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Sensitization of PMMA to laser ablation at 308 nm
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Abstract

Pure polymethylmethacrylate (PMMA) is highly resistant to ablation at 308 nm. The vaue of PMMA in lithography and
semiconductor packaging and the availability of reliable 308 nm optics has motivated the development of dopants to
facilitate PMMA ablation at 308 nm. We investigate the laser ablation of solvent cast PMMA films with and without pyrene,
atypical dopant. The presence of residual solvent is shown to strongly promote laser ablation at low fluences in the case of
chlorobenzene (CB), but not in the case of N-methyl 2-pyrrolidinone (NMP). At low laser fluences, many laser pulses may
be required before significant neutral particle emissions are observed — an incubation effect. Scanning electron microscope
observations indicate that the onset of emission coincides with the rupture of a thin surface layer, presumably depleted of
solvent during film manufacture. The depleted layer would be relatively impervious to volatile fragments produced in the
bulk. When this layer ruptures, volatile fragments escape and can be detected. Thus, the ablation behavior depends not only
on the choice of dopant, but on the choice of solvent and the details of film manufacture. © 1998 Elsevier Science B.V.
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1. Introduction

Laser ablation of polymethylmethacrylate
(PMMA) has been extensively studied due to its
importance in lithography, semiconductor packaging,
and medical applications [1-8]. Because of the unre-
liability of optical componentsin the far UV, 308 nm
is the most convenient excimer wavelength for high
through-put industria applications. However, PMMA
is essentially transparent at 308 nm, severely limiting
applications at this wavelength. Therefore, most
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studies have been carried out at shorter excimer
wavelengths.

Photochemically, UV laser radiation can pho-
tolyze the PMMA backbone chain, methy! side group,
or ester side group [9,10]. At wavelengths longer
than 230 nm, photolysis of the ester side group is, by
far, the most important photolytic reaction. Each of
these reactions yield small radicals, such as methoxy,
methyl, and methylformate radicals, which can ab-
stract hydrogen from the backbone to produce satu-
rated products (CH,OH, CH,, HCOOCH,). Ab-
straction can also conjugate bonds (forming C=C
double bonds) along the backbone chain. Conjugated
bond structures absorb strongly in the blue, giving
irradiated PMMA a characteristic yellow appearance.
As conjugated bonds accumulate, interactions in the
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near UV are enhanced dramatically, resulting in
pronounced ‘incubation effects’ [11-17]. Radical re-
combination with chain radicals can also initiate
‘unzipping reactions' or ‘depolymerization,” where
successive chain scission events reduce the backbone
to its constituent monomer units. Unless photolysisis
very efficient, unzipping reactions can be responsible
for the bulk of polymer decomposition during laser
radiation.

In this paper, we re-examine the incubation pro-
cess at 308 nm to clarify the role of absorbing
dopants and a common solvent in the laser ablation
of PMMA. We emphasize that our work is done at
relatively low laser fluences, where polymer vapor-
ization dominates material removal, as opposed to
explosive fragmentation of the material [18,19]. The
effect of laser radiation is studied by photo-absorp-
tion spectroscopy, quadrupole mass spectroscopy,
time-of-flight techniques, and scanning electron mi-
croscopy. We show that occluded chlorobenzene
(CB), a common PMMA solvent, is an effective
sensitizer for vaporization at 308 nm.

2. Experiment

HPLC grade N-methyl 2-pyrrolidinone (NMP)
and CB were dternatively used as solvents in the
preparation of neat and pyrene-doped (0.1% by
weight) PMMA samples. Medium molecular weight
PMMA powder (M,, = 120,000) and pyrene chips
(for pyrene-doped samples) were measured out by
weight (typically 3 g combined mass) and poured
into aflask containing 30 ml of solvent. This mixture
was covered and stirred on low heat (50°C) for 6 h.
The solution was then poured into a mold and held at
76°C for 12 h. The resulting films were typicaly
100—-400-pm thick.

Laser irradiation was conducted in a diffusion-
pumped, liquid-nitrogen trapped vacuum chamber at
pressures below 10~ ° Pa. The beam from a Lambda
Physik, EMG 200 excimer laser with a 30-ns pulse
length operating at 308 nm (XeCl) was directed onto
the sample through a focusing lens (114-cm focal
length) and mask. A low pulse repetition rate (1 Hz)
was used to avoid cumulative heating in the sample.
The fluence at the sample was controlled by adjust-
ing the lensto-sample distance. The total laser en-

ergy density per pulse (fluence) used in this work
ranged from 0.1 to 5 J/cm?.

Neutral emissions were studied with a UTI 100C
quadrupole mass spectrometer (QMS) equipped with
an electron impact ionizer operating at 70 eV. lons
formed in the ionizer were directed through the mass
filter and detected with a Channeltron electron multi-
plier (CEM). The output of the CEM was directed
into an electrometer, and the resulting amplified
signal was digitized with a LeCroy 9450 digita
oscilloscope.

3. Results
3.1. Absorption spectra

UV-VIS spectroscopy revealed distinctive fea
tures due to pyrene and chlorobenzene in those
samples with these impurities, as shown in Fig. 1.
Pyrene has a characteristic absorption band at 308
nm. CB-containing samples displayed absorption
bands at ~ 300 and ~ 340 nm. These bands cannot
be assigned to either PMMA or chlorobenzene alone,
and may reflect polymer cage interactions[20]. These
bands appreciably increase absorption at 308 nm.
Although residual solvent concentrations were not
determined in this work, we expect CB concentra-
tions on the order of 20 wt% in our CB-cast PMMA.
(Chlorobenzene concentrations below 20 wt% are
difficult to attain in solvent cast PMMA [21].) Resid-
ual NMP in the NMP-PMMA samples showed no
absorption features near 308 nm.

Absorption Spectra of PMMA with and without Pyrene
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Fig. 1. The absorption spectra [log,4(1/15)] of PMMA samples,
including NMP-PMMA, Pyrene—-NMP-PMMA, CB-PMMA,
and Pyrene—-CB-PMMA.
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3.2. Neutral particle emission

The onset of neutral emission from cast PMMA
does not exhibit a simple fluence threshold, but
rather shows incubation behavior. Fig. 2 shows time-
of-flight signals for 100 amu (the MMA monomer)
recorded during the 10th, 19th, and 27th laser pulses
on neat-CB material a a fluence of 0.9 J/cm?. Prior
to the onset of incubation (10th pulse), little, if any,
emission is observed. During incubation (19th laser
pulse), the emissions are weak, but fast, relative to
subsequent emissions. Eventually, the emission in-
tensities saturate at a relatively high value (27th laser
pulse). As indicated in Fig. 2, the emission tends to
sow down as the intensity saturates. Temperature
estimates made by curve fitting half-range
Maxwell-Boltzmann distributions to similar TOF
curves suggest surface temperatures on the order of
1700 K near the onset of incubation, and on the
order of 800 K near saturation. This effect is dis-
cussed below.

The course of incubation is readily evident when
the peak intensity of the TOF peak is plotted on a
pulse-to-pulse basis. The pulse-to-pulse evolution of
the signal at 39 amu (an MMA fragment) for CB
PMMA irradiated at 1.6 J/cm? is shown in Fig. 3.
Little emission is observed until the onset of incuba-
tion, here at about 35 laser pulses. Despite the large
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Fig. 2. The time-of-flight signals at 100 amu (MMA) taken before
the onset of incubation, immediately the onset of incubation, and
after the completion of incubation a 0.9 J/cm?.

Emission at 39 amu accompanying Successive Pulses
from CB-PMMA at 1.6 J/cm2
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Fig. 3. The emission intensity of the 39 amu signal (primary
cracking fraction of PMMA) accompanying consecutive laser
pulses from CB—-PMMA at a fluence of 1.6 J/cm?.

pulse-to-pulse variations in intensity, the emission
intensities clearly tend to saturate after 60 or 80 laser
pulses. In situ measurements of the absorption at 308
nm for neat CB—PMMA and both pyrene doped
materials show a strong increase in absorption during
the initial stages of irradiation, which tends to satu-
rate at about the same time the emission saturates.
The number of incubation pulses (N;) required to
initiate measurable neutral emission is a strong func-
tion of laser fluence and sample composition. The
number of pulses required to initiate incubation at
100 amu was determined at several fluences for each

Number of Pulses Required to Initiate Incubation vs Fluence
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Fig. 4. The number of pulses required to initiate incubation vs.
laser fluence for NMP-PMMA, Pyrene-NMP-PMMA, CB-
PMMA, and Pyrene-CB—PMMA (log—log plot).
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of four sample compositions and plotted in Fig. 4.
As expected, the NMP-cast sample without pyrene
reguires many more pulses and /or higher fluences to
induct than pyrene-doped NM P-case samples. Except
that the very highest fluences, CB-cast samples with-
out pyrene incubate much faster than NMP samples
without pyrene. Significantly, the presence of pyrene
does not significantly affect incubation in CB-cast
samples at fluences below 1 J/cm?; at higher flu-
ences, pyrene accelerates the incubation process in
CB-cast samples as well. The fluence/ pulse number
threshold for vaporization of PMMA is reduced con-
siderably by the presence of either pyrene or
chlorobenzene.

The effect of residual chlorobenzene on incuba-
tion was confirmed by comparing solvent-rich and
solvent-poor samples, where the solvent concentra
tion was varied by changing the duration and tem-
perature of the anneal cycle after casting. Even in the
presence of pyrene, high residual CB concentrations
decreased the number of pulses required for incuba
tion at 1.2 J/cm? from 46 to 26. Thus, enhanced
resdual CB concentrations reduce the ‘dose’ re-
quired for incubation at this fluence by almost a
factor of two.

3.3. Surface evolution

The onset of incubation is accompanied by a
marked change in the microscopic appearance of the
samples. Scanning electron microscopy (SEM) im-
ages of CB-cast surfaces irradiated at 3.0 J/cm? are
shown in Fig. 5, where irradiation was terminated at
the onset of neutral emission in Fig. 5a (after two
pulses) and after the saturation of neutral emission
intensities in Fig. 5b (after four pulses). Immediately
after the onset of incubation, the exposed surface
shows localized cracks, consistent with rupture of a
relatively impermeable ‘skin’ by gaseous products
generated in the bulk. Relatively impermeable layers
are often associated with solvent concentration gradi-
ents established by evaporation during fabrication.
Since these solvents are effective plasticizers, mate-
rial with high solvent concentrations (the bulk) is
more flexible and permeable than material with low
solvent concentrations (the surface layer). Volatile
products created below the surface layer would then

SEM Images of Neat CB-PMMA
Irradiated at 3.0 J/cm?

200 pm

Fig. 5. The SEM images of CB—PMMA irradiated at 3.0 J/cm?
after (a) two laser pulses (immediately after the onset of incuba
tion) and (b) four laser pulses (incubation complete).

be trapped under the less permeable skin. After
incubation is complete (emission saturates), the sur-
face shows extensive cracking and melting.

The effect of the surface layer was confirmed by
gently abrading the surface with 400 grit sandpaper;
surface debris was removed with a jet of dry, clean
air. Monomer neutral emission from abraded CB-cast
material was observed a ~ 0.2 J/cm? after 73
pulses. Induction in CB-cast material with an intact
surface layer after 73 pulses requires about 0.9 J/cm?
(from Fig. 4). SEM photographs of the abraded
sample after incubation still show generalized
swelling in the abraded region, which argues against
scattering from scratches as a source of accelerated
incubation. Interestingly, the abraded surface showed
a uniform pattern of fine surface cracks after induc-
tion, suggesting that a weak surface layer (depleted
in solvents) reformed after abrasion. The process of
induction in this work (resulting in measurable neu-
tral emission) is critically controlled by the breakup
of the outer surface layer.
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4, Discussion and conclusions

Combining the photochemical and thermal de-
composition pathways, the following scenario can be
posited. Photochemical reactions create many C=C
double bonds, increasing UV absorption and enhanc-
ing further photochemical decomposition. Double
bonds at chain ends also facilitate low activation
energy thermal decomposition of PMMA. Since pho-
tochemical reactions can also be more efficient at
higher temperatures [22], the elevated temperatures
responsible for thermal decomposition can also ac-
celerate photochemical decomposition. The combina
tion of the two processes can function as a positive
feedback system. Both photochemical and thermal
reactions are important in this work, as revealed by
the photo-yellowing of the sample, photoproducts
(e.g., methylformate), the important thermal product
MMA, and the temperatures derived from TOF mea-
surements, which are consistent with thermal decom-
position.

Chlorobenzene clearly enhances laser absorption,
which would promote both photochemical and
photothermal pathways. Further, photochemical dis-
sociation of CB yields reactive chlorine radicals, [23]
which are expected to abstract hydrogen from the
polymer backbone. This will again produce C=C
bonds and promote further photothermal interactions.
At lower fluences, where the photochemical part of
the CB interaction is especially effective in promot-
ing decomposition, CB interactions dominate over
pyrene-induced absorption.

Polyaromatic dopants, such as pyrene, are com-
monly employed with PMMA [24-28] and a general
mechanism has been suggested for this class of
dopants [29]. Pyrene principally promotes photo-
thermal decomposition via cyclic photon absorption
(often more than 10 photons during a laser pulse)
[24], heating the matrix and promoting thermal de-
composition of the polymer. At high fluences, effi-
cient heating via cyclic photon absorption in pyrene
strongly promotes rapid thermal decomposition and
dominates over CB-induced effects.

The other important role of dopants and decompo-
sition is the creation of small volatile molecules,
which raise the internal pressure in polymer, eventu-
aly rupturing the thin ‘skin’ of solvent-depleted
material that forms on solvent cast material. This

skin typically prevents the detection of neutral prod-
ucts (methyl formate radical, solvent, or MMA) prior
to the onset of incubation. With continued irradia-
tion, the pressure exerted on the skin by accumulat-
ing volatile products ‘explosively’ ruptures the poly-
mer, allowing decomposition products to escape and
producing the distinct crack-like features on the
polymer surface.
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