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Abstract -We present recent results on ablation mechanism, single-pulse laser micropatterning, pulsed-laser 
deposition (PLD) and particulates formation accompanying laser ablation, with special emplasis on polymers, 
in particular polyimide, (PI), and polytetrafluoroethylene, (PTFE). Ablation of polymers is described on the 
basis of photothermal bond breaking within the bulk material. Here, we assume a first order chemical reaction, 
which can be described by an Arrhenius law. Ablation starts when the density of broken bonds at the surface 
reaches a certain critical value. Single-pulse laser ablation of polyimide shows a clear pulse-length dependence 
of the threshold fluence. This experimental result strongly supports a thermal ablation model. We discuss the 
various possibilities and drawbacks of PLD and describe the morphology, physical properties and applications 
of PTFE films. 

INTRODUCTION 

Pulsed-laser ablation and deposition have found increas- 
ing interest in surface patterning and thin-film fabrication.' 
Especially the UV-laser ablation of polymers has been the 
subject of a great number of publications and also found many 
technical applications, although the physical and chemical 
mechanisms involved are still under d iscu~sion.~  In most 
experiments, ablation rates are derived from the total ablat- 
ed depthobtained after multiple-pulse irradiation at different 
laser fluences and wavelength. Due to incubation effects, how- 
ever, the data derived from such experiments do not permit 
a proper analysis of the fundamental interaction mecha- 
nisms Therefore, we measured single-pulse ablation rates by 
using focused UV-Ar+-laser radiation and atomic force 
microscopy (AFM).j 

PLD has become a very popular technique for the fabri- 
cation of thin films of multicomponent materials. It is of par- 
ticular interest because it enables one to fabricate multi- 
component stoichiometric films from a single target. among 
the materials studied in most detail are compound semi- 
conductors, dielectrics, ferroelectrics, electrooptic and giant 
magnetoresistance oxides, high-temperature superconduc- 
tors, polymers, and various types of heterostructures. PLD 
is very reliable, offers great experimental versatility, it is fair- 
ly simple and fast-as long as small-area films of up to sev- 
eral square-centimeters are to be fabricated. For these rea- 
sons, PLD is particularly suitable in materials research and 
development. The strong non-equilibrium conditions in PLD 
allow, however, some unique applications: Among those are 
metastable materials that cannot be synthesized by standard 
techniques and the fabrication of films from species that are 
generated only during pulsed-laser ablation. With certain sys- 
tems, the physical properties of such films are superior to 

those fabricated by standard evaporation, electron-beam 
evaporation, etc. We have produced high-quality PTFE films 
by means of PLD."hese films proved to be excellent long- 
time charge storage media5 superior to those produced by 
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Figure 1. Onset of ablation for volume and surface models with con- 
stant intensity(dotted curve). Surface temperature T, (solid curve), frac- 
tion of broken bonds at the surface n, (dashed curve), recession veloc- 
ity v (dash-dot), and ablated depth h (dashdouble dot). (a) Volume model. 
(b) Surface model.' 
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Figure 2. Near threshold ablation with smooth laser pulse for volume 
and surfae models. Surfact temperature T, (solid curve), fraction of 
broken bonds at the surface 11,  (dashed curve), recession velocity v (dash- 
dot), and ablated depth h (dashdouble dot). (a) Volume model. (b) Sur- 
face model.2 

other techniques. 
Besides restrictions with respect to film areas, in many cases 

the major disadvantage of PLD is related to particulates that 
appear on the substrate and film surface. On the other hand, 
some applications require the formation of nano- or micropar- 
ticulates. For instance, considerable effort has been recent- 
ly focused on generating ultra-fine PTFE particles for coat- 
ings in micro-electronics. Particulate ejection mechanisms 
accompanying pulsed laser ablation can be classified to four 
main types: Solified liquid droplets, which may be either relat- 
ed to vapor condensate and /or thermodynamical instabili- 
ties at the molten traget surface, irregulary shaped solid grains, 
solidified splash drops and, at least with polymers and bio- 
logical materials, high molecular weight fragments and clus- 
ters. Additional structures may be formed directly at the sub- 
strate surfacel. Many of these particulates are not neutral, 
but are carrying electrical charge, which can influence the 
film formation and the aggregation of small  particulate^.^,^ 

Fu~zdarnerltal ablation mechanisms 

The primary step in UV-laser ablation is the absorption of 

the laser light by the electrons. The dissipation of the exci- 
tation energy can proceed along different channels. Let us 
first enumerate experimental facts, which motivate further 
theoretical considerations. It is well-known that ablation 
rates are measured by different techniques that yield non- 
equivalent results, in particular near the threshold fluence for 
ablation # ,,: 

- The ablated depth measured by profilometry starts sharply 
at fluence #= #,, 

- The ablation rate recalculated from mass loss measure- 
ments using a quartz crystal microbalance (QCM)%r mass 
spectrometry reveals an Arrhenius tail. 

- Ablation is frequently accompanied by chemical and/or 
physical modification of material within a certain depth. 

Different models were applied for the description of UV- 
laser ablation of polymers. One can distingusih between pho- 
tochemical models, where electronic excitations result in direct 
bond breaking (without thermalization), and models, where 
the bonds are thermally broken. The thermal nature of the 
ablation process is supported by the observation of an Arrhe- 
nius tail and the dependence of the ablation rate and thresh- 
old on the laser pulse lenght (see next paragraph). With pho- 
tophysical models both thermal and non-thermal mechanis- 
ma are important. The latter model apply to ps and fs laser 
a b l a t i ~ n . ~ ~ ' ~  

From another perspective, the present models can be sub- 
divided into volume and surface models. With surface mod- 
els, the processes responsible for material removal takes place 
only within several monolayers of the surface. As a result, 
the velocity of the interface between the gaseous and con- 
densed phase depends explicitly only on the surface tem- 
perature or laser-light intensity. With volume models, the 
processes, which lead to the decomposition of the materials, 
take place within the bulk. This is in accordance with the 
observed surface modifications. 

Thermal volume models are often oversimplified, they fre- 
quently ignore the influence of the moving boundary in the 
heat equation, which resulted in unrealistically high tem- 
peratures. Therefore, we present here a thermal volume 
nodel, which includes the effects of the moving boundary, 
and study its implications. 

Light absorption shall follow Beer's law: 

The electronic excitations thermalize on aps time scale". 
Heating shall be described by the one-dimensional heat 
equation. Subsequently, we employ a moving reference 
frame, which is fixed with the ablation front. 

Here T is the temperature, K the thermal conductivity, 

is the volumetric enthaply with c being the specific heat, p(con- 
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Figure 3. Experimental8 and theoretical curves2 for KrF laser ablation 
of PI. Mass loss via volatile species h, (dashed curve), real ablation 
h (solid curve), overall effective ablated depth h,=h,+h (dotted curve). 
Calculated maximum surace temperature Ts (dash-dotted curve) sat- 
urates when real ablation starts. 

stant) polymer density, and To the ambient temperatue. The last 
(Arrhenius) term shall describe thermally activated first order 
bond breaking within the bulk materials: 1-n, k%n,. 

Here, nb is the fraction of "broken" bonds per unit volume, 
and 1-nb the fraction of virgin bonds. L = m b N 0  is the 
enthalpy per unit volume required to break all bonds; L > 0 
for endothermic reactions. AH, is the enthalpy per bond and 
No the total (initial number density of bonds. The equation 
of chemical kinetics is 

where k, is a preexponential factor. Equations (2) and (4) are 
coupled via the velocity u. We assume that the material is 
ablated when the number of broken bonds at the surface reach- 
es a critical value. 

The reaction may simultanously produce volatile species, 
which are trapped within the material and leave it only after 
the laser pulse. 

Calculatins, performed with these equations lead to the results 
as they are presented in Figs. 1 and 2. The main features are 
:.i) Ablation starts sharply with a front velocity that has its 
maximum value just after the onset. ii) The transition to the 
quasi-stationary ablation regime is faster than in the surface 
model. iii) Near threshold, the ablation depth h has a square- 
root dependenceon laser fluence, e.e., hm ( +- The abla- 
tion velocity is very high even near ,,. iv) With + -- 8 ,  abla- 
tion starts well after the laser pulse. v) The depletion of species 
is species is responsible for the Arrhenius tail observed with 
fluences + I + ,,. vi) Residual modification of material is max- 
iumu near the threshold. The model calculations applied to 
polymide (KaptonTM H) are in agreement with the experimental 
results, as demonstrated in Fig. 3. 

Single-pulse laser micropattering 

We report on single-shot experiments using focused UV- 
Ar+-laser radiation (wavelength I\ =: 302 nm, Gaussian beam 
profile, w,=: 2.6 pm). Here, the laser fluence, +, is changed 
either via the laser beam intensity or via the pulse length, r, .  
The pulse lenght was controlled by a digitally driven acous- 
to-optic m o d u l a t ~ r ~ ~ .  By these means, almost rectangular laser 
pulses with 140 ns I r, I 50 ms full width at half maxi- 
mum were generated. The change in surface toplogy and the 
ablated depth have been studied by atomic force microscopy. 
Localized irradiation of polyimide with subthreshold fluences, 
result in the formatin of a hump as shown in Fig. 4(a). Hump 
formation has been tentatively explained by amorphization 
of the material and an additioanl volume increase related to 
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Figure 5. Dependence of threshold fluence for PI ablation on Ar+-laser 
pulse duration (Az302 nm). Open symbols: reference data from XeCl- 
laser ablation (after Piglmayer et aL3). 
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Figure 6. Schematic picture of an experimental setup employed in PLD.' 

polymer fragements trapped within the surface. This creates 
an internal pressure within the polymer. When real ablation 
starts, a dip apperas in the center of the hump, as shown in 
Fig. 4(b). Fig. 5 showns the threshold fluence, # ,,, as a func- 
tion of r,. For comparison, also results of XeC1-excimer laser- 
ablation are in~ luded . '~~ '~ . "  This dependence of #,, on r, is 
a strong indication that ablation with 302 nm cannot be based 
on a photochemical process. 

Pulsed laser deposition of thin films 

A typical setup employed for film deposition is schemat- 
ically shown in Fig. 6. It essentially consists of a laser, a 
laser chamber, a target, and a substrate. The material ablat- 
ed from the target is condensed on the substrate and froms 
a thin film. Ablation can take place in either a vacuum or a 
low pressure inert or reactive atmosphere. The targets main- 
ly employed in PLD are ceramics and, in special cases, liq- 
uids. To a lower extent. targets in single crystalline, poly- 
crystalline, powdery, or amorphous form are used as well. 
For uniform ablation, the target is rotated and scanned with 
respect to the laser beam.I6 

The good mechanical, thermal, and chemical stability of 
polytetrafluoroethylene (PTFE) together with its low surface 
adhesion, frictional resistance, and low dielectric constant, 
makes this material unique for numerous applications in 
mechanics, microelectronics, chemistry, medicine, and bio- 
science. For certain applications, it is desirable to fabricate 
PTFE in the form of thin films. 

PTFE films were deposited by means of KrF-laser radia- 
tion from pressed powder targets (grain sizes between 6-9 

The films are highly crystalline, as shown in the opti- 
cal polarization micrograph of Fig. 7. The size of the 
spherulites can be enlarged to diameters up to 500 mm by 
postannealing at 550°C. The high crystallinity of the PLD- 
PTFE films is demonstrated in IR transmission spectra (Fig. 
8),+' where all bands related to amorphous PTFE are miss- 
ing in the PLD films. PLD-PTFE films also show the char- 
acteristic first-order structural phase transitions from tri- 
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Figure 7. Optical polarization micrographs showing the surface mor- 
phology of KrF-laser deposited PTFE-Teflon films on Si substrates, 
A = 248 nm, # = 2.5J/cm2, N, = 2500 pulses, 2 Hz, T, = 400% and 
additional post-annealing at T, = 550 (after Li et ol."). 
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Figure 8. IR spectra for (a) a post-annealed film deposited from a pressed 
powder pellet at T, = 355'C, T, = 550%, (b) a commercial PTFE foil 
(d = 25 pm) (after Li et al."). 

clinic to hexagonal and pseudoxexagonal at 20 and 30nC, 
respectively. This is shown by dielectric characterization.I7 

Particulates ncconzpanying laser ablatioil 

During film formation, PTFE grains are laser-transferred 
from the target to the substrate with subsequent melting and 
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crystallization. Interactions between particulates and the 
plasma plume seem to play an important role in the film for- 
mation p r o c e ~ s . ~  

We show that there are basically four types of particles 
generated under these conditions (pressed and sintered tar- 
get, 1 atm air, presence of a visible plume implying plasma 
formation): 

I. very small sub-micron particles 
I1 0.5 to 10 pm chains, consists of aggregated sub-micron 

particles 
111. -1 pm ejecta 
IV. -4-10 pm ejecta 
For type I particles, the electrical charges appear to be of 

both signs. type I1 particles appear to be weakly charged or 
uncharged aggregates of type I particles (i.e., probably aggre- 
gates of bothf charges), which may explain their shapes and 
neutral character. 

For type 111 particles, we are able to characterize their charge 
densities (assuming spherical shape)-we observe approximately 
equal numbers of f charges with an average surface charge 
density of 10-5-10-6 C/m2. 

For type IV particles we are able to show that they pref- 
erentially accumulate negative charge. 

SEM micrographs of particulates of the various types are 
shown in Fig. 9. The electrical charge and particle diameter 
could be evaluated by the Millikan oil-drop experiment. 
The electrostatic surface charge density distribution of par- 
ticles is depicted in Fig. 10. 
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Figure 9. SEM micrographs of particulates ejected from the PTFE tar- 
get due to laser irradiation collected on Si wafers (a-c) or on adhesive 
tape (d).7 

The charge storage of PTFE particles is of considerable 
interest in developing charge storage devices. It is known 
that the charges are stored at layer near the film surface with 
a thickness of not more than some mm and possibly less than 
Imm. Homogeneous volume charging can be achieved only 
if the samples are charged for a long time at very high volt- 

Figure 10. Histogram of the observed charge density assuming sur- 
face charge ~torage.~ 

ages and/or at elevated temperatures. Our results show that 
the electrical charges for type I11 particles favor the surface 
over the bulk. Because the diameter of these particle is <2 
pm, the fact that we see surface charging indicates that the 
thickness of the charged layer is probably in the sub-mm range. 
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