 (s, 3H, ArHa), 2.15 (s, 18H, CHb3), 1.93 (s, 9H, CHc3). The molecule 

weight was determined by GPC (THF, polystyrene standard): Mn =20,686 g mol-1, Mw =39,762 

g mol-1, PDI (Ð) =1.92). 

7.2.5. Synthesis of PI-B: 6FDA-DAM  
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The synthesis of PI-B was performed similarly as the synthetic method of PI-A, 6FDA (2.0 g, 

4.50 mmol) and DAM (676 mg, 4.50 mmol), which were dissolved in anhydrous NMP (8.0 

mL). The mixture was stirred at room temperature overnight (20 °C) under N2. The reaction 

was heated to 200°C for 6h under N2. After cooling to room temperature (20 °C), THF (30 mL) 

was added to dilute the solution. The mixture was added dropwise to methanol (400 mL) under 

vigorous stirring for precipitation. The polymer powder was filtered and dried, then the 

precipitation process was repeated once to get the light grey polymer powder (2.45 g, 97%). 

1H NMR (400 MHz, Acetone-d6) δ 8.15-8.01 (m, 6H, ArHd-f), 7.31 (s, 1H, ArHa), 2.19 (s, 6H, 

CHb3), 1.89 (s, 3H, CHc3). The molecule weight was determined by GPC (THF, polystyrene 

standard): Mn =47,818 g mol-1, Mw =101,533 g mol-1, PDI (Ð) =2.12). 

7.2.6. Preparation of polyimide films for laser micromachining 

Polyimide films were prepared upon solvent casting. PI-A (0.3 g) was dissolved in THF to 

form 5% (W/V) solution which was then filtered by PTFE 0.4 µm filter. The resulting clear 

solution was cast on a 5.5 cm glass petri dish, covered by a beaker with a small gap at the 

bottom to let N2 pass through the beaker. A flat and transparent PI-A film was obtained after 

three days. The formed PI-A film was further dried under vacuum oven at 50°C for 72h to 

remove moisture and residue solvent. PI-B film was prepared by the same method as described 

above. 

7.2.7. Characterisation 

Ultraviolet-visible (UV-Vis) absorption spectra of each polyimide samples dissolved in THF 

were recorded from 190 to 900 nm by using a Shimadzu UV-2101PC UV-visible 

spectrophotometer. Polyimide samples were prepared in THF with a concentration of 0.1 mg 

mL-1 separately.  

Infrared (IR) spectra of the polyimide films were performed by using a Thermo Scientific 

Nicolet iS50 FT-IR spectrometer through an attenuated total reflection (ATR) mode.  

Nuclear magnetic resonance spectroscopy (NMR) was used to confirm the structure of 

monomer and polyimides in DMSO-d6, CDCl3 or acetone-d6 with a Bruker Avance 400 MHz 

spectrometer. 
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The thermal behaviour of the polyimide films were studied in N2 by thermogravimetric analysis 

(TGA) with TGA Q5000. TGA curves were recorded between 25 and 900°C with a heating 

rate of 10°C min-1 under N2 atmosphere. 

The thermal transition temperature was determined by differential scanning calorimetry (DSC) 

with DSC Q1000 over the temperature range of 25 to 400 °C, which was recorded at a heating 

rate of 10°Cmin-1 under a N2 atmosphere. The polyimide sample was initially heated from 25 

°C to 400°C to remove the thermal history at a heating rate of 10 °C min-1. The sample was 

then quenched to 25 °C at the rate of 5 °C min-1, after which it was scanned up to 400 °C at the 

rate of 10 °C min-1. 

The laser ablation profiles of the polyimide films were detected by using Dektak® XT 

profilometer. 

7.2.8. Laser micromachining 

The KrF 248 nm laser micromachining method was the same as the one mentioned that was 

used for PMMA in Chapter 3 (section 3.2.5 laser micromachining), with two rows of lines done 

by different number of shots with 10%, 20%, 40%, 60%, 80% and 100% transmission of the 

laser fluence separately. The corresponding laser power energy and fluence are listed in Table 

7.1.  

Table 7.1 KrF 248 nm nanosecond laser attenuator transmission with the measured power and calculated 

fluence for PI-A and PI-B polymer films 

Transmission Measured power (mW) Fluence (J cm-2) 

100% 9.80 0.78 

80% 7.84 0.63 

60% 5.88 0.47 

40% 3.92 0.31 

20% 1.96 0.16 

10% 0.98 0.08 
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7.3. Results and Discussion 

7.3.1. Polyimides PI-A and PI-B synthesis 

The purity and chemical structures of the starting materials 6FDA, DAM, DABA were 

confirmed by 1H NMR before use. The aromatic protons of 6FDA presented the peaks from 

7.59 to 7.81 ppm (Figure 7.3). A detailed spectrum inset is shown to indicate the peaks shape. 

As the Figure 7.4 shows, the 1H NMR of DAM in CDCl3, the aromatic proton presented the 

peak at 6.67 ppm, while the methyl group’s peak was at 2.02 and 2.10 ppm. The protons from 

amine were observed at 3.45 ppm as a broad single peak. For 1H NMR of DABA in Figure 7.5, 

the two peaks at δ=6.3 and 5.9 ppm were assigned to be the three aromatic hydrogens on the 

benzene ring. Except for the aromatic hydrogen atom shown in the spectrum, the broad peak 

centered around δ=5.2 was supposed to be amine groups, and the carboxylic acid hydrogen 

was not seen due to the fast protons exchange. The solvent peak of DMSO was at δ=2.5 ppm 

as a multiplet.  

 

 

Figure 7.3 1H-NMR spectrum of starting material 6FDA in DMSO-d6 
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Figure 7.4 1H-NMR spectrum of starting material DAM in CDCl3 

 

Figure 7.5 1H-NMR spectrum of starting material DABA in DMSO-d6 
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Based on the polyimide synthesis study, it was found that the molecule weight was affected by 

the reaction concentration significantly. The final synthesis procedure described above 

concluded a reaction concentration of around 30% (W/V) monomers in NMP. Before being 

obtained with the high molecular weight polyimide with this concentration, other 

polymerisation concentration was also tried with the concentration of 10% (W/V) monomers 

in NMP. However, none of the PI-A or PI-B films were obtained by using low polymerisation 

concentration (10%); only fragile debris was obtained, which indicated the low molecular 

weight.  

The resulting PI-A showed good solubility in NMP, THF, DMSO, and acetone, while PI-B 

can be dissolved in NMP, THF, and acetone. It was thus possible to cast the synthesised powder 

into films. The mechanical strength of polyimide film is highly dependent on its molecular 

weight. The resulting light brown polyimide showed excellent transparency (Figure 7.6) and 

could be folded without breaking.  

 

 

Figure 7.6 Transparent polyimide films PI-A and PI-B 

 

7.3.2. Chemical characterisation 

The UV-Vis spectra (Figure 7.7) of PI-A and PI-B were obtained by dissolving the samples in 

THF at a concentration of 100 mg L-1. The maximum absorption peaks appeared at the similar 

wavelength for both samples, which were around 250 nm and 300 nm. The two polyimide 
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samples showed almost the same absorption property at around 248 nm, which was the 

wavelength of the KrF 248 nm nanosecond excimer laser. Therefore, it will be interesting to 

compare the laser micromachining result based on the different carbonyl content of PI-A and 

PI-B. 

 

   

Figure 7.7 UV-Vis spectra of PI-A and PI-B 
 

The ATR-FTIR technique was applied to detect the characteristic functional groups in the 

synthesised polyimides. Figure 7.8 shows the IR spectra of synthesised polyimide films which 

were taken over the rage of 400-4000 cm-1. The broad band at 3200-3500 cm-1 corresponded 

to the moisture, and the peak at 2900 cm-1 was the stretching absorption of alkane C-H. The 

characteristic peaks assigned to the imide C=O stretching were observed at around 1785 cm-1 

and 1725 cm-1, which overlaped with the carboxyl group of DABA from PI-A. The peaks 

between 1400 and 1000 cm-1 were possibly assigned to the C-F stretching on 6FDA. The peaks 

at 1353 cm-1 were due to the C-N functionality. The absence of peaks at 1650 cm-1 (amide C=O) 

and 1550 cm-1 (amide N-H) indicated complete imidisation of polyamic acid. The carboxyl 

group from PI-A could not be clearly indentified, which might because of the overlap with the 

other characteristic peaks.  
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Figure 7.8 IR spectra of PI-A and PI-B  

 

The chemical structures of both PI-A and PI-B were confirmed by using 1H NMR. For the 1H-

NMR of PI-A in DMSO-d6 (Figure 7.9), the peaks appeared at 7.8-8.2 ppm belonged to the 

aromatic protons of 6FDA and DABA, and the single peak at 7.3 ppm was assigned to DAM. 

The methyl group from DAM appeared at 1.9 and 2.1 ppm, which was consistent with the 

previous publication.130 These broad peaks of each functional groups also matched well with 

the monomers which indicated the successful condensation polymerisation. The solvent peak 

of DMSO was at 2.5 ppm as a singlet and the water peak is at 3.3 ppm. It is common that all 

the spectra of samples using DMSO as solvent are likely to contain a water peak at δ = 3.3 ppm 

because of the strong moisture absorption property of DMSO by itself. In this case, the proton 

of the carboxyl group was not observed because of the exchange between carboxylic acid 

protons and other OH groups such as the moisture. The ratio of the unit 6FDA-DAM and 

6FDA-DABA in the resulting polymer was calculated by the integration of each of the aromatic 

and methyl peaks, which was in good agreement with the theoretical ratio 3:2.   
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Figure 7.9 1H NMR spectrum of PI-A: 6FDA-DAM:DABA in DMSO-d6 
 

As shown in Figure 7.10, 1H NMR spectrum of PI-B in acetone-d6 showed similar results as 

PI-A. The aromatic protons of 6FDA could be found at 8.0-8.2 ppm, and the single peak at 7.3 

ppm was assigned to the aromatic proton from DAM. The peaks appearing at 2.0 and 2.2 ppm 

were assigned to the DAM methyl groups. The solvent peak of acetone was at 2.05 ppm as a 

multiple and the water peak was at 2.8 ppm. 
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Figure 7.10 1H NMR spectrum of PI-B: 6FDA-DAM in acetone-d6 
 

The GPC chromatograms of PI-A and PI-B are shown in Figure 7.11. It was noticeable that 

higher molecular weight came up with relatively high polydispersity index (PDI), compared 

with PI-A (Mn = 20,686; PDI = 1.92) and PI-B (Mn = 47,818; PDI = 2.12) (Table 7.2).  

 

Figure 7.11 GPC chromatograms of PI-A and PI-B 
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Table 7.2 Molecular weight and thermal analysis data of PI-A and PI-B 

Polymer 

Molecular weight 

(g mol-1) 
Ð 

Td (ºC)a Tg (ºC)c 

Mn Mw Mn/Mw 

PI-A 20,686 39,762 1.92 205.2 342.1 

PI-B 47,818 101,533 2.12 507.7 379.1 

a Onset temperature of decomposition; bGlass transition temperature 

 

TGA and DSC were used to determine the thermal properties of PI-A and PI-B films. They 

could provide a series of information such as phase transitions and chemical changes. TGA 

could provide the thermal stability decomposition information. Polyimides are kind of 

polymers showing high thermal stability. As shown in Figure 7.12, the first slope around 5% 

for both PI-A and PI-B indicated the loss of the moisture and residue solvent contained in the 

films. After 200 °C, PI-A films showed an insignificant weight loss of around 5% until 500 °C. 

This weight loss could probably be because of the side chain decarboxylation of PI-A.131 

Clearly, PI-B presented much more thermal stability than PI-A because of the absence of the 

carboxyl side chain. The polyimide films showed a fast weight loss process after 500 °C, which 

indicated the backbone decomposition of PI-A and PI-B, typically the cleavage of imide 

linkages. After heating up to 900 °C, PI-A kept its 20% initial weight while 30% weight was 

left for PI-B.  

 

Figure 7.12 TGA curves of PI-A and PI-B under N2 at 10 °C min-1 
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As shown in Figure 7.13, the DSC curves gave the glass transition temperatures information 

of the polyimide films which indicated PI-A had a lower value of glass transition temperatures 

than PI-B, which are 342.1 °C for PI-A and 379.1  °C for PI-B. The carboxyl acid group 

mobility of PI-A might result in a lower glass transition temperature than that of PI-B. Data 

extracted from TGA and DSC curves of the polyimides PI-A and PI-B are summarised in 

Table 7.2. 

 

Figure 7.13 DSC thermograms of PI-A and PI-B 

7.3.3. Laser micromachining study 

Because of the accidental loss of the polyimide samples, only a screenshot from Dektak® is 

shown to evaluate the ablation quality of shots on polyimide films instead of SEM images. The 

spots shown in Figure 7.14 are ablated by laser fluence of 0.08 J cm-2 with different numbers 

of shots. Both samples were clean, without any visible debris outside the etched spot area. 

 

Figure 7.14 Screenshot from Dektak® of PI-A and PI-B at 0.08 J cm-2 with different number of shots (1, 2, 5, 

10, 15, 25, 50, 100 shots from top to bottom) 



Chapter 7.  

149 
 

To investigate the etch rate of the synthesised polyimide films, the ablation depth under several 

laser fluences was plotted against the number of shots. The linear trendlines obtained for PI-A 

indicated the ablation rate which showed a R-squared value >0.99 (Figure 7.15).  Similar linear 

lines were found for PI-B (Figure 7.16). The etch rate of PI-A and PI-B at several fluences 

was summarised in Table 7.3. When applied with low laser beam fluence (< 0.1 J cm-2), PI-B 

had a slightly higher etch rate than PI-A. However, when relatively higher fluence applied 

(0.16 J cm-2 to 0.78 J cm-2), PI-A which contained 40 mol% carboxyl acid group (calculated 

as the polymer repeating unit) showed a much faster etch rate than that of PI-B at the same 

laser fluence. At the fluence of 0.78 J cm-2 with 50 shots, PI-A had etched depth of around 35 

µm compared with 23 µm of PI-B, which was 150% deeper. 

 

Figure 7.15 Ablation depths according to the number of shots for lines etched in PI-A at several fluences 

 

Figure 7.16 Ablation depths according to the number of shots for lines etched in PI-B at several fluences 
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Table 7.3 Etch rate (µm per shot) of PI-A and PI-B under several laser beam fluence of KrF 248 nm laser 

PI 

Etch rate (µm per shot) 

Fluence (J cm-2) 

0.08 0.16 0.31 0.47 0.63 0.78 

PI-A 0.12 0.20 0.34 0.55 0.66 0.71 

PI-B 0.15 0.17 0.23 0.25 0.38 0.46 

Commercial Kapton®  0.11*43     

*0.11 µm per shot for Kapton® at the fluence of around 0.15 J cm-2 

 

Compared with KrF 248 nm nanosecond excimer laser ablation of commercialised Kapton® 

published before,43 PI-A and PI-B both showed an increased etch rate. For example, Kapton® 

had an etch rate of around 0.11 µm per shot vs. more than 0.17 µm per shot of both PI-A and 

PI-B when applied with the similar laser beam energy with the value of approximately 0.15 J 

cm-2. Although the detailed laser ablation could be affected by the laser workstation setup, it 

still could be concluded that the polyimides in this thesis presented better etch rate performance 

than commercially available Kapton® under the same laser beam fluence.  

As shown in Figure 7.7 of UV-Vis absorption spectrum, PI-A and PI-B presented almost the 

same values at the laser cutting wavelength 248 nm. However, the laser ablation rate showed 

quite different results, a much faster etch rate of PI-A than PI-B when using higher laser 

fluence (>0.1 J cm-2). This demonstrated that the UV absorption of the material was not the 

only factor that could affect the laser ablation result. The functional group such as carboxyl 

acid or the previous published triazene128 could also affect the laser ablation result due to the 

resulting decomposition compound. Nanosecond laser ablation consists of complex, 

overlapping photochemical and photothermal phenomena. Photoionization is followed by the 

ejection of materials including atomic radicals, small fragment radicals, and larger fragments 

of molten and solid material, depending upon the details of the irradiation conditions. 

It also could be found in previously published research that the carbon dioxide which 

decomposed from PI-A could enhance the laser ablation rate by gas flowing from the debris 

on the polymer surface. It was almost the similar process as PI-A, except for the absence of a 
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carboxyl acid group which could decompose into carbon dioxide. Because of the limitation of 

the external experimental conditions, the micro decomposition compound analysis could not 

be applied in this research, but it still could be deduced.  

An effective absorption coefficient (αeff) and ablation threshold (Fth) are the two parameters to 

quantify the laser polymer interaction. These two values could be calculated from the Beer’s 

law equation depending on the etch rate data extracted from the above etch rate linear spectra 

of PI-A and PI-B form Figure 7.15 and Figure 7.16. As shown in Figure 7.17, the etch rate of 

PI-A and PI-B was plotted against the corresponding laser beam fluence in logarithmic scale 

respectively. A logarithmic trendline was predicted for each sample, with a calculation of αeff 

= 3.68×104 cm-1, Fth
 = 0.064 J cm-2 for PI-A; αeff = 8.14×104 cm-1, Fth

 = 0.033 J cm-2 for PI-B. 

As the effective absorption coefficient (αeff) 
 depends on the linear absorption coefficient, 

thermal diffusion length and the absorption of the incoming laser pulse by the laser ablation 

created plasma66, the difference of this value between PI-A and PI-B might result from a 

complex affection of the mentioned factors. The effective absorption coefficient of PI-A was 

much lower than that of PI-B, which made more laser beam energy penetrate the film. 

Therefore, the ablation on PI-A film started at a relatively higher laser beam but resulted in a 

faster etch rate at high laser fluence than PI-B.66  

 

 

Figure 7.17 Ablation depth per shot (µm) according to the fluence for PI-A and PI-B 
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7.4. Conclusions 

In summary, fluorinated polyimides PI-A and PI-B were synthesised successfully and 

thoroughly characterised by using UV-Vis, IR, NMR, GPC, TGA and DSC. The resulting 

polyimides showed good film-forming property to give transparent and flexible films. The 

good film-forming property made them possible in applications of coating and free-standing 

film.   

A KrF 248 nm nanosecond excimer laser beam was applied on both of the PI-A and PI-B film 

with several different laser beam fluences and number of shots. There was no obvious debris 

found around the ablated surface according to the screenshot from Dektak®. The ablated 

surface of polyimide films was evaluated by Dektak® to measure the ablation depth for 

calculation of etch rate, effective absorption coefficient and ablation threshold. In comparison, 

PI-A functionalised with more carboxyl acid group showed much faster etch rate than PI-B, 

especially when higher laser fluence (> 0.1 J cm-2) was applied. Both PI-A and PI-B film 

showed a much faster etch rate than commercialised polyimide Kapton®.  

The polyimide with carboxyl group, PI-A, was supposed to decompose into carbon dioxide 

gaseous product which might enhance the laser ablation result as a “clean gas” according to 

previous research on polycarbonate copolymer with carboxyl functional group. Although PI-

A and PI-B had similar UV-Vis absorbance at the wavelength of 248 nm, the effective 

absorption coefficient (αeff) and ablation threshold (Fth) presented a quite different value, αeff = 

3.68×104 cm-1, Fth
 = 0.064 J cm-2 for PI-A; αeff = 8.14×104 cm-1, Fth

 = 0.033 J cm-2 for PI-B. 

These polyimides offered an interesting selection for further laser ablation applications, 

particularly in optic devices such as the flexible circuit and microelectronics packaging because 

of their good laser ablation performance and chemical thermal resistance.  



Chapter 8.  

153 
 

Chapter 8. Laser Micromachining of Perfluorocyclobutane 

Polymer  

8.1. Introduction 

Fluoropolymers represent a kind of carbon-fluorine bonds based polymer. A fluoropolymer has 

many advantages compared with general commercial polymers, including increased thermal 

and oxidative stability, solvent compatibility, environmental stability and optical transparency, 

and thus can be widely used in daily life and even in scientific and research studies.132 For 

example, polytetrafluoroethylene (PTFE, Figure 8.1), which is well-known as its brand name 

“Teflon®” produced by Dupont Co., could be either used as non-stick coating for cooking pans 

or containers for corrosive chemicals in labs.  

 

           

Figure 8.1 Chemical structure of PTFE 

 

There are a few published researches of laser irradiation on PTFE films study. These PTFE 

films include pure commercialised PTFE films and other kinds of polymer-doped PTFE films. 

The laser beams applied on the PTFE films include nanosecond and femtosecond lasers at 

several wavelengths. Blanchet et al demonstrated that PTFE can be deposited by 266 nm Nd-

YAG laser, which was suggested to be a thermally driven process as PTFE absorbs weakly at 

the wavelength longer than 193 nm.133 Besides the direct laser micromachining, there are other 

advantageous applications of PTFE on nanosecond excimer laser, like the surface modification 

aiming at a more suitable surface for coating.134-137 The laser beam fluence applied in this 

process is relatively low compared with the energy used in laser micromachining. The 

nanosecond excimer laser micromachining of PI doped PTFE films at 248 nm and 308 nm was 

studied.47 In another study, the deposited PTFE was shown to form on glass substrates and 

carbon-coated copper grids, consisting of both amorphous and crystalline components under 

KrF 248 nm nanosecond excimer laser.138  
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However, there is little research on the laser micromachining on other fluoropolymers except 

the above-mentioned commercially available PTFE. Besides PTFE, there are numerous kinds 

of fluoropolymers which have been manufactured for different purposes. For example, 

polyvinyl fluoride (PVF), which has very similar structure to polyvinyl chloride, can be used 

in airplane and whiteboard coating. It is therefore valuable to investigate if other 

fluoropolymers are suitable for laser micromachining studies and applications. In this chapter, 

a kind of semi-fluorinated polymer film, named perfluorocyclobutane (PFCB) polymer (Figure 

8.2), was synthesised from trifluorovinyl ether via thermal dimerisation with the aim of KrF 

248 nm laser micromachining research. PFCB polymers, which contain alternating 

perfluorocyclobutane and aromatic ether subunits, were first synthesised and studied by Dow 

Chemical Company during the early nineties.139  

 

 

Figure 8.2 Chemical structure of PFCB polymer 

 

PFCB polymers, which can be synthesised under thermal cyclopolymerisation, have more 

advantages over properties of other fluoropolymers, and also hold much better mechanical 

properties and engineering manufacturing abilities than traditional PTFE has. These properties 

include low dielectric constant, moisture resistance, low surface energy, thermal oxidative 

stability and chemical resistance, making PFCB polymers promising candidates for practical 

applications such as proton exchange membranes, coating materials, polymer optical 

waveguides and high density electronic packages.  

In this chapter, the PFCB polymer was synthesised and characterised based on earlier 

findings.139 The resulting transparent film was then laser machined by using a KrF 248 nm 

laser beam. The laser ablated area quality was evaluated with SEM images. The ablated depth 

was measured with a Dektak® profiler, followed by the etch rate, effective absorption 

coefficient (αeff) and ablation threshold (Fth) parameters study.  
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8.2.  Experimental 

8.2.1. Materials 

Zinc (≥99.8%, Sigma-Aldrich), acetonitrile (99.5%, J. T. Baker Chemicals), n-hexane (99.5%, 

J. T. Baker Chemicals), diphenyl ether (≥99%, Sigma-Aldrich), methanol (99.5%, J. T. Baker 

Chemicals) were all commercially available and directly used without further purification.  

4, 4'-Bis(2-bromotetrafluoroethoxy)biphenyl was obtained from the previous project and 

purified by column with the n-hexane as the eluent. The resulting chemical structure of the 

pure product was confirmed by using 1H NMR and 19F NMR. 

8.2.2. Synthesis of 4, 4'-bis(trifluorovinyloxy)biphenyl monomer 

 

 

Scheme 8.1 Synthesis of 4, 4'-bis(trifluorovinyloxy)biphenyl 

 

4, 4'-Bis(2-bromotetrafluoroethoxy)biphenyl (5 g, 9.2 mmol) and zinc (1.8 g, 27.5 mmol) were 

added in anhydrous acetonitrile (40 mL) in a 100 mL flask. The mixture was heated to reflux 

under N2 overnight. A sample for 19F NMR was taken out from the reaction which indicated 

that the starting material had disappeared. The suspension was filtrated and the zinc salts (zinc 

bromide, ZnBr2) was washed with acetone thoroughly. The liquid portion were combined and 

evaporated to provide a yellow solid. The residue was purified by chromatography (n-hexane 

as the eluent), giving product 4, 4' -Bis(trifluorovinyloxy)biphenyl as a white solid (2.5g, 79%). 

19F NMR (CDCl3, 376 MHz): δ = -119.66 (dd, J1= 97.1 Hz, J2= 58.2 Hz 2H), δ = -126.55 (dd, 

J1= 110.2 Hz, J2= 96.8 Hz 2H), δ = -133.98 (dd, J1= 109.9 Hz, J2= 58.3 Hz 2H) ppm. 1H NMR 

(CDCl3, 400 MHz): δ = 7.51 (d, J= 8.75 Hz, 1H), 7.15 (d, J= 8.61 Hz, 1H) ppm. 13C NMR 

(CDCl3, 100 MHz): δ = 154.68, 137.01, 128.56, 116.33 ppm. 
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8.2.3. Synthesis of perfluorocyclobutane polymer (PFCB polymer) 

 

Scheme 8.2 Synthesis of PFCB polymer 

 

4, 4'-Bis(trifluorovinyloxy)biphenyl (500 mg, 1.45 mmol) and diphenyl ether (0.5 mL) were 

added to a 5 mL flask under a N2 atmosphere. The flask was placed in an oil bath at 210 °C for 

polymerisation. The reaction lasted for 10 h, and the resulting solution was added to 75 mL of 

methanol to precipitate the solid product. The suspension was stirred in methanol for 1 h and 

filtrated to obtain PFCB polymer as a white solid (320 mg, 64%). 19F NMR (CDCl3, 376 MHz):  

δ = -126.7~-131.3 (m) ppm. 1H NMR (CDCl3, 400 MHz): δ = 7.46 (br, 1H), 7.20 (br, 1H) ppm. 

The molecule weight was determined by GPC (THF, polystyrene standard): Mn = 89,890 g 

mol-1, Mw = 177,558 g mol-1, PDI (Ð) =1.98. 

 

8.2.4. Preparation PFCB polymer film for laser micromachining  

PFCB polymer film was prepared upon solvent casting. Synthetic PFCB polymer powder (0.3 

g) was dissolved in chloroform to form 5% (W/V) solution which was then filtered by PTFE 

0.4 µm filter. The resulting clear solution was then cast on a 5.5 cm size glass petri dish, covered 

by a beaker with a small gap at the bottom to let N2 pass through the beaker. A flat and 

transparent colourless PFCB polymer film was obtained after three days. The resulting PFCB 

polymer film was then left in the vacuum oven at 50°C for 72h to remove the residue solvent 

and moisture.  

 

8.2.5. Characterisation 

Ultraviolet-visible (UV-Vis) absorption spectrum of PFCB polymer dissolved in CHCl3 with 

a concentration of 0.1 mg mL-1 were recorded from 190 to 900 nm by using a Shimadzu UV-

2101PC UV-visible spectrophotometer.  
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Infrared (IR) spectra of the PFCB polymer film was performed by using a Thermo Scientific 

Nicolet iS50 FT-IR spectrometer through an attenuated total reflection (ATR) mode.  

1H NMR (400 MHz), 19F NMR (376 MHz) and 13C NMR (100 MHz) nuclear magnetic 

resonance spectroscopy (NMR) was used to confirm the chemical structure of 4, 4'-

bis(trifluorovinyloxy)biphenyl monomer and final PFCB polymer in CDCl3 with a Bruker 

Avance 400 MHz spectrometer. 

Gel permeation chromatography (GPC) instrument was fitted with a Waters 1515 isocratic 

HPLC pump equipped with HR 4E and HR 4 styragel column in series and a Waters 2414 

refractive index detector. The PFCB polymer was prepared in THF with a concentration of 

10.0 mg mL-1. The eluent was THF with a flow rate of 1.0 mL min-1. The molecular weight 

was calibrated with polystyrene standards. 

The thermal behaviour of the PFCB polymer film was studied in N2 by thermogravimetric 

analysis with TGA Q5000. TGA curve was recorded between 25 and 900 °C with a heating 

rate of 10 °C min-1 under N2 atmosphere. 

The thermal transition temperature was determined by differential scanning calorimetry (DSC) 

with DSC Q1000 over the temperature range of 25 to 400 °C which was recorded at a heating 

rate of 10 °C min-1 under a N2 atmosphere. The PFCB polymer sample was initially heated 

from 25 °C to 400 °C to remove the thermal history at a heating rate of 10 °C min-1. The sample 

was then quenched to 25 °C at the rate of 5 °C min-1, followed by being scanned up to 400 °C 

at the rate of 5 °C min-1. 

Scanning electron microscopy (SEM) was used to check the quality of the ablated lines on 

PFCB polymer film with a Philips XL30S field emission scanning electron microscope 

(accelerating voltage 10 KV). Laser ablation profile of the PFCB polymer film was detected 

by using Dektak® XT profilometer. 

8.2.6. Laser micromachining 

The KrF 248 nm laser micromachining method was the same as the one mentioned as being 

used for PMMA in Chapter 3 (section 3.2.5 laser micromachining), with two rows of lines done 

by different number of shots with 10%, 20%, 40%, 60%, 80% and 100% transmission of the 

laser fluence separately. The corresponding laser power energy and fluence are listed in Table 

8.1.   
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Table 8.1 KrF 248 nm nanosecond laser attenuator transmission with the measured power and calculated 

fluence for PFCB polymer film 

Transmission Measured power (mW) Fluence (J cm-2) 

100% 10.6 0.85 

80% 8.7 0.70 

60% 7.1 0.57 

40% 5.2 0.42 

20% 2.7 0.22 

10% 1.4 0.11 

 

8.3. Results and discussion 

8.3.1. Chemical characterisation 

The resulting transparent colourless PFCB polymer film was cast from chloroform (Figure 

8.3). UV-Vis spectrum was measured from PFCB polymer dissolved in chloroform. The 

concentration of the diluted polymer solution was 100 mg L-1. Although PFCB polymer was 

observed with the λmax value of 267 nm, the absorbance at 248 nm still presented a relatively 

high value (Figure 8.4). As the KrF 248 nm laser beam would be applied on this polymer film, 

the high value of absorbance at this wavelength demonstrated the corresponding high 

absorption of the laser beam energy, indicating an effective laser cutting process.  
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Figure 8.3 Synthesised transparent PFCB polymer film 

 

 

Figure 8.4 UV-Vis spectrum of PFCB polymer 

 

Figure 8.5 shows the IR spectrum of PFCB polymer, revealing the common 

perfluorocyclobutane polymer characters (cm-1): 1606 and 1496 (aromatics C-C stretching), 

1302 and 1265 (Ar-O-C stretching), 1195 and 1117 (C-F stretching), 957 

(hexafluorocyclobutane). The PFCB ring peak appeared at 957 cm-1, confirming the successful 

polymerisation.140    
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Figure 8.5 IR spectrum of PFCB polymer 

 

A traditional method to synthesis the biphenyl monomer containing trifluorovinyl group was 

involved in this study via -CF2CF2Br moiety followed by Zn elimination reaction (Scheme 

8.3). The mechanism of PFCB polymer synthesis is shown in Scheme 8.4. The head to head 

cycloaddition is followed by a rapid ring closure giving an equal mixture of cis- and trans- 1,2-

disubstituted perfluorocyclobutane linkages141 which has been approved by both polymer 

measurement142 and model studies139. 

 

 

Scheme 8.3 Zn elimination reaction 
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Scheme 8.4 Cyclopolymerisation mechanism of aryl trifluorovinyl ether monomers 

 

The chemical structures of both trifluorovinyl monomer and PFCB polymer were confirmed 

by NMR spectrum including 1H, 19F and 13C in CDCl3. As shown in Figure 8.6, the proton 

NMR spectrum of trifluorovinyl monomer, two groups of aromatic peaks were observed in the 

range of 7.1-7.5 ppm. 19F NMR of the biphenyl monomer showed the characteristic series of 

multiplets coupling with each other ranging from -119.5 to -134.2 ppm, which was in good 

agreement with previously published results (Figure 8.7).143 As shown with the carbon NMR 

spectrum in Figure 8.8, the aromatic carbons were clearly observed with vinylic carbon signals, 

also showing good consistency with the previous publication.142  

As mentioned in the synthesis section, the synthesis of monomer process can be monitored by 

using 19F NMR. The completion of the reaction can be confirmed by comparing the fluorine 

chemical shift between starting material bromotetrafluoroethoxy biphenyl and resulting 

trifluorovinyl monomer (Figure 8.9).  

The 1H NMR and 19F NMR spectra of PFCB polymer are shown in Figure 8.10 and Figure 

8.11 respectively. The absence of the fluorine peak from the monomer in Figure 8.11 

demonstrated a successful polymerisation. Fluorine signals ranging from -126.7 to -131.3 ppm 

showed the characteristic series of multiplets coupling with each other representing the 

perfluorocyclobutyl.  
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Figure 8.6 1H NMR spectrum of PFCB trifluorovinyl monomer 

 

 

Figure 8.7 19F NMR spectrum of PFCB trifluorovinyl monomer 
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Figure 8.8 13C NMR spectrum of PFCB trifluorovinyl monomer 

 

 

Figure 8.9 Comparison of 19F NMR spectra of (a) 4, 4'-bis(2-bromotetrafluoroethoxy)biphenyl and (b) 4, 4'-bis 

(trifluorovinyloxy)biphenyl monomer 
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Figure 8.10 1H NMR spectrum of PFCB polymer 

 

 

Figure 8.11 19F NMR spectrum of PFCB polymer 
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Figure 8.12 exhibits the GPC chromatogram of PFCB polymer in THF (relative to polystyrene 

standards) gave a monomodal distribution with Mn = 89,890, Mw =177,558, PDI (Ð) = 1.98 

which confirmed the good film-forming property of PFCB polymer. 

 

 

Figure 8.12 GPC chromatogram of PFCB polymer 

 

The thermal stability of PFCB polymer film was characterised by TGA under N2. Figure 8.13 

exhibited a typical TGA curve for PFCB polymer. The temperature at 5% weight loss (T5) was 

measured to be 466.0 °C with an actual onset temperature of decomposition at 442.9 °C and 

extrapolated onset temperature of decomposition at 479.9 °C. PFCB polymer, in general, 

thermally degrade by hemolytic cleavage at the cyclobutyl ether linkage forming 

hexafluorocyclobuene. Then PFCB polymer underwent a fast degradation until 600 °C with 

the loss of nearly 60% of the initial weight, which indicated the break of the backbone. DSC 

was used to determine the glass transition temperature (Tg) of the PFCB polymer. The value 

of the glass transition temperature was found to be 147.5 °C, according to the DSC thermogram 

(Figure 8.14). 
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Figure 8.13 TGA curve of PFCB polymer under N2 at 10°C min-1 

 

 

Figure 8.14 DSC thermogram of PFCB polymer 

 

8.3.2. Laser micromachining study 

The ablated lines quality was characterised by using SEM micrographs. SEM images of lines 

done by the KrF 248 nm laser beam under several different fluences are shown in Figure 8.15. 

The etched pattern was well defined from the lowest beam fluence, with 10% laser beam 

transmission of 0.11 J cm-2. All the ablated lines and spots presented clear edges and surfaces 

without any debris or bubbles being observed outside. The unaffected surface also kept a 
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smooth feature, which indicated a low heat affected zone (HAZ) of the KrF laser beam applied 

on PFCB polymer film. It thus was concluded that PFCB polymer showed good laser ablation 

efficiency under the 248 nm nanosecond excimer laser beam wavelength. 

 

 

Figure 8.15 SEM micrographs of lines done in PFCB polymer with fluence of (a)10% transmission, 0.11 J cm-

2; (b) 20% transmission, 0.22 J cm-2; (c) 40% transmission, 0.42 J cm-2; (d) 60% transmission, 0.57 J cm-2; (e) 

80% transmission, 0.70 J cm-2; (f) 100% transmission, 0.85 J cm-2; the number of shots from left to right are first 

row: 1, 2, 5, 10, 15, 25, 50, 100, second row: 10, 20, 50, 100, 150, 250, 500, 1000. 
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To investigate the etch rate of PFCB polymer, the ablation depth of each laser beam fluence 

was plotted against the number of shots that applied (Figure 8.16). A linear trend (R2>0.97) 

was observed for each line shown in Figure 8.16 which indicated the etch rate for different 

fluences. This phenomenon was quite similar to the previously studied chromophore 

functionalised PMMA and PU, both having the high absorbance at specific laser beam 

wavelength. This demonstrated that the etch depth of PFCB polymer could be precisely 

controlled by changing the laser beam fluence and number of shots. The etch rate of PFCB 

polymer with different laser beam fluences is summarised in Table 8.2.  

 

Table 8.2 Etch rate (µm per shot) of PFCB polymer under several laser beam fluence of KrF 248 nm laser 

Polymer 

Etch rate (µm per shot) 

Fluence (J cm-2) 

0.11 0.22 0.42 0.57 0.70 0.85 

PFCB 0.11 0.18 0.22 0.24 0.26 0.31 

 

As in the previous chapters, the etch rate extracted from Figure 8.16 was plotted against the 

corresponding laser beam fluence in logarithmic scale (Figure 8.17) to extract the effective 

absorption coefficient (αeff) and ablation threshold (Fth) value. This trendline (R2 = 0.95) was 

shown in Figure 8.17 to fit with Beer’s law.   

𝑑(𝐹) =
1

𝛼𝑒𝑓𝑓
ln (

𝐹

𝐹𝑡ℎ
) 

The result showed that a photochemical model was suitable to be applied in explanation of the 

KrF 248 nm laser ablation behaviour on PFCB polymer film. The effective absorption 

coefficient and ablation threshold thus was calculated as the following value: αeff = 11.47×104 

cm-1, Fth
 = 0.031 J cm-2. Compared with the other kind of polymers that are investigated in the 

previous chapters, PFCB polymer presented one of the lowest ablation threshold. The etching 

process started from the first shot with the lowest laser beam fluence that applied; also 

indicating no incubation effect of PFCB polymer with KrF 248 nm laser ablation. Considering 

the relatively high UV-Vis absorbance of PFCB polymer at the wavelength of 248 nm, the KrF 

laser beam can be highly absorbed by the material and then can result in an effective etched 
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pattern. Along with the thermal stability, processability, dielectric properties139 and clean 

ablated surface, all these features make PFCB polymer a promising material for laser 

micromachining applications for optical devices.   

 

 

Figure 8.16 Ablation depths according to the number of shots for lines etched in PFCB polymer at several 

fluences 

 

 

Figure 8.17 Ablation depth per shot (µm) according to the fluence for PFCB polymer 
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8.4. Conclusions 

In conclusion, semi-fluorinated PFCB polymer was successfully prepared and fully 

characterised by using UV-Vis, FTIR, NMR, GPC, TGA and DSC. The synthesised PFCB 

polymer has good film-forming property and thermal stability. In order to investigate the 

excimer laser ablation on this polymer, the PFCB polymer film was treated with the KrF 248 

nm nanosecond laser at several fluences from 0.11 to 0.85 J cm-2 and different number of shots. 

The PFCB polymer film was efficiently machined starting from the lowest beam fluence of 

0.11 J cm-2 with a clean and smooth etched surface without any debris observed outside the 

etching area according to SEM images. The effective absorption coefficient (αeff) and ablation 

threshold (Fth) were calculated depending on Beer’s law equation, which are αeff = 11.47×104 

cm-1 and Fth
 = 0.031 J cm-2 without any obvious incubation effect.  
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Chapter 9. Conclusions of Synthesised Polymers for Laser 

Micromachining and Future Work 

9.1. Conclusion of synthesised polymers for laser micromachining 

9.1.1. Summary of the synthesised polymers for laser micromachining 

This thesis started with preliminary research in Chapter 2 on the KrF 248 nm nanosecond 

excimer laser micromachining. To gather preliminary results on laser micromachining of 

polymers, eleven different commercially used plastics were machined with the KrF 248 nm 

laser beam with different laser fluences. These commercially used plastics cover the most 

typical polymers with different chemical structures, mainly aromatic polymers and aliphatic 

polymers, and different thermal properties, including the processing temperature and thermal 

conductivity. The plastic material with aromatic group could be etched efficiently with beam 

fluence from the lowest 0.2 J cm-2 to the highest 0.74 J cm-2, whose etch depth indicated an 

increasing trend when enhancing the laser beam fluence. A photochemical model would be 

mainly applied when interpreting the above phenomenon rather than a photothermal model. 

The synthesis and characterisation of chromophore functionalised poly(methyl methacrylate) 

then followed in Chapter 3. The designation was based on the concept that one chemical way 

to enhance the laser ablation consists in designing polymers that incorporate a photosensitive 

group into their main chains. The KrF 248 nm laser micromachining result proved that both 

the etch rate and the ablation area quality were enhanced by modifying the polymers with 

chromophore comparing with corresponding control polymer. The laser micromachining result 

at the KrF 248 nm laser beam applied in this thesis was compared with previously published 

similar anthracene grafted poly(methyl methacrylate) by using a 351 nm laser beam. The 

results showed that a laser beam at the wavelength of 248 nm was much more suitable than a 

351 nm laser beam for anthracene modified poly(methyl methacrylate) depending on the UV-

Vis absorbance difference at these two wavelengths. 

In Chapter 4, the KrF 248 nm laser micromachining of anthracene grafted polyurethanes had 

been investigated by comparing them with a pure polyurethane sample without anthracene. 

Polyurethanes containing different concentration of anthracene chromophores as a functional 

group for absorbing high energy UV-light were successfully prepared. Ablation depths as a 
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function of number of laser shots for spots ablated in each anthracene contained samples at 

several fluences that showed a linear increasing trend indicating the etch rate of each sample. 

Threshold fluences of each sample showed a general decreasing trend with the increasing of 

chromophore monomer concentration although there was not a significant decrease beyond 

5.80 wt% anthracene. These types of anthracene grafted samples designed for the KrF 248 nm 

laser ablation could greatly improve machining without significantly altering the mechanical 

integrity of the polyurethane. This is very attractive for their practical applications. 

Chapter 5 aimed to explore laser micromachining of different doping forms polyanilines with 

special conductivity which can be used as electronic devices and sensors. The polyanilines used 

for this research included emeraldine base form of polyaniline film and acid-doped polyaniline 

films, all being machined with both the KrF 248 nm nanosecond laser and Ti:Sapphire 800 nm 

femtosecond laser beam. The laser micromachining results of these polyaniline films were 

summarised and evaluated, with results indicating that all of the acid doped and undoped 

polyaniline films had similar ablation threshold and etch rates under KrF 248 nm nanosecond 

excimer and Ti:Sapphire 800 nm femtosecond laser beam respectively. More specifically, the 

Ti:Sapphire 800 nm femtosecond laser ablation process gave a more efficient ablation depth 

than the KrF 248 nm nanosecond laser beam when using the same laser fluence. Moreover, the 

ablated polyanilines all presented relatively smooth surfaces without any visible debris from 

low to high laser beam fluence, including undoped and doped polyaniline.   

Although the polyaniline has many advantages in application, the processability and 

mechanical properties are still not ideal, especially when compared with other commonly used 

flexible polymers with stretchability, like the polyurethane and polyvinyl chloride. Therefore, 

it is worth well further study on modifying the property of polyaniline to make it be used as 

conductive, flexible as well as easily processable material. In Chapter 6, two different loadings 

of polyaniline contained polyaniline/polyurethane hybrids were synthesised for the KrF 248 

nm laser micromachining study and evaluation. It was concluded that the quality of the ablated 

lines on these crosslinked films was improved by increasing the concentration of the 

polyaniline component according to SEM images. 

Besides photochemical mechanism, other research had also demonstrated that the gaseous 

product generated during the decomposition process would enhance the laser micromachining 

result by blowing the debris away. According to this exploration, Chapter 7 presented the 

synthesis and characterisation of polyimide with carbonyl groups, which could decompose into 
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carbon dioxide during the ablation process, thus enhancing the laser micromachining property. 

These polyimides offer an interesting selection for further laser ablation applications, 

particularly in optic devices such as flexible circuit and microelectronics packaging, due to 

their good laser ablation performance and chemical thermal resistance.  

Finally, the perfluorocyclobutane polymer, presenting excellent thermal and solvent resistant 

properties, was synthesised and characterised in Chapter 8. The perfluorocyclobutane polymer 

film can be efficiently machined by using KrF 248 nm nanosecond laser beam, starting from 

the lowest beam fluence of 0.11 J cm-2 with a clean and smooth ablated surface without any 

debris observed outside the etching area according to SEM images. The etch rate and threshold 

were calculated depending on Beer’s law equation, suggesting no obvious incubation effect. 

The studied laser micromachining of this fluoride polymer may open the door for future 

applications in field such as microelectronics and microfluidics. 

 

9.1.2. Comparison of the etch rate for each sample under the KrF 248 nm nanosecond 

excimer laser beam 

To summarise the etch rate of the above discussed polymers, a comparison table is provided 

below, which presents the etch rate of each polymer at different laser fluence (Table 9.1). 

Higher laser beam fluence results an increasing etch rate for each sample. Taking the laser 

beam fluence of around 0.5 J cm-2 as an example, commonly used and studied PMMA (>0.6 

µm per shot for both pure PMMA and anthracene functionalised PMMA) and PU (>0.8 µm 

per shot for both pure PU and anthracene functionalised PU) presented a relatively higher etch 

rate than PANI and PFCB (around 0.2 µm per shot). For chromophore functionalised PMMA 

and PU, both the etch rate and surface quality enhanced dramatically. This could result from 

the high UV-Vis absorbance from the chromophore functional group that grafted into the 

polymer. From an application standpoint, the high laser ablation efficiency made PMMA and 

PU useful materials for further research. However, the other properties of the materials, such 

as the thermal stability and conductivity, may also lead a further consideration on the practical 

applications (i.e. polyimide films used in optical devices, polyaniline films for conductivity 

applications).    
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Table 9.1 Comparison of KrF 248 nm laser etch rate of samples in each chapter 

Chapter Polymer 

Etch rate at different fluences 

(µm per shot) 

0.07 0.13 0.29 0.54 0.75 0.87 

Chapter 3 

Poly(methyl 

methacrylate) 

(PMMA) 

PMMA - - - 0.66 0.82 1.05 

An-PMMA - 0.56 1.05 1.12 1.36 1.37 

Chapter 4 
Polyurethane 

(PU) 

PU1 - - 0.33 0.86 0.86 0.94 

PU2 - 0.07 0.67 1.11 1.48 1.73 

PU3 - 0.09 0.75 1.31 1.57 1.85 

PU4 - 0.28 0.77 0.92 0.94 1.03 

PU5 - 0.28 0.70 0.83 0.93 0.94 

PU6 - 0.24 0.75 0.96 1.00 1.07 

Chapter Polymer 

Etch rate at different fluences 

(µm per shot) 

0.14 0.28 0.57 0.85 1.14 1.42 

Chapter 5 
Polyaniline 

(PANI) 

PANI-EB 0.13 0.20 0.28 0.34 0.38 0.40 

PANI-ESH - 0.17 0.28 0.34 0.35 0.38 

PANI-ESS 0.11 0.18 0.27 - 0.40 0.52 

PANI-ESC 0.12 0.19 0.27 0.35 0.37 0.45 

Chapter Polymer 

Etch rate at different fluences 

(µm per shot) 

0.05 0.11 0.22 0.31 0.41 0.50 

Chapter 6 

Polyaniline/ 

polyurethane 

hybrid  

(PANI-PU) 

PANI-PU-A - - - 0.01 0.02 0.11 

PANI-PU-B - - 0.10 0.20 0.24 0.27 

Chapter Polymer 

Etch rate at different fluences 

(µm per shot) 

0.08 0.16 0.31 0.47 0.63 0.78 

Chapter 7 
Polyimide  

(PI) 

PI-A 0.12 0.20 0.34 0.55 0.66 0.71 

PI-B 0.15  0.17 0.23 0.25 0.38 0.46 
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Chapter Polymer 

Etch rate at different fluences 

(µm per shot) 

0.11 0.22 0.42 0.57 0.70 0.85 

Chapter 8 
Fluoropolymer 

(PFCB) 
PFCB 0.11 0.18 0.22 0.24 0.26 0.31 

 

9.1.3. Comparison of the effective absorption coefficient and the ablation threshold for 

each sample under the KrF 248 nm nanosecond excimer laser beam 

The comparison of the effective absorption coefficient (αeff) and the ablation threshold (Fth) for 

each sample that were studied in this thesis is summarised in Table 9.2. The effective 

absorption coefficient is a parameter depending on the properties of the material and the laser 

beam that applied. The ablation threshold describes the laser beam fluence applied when the 

laser ablation starts. 

Most of the polymers, except pure PMMA and PU (pure and low anthracene concentration 

loading) had a high absorption coefficients (>2.0×104 cm-1)144 at the irradiation wavelength. 

PMMA, PU1, PU2 and PU3 had relatively lower effective absorption coefficients, with a 

value between 1.0 to 2.0×104 cm-1. When grafted with 2.0 wt% of anthracene to PMMA and 

more than 5.8 wt% of anthracene to PU, the effective absorption coefficient of these samples 

increased to around 2.5×104 cm-1. PANI with doped and undoped form presented the effective 

absorption coefficient between 6.0 to 8.5×104 cm-1. PANI/PU hybrid films with different 

loading of PANI (2.3 wt% and 4.5 wt% respectively) were observed with the effective 

absorption coefficient of around 5.0×104 cm-1. The difference of the effective absorption 

coefficient between PI-A (around 3.5×104 cm-1) and PI-B (around 8.0×104 cm-1) were 

relatively enhanced, which might be caused by the different polymer backbones. Among the 

samples that were synthesised in this thesis, PFCB polymer showed the highest effective 

absorption coefficient, with a value of around 11.5×104 cm-1.  

For the ablation threshold, a relatively low value was observed for PANI, PI, PFCB and 

chromophore functionalised PMMA and PU (>5.8 wt% of anthracene loading), which 

indicated a low incubation effect for these samples. These values covered the range from 

0.0285 J cm-2 (An-PMMA) to 0.0847 J cm-2 (PANI-ESC). Among the polymers that were 

studied in this thesis, PANI-PU-A presented the highest ablation threshold with the value of 
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0.3136 J cm-2. An-PMMA, PFCB and PI-B have the lowest ablation threshold with the value 

of around 0.03 J cm-2. 

 

Table 9.2 Comparison of effective absorption coefficient (αeff) and ablation threshold (Fth) for each sample 

under 248 nm KrF nanosecond excimer laser beam 

Chapter Polymer αeff (×104 cm-1) Fth (J cm-2) 

Chapter 3 PMMA 

PMMA 1.32 0.232 

An-PMMA 2.46 0.029 

Chapter 4 

 

PU 

 

PU1 1.85 0.143 

PU2 1.19 0.127 

PU3 1.13 0.121 

PU4 2.71 0.050 

PU5 2.95 0.048 

PU6 2.37 0.063 

Chapter 5 

 

PANI 

PANI-EB 8.31 0.050 

PANI-ESH 8.06 0.064 

PANI-ESS 6.11 0.085 

PANI-ESC 7.33 0.065 

Chapter 6 PANI-PU 

PANI-PU-A 5.16 0.314 

PANI-PU-B 4.85 0.129 

Chapter 7 PI 

PI-A 3.68 0.064 

PI-B 8.14 0.033 

Chapter 8 PFCB PFCB 11.47 0.031 

 

The effective absorption coefficient and ablation threshold of each sample were demonstrated 

in Figure 9.1, which presented a straightforward comparison between the synthesised polymers 

in this thesis. Generally speaking, the polymers located at the top left corner, such as PFCB 

polymer, showed the highest effective absorption coefficient and the lowest threshold. This 

polymer is also one of the most promising materials that can be used in the KrF 248 nm laser 

micromachining applications considering the clean ablated surface. However, the laser 
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micromachining process is a complicated interaction between the laser beam and the material 

itself. The etch rate efficiency at different laser beam fluence need to be considered to evaluate 

the final ablation results. Furthermore, as mentioned, the difference of the properties for the 

materials, such as stretchability and conductivity, should also be taken into consideration, 

especially in specific application areas. 

 

 

Figure 9.1 Effective absorption coefficient as a function of ablation threshold of the synthesised polymers 

 

9.2. Future work 

As presented in this thesis, different types of polymers gave different performances for laser 

micromachining. Further investigations may focus on the following directions: 

Firstly, chromophore functionalised PU with lowest concentration of anthracene (PU2 with 

1.53 wt% and PU3 with 1.97 wt%) present the highest etch rate at around 0.87 J cm-2 among 

the samples prepared. Lower concentrations (< 1.0 wt%) of anthracene grafted in PMMA or 

PU might be synthesised and studied to investigate the laser micromachining efficiency by 

decreasing the concentration of chromophore moiety. Besides anthracene, other chromophore 

with specific UV-Vis absorbance property could be introduced into the polymer chain, which 

leads a comparison of different kinds of chromophore functionalised polymers for KrF 248 nm 

laser micromachining. 
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Secondly, to gather a deep understanding of the laser micromachining process, the quantum 

chemical calculation, such as mass spectrometry, would be used to evaluate the decomposition 

compound during the laser ablation process. The small molecular compound that was emitted 

during the decomposition process helps the interpretation of the chemical bond breaking 

process. Especially in the case of the PI which might decompose into gaseous product during 

the irradiation, this technology would verify the suggested scheme of the laser-induced 

decomposition of PI in Chapter 7. Further tests on the difference of the ablated area and 

unirradiated area by using IR could be conducted in order to identify the functional group 

changing during the laser beam irradiation. The current laser beam fluence that was applied 

was dependent on the transmission of the laser energy including 10%, 20%, 40%, 60%, 80%, 

100%. The accuracy of the etch rate, effective absorption coefficient and ablation threshold 

calculation would be increased if more value of laser beam fluence was applied in this study. 

Thirdly, the mechanical property of polymers, including strength and toughness, could be 

further studied and taken as one of the most important tests that could be applied on the 

chromophore functionalized PU, PANI and PANI-PU films which would provide valuable 

information in the practical application of these polymers.  
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