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Abstract 
In this work laser ablation of commercial and especially designed triazene polymers has 

been studied with time resolved methods. Several techniques have been combined to 

obtain a better overview of the active processes. 

Laser ablation of polymers is a promising method to create directly 3d structures. The 

commercial application of this technique has been limited due to high ablation threshold 

and the redeposition of debris. In the past triazene polymers, with superior ablation 

properties, have been developed to overcome these limitations. The time scale of the 

ablation process of the triazene polymers is compared to the commercially available 

polymers. The following methods have been applied to study the different processes.  

1) Irradiation with different light sources 

The triazene polymer has been illuminated with different light sources to study the 

influence of the pulse length, respectively the laser intensity, and the wavelength of the 

irradiating light. Excimer lasers emitting ns-pulses and with high intensities and 

excimer lamps emitting quasi continuously with low intensity have been applied. The 

decomposition of the polymer has been studied by measuring the ablation rate and the 

UV-VIS spectra of the polymer. The measurements reveal that the pulse intensity, 

respectively the pulse length, and the irradiation wavelength have a significant influence 

on the decomposition processes of the polymer. 

2) Ns-surface interferometry 

This method can be used to measure the change of the thickness and the specular 

reflectivity of the polymer film during and after the laser pulse. The surface 

displacement of three different polymers has been studied during and after irradiation 

with a XeCl (308 nm), a KrF (248 nm) and an ArF (193 nm) excimer laser. Material 

removal could only be observed during the laser pulse for fluences above the threshold 

of ablation. 
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3) Ns-shadowgraphy 

In ns-shadowgraphy a camera is observing the shockwave and whether solid and liquid 

or only gaseous fragments are released during the ablation process. The propagation 

velocity of the shockwave can be used as a measure of the energy and the amount of gas 

released during the ablation process. The measurements reveal that the velocity of the 

shockwave decreases with increasing irradiation wavelength, while the amount of larger 

fragments increases with increasing irradiation wavelength. The decomposition 

enthalpy of polymer which is released during the ablation process influences the 

propagation velocity of the shockwave.  

4) Quadrupole time of flight mass spectroscopy 

This technique studies the fragments released during the ablation process and 

determines the fragmentation pattern of the polymer. The data reveal an extended 

fragmentation of the polymer at the shorter irradiation wavelengths. Additionally the 

time of arrival curves of the fragments were recorded and the kinetic energy was 

extracted by modeling the data. A complex behavior of the energy distribution, with 

kinetic energies, to high (2-5 eV) to be described by thermal processes, was found. 

Furthermore, excited, metastable fragments have been detected and we attribute theses 

species to excited N2 molecules. 

5) Emission spectroscopy 

At high laser fluences a plasma is created. The emission spectra of this plasma contain 

information about the composition, the temperatures and electron density inside the 

plasma. A detailed analysis of the ro-vibrational temperatures of the CN-species shows 

a relatively complex behavior at different irradiation fluences. Furthermore an influence 

of the polymer and the absorber has been observed. 

In summary it could be observed that the fragmentation of the polymer increases with 

decreasing wavelength and that the absorbing chromophore has a pronounced influence 

on the ablation process. The measurements with the triazene polymer indicate a 

dominant photochemical ablation process at the applied irradiation wavelengths.  
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Zusammenfassung 
In dieser Arbeit wurde die Laser Ablation von kommerziell verfügbaren Polymeren und 

speziell entwickelten Triazenpolymeren mit zeitaufgelösten Methoden untersucht. 

Verschiedene Methoden wurden dabei angewandt, um ein möglichst vollständiges Bild 

zu gewinnen.  

Laser Ablation von Polymeren ist eine viel versprechende Methode zur direkten 

Erzeugung von 3d Strukturen. Die hohen Laser Energien die zum Abtrag benötigt 

werden und die erneute Abscheidung des bereits entfernten Materials beschränken 

jedoch den kommerziellen Einsatz dieser Methode. In der Vergangenheit wurden, um 

diese Probleme zu überwinden, Triazenpolymere mit exzellenten 

Ablationseigenschaften entwickelt. Der zeitliche Ablauf des Ablations Prozesses wurde 

anhand dieser Polymere untersucht und deren Verhalten mit dem Verhalten von 

kommerziell erhältlichen Polymeren verglichen. Dabei wurden die folgenden Methoden 

zur Untersuchung der beteiligten Prozesse verwendet: 

1) Bestrahlung mit verschiedenen Lichtquellen 

Das Triazenpolymer wurde mit verschiedenen Lichtquellen bestrahlt, um den Einfluss 

der Pulslänge bzw. der Intensität und der Wellenlänge des Lichtes zu untersuchen. Dazu 

wurden einerseits Excimerlaser mit ns-Pulsen und hoher Intensität und anderseits 

Excimerlampen mit niedriger Intensität und quasi-kontinuierlichem Licht zur  

Bestrahlung verwendet. Die Zersetzung des Polymers wurde mittels UV-Spektroskopie 

und über die Abtragsraten untersucht. Sowohl die Wellenlänge als auch die Intensität, 

bzw. die Pulslänge haben einen deutlichen Einfluss auf die Zersetzung des Polymers.  

2) Ns-Oberflächeninterferometrie 

Diese Methode erlaubt es die Veränderung der Dicke und der Reflektivität der 

Oberfläche des Polymers zeitaufgelöst, während und nach dem Laserpuls zu messen. 

Drei verschiedene Polymere (Triazenpolymer, Polyimide, Polymethylmethacrylat) 

wurden in ihrem Verhalten bei Bestrahlung mit XeCl (308 nm), KrF (248 nm) und ArF  
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(193 nm) Excimerlasern untersucht. Ein Materialabtrag, bei Laserintensitäten oberhalb 

des Ablationsminimums, konnte nur während des Laserpulses beobachtet werden. 

3) Ns-Schlierenphotograhy 

Bei dieser Methode beobachtet eine Kamera zeitaufgelöst die während der Ablation 

erzeugte Schockwelle und die freigesetzten Fragmente. Die Geschwindigkeit der 

Schockwelle kann dabei als Maß der während der Ablation freigesetzten Gasmenge und  

Energie angesehen werden. Es zeigt sich, dass die Geschwindigkeit der Schockwelle 

mit zunehmender Wellenlänge abnimmt, während die Menge an großen Fragmenten 

zunimmt. Die Zersetzungsenthalpie, die währende der Ablation freigesetzt, wird erhöht  

die Geschwindigkeit der Schockwelle. 

4) Quadrupole-Flugzeit-Massenspektroskopie 

Diese Methode untersucht die bei der Ablation freigesetzten Fragmente und misst deren 

Flugzeit und bestimmt so das Fragmentierungsmuster und die kinetische Energie der 

Fragmente. Die Untersuchung zeigt, dass die Fragmentierung mit abnehmender 

Wellenlänge zunimmt. Eine genaue Analyse der Flugzeitdaten des N2 ergibt eine 

komplexe Energieverteilung. Die bestimmten kinetischen Energien sind zu hoch, als 

dass diese nur durch einen rein thermischen Prozess entstehen könnten. Weiterhin 

wurde ein Signal detektiert, dass nur durch metastabile Fragmente zu erklären ist. 

5) Emissionsspektroskopie 

Bei hohen Laserintensitäten wird ein Plasma erzeugt. Die Emissionsspektren dieses 

Plasmas liefern Informationen über die Zusammensetzung, die Temperaturen und die 

Elektronendichte innerhalb des Plasmas. Eine genaue Analyse der Rotations- und der 

Vibrations-Temperatur der CN-Spezies zeigt ein recht komplexes Verhalten bei 

unterschiedlichen Laserenergiedichten. Weiterhin wurden sowohl ein Einfluss des 

Polymers als auch des Absorbers festgestellt.  

Zusammenfassend konnte festgestellt werden, dass die Fragmentierung des Polymers 

mit abnehmender Wellenlänge zunimmt und dass das Chromophore, an dem die 
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Laserenergie absorbiert wird, einen deutlichen Einfluss auf das Ablationsergebniss hat. 

Die Messungen am Triazenpolymer deuten darauf hin, dass, für dieses Polymer und die 

untersuchten Wellenlängen, ein photochemischer Prozess die Ablation dominiert. 
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Abbreviations  
LASER   Light amplification by stimulated emission of radiation 

PLD  Pulsed laser deposition 

LIFT  Laser induced forward transfer 

LPT  Laser plasma thrusters 

UV  Ultraviolet 

IR  Infrared 

VIS  Visible 

QCM  Quartzcrystal microbalance measurements 

TOF  Time of flight 

Quad-TOF-MS  Quadrupole time of flight mass spectroscopy 

TP  Triazene polymer 

PMMA  Poly(methyl methacrylate) 

PVC  Polyvinylchloride 

PI  Polyimide 

GAP  Glycidyl azide polymer 

CW  Continuous wave 

FWHM  Full width at half maximum 

ICCD  Intensified coupled charged device 

2D FFT  2 Dimensional Fast Fourier transformation 

AMU  Atomic mass unit 



 

15 



1.1 A short history of laser ablation 

1 Introduction 

1.1 A short history of laser ablation 

About 40 years ago, shortly after T.H. Mainman had built the first Laser (Light 

Amplification by Stimulated Emission of Radiation) [1] in 1960, lasers were considered 

as “an application that does not have an answer”.  Nowadays lasers have become a 

mature technology and they are the heart of many industrial methods and are considered 

to be one of the most important techniques to be explored in the future. Most of these 

applications take advantage of the unique properties of the laser light: 

• coherence:  the emitted light waves are in phase in time and space  

• spectral purity:   the spectral width of emitted light is narrow 

• directionality:  the light is emitted in a specific direction 

Since the 1960’s many different types of laser (e.g. solid state lasers, gas lasers or diode 

lasers) have been developed and have given access to a wavelength range from the X-

ray (e.g. Ni-like x-ray laser with a wavelength of a few nanometer) to the far IR (e.g. 

ICN molecular laser with wavelengths of up 774 µm). Some of these laser types are 

pulsed light sources with pulse lengths in the order of 650 as (1 as = 10-18 s) [2,3], while 

others are constant wave sources emitting with high stability. This wide range of laser 

properties is applied in many different technologies such as spectroscopy, 

communication, data storage or material processing.  

The ability of the lasers to release light with very high intensities resulted in the first 

realistic applications which involved welding, sawing and drilling of metals. Most of 

these methods are based on the removal of material by intense laser irradiation, which is 

also called laser ablation. In the beginning these techniques were a only little more 

advanced than the conventional tools, but in the 1970’s and the 1980’s the knowledge 

increased a lot, providing the basis for these methods to become mature techniques that 

16 
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are applied widely in industry, because they outperformed many of the conventional 

tools (e.g. higher precision in cutting, welding and drilling; long term quality as lasers 

do not change the properties and, compared to conventional tools, do not become dull).  

Since laser ablation was first applied, the variety of materials which can be ablated has 

increased dramatically and today laser ablation is a powerful tool to create 3 

dimensional microstructures in almost any material.  

Examples of a variety of materials structured with different lasers and illumination 

techniques are shown in Figure 1. The structure in Figure 1a was created by removing 

the material with a femtosecond laser [4]. An example for the structuring of a crystalline 

material is given in Figure 1b, where a LiNbO3 was structured using projection 

patterning of a 308 nm excimer laser [5].  In Figure 1c a 3 dimensional structure in 

polyimide is shown [6]. This structure was created by applying a phase shift mask 

which modulates the intensity of the laser beam and thereby controls the amount of 

ablated material.  

 

Figure 1:  Microstructures created with laser ablation: a) a stand fabricated from a 
Ta tube by femtosecond machining, b) hole in a single crystalline 
LiNbO3 created by excimer laser irradiation, c) 3d Fresnel lens in 
polyimide created with excimer laser irradiation applying a phase mask.  

Since the beginning of laser ablation not only the remaining structures, but also the 

ablated material was of great interest. This resulted in the development of methods like 

pulsed laser deposition, (PLD) which was first demonstrated by Smith and Turner in 

1965 [7], and many novel materials have been created since then. 

17 
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1.2 Laser ablation of polymers 

The research in this study is focussed on the laser ablation process of polymers with ns 

laser pulses. Polymers are an interesting material for many different applications due to 

there wide range of properties. The first laser ablation experiments were published in 

1982 by Srinivasan [8] and Kawamura [9]. At that time, laser ablation of polymers was 

considered as an alternative to the conventional photoresist technology. This method 

never reached the breakthrough in industry due to the high ablation thresholds and the 

redeposition of the ablated material (debris). Since then other applications have been 

developed and are applied in the industry. For instance laser ablation of polyimide is 

being used by IBM to create via holes in multi-chip modules [10] and by several 

companies to structure nozzles for inkjet printer [11].  

Other concepts such as laser induced material forward transfer (LIFT) and laser plasma 

thrusters (LPT) are still under development. In LIFT the ablated material (i.e. 

propellant) is coated onto a transparent substrate. The material, which should be 

transferred to a receiving layer is coated on top of the propellant. The laser irradiates the 

propellant through the substrate and the released gaseous products and shockwave 

which transfer the material from the substrate to the receiving layer. The transferred 

material can be deposited on top of the receiving layer [12] or can be implanted below 

the surface of the receiving layer [13-15]. It should be noted that for this method also 

other organic and inorganic materials can be used as propellant [16,17]. In LPT the 

thrust which is produced by the ejected material during the laser pulse is used to 

stabilize the trajectory of small satellites (1-10 kg) in space [18,19]. These devices 

operate usually with ms-pulsed IR laser diodes and have to use polymers as propellant. 

Major reasons for the limited commercial success of laser ablation of polymers in 

industrial applications are the high ablation thresholds, low ablation rates and the 

redeposition of debris which is especially pronounced for commercial polymers (see 

Figure 2b). Furthermore many commercially available polymers absorb the laser light 

only in the far UV, where the cost of photons is relatively high. This drawback could be 
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overcome by blending, doping or crosslinking the polymers with chromospheres which 

include absorption at longer irradiation wavelengths. This doping reduces the ablation 

thresholds at the longer irradiation wavelengths but the obtained structures revealed 

normally poor quality [20] (see Figure 2a).  

 

Figure 2:  Structures created in polymers by laser ablation. a) doped poly (methyl 
methacrylate) [21], b) polyimde (KaptonTM)  

In the 1990’s new polymers based on a triazene chromophore were especially designed 

for laser ablation at 308 nm [22-25]. These polymers exhibit superior laser ablation 

properties (sharp ablation edges, no debris, low threshold fluence and high etch rates at 

low fluences [23,26]) and a high absorption coefficient for the XeCl excimer laser 

wavelengths. A structure in a triazene polymer created after irradiation with 308 nm is 

shown (Figure 3). The structure has an excellent quality and no debris is detected. 

 

Figure 3:  Structure of a triazene polymer created by laser ablation with 308 nm 
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A disadvantage of these triazene polymers is their relatively low chemical stability, 

therefore alternatives based on triazene polymers co-condensates, blends of 

polycarbonates and polyester were tested. These polymers are chemically more stable 

but reveal relatively high ablation thresholds for 308 nm irradiation compared to the 

triazene polymers [27].  

An approach introduced to improve versatility of the polymers as positive-negative 

resists was the utilization of a functional ester group that enables photo-crosslinking 

without destruction of the polymer backbone. A Cinamylidenemalonic acid was 

introduced into a polycarbonate to achieve the crosslinking. In a variation of this 

polymer a triazene group was also implemented to improve the ablation behaviour. 

These polymers allow a two step structuring method: in a first irradiation step the 

polymer can be crosslinked by irradiating at wavelengths > 395 nm, in the second step 

the polymer is ablated at 308 nm. Furthermore the chemical stability of the polymers 

should increase after crosslinking. The ablation thresholds of triazene containing 

polymers were in the order of 40 mJ cm-2 after 308 nm irradiation, while those without 

the triazene group were between 50 and 75 mJ cm-2. The ablation rates of the triazene 

containing polymers were similar to the pure triazene polymers, while the ablation rates 

of the triazene free polymers were much lower [28-30].  

Suzuki et al. developed polyurethane based polymers especially designed for laser 

ablation at 248 nm. The most promising polyurethane polymer exhibited a threshold of 

about 50 mJ cm-2 and ablation rates of 50 nm pulse-1 at fluence of 100 mJ cm-2 [31,32] 

which is not quite as good as the best values obtained for the triazene polymers. 

An understanding of the ablation process will help to improve the polymers designed 

for laser ablation. The mechanisms involved in the laser ablation process remain still 

unclear, although laser ablation of polymers has now been studied for over twenty years 

[4]. It has been proposed that either thermal, photothermal, photochemical, or a mixture 

of these mechanism might be dominating the ablation process [4,33-35].  
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The absorbed photons will excite the chromophores and, in the case of a photochemical 

ablation process, a direct bond breaking will occur [34,36]. This is the most favourable 

mechanism, as the thermal damage to the remaining material would be small and the 

polymers will give the highest resolution. For the photothermal and the thermal ablation 

mechanism the excited chromophore thermalizes on a ps to ns time scale resulting in a 

thermal decompostion [37,38].   

The first step of the laser ablation process will in all cases be the absorption of the 

photons and the creation of excited states. A clear differentiation of the following 

pathways is very difficult as the results obtained by different measurement techniques 

are often quite different. For instance, measurements detecting the ablation depth with a 

stylus detected a sharp threshold of ablation [39,40], while measurements with quartz 

crystal microbalances (QCM) reveal an exponential increase which is also called 

Arrhenius tail [41,42].  

An alternative method to distinguish the different models describing the laser ablation 

process is to divide them into surface and volume models. The surface models describe 

the ablation only with processes occurring within several monolayers, while the volume 

models describe the mechanism with processes within the bulk of the material. The 

different models have thereby the following properties: 

• Photochemical surface model: these are only valid for higher irradiation 

fluences and longer pulse lengths [43]. 

• Thermal surface models: these models can describe the Arrhenius tail but can 

not describe the sharp ablation thresholds [38,44]. 

• Photochemical volume models: predicts a sharp ablation threshold and linear 

dependence of ablation rate with the logarithm of the laser fluence. This model 

does not explain the Arrhenius tail observed in measurements with the QCM 

[33,34,36].  

21 
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• Thermal volume models: are often oversimplified and ignore the influence of the 

moving boundary on the heat equation, which results in too high temperatures 

[41,45]. 

The newer theories combine different models, e.g. the volume photothermal model by 

Arnold and Bityurin [42] combines the features of the photochemical models and the 

features of thermal surface models. The ablation process follows an Arrhenius-like 

thermal decomposition of the polymer and assumes that a certain number of bonds have 

to be broken before ablation is observed. This model predicts an Arrhenius tail and a 

sharp ablation threshold. This model has only been applied to polyimide and some of 

the applied parameters were calculated with temperature coefficients which were 

obtained for slow heating rates (several K s-1).  It is still unclear whether this model is 

also valid for other polymers and if the temperature coefficients are the same for the 

heating rates occurring during ablation. It should be noted that the parameters for this 

model were taken from KaptonTM while the data for verification of the model was done 

with data measured with PyralinTM [41]. The question which arises is how comparable 

the properties of both polyimides are. 

None of the above described models can describe all observed effects during ablation 

process for the different polymers and it is difficult to attribute the ablation process to a 

single model by only measuring the ablation rates. 

An empiric correlation can be used to describe the relation between the ablation rate 

d(F) and the irradiation fluence F [33,36,46]: 

 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Theff F
FFd ln1)(

α
 (1) 

Whereby FTh = threshold fluences and αeff = effective absorption coefficient 

This equation is independent of the applied ablation mechanism and is mainly used to 

determine the ablation threshold FTh, below which no material removal by the laser 
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pulse is observed. The effective absorption coefficient αeff is a kind of measure to 

describe the penetration depth of the laser during the ablation process.  

The dependence of the ablation rate on the irradiation fluence can often not be described 

by a single set of parameters. An example for the dependence of the ablation rate on the 

irradiation fluence is shown in Figure 4. 
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Figure 4:  Schematic fluence dependence of the ablation rate 

Three fluence regions are shown in this example. From the low fluence range the 

ablation threshold can be defined. In this region secondary processes have only little to 

no influence on the ablation process. In the mid fluence range an increase of slope can 

be observed. This increase corresponds to a decrease of the effective absorption 

coefficient and may be explained by heat released during the ablation process (e.g. 

exothermic decomposition of the polymer) which can increase the efficiency of thermal 

and photochemical decomposition of the polymer and therefore the number of broken 

bonds within the polymer. In the high fluence range a decrease of the ablation rate is 

observed. This decrease corresponds in an “increase” of the effective absorption 
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coefficient and is often due to shielding by the released fragments or due to the plasma 

created during the ablation process [34]. 

Various aspects of the ablation mechanism, the processes involved and possible 

applications of the laser processing in general, are discussed in various reviews 

[21,33,34,47] and the books of Bäuerle [4] and Duely [48].

1.3 Time resolved methods 

Most methods that measure the surface composition or the amount of ablated polymer, 

only before and after the ablation process, are not sufficient alone to give details on the 

ablation mechanism. It has been emphasized that more information on the ablation 

process in the real time scale are fundamental for a better understanding of the complex 

reactions and processes that determine the laser ablation phenomenon [33].  

Different approaches to measure the ablation process with time have been developed. 

Many different spectroscopic methods, such as time resolved absorption [49-53] and 

emission spectroscopy [54-60], time resolved Raman spectroscopy [61,62], time 

resolved infrared spectroscopy [63,64] and time resolved quadrupole mass spectroscopy 

[65-74] were used to obtain information on the ablation process.  Other methods were 

used to probe the ablation process by measuring the surface morphology during the 

laser pulse [75-83] or imaging the fragments and the shockwave formed during the 

ablation process [84-93]. A different approach is the analysis of the laser ablation 

process as a function of the pulse length [40,94-99].  

Each of these methods is sensitive to certain aspects of the ablation process. Several of 

these methods were combined to obtain a more complete overview of the different 

processes active during laser ablation. In Figure 5 the applied methods are shown in a 

simplified manner to illustrate the different approaches used in these techniques. The 

different methods can by classified by the part of the ablation process which is studied.  

 



1 Introduction 

 

Figure 5:  Illustration of the different methods applied in this work. 

Measurements of the ablation rate and the UV-VIS transmission spectra are focused on 

the remaining material. They were used to study the influence of the pulse length and 

the irradiation wavelengths on the ablation process. The ablation rates (Figure 5a) were 

determined for the ns pulse irradiation of the polymer with the excimer lasers, while the 

UV-VIS transmission spectra were recorded during the quasi-cw irradiation with the 

excimer lamps. Both measurements are only in the broader sense time resolved methods 

as they only compare the properties of the material before and after irradiation. Ns-

surface interferometry (Figure 5b) is a real time resolved method which monitors the 

surface displacement during the ablation process. This is achieved by scanning the delay 

time (i.e. for every time delay another ablating laser pulse is required) between the 

ablating laser and a second laser which measures the position of the surface. 
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Ns-Shadowgraphy (Figure 5c) probes the atmosphere in front the ablation spot and it 

can distinguish whether the ejected material consists of large, solid or liquid particles or 

is released as gaseous fragments. The shockwave formed during the ablation process is 

also visible and its velocity can be used as measure of the amount of gaseous products 

and the energy released during ablation process. Ns-shadowgraphy does not give any 

detailed information about the small, gaseous fragments released during the ablation 

process. Quadrupole time of flight mass spectroscopy (Quad-TOF-MS, Figure 5d) is 

performed in vacuum and can identify these fragments and give information about there 

kinetic energy. 

At high laser intensities the fragments of the ablation process can be ionized and 

electrons are released. The free electrons can absorb the incoming laser light via inverse 

Bremsstrahlung and create a plasma. This plasma contains mostly atomic and diatomic 

species which are electronically excited by collisions.  The light emitted from these 

excited species contains information about the processes inside the plasma and is 

studied by emission spectroscopy (Figure 5 e). The species detected in the emission 

spectra are not necessarily formed only during the laser pulse but can also be created by 

collision of the ejected fragments with the surrounding atmosphere. 
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2 Experimental 
In this work the decomposition of polymers is studied and a new sample position has to 

be used for each measurement point. Spot to spot variation in the studied materials will 

therefore increase the noise in the measurements.   

2.1 Studied Polymers 

2.1.1 

CH CH

Designed polymers 

Two different triazene polymers were applied during this work.  Both polymers were 

designed for irradiation with 308 nm and they exhibit superior ablation properties at this 

wavelength.  Their chemical structure is shown in Figure 6 and they were synthesized 

according to a procedure described previously [25,100].     
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Figure 6:  Chemical structure of the especially designed polymers 

TP1 is the most characterized designed polymer and was applied for most experiments. 

TP2 was studied in some experiments as alternative to test whether the triazene 

chromophore governs the process or whether changes in other parts of the structure 

have a pronounced influence on the ablation process. Figure 7 shows the absorption 

spectrum of the TP1 polymer. The absorption band around 332 nm is attributed to the 

triazene group, while the absorption band around 196 nm is mainly due to the 

absorption of the aromatic system [51].  It should be noted that both absorption sites 

have similar absorption coefficients (α196nm = 118000 cm-1, α332nm = 99000 cm-1).  
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Figure 7:  UV-Vis spectrum of TP1 

The absorption spectrum of the TP2 (not shown) reveals that the absorption of the 

triazene band is slightly red shifted to 339 nm, while the maximum of the absorption of 

the aromatic group is below 184 nm. Both polymers decompose exothermally, releasing 

an energy of 697 J/g (TP 1) and of 621 J/g (TP 2) respectively. 

Depending on the ablation experiments, thick (> 5µm) or thin films (< 3µm) of the 

polymers were prepared. The thick films were solvent cast from a 10 – 15 % polymer 

chlorobenzene solution (all concentration related percent values in this work are weight 

percentages). The thin TP1 films were spin coated from a 10 % polymer chlorobenzene 

solution. In some cases, depending on the synthesis batch of the polymer, 0.05 % of a 

surfactant (Pluronic L-62 from Bayer) was added to obtain a smoother surface. The TP2 

films were spin coated from a solution with 10 % polymer in a 1:1 mixture of 

chlorobenzene (with 0.05 % surfactant) and cyclohexanone. 
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2.1.2 

OO

Non-energetic polymers 

Polyimides (PI), Poly (methyl methacrylate) (PMMA) and Polyvinylchloride (PVC) are 

commercially available. Polyimides and PMMA are the most studied polymers for laser 

ablation and the physical constants are known [42,101]. They were used as a reference 

for the ablation properties of the triazene polymers. PVC is commonly used in laser 

plasma thrusters and was applied to study the influence of the ablated polymer in the 

emission spectroscopy for 1064 nm irradiation. 

The structures of the two different types of polyimides, which were used in this study, 

are shown in Figure 8. PI1 which is available from DuPont under the name of KaptonTM 

HN, is among the most studied polymers for laser ablation and was used in many 

experiments as reference polymer. KaptonTM HN is available as a 75 µm thick foil and 

used without additional preparation steps. A precursor solution of PI2 (from Nissan 

Chemical Ltd.) in N-methyl-2-pyrrolidone was used as an alternative polymer when 

thin polymer films were required, as the precursor of KaptonTM HN is not commercially 

available. The precursor solution was spin coated on the quartz substrate, dried at room 

temperature (2 – 24h) and cured in nitrogen atmosphere for one hour at 250°C 
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Figure 8:  Structure of the studied polyimides 
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It should be noted that in previous studies “Kapton like” polymers (e.g. PyralinTM) were 

compared with KaptonTM HN [41,43]. These materials have often completely different 

chemical structures and properties (e.g. photosensitive vs. photostable), which can 

significantly influence the ablation process (e.g. ablation rate for 308 nm irradiation 

with 150 mJ cm-2: KaptonTM d = 78 nm; Durimide, a photosensitive polyimide 

d ≈ 200 nm). Care should therefore be taken when comparing data from different 

polyimides.  
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Figure 9:  Structures of a) PMMA and b) PVC. 

PMMA (structure is shown in Figure 9a was received as powder (Aldrich), dissolved 

(15 %) in chlorbenzene with 0.05 % surfactant (Pluronic L-62 from Bayer) and spin 

coated on a quartz substrate. The polymer was then dried over night in vacuum 

(100 mBar) at 60° C. PVC (Figure 9b) was also obtained as a powder (Aldrich), solvent 

cast from a 10 % cyclohexanone solution and dried over night at 40°C.  

The absorption spectrum of PI2 and PMMA are shown in Figure 10. PMMA starts to 

absorb around 240 nm and the absorption coefficient increases strongly for wavelength 

shorter than 200 nm. PI2 reveals a small absorption coefficient for wavelengths below 

500 nm, but a strong increase is observed for wavelengths shorter than 320 nm.  
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Figure 10: UV-VIS spectrum of PI2 and PMMA. The absorption of PMMA was 
multiplied by a factor of 10. 

The UV spectrum of PVC (not shown) reveals no measurable absorption at wavelengths 

above 220 nm (>200 cm-1). A strong absorption of the polymer can be found for 

wavelengths below 200 nm.  
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Figure 11:  Vis-IR spectrum of PVC. Carbon particles were added to induce 
absorption at 1064 nm. 
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PVC was only applied for the emission spectroscopy measurements after 1064 nm 

irradiation. The polymer had to be doped with 1 % of carbon particles to induce 

absorption at this wavelength (see Figure 11).  

2.1.3 Energetic polymer 

One important feature of the triazene polymers is the exothermic decomposition. A 

glycidyl azide polymer (GAP) was used to compare the designed polymers with a 

commercially available, energetic polymer not designed for UV ablation. The structure 

of GAP is shown in Figure 12. 
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Figure 12:  Structure of GAP 

From the absorption spectrum (shown in Figure 13) it can be seen that the polymer itself 

absorbs only at wavelengths shorter than 220 nm. The higher absorption coefficient of 

undopet GAP versus the carbon doped GAP for wavelengths < 200 nm is most probable 

due to the high absorption coefficient (the undoped film was thicker than the doped film 

and the absorption exceeded the linear range of the spectrometer). Carbon particles were 

added to the polymer to increase the absorption coefficient in the visible and the near 

infrared region, so that the polymer can be ablated with all applied irradiation 

wavelengths (193 – 1064 nm)  

An IR absorber (Epolight 2057 from Epolin) was added to GAP as an alternative to the 

carbon. This absorber has a broad absorption band with an absorption maximum at 

991 nm and was only applied for irradiation at 1064 nm. At this wavelength a 

concentration of about 1.9 % gave the same absorption as 1 % of carbon. The main 

difference between the dye and the carbon is that the dye is distributed homogenously 
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within the polymer on a molecular level, while the carbon remain as particles (diameter 

about 15 nm) in the polymer matrix. 
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Figure 13:  UV-VIS spectrum of GAP without and with 1 % of carbon 

The GAP was obtained from Nitrochemie Wimmis (produced by 3M) as an acetyl-

ethyl-ester solution (40 % of polymer).  A suspension of the carbon particles in acetyl-

ethyl-ester (1 % of carbon in the solution) was mixed with an ultra-stirrer (45-60 s, 

18000 min-1) prior to the addition to the polymer solution. A part of the solvent was 

evaporated with a rotary evaporator at reduced pressure (to increase the viscosity) until 

a concentration of the polymer between 70 and 75 % was achieved. 

The GAP obtained from 3M contains some OH-groups, which were crosslinked with 

hexa-dimethyl-diisocyanate (15 % of the polymer weight) to obtain a rigid polymer 

film. Some drops of a catalyst (Dibutyl-tin-dilaurate) were added to the solution to 

improve the crosslinking reaction. The solution was then solvent cast and dried for 

several hours in vacuum (100 mbar), followed by a heating step, i.e. 60 – 70°C (in a 

vacuum of 100 mbar) for about 6 h to complete the crosslinking reaction. 
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2.2 Experimental Setups 

2.2.1 Photolysis with excimer lamps 

The excimer lamps applied in the irradiation experiments were obtained from ABB and 

were developed by U. Kogelschatz [102,103]. In these devices incoherent irradiation is 

created by excimer radiation from a dialectric barrier silent discharge. They were 

operated in pure xenon and in gas mixtures of krypton and chloride, and xenon and 

chloride. The discharge is initiated by applying an alternating voltage up to 10 kV at 

frequencies between 125 and 375 kHz in an annular gap between coaxial quartz tubes 

(outer diameter 30 mm, annular gap 8 mm and an active length of 100 mm). The 

excimer lamps were operated only with chlorine gas to avoid etching of the quartz. The 

three different gas mixtures gave wavelengths ranging from 308 down to 172 nm (Xe2 

at 172 nm, KrCl at 222 nm, XeCl 308 nm). The 172 nm photons of the Xe2 excimer 

lamp are absorbed by oxygen and oxygen radicals, excited oxygen species, and ozone is 

formed. This excimer lamp was operated in different atmospheres to distinguish 

between the different reactions (photochemical vs. reactions with the excited oxygen 

species). The photons emitted from the other two excimer lamps are not absorbed by 

oxygen allowing to perform these irradiations in air. 

A thin polymer film (spin coated, d ≈ 100 nm) on a quartz substrate was positioned 

about 5 mm away from the excimer lamps. The sample was shielded until the excimer 

lamps reached a stable temperature and the atmosphere inside the chamber was, if 

necessary, replaced with argon or oxygen. The shielding was removed and the sample 

was irradiated for the required time. The different irradiation times were obtained by 

irradiating the same sample and adding the previous irradiation times. 

The sample was mounted on a sample holder of the UV-VIS spectrometer (Varian 

Carry 500) to ensure that all measurement were made on the same area. 
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The decomposition of the polymer was studied by measuring the decrease of the 

absorption bands at 332 (from the triazene group) and 196 nm (from the diphenyl ether 

group) with irradiation time.  

2.2.2 Ablation rates 

The ablation rates were determined by irradiating the polymer with the laser and 

measuring the resulting crater depth with a surface profilometer (Sloan Dektak 8000). 

Usually a matrix with various laser fluences and pulse numbers was created. The 

ablation rates were calculated from a linear fit of the crater depth and the pulse number. 

One part of the laser beam was selected by a pinhole. The light was then imaged 

(typically 10 times smaller) with a lens (f = 100 mm) on the substrate (the substrate is 

behind the focal point of the lens) in the case of irradiation with an excimer laser 

(193 nm and 308 nm). This resulted usually in steep crater walls and well-defined 

fluences. The irradiation with long pulse 308 nm laser (FWHM 250 ns) were performed 

with a Lambda Physics LPX 61oi laser in the laboratory of the Materials Ablation and 

Deposition Group at the EPFL in Lausanne.  

A part of the beam was selected by a pinhole (to avoid hot-spots) when a the Nd:YAG 

laser (1st, 2nd or 4th harmonic) was used. The Nd:YAG laser is very coherent and creates, 

when focused with a lens, even at low energies a breakdown in air. The beam from the 

Nd:YAG laser was therefore only focused onto the sample (the substrate is before the 

focal point of the lens). The resulting beam profile on the substrate is not flat top (as for 

the excimer laser), but has a Super-Gaussian profile. 

All ablation experiments were performed in air at temperatures between 20 and 25 °C. 

The laser energies were measured with a joulemeter (Molectron) and the fluences were 

calculated by measuring the irradiated surface area. The ablation thresholds FTh and the 

effective absorption coefficients αeff, were obtained by fitting the ablation rates with 

equation 1. 
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2.2.3 Surface interferometry 

Surface interferometry allows the observation of surface morphology changes during 

the ablation process. A first laser (pump laser) irradiates the substrate and ablates the 

material. The second laser (probe laser) is used to measure the surface changes. Two 

different variation of this setup have been published previously [75-80]. In this work a 

third variation is introduced and directly compared to the previously described setups. 
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Figure 14:  Front-side surface interferometry setup 

The probe beam is reflected directly from the air/polymer interface (Figure 14). This has 

the disadvantage that the probe beam passes through the ablation plume, which can 

cause shielding of the probe beam. 

In Figure 14 the first variation of the ns-surface interferometry setup is shown. This 

variation has been applied in [75,76,79,80]. An ArF (193 nm, Lambda  Physik LPX 

301i,  FWHM 25 ns), a KrF (248 nm, Lambda Physik LPX 100, FWHM 20 ns)  or  a 

XeCl (308nm, Lambda Physik Compex 205, FWHM 30 ns) excimer laser was used as 

pump laser. A part of the laser beam was selected by a pinhole and imaged onto the 

substrate. As probe laser the 2nd harmonic (532 nm) of a Nd:YAG (Quantel, Brillant B, 

FWHM 5 ns) laser was used. The time resolution is achieved by timing the delay 
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between the pump and the probe laser with a delay generator (SRS, DG 500). The probe 

beam was used in a Michelson interferometer setup, where the beam is divided by a 

beamsplitter into equal parts. The first beam is reflected by the surface of a wedged 

quartz substrate and the second beam is reflected by the polymer surface. Both beams 

are recombined in the same beamsplitter, where they create an interference pattern. A 

shift of the interference fringes is observed when the thickness of the polymer and 

therefore the length of the optical path changes. 
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Figure 15:  Back-side surface interferometry setup 

The second variation shown in Figure 15 is introduced in this work. Here the probe 

beam is again reflected from the polymer/air interface but passes through the backside 

of the substrate and is therefore not influenced by the plume ejected during the ablation 

process. In both variations wedged substrates are used to select the interface from which 

the probe beam is reflected. The difference between the refractive index of the glass and 

the polymer is quite low. This results in a very weak reflection from the glass/polymer 

interface and only the reflection from the polymer/atmosphere interface is observed. 

The disadvantage of this variation is that substrate and the studied material have to be 

transparent to the probe beam and that changes of the refractive index during the 

irradiation are included in the obtained fringe shifts. The index of refraction of the 
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polymer was measured by comparing the fringe shift with the surface profile obtained 

from surface profilometer (Sloan, dektak 8000) traces. 

A detailed description of the fringe shift analysis procedure is given in Chapter 2.3.2 

2.2.4 Shadowgraphy and interference shadowgraphy 

Ns-Shadowgraphy can be used to image the material, which is ejected after laser 

irradiation. This method is also a pump probe technique, where a pump beam ablates 

the material and the probe beam is used to probe the ablation process. 
C

C
D

2w Nd:YAG
532 nm / 6 ns

Excimer Laser
(XeCl, KrF, ArF)

Delay
generator

polymer
sample

dye

 

Figure 16:  Conventional ns-shadowgraphy setup 

Two different setups can be used for the shadowgraphy experiments. In the 

conventional shadowgraphy setup the probe beam (XeCl or 2nd harmonic of Nd:YAG) 

is used to generate fluorescence (FWHM depending on the laser 30 or 6 ns) of a laser 

dye (Rhodaminechloride 590 from Exciton) in a quartz cuvette (see Figure 16). The 

cuvette and a camera are mounted perpendicular to the substrate surface. The light 

emitted from the quartz cuvette illuminates the ablation plume. The plume is imaged by 

the objective onto the camera resulting in a shadowgraphy or schlieren photography 

image. This setup has the advantage that the ejection of nongaseous products is directly 
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observed. The disadvantage of this method is that the shockwave can only be seen as a 

bright or a dark ring (depending on the illumination by the laser dye). The contrast of 

this ring varies with intensity of the shockwave and is difficult to observe for low 

irradiation fluences. 

The second shadowgraphy setup uses a Mach-Zehnder interferometer (Figure 17). In 

this setup the probe (2nd harmonic of Nd:YAG) beam is divided by a beamsplitter. One 

beam of the interferometer passes parallel to the surface of the polymer through the 

ablation plume while the other beam is unaffected by the ablation process. Both beams 

are recombined in a second beamsplitter and a camera images the resulting fringe 

pattern. The refractive indices of the shockwave and the ejected gaseous fragments are 

different to the atmosphere. A phase shift results due to the different optical path length 

through the plume.  
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Figure 17: Mach-Zehnder ns-shadowgraphy setup 
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This technique has the advantage that the shockwave can be seen as a hemispherical 

expanding area (higher contrast than conventional shadowgraphy, see Figure 18), but 

has the drawback that the data evaluation is more complicated (see in chapter 2.3.2). 

 

Figure 18: Shadowgraphy images a) conventional shadowgraphy, b) interference 
shadowgraphy 

The phase shift difference (see Figure 18b) across the shockwave is due to the pressure 

variations in the shockwave and the resulting differences in the length of the optical 

pathway.   
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2.2.5 Quadrupole-time of flight mass spectroscopy 

Quadrupole-time of flight mass spectroscopy is a sensitive technique to identify the 

fragments released during the ablation process and to resolve their kinetic energy. 

The triazene polymer samples were mounted in a vacuum system and irradiated with 

248 (Lambda Physik LPX 205 I) and 308 nm (Lambda Physik EMG 203 MSC) laser 

light (see Figure 19).  
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Figure 19: Quadrupole-time of flight setup 

The fragments released during the ablation process were ionized by an ionizer (electron 

impact with 70 eV electrons, 10.5 cm from the sample) and mass resolved in a 

quadrupole mass spectrometer (UTI 100C). The time of arrival was recorded with an 

EG&G PARC 914P multichannel scaler for 28 (N2), 35 (Cl), 76 (phenyl), 142 (aliphatic 

diamine group) and 168 (diphenyl ether) amu masses.  

The kinetic energy of the fragments could be obtained from the time of arrival curves by 

a curve fitting procedure, which is described in chapter 2.3.1.  
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2.2.6 Emission spectroscopy 

The previously described methods are sensitive to the surface morphology, the 

fragmentation of the polymer, and the release of the shockwave caused by the ablation 

process. These methods are mainly used to study the ablation process in the lower 

fluence range where no plasma is formed. 
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Figure 20: Experimental setup for the emission spectroscopy. 

Emission spectroscopy is applied to study the laser ablation process at high fluences 

where a plasma is formed.  The emission spectra of the plasma allow the identification 

of the atomic and molecular fragments which are formed in the ablation process or by 
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collisions thereafter. The light emitted from the plasma is collected by a lens system and 

focused into an optical fiber (see Figure 20).  

The light is then dispersed in a spectrometer (Acton SpectraPro 500) and recorded in a 

gated ICCD (Princeton Instruments, ICCD-1024-MLDG-E/1 and with a PG-200 pulse 

generator). The temporal evolution of the various species in the plasma were studied by 

adjusting the gate width and delay of the ICCD. 
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2.3 Data Evaluation Methods 

2.3.1 Quadrupole-time of flight mass spectroscopy 

The time of arrival curves after irradiation of the triazene polymer show three distinct 

components (Figure 64 and Figure 65 in chapter 3.4.3). Two of them were fitted by a 

Gaussian energy distribution, which was convoluted with the kinetic energy to obtain 

the time of arrival curves.  
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Where E0 = center energy of the Gaussian, m = mass of the fragment, x = distance 

between the detector and the fragment release point, σ = width of the Gaussian 

distribution. 

The third component of the time of flight curves consists of a broad tail, which extends 

hundreds of microseconds after the laser pulse. Under the assumption that this peak is 

caused by a thermally activated decomposition process of the polymer it will follow the 

Arrhenius equation, 

 
S(T) = A ⋅ e

−EA

k⋅T ( t )  (3) 

where S = emission rate, A = Arrhenius prefactor, EA = activation energy, 

k = Boltzmann’s constant, and T = surface temperature which changes with time.  

The laser heats the surface of the polymer to a temperature T = TRoom + ∆T which 

subsequently cools again. From the Arrhenius equation it is obvious that the 

decomposition of the polymer depends strongly on the decay of the surface temperature, 

which in turn depends on the initial temperature distribution. To describe the 

temperature profile in the polymer it is assumed that the fluences are high enough to 
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saturate the absorption centers. The depth of the heated region will then depend on the 

fluence, while the initial temperature will remain roughly constant. Under these 

conditions, the surface temperature after the laser pulse can be described as follows: 
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with κ = diffusivity, t = time since the laser pulse, and erf the standard error function 

which was calculated according to the routines of Igor Pro [104]. The quantity 

α = 0.5 · κ-0.5 represents the fit parameter in the actual modeling.  

By combining both equations the actual emission rate of the polymer can be obtained. 

The detected signal of the emission rate was then convoluted by the Maxell-Boltzmann 

velocity distribution: 
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The position of the detector relative to the emission site is given by x,y,z.  

The numerically calculated time of arrival curves were then fitted to the measured time 

of arrival curves by varying s, ∆T, A and α. The position of the detector was virtually 

moved to the position of the ionizer by subtracting the flight time from the ionizer 

through the quadrupole filter to the detector. The initial velocity of the fragments when 

entering the ionizer was thereby taken into account.  

2.3.2 Interference evaluation 

The evaluation of the fringe shifts (from surface interference and Mach Zehnder 

shadowgraphy) was developed by Takeda et al. [105]. Two pictures, one before and one 

during/after the laser pulse, were taken (e.g. see Figure 21).  

The darkening in the picture taken during laser irradiation (Figure 21b) is due to a 

reflectivity change during the laser pulse. 
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Figure 21: Interference fringes a) before and b) during laser irradiation. 

   

   

Figure 22: Images of the interference shadowgraphy recorded 700ns after irradiation 
with a 193 nm laser pulse. a) The interference image recorded by the 
camera. b) 2D-FFT of the interference image. The ellipse shows the 
selected peak of the digitally filtering. c) Phase shift image, d) amplitude 
image of the released shockwave. The image size is 2.6 mm 
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The recorded fringe pattern can be described mathematically as: 

 [ ]),(2cos),(),(),( 0 yxxfyxbyxayxg φπ +⋅⋅+=  (6) 

(φ contains the desired phase information, while a and b represent irradiance variations 

of the reflected probe beam; f0 is the frequency of the interference lines.)  

The equation can be written as: 

 g(x, y) = a(x, y) + c(x, y) ⋅ exp(2π ⋅ i ⋅ f0 ⋅ x) + c*(x, y) ⋅ exp(−2π ⋅ i ⋅ f0 ⋅ x)  (7) 

with  

 c(x, y) = 0.5 ⋅ b(x, y) ⋅ exp iφ(x, y)[ ] (8) 

 (The * denotes a complex conjugate).  

The images are then converted using a 2D fast Fourier transformation procedure (2D 

FFT) to: 

 G( f , y) = A( f , y) + C( f − f0, y) + C*( f + f0, y)  (9) 

The undesired irradiance variations of the reflected probe beam can be removed by 

extracting the peak belonging to the fringe shift (white ellipse in Figure 22b). This 

reduces the images to the fringe shift information. After an inverse 2D FFT of the 

images into the complex space they can be described by: 

 log c(x, y)[ ]= log 0.5 ⋅ b(x, y)[ ]+ i ⋅ φ(x, y) (10) 

The phase is now separated in the imaginary part. The phase difference of both pictures 

is then proportional to the changes of the optical path length. The path length depends in 

the case of surface interferometry on the surface morphology and the refractive index of 

the polymer: 
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 ∆p(∆d) = 4π ⋅
∆d ⋅nD

λ
 (11) 

The refractive index of the polymer can be calculated with equation 11 by measuring 

the final phase shift several seconds after the laser pulse and taking the depth of the 

ablated area into account. The dynamic range of the phase difference is limited to 2π, 

resulting in a phase jump when the difference becomes larger. Therefore it is necessary 

to evaluate these phase jumps very carefully by considering the possibility of these 

jumps.  

A sudden change of the phase shift, which belongs to the shockwave front, is observed 

in the images resulting from the Mach-Zehnder shadowgraphy (see Figure 22c). The 

propagation velocity of the shockwave can be determined by measuring the position of 

the shockwave and taking the delay into account. 

The amplitude difference between both pictures is proportional to the difference of the 

amount of reflected light (ns-interferometry), respectively, the amount of transmitted 

light (ns-shadowgraphy, see Figure 22d). 

2.3.3 Simulation of the diatomic plasma emission 

The emission spectra of the diatomic species reveal a relatively complex structure, 

which is due to the combination of the electronic transitions from the different rotational 

and vibrational states. 

The estimation of the plasma temperatures is based on the program LIFBASE [106]. 

This software calculates the spectra of diatomic molecules by summing the intensity of 

all rovibrational levels and convoluting the result with the instrumental line shape of the 

optical system. The intensities are obtained using the following equation: 

 Iv''J ''
v'J ' = KAv''J ''

v'J ' Nv'J '  (12) 

K is an experimental constant taking the sensitivity of the optical system into account, 

while Nv 'J '  is the population in the excited state. A Boltzmann distribution can be used 
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to determine Nv'J ' when a thermal distribution of the states of the molecules is assumed. 

The Einstein coefficient Av''J ''
v'J '  was calculated according to the following equation. 

 Av''J ''
v'J ' =

ge
'

ge
''

64π
3h

SJ ''
J '

2J'+1
pv''J ''

v'J ' (υ v''J ''
v'J ' )3  (13) 

were ge is the electronic degeneracy which takes the state spin multiplicity into account. 

S is the Honl-London factor, which was used following the analytical expression by 

Kovacs and Earls [107,108] and the normalization suggested by Whiting [109]. The 

transition probability, p, was previously calculated and is included in the database of the 

program, while, ν, is the transition frequency. 

 

Figure 23: Contributions of the different vibration levels to the emission of the CN-
Violet system (B2Σ→X2Σ+). 

The temperatures were estimated by calculating the ro-vibrational spectra of the CN-

Violet system (B2Σ→X2Σ+) for different temperatures. Figure 23 shows a calculated 

CN-Violet spectrum. The contribution of the different vibrational levels is shown in 

different colors and patterns. The splitting of the vibrational bands in the rotational lines 

cannot be distinguished as this simulation takes the resolution of our spectrometer 

(FWHM about 0.1 nm) into account. 
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The measured spectra were then compared to the calculated spectra. The temperature 

from the calculated spectra with best correlation was taken as the temperature of the 

CN-species in the plasma. 
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Figure 24: Measured and simulated CN-Violet spectra. The measured spectra was 
recorded 1 µs after 1064 nm irradiation of PVC + 1 % C with 55 J cm-2. 
The simulated spectra were calculated assuming the same and different 
temperatures for the vibrational and the rotational distribution. In the 
upper area the difference between the calculated and the measured 
spectra is included. 

The assumption that the molecules were completely thermalized resulted in some cases 

in a systematic error in the correlation between the measured and the calculated spectra 

(see Figure 24, a higher intensity from 378 to 382 nm when only one temperature is 

assumed).  This deviation could only be improved by assuming different temperatures 

of rotational and the vibrational states, which is an indication that the molecules are not 
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completely thermalized. In this case different rotational temperatures (i.e. distributions) 

might even exist for the different vibrational levels.  

It is difficult to fit both temperatures manually due to noise in the measured spectra 

(especially after long delay times or after low fluence irradiation). The same 

temperature for the vibrational and rotational distribution was used in most cases to 

allow an automatic comparison of the recorded and calculated spectra.  

A manual fit of both temperatures gave a higher temperature for the vibrational states. 

Fitting the same spectra with a single temperature resulted in a temperature between the 

rotational and vibrational temperatures.  

It is noteworthy that the CN-spectrum can be observed not only when the ablated 

polymer contains nitrogen but also when the atmosphere where the plasma is formed 

contains nitrogen. In the latter case the CN-species are formed by collisions between 

released carbon and nitrogen in the atmosphere [57,110-112].  
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3 Results and Discussions 
 

 

 

3.1 Irradiation of the triazene polymer (TP1) with different UV-

light sources 

3.1.1 Introduction 

Most commercial polymers exhibit poor laser ablation properties, which lead to the 

development of new polymer types which were especially designed for laser ablation. 

TP1 has been designed for laser ablation with 308 nm laser light. The photoactive 

triazene group decomposes not only under intense laser light during laser ablation but 

also when the polymer is irradiated with low intensities. 

The polymer was irradiated with excimer lamps and excimer lasers to study the 

decomposition as a function of the light intensities. Different irradiation wavelengths 

were applied to measure the influence of the absorption site (triazene group vs. diphenyl 

ether group).  

The excimer lamps emit a quasi-continuous UV radiation at relatively low intensities, 

where a linear relation between the absorbed number of photons and the decomposed 

chromophore units is expected. Three different excimer lamps (XeCl for 308 nm, KrCl 

for 222 nm and Xe2 for 172 nm) were applied in the experiments and the decomposition 

of the polymer was studied by measuring the absorption of a thin polymer film as a 

function of the irradiation time. 
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Different excimer lasers (an ArF excimer laser with 193 nm and a FWHM of 25 ns and 

two XeCl excimer laser with 308 nm, one with FWHM of 30 and one with FWHM of 

250 ns) were applied in the high intensity regime, where a non-linear behavior between 

the number of absorbed photons and the decomposed chromophores is detected. The 

decomposition (i.e. the laser ablation) process of TP1 was characterized by measuring 

the ablation depth after irradiation with different fluences and pulse numbers.  

3.1.2 Photolysis with excimer lamps 

The irradiation with the XeCl (308 nm) and KrCl (222 nm) excimer lamps could be 

performed in air. The light of the Xe2 (172 nm) excimer lamp is absorbed by oxygen 

and ozone, excited oxygen molecules, and oxygen radicals are formed [103]. The 

irradiations with the Xe2 excimer lamp were therefore performed in argon, air and 

oxygen atmosphere under ambient pressure to distinguish between the different 

reactions of the polymer (i.e. photochemical reaction and reaction with the reactive 

oxygen species). Direct etching of the polymer, called photo-oxidative etching is only 

observed at reduced pressures [113], but was not studied here. 

The decomposition of the TP1 was analyzed at the two different absorption maxima of 

the polymer (at 332 nm which corresponds mainly to the triazene group and 196 nm 

which is mainly due to aromatic groups in the polymer [51], see also the UV-VIS 

spectrum of TP1 in Figure 7) and is shown in Figure 25 and Figure 26. A detailed 

analysis of the behavior at 196 nm reveals a decrease during the first seconds of the 

irradiation. This decrease is observed for all irradiation wavelengths and is either due to 

desorption of adsorbed species or might be due to the evaporation of solvent residuals 

caused by a temperature increase (< 100 °C) during the irradiation.  
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Figure 25:  Absorption change of TP1 at 196 nm at various irradiation times with 
172, 222 and 308 nm excimer lamps. The maximum absorption was 
normalized to 1. The irradiation with 222 and 308 nm were performed in 
air, the irradiation at 172 nm in Ar 

During 308 nm irradiation only the absorption at 332 nm decreases, while the 

absorption at 196 nm remains nearly unchanged. The 308 nm photons have a photon 

energy of 4.02 eV, which is clearly above the energy of the N-N bond (between 1.7 and 

3.0 eV for hydrazine derivatives [51]) but only slightly above the energy of a C-C bond 

(3.6 eV). These photons will most probably break mainly the triazene group, N2 will be 

released, and the remaining radicals can recombine. This results in a decrease of the 

332 nm absorption while the absorption at 196 nm remains unaffected. 

A different behavior is found during the 222 nm irradiation, where a faster decrease of 

the 332 nm absorption is observed. The absorption at 196 nm reveals the initial decrease 

during the first seconds of the irradiation, followed by an increase of the absorption 

during the next 100 s which is then followed by a decrease of the absorption.  

The transient increase during the 222 nm irradiation is probably due to a crosslinking 

reaction within the polymer as it has already been reported for thermolysis [25]. The 
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222 nm photons have a photon energy of 5.59 eV which is higher than the binding 

energy of the N-N and the C-C bonds. The light is either absorbed by the triazene or the 

diphenyl ether group. The energy of the absorbed photons can be distributed along the 

polymer chain and therefore other bonds can be broken as well. It is expected that the 

weakest bond (i.e. N-N) will be broken first and that bond breaking should be more 

efficient than for the 308 nm irradiation. This is in good agreement with the decay of the 

332 nm absorption. The radicals formed during the photolysis of the triazene group can 

combine after the release of N2 and create new bonds (e.g. crosslinking), which is in 

agreement with a decrease of solubility of TP1 after 308 nm irradiation. 
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Figure 26:  Absorption change of TP1 at 332 nm at various irradiation times with 
172, 222 and 308 nm excimer lamps. The maximum absorption was 
normalized to 1. The irradiation with 222 and 308 nm were performed in 
air, the irradiation at 172 nm in Ar. 

An increase of the 196 nm absorption should be observed during the 222 nm irradiation 

if the new bonds contribute to this absorption. With time, the number of the triazene 

bonds decreases and more and more other bonds, which contribute to the 196 nm 

absorption, will be broken by the 222 nm photons. This decrease of the 196 nm 

absorption is found, after the absorption of the triazene group decreased to about a 
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quarter of its starting value. This indicates a step by step decomposition of the polymer 

during irradiation. First the photosensitive triazene bonds are broken and followed the 

decomposition of the more photostable bonds (e.g. the bonds within diphenyl ether 

group). 

During the 172 nm irradiation in argon a similar behavior than for the 222 nm 

irradiation is observed. The 332 nm absorption peak decreases quite fast, while the 

absorption of the 196 nm peak shows a short increase during the first 15 s which is 

followed by a fast decrease. The increase might be due to the creation of new bonds as 

described above. The fast decrease can be explained by the high photon energy (i.e. 

7.21 eV) of these photons. The 172 nm photons also break first the triazene and then the 

other bonds within the polymer (even the C=C bonds in the phenyl ring which have a 

binding energy between 3.6 and 6.36 eV can be broken) which explains the similar 

behavior of the triazene absorption after 172 and 222 nm irradiation. 

It should be noted that a quantitative comparison of the different irradiation 

wavelengths is not possible due to the different intensities of the excimer lamps.  

The 172 nm photons are absorbed by oxygen and excited oxygen species are formed. 

These species can react with polymer. To distinguish both reactions (photochemical 

decomposition vs. photo oxidation) different atmospheres have been applied. The decay 

of the 332 and the 196 nm absorption during irradiation with the 172 nm excimer lamp 

for different atmospheres is shown in Figure 27 and Figure 28. The fastest decay of both 

absorptions is found for irradiation in air. In the presence of oxygen the 172 nm photons 

create oxygen radicals, excited oxygen molecules and ozone which can react with the 

polymer by photo-oxidation. The penetration depth of the 172 nm photons in oxygen at 

atmospheric pressure is in the order of 1 mm [103]. The creation of excited oxygen 

species and ozone will decrease the concentration of the oxygen and will influence the 

absorption coefficient of the atmosphere. It is therefore difficult to give a precise value 

for the penetration depth of the 172 nm photons. The penetration depth in an oxygen 

atmosphere should only be used as a first approximation. The amount of the excited 
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oxygen species and ozone is increasing with irradiation time. The concentration of these 

species might therefore vary in these experiments as the sample was taken out between 

the irradiations and the irradiation times were not constant. 
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Figure 27: Absorption change of TP1 at 332 nm at various irradiation times with 
172 nm excimer lamps under different atmospheres. The maximum 
absorption was normalized to 1 

The excited oxygen species are probably, in a pure oxygen atmosphere, formed 

relatively far away from the polymer surface and the number of photons reaching the 

polymer surface is very low as the sample was at least 5 mm away from the excimer 

lamp. In air the concentration of oxygen is about 5 times smaller and the penetration 

depth should increases. More 172 nm photons can reach the polymer surface and might 

create a photodecomposition of the polymer. Additionally, excited species should be 

formed much closer to the polymer surface and will react more efficiently. Etch rates in 

the order of 5.5 µm min-1 were found for irradiation in air.  

The decomposition of the triazene group is faster in an oxygen containing atmosphere 

indicating that the photo-oxidation is more efficient than the photodecomposition. The 
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fastest decomposition is measured in air. This might be due to a combination of the 

reactive oxygen species created close to the polymer surface and the photons which 

reach the polymer and cause an additional photodecomposition.  
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Figure 28:  Absorption change of TP1 at 196 nm at various irradiation times with 
172 nm excimer lamps under different atmospheres. The maximum 
absorption was normalized to 1.  

The decrease of the 196 nm irradiation in the argon atmosphere is, as described above, 

not due to the photo-oxidation of the polymer but results from a photochemical 

decomposition of the polymer. In the oxygen atmosphere the curve shows compared to 

the irradiation in argon a different behaviour at early times (< 100 s) and a similar 

behaviour at later times. The difference at the early times is most probably due to the 

different decomposition mechanisms (photo-oxidation by excited oxygen species vs. 

photodecomposition and formation of new bonds), while the similar behaviour at later 

times might be a coincidence. The fastest decay of the 196 nm absorption is found in 

air, which is most probably due to the fact that the reactive oxygen species are formed 
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closer to the surface and might be enhanced by photons which reach the polymer 

surface. 

A comparison of the decomposition of the triazene group in argon and in oxygen 

atmosphere shows a faster decomposition in the oxygen atmosphere. The similar 

decomposition of for the diphenyl ether group in both atmospheres might indicate that 

the increase in the decomposition efficiency due to the excited oxygen species is less 

pronounced for the diphenyl ether group than for the triazene group.  

3.1.3 Laser ablation with excimer laser 

The ablation rates for different fluences of TP1 after irradiation with 308 and 193 nm is 

shown in Figure 29. The laser light is absorbed at different absorption sites within the 

molecule, i.e. the 308 nm photons are absorbed by the photolabile triazene group and 

the 193 nm photons are absorbed by the more photostable diphenyl ether group.  

The ablation parameters (threshold fluence of ablation, Fth, and effective absorption 

coefficient, αeff) are calculated by fitting the ablation rates to equation 1. The ablation 

thresholds are for both irradiation wavelengths relatively small 

(Fth (193 nm) = 14 mJ cm-2; Fth (308 nm) = 27 mJ cm-2) whereas the effective absorption 

coefficients for 193 nm irradiation ( αeff (193 nm) = 213 000 cm-1) is much larger than 

for 308 nm irradiation (F < 600 mJ cm-2: αeff (308 nm) = 50 000 cm-1; F > 600 mJ cm-2: 

αeff (308 nm) = 20 000 cm-1 ). This difference is not expected, because the linear 

absorption coefficients are very similar at both wavelengths (i.e. 

αlin (193 nm) = 117 000 cm-1αlin (308 nm) = 88 000 cm-1). The ablation rates for 193 nm 

irradiation can be described over the studied fluence range with the same threshold 

energy and effective absorption coefficient, while for the 308 nm irradiation two fluence 

ranges (< 600 mJ cm-2 and > 600 mJ cm-2) with different effective absorption 

coefficients are obtained.  
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Figure 29: Fluence dependence of the ablation rate of TP1 after 193 and 308 nm 
irradiation. The straight lines represent the fit of the ablation rate 
according to equation 1. 

Both effective absorption coefficients after 308 nm irradiation are significantly lower 

than the linear absorption coefficient, which indicates that the laser light penetrates 

deeper into the polymer then expected from the linear absorption coefficient. 

Measurements of the absorption coefficient revealed a decrease of the linear absorption 

coefficient during the laser pulse [51]. The laser light might therefore penetrate deeper 

than expected from the linear absorption coefficient into the polymer, resulting in higher 

ablation rates. It has been previously suggested that the observed decrease of the 

effective absorption coefficient is due to a temperature increase at high fluences which 

results in an additional thermal decomposition of the polymer [114] or an increase of 

the photochemical decomposition rate [69,115]. A change of the ablation process might 

also be able to cause an increase in the ablation rate (e.g. plasma assisted).  

The effective absorption coefficient obtained from the ablation rates after 193 nm 

irradiation is significantly higher than the linear absorption coefficient, which suggests 
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that during the ablation process the laser light penetrates the polymer less than expected 

from the linear absorption coefficient. The 193 nm laser light has a high photon energy 

(6.42 eV) and can break all bonds due to the fast dissipation of the energy within the 

polymer. It is noteworthy that the effective absorption coefficient remains constant 

throughout the studied fluence range. This might be an indication that either the 

polymer is not heated during the ablation process or that the decomposition of the 

polymer (thermal or photochemical) is not significantly influenced by a temperature 

increases. 

The extended fragmentation of the polymer might require more photons and lower 

ablation rates should result. The fragments released during the ablation process may 

additionally absorb the incoming photons, resulting in a lower amount of photons 

reaching the polymer surface. The photons absorbed by the released fragments may 

cause additional bond breaking after the fragments were released from the polymer. An 

increase in the fragmentation is supported by shadowgraphy measurements (see 

chapter 3.3.4), which indicate that more gaseous fragments are released during 193 nm 

irradiation compared to 308 nm irradiation. 

The influence of the pulse length on the ablation process was studied by measuring the 

ablation rates after irradiation with 30 and 250 ns laser pulses (see Figure 30) to obtain a 

more detailed understanding of the processes active during 308 nm irradiation. 

Again the ablation threshold and the effective absorption coefficients were determined 

by fitting the ablation rates to equation 1. The ablation threshold is increasing with the 

pulse length (Fth (30 ns) = 27 mJ cm-2; Fth (250 ns) = 67 mJ cm-2), while the effective 

absorption coefficient is decreasing with the pulse length (F < 600 mJ cm-2: 

αeff (30 ns)  = 50000 cm-1, αeff (250 ns) = 30000 cm-1; F > 600 mJ cm-2: 

αeff (30 ns) = 20000 cm-1, αeff (250 ns) = 16000 cm-1). The decrease of the effective 

absorption is more pronounced for the shorter laser pulse than the long pulse, and 

similar ablation rates are found for the high fluence regime.  
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Figure 30: Pulse length dependence of the ablation rate of TP1 after 308 nm 
irradiation. The straight lines represent the fit of the ablation rate 
according to equation 1. 

An influence of the pulse length was previously attributed to a photothermal ablation 

mechanism: the ablation process should, for a linear photochemical ablation process, 

not be influenced by pulse length but only by the applied dose of photons. A pulse 

length dependence is expected to occur during a photothermal ablation process, where 

the polymer is heated by the laser and decomposes subsequently. The final temperature 

of the polymer and thereby the ablation rates decrease with an increase of the pulse 

length  (assuming the same dose) due to the temperature diffusion during the laser 

pulse [95,116]. This would indicate that at low fluences a photothermal mechanism 

might be dominant, while at high fluences a photochemical mechanism might be more 

active which is opposite to the expected behavior.  

The lower effective absorption coefficient in the higher fluences range might be due to a 

temperature increase of the polymer surface at higher fluences [114] as discussed 



3   Results and Discussions 

65 

before. A higher temperature should also be an indication for a prominent thermal 

ablation process at the higher fluences.  

If we assume, that for both pulse lengths a photochemical reaction is dominant and if 

we assume further, that the breaking of the bonds results in the creation of radicals, than 

these radicals could recombine and form new bonds during the laser pulse (see 

chapter 3.1.2).  The ablation rate would depend on the laser intensity and the pulse 

length if a critical number of broken bonds are necessary for ablation to occur (this 

assumption was made in [42]). Lower ablation rates are obtained for longer laser pulses, 

as more new bonds can be formed during the laser pulse. At higher fluences the number 

of new bonds is small compared to the number of the broken bonds and the difference 

of ablation rates between both pulse lengths should be smaller.  

The ablation rates shown in Figure 30 indicate that the above mentioned model might 

be valid: the ablation rates for the shorter laser pulse are in general larger than those of 

the longer irradiation pulse and at low irradiation fluences the difference between the 

ablation rates is more pronounced then at high irradiation fluences. 

It should also be noted that slight changes in the data points measured after the long 

pulse irradiation might influence the discussion above and only a very limited dataset is 

available. Possible deviations might be due to a different sensitivity of the joulemeter 

for different pulse lengths or differences in the experimental setup, as these 

measurements were performed at the EPF Lausanne.  

3.1.4 Conclusions 

The irradiation of TP1 with the different excimer lamps reveals photodecomposition for 

all irradiation wavelengths. The 308 nm irradiation with the XeCl excimer lamp 

decomposes specifically the triazene group, while the biphenyl ether group remains 

nearly unchanged. The photon energy can be distributed within the polymer and other 

bonds can be broken after absorption of the photons from the excimer lamps (e.g. 

222 nm). The weakest bond (bond energy of the triazene group is between 1.7 and 
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3.0 eV) in the polymer will break first, resulting in a fast decrease of the absorption at 

332 nm. During the photodecomposition of the triazene group new bonds can be 

formed.  A slight increase of the absorption at 196 nm during the initial times of the 

irradiation is observed. This increase is probably due to the formation of new bonds by 

the combination of radicals. With the decrease of the absorption of the triazene group 

less photons are absorbed by the triazene group and the 222 nm photons might 

decompose C-C bonds which contribute also to the 196 nm band.  

The irradiation with the Xe2 excimer lamp was performed in different atmospheres. In 

an argon atmosphere the 172 nm photons decompose the polymer photo-chemically. 

The energy of the photons is so high that all bonds within the polymer can be broken. 

The decomposition of the triazene seems to occur prior to the decomposition of the 

more stable bonds. The difference is less pronounced than for 222 nm irradiation.  

In oxygen containing atmospheres oxygen radicals, ozone und and excited species are 

formed [103] and the decomposition of the polymer is mainly due to photo-oxidation. 

This reaction is more efficient in air than in an oxygen atmosphere, where the majority 

of the photons is absorbed relatively far away from the polymer surface due to the 

distance between the sample and the excimer lamp and the low penetration depth of 

these photons in an oxygen atmosphere. Also it is not possible to rule out that 

photochemistry might occur due to the higher penetration depth of the 172 nm photons 

in air. Surface etching of the polymer at rate of about 5.5 µm min-1 was found for 

irradiation in air. A comparison between irradiation in the oxygen containing 

atmosphere and the argon atmosphere shows that the excited oxygen species decompose 

the triazene group more efficient than the 172 nm photons. The difference in the 

decomposition efficiencies is less pronounced for the diphenyl ether group. 

The effective absorption coefficient for ablation at 193 nm is much higher than the 

linear absorption coefficient. This behaviour was attributed to an extended 

fragmentation of the polymer and a shielding effect of the ablation plume. The effective 

absorption coefficient is, for 308 nm irradiation, lower than the linear absorption 
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coefficient. This difference is probably due to the decrease of the polymer absorption 

during the laser pulse [51]. Furthermore, the ablation rates after 308 nm reveal different 

effective absorption coefficients for the low and the high fluence range. This difference 

can be due to a temperature increase, which might cause an increase of the thermal or 

photochemical decomposition of the polymer. A change in the ablation process can also 

not be excluded. 

The different ablations rates after 308 nm irradiation with two different pulse lengths is 

not completely understood. A possible explanation is a photochemical decomposition of 

the polymer under the assumption that new bonds can be formed during the irradiation 

and that a certain number of broken bonds are required to observe material removal. 



3.2 ns-surface interferometry 

68 

 

3.2 ns-surface interferometry 

3.2.1 Introduction 

Ns-surface interferometry is applied to observe the displacement of the polymer surface 

during the ablation process. Three different variations of this setup are tested and their 

advantages and disadvantages will be discussed.  

Ns-surface interferometry has been used in previous studies to observe the ablation 

process of different polymers. In some cases surface swelling prior to material removal 

was observed [76,78], while in other cases the material removal started and ended with 

the laser pulse [75,77,78].  Pronounced surface swelling has been used as an indication 

for a photothermal process, where a temperature increase prior to material removal 

causes a thermal expansion of the polymer. During a photochemical ablation 

mechanism the polymer should ideally not be heated prior to material removal and no 

thermal swelling should occur. The material removal is directly linked to the laser light 

and should therefore only occur during the laser pulse.  

Four polymers, e.g. two triazene polymers (TP1 and TP2), a polyimide (PI2) and poly 

(methyl methacrylate) (PMMA) were selected to study the influence of the ablation 

mechanism on the surface changes and to evaluate the influence of different 

mechanisms on the interferometry data. The triazene polymers belong to a group of 

special designed polymers with superior laser ablation properties and a high absorption 

coefficient at all applied wavelengths. For a photosensitive polyimide (PyralinTM from 

Dupont) it has been reported that the irradiation wavelength has a pronounced influence 
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on the ablation mechanism, i.e. photochemical at short wavelengths and photothermal at 

longer (≥ 248 nm) wavelengths [41]. In this study PI2 was used an example for a 

polymer where a transition from a photochemical to a photothermal ablation process 

might be observed.  

PI2 and TP1 were studied at three different irradiation wavelengths (193, 248 and 

308 nm). To measure the influence of the irradiation fluence on the ablation process 

different fluences (above and below the threshold of ablation) were applied for each 

wavelength. TP2 was used at an irradiation wavelength of 308 nm to control whether 

the triazene chromophore governs the process or whether changes in other parts of the 

structure have a pronounced influence on the ablation process.   

The irradiation of PMMA at 248 nm can, depending on the irradiation fluence, result in 

three different effects. At fluences below 900 mJ cm-2 only a transient expansion of the 

surface is observed [77]. This surface swelling becomes permanent when the fluence is 

between 900 and 1400 mJ cm-2 [77], while for fluences above 1400 mJ cm-2 ablation is 

observed. The expansion of PMMA at fluences below 900 mJ cm-2 is either due to a 

thermal expansion or due to gaseous products formed within the polymer, which leave 

the polymer by diffusion. PMMA was used as a possible example for a thermal ablation 

process and was only irradiated with fluences below the threshold of permanent surface 

swelling to reduce the influence of chemical reactions. 

3.2.2 Comparison of frontside, backside, and internal interferometry 

The first possible configuration of the ns-shadowgraphy setup is the frontside setup, 

which is shown in Figure 14 (see Chapter 2.2.3). In this configuration the probe beam is 

reflected directly from the air/polymer interface and the pump beam irradiates the 

sample from the same side, at an angle of about 60°. A typical sequence of phase shift 

images is shown in Figure 31. 



3.2 ns-surface interferometry 

70 

 

Figure 31:  Phase shift images of TP1 during/after 308 nm irradiation taken at 
different delay times with frontside-ns-surface-interferometry (laser 
fluence 138 mJ cm-2, spot size: 750 x 525 µm) 

The rectangular irradiated area can be seen clearly in the phase shift image taken 60 ns 

after the beginning of the laser pulse. No effects of the shockwave are observed during 

the early times of the laser pulse. The images taken at 310 and 760 ns after the laser 

pulse reveal the propagation of a bright ring which surrounds the ablated area. This ring 

can be attributed to the shockwave which expands and changes the refractive index of 

the gas phase above the sample. This ring expands, assuming a linear expansion for the 

first 300 ns, with a velocity of about 1000 m s-1. This in agreement with the value 

obtained from the shadowgraphy experiments (see chapter 3.3.4) and similar to a value 

reported in other ns-surface interferometry measurements [75].  

The atmosphere in front of the ablated area is also affected due the hemispherical 

expansion of the shockwave. From these measurements it does not seem possible to 
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separate this effect from the phase shift change due to the polymer ablation. It has 

previously been reported that the fringe shift (which corresponds to phase shift) 

measured with the frontside configuration is, due to the ejected gaseous fragments, 

larger than the final fringe shift [75,78]. This is not the only possible reason for the 

observed differences, because the change of the phase shift is, as discussed above, a 

convolution of the ejected gaseous material and the compressed gas from the 

surrounding atmosphere.  
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Figure 32: Phase shift of TP1 measured with the frontside-surface-ns-interferometry 
after irradiation at 308 nm. A smoothed spline curve is added to guide the 
eyes along the data points. In the lower left area the relative intensity and 
the deposited laser energy are included. 



3.2 ns-surface interferometry 

72 

Figure 32 shows the phase shifts measured by frontside-surface-ns-interferometry after 

308 nm irradiation of TP1. An increase of the phase shift corresponds to a decrease of 

the film thickness. The phase shift measured after irradiation with 11 mJ cm-2 (below 

the threshold of ablation) shows only a transient swelling. Images recorded several 

seconds after the laser pulse do not reveal a permanent modification of the polymer 

surface. The measurements with an irradiation of 70, 140 and 210 mJ cm-2 (all above 

the threshold of ablation) reveal clear ablation of the polymer as the phase shift starts to 

increase with the laser pulse. This phase shift is larger than the final phase shift 

measured several seconds after the laser pulse (see Figure 33 where the final phase shift 

has been added as straight line). The phase shift starts to decrease again approximately 

200 ns to 400 ns after the laser pulse and reaches a minimum after 1000 to 2000 ns. 

This behavior might be explained by the shockwave, which is formed during the 

ablation process. The shockwave can be described as a thin layer of compressed gases 

and a volume behind this layer where the pressure is lower than of the surrounding 

atmosphere. During the early times after the laser pulse, the shockwave can be 

described as planar expansion, which converges more and more into a hemispherical 

expansion. In Figure 31 the propagation of the shockwave along the edge of the ablated 

area can be observed. The propagation vertical to the surface has probably a similar 

shape. 

The pressure in front of the ablated area is significantly higher than of the ambient 

atmosphere shortly after the release of the shockwave. The refractive index of the 

atmosphere is therefore higher, resulting in a phase shift corresponding to a larger 

ablation depth. The thin, dense layer moves away from the ablated area during the 

propagation of the shockwave and the volume with the lower pressure between the 

shockwave front and the ablated area increases. This volume has a lower pressure and 

therefore a smaller index of refraction which results in a phase shift that is smaller than 

the expected value. After longer delays the shockwave becomes weaker (the pressure 

differences in the shockwave decrease) and a pressure corresponding to the normal 
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atmosphere remains. This results in phase shifts that correspond to the values measured 

several seconds after the laser pulse. This tendency can be observed for the higher 

fluences (140 and 210 mJ cm-2), where the phase shift increases again. 

The decrease of the phase shift, as it is observed after 200 to 400 ns is additionally 

influenced by the data evaluation routine applied here: the measured fringe shifts are 

obtained by measuring the difference of the fringe shift of the background (i.e. non 

irradiated area) with the irradiated area. When the shockwave expands, it will reach at 

some point in time the background area and the resulting phase shift decreases. The area 

from where the background is taken influences therefore the phase shift curves at later 

times.  
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Figure 33:  Shows the phase shift changes after 308 nm irradiation with 140 mJ cm-2 
of TP1. The phase shift was measured with the frontside and the backside 
configuration. The two straight lines represent final phase shift measured 
several seconds after the laser pulse.  
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In previously published papers is it not described where exactly the background was 

determined and whether this background might be influenced by the expanding 

shockwave. The effects of the shockwave formed during the ablation process might 

explain the larger fringe shift reported in these papers [75,78].  

In this work most measurements were performed with the backside-surface-

interferometry, where the probe beam comes from the backside of the substrate and is 

reflected from the other side of the polymer/air interface (see Figure 34). The phase 

shift measured with both variations is shown in Figure 33 to compare the results of both 

configurations. The final phase shift, measured several seconds after the laser pulse, has 

been added as a straight line. The phase shift from the backside configuration is 

influenced by the refractive index of the polymer, while the phase shift of the frontside 

is influenced by the refractive index of the atmosphere which explains the different final 

phase shifts for both setups.  

The phase shift resulting from the backside-surface-ns-interferometry reveals a fast 

decrease of the phase shift with the laser pulse and remains almost constant. Only minor 

differences are found between the values measured shortly after the laser pulse and 

those measured several seconds later. The shape of the frontside-surface-ns-

interferometry is more complex and has been described above in detail. 

a) b)
polymer quartzair polymer quartzair

 

Figure 34: Schematic drawing of the surface and direction where the laser beam is 
reflected. a) frontside-surface-ns-interferometry, b) backside-surface-ns-
interferometry 
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The major advantage of the back side configuration is that the ejected material and the 

shockwave do not affect the measurements.  A disadvantage is the fact that the probe 

beam passes through the polymer resulting in a phase shift that is proportional to the 

index of refraction (see Figure 34).   

The laser light of the pump beam will only penetrate a thin layer for polymers with a 

high absorption coefficient. The bulk of the material behind this thin layer should not be 

affected by the laser light. An estimation of the influence on the phase shift can be made 

if we assume that this thin layer has a thickness of about 100 nm and the change of its 

refractive index is at maximum ≈ 0.4. This will influence the phase shift by 1 rad, which 

corresponds to a virtual change of the ablation depth in the order of 20 – 40 nm. This 

influence is relatively small compared to the ablation depth at high fluences. The 

influence of the change of the refractive index can be much larger for polymers with 

low absorption coefficient (such as PMMA at 248 nm), where the laser beam penetrates 

a much thicker layer. 

The backside interferometry should also be influenced by the shockwave propagating 

through in the material which is released during the ablation process [117]. In the phase 

shift images no indication of this shockwave has been found so far.  

polymer quartzair

 

Figure 35:  Schematic drawing of the surfaces and direction where the laser beam is 
reflected for the Internal-ns-surface-interferometry. The gray lines and 
the black line form together the interference pattern (No additional 
wedged substrate) 
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An alternative to the two configurations is the internal-interference-shadowgraphy. This 

variation of the interferometry has been applied in previously published papers [75,78], 

but was not applied in this work. The advantages and disadvantages of this 

configuration are discussed below to give a complete overview of the different 

interferometry methods.  

A schematic drawing of the surfaces and the direction of the probe laser beam is shown 

in Figure 35. The optical setup of this method is similar to the frontside configuration 

(Figure 14). The main difference between both methods is that no second wedged 

substrate is used, which is applied as external reflector for the creation of the 

interference. The interference pattern is created in the internal configuration by the 

overlap between the beams reflected from the air/polymer and the quartz/air surface. No 

influences from the shockwave are detected in the fringe images as both beams that 

form the interference pattern are equally disturbed by the shockwave.   

A precise analysis of the optical pathways of this technique reveals that for this 

configuration the phase shift depends on the refractive index of the non-irradiated 

polymer. The non-irradiated polymer is not affected by the ablation and the refractive 

index remains constant. The disadvantages of this method are that the angle of the 

wedged substrate has to match the experimental setup (the overlap from both reflections 

has to be taken into account) and that the ejection of larger fragments might block the 

probe laser beam. 
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3.2.3 ns-surface interferometry of the triazene polymers  
(TP1 and TP2) 

3.2.3.1 Surface displacement after 193 nm irradiation 

The surface displacement of the triazene polymer after irradiation at 193 nm is shown in 

Figure 36. The time t = 0 is defined as the time when the laser pulse starts (the laser 

intensity exceeds 1 % of its maximum intensity). The surface displacement was 

calculated by measuring the final phase shift and taking the depth of the ablated spot 

into account. 

At 10 mJ cm-2, which is only slightly below the ablation threshold (Fth = 12 mJ cm-2), a 

very weak positive phase shift is observed. This phase shift corresponds to a surface 

displacement of ≈ 20 nm and remains constant during the observed time. Measurements 

taken several seconds after the laser pulse reveal that this phase shift was reduced to a 

value corresponding to a surface displacement of ≈ 2 nm. The transient surface 

displacement might be due to small changes of the index of refraction or in-

homogeneities of the laser energy within the beam that may result in ablation in some 

areas of the beam. 

The phase shift starts with the laser pulse at fluences above the threshold of ablation and 

a very short (≈ 10 ns) negative phase shift is observed for the high fluences i.e. 135 and 

205 mJ cm-2. This transient, positive phase shift is too fast to be attributed to thermal 

swelling and might be explained by a very dense gas layer, which is created during the 

initial ablation process. This gas layer consists of gaseous products released during the 

ablation process which are close to the polymer surface during the early times of the 

laser irradiation. Such a dense gas layer should have a high refractive index, which will 

cause a reflection of the probe beam at this gas/air interface. The refractive index will 

decrease when the gas layer expands and the beam will be reflected at the polymer/air 

interface.  
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A change of the refractive index of the polymer would also cause a fringe shift and 

might explain the temporary negative phase shift. Reflectivity measurements of the 

polymer during and after the laser pulse (by comparing the amplitude of reference and 

the measurements picture) reveal that the reflectivity decreases with the laser pulse (see 

Chapter 3.2.6). These reflectivity changes may be due to changes of the refractive index 

or a surface roughening, which would decrease the specular reflected laser light. 

Whether this change of the refractive index or the formation of an expanding dense gas 

layer is responsible for the initial fringe shift remains unclear at the moment. 
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Figure 36:  Phase shift of TP1 after irradiation at 193 nm. A smoothed spline curve is 
added to guide the eyes along the data points. In the lower left area the 
relative intensity and the deposited energy of the laser pulse are included. 
A positive phase shift represents a material removal. 
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The transient decrease of the phase shift is followed by a permanent increase of the 

phase shift. This phase shift corresponds to ablation of the polymer in the irradiated 

area. The increase of the phase shift ends with the end of the laser pulse, indicating a 

photochemical ablation process. 

3.2.3.2 Surface displacement after 248 nm irradiation 

The changes of the surface morphology during and after a 248 nm laser pulse are shown 

for various fluences in Figure 37. A positive phase shift represents a surface removal.  

The data taken after irradiation with 17 mJ cm-2, which is below the threshold of 

ablation (FTh, 248 nm =16-32 mJ cm-2 [51]), reveal a transient surface swelling, which can 

not be observed in interference images taken several seconds after the laser pulse.  

This swelling is either due to a temporary heating of the polymer or the decomposition 

of the photolabile triazene chromophore, which results in the release of nitrogen. Such a 

release of gaseous products has already been observed for low irradiation intensities for 

other polymers (e.g. for PI1 and polyethylenterephtalat irradiation with 15 to 20 mJ cm-2 

at 248 nm were sufficient to observe gas bubbles [118]). The trapped nitrogen will 

cause a transient swelling, until it escapes by diffusion.  

At higher fluences (75, 130 and 210 mJ cm-2) a short transient surface swelling, similar 

to 193 nm irradiation, is observed. This transient swelling is followed by ablation, 

which ends with the end of the laser pulse. The phase shift seems to decrease slightly 

200 ns after the laser pulse for 130 and 210 mJ cm-2. These variations of the phase shift 

are within the same magnitude then the variations of the laser energy (every 

measurement point is recorded during another laser pulse).  
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Figure 37:  Phase shift of TP1 after irradiation at 248 nm. A smoothed spline curve is 
added to guide the eyes along the data points. In the lower left area the 
relative intensity and the deposited energy of the laser pulse are included. 
A positive phase shift represents a surface removal. 
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3.2.3.3 Surface displacement after 308 nm irradiation 

The surface displacement of TP1 after irradiation at 308 nm with different fluences is 

shown in Figure 38. The data taken for irradiation with 11 mJ cm-2, which is below the 

ablation threshold of the triazene polymer (Fth = 27 mJ cm-2 at 308 nm, measured with 

multiple laser pulses, see Chapter 3.1.3) reveal a slight surface swelling which starts 

with the laser pulse and is not anymore present after several seconds.  
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Figure 38:  Phase shift of TP1 after irradiation at 308 nm. A smoothed spline curve is 
added to guide the eyes along the data points. In the lower left area the 
relative intensity and the deposited energy of the laser pulse are included. 
A positive phase shift represents a surface removal. 
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This surface swelling is comparable to the surface swelling observed after 248 nm 

irradiation and it is either due to a thermal swelling of the polymer or due to gaseous N2 

which is created below the surface of the polymer and which leaves the polymer by 

diffusion.  
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Figure 39: Phase shift of the TP2 after irradiation at 308 nm. A smoothed spline 
curve is added to guide the eyes along the data points. In the lower left 
area the relative intensity and the deposited energy of the laser pulse are 
included. A positive phase shift represents a surface removal. 

Ablation of the polymer is observed at the higher fluences (70, 135 and 195 mJ cm-2). A 

short negative phase shift, similar to 193 and 248 nm irradiation (see above), is 

observed and is followed by a positive phase shift, which is attributed to laser ablation. 

The etching of the polymer ends again with the laser pulse. 



3   Results and Discussions 

83 

Figure 39 shows the change of the surface morphology of TP2. The chemical structure 

of this polymer is only slightly different in the part of the structure that is not 

responsible for the absorption at 308 nm. It has previously been shown that the triazene 

group governs the ablation behavior [28] and surface interferometry was used to verify 

this result. 

The measurements reveal a very similar behavior to TP1 except the short, transient 

negative phase shift, seems to be less pronounced and was only observed after 

130 mJ cm-2 irradiation. The difference in the chemical structure between TP1 and TP2 

seems to have no effect on the ablation process. This confirms the previous study which 

concluded that the ablation properties of triazene polymer are governed by the triazene 

group. 

3.2.3.4 Influence of the irradiation wavelengths on the surface 

displacement 

The phase shift of TP1 during and after irradiation at the three different wavelengths is 

shown in Figure 40. The laser intensity and the deposited energy are also included in the 

figure (inverted to follow the phase shifts); the positive phase shift corresponds to 

material removal. 

 The ns-interferometry data show that the ablation process of the triazene polymer starts 

and ends for all irradiation wavelengths with the laser pulse. The ablation behavior is 

very similar for all irradiation wavelengths: the transient small negative phase shift is 

followed by a positive phase shift, which is assigned to ablation of the polymer. The 

positive phase shift is too fast to be assigned to a thermal surface swelling, which has 

been observed for other polymers [76-78] for large time scales (µs to ms). 
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Figure 40:  The phase shift of TP1 surface during and after 193, 248 and 308 nm 
irradiation. The laser intensities and the deposited energy are included 
inverse for each irradiation wavelength. The positive phase shift 
corresponds to ablation, i.e. material removal. 

The changes of the surface morphology start and end with the laser pulse for all 

irradiation wavelengths and follow the deposited laser energy quite well. Small 

deviations between the phase shift and the deposited laser energy are observed at the 

early times, i.e. slightly delayed for 248 and 308 nm irradiation and maybe faster for 

193 nm irradiation. This behaviour is also observed at other irradiation fluences (not 

shown) and is probably due to an ill defined surface position (i.e. due to dense gaseous 

products) during the beginning of the ablation process. It is therefore not possible to 

attribute this delay directly to a delay in the surface removal process.  
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The ablation of the polymer occurs without any sign of thermal expansion. This 

suggests that for all irradiation wavelengths a photochemical ablation mechanism is 

most important. This has also been supported by the detection of very similar ablation 

products after 248 and 308 nm irradiation, which suggests identical reaction pathways. 

The presence of excited nitrogen species which were detected for both irradiation 

wavelengths indicate also strongly a pronounced photochemical ablation process (see 

chapter 3.4). 

The refractive index of the polymer can be estimated from the final phase shift 

(measured several seconds after the laser pulse) and the final ablation depth (according 

to equation 11, see Table 1).  

Measurements within the same measurement series (i.e. same irradiation wavelength, 

but different fluences) reveal, as expected from equation 11, a linear relation between 

the ablation depth and the resulting phase shift. Between different measurement series, 

in which different samples and / or different irradiation wavelengths were used, 

relatively large differences in the refractive index were found. These differences are too 

large to be explained only by a change of the chemical composition of the remaining 

polymer. The index of refraction was also determined for a thin polymer film with 

ellipsometry to nD 532 nm = 1.73 ± 0.02 which is between the values obtained from the 

phase shift analysis. 

Measurement Refractive index nD Standard deviation 
193 nm 1.43 0.13 
248 nm 1.79 0.08 
308 nm 1.64 0.04 

Table 1: refractive index of TP1 after different irradiation wavelengths 
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Differences in the angle of the substrate within the interferometer may be responsible 

for the observed differences. Effects due to multiple reflections in the polymer layer, 

which would be influenced by film thickness, should only increase the standard 

deviation and can not explain the observed differences in the refractive index. At the 

moment it is not clear whether this effect can be completely explained by the angles 

within the interferometer.  



3   Results and Discussions 

87 

3.2.4 ns-surface interferometry of the polyimide (PI2) 

3.2.4.1 Surface displacement after 193 nm irradiation 

Figure 41 shows the phase shift of PI1 after irradiation at 193 nm for various fluences. 

A positive phase shift represents material removal. A spline curve was added to guide 

the eye.  
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Figure 41:  Phase shift of PI2 after irradiation at 193 nm. A smoothed spline curve is 
added to guide the eyes along the data points. In the lower left area the 
relative intensity and the deposited energy of the laser pulse are included. 
A positive phase shift represents a surface removal. 

The morphology changes start with the laser pulse and no initial swelling (as described 

in chapter 3.2.3.1 for TP1) is observed, which may be an indication that either the 

refractive index of PI2 is influenced differently then for TP1, or that the gas layer 
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produced during the early times of the ablation process is not as dense due to the lower 

ablation rates of PI2. The phase shift decreases and recovers slightly 50 ns after the 

beginning of the laser pulse, which may be due to changes of the refractive index of the 

polymer during the laser irradiation. The phase shift observed after the laser pulse 

(100 ns and later) corresponds to the final phase shift and can be assigned to the 

ablation.   

3.2.4.2 Surface displacement after 248 nm irradiation 

The phase shift of the polyimide during and after irradiation with a KrF laser is shown 

for various fluences in Figure 42. The intensity and the deposited laser energy are also 

included in the figure. A spline curve is added to guide the eye along the data points.  

A negative phase shift is observed, which represents a surface swelling during and after 

irradiation with a fluence below the ablation threshold (40 mJ cm-2 [78]). This transient 

phase shift starts during the laser pulse and is observed for over 20 µs. Images recorded 

several seconds after the laser pulse do not reveal a permanent change of the surface 

morphology. The surface swelling (about 13 nm) is therefore probably due to a thermal 

expansion of the polymer or the creation of gaseous products which leave the polymer 

by diffusion. 

Only a positive phase shift is observed for the irradiation fluences, above the ablation 

threshold. The phase shift decreases during the laser pulse and recovers slightly 100 ns 

after the laser pulse for the irradiation with 210 and 420 mJ cm-2. The remaining phase 

shift is due to ablation. The decrease of the phase shift after 100 ns which is not very 

pronounced might either be due to a transient change of the refractive index of the 

polymer during the laser pulse or due to the pulse to pulse variation of the laser energy.  
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Figure 42:  Phase shift of PI2 after irradiation at 248 nm. A smoothed spline curve is 
added to guide the eyes along the data points. In the lower left area the 
relative intensity and the deposited energy of the laser pulse are included. 
A positive phase shift represents a surface removal. 

3.2.4.3 Surface displacement after 308 nm irradiation 

The changes of the surface morphology after 308 nm irradiation are shown in Figure 43. 

A negative phase shift is observed after irradiation with 75 mJ cm-2, which is below the 

threshold of ablation (FTh = 118 mJ cm-2). The negative phase shift represents a surface 

swelling and is not observed in measurements several seconds after the laser pulse. This 

decrease of the phase shift might again be attributed to a thermal swelling of the 

polymer surface or to gaseous products created during the ablation process, which leave 

the polymer by diffusion. 
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Figure 43:  Phase shift of PI2 after irradiation at 308 nm. A smoothed spline curve is 
added to guide the eyes along the data points. In the lower left area the 
relative intensity and the deposited energy of the laser pulse are included. 
A positive phase shift represents a surface removal. 

The phase shift images recorded after 180 and 400 mJ cm-2 exhibit a phase shift 

increase with the laser pulse. This phase shift increase seems to follow the laser pulse 

intensity surprisingly well. The 308 nm laser pulse exhibits a double peak structure, 

which can also be observed in the deposited laser energy curve (steep at early times and 

shallower at later times). The same behavior can bee seen in the phase shift curve: at the 

early times a fast increase is observed, followed at later delay times (i.e. 50 ns) by a 

slower increase of the phase shift. Subsequently, a decrease of the phase shift is 

observed 1 µs after the laser pulse.  
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This decrease of the phase shift might be explained by the following considerations: the 

ablation rates for 308 nm irradiation (d (180 mJ cm-2) = 66 nm, d (400 mJ cm-2) 

= 173 nm) are relatively low compared to the linear absorption coefficient 

(α = 33000 cm-1 which corresponds to a penetration depth of 300 nm). If we assume 

that the laser light is absorbed exponentially in the ablated volume, then a quite large 

amount of the laser energy remains in the polymer below the ablated volume (for 

180 mJ cm-2 60 % and for 400 mJ cm-2 26 % of the laser energy). This energy can heat 

the polymer resulting in a change of the refractive index, which will cause a temporary 

fringe shift. The index of refraction recovers too its original value when the hot polymer 

layer cools down subsequently. A rough estimation using equation 4 reveals that a 

300 nm thick polymer layer cools within 1 µs to a temperature that corresponds to 50 % 

of its peak temperature.  

3.2.4.4 Influence of the irradiation wavelengths on the surface 

displacement 

The phase shift of the polyimide during and after irradiation at the three wavelengths is 

shown in Figure 44. The laser intensity and the deposited energy are again included 

inversely in the Figure, while the positive phase shift corresponds to material removal.  

The increase of the phase shift is detected at all irradiation wavelengths within the laser 

pulse. For 193 and 248 nm irradiation this increase is faster than the deposition of the 

pulse energy. The phase shift seems to follow the deposited energy quite well for 308 

nm irradiation. It is not possible to relate this behavior directly to the material removal 

as mentioned already for TP1.  
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Figure 44:  The phase shift of PI2 surface during and after 193, 248 and 308 nm 
irradiation. The laser intensities and the deposited energy are included for 
each irradiation wavelength. The positive phase shift corresponds to 
ablation, i.e. surface removal. 

A transient increase of the phase shift is observed after 308 nm and 248 nm irradiation 

(see Figure 42 and Figure 43). The transient phase shift after 248 nm irradiation is very 

small and might be due to the pulse to pulse variations of the laser energy. The transient 

phase shift observed after 308 nm irradiation is more pronounced and may be due to the 

remaining heat (deposited energy) in the material below the ablated area. The 

temperature increase may influence the refractive index of the polymer. The backside 

interferometry measures the displacement of the polymer surface through the polymer 

and a transient change of the refractive index results in a transient change of the phase 
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shift. The ablation rates of PI2 after 248 and 193 nm irradiation are in the same order of 

magnitude than those observed after 308 nm irradiation. The laser energy is almost 

completely absorbed in the ablated material (> 93 %) due to the higher linear absorption 

coefficient of PI2 at 248 and 308 nm (α (lin, 248 nm) =125000 cm-1; 

α (lin, 193 nm) = 307000 cm-1) assuming that Lambert Beers law is valid. The layer 

below the ablated material is not significantly heated and the phase shift reaches the 

final value at the end of the laser pulse.  

The energy which remains in the polymer was calculated assuming that the linear 

absorption coefficient remains constant during the ablation process. Transmission 

measurements during the laser pulse with another polyimide (Dupont Pyralin PI-2570) 

reveal that the transmission of the laser light increases with increasing fluence for 193 

and 248 nm irradiation [49]. The laser energy which reaches the remaining surface 

might therefore be up to three times larger than the value which is calculated by 

assuming a linear absorption coefficient if the transmission behaves similar for PI2. 

This would results in a transmission of up to 11 % of the initial laser energy, which 

would be still relatively small compared to the laser energy which remains in the 

polymer after the 308 nm laser pulse (up to 60 % assuming that the linear absorption 

coefficient is valid, transmission measurements during the laser pulse are not available 

for 308 nm irradiation).   

However, it is apparent that the permanent changes of the surface morphology are 

directly related to the lengths of the laser pulse (i.e. the 308 nm laser pulse has a long 

tail and the major part of the surface changes are observed until the end of the laser 

pulse). No signs of a thermal swelling were detected, which would be an indication for a 

photothermal ablation process of this polyimide. 

Küper et al. have reported for a photosensitive polyimide (PyralinTM) that the ablation 

process at wavelengths ≥ 248 nm is mainly photothermal [41] and a similar behavior 

was expected for the polyimide studied here. No indication for a thermal swelling of the 
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polymer could be found for irradiation wavelengths ≤ 308 nm. The difference between 

our results and those of Küper et al. might be due to the different chemical structures 

and therefore probably different material properties of the polyimides used in both 

experiments. In a paper by Masabuchi et. al. [78] a surface expansion of PI2 prior to 

ablation was found for 351 nm irradiation. This would be in good agreement with our 

measurements, if the change of the dominant part in the mechanism from photochemical 

to photothermal is not observed between 193 nm and 248 nm irradiation, but between 

308 nm and 351 nm irradiation. It is noteworthy that surface swelling is up to now only 

observed for polymers with a low absorption coefficient at the irradiation wavelength 

and it is still an ongoing study whether the absorption effect influences the surface 

displacement during and after the laser pulse. 

The refractive index of the polymer can be determined according to equation 11 from 

the final phase shift and the ablation depth measured with the surface profilometer. The 

measurements reveal that the refractive index of PI2 changes between the measurement 

series (i.e. the value remains constant for different fluences within the same sample and 

/ or wavelength) quite dramatically (from 1.15 up to 1.96). These differences might be 

due to some experimental artifacts such as the interferometer setup. 

3.2.5 Influence of the polymer on the surface displacement 

TP1 and TP2 reveal a short transient, negative phase shift for fluences above the 

threshold of ablation. The decay of this phase shift is too fast to be attributed to a 

thermal swelling of the polymer. This effect might be explained by the formation of a 

dense layer of gaseous products or a temporary change of the refractive index of the 

polymer during the laser pulse (see chapter 3.2.3.1), but not by any thermal effects. The 

phase shift increases permanently until the end of the laser pulse and is attributed to 

ablation. 

The surface displacement of the PI2 is similar to the behavior of the triazene polymers, 

although no initial transient negative phase shift is observed, but for higher fluences 
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(180 and 400 mJ cm-2) a slight decrease of the phase shift is detected after 248 and 

308 nm laser pulse.  

The missing initial, negative phase shift may be an indication that either the refractive 

index of PI2 is influenced differently than for TP1 or that the gas layer produced during 

the early times of the ablation process is not as dense, which is most probable due to the 

lower amount of ablated material. The decrease of the phase shift 100 ns after the 

248 nm laser pulse might either be due to the pulse to pulse energy variation of the laser 

or due to a transient change of the index of refraction during the laser pulse. The 

decrease of the phase shift 1 µs after the 308 nm laser pulse is only observed for higher 

fluences (180 and 400 mJ cm-2) and is probably due to a change of the refractive index 

caused by heating of the remaining polymer (for details see chapter 3.2.4.4). 

A decrease of the phase shift after the laser pulse is not observed for TP1. The optical 

properties of the triazene polymer might not be influenced in the same way than those 

of PI2. Furthermore, the ablation rates of TP1 are compared to the αlin (the values vary 

between the syntheses batches) relatively high after 308 and 248 nm irradiation, 

resulting in a small amount of energy that can remaining in the polymer. 

The absence of surface swelling for the triazene polymers and PI2 is in indication that 

the photochemical ablation process is dominant at the applied irradiation wavelengths. 

PMMA was applied as a reference polymer to test ns-surface-interferometry with a 

process that should be mostly thermal. The polymer was irradiated with fluences below 

the threshold of permanent surface modification (i.e. below the threshold of surface 

swelling of 900 mJ cm-2 [77]) to reduce the influence of chemical reactions. In this 

fluence range a transient expansion of the polymer is observed. This expansion most 

probably due to thermal heating of the polymer [77], but might also be explained the 

formation of gaseous products, which remain in the polymer until they leave the 

polymer by diffusion.   
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The formation of gaseous products in the polymer at low irradiation fluences is 

supported by mass spectroscopy measurements [119,120]. and measurements of methyl-

methacrylate-dimers in solution for which a photochemical reaction pathway was found 

[121]. The formation of gaseous products should permanently change the refractive 

index or the surface morphology of the polymer. No permanent changes could be 

observed in our measurements, but as the permanent change of the phase shift might be 

very small we can not completely exclude the formation of gaseous products. 
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Figure 45:  The phase shift of PMMA during and after irradiation with 380 and 
850 mJ cm-2 at 248 nm. The laser intensity and the deposited energy are 
included. The negative phase shift corresponds to a surface expansion 

The change of the phase shift of the PMMA film after irradiation with 380 and 

850 mJ cm-2 at 248 nm are shown in Figure 45. The laser intensity and the deposited 

laser energy are also included in the graph. The negative phase shift in this graph 

represents a surface expansion. The transient expansion of the polymer starts with the 

laser pulse and is observed for more than 10 µs. Images taken several seconds after the 

laser pulse do not reveal a permanent surface modification. 
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An oscillatory behaviour of the polymer surface after irradiation at 248 nm has also 

been reported [77] and was attributed to transitions over the glass transition 

temperature, Tg, of PMMA. Our measurements do not reveal such an oscillatory 

behaviour, and we suggest that the observed variations are most likely due to noise in 

the measurements related to the small phase shifts, or to an experimental difference 

between the measurements reported earlier [77], and the data shown here.  

Our measurements are performed with the probe beam coming from the backside of the 

polymer, while the measurements of Masabuchi et al. [77] were performed with the ns-

front-side-interferometry. Our measurements are influenced by the index of refraction 

of the polymer, which changes with temperature. The change of the index of refraction 

with the temperature (T<Tg: dn/dT = -1.1ּ10-4 K-1, T>Tg: dn/dT = -2.1ּ10-4 K-1) [101] 

has the same order of magnitude than the expansion coefficient of the polymer (T<Tg: 

dn/dT = 2.4-2.7ּ10-4 K-1,  T>Tg: dn/dT = 5.6 – 5.8ּ10-4 K-1) [101], but with the 

opposite sign. This results in the effect that both coefficients counteract each other, 

resulting in a small change of the phase and only minor changes when the temperature 

exceeds Tg. We may therefore not be able to detect the previously described 

oscillations.  

It is also noteworthy to mention that the counteracting effect of the thermal expansion 

and the temperature change of the refractive index have been obtained for temperature 

dependent values of the material properties that were measured for low heating rates. In 

the case of the interferometric studies heating rates of up to 2.5ּ109 K s-1 are obtained, 

and it has always been a matter of discussion whether these reference values are also 

valid for high heating rates. Our studies suggest that this may be the case, which has 

also been observed by Masabuchi et al [77]. 

It is also interesting to emphasise that PMMA has a very low absorption coefficient 

(< 200 cm-1) at 248 nm, which supports the suggestion made above that expansion is 

only observed for polymers with low absorption coefficients at the irradiation 

wavelength. The correlation of the absorption coefficient with material properties such 
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as thermal expansion is an interesting field for further modelling but may bring up the 

question whether interferometry can really distinguish between the photochemical and 

the photothermal ablation process.  

3.2.6 Changes of the reflectivity during the laser pulse  

The data analysis of the surface interferometry give in addition to the surface 

morphology information also information about the changes of the specular surface 

reflectivity during and after the laser pulse (the optics of the camera recording the 

interference image will not collect the diffuse reflected light). 

The specular reflectivity of a polymer surface is influenced by the difference between 

the refractive index of the polymer and the surrounding atmosphere, by the roughness of 

the polymer surface (a change of the roughness will change the ratio between diffuse 

and specular reflected light) and, when the measurements were performed with the ns-

backside-interferometry setup, by the absorption of the laser light within the polymer or 

diffuse reflections due to in-homogeneities in the polymer.  

The change of the surface reflectivity of TP1 after 308 nm irradiation is shown in Figure 

46. Two measurements series were recorded applying the ns-backside-interferometry 

setup but using two different polymer batches. The 3rd measurements series was 

recorded applying the ns-frontside-interferometry and using the 2nd polymer batch.  

The specular reflectivity decreases for the 1st measurement series with the laser pulse 

and recovers to the starting value after 50 ns. The transient reflectivity change of the 1st 

polymer batch might be explained by three different effects: a dense gaseous layer, as it 

has been already discussed in chapter 3.2.3.1, has a higher index of refraction than the 

atmosphere. This decreases the difference of the refractive indices of the polymer and 

the atmosphere, and results in a decrease of the reflected light. The difference in the 

refractive indices might also be reduced by a transient decrease of the refractive index 

of the polymer, which has been observed by for a polyimide after 193 nm irradiation 

[52]. A temporary increase of the surface roughness will also effect the amount of 
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specular reflected and might also be responsible for the observed transient change of the 

specular reflectivity. It is at the moment unclear which factor is responsible for the 

transient decrease of the specular reflectivity.  
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Figure 46: Reflectivity change during 308 nm irradiation. The 1st and the 2nd 
measurements were measured with different polymer batches applying 
the backside interferometry setup. For the ns-frontside-interferometry 
measurements the same polymer batch than for the 2nd measurement was 
used.  The laser intensity of the 308 nm laser is also included. 

The specular reflectivity after the laser pulse of the 2nd polymer batch behaves 

differently and is changing from pulse to pulse, and for different irradiation fluences 

(not shown). No systematic order in the changes of the reflectivity could be found in the 



3.2 ns-surface interferometry 

100 

data after 308 nm laser irradiation. This did also not change when the 2nd polymer batch 

was irradiated with different irradiation wavelengths (see Figure 47).   
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Figure 47:  Reflectivity change of the TP1 during a laser pulse of 193, 248 or 308 
nm. The intensity of the corresponding laser pulses is also included in the 
graph. 

The different behavior in the first and the second measurement series is most probably 

due to differences of the polymers between the batches used in the experiments. The 

second polymer batch might contain some impurities, such as salts, which can influence 

the remaining polymer after the ablation behavior (e.g. higher roughness).  
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The decrease of the reflected light is either due to absorption of the light within the 

polymer, a pronounced change of the refractive index of the polymer, or by a change of 

the ratio of diffuse and specular reflected light.  

An optical control of the polymer did not reveal a darkening or absorption of the 

remaining polymer. The observed reflectivity change would require a large change of 

the refractive index of the polymer and is only possible when the surface of the polymer 

is chemically significantly different. Previous measurements did not reveal a chemical 

surface modification of the remaining polymer after laser irradiation at 308 nm [122]. 

An increase of the amount of diffuse reflected light is either due to a laser induced 

change of the surface roughness or the creation of gaseous bubbles inside the polymer. 

The frontside and the backside interferometry show the same behavior. The ns-

frontside-interferometry probes only the surface of the polymer, while the backside 

interferometry responds also to changes (e.g. absorption or formation of gas bubbles) in 

the remaining polymer. This indicates that the decrease of the specular reflectivity is 

due to a change of the polymer surface. The most probable source of the reflectivity 

change is an increase of the surface roughness during the ablation process which is 

observed only for the second polymer batch used in these experiments and could be 

explained by impurities in the polymer. This increase of the surface roughness seems to 

be not affected by the irradiation wavelength. 

3.2.7 Conclusions 

The images of the ns-frontside-interferometry reveal an influence of the shockwave 

which is formed during the ablation process, and which is not is observed for the 

backside interferometry. The backside interferometry is affected by the refractive index 

of the polymer. This influence has a minor effect for strong absorbing polymer (e.g. 

triazene polymers, polyimides), but can have a pronounced impact for polymers with 

low absorption coefficients (e.g. PMMA).   
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The different polymers show a different behaviour in the backside interferometry 

measurements. A transient (> 10 µs) negative phase shift, which corresponds to a 

surface expansion, was found for TP1 after irradiation with an KrF and an XeCl at 

fluences below the threshold of ablation. This expansion is either due to a thermal 

expansion of the polymer or might be explained by the sub-surface formation of 

gaseous products, which leave the polymer by diffusion. The surface recovers 

completely and no permanent changes of polymer morphology could be observed 

several seconds after the laser pulse. TP1 reveals also a very short (≈ 10 ns) transient 

negative phase shift for all irradiation wavelengths at fluences above the ablation 

threshold. This phase shift decays to fast to be attributed to thermal expansion. No 

surface swelling, which has been attributed to a thermal process, was detected after laser 

irradiation at different wavelengths with fluences above the threshold. This is in 

agreement with previous studies of TP1, where indications for a dominant 

photochemical part in the ablation process were suggested. 

The surface interferometry measurements of TP2 show the same behaviour as those of 

TP1 indicating that a change of the chemical structure which is not responsible for 

photolabile properties of the polymer has no detectable effect. 

A transition from a photochemical to a photothermal ablation mechanism was expected 

to be observed for polyimide as a function of the ablation wavelength (between 193 and 

248 nm irradiation). The measurements at different irradiation wavelengths reveal only 

a slight phase shift decrease for time delays > 1 µs after the 308 nm laser pulse. This 

decrease is probably due to a temperature increase in the remaining polymer, causing a 

temporary change of the refractive index. This is not really an indication for a 

photothermal ablation mechanism. The difference between the previous measurements 

[41] and these results might be due to the different chemical structure of the polyimides 

in this study and the previous study [41] for which a photothermal ablation mechanism 

has been assigned for wavelength ≥ 248 nm. Additionally it is at moment also unclear if 
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a thermal expansion might only be observed for polymers with a low absorption 

coefficient at the irradiation wavelengths. 

Surface swelling was detected for PMMA at an irradiation wavelength of 248 nm and 

fluences below the threshold of permanent surface modification. The small magnitude 

of the detected phase shift can be explained by the opposite signs of the thermal 

expansion coefficient and the thermal coefficient of refractive index. (This suggests that 

these temperature coefficients obtained at low heating rates, behave similar at high 

heating rates (up to 2.5ּ109 K s-1).) 

The reflectivity of the triazene polymer decreases during the laser pulse. Two 

measurements series, with two different polymer batches, reveal a different behaviour 

after the laser pulse.  The reflectivity of the first polymer batch recovers completely 

during the laser pulse, while for the second batch the reflectivity is not recovering 

completely. Different amounts of impurities between both polymer batches might 

explain the different behaviour. The same behaviour was observed with the second 

polymer batch applying the ns-frontside and the ns-backside-interferometry setups. This 

indicates that the reflectivity decrease is most probably due to an increase of the surface 

roughness during the ablation process. 
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3.3 ns-shadowgraphy 

3.3.1 Introduction 

During the 20 years since the first reports on laser ablation of polymers a wide variety 

of potential commercial applications have been discussed [47]. In most applications, the 

shockwave and particles generated during the ablation process influence the 

performance and quality of these techniques. In many lithographic applications, the re-

deposition of the ejected particles as debris contaminates the remaining structures and is 

therefore a major problem [47,123,124]. In other applications, the material ejected 

during ablation is used to generate thrust (LPT) [18,19] or to transfer material from a 

target layer to a receiving layer (LIFT) [14,125,126]. Understanding the magnitude of 

the released energy and how the material is ejected during the ablation process can help 

to improve the materials utilized for these applications. 

Time resolved ns-shadowgraphy can be applied to observe the ablation products and the 

shockwave after laser irradiation in air [88,89,127,128]. The measured shockwave 

propagation velocity can be used as a measure of the released energy and therefore as 

indicator for the performance of these materials in LIFT and LPT applications. 

It has been shown that an energetic polymer (e.g. glycidyl azide polymer (GAP)) 

applied in LPT produces a ratio between thrust and laser energy that is higher than for 

other polymers [18,19]. Shadowgraphy measurements were made at 1064 nm to 

compare the velocity of the released shockwave with the thrust produced by LPT, as 

LPT use IR laser diodes as light sources.  

Three different polymers (TP1, GAP and PI1) were irradiated with wavelengths ranging 

from 193 nm up to 1064 nm. Different irradiation wavelengths ranging from the UV 

104 
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(193 nm) to the near IR (1064 nm) were applied to measure the influence of the 

absorption site (absorber vs. polymer). These polymers do not absorb at longer 

irradiation wavelengths so that carbon particles were used as broad band absorber. In a 

previous study it has been reported that the decomposition energy in the plume has to be 

taken into account in order to understand the energy released during the ablation process 

[127]. We therefore studied TP1 and GAP, which decompose both highly 

exothermically (∆HTP1 = 697 J g-1; ∆H GAP = 2050 J g-1) and used PI1 as reference 

polymer. 

A model describing the planar expansion of a shockwave was used to estimate the 

influence of the released energy, of the ablation depth and of the spot diameter on the 

propagation velocity of the shockwave. This model has been previously described by D. 

A. Freiwald [129] and was applied for laser ablation of polymers by Bennett et al. 

[127]. It describes the blast wave in a linear explosive-driven shock tube. This model is 

only strictly valid until a spherical shockwave is developed (until the edge effects 

converge on the center axis), but simulations show that this model can describe the 

expansion of the shockwave for dimensions at least up to the spot diameter. Several 

assumptions are necessary in this model, such as the one-dimensional, instantaneous 

transfer of the explosive energy into the product gases, uniform distribution of the 

compressed atmosphere behind the shockwave, and averaging of the pressure and the 

product velocity. From the model the position of the shockwave at a given time delay is 

determined by: 
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where R = position of the shockwave, E = energy of the shockwave, A = irradiated 

surface,  δ = density of the polymer and γ = specific heat ratio of the air.  

The laser energy will in most cases not be completely released in the shockwave. Laser 

ablation of polymers can produce excited species, eject non gaseous fragments, and will 

also heat the irradiated material. It is therefore not possible to relate the laser energy 

directly to the energy contained in the shockwave. This model was therefore only used 

in a qualitative manner to obtain a better understanding of the correlation between the 

shockwave and the ablation parameters. 

3.3.2 Conventional vs. Mach-Zehnder ns-shadowgraphy 

Figure 48 shows an example of Mach-Zehnder ns-shadowgraphy phase shift images 

recorded after 193 nm irradiation of TP1. The TP1 sample (on the right side) blocks the 

measurement beam and causes a random phase shift pattern. The observed phase shift in 

these images (moving from right to left) is due to the change of the refractive index in 

the shockwave. The hemispherical expansion of the shockwave with time is clearly 

visible in the images. The sudden phase shift jump marks the leading edge of the 

shockwave and was used to measure the propagation distance and calculate the velocity 

of the expanding shockwave.  
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Figure 48:  Mach-Zehnder ns-shadowgraphy phase shift images of TP1 after 193 nm 
irradiation with 1100 mJ cm-2. a) 63 nm, b) 500 ns, c) 1200 ns and d) 
2500 ns after the laser pulse 

Figure 49 shows the conventional shadowgraphy images taken after 1064 nm irradiation 

of GAP doped with 1 % of carbon. The shockwave can be seen as a bright ring 

surrounding the ejected material. Behind the shockwave a darker area is visible. This 

area is probably due to small or gaseous fragments, which are released during the 

ablation process. The dark center at 400 ns after the laser pulse is due to larger polymer 

fragments.  

With the conventional ns-shadowgraphy the release and the propagation of fragments 

can be observed much easier than with the amplitude images of the Mach-Zehnder ns-

shadowgraphy (shown in Figure 50b). Another advantage of the conventional ns-

shadowgraphy is its flexibility concerning the probe laser. For this method almost any 

laser with ns-pulses can be applied (the choice is only limited by the availability of laser 

dyes, which converts the laser wavelength into a wavelength for which the camera is 

sensitive), whereas for the interference shadowgraphy a pulsed, coherent laser is 
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required. The advantage of the Mach-Zehnder ns-shadowgraphy is its sensitivity for the 

observation of the shockwave in the phase shift images. 

 

Figure 49: Conventional ns-shadowgraphy images of GAP + 1 % C after 1064 
irradiation with 6.6 J cm-2. a) 10 ns, b) 400 ns, c) 1300 ns and d) 2500 ns 
after the laser pulse.  

3.3.3 Ejection of gaseous and non gaseous particles 

Figure 50 shows the shockwave and the particles, which are generated during the laser 

ablation process of GAP. The first two images (a and b) are amplitude images obtained 

from interference shadowgraphy and show the transmission through the ablation plume. 

The last two images (c and d) are acquired with the classical shadowgraphy. With 

193 nm irradiation (Figure 1a) only the shockwave is visible as a dark ring. A darkening 

is observed that we attribute to the attenuation of the probe laser beam in addition to the 

shockwave with 308 nm irradiation, A similar behavior is found for 532 nm irradiation, 
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where we observe a shockwave, followed by a dark center that breaks into large 

fragments at later times (not shown). Upon irradiation with 1064 nm, the shockwave 

and two different product phases can be distinguished: a slightly darkened area behind 

the shockwave and a very dark center. The slightly darkened area is probably due to 

small fragments. The center seems to consist of larger fragments, which later separate 

from each other (see Figure 49). 

 

Figure 50:  Shadowgraphy images taken after about 1 µs after the laser irradiation. a) 
and b) were taken with interference shadowgraphy, c) and d) were taken 
with conventional shadowgraphy. a) 193 nm, b) 308 nm, c) 532 nm, d) 
1064 nm 

These differences for the different irradiation wavelengths can be explained by the 

different absorption sites and the different absorption coefficients. GAP is absorbing the 

193 nm photons, while the carbon particles absorb the laser light at wavelengths above 

235 nm. This results in much lower absorption coefficients (i.e. GAP: 

αlin (193 nm) = 44000 cm-1 vs. αlin (1064 nm) = 400 cm-1) and much higher ablation 

thresholds (GAP and TP: Fth (193 nm) ≈ 0.02 J cm-2 vs. Fth (1064 nm) ≈ 1.6 J cm-2, 
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which corresponds to ablation threshold energies of approximately ETh (193) ≈ 50 µJ vs. 

ETh (1064 nm) ≈ 2.8 mJ) at longer wavelengths. The 193 nm photons have a high energy 

(6.4 eV) and are able to break all bonds within the polymer resulting in smaller 

fragments, which are not visible in the amplitude image. With longer wavelengths, the 

carbon particles absorb the laser energy and will cause a temperature increase which 

results in the thermal decomposition of the polymer that form also large fragments 

The laser energy at irradiation wavelengths above 235 nm is, on a molecular level, not 

as homogeneously absorbed, resulting in the formation of hotspots [130]. The hotspots 

decrease the ablation threshold [130] compared to a homogeneous absorption and may 

cause an inhomogeneous decomposition of the polymer resulting in the ejection of a 

large amount of solid or liquid particles, which are seen as a dark areas in the 

shadowgraphy images. 
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Figure 51:  Expansion of the shockwave and the particles of GAP after 1064 nm with 
6.6 J cm-2
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A detailed analysis of the propagation of the shockwave and the particles (see Figure 

49) after 1064 nm irradiation of GAP is shown in Figure 51. The front of the small 

fragments follows the expansion curve of the shockwave, while the front of the larger 

fragments is expanding linearly with a velocity of 450 m s-1 and is not correlated to the 

shockwave propagation.  The larger fragments have, compared to the mass, a lower air 

drag than the smaller particles, and will be decelerated much slower by the air resulting 

in an almost linear propagation 

The influence of the polymer on the ejection of particles during the ablation process can 

be seen in Figure 52 were the shadowgraphy images after irradiation of TP1 with 

different wavelengths are shown. TP1 has a high absorption coefficient for irradiation 

wavelengths below 350 nm. Carbon particles (0.75 %) were added to the polymer to 

induce absorption at the longer irradiation wavelengths (Figure 52 c and d). 

The behavior of TP1 is very similar to the behavior observed for GAP. Irradiation at 

shorter wavelengths (Figure 52 a) and b)) causes a much higher fragmentation of the 

polymer and only gaseous fragments can be seen in the ablation plume (no darkening in 

the amplitude images). The laser light is mainly absorbed by carbon which was added to 

the polymer to induce absorption at 532 and 1064 nm. The energy is therefore, as 

described above, not as well distributed within the polymer, which results in a more 

inhomogeneous polymer decomposition. It is noteworthy that the fragments observed 

after 532 nm are smaller than those after 1064 nm irradiation. This difference is 

probably due to the different absorption coefficient of the doped TP1 at both 

wavelengths. TP1 has a low absorption coefficient at 532 nm (α = 200 cm-1) resulting in 

an absorption of the laser light by the polymer and by the carbon particles (absorption of 

doped polymer α = 600 cm-1). Additionally, the photon energy of the 532 nm irradiation 

(2.3 eV) is high enough to break bonds within the polymer (between 1.7 and 3.0 eV for 

hydrazine derivatives [51]), while the energy photons of the 1064 nm irradiation 

(1.2 eV) is much lower and will only heat the material (neglecting two photon 
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absorption). The fragmentation after 532 nm irradiation should therefore result in 

smaller particles. 

 

Figure 52:  Shadowgraphy images taken after about 2 µs after the laser irradiation of 
TP1. a) and b) are amplitude images taken with the Mach-Zehnder ns-
shadowgraphy, c) and d) were taken with conventional shadowgraphy. a) 
193 nm, b) 308 nm, c) 532 nm, d) 1064 nm 

The particles after 532 nm irradiation are ejected in a more directional than after 

1064 nm irradiation. The ablation process after 1064 nm irradiation will, due to the 

lower photon energy, be more thermal than after 532 nm irradiation.  Surface 

interferometry measurements reveal a surface swelling for thermal ablation processes 

(see chapter 3.2). This swelling is probably more pronounced for 1064 nm irradiation 

and should occur before the material is ejected. The ejection of the material will then 

result from volume above the surface of polymer causing a less directional ejection than 

after 532 nm irradiation. 
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3.3.4 Shockwave propagation after UV irradiation 

The shockwave starts with a planar expansion (shown in figure 6a), which changes to a 

slightly stretched hemispherical expansion (the expansion perpendicular to the surface 

is faster than parallel to the surface, see Figure 52). This behavior can be explained by 

the drag of the shockwave when propagates along the polymer surface. Only the 

shockwave propagation perpendicular to the surface has been analyzed below. 
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Figure 53:  The propagation of the shockwave for variable fluences after irradiation 
of TP1 at 193 nm and 308 nm. (Measured perpendicular to the polymer 
surface) 

The propagation velocity increases, for both wavelengths, with the fluence. This is in 

agreement with the model described in chapter 3.3.1 as the released energy increases 

with the fluence, resulting in a faster shockwave. 

The propagation of the shockwave is faster for irradiation at 193 nm than for 308 nm at 

all applied fluences (shown in Figure 53). The triazene group of the polymer absorbs the 

laser light at 308 nm. The photon energy at this wavelength is compared to the 193 nm 
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photons quite low (4.02 eV), resulting mainly in the decomposition of the triazene 

group and the ejection of larger molecule fragments (e.g. benzene, diphenyl ether). The 

193 nm photons are absorbed by the aromatic system in the triazene polymer. These 

photons have a higher energy (6.59 eV) and are therefore able to break most bonds in 

the polymer (including the C=C bonds of the aromatic system). This results in more and 

smaller gaseous fragments than for 308 nm irradiation. 

 TP1 PI1 
 193 nm 308 nm 193 nm 308 nm 

αlin (cm-1) 118.000 100.000 340.0001 95.0002

αeff (cm-1) 213.000 50.000 ≈ 210.0003 83.0002

Fth (mJ cm-2) 12 27 ≈ 383 602

d (nm pulse-1) at  
150 mJ cm-2

118 358 653 783

600 mJ cm-2 183 635 1303 3533

1000 mJ cm-2 207 737 1553 5643

1 from Ref. [41], 2 from Ref. [131], 3 from Figure 2 in Ref. [132] 
Table 2: Properties and ablation parameters of the polymers 

Further indications for this increased fragmentation after 193 nm irradiation are the 

higher effective absorption coefficient, αeff, and the lower ablation rates (see Table 2). 

This higher αeff for 193 nm irradiation suggests that the energy, compared to 308 nm 

irradiation, is deposited in a smaller polymer volume where more bonds are broken and 

smaller gaseous fragments are released. 

The extended fragmentation after 193 nm irradiation produces in total, more gaseous 

fragments resulting in a higher initial velocity of the shockwave velocity although a 

larger polymer volume is ablated during 308 nm irradiation. 
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Figure 54: The propagation of the shockwave after irradiation of TP1 and PI1 at 
193 nm for variable fluences (measured perpendicular to the surface of 
the polymer). PI1 was included as a reference polymer to quantify the 
influence of the polymer properties on the ablation process, respectively 
shockwave propagation.  

Figure 54 shows a comparison of the shockwave propagation after 193 nm irradiation of 

the photolabile TP1 and the photostable PI1. The shockwaves velocities of TP1 are 

always faster than those observed for the PI1. This is due to the higher quantum yield of 

TP1 decomposition in the ablation process. The higher quantum yield results in larger 

ablation rates (see Table 2) and a pronounced fragmentation during the ablation process. 

The larger ablation rates and the extensive fragmentation will increase the amount of 

gaseous ablated products (and the pressure in the shock wave), resulting in a higher 

shockwave velocity. 

Figure 55 compares the propagation of the shockwave of TP1 and PI1 after irradiation 

at 308 nm. The shockwaves of both polymers move with the same velocity at the two 

higher fluences. Around 400 mJ cm-2 the initial velocity of shockwave of TP1 is slightly 
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higher than those observed for PI2. This difference becomes even more pronounced at 

lower fluence. 

At the lower fluences the ablation rates are more dependent on the structure of the 

polymer than at higher fluences. This becomes obvious when ablation rates of the 

triazene polymer and the polyimide are compared (Table 1, at 1 J cm-2 dtriazene / d polyimide 

= 1.3 vs. at 150 mJ cm-2 dtriazene / d polyimide = 4.5). Only certain bonds can be broken 

directly by the low photon energy of the 308 nm photons. TP1 has more sensitive 

chromophores than the PI1 resulting in higher ablation rates and the faster shockwave at 

low fluences. In the high fluence range bond breaking can also occur by multiphoton 

absorption or heat effects. The difference of the ablation rates between both polymers is 

then less pronounced and similar shockwave velocities result. 
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Figure 55: Propagation of the shockwave after irradiation of TP1 and PI1 at 308 nm 
for variable fluences (measured perpendicular to the surface of the 
polymer).  
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All initial shockwaves travel with supersonic velocities, i.e. between 970 and 2080 m s-1 

(Table 3). The initial speed of the shockwave is related to the amount of gaseous 

products released during the ablation process. Whether this gas is produced by a 

combination of high ablation rates and also with larger fragments (low fragmentation of 

the polymer) or by lower ablation rates and with smaller fragments (high fragmentation) 

seems to be of minor importance. The shockwave velocities after 2000 ns are still 

supersonic and vary between 400 and 500 m s –1. A possible explanation for the rapid 

decrease of the shockwave velocity is the volume increase during the expansion of the 

shockwave. The volume of a hemisphere increases with the cube of the radius. The 

pressure within the shockwave will decrease at the same time. At some given time the 

pressure differences, due to different amount of gases, will have only a minor effect on 

the velocity of the shockwaves. The initial velocities are compiled in Table 3. 

 Initial shockwave velocity 
 TP1 PI1 

Fluence mJ cm-2 193 nm 308 nm 193 nm 308 nm 
1150 1900 m s-1 1950 m s-1 2100 m s-1 2150 m s-1

580 1850 m s-1 1450 m s-1 1700 m s-1 1400 m s-1

150 1300 m s-1 1000 m s-1 1100 m s-1 900 m s-1

Table 3: Summary of the initial shockwave velocities (during the first 500 ns) 

It should be noted that the averaging period was, due a different delays between the 

pump and the probe pulse, not constant which may affect the measured velocities. 

The propagation of the shockwaves of TP1, PI1 and GAP after 193 nm irradiation are 

shown in Figure 56. The shockwaves of TP1 and GAP expand faster than the 

shockwave of the polyimide. This difference is probably due to the higher ablation rates 

of GAP (d600mJ cm-2 = 515 nm) and TP1 compared to PI1 (see Table 2). The difference of 

the decomposition energies between GAP and TP1 has, due to the quite small ablated 

volumes, only a minor influence and on the propagation velocity of the released 

shockwave. 
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Figure 56:  Propagation of the shockwave after irradiation of TP1, P1 and GAP at 
193 nm. (Measured perpendicular to the surface of the polymer) 

3.3.5 Shockwave propagation after UV to IR irradiation 

The propagation of the shockwave front released from GAP + 1% C, using different 

irradiation wavelengths is shown in Figure 57. The shockwave velocity increases with 

decreasing irradiation wavelength. Although the irradiation fluence for the 193 nm 

irradiation is lower than for the other irradiation wavelengths the fastest shockwave 

velocity is detected after 193 nm irradiation. This suggests that the propagation velocity 

after 193 nm irradiation should be even faster when the same fluences would have been 

applied.  

The increase of the shockwave velocity indicates that at these laser pulse energies, the 

created pressures and the amount of gaseous products increase with decreasing 

wavelength. The photon energy and the density of absorption sites are increasing (αlin 

increases) with decreasing irradiation wavelength. The higher photon energy and larger 
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number of absorption sites result in a more pronounced fragmentation and therefore in a 

larger amount of small gaseous products.  
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Figure 57:  Shadowgraphy images after laser irradiation of GAP + 1 % C. a) and b) 
were taken with interference shadowgraphy, c) and d) were taken with 
conventional shadowgraphy. 

Futhermore, the penetration depth of the laser light increases with the increasing 

wavelengths and larger volumes are heated to a lower temperature. This will lead to a 

less efficient decomposition of the polymer at the longer irradiation wavelength. The 

loss of decomposition efficiency seems to be much more important than the gain due to 

the additionally ablated volume.   

The decrease of the shockwave velocity is also confirmed by the model describing the 

planar expansion of a shockwave (see chapter 3.3.1), which concludes that the 

shockwave velocity increases with a decrease of the ejected volume.  
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Figure 50 shows that the amount of solid or liquid particles increases with the 

irradiation wavelength. Additionally, the kinetic energy of these ejected particles 

(shown in Figure 51 and described above) has to be provided by the laser energy or the 

decomposition enthalpy of the polymer and reduces the energy which is available for 

the shockwave. 
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Figure 58:  Shockwave propagation of TP1 and GAP + 1% C after 193 and 1064 nm 
irradiation. (The carbon particles do not affect the absorption at 193 nm 
significantly and should therefore not influence the ablation behavior) 

The shockwave propagation of TP1 and GAP after irradiation with 193 nm and 

1064 nm is shown in Figure 58 to determine in influence of the polymer. The 

propagation of the shockwave is similar for both polymers after 193 nm irradiation, 

whereas after 1064 nm irradiation, the shockwave propagation of GAP is faster than the 

shockwave propagation of TP1 (which was doped with carbon for the 1064 nm 

irradiation).  
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The thresholds and the ablation rates of both polymers are similar, which suggest that 

comparable amounts of gaseous products are released (no particles were visible in the 

ejected plume) after 193 nm irradiation. The resulting shockwave velocities are also 

similar. The similarity between the shockwave velocity of GAP for 1064 and 193 nm 

irradiation is a coincidence and due to the very different laser energies. 

Higher ablation rates are observed for GAP compared to TP1 after irradiation with 

1064 nm. The above-mentioned model suggests that the shockwave velocity should, if 

the same energy is released, decrease with the ablation depth. The opposite behavior is 

observed for 1064 nm irradiation (dTP = 22 µm vs. dGAP= 42 µm). This is most probably 

due to the decomposition enthalpies of both polymers. The thermal decomposition 

enthalpy of GAP (2050 J g-1) is about 3 times larger than the decomposition enthalpy of 

TP1 (697 J g-1). This increases the amount of energy (assuming complete polymer 

decomposition: GAP: Edecomp ≈ 20 mJ vs. TP1: Edecomp ≈ 3.3 mJ) released during the 

ablation process and therefore the propagation velocity of the shockwave originating 

from the ablation of GAP. The ablated volumes for 193 nm irradiation (for both 

polymers ELaser/ETh ≈ 30) are much smaller (dGAP= 0.5 µm, dTP =0.2 µm) and the energy 

gain due to the decomposition enthalpy is a minor quantity compared to the laser 

energy. 

3.3.6 Backside irradiation 

It has been shown that GAP produces in LPT a ratio between thrust and laser energy 

that is higher than for other polymers [18,19]. In LPT the polymer is in most cases 

irradiated through the transparent substrate. Ns-shadowgraphy images with backside 

irradiation were recorded to study the release of the shockwave and fragments the under 

these conditions. Figure 59 shows the ejection of the fragments and the release of the 

shockwave after backside irradiation with 25.4 J cm-2 at 1064 nm. 
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Figure 59:  Conventional shadowgraphy image of GAP + 1% C taken after 1064 nm 
backside irradiation. 

A pronounced swelling of the polymer film until 2500 ns is observed, followed by the 

burst of the bubble and the release of solid or liquid particles. This swelling is probably 

due to the decomposition of the polymer and release of gaseous fragments at the 

substrate polymer interface. This causes a subsurface gas bubble with a pressure of up 

to 100 MPa, which expands with time. The images taken at later delay time reveal that 
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the burst of the bubble occurs at different delay times. We attribute this behavior to 

variations in the film thickness (170 ± 19 µm), as these images were recorded at 

different spot locations. In some images a bright ring surrounding the gas bubble, which 

is due toe the shockwave, can be observed.  

3.3.7 Conclusions 

Interference shadowgraphy and conventional shadowgraphy were applied to study the 

shockwave and the fragments released during the ablation process. While the detection 

of the shockwave front was easier with the interference shadowgraphy, the observation 

of non gaseous fragments is easier with the conventional shadowgraphy. Another 

advantage of the conventional shadowgraphy is the flexibility concerning the probe 

laser and the simple data evaluation.  

Three different polymers (TP1, PI1, GAP) were irradiated with wavelengths ranging 

from the UV (193 nm) to the IR (164). Broadband absorption of the polymers was 

achieved by doping the polymers with carbon.  

A pronounced increase of the amount of solid or liquid particles released by the ablation 

process was observed when the absorption site of the laser light changed from the 

polymer to the carbon. This effect was mainly attributed to different absorption 

coefficients and the, on a molecular level, inhomogeneous distribution of the carbon.  

Two different sizes of fragments could be observed during the ablation process of 

GAP + 1 % C at 1064 nm. The larger fragments propagate linearly and are independent 

of the propagation of the shockwave, while the smaller fragments seem to follow the 

propagation of the shockwave.   

The shockwave velocity increases for all polymers with the increasing irradiation 

fluences and the decreasing irradiation wavelength. An increase of the irradiation 

fluence will increase the amount of energy released during the ablation process which 

results in faster shockwaves. The decrease of the shockwave velocity with the increase 
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irradiation wavelength is attributed to a decrease of the photon energy and therefore the 

number of bonds which can be broken directly. The fewer bonds are directly broken, the 

less gaseous fragments are released and the slower is the resulting shockwave. In 

addition to this effect the ablation rates of the studied polymers increase with the 

increasing wavelengths and the model described in chapter 3.3.1 predicts a slower 

shockwave for higher laser ablation rates. 

The comparison of GAP + 1 % C with TP1 showed a pronounced difference in the 

shockwave velocity after 1064 nm irradiation while no difference was detected for 

193 nm irradiation. The difference at 1064 nm is an indication that the decomposition 

enthalpy of the ablated polymer influences the velocity of the released shockwave. 

The shadowgraphy measurements during backside irradiation of GAP + 1 % C at 

1064 nm on a transparent substrate show the formation of a subsurface gas bubble, 

which expands with time. The time at which the bubble burst is not reproducible which 

was attributed to the thickness variation of the polymer films. A shockwave which 

surrounds the bubble is observed as a bright expanding ring.  
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3.4 Quadrupole time of flight mass spectroscopy 

3.4.1 Introduction 

The molecular fragments released during the ablation process can be studied with 

Quadrupole Time of Flight Mass Spectroscopy (Quad-TOF-MS). By selecting the 

weight of the released fragments with the quadrupole mass filter (0 – 300 AMU) the 

fragmentation pattern can be determined. This pattern contains information about the 

bond breaking and the ablation mechanism. This method allows also the time resolved 

detection of the fragments. The time of arrival of the particles contains combined 

information of the kinetic energy and the release time of the molecular fragments. The 

kinetic energy of the released fragments was extracted by applying the modeling 

procedure described in chapter 2.3.1. 

Previous Quad-TOF-MS studies of TP1 have shown that the time of arrival curves can 

not be explained by simple Maxwell-Boltzmann energy distributions [67,133]. In these 

studies the polymer was only irradiated with a KrF excimer laser (248 nm) and only the 

28 and 76 amu fragments were analyzed. The differences in the TOF-MS measurements 

after irradiation with a KrF (248 nm) and a XeCl excimer laser (308 nm) were studied in 

this project. This wavelength comparison is especially interesting as the absorption band 

of the triazene group is located around 330 nm. Additional masses, i.e. 35 amu (chlorine 

from the solvent), and 168 amu (a primary fragment from the polymer) were included in 

the analysis.  
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3.4.2 Influence of the irradiation wavelengths on the fragmentation 
of the polymer 

The suggested decomposition scheme of the polymer in Figure 60 shows the major 

fragments from the decomposition of the polymer. The most intense fragment is N2 

(28 amu) which is released directly from the triazene group 

Other primary fragments are 168 amu (diphenyl ether) and 142 amu from the aliphatic 

diamine group. No attempts were made to resolve fragments of 77 and 76 amu; these 

may correspond to either products of direct ablation, products of secondary 

decomposition of the diphenyl ether moiety or residual solvent (chlorobenzene). The 

35 amu signal can be uniquely assigned to chlorine from residual solvent. 

O N N N
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Figure 60:  Chemical structure and suggested decomposition pathways of the 
triazene polymer during the ablation and the ionization process. 
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The peak intensities of the different fragments after irradiation with a XeCl excimer 

laser at different fluences are shown in Figure 61, Figure 62 and Figure 63.  
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Figure 61:  Fluence dependence of the peak intensities of the 28 AMU fragment after 
irradiation with a XeCl excimer laser (308 nm). 

The fluence dependence of the N2 fragment exhibits a linear behavior at fluences below 

40 mJ cm-2 (see Figure 61) corresponding to a “normal” photolysis of the polymer. A 

fast (nonlinear) increase is observed at fluences above 40 mJ cm-2. This nonlinear 

behavior is probably due to the onset of ablation, which is defined as the start of 

material removal. Ablation is normally associated with an enhanced fragmentation and 

a higher quantum yield than for photolysis in solution. These changes in the increase of 

the peak intensities occur in the range (25–50 mJ cm-2), where the ablation threshold 

was detected by other methods [28,134].  

In Figure 62 the increase of the all detected fragments with the irradiation fluence is 

shown for 308 nm irradiation. The 35 amu signal exhibits a non-linear behavior over the 

whole fluence range, which can be explained by two different possibilities. At low 

fluences, the signal may be weak because of a dense surface layer with less solvent, as 

suggested in previous studies about PMMA [69]. This layer is removed with higher 
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fluences, resulting in the decomposition of the underlying polymer with a higher solvent 

concentration. Another factor could be higher surface temperatures at higher fluences, 

which may thermally decompose chlorobenzene. The 76/77 amu fragment is due to the 

decomposition of the solvent, secondary fragmentation of the diphenyl ether group 

(168 amu) or fragmentation of lager polymer fragments. At lower fluences 

(< 100 mJ cm-2), the 76/77 amu appears similar in shape to the 35 amu signal, while at 

higher fluences (> 100 mJ cm-2), it correlates better with the 28 amu fragment. The 

increase of the 168 amu signal is similar to the 28 amu signal at fluences below 150 mJ 

cm-2, but it plateaus at fluences higher then 200 mJ cm-2, which is probably due to an 

extended fragmentation (e.g. by the incoming photons or a heat increase in the 

polymer). 
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Figure 62: Fluence dependence of the peak intensities of the fragments after 
irradiation with a XeCl excimer laser (308 nm). The 28 amu signal was 
divided by a factor of 50. 

The fluence dependence of the peak intensities for 248 nm irradiation is significantly 

different, as shown in Figure 63. The 28 amu fragment, no linear increase at low 

fluences is detected, while at high fluences (> 300 mJ cm-2) the signal plateaus. This 

effect is probably due to absorption of incoming photons by aromatic fragments, which 
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are released during ablation. The 35 amu curve increases slowly at the beginning and 

faster at high fluences, similar to its behavior at 308 nm. The 76/77 amu signal increases 

slowly at low fluences, reaches a maximum at about 170 mJ cm-2, followed by a slight 

decrease. The 168 amu signal displays a similar behavior, but peaks earlier, at about 

130 mJ cm-2. We attribute part of the increase of the 76/77 amu fragment between 130 

and 170 mJ cm-2 to the fragmentation of the 168 amu (biphenyl ether) fragment. At still 

higher fluences, photodecomposition of phenyl moieties decreases the signal intensities 

at both 76/77 and 168 amu. 
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Figure 63: Fluence dependence of the peak intensities of the fragments after 
irradiation with a KrF excimer laser (248 nm). The 28 amu signal was 
divided by a factor of 100. 

3.4.3 Time of arrival curves 

Figure 64 and Figure 65 show the TOF curves of the N2 fragment for both irradiation 

wavelengths. Both curves show three distinct components. A fast component with a 

peak TOF signal around 40 µs is detected after irradiation with both laser wavelengths. 

This peak was modeled by a Gaussian energy distribution and can be attributed to the 

fast fragments reaching the detector without any collisions. These fragments are not 

thermalized and have been described in the previous papers [16,17]. Around 70 µs 
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(308 nm) and 95 µs (248 nm) after the laser pulse, respectively, a second peak appears. 

This peak was not detected in the previous measurements with this polymer. 
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Figure 64: Time of arrival curves of the 28 amu fragment after irradiation with a 
fluence of 260 mJ cm-2 with XeCl excimer laser (308 nm). The fits to the 
components are included in the figure. 

This peak is very sensitive to the alignment of the sample with respect to the 

quadrupole. The peak becomes prominent only in the presence of a line-of-sight path 

from the laser spot, through two internal apertures, to the quadrupole particle detector.  

Great care was taken in the present measurements to insure accurate alignment. 

Additional analysis of this peak revealed that the mass filter had little effect on the 

signal intensity. Similarly, strong electric fields applied to the ionizer optics had little 

effect. Therefore, we attribute this peak to uncharged neutral fragments. Neutral 

particles have to be able to eject an electron upon their arrival in the detector (i.e. 

channeltron). This is only possible when the potential energy (i.e. the particles have to 

be in an excited state) of these neutral particles exceeds 4 – 5 eV, which is the energy 

required to eject the first electron in the channeltron. This electron is than accelerated 

within the channeltron and ejects upon impact further electrons. This process is repeated 
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until the current signal can be measured. A most likely candidate for such fragments is 

the first excited electronic state of the N2 molecule (A 3∑u
+ with an energy of 6.17 eV 

and a lifetime in the order of 1-2 s [135,136]). 
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Figure 65: Time of arrival curves of the 28 amu fragment after irradiation with a 
fluence of 260 mJ cm-2 with a KrF excimer laser (248 nm). The fits to the 
components are included in the figure. 

The third component of the TOF curves consists of a broad tail, which extends hundreds 

of microseconds after the laser pulse. The tail was fitted by the model describing the 

decomposition of the heated polymer (see Chapter 2.3.1). The temperature applied to 

describe the broad tail in Figure 64 and Figure 65 is exceeding 10000 K which is 

probably unphysical high.  High curve fit temperatures are required in the context of 

the model to account for the fast leading edge of the peak. If this fast leading edge were 

due to particles with a non-thermal velocity distribution (e.g., due to particles emitted as 

a consequence of a photochemical process) the effective surface temperature could be 

much lower and still yield fast particles in the broad peak.   

Figure 66 shows the fluence dependence of the kinetic energy of the fast particles. An 

increase is observed for low fluences at 248 nm, followed by a plateau at higher 
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fluences (> 250 mJ cm-2). This plateau might be explained by the previously mentioned 

shielding of the fragments released during the ablation process which reduces the 

fluence reaching the polymer surface. 
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Figure 66: Fluence dependence of the kinetic energies of the fast particles in the time 
of arrival curves. 

A similar linear increase of the kinetic energy with fluence is obtained at 308 nm; at the 

highest fluences, the kinetic energies of the fast peak exceed those observed at 248 nm. 

At both wavelengths, the observed kinetic energies are well above values expected from 

thermal processes.  

3.4.4 Conclusions 

The peak intensities of the mass selected TOF signals are strongly influenced by the 

irradiation wavelength and fluence. After 248 nm irradiation an enhanced fragmentation 

of the heavier fragments is observed. This is probably due to absorption of the incoming 

laser beam by absorbing fragments, e.g. the phenyl and the diphenyl ether fragments. 

This shielding effect limits the number of photons reaching the surface, which is 



3   Results and Discussions 

133 

supported by the lower etch rates for 248 nm irradiation at higher fluences [23]. The 

time of arrival curves show three distinctive components: two fast peaks were observed, 

which were fitted to Gaussian energy distributions, with an addition a third, slow peak, 

which was fitted by a decaying Maxwell Boltzmann distribution. The arrival time of the 

fastest peak corresponds to kinetic energies of 2-5 eV, which are well above values 

expected for thermal processes. A second peak was attributed to a metastable N2-

species, while the third peak can be described by a thermal process. 
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3.5 Plasma spectroscopy  

3.5.1 Introduction 

The previous methods were mainly focused on the lower fluence range (< 10 J cm-2). At 

high fluences the electronic excitation and the heating of the polymer during laser 

ablation can ionize the released fragments and plasma is formed. Emission spectroscopy 

can be used to study the influence of the material and its properties on the plasma 

temperature and the electron density in the plasma. 

In laser plasma thrusters (LPT) fluences in the range of several tens of J cm-2 are applied 

and previous studies have shown that an energetic polymer reveals a higher ratio 

between thrust and laser energy than non-energetic polymers [18,19]. We therefore 

studied the plasma formation of an energetic polymer (GAP) and a non-energetic 

polymer (PVC) to test whether the thrust energy ratio correlates with plasma properties. 

Most emission spectra were recorded for 1064 nm irradiation, a wavelength that is close 

to the irradiation wavelength applied in LPT. IR absorbers were added to the polymer, 

because both polymers do not absorb at this wavelength. Two different kinds of 

absorbers were applied to induce absorption in the polymer: carbon particles which 

induce a broadband absorption and are on a molecular level relatively in-

homogeneously distributed in the polymer and an IR-dye with a broad absorption 

around 991 nm. The concentration of both absorbers was chosen to give the same 

absorption coefficient in the polymer. We studied also the influence of the absorption 

site (added absorber vs. polymer) by recording additional emission spectra for 193 nm 

irradiation. 

134 



3   Results and Discussions 

135 

The plasma temperatures were evaluated by comparing the recorded spectra of the CN-

system (375–390 nm corresponding to B2Σ+→ X2Σ+ transition) with simulated spectra 

from the LIFBASE program [106] (described in chapter 2.3.3). These CN-species, 

which are applied to estimate the plasma temperature, can be created from the carbon 

species from the polymer and the nitrogen from the atmosphere or directly from the 

polymer (in the case of GAP, see chemical structure in Figure 12). It is therefore not 

necessary to have nitrogen in the chemical structure of the polymer to observe the 

emission from the CN-species in the plasma [57,110-112]. 

The electron densities were obtained by comparing the full width half maximum 

(FWHM) of the H-Balmer α (656 nm) and the H-Balmer β (486 nm) lines with values 

published by M. Gigosos and V. Cardenoso [137]. 

3.5.2 Emission spectra and ro-vibrational temperatures after 
1064 nm irradiation 

Three different polymer absorber combinations were irradiated with 1064 nm laser 

light. The emission spectra of the three materials are shown in Figure 67. The spectra 

show the presence of diatomic (CN-Violet, CH, and C2-Swan system) and atomic (H, 

Ca) species. The hydrogen is most probably created during the fragmentation of the 

polymer, while the calcium lines are probably due to some impurities in the polymer or 

the added carbon dopant.  

A comparison between PVC + 1 % C and GAP + 1 % C shows that the emission from 

the Bremsstrahlung, which causes an elevated background, is more intense for 

PVC + 1 % C than for GAP + 1 % C. The hydrogen band is also more pronounced for 

PVC + 1 % C, while the molecular bands seem to be more intense for GAP + 1 % C.  

The comparison between GAP + 1 % C and GAP + 1.9 % IR-dye shows that the plasma 

emission from the GAP with IR-dye is much weaker than of GAP with carbon as 

absorber (both doped polymers had the same absorption at 1064 nm). In the emission 

spectrum of GAP + IR-dye only the CN Violet and the C2 Swan system are detected. 
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The background is very low and the hydrogen signal can not be detected at all. The 

major difference between both materials is that the IR-absorber is molecular absorber 

within the polymer matrix, while the carbon particles are much larger [130]. These 

carbon particles create hotspots within the polymer resulting in locally elevated 

temperatures [130]. These hotter areas could be responsible for the intense plasma 

emission.  The better distribution (on a molecular level) of the IR would not create 

these hotspots and therefore a less intense plasma results.  
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Figure 67:  Emission spectra of PVC + 1 % C, and GAP doped with 1 % carbon and 
an IR-dye 1 µs after irradiation at 1064 nm. The concentrations of the 
absorbers were chosen, to obtain the same absorption coefficients were 
achieved.  
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3.5.2.1 Emission spectra of GAP doped with carbon 

The emission spectra of GAP + 1 % C for three different delay times after the 1064 nm 

laser pulses are shown in Figure 68. All spectra were recorded after the decay of the 

Bremsstrahlung. The atomic lines decay much faster than those of the diatomic species. 
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Figure 68:  Emission spectra of GAP +1 % C after 1064 nm irradiation  
at 27.5 J cm-2. 

A more detailed analysis of the decay is shown in Figure 69. The fastest decay is 

observed for the broadband Bremsstrahlung. The background signal (which is caused by 

the Bremsstrahlung) decays almost completely within the first 2 µs. The atomic Ca II 

line at 394 nm decays slightly slower than the Bremsstrahlung. The intensity of the CN-

Violet (B2Σ+→ X2Σ+) system seems to increase in the early times. This increase might 

be caused by an artefact from the decrease of the background. The peak integral is 

defined by the difference between the peak and the background in the vicinity of the 
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peak. The increase might be caused by a superposition of the Bremsstrahlung (which 

will cause a high background) and CN-Violet system at the early times. The CN-species 

can be formed directly from the GAP or by collision between released carbon species 

and nitrogen from the atmosphere [110,111]. The increase of the CN peak could, if the 

CN-species are formed at later times, represent the increase of the concentration of the 

CN-species in the plasma. 

The decay of the CN-Violet peak at 389 nm is much slower and is visible for more than 

20 µs.  
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Figure 69:  Time evolution of the intensities of the diatomic CN-species, the Ca II 
line and blackbody irradiation (background) after 1064 nm irradiation of 
GAP + 0.75 % C with 45.2 J cm-2.  

The radiative emission of the CN-Violet system (life time of the B2Σ+→ X2Σ+ transition  

is about 200 ns [60,138]) and the Ca II (lifetime of the transition is the order of ≈ 10 ns) 

is much shorter than the observed emission in the spectra. The atomic and diatomic 

species are therefore not only excited by the laser pulse, but also by the collisions in the 
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plasma plume. The slower decay of CN-Violet system is an indication that these species 

either travel much slower (a certain special resolution of the system can not be avoided 

and these species ma remain longer within the collecting volume) or are due to the 

larger collision cross section than of the atomic species.   

The simulation of the molecular emission lines is described in Chapter 2.3.3. The ro-

vibrational temperature of the CN species is estimated by comparing the recorded 

spectra with spectra simulated for different temperatures. A detailed comparison of the 

simulated and measured spectra reveals a small systematic difference between both 

spectra (similar to Figure 24). This difference could only be overcome by using two 

different temperatures for the distribution of the rotational and the vibrational states. It 

was difficult to fit both temperatures due to the relatively low signal to noise ration in 

the spectra (especially at later times) and limitations of the software. Identical 

temperatures were therefore applied for the rotational and the vibrational distribution. 
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Figure 70: Decay of the ro-vibrational temperature of the CN-Violet system after 
1064 nm irradiation of GAP + 1 % C. 
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Figure 70 shows the ro-vibrational temperature decay of the CN-Violet system for three 

different fluences after laser irradiation of GAP + 1 % C. 

Initial temperatures of over 8000 K were obtained for the lowest fluence and a fast 

decay of the temperature is observed during the first 5 µs for all fluences. The large 

variations of the temperatures at times > 8 µs is due to the decreasing signal intensity, 

which results in larger deviations in the comparison of the measured and the simulated 

spectra. It is also noteworthy that the initial temperature seems to decrease with 

increasing laser fluence.  

This behaviour is shown in more detail in Figure 71, which shows the ro-vibrational 

temperature of the CN-Violet system for different fluences 1 µs after the laser pulse. 

The ablation rates at the different laser fluences are also included.  

The data in Figure 71 indicate that the temperature remains constant in the lower 

fluence range (20 – 40 J cm-2) and decreases for fluences > 40 J cm-2. A possible 

explanation for this behavior could be an increase of the ablated volume. A non linear 

increase of the ablated volume compared to the fluence could result in the ejection of 

more material with lower plasma temperatures. The ablation rates reveal that the 

amount of ablated material remains roughly constant. This indicates that the plasma 

shields the laser beam from the polymer and the additional laser energy is probably 

absorbed within the plasma. This should lead to a hotter plasma or initiate various 

reactions. The ro-vibrational temperature in the plasma is not increasing with the 

fluence, which might be an indication that the additional energy is consumed by other 

processes. 
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Figure 71: Ro-vibrational temperature of the CN-Violet system 1 µs after the 
1064 nm laser pulse and ablation rates of GAP + 1 % carbon for different 
irradiation fluences. 

The emission spectra of GAP + 1% C recorded 1 µs after the 1064 nm laser irradiation 

at different fluences are shown in Figure 72. A detailed comparison at early times (not 

shown) reveals also that the emission from the Bremsstrahlung is much more 

pronounced at higher fluences. The emission spectra reveal that the hydrogen signal 

increases much stronger than the lines of the diatomic emissions. This might indicate 

that the hydrogen concentration might increase with the laser fluence (due to increased 

fragmentation of the polymer). 

The decrease of the ro-vibrational temperature of the CN-species and the increase of the 

hydrogen signal suggests that the additional laser energy at higher fluences is not 

transferred to the CN-species but is probably consumed by other processes.  
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Figure 72: Emission spectra of GAP + 1% C after 1064 nm irradiation at different 
fluences 1 µs after the laser pulse. 

3.5.2.2 Emission spectra of PVC doped with carbon 

PVC was studied as example for a non energetic polymer because it is the most 

common material tested in LTP. The chemical structure of PVC does not contain 

nitrogen. The CN-species observed in the plasma plume are therefore created by 

collisions of the released carbon species with nitrogen from the atmosphere [57,110-

112]. 

The intensity of the CN-Violet system after irradiation of PVC + 1 % C shows a similar 

behavior than the intensity detected after irradiation of GAP + 1 % C (not shown). The 

decay of the ro-vibrational temperature, which corresponds to the emission spectra of 

the CN-Violet system, is shown in Figure 73. The CN-Violet spectra of PVC + 1 % C 
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reveals the same systematic deviation (Figure 24) between the simulated spectra and the 

measured spectra, as discussed before.  
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Figure 73: Decay of the ro-vibrational temperature of the CN-Violet system after 
1064 nm irradiation of PVC + 1 % C. 

The ro-vibrational temperatures seem to increase after the laser pulse. The maximum is 

reached at later times for increasing fluences. The decay of the ro-vibrational 

temperature seems to be not related to the irradiation fluence. The temperature increase 

after the laser pulse can only be explained by mechanisms (e.g. collisions) which 

transfer energy within the plasma to the CN-species or by the creation of CN-species at 

later times under the assumption that this process is exotherm. The temperature decrease 

is probably due to the cooling of the expanding plasma plume. 

The ro-vibrational temperature of PVC + 1 % C for different fluences is shown in 

Figure 74. At the lower fluences the temperature decrease is similar to GAP + 1 % C, 

while an increase of the temperature with the laser fluences > 75 J cm-2is observed. 

Measurements of the ablation rate in this fluence range (not shown) reveal that the 



3.5 Plasma spectroscopy 

ablation rates remain constant (around 9 µm pulse-1) which indicates that the additional 

laser energy is contained in the plasma and may induce other processes (e.g. additional 

fragmentation of the ablated products).  

It was previously mentioned (see chapter 2.3.3) that the correlations between the 

measured and the simulated spectra could be improved when different temperatures for 

the rotational and the vibrational distribution were assumed.    
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Figure 74: Fluence dependence of the ro-vibrabrational temperature of PVC + 1 % 
1 µs after the 1064 nm laser pulse. The solid data points were obtained 
assuming the same temperature for the vibrational and the rotational 
distribution. The open symbols represent the data points were different 
temperatures of the rotational and the vibrational temperature were 
assumed. 

144 



3   Results and Discussions 

145 

The vibrational and the rotational temperature for several spectra are displayed in Figure 

74. The vibrational temperature is always significantly higher than the rotational 

temperature. A similar difference between the rotational and vibrational temperature of 

the CN-system was reported after laser irradiation of carbon at 1064 nm in a nitrogen 

atmosphere of 13 mbar [111]. No systematic difference in the different fluences ranges 

could be found.  It seems that the different mechanism, which are active in the plasma, 

do not affect the ratio between the rotational and the vibrational temperature. 

The emission spectra of PVC + 1 % C after irradiation with 1064 nm at various fluences 

are shown in Figure 75. The hydrogen peak intensity after irradiation with 41.7 J cm-2 is 

higher than the peak intensity of the CN-Violet system around 389 nm, while opposite 

behavior is detected for irradiation with 22.1 J cm-2.  
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Figure 75:  Emission spectra of PVC + 1 % C 1 µs after irradiation with  1064 nm 
and various fluences 
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The same behavior is also found when the Ca-lines and the CN-Violet lines are 

compared, which might be an indication that the additional energy causes processes 

which favor an energy transfer to the atomic species, resulting in a smaller energy 

transfer to the CN-Violet system. 

3.5.3 Plasma spectra and temperatures after 193 nm irradiation 

The emission spectra of GAP + 1 % C were measured after 193 nm irradiation to 

determine the influence of the absorption site (absorber vs. polymer) on the plasma 

spectra of CN-Violet system. The plasma was detected at much lower fluences at this 

wavelength compared to 1064 nm irradiation. The spectra could always be simulated by 

using one temperature for the rotational and the vibrational distribution of the CN-

species. 

The decay of the time resolved ro-vibrational temperature of the CN-Violet system after 

193 nm irradiation is shown in Figure 76. Although the irradiation fluence is much 

lower than for 1064 nm irradiation, higher ro-vibrational temperatures are obtained. 

This difference is probably due to the different ablation rates after 1064 and 193 nm 

irradiation (d193nm < 1 µm pulse-1 for 0.75 J cm-2; d1064nm≈ 40 µm pulse-1 for 6.25 J cm-2) 

and the resulting higher energy volume ratio. 

The ro-vibrational temperatures decay at all irradiation fluences relatively fast during 

the first 5 µs and are nearly constant over the next 15 µs. The large variations of the 

temperature at later times are again due to the low signal intensity of the emission lines. 
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Figure 76:  Decay of the ro-vibrational temperature of the CN-Violet system after 
193 nm irradiation at various fluences, 

The three applied fluences indicate that the ro-vibrational temperature of the CN-system 

increases with fluence. This corresponds to the expected behavior, as the energy in the 

plasma increases with the laser fluence, resulting in higher ro-vibrational temperatures.  

This behavior is in contrast to the results from the 1064 nm irradiation, where a 

decrease of the ro-vibrational temperature was found for GAP.  This indicates that the 

absorption site (polymer vs. carbon) and the energy of the photons 

(E (193 nm) = 6.42 eV vs. E (1064 nm) = 1.17 eV) influence the processes in the 

plasma significantly. The matrix polymer has also an influence on the processes in the 

plasma. This can bee observed when comparing the ro-vibrational temperatures of GAP 

+ 1 % C and PVC + 1 % C. The ro-vibrational temperature of GAP + 1 % C reveals a 

temperature decrease with increasing fluence, while for PVC + 1 % C a more complex 

(decrease of the temperature at fluences < 75 mJ cm-2 and increase at higher fluences) 
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behavior is observed. Differences are also found in the temperature evolution of both 

matrix materials. The ro-vibrational temperature of GAP + 1 % C is decreasing with 

time, while the ro-vibrational temperature of PVC + 1 % shows first an temperature 

increase, followed by a decrease. The complex behavior of both materials after 1064 nm 

irradiation is most probably due to different processes active in the plasma, but details 

of these processes remain currently unclear.   

3.5.4 Stark broadening of the H-Balmer lines after 1064 nm 
irradiation 

The H-Balmer-α (656 nm) and the H-Balmer-ß (486) lines are present in the emission 

spectra after irradiation of both polymers. An expansion of the bands at both hydrogen 

lines are shown in Figure 77. 

The H-Balmer ß line shows a dip in the center of the peak. This dip has been assigned 

by the movement of the perturbing ions [137].  The two sharp peaks at 471 and 474 nm 

can be assigned to the C2-system. The other sharp peaks are not yet assigned and are 

probably due to some impurities in the polymer.  

The excited hydrogen species have a lifetime of about 10 ns [139]. The presence of the 

hydrogen signals 1 µs after the laser pulse, reveals that the hydrogen must be excited by 

collisions in the plasma plume [140] or might be created continuously by other 

reactions.  

The line width of the H-Balmer lines is influenced by the Stark broadening. This 

broadening is related to the temperature of the plasma, the electron density inside the 

plasma, and the reduced mass of the plasma disturbers (= other species present in the 

plasma plume) and hydrogen. Gigosos and Cardenoso [137] published tables of the 

calculated full width half maximum (FWHM) of the H-Balmer lines under different 

plasma conditions.  
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Figure 77:  H-Balmer α (656 nm) and H-Balmer ß (485 nm) lines, recorded 1 µs 
after irradiation with 1064 nm of GAP + 1% C for various fluences.  

The plasma temperature and the reduced mass of the light emitting ion has to be chosen 

to estimate the electron density of the plasma. The H-Balmer α and the H-Balmer ß line 

width are only slightly dependent on the plasma temperature. In an approximation it can 

be assumed that the temperature of the plasma is close to the ro-vibrational temperature 

of the CN-species (up to about 8000 K). The numbers in the tables are only given for 

temperature steps of 5000 K. Therefore a plasma temperature of 10000 K was used to 

determine the electron density. In addition to the hydrogen other fragments of the 

polymer are also present the plasma. The reduced mass will be very close to 1 if we 

assume that the molecular weight of these fragments is significantly larger than the 

molecular weight of the hydrogen (e.g. CN with 26 g mol-1). 



3.5 Plasma spectroscopy 

The electron densities are obtained by interpolating the tabulated values and taking the 

above described approximations into account (see Table 4). The additional broadening 

of the FWHM due to the line width of spectrometer (FWHM 0.1 nm) is very small and 

can be neglected. 

Polymer Fluence  
(J cm-2) 

FWHM of 
Balmer ß 

(nm) 

Electron-
density 
(m-3) 

FWHM of 
Balmer α  

(nm) 

Electron-
density 
 (m-3) 

18.5 4.3 8.0 1022 0.82 7.4 1022

27.5 5.1 1.1 1023 3.06 5.3 1023GAP 
+ 1 % C 

35.2 8.12 2.3 1023 5.26 1.1 1024

22.1 5.8 1.4 1023 1.45 2.0 1023

33.8 8.5 25 1023 * * 
PVC 

+ 1 % C 
41.7 9.1 2.7 1023 * * 

Table 4:  Electron densities measured 1 µs after the laser pulse, from the H-Balmer 
α (656 nm) and the H-Balmer ß (486 nm) line.  (*) These peaks were 
clearly cut off by the dynamic range of the spectrometer. 

The electron densities of the plasma of the H-Balmer α and the H-Balmer ß line are in 

quite good agreement for the lowest irradiation fluence (GAP + 1% C 18.5 J cm-2; PVC 

+ 1 % C 22.1 J cm-2). At higher fluences the electron densities determined by the 

Balmer α line are higher than those of the Balmer ß line and increase with increasing 

irradiation fluence. The peak intensities of the H-Balmer lines increase with the 

irradiation fluence. The linearity of the ICCD will decrease at high signal intensities and 

the peak shape is compressed (see in Figure 77 the H-Balmer α line after irradiation 

with 35.2 and 27.5 J cm-2). The resulting FWHM increases, giving the impression of 

higher electron densities. The peak intensity of the H-Balmer α line is up to 10 times 

larger than of H-Balmer ß line for lower fluences. This ratio is decreasing with 

increasing fluence, which is also an indication for the non-linear behavior of the ICCD.  

The electron densities are in the same order of magnitude [141] than those found after 

1064 nm irradiation of carbon in vacuum (10-4 mbar). In the future, further 
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measurements of the H-Balmer lines will allow a more detailed analysis of the fluence 

and time dependence of the electron density.  

3.5.5 Conclusions 

Atomic (H, Ca) and diatomic species (CN-Violet, CH, C2) could be identified in all 

emission spectra of plasmas of the carbon doped polymers. The CN-species were also 

found in the plasma plume created after irradiation of PVC, which indicates that these 

species are formed by reactions of the carbon species and the N2 from the atmosphere 

[57,110-112]. The emission of GAP doped with an IR-dye is very weak and only 

diatomic lines could be identified. This is probably due to the absence of local hotspots 

as they are observed for carbon doped polymer [130]. All emissions lines (from the 

atomic and diatomic species) can be observed much longer than expected for the 

corresponding emission lifetimes. These excited species are therefore not only directly 

formed by the laser pulse, but also by collision in the plasma plume.   

The detailed analysis of the CN-Violet system after 1064 nm irradiation of GAP + 

1 % C shows that the ro-vibrational temperature of this fragment decreases with time. 

The temperature after 1064 nm irradiation of PVC + 1 % C is initially increasing and 

followed by a decay. The time until the maximum temperature is reached increases with 

the irradiation fluence. The subsequent decay is independent of the irradiation fluence.  

The emission spectra after irradiation with different fluences (1 µs after the laser pulse) 

of GAP + 1% C show that the ro-vibrational temperature of the CN-Violet system 

decreases with increasing fluence. The 1064 nm irradiation of PVC + 1 % C shows a 

different behavior: a temperature decrease with a increasing fluence is observed for 

irradiations with fluences < 75 J cm-2; above this fluence the ro-vibrational temperature 

is increasing with increasing laser fluence. This different behavior of both polymers 

shows that the matrix polymer that contains the carbon absorber has, a significant effect 

on the processes forming and sustaining the plasma. 



3.5 Plasma spectroscopy 

This complex behavior of the ro-vibrational temperature of the CN-species after 

irradiation of GAP + 1% C and PVC + 1% C can only be explained by the presence of 

other mechanisms which are active in the plasma plume.  

The formation of the plasma is observed at much lower fluences after 193 nm 

irradiation of GAP + 1% C, which is probably due to the lower ablation rates at this 

wavelength (d (193 nm) < 1 µm pulse-1 for 0.75 J cm-2; d (1064 nm) ≈ 40 µm pulse-1 for 

6.25 J cm-2) and the higher photon energies (E (193 nm) = 6.42 eV vs. E (1064 nm) = 

1.17 eV). A decrease of the ro-vibrational temperature with time and an increase of the 

ro-vibrational temperatures with the irradiation fluence is observed. The difference in 

the behavior after 193 and 1064 nm irradiation is probably due to the different 

absorption sites (absorber vs. polymer).   

A detailed analysis of the H-Balmer lines (H-Balmer α at 656 nm and H-Balmer ß at 

486 nm) reveals that the intensities increase with the irradiation fluence. This increase is 

much more pronounced than the increase of the intensities of the lines assigned to the 

diatomic species and is therefore an additional indication for the presence of other 

processes in the plasma plume.  

The width and the shape of the hydrogen lines can be explained by Stark broadening 

and the perturbation theory. A comparison with tabulated values [137] shows that the 

electron density in the plasma is in the order of 1023 electrons m-3 and is increasing with 

the irradiation fluence. 
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4 Summary 
Different aspects of the laser ablation process of polymers were studied within this 

work. Five different methods were applied and each of them approached the ablation 

process from a different perspective. In this chapter the information gathered from these 

methods were combined to show how different parameters influence the ablation 

process. 

4.1 Influence of the irradiation wavelength on the ablation 

process 

The irradiation wavelength influences the ablation process in different ways. The 

absorption site and the penetration depth of the laser light in the polymer are determined 

by the wavelength of the laser. Additionally a change of the irradiation wavelengths is 

also changing the photon energy and thereby, the number of bonds which can be broken 

directly. The fast dissipation of the photon energy within the polymer decomposes not 

only the absorbing chromophore, but also causes other parts in the polymer to be 

broken. These parameters usually change together which makes it difficult to separate 

their influences.  

Irradiation of TP1 with low intensities resulted in a photochemical decomposition. The 

absorption spectra during irradiation with the different excimer lamps revealed that the 

shorter the irradiation wavelengths, the more bonds can be broken and the more 

efficient is the decomposition of the polymer. This effect could be observed very 

directly when comparing the decrease of the absorption during 308 and 222, 

respectively 172 nm irradiation. The 308 nm photons have, compared to 222 and 

172 nm, relatively low photon energy and can only break the triazene group in the 

polymer, while for 222 and 172 nm irradiation also a decrease of the absorption 196 nm 

was observed. The decay of the absorption during 222 and 172 nm irradiation revealed 

that the weaker triazene bond is mainly decomposed before the more stable diphenyl 

ether group decomposes. 
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A similar trend was also observed when comparing laser ablation rates of TP1 with 308 

and 193 nm photons. The ablation rates after 308 nm irradiation are significantly higher 

then expected from the linear absorption coefficient, while after 193 nm irradiation the 

ablation rates are much lower. The higher ablation rates after 308 nm irradiation were 

attributed to a decrease of the absorption during the laser pulse, while the lower ablation 

rates after 193 nm irradiation were attributed to an extended fragmentation of the 

polymer and a shielding effect of the ablation plume. 

This increase in the fragmentation of polymer together with a decrease of the irradiation 

wavelength is also observed in the Quad-TOF-MS, where the amount of larger 

fragments was smaller after 248 than after 308 nm ablation. This difference was 

pronounced at higher fluences, where all observed masses remain constant for 

irradiation after 248 nm, while after 308 nm irradiation only the signal belonging to the 

diphenyl ether group plateaus at high fluences. The constant signal intensities for all 

masses after 248 nm irradiation was attributed to a shielding effect of the absorbing 

fragments, e.g. phenyl and diphenyl ether fragments. 

In the Shadowgraphy measurements with TP1 a decrease of the irradiation wavelength 

results in an increase of the shockwave velocity, which is related to the amount gaseous 

products released during the ablation process and originate from an extended 

fragmentation of the polymer. 

A pronounced difference in the shadowgraphy images taken after irradiation above 

193 nm of GAP + 1 % C could be found. This difference is mostly due to the different 

absorption sites (193 nm absorption from the polymer; ≥ 308 nm absorption from the 

doped carbon). The absorption of the laser light by the doped carbon results in heating 

of the polymer by the carbon particles and the successive thermal decomposition, 

whereas during 193 nm irradiation the photons can decompose the polymer directly. 

The carbon particles are, on a molecular level, not homogeneously distributed, resulting 

in an inhomogeneous decomposition of the polymer and, an increases of the amount of 

larger fragments (solid or liquid) which can be seen in the shadowgraphy images. 
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The above described results show that the fragmentation of the polymer during the 

ablation process increases with a decrease of the irradiation wavelength. Not only the 

groups absorbing the laser light are decomposed during the ablation process, but also 

other groups might be broken due to the fast dissipation of the energy within the 

polymer. A change of the irradiation wavelength can also change the ablation process 

significantly when the absorption site changes. An example for such a behavior is found 

for the irradiation of GAP doped with carbon.
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4.2 Influence of the polymer structure on the ablation process 

The ablation process is directly influenced by chemical and physical properties, such as 

the absorption behavior, the photo stability, the thermal stability, the decomposition 

enthalpy and the fragmentation pattern of the polymer. A separation of the influence of 

the different properties is difficult, as most properties are related to each other. 

Additionally the distribution of an absorbing dopant can significantly influence the 

ablation processes. The differences in the ablation process are thereby not only 

detectable in different ablation rates and ablation thresholds but can also be observed in 

indirect measurement such as the velocity of the formed shockwave or the emission 

spectra of the plasma created during ablation. 

Ns-interferometry measures the surface displacement during the ablation process and 

was performed with different polymers. A systematic difference between the different 

polymers was only observed in the fluence range above the ablation threshold. The 

studied polymers showed a material removal only during the laser pulse for fluences 

above the threshold. A short transient positive phase shift (≈ 10 ns) before material 

removal was only observed for the triazene polymers. This transient phase shift might 

either be due to a dense layer of gaseous products or might be due to a change of the 

refractive index of the polymer during the initial stages of the ablation process. A 

decrease of the phase shift 1 µs after the 308 nm laser pulse was only found for PI2. 

This decrease might be due to remaining heat in the polymer after the laser pulse which 

might effect the refractive index of the polymer. No extended surface swelling (> 40 ns) 

of the polymer prior to the material removal as is was previously observed 

[75,76,79,93] could be found for the studied polymers for fluences above the threshold 

of ablation.  

The shadowgraphy measurements revealed pronounced differences of the shockwave 

velocities of the different polymers. A higher velocity of the shockwave is found after 

UV irradiation (193 and 308 nm) of the photolabile TP1 than after irradiation of the 

photostable PI1. This difference was attributed to the extended fragmentation of the 



4.2 Influence of the polymer structure on the ablation process 

158 

photolabile polymer. A comparison of the shockwave velocity after 1064 nm irradiation 

of a carbon doped TP1 and a carbon doped GAP revealed a faster shockwave for the 

carbon doped GAP. This difference was attributed to the higher decomposition enthalpy 

of GAP.  

Emission spectra were recorded after 1064 nm irradiation of GAP + 1 % C, PVC + 1 % 

and GAP + 1.9 % IR-dye revealed a less intense emission after the irradiation of the IR-

dye doped polymer than after irradiation of the carbon doped polymers. This difference 

is attributed to the different homogeneity of the added absorber. The carbon particles 

are, on a molecular level, not as homogeneously distributed leading to the formation of 

hotspots which increase the intensity of the plasma emission.  

A detailed analysis of the ro-vibrational temperature of the CN-Violet system reveals a 

different behavior for GAP + 1 % C, and PVC + 1 % C with time and with fluence. 

These differences indicate that the processes active in the plasma plume are influenced 

by the polymer matrix. The details of processes inside the plasma are currently unclear.  

These measurements show that the polymer structure and resulting chemical and 

physical properties influence not only the ablation rates and the ablation threshold, but 

also influence secondary processes such as the formation of the shockwave, release of 

larger fragments, or the processes active in the plasma.
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4.3 Information on the ablation mechanism 

The applied time resolved methods gave new insights in the ablation process. The 

individual results are often unclear and do not necessary give an answer to whether a 

photochemical or a photothermal ablation mechanism is dominant, but by combining 

the results from different measurements can help to understand the process.    

The irradiation with low intensity light of the excimer lamps showed a 

photodecomposition of the polymer when no reactive oxygen species were formed. The 

differences observed for the different pulse lengths of 308 nm irradiation with an 

excimer lasers are ambiguous, but might be assigned to a photochemical decomposition 

mechanism where certain number of broken bond are required to observe material 

removal. It should be noted that a difference in the measured data points (i.e. due to 

different sensitivities of the joulemeter) could influence the result significantly.  

The backside interferometry measures the surface displacement during the laser pulse. 

PMMA was only irradiated with fluences below the threshold of permanent surface 

modification. Only a transient expansion of the surface was detected, which is most 

probably due to thermal expansion of the polymer. A similar behavior was also found in 

most cases for the triazene polymers and the PI2 for irradiation fluences below the 

threshold of ablation. The transient expansion of these polymers might also be due to a 

thermal expansion of the polymer, but can also be explained by the creation of 

subsurface gaseous products which leave the polymer by diffusion. 

Irradiation above the threshold of ablation resulted for both triazene polymers and the 

PI2 in material removal. No thermal surface expansion prior to the material removal 

was detected. A surface displacement was only observed during the laser pulse. This 

behavior might be attributed to a photochemical ablation mechanism. Masabuchi et al. 

reported a surface swelling prior to material removal for PI2 [78] for an irradiation 

wavelength of 351 nm, which might indicate change of the ablation mechanism for 

irradiation wavelengths > 308 nm. It should also be noted that a surface swelling prior 
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to material removal was, with ns-surface interferometry, only reported for polymers 

with low absorption coefficient at the irradiation wavelength. It is still unclear whether 

the absorption coefficient has influence on the observation of a surface swelling. 

Previous results with a QCM and a polyimide with a different chemical structure were 

attributed to a thermal ablation mechanism for irradiation wavelengths ≥ 248 nm [41]. 

The different behavior observed here might be attributed to the different chemical 

structures of the studied polyimides. Recent experiments in our group suggest that the 

QCM data are also ambiguous due to the application of multiple pluses for each 

position. A change of these data would have a big impact as many model are based on 

these data.  

The time of arrival curves of the Quad-TOS-MS recorded after irradiation of TP1 show 

three distinctive components: two fast peaks were observed, which were fitted to 

Gaussian energy distributions, along with a third, slow peak, which was fitted by a 

decaying Maxwell Boltzmann distribution. The arrival time of the fastest peak 

corresponds to kinetic energies of 2-5 eV, which are well above values expected for 

thermal processes. The second peak was assigned to metastable N2 and can also not be 

explained by thermal ablation process. Only the third peak might be related to thermal 

decomposition of the polymer. 

The data shown above give many indications for a dominant photochemical ablation 

process for the triazene polymer. Only the third peak in the time of flight measurements 

indicates that a part of the ablation process might be thermal. We therefore assume that 

a photochemical ablation mechanism is dominant for the triazene polymer and only a 

small part of the ablation process might be due to thermal ablation process.  

The surface interferometry data for the PI2 do not indicate a thermal ablation 

mechanism for the applied irradiation wavelengths, but more data (e.g. Quad-TOF-MS 

or additional surface interferometry measurements) would be required for a solid 

statement. 
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4.4 Outlook 

The new insights in the ablation process raised new questions. Some these questions 

might be answered by improving the methods and expanding the range of used 

polymers. 

• Irradiation with excimer lamps  

A calibration of the intensity of the different excimer lamps would make it 

possible to directly compare the changes observed during of the different 

irradiation wavelengths. It would also be possible to directly correlate the 

amount of absorbed photons and broken bonds within the polymer. Other 

techniques might be applied to learn more about the formation of new bonds 

(e.g. diffuse reflection IR spectroscopy or attenuated total reflection infrared 

spectroscopy), the mass loss (e.g. QCM) or the fragments released during the 

irradiation (mass spectroscopy). 

• Irradiation with different pulse lengths  

In this work the ablation behavior was only studied at two different pulse 

lengths. In previous papers the pulse length was modified over a larger range to 

evaluate the mechanism responsible for the material removal [94,96,97,99]. It 

would be very interesting to extend the presented data to longer pulse lengths to 

see if a similar ablation behavior can be found for longer pulses.  

• Ns-surface interferometry  

In this study mostly the backside interferometry setup was applied. Although 

this setup has the advantage that the interference lines are not disturbed by the 

ablated fragments, it is still unclear whether some observed effects are due to 

changes of the refractive index. It should be interesting to compare the obtained 

data with data from the frontside or the internal configuration to answer these 

questions.  Until now a surface expansion of the polymer prior to material 

removal was only observed for polymers with a low absorption coefficient. It 
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could be interesting to check with a photostable but highly absorbing polymer 

(e.g. polyaniline) if expansion before ablation occurs, or if a material removal 

without expansion is observed for all high absorbing polymers.  

• Ns-shadowgraphy 

The setup for the conventional ns-shadowgraphy can be improved. The currently 

applied optic for the camera is relatively far away from the ablation site and the 

opening of the zoom lens is relatively small. The light is therefore gathered from 

a small steradian which might reduce the contrast of the shockwave. An 

improvement of the contrast of the shockwave would allow to detect the 

shockwave at lower fluences and further distances from the substrate. This 

increases the range where measurements can be taken and can give new 

information in the low fluence range. The phase shift information of the ns-

interference shadowgraphy is only used to detect the shockwave front. 

Additional information about the local refractive index (which depends on the 

pressure, the temperature and the composition) could be obtained when an 

inverse Abel transformation would be applied on the values of the phase shift.   

• Quad-TOF-MS 

In Quad-TOF-MS the time of arrival of the fragments released during the 

ablation process at the detector is measured. This arrival time contains the 

information of the kinetic energy and the release time of the fragments. Both 

information were separated by modelling the signal. Energy resolved Quad-

TOF-MS could directly measure the kinetic energy of particles and the release 

time of the fragments from the surface could be calculated. This measurement 

would avoid the modelling and should give more precise information. Until now 

these measurements have only been made for 248 and 308 nm. Extending the 

measurements to 193 nm irradiation would allow a direct comparison of the 

fragmentation pattern at the different irradiation wavelengths and thereby verify 

the extended fragmentation which was assumed in the measurements of the 
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ablation rates and the shockwave velocity. It would very interesting to check 

whether the excited N2 species could also be found during ablation of other 

polymers. 

• Emission spectroscopy  

In the emission spectra only the CN-Violet system and the Stark broadening of 

the hydrogen were evaluated in detail. The spectra show also the C2-Swan 

system which can give similar information and would allow a comparison 

between both species. This would be of interest, as the CN-species can be 

created by collisions between carbon released during the ablation process and 

the nitrogen from the atmosphere whereas the C2-speicies are formed during the 

ablation process. Additional information on the processes in the plasma could be 

obtained by doping the polymer with selected elements and determining the 

plasma temperature either by the stark broadening or the intensity distribution of 

the emission lines of the doped elements. Spatial resolved measurements could 

improve the understanding of the plasma processes, as a separation of the origin 

of creation of the different species would be possible.  

Extending the analytical methods after the irradiation with the excimer lamps will allow 

the direct correlation of the active chemical reactions and the absorbed photons in the 

low intensity range. The influence of the pulse length respectively the laser intensity on 

the ablation process will probably help to differentiate between the different ablation 

processes. Broadening the ns-interferometry measurements should clarify the origin of 

the observed effects and will also help to understand these data much better. The ns-

shadowgraphy and the Quad-TOF-MS are both probing the released fragments. 

Extending these methods will give more detailed information about how the material is 

released and which fragments are created. Ablation at high fluences can be studied with 

emission spectroscopy and improving this method will give a better understanding of 

the processes active in the plasma and the species created thereby.  



4.4 Outlook 

Improving all these methods improves the quality of the information these methods can 

provide, but still the results from the single techniques can be quite ambiguous. The 

combination of the results from different techniques will give a more complete picture 

of the processes and thereby improve the understanding of laser ablation. 
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