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Abstract

We have designed photopolymers based on a photolabile chromophore with absorption properties tailored for a specific
Ž .irradiation wavelength. The introduction of the two photolabile groups –N5N–Nb into one repetition unit of the main

polymer chain results in a well-defined decomposition pathway. The exothermic decomposition mechanism yields high
energetic, gaseous products, which are not contaminating the polymer surface. The products of laser ablation were studied

Ž .with time-of-flight mass spectroscopy TOF-MS . All products are totally compatible with a photochemical decomposition
mechanism and their high energies can be explained by a laser induced microexplosion. Time resolved techniques, such as
transmission, reflectivity or surface interferometry, revealed a ‘dynamic’ behavior. Ns-interferometry showed that etching of
the polymer nearly starts and ends with the laser pulse. During the initial stages of the irradiation, darkening of the surface
was detected, which corresponds to a decrease of reflectivity and an increase of transmission. This is due to a decrease of the
refractive index and absorption coefficient, caused by the photodecompostion of the polymer starting with the irradiation
pulse. q 1998 Elsevier Science B.V.
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1. Introduction

Rapid prototyping with high spatial resolution
impacts a number of technologies including applica-
tions of photolithography to production of semicon-
ductor circuitry, sensors, and micromechanical de-
vices. Laser ablation is a powerful technique for
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rapid patterning of very small features which can be
w xapplied for a number of different materials 1 . In

comparison with conventional photolithography, laser
ablation has several advantages. The most important
of them is the fact that this is a dry etching process

w xwith a smaller number of processing steps 2 . The
shortcomings usually associated with laser pattern-
ing, such as the low efficiency of the ‘expensive’
laser photons and thermal effects leading to the
re-deposition of ablation products, are mainly related
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Fig. 1. Structural unit of the triazenopolymers.

to the use of standard polymers which have been
designed for totally different purposes.

Our specially designed photopolymers are based
on a photolabile chromophore with absorption prop-
erties tailored for a specific irradiation wavelength
Ž .e.g., 308 nm XeCl laser . The structural formula is
shown in Fig. 1. By varying the substituents R to1

R , the properties of the polymers can be changed in3

a wide range, as shown in Table 1.
With the incorporation of photolabile groups into

the main chain of the polymer, we expected to
overcome several of the aforementioned shortcom-

Ž .ings of laser ablation: a the defined decomposition
Žpathway should result in gaseous products no sur-

.face contamination and no surface modifications
Ž . Ž .changing etch rate and quality ; b a photochemical

Žmechanism has an intrinsically higher resolution no
.thermal damages .

The mechanism of polymer laser ablation is still a
controversial topic. For most polymers, especially at
wavelengths longer than 193 nm, a photothermal

w xmechanism is favored by many research groups 5 .
With the use of a well-defined photolabile system,
we hoped to ‘shift’ the mechanism to a decomposi-
tion pathway dominated by photochemical features.
Here we report results from a combination of various
analytical techniques to study the ablation mecha-
nism.

Table 1
w xPhysico-chemical properties of the triazenopolymers 3,4

al 293–381 nmmax
bQY 0.12–0.74%

cT 221–3008Cdec
dT 33–1108CG

aAbsorption maximum measured in THF.
bQuantum yield of photodecomposition in THF with 308-nm
irradiation.
c Decomposition temperature, measured with DSC.
dGlass transition temperature, measured with DSC.

2. Experimental setup

The polymers were synthesized by an interfacial
w xpolycondensation as reported elsewhere 3,4 . Due to

the different laser equipment for the various experi-
mental set-ups two different polymers have been
used. For both polymers R sCH and R sC H .2 3 3 6 12

For the ns-transmission, reflectivity and interferome-
try experiments R sm-SO and the irradiation1 2

Ž .source was a XeF 351 nm excimer laser. For all
other experiments, a polymer with R sp-O and a1

Ž . Ž .XeCl 308 nm or KrF 248 nm , excimer laser have
been used. Both the 308- and 351-nm irradiation are
close to the absorption maximum of the polymers,
and result in an excitation of the p–p ) transition of

w xthe triazenogroup 6 . The experimental set-up for
w xthe transmission and reflectivity experiments 7 , ns-

w x w xinterferometry 8,9 and TOF-MS 10 have been
reported previously.

3. Results and discussion

To determine the ablation mechanism, we initially
compared the etching quality between the tri-

Ž . Ž .azenopolymer TP and polyimide PI . Both poly-
Ž .mers have similar linear absorption coefficients a lin

and for PI, a photothermal ablation mechanism has

Table 2
Comparison of the ablation parameter at 308 nm for PI and TP

Polyimide Triazenopolymer
a 5 y1 5 y1w x w xa 1.0=10 cm 12 1.66=10 cm 13lin
b 5 y1 5 y1w x w xa 0.9=10 cm 12 0.18=10 cm 13eff

c w xd rpulse ;1.5 mm ;3.2 mm 13max
w x w xSurface yes, carbonization 14 no 15,16

dmodification
w x w xProduct yes 17 no 13,15,16

ere-deposition

a Linear absorption coefficient.
b Effective absorption coefficient, measured from the slope of the

Ž . y1 Ž .etch rate vs. fluence, according to d F s a ln FrF , whereeff 0

Fs laser fluence and F s threshold fluence.0
c Maximum etch rate per pulse, for a fluence ;20 J cmy2 .
d Measured after irradiation with surface sensitive techniques.
eControlled by scanning electron microscopy and other analytical
techniques.
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w xbeen established for irradiation at 308 nm 11 . In
Table 2, several parameters of ablation at 308 nm for
PI and TP are compared.

Both polymers have linear absorption coefficients
Ž .a in a similar range, but the high fluence orlin

Ž .effective absorption coefficient a are quite dif-eff

ferent. For PI, there is hardly any difference between
the linear and effective absorption coefficient,
whereas a of TP is one order of magnitude lowereff

than a , causing the higher d of TP. The ab-lin max

sence of surface modifications and debris on the
polymer surface after ablation of TP suggests a
possible application in a ‘real’ one-step dry etching
process; it does not require additional cleaning steps.
The differences in the etching quality between PI
and TP are shown in Fig. 2. The microstructure
etched into PI reveals damages most likely due to
thermal effects, whereas the microstructure in TP is

Žmuch better defined. This allowed the use of an
atomic force microscope, AFM, for measuring the
microstructure, whereas the structure in PI was too

.rough to use the AFM.
To study the ablation mechanism in a more de-

tailed manner, time resolved techniques such as ns-
reflectivity, transmission and surface interferometry,
were combined with data from an ablation product

Fig. 3. Interferometric images after irradiation with 250 mJ cmy2 ;
time.

Ž .sensitive technique TOF-MS . Ns-surface interfer-
ometry is a powerful tool to probe the surface mor-
phology during laser irradiation. One example of a
surface interference pattern is shown in Fig. 3. In
this image, taken 8 ns after the laser pulse maximum,
two important features can be recognized: darkening
of the polymer surface in the area of the laser beam
and slight shift of the interference fringes to the
right, which corresponds in this configuration to an
etching of the polymer. An analysis of several fringe

y2 Ž . y2 Ž .Fig. 2. SEM picture of PI, 12 pulse 9.3 J cm a . AFM picture of ablated triazenopolymer; 1 pulse: fluence 7.5 J cm b .
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Fig. 4. Time resolved etching of the polymer with a fluence of
250 mJ cmy2 . The curve is the integration of the laser pulse.

Ž .shifts Fig. 4 shows that etching of the polymer
nearly starts and ends with the laser pulse at this

Žfluence at lower fluences a deviation of this behav-
w x. Ž .ior has been found 7 Fig. 5 . This is a strong

indication for a photochemical mechanism, because
for photothermal systems surface swelling and a time

w xdelayed etching always has been observed 8,18 .
The darkening of the polymer surface in the irradi-
ated area was studied in more detail with both time
resolved reflectivity and transmission measurements

Ž .at a wavelength 580 nm where the polymer has a
very low absorption. The results are shown in Fig. 5.
The reflectivity of the polymer film decreased simul-
taneously with the observed darkening of the surface,
whereas an increase of the transmission followed by

Fig. 5. Time resolved reflectivity and transmission of the tri-
azenopolymer. The dotted curve represents the reflectivity.

a decrease can be observed. The decrease of the
transmission starting after the end of the laser pulse
can be assigned to the attenuation of the probe beam
by the ejected products. The change of the reflectiv-
ity and transmission in opposite directions clearly
shows that microbubbles or surface roughening are
not the reason for the observed darkening. Reversible
melting during a photothermal process usually leads
to an increase of reflectivity. Therefore, we suggest
that the photochemical decomposition causes a de-
crease of the refractive index and absorption coeffi-

w xcient. This is supported by a previous study 6
where a transmission increase of the laser pulse
through thin films.

For additional data on the ablation mechanism,
the decomposition products were studied using TOF
mass spectroscopy. The main products of ablation
are low molecular weight neutral fragments, shown
in Fig. 6. Ionic species were only detected after
irradiation with fluences above 1.3 J cmy2 and could
be assigned to Cq or CNq species. The detected2

neutral fragments are totally compatible with the
photochemical decomposition mechanism previously

w xreported for aryl-dialkyl-triazeno compounds 19 .
The first step in the decomposition is the homolytic
bond scission between the N–N bond, followed by
the extrusion of the main fragment, N , from the2

Žunstable diazo-radical. Both other fragments bis-

Fig. 6. Fragments found in the TOF-MS of the triazenopolymer
after irradiation at 248 nm. The position of the radicals is only
used to improve the understanding of the mechanism, in detail, the
homolytic bond scission.
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.phenyl ether and bis-amino species of the primary
decomposition step were detected also. Due to the

Ž .irradiation wavelength 248 nm in these experi-
ments, the phenyl species were another main frag-
ment. This is most probably due to absorption of the
laser wavelength by the bis-phenyl ether species,
which results in further decomposition. Analyzing
the TOF curves revealed high energetic particles
which are not compatible with a thermal decomposi-
tion mechanism, but rather an explosive process. A
similar result has been derived from a previous study
of shock waves after laser irradiation of TP. The
speed of the shock waves could be described by a
model describing the process as a laser induced

w xmicroexplosion 20 .

4. Conclusion

The application of specially designed photolabile
polymers for laser ablation results in a dry etching
process with no additional cleaning steps. The abla-
tion mechanism is mainly photochemical at the ap-
plied laser fluences. The etching of the polymer
starts and ends with the laser pulse and the decompo-
sition of the polymer can be detected even before
etching takes place. The ablation products are totally
compatible with the photochemical decomposition
and the energies calculated from the time of flight
curves are not in the range of a thermal mechanism.
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