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Abstract

Laser material processing is an increasing market although many processes are still not yet

fully understood. It was repeatedly emphasized that a better understanding of the transient

processes can help to improve the understanding of the ablation mechanism. Examples using

ns-surface interferometry, ns-shadowgraphy and emission spectroscopy are shown to illustrate

how these techniques can be used to obtain new insights in the laser ablation processes.

Time-resolved surface interferometry probes the remaining polymer, while ns-shadowgra-

phy and plasma spectroscopy observe the ablation products. Ns-shadowgraphy can be used

for fluences just above the ablation threshold, to the fluences where a plasma is observed,

which is probed by emission spectroscopy.

Time-resolved ns-surface interferometry of a specially designed triazene polymer reveals

that the surface morphology changes and thereby the surface removal occurs only during the

laser pulse. Ns-shadowgraphy is used to observe the shockwave and the plume of fragments,

which are generated during laser ablation. A comparison of the ablation properties of an

energetic polymer at two different wavelengths (1064 and 193 nm) shows that the ejection of

non-gaseous fragments (solid or liquid) is only detected after irradiation with 1064 nm. At

higher laser fluences, plasma is formed, and the atomic (H), and diatomic species (CN, CH and

C2) are identified.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Material processing with lasers is being used since several decades, but the
mechanism remains still unclear for many processes. The process of material removal
of polymers when an intense laser beam irradiates the surface has been studied now
for over 20 years and remains still controversial. This process, called laser ablation, is
interesting for a wide range of applications (i.e. laser plasma thruster [1,2] or via
holes in multi-chip modules [3]).
It was repeatedly emphasized that a better understanding of the transient processes

can help to improve the understanding of the mechanism. Various time-resolved
techniques (i.e. time-resolved Raman spectroscopy [4,5], time-resolved infrared spectro-
scopy [6,7], time-resolved quadropole mass spectroscopy [8–11]) have been applied,
resulting in new information about the chemical and physical processes involved in
ablation. In this paper, additional time resolved methods, i.e. ns-surface interferometry,
ns-shadowgraphy, and emission spectroscopy are presented and it will be shown how
these data can be used for a better understanding of the ablation process of polymers.
Ns-surface interferometry allows time-resolved thickness measurements during and

after irradiation with a laser pulse, and gives thereby valuable information about the
surface displacement during the ablation process. This method focuses on the
structuring of the remaining polymer and is therefore used mostly in the lower fluence
range (at fluences above 1 J cm�2, the ablation rates are in most cases, quite high,
making the data evaluation very difficult). Previous studies using this technique have
shown that some polymers exhibit a pronounced swelling and a delayed material
removal [12,13], whereas other polymers revealed structuring without swelling [14–17].
Ns-shadowgraphy can be used to image the material, which is ejected after laser

irradiation [13,18,19]. This method can be used from fluences close to the threshold
up to the fluence which creates plasma. When laser ablation occurs in an
atmosphere, the instantaneous released energy will form a shockwave, which is
visible in the shadowgraphy images. The propagation speed of the shockwave may
be applied as an indicator for the amount of gaseous products [15] and for the energy
[20], which is released during the ablation process.
Time-resolved emission spectroscopy can give information about the composition [21–

23] and the temperatures inside the plasma, which is formed at high irradiation fluences.
The ablation process of two different polymers was studied in detail by combining

data from all of these techniques. The following polymers were studied: a special
designed triazene polymer, which exhibits excellent laser ablation characteristics
(sharp ablation edges, no debris, low threshold fluence and high etch rates at low
fluences [24,25]) and an energetic polymer, which performed very well in laser plasma
thruster experiments [26].

2. Experimental

The ns-surface interferometry samples were prepared by spin coating the triazene
from a 10% chlorobenzene solution. Solvent casting was used for the preparation of
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the films for ns-shadowgraphy and emission spectroscopy where the surface quality
is less critical. A solution of the energetic polymer was mixed with carbon (to induce
absorption in the IR) and a crosslinker. The solution was solvent cast and cross-
linked at elevated temperatures.
The pump-probe set up for ns-surface interferometry is shown in Fig. 1. An ArF

(193 nm, Lambda Physik LPX 301i, FWHM 25ns) or a XeCl (308 nm, Lambda
Physik Compex 205, FWHM 30ns) excimer laser are used as pump lasers. The laser
light of the pump laser passes through a pinhole and is imaged onto the substrate.
The second harmonic (532 nm) of a Nd:YAG (Quantel, Brillant B, FWHM 5ns)
laser was applied as a probe laser. The time resolution is achieved by using a delay
generator (SRS, DG 500) between the pump and the probe laser. The probe beam is
used in a Michelson interferometer setup, where the beam is divided (50/50) by a
beamsplitter. One beam is reflected by the surface of a wedged glass substrate, while
the other beam is reflected from the polymer surface. Both beams are recombined in
the same beamsplitter and create there an interference pattern. When the film
thickness of the polymer changes, the length of the optical path changes and a fringe
shift results. Wedged substrates are used to allow the selection of the interface from
which the probe beam is reflected. The reflection from the glass/polymer interface is
neglected due to the small difference between the refractive index of the glass and the
polymer. Therefore, only the reflection from the polymer/atmosphere interface can
be utilized. Two variations of this setup were tested and compared:
(a) Pump and probe from the same side: The probe beam is reflected directly from

the air/polymer interface (Fig. 1(a)) and the pump beam irradiates the sample from
the same side, in an angle of about 60�. This has the disadvantage that the probe
beam passes through the ablation plume and is thereby influenced by the released
shockwave and the non-gaseous fragments. It is very difficult to take the effect of the
shockwave and the absorption of probe beam into account. The advantage of this
method is that the observed phase shift is not influenced by the irradiated polymer.
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Fig. 1. The two different surface interference setups: (a) front-side interferometer, (b) backside

interferometer.
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(b) Backside probe beam: The probe beam passes through the backside of the
substrate and is reflected from the polymer/air interface (Fig. 1(b)). In this case, the
probe beam is not influenced by the released shockwave and the ejected material.
The disadvantage of this variation, is the fact that the 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 resulting fringe shifts. The refractive
index of the polymer was obtained by comparing the fringe shifts, with the surface
profile measured with a surface profilometer (Sloan, Dektak 8000).
For the shadowgraphy experiments also two different setups can be applied:
(a) In the conventional shadowgraphy setup the probe beam (XeCl or second

harmonic of Nd:YAG) is used to generate fluorescence of a laser dye in a quartz
cuvette (see Fig. 2(a)). The cuvette and a camera are mounted perpendicular to the
substrate surface. The solid and liquid particles which are released during the
ablation process are illuminated by the fluorescence light from the quartz cuvette and
are imaged with the camera. The released shockwave causes a local difference of the
refractive index, which is visible as a brightened or a darkened ring surrounding the
center of the ablation.
(b) The second shadowgraphy setup utilizes a Mach Zehnder interferometric

configuration (Fig. 2(b)). In this setup, the probe (second harmonic of Nd:YAG)
beam is divided by a beamsplitter (50/50). 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 the resulting fringe pattern is imaged by a camera. The refractive
indices of the shockwave and the ejected gaseous fragments differ from the non-
influenced atmosphere, resulting in a different optical path length through the plume
which causes a phase shift.
The evaluation of the fringe shifts (from surface interference and Mach Zehnder

shadowgraphy) was done, according to a procedure described in detail elsewhere
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[27,28]. Briefly, two images were taken, one before and one during/after the laser
pulse (i.e. Fig. 3(a)) and were used for the image analysis. Both images were 2D fast
Fourier transformed (2D FFT) (Fig. 3(b)) and reduced to the fringe information by
extracting the peak belonging to the fringe shift (white ellipse in Fig. 3(b)). The fringe
shift information is then transformed into the complex space using the inverse 2D
FFT. The phase difference (Dj) of both pictures is then proportional to the changes
of the surface morphology (Dd) and the refractive index (nD) (Fig. 3(c)),

DjðDdÞ ¼ 4p
DdnD

l
: ð1Þ

A phase jump will occur when the difference becomes larger than the dynamic
range, i.e. 2p. It is very important to take these phase jumps during the data
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Fig. 3. Data evaluation of the ns-surface interferometry and the interference shadowgraphy: (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 of the image; (c) phase shift image; (d) amplitude image of the

released shockwave. The image width is 2.6mm.
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evaluation into account. In the images obtained from the Mach–Zehnder
shadowgraphy, a sudden change of the phase shift, which corresponds to the
shockwave front, is observed. The propagation velocity of the shockwave can be
determined by measuring the position of the shockwave and applying the time delay.
The amplitude difference between both pictures is proportional to the difference of

the amount of reflected light (ns-interferometry), and the amount of transmitted light
(ns-shadowgraphy) (Fig. 3(d)), respectively. It is therefore possible to obtain reflectivity
and surface morphology changes during the same interferometer experiment.
An increase of the pump laser intensity can result in the formation of a plasma.

The processes inside the plasma are, for some applications (i.e. laser plasma
thruster), of great interest. The composition of the plasma can be determined by
analyzing the light emitted from the plasma plume. This light is collected by a lens,
focused into a fiber optic and passed through a monochromator onto a gated
intensified charged coupled device (ICCD) (ICCD-1024-MDLG-E/1, Princeton
Instruments). The gated intensifier allowed the acquisition of time-resolved spectra,
while several pulses were accumulated to achieve a good signal-to-noise ratio.

3. Results and discussion

Fig. 4, shows the surface displacement and the changes of the surface reflectivity of
a triazene polymer after irradiation with a XeCl excimer laser. The surface
displacement was measured using the backside probe beam configuration. The
negative phase shift represents surface removal. The laser intensity and the deposited
laser energy are also included in the figure.
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Fig. 4. Reflectivity change during the ablation process of the triazene polymer after irradiation at 308 nm

with 125mJ cm�2. The intensity of the pulse and the displacement of the polymer surface have been

included. A smoothed spline was added to guide the eye.
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At the beginning of the laser pulse, a short transient positive phase shift is
observed. The decay of this positive phase shift is too fast to be attributed to a simple
thermal expansion. This phase shift may be due to a very dense gas layer, which is
formed during the initial steps of the polymer decomposition. For this dense gas
layer, it is reasonable to assume that the probe beam might not be reflected from the
polymer/gas interface, but from the dense gas layer/atmosphere interface. The
expansion of this gas layer results in a decrease of its density. At a certain time, the
probe beam will then be reflected by the polymer/gas interface. Another possibility is
a transient change of the refractive index of the polymer during the irradiation laser
pulse, which would affect the probe beam passing through the polymer.
After the initial positive phase shift, a negative phase shift is observed. This phase

shift is assigned to material removal. The temporal behavior of the phase shift
changes corresponds quite well to the laser pulse, i.e. the beginning and the end of
the phase shift changes correspond to the duration of the laser pulse. This and the
absence of a thermal expansion of the polymer are strong indications for a
photochemical ablation process.
The reflectivity decreases with the laser pulse and reveals the initial values after

approximately 50 ns. No permanent changes of the reflectivity are observed. This is
in good agreement with a surface analytical study where no changes of the chemical
composition of the ablated polymer surfaces was detected [29]. A decrease of the
refractive index (nD) of the polymer or an increase of the refractive index in front of
the polymer can both explain the change of the reflectivity. Other possibilities are a
temporary surface roughening, or products that form micro bubbles which increase
the amount of diffuse reflected light and thereby decrease the specular reflected light.
The existing data are not sufficient to exclude any of the above-described
possibilities.
Figs. 5 and 6, show a series of shadowgraphy images taken with the conventional

and with a Mach–Zehnder shadowgraphy setup for the energetic polymer. An ArF
excimer laser (Mach–Zehnder, Fig. 5) and the fundamental of a Nd:YAG (1064 nm)
(conventional setup, Fig. 6) were used as pump lasers. The irradiation at 193 nm is of
special interest, due to the absorption of the polymer, while for the absorption at
1064 nm, the carbon dopant absorbs the laser light. This IR wavelength is of interest
for laser plasma thrusters, as these devices utilize IR-laser (diodes). The applied
energetic polymer has shown a very good thrust-laser energy ratio [1,2] and is
therefore an important material for studies using this irradiation wavelength.
The evaluated images of the Mach–Zehnder shadowgraphy setup (Fig. 5) reveal a

sudden phase shift caused by a change of the refractive index behind the shockwave.
The shockwave itself corresponds to the sudden change of the phase shift images.
The ejection of particles is clearly visible in the images obtained with the
conventional shadowgraphy setup (Fig. 6). The shockwave is visible as a bright
ring surrounding the ejected plume.
Fig. 7 shows the expansion of shockwave after irradiation at 193 and 1064 nm.

The shockwave velocity is higher after 193 nm irradiation although the laser energy
was lower (1.56mJ with a spot diameter of 520 mm) than the energy of the 1064 nm
irradiation (2.7mJ with a spot diameter of 470 mm). This indicates that the created
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pressures and the amount of gaseous products increase with decreasing irradiation
wavelength, whereas the amount of solid particles increases (in Figs. 5 and 6) with
increasing irradiation wavelength. The density of absorption sites that can be broken
increases (alin,193 nm=44000 cm�1, alin,1064 nm=420 cm�1) with the irradiation wave-
length. The higher number of broken bonds result in a larger amount of smaller
fragments and therefore a faster shockwave velocity.
The penetration depth of the laser light decreases additionally with the decreasing

wavelength resulting in higher temperatures in a smaller volume and therefore a
more efficient decomposition which results in the creation of more gaseous fragments
and the faster shockwave.
This is supported by the predictions of a model describing the planar expansion of

shockwaves [20,30]. The model suggests that the shockwave velocity should increase
with a decrease of the irradiated volume. The shockwave should propagate faster for

ARTICLE IN PRESS

Fig. 5. Interference shadowgraphy phase shift images recorded after irradiation of the energetic polymer

with 1.6mJ at 193 nm. The image width is 3.8mm.
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the same laser energy and spot size as the penetration depth decreases with the
wavelength.
Emission spectroscopy can to be used to study the laser ablation processes at

higher fluences, where a plasma is formed. The processes at these fluences are of
special interest for laser plasma thrusters. The emission spectra of the energetic
polymer, 1 ms after 1064 nm irradiation, are shown in Fig. 8. The spectrum reveals
the presence of atomic and diatomic species. The complex peak structures could be
assigned to diatomic species (CN-Violett around 358, 389 and 416 nm, CH-System
around 433, C2-Swan around 469 and 514 nm [21]). The peak around 486 nm is due
to the presence of hydrogen and represents the Balmer-X line.
Spectra taken at different delay times (not shown) reveal that at early times

(o 1 ms), a broad emission due to Bremsstrahlung dominates the spectrum. This
emission decays within 1–2 ms and the specific peaks are clearly visible. The atomic
hydrogen peaks disappear within 4 ms after the laser pulse, while the diatomic peaks
can be observed for up to 40–50 ms.
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Fig. 6. Images of the shockwave and the ejected material after irradiation of the energetic polymer with

11.2mJ at 1064nm. The image width is 2.7mm.
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By modeling [31], the fine structure of the CN-Violett system around 489 nm and
comparing it to the measured spectrum, it is possible to determine the ro-vibrational
temperature of the CN-species inside the plasma. A temperature of about 7100K
was calculated for laser energies of 15.5mJ and a delay of 1 ms.
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4. Conclusion

Time-resolved ns-interferometry is a useful method to observe the surface
morphology changes during and after the laser pulse. The special designed
photopolymer reveals no thermal surface expansion, with material removal only
observed during the irradiation laser pulse. A transient decrease of the surface
reflectivity during the laser pulse was also detected.
Two different setups were applied for ns-shadowgraphy. The conventional setup is

especially useful to gain information about the amount of non-gaseous material
ejected in the ablation process. The Mach–Zehnder setup requires a more
complicated data evaluation, but the shockwaves can be detected with a higher
sensitivity. With both methods, the propagation velocity of the shockwave can be
determined. Information about the energy contained in the shockwave and the
amount of gaseous products released during the ablation process, can be determined
from the propagation velocity.
Time-resolved emission spectroscopy allows the detection of various plasma

species and the emission from the inverse Bremsstrahlung could be measured.
Modelling the fine structure of peaks from diatomic species allows an estimation of
the plasma temperature created by the laser ablation process.
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