Journal of

Photochemistry
Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 145 (2001) 229-2:

www.elsevier.com/locate/jphotochem

A comparative examination of photoproducts formed
in the 248 and 193 nm ablation of doped PMMA

A. Athanassio@*, E. Andreol?, D. Fragoul?, D. Anglos?, S. Georgiod, C. Fotaki®

@ Foundation for Research and Technology-Hellas, Institute of Electronic Sructure and Laser, P.O. Box 1527, 71110 Heraklion, Crete, Greece
b Department of Physics, University of Crete, Heraklion, Crete, Greece

Abstract

A comparative examination of the photoproducts formed in the 193 and 248 nm ablation of PMMA doped with the highly photodissociable
iodo-naphthalene is presented. To this end, laser-induced fluorescence is employed to probe the dopant-derived emitting photoproducts
that remain in the substrate following ablation. It is found that the emitting products formed at these two wavelengths are qualitatively the
same. However, the dependence of the amount of the photoproduct remaining in the substrate on laser fluence differs. In the case of the
ablation at 248 nm, there is a sharp increase in the photoproduct amount, whereas in the ablation at 193 nm, the remaining photoproduct
guantity is smaller than that expected on the basis of the linear dependence observed at lower fluences. Plausible explanations for these
differences are advanced. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Despite extensive work, a full characterisation and un-
derstanding of the parameters that affect photochemical
Ultraviolet laser ablation has provided the basis for im- modifications/effects in the UV laser ablation of molecu-
portant techniques aiming at the analysis and the processindar substrates has yet to be achieved. A large number of
of molecular solids. These techniques have found use in abasic studies have been performed, but they focus mainly
wide range of fields, such as microelectronics (microlithog- on elucidating the extent to which photochemical processes
raphy [1], polymer processing [2,3]), telecommunications contribute to the material ejection (i.e., if a photochemical
(index modulation in optical fibore cores [4]), medicine mechanism is responsible for ablation), rather than on the
(angioplasty, photorefractive keratectomy [5], treatment of parameter dependence of the finally induced photochemi-
tumours in the eye [6]), and art conservation (laser restora-cal modifications. On the other hand, it is clear that a full
tion of painted artworks [7,8]). In these applications, UV characterisation of these effects and of their dependence on
ablation is employed for effecting clean material removal, laser-processing parameters is difficult to be achieved in the
with preferably minimal, if any, side effects to the substrate chemically complex substrates encountered in the above
that may compromise its integrity. However, for effective applications (i.e., painted artworks, tissue, etc.).
material removal, relatively high-intensity UV laser pulses  For addressing the above problem, we have turned to the
have to be employed to irradiate molecular/organic sub- study of the UV ablation of systems consisting of polymers
strates that include a wide variety of chromophores. Severaldoped with small photosensitive organic compounds such
of the included chromophores are photosensitive, dissociat-as halonaphthalenes. On one hand, these systems constitute
ing into highly reactive fragments upon photoexcitation. As a good model for the substrates encountered in the vari-
a result, an amount of photoproducts is expected to remainous applications of UV ablation. For instance, they present
in the irradiated substrate after the etching process. Thus,close analogies to the painting medium in artworks, where
minimisation of the photomodifications in the remaining pigments are dispersed within an organic polymerised
substrate is crucial for the success and the optimisation of medium, and to the tissues that include a variety of pro-
UV laser processing schemes. teins and other biological chromophores within the collagen
layer (stroma). On the other hand, as compared with these
substrates, the model systems offer the advantage that the
* Corresponding author. Tel+30-81-391-382; fax:+-30-81-391-318. modifications of the dopants can be probed in detail. Thus,
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various laser-processing parameters in determining the de{>1% by weight), Nap-type species were also evidenced.
gree of the induced chemical modifications. Furthermore, On the basis of the solution chemistry of the compounds,
the well-known photochemistry of these dopants provides the particular dopants undergo a simple homolytic disso-
a basis for the elucidation and understanding of the factorsciation to Nap radicals and iodine atom [14,15]. The Nap
responsible for this influence. radicals formed upon photodissociation of the dopants ab-
The potential of probing dopant dynamics has been nicely stract a hydrogen atom or other small units from the PMMA
illustrated by Masuhara and co-workers [9-11] in the exam- side groups to form NapH-like photoproducts. Given the
ination of the nature of the absorption processes in the UV very short lifetime of the excited states of the iodoaromatics
ablation of polymers. A number of interesting photophys- (0.9 ps for iodonaphthalene) [15], photoproduct formation
ical processes have been shown to occur, including cyclic through direct reactions of the excited states can be ruled
multiphotonic processes, efficient electronic energy transfer out. The efficient formation of Naptype products that is
processes, etc. In particular of direct relevance to the presenbbserved for higher dopant concentrations was ascribed to
study was the examination of the laser ablation dynamics of the high mobility of the produced radicals within a highly
PMMA films doped with 5-diano Meldrum’s acid. By using  disrupted by the UV ablation polymer lattice [16].
transient absorption spectroscopy, they were able to monitor This study extends the previous work into the compar-
the photodecomposition of the precursor. The photodecom-ative examination of the photochemical modifications ef-
position yield was determined to be somewhat smaller than fected in the ablation of doped PMMA at 248 and 193 nm.
unity, with a major percentage of the ketene photoproduct The photoproduct formation is studied both qualitatively,
of the photodecomposition appearing within the laser pulse i.e., characterisation of their nature, and quantitatively, i.e.,
and a minor percentage appearing on later times (presum-fluence dependence of their formation and accumulation in
ably formed through thermal decomposition). The important the substrate. Qualitatively, the products, at least the emit-
conclusion of the work was that ablation is governed by the ting ones, are found to be the same independently of the
amount of the absorbed energy, despite the high quantumwavelength of the ablating laser pulse. However, the flu-
yield photodecomposion of the precursor. This energy de- ence dependence of the photoproduct amount that remains
position is indicated to be attained via repeated photon ab-in the substrate following ablation is found to differ consid-
sorption by the ketene photoproduct. Another study relevant erably at the two wavelengths. These results are discussed
to the present work is the decomposition of the photosensi- for their mechanistic significance as well as for their impli-
tive dopant, diazirine, within PMMA films in the irradiation  cations concerning optimisation of UV laser processing of
with 266 nm, 60 ps pulses [12]. By using picosecond infrared molecular/organic substrates.
spectroscopy, the intensity of the ketoketene intermediate
was followed with nanosecond time resolution both below
and above the threshold. No significant change was found2. Experimental
in the signal intensity over the examined fluence range, con-
sistent with a one-photon process and a near-unity quantum2.1. Samples
yield of decomposition. In another study [13], time-resolved
absorption spectroscopy was employed to follow the de- Highly purified PMMA (M,, ~ 120000 are doped
composition of the 1,1,3,5-tetraphenylacetone dopant within with the iodo-derivative of the aromatic naphthalene (Napl)
PMMA matrix upon excitation at 266 nm. It was suggested (Aldrich). For the preparation of the films, solutions of
that one-, two- and three-photon processes are important inthe purified polymer and the dopant in dichloromethane
the decomposition of the precursors. Nevertheless, despiteCH,Cl,), the solutions are cast on quartz substrates. The
the increasing contribution of multiphoton processes, no ma- samples were subsequently dried for several hours, first in
jor differences in the reaction intermediates were observedair and then under vacuum. The dopant concentration varies
as the ablation threshold is reached. from 0.1 to 4.0 wt.% and the typical film thickness is in the
In close analogy to the previous studies, we have exam-range 10-5@um, as measured by a profilemeter.
ined previously the photoproducts formed in the ablation
of NapX (X = Br, I)-doped poly(methylmethacrylate) 2.2. Experimental arrangement
(PMMA) films at 248 nm. Laser-induced fluorescence was
employed for monitoring the emitting photoproducts that  The experiments are performed with a nanosecond KrF
remain in the substrate following ablation. Photoproduct and ArF excimer laser (Lambda-Physik EMG150) operating
probing was performed on relatively long time scales (sec- at 248 and 193 nm, respectively. The laser beam is focused
onds to minutes) after the laser ablation pulse, so as to ensur@erpendicularly onto the sample in a rectangular spot of
that all bulk reactions have been completed and formation of 6-10 mn?, using a quartz spherical lerig = +500 mm).
photoproducts is complete. Naphthalene-substituted deriva-Irradiation of the samples is performed in ambient atmo-
tives were observed to be the major emitting photoproducts sphere. Pump pulses of varying fluence values irradiate the
in the ablation of weakly doped films, whereas in the irradi- doped polymer films at a virgin region each time. In all
ation of films with a somewhat higher dopant concentration cases, photoproduct fluorescence is induced by excitation
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with 248 nm laser pulses of very low fluencéjaser < 1406). A computer interface system is finally used for the

3mJcnt?). Thus, photoproduct formation by the probe storage and analysis of the recorded spectra.

beam itself is negligible and the recorded fluorescence

can be assumed to derive exclusively from photoproducts

formed by the previous “pump” pulse. In the experiments in 3. Results and discussion

which ablation is effected with 248 nm, ablation and prob-

ing are effected with the same beam configuration (except3.1. Spectral photoproduct examination

for the decreased fluence of the probe beam) and thus the

probing/excitation is performed on exactly the ablated area. Fig. 1 exhibits the fluorescence probe spectra recorded

For the experiments in which the ablation is performed at from 0.4wt.% Napl/PMMA film after irradiation 193 and

193 nm, the 248 nm probing beam is focused in an area248nm, at a fluence value just above the corresponding abla-

closely matched to the ablated area. However, as the overlagion thresholds{500 mJ cn? at 248 nm and-95 mJ cnv?

of the probed and the ablated area is not perfect, the fluores-at 193 nm, as established independently by profilometric

cence intensities recorded for samples irradiated at the twomeasurements). The spectra in the figure represent the spec-

wavelengths are not exactly comparable (i.e., they have nottrally resolved emission induced by the 248 nm probing, af-

been normalised), although the error is expected to be small.ter irradiation of the substrates with a single “pump” pulse at
A relatively long delay (of the order of several seconds) the indicated wavelength. In both cases, probe fluorescence

between the pump and probe pulses is employed for en-excitation is effected at 248 nm.

suring nearly quantitative reaction of the photo-induced In both cases, the probe spectra recorded from the ablated

radicals and formation of stable photoproducts. Indeed, the Napl-doped polymers are dominated by an emission band

photoproduct fluorescence intensity remains constant forbetween 320 and 340 nm. As mentioned before, due to its

longer delay times. very rapid dissociation, the Napl precursor is characterised
The emission induced by the probe beam is collected by by negligible fluorescence. Furthermore, the indicated band

an optical fibre oriented nearly perpendicular to the sam- does not appear in the corresponding irradiation of neat

ple and at a distance of 1-2cm away from its surface. An PMMA film. Therefore, this emission band is due to emitting

=y micrometer ensures accurate positioning of the optical photoproducts produced by the iodoaromatic dopants. The

fibre relatively to the irradiated spot. The light from the fi- band can be ascribed to thB3, — 1Alg transition char-

bre is spectrally analysed in a 0.20 m grating spectrographacteristic of NapH compound. This assignment is supported

equipped with a 300 grooves/mm grating, which provides an by the comparison with spectra recorded, under the present

effective spectral window of 280 nm at the exit port of the experimental conditions, for NapH/PMMA films (an indica-

spectrograph. The emission spectrum is recorded on an opiive one for a 0.1wt.% dopant concentration is included

tical multichannel analyser based on an intensified photodi- in Fig. 1 for comparison reasons). However, the aforemen-

ode array detector (OMA Il system, EG&G PARC Model tioned emission band is not sensitive to the substitution of

0.4% Napl/PMMA

pump 193nm just above threshold, probe 248nm
pump 248nm just above threshold, probe 248nm
NapH/PMMA
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Fig. 1. Photoproduct fluorescence spectra recorded from 0.4 wt.% Napl/PMMA films after irradiation with a single pulse at 193 and 248 nm, and fluence
values just above the corresponding ablation thresholds. In all cases, photoproduct emission is induced by excitation at 248 nm. For compseson purp
a spectrum recorded from PMMA doped with NapH (0.1 wt.%) is also included.
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Fig. 2. Photoproduct fluorescence spectra recorded from 4.0wt.% Napl/PMMA film after irradiation with a single pulse 193 and 248 nm, and fluence
values just above the corresponding ablation thresholds. In all cases, photoproduct emission is induced by excitation at 248 nm.

the aromatic skeleton and thus it is not possible to ascertainsolutions of Napl in inactive solvents (i.e.gldg), under the
the exact nature of the products only from the fluorescence present conditions, results in spectra dominated by a band at
spectra. Consequently, the photoproducts that fluoresce aB70 nm, in very good correspondence with the broadening
the specific wavelengths will be referred to as NapH-like. observed in the above spectra. Furthermore, the intensity of
The examination of Fig. 1 makes it clear that the photo- the long wavelength emissiofA > 350 nm) grows supra-
product emission spectra are nearly the same independentlyinearly with increasing NapX (X= Br, 1) concentration,
of the ablation wavelength. In both cases, the dominant pho- consistent with a bimolecular process. In fact, this broaden-
toproducts are NapH-like compounds. Preliminary exami- ing is also indicated for the 0.4wt.% doped samples, as a
nation indicates equal temporal decays of the fluorescencecloser examination of Fig. 1 shows.
within experimental error, for samples irradiated at either  The important point for the present purpose is that even
wavelength, thereby confirming that the same type of naph-for films of a much higher dopant concentration, where
thalene derivative is formed in both cases. evidently additional reactivity pathways become important,
Fig. 2 illustrates the laser-induced fluorescence spectrano particular qualitative difference is observed following
recorded after irradiation of a Napl-doped PMMA system ablation at either wavelength. Aside from a small change
with a dopant concentration 10 times larger than in the pre- in the relative yields of the Naptype versus NapH-type
vious case (4.0wt.% Napl). In this case too, the samples photoproducts, the photoproduct emissions recorded from
have been irradiated with only one pump (ablating) pulse at the Napl-doped PMMA films after ablation are remark-
a fluence value just above the corresponding ablation thresh-ably similar. This observation indicates that the same re-
olds values 4200 mJ cnm? at 248 nm andv80 mJ cni? at activity pathways and processes must operate in the abla-
193 nm). For these samples, the photoproduct spectra ardion at both wavelengths. However, at present, the “dark”,
much broader than the ones recorded from the 0.4 wt.% sam-non-fluorescing products have not been identified and char-
ples, and additionally a well-defined double peak structure is acterised. As a result, the validity of the previous statement
evident around 450 nm. Both the spectral broadening and thecannot be yet generalised.
double-peak feature become more intense with increasing
laser fluence. In fact, the intensity in the 350-400 nm range 3.2. F,,,.,-dependence of NapH photoproduct formation
is so pronounced that the NapH-like photoproduct emission
between 320 and 340 nm is hardly discernible. In contrast to the qualitative examination, differences are
Bi-polycyclic aromatic hydrocarbons are known to ex- observed between the two wavelengths in the quantitative
hibit a fairly broad emission band at longer wavelengths than examination of the dependence of the photoproduct forma-
the emission band of their polycyclic aromatic hydrocarbons tion and accumulation in the film. To this end, Figs. 3 and 4
counterparts [17]. Therefore, the spectral broadening is con-present the dependence of the fluorescence intensity (mea-
sistent with Nap species, whereas the double peak feature sured at 337 nm) of the NapH-like product after a single
may be possibly ascribed to N&pspecies, where Xissome  pump pulse for the 0.4wt.% Napl-PMMA system at 248
intermediate chain deriving from the decomposition of the and 193 nm, respectively. This intensity reflects essentially
PMMA. In particular, the photolysis of highly concentrated the amount of the fluorescing naphthyl species that remain
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Fig. 3. Fluorescence intensity of the NapH-like photoproduct 337 nn) remaining in the substrate, following irradiation at 248 nm. The error bars
represent @ as determined from at least five different measurements. The main source of error is thought to be the variation in film thickness at the
probed points.

in the substrate after irradiation with the “pump” pulse. The fluorescence intensities recorded from samples irradiated
photoproduct intensities following irradiation at 193 nm are above the threshold cannot be directly correlated with the
lower than the corresponding ones following irradiation at photoproduct quantity due to the influence of scattering ef-
248 nm, although as described in Section 2, the fluorescenceects on the probing/fluorescence step. Ablation results in a
intensities recorded for samples irradiated at the two wave- highly irregular film morphology, with a consequent modi-
lengths are not normalised. fication in the propagation of the probing beam and in the
For doping with 0.4 wt.% Napl and the film thickness em- intensity of the induced fluorescence. We have described
ployed herein, the samples can be considered to be approxi€lsewhere [18] the different approaches employed for ensur-
mately in the optically thin limit (absorbances being 0.3-0.4 ing that the observed changes above the ablation threshold
at the 248 nm probing wavelength). Therefore, for irradiation are not due to the influence of these scattering effects. How-
at low “pump” laser fluences, the fluorescence values can beever, despite several different approaches, a methodology
considered to be exactly proportional to the photoproduct for the extraction of reliable quantitative information from
formed in the substrate, without the need for “inner-filter” highly scattering media has yet to be attained in the liter-
(self-absorption) effect corrections. In contrast, the ature. In view of this, we do not try to derive quantitative
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Fig. 4. Fluorescence intensity of the NapH-like photoprodact 337 nm) remaining in the substrate, following irradiation at 193 nm.
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information, but instead concentrate on the differBater If Napy-type photoproducts are formed via reactions of
dependences observed at the two wavelengths. diffusing Nap radicals, then radical mobility within the poly-

At both wavelengths, the photoproduct-fluorescence in- mer matrix during ablation must be very high. Even at the
tensity increases smoothly with laser fluence at low flu- highest concentration (4 wt.%), the average distance between
ences. A log—log examination of the signal establishes the dopant molecules is-19 A. Assuming the mobility to be
increase to be linear (1+ 0.3 from five measurements described by the usual diffusion law= (2Dt)®?, it follows
for each “pump” wavelength). The result is consistent with thatD must be at least 5 x 10~8 cm? s~ for formation of
a one-photon dissociation of the photosensitive dopants atNap, on microsecond time scale aneb x 10~ cm?s!
these low fluences and formation of the NapH-type pho- for formation on milisecond time scale. These values are
toproducts via subsequent abstraction reactions of the Naptoo high for diffusion of such molecules within a glassy
produced radical. However, significant deviations from polymer matrix, where values of10~2cn?s 1 are gen-
this linear dependence are observed for fluences above therally reported for this molecular size [19]. In fact, the
threshold. The dotted line in the two figures represents the slight observation of Naptype emission for dopant con-
extrapolation of the dependence of the photoproduct in- centration as low as 0.4 wt.% indicates tliatvalues may
tensity that is observed at low fluences to fluences abovebe even an order of magnitude higher than indicated. This
the ablation threshold. It is clear that tRgser dependence  conclusion for very high mobility closely correlates with
of photoproduct formation above the threshold changesthe finding that singlet-singlet and triplet-triplet energy
from that at low fluences in a different manner at the two transfer processes are highly enhanced during UV ablation
employed wavelengths. [11]. This observation also presupposes, to some extent,

For irradiation at 248 nm, there is an abrupt change in a high degree of mobility of the excited chromophores.
the slope~500 mJ cnm?, and the photoproduct fluorescence The high mobility suggests that the lattice structure of the
starts increasing sharply with increasing laser fluence. Con-polymer is highly disrupted in UV ablation. Within the
sequently, the ablation process appears to result in a signifi-framework of this hypothesis, then, the spectral similarity
cant enhancement of the amount of photoproducts remainingindicated in Figs. 1 and 2 suggests that the structure of
in the substrate. The fluorescence intensity increases until, athe PMMA is comparably modified upon ablation at both
high fluences, it finally reaches a plateau indicative of nearly irradiation wavelengths, 248 and 193 nm. Thus, contrary to
guantitative photodegradation of the chromophores within previous suggestions [20,21], there is no evidence, at least,
the probed volume. In contrast, in the case of 193nm, the in the present work of a qualitatively different mechanism
fluorescence intensity reaches a plateau at fluence just abovat the two wavelengths. Our present results do not provide
the ablation threshold. Thus, in the ablation at 193 nm, the direct information about the nature of the mechanisms,
photoproduct quantity that remains in the substrate is nearlybut qualitatively they are consistent with a photothermal
constant and independent of the employed laser fluence. Furmechanism.
thermore, the quantity of photoproducts that remain in the  The previous conclusion about the similarity of the pro-
substrate is found to be decreased compared to the hypocesses at the two wavelengths, however, raises difficulties in
thetical case of linear behaviour. accounting for the differerffjasedependences. The similar-

In all, the study provides unexpected results concerning ity of the processes would suggest similar or at least com-
the photochemical modifications effected in the ablation of parable efficiencies for photoproduct formation at the two
Napl-PMMA-doped films at the two wavelengths. On one wavelengths. This is also supported from the known solu-
hand, as far as the nature of (emitting) photoproducts is tion chemistry of the studied dopants [14]. Therefore, the
concerned, no particular difference is observed between thedifference in theFjaser dependence of the photoproduct for-
two wavelengths. On the other, thg,ser dependence of  mation must be ascribed to subtler factors. At this moment,
the photoproduct that remains in the substrate differs in athe nature of these factors cannot be confidently ascertained,
striking way. but at least the following hypotheses can account partially

Concerning the qualitative aspect of the comparison, the for the observed difference.
spectral similarity in Figs. 1 and 2 indicates that the nature  First, the difference between the two wavelengths may be
of the induced photoproducts upon ablation does not changepartly due to a less effective light absorption by the ejected
at 193 and 248 nm. In this respect, particularly important plume at 248 nm than at 193 nm. In the case of 248 nm, the
indication is thought to be the comparable MNappe pho- plateau observed at high fluences corresponds well to the
toproduct formation indicated for the samples with high plateau in the etching curve as a function Ffser This
dopant concentration. As discussed elsewhere [16,18], theplateau has been generally ascribed to the efficient screening
observation of Naptype products strongly indicates a of the plume (i.e., absorption or scattering of some of the
very high mobility of the Nap radicals in the UV ablation incident light by the dense cloud of the ejected fragments),
of polymers. Alternative pathways (such as direct forma- as well as to the scattering of the laser light by bubbles etc.
tion of these products via reactions of excited states or developed within the substrate [2,9—13]. Evidently, the same
within excimers) are not consistent with the experimental factors will also affect the efficiency of photolysis and pho-
observations [16]. toproduct formation, thereby accounting for the plateau in
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Table 1
Approximate ratios of the etch depth close to the ablation threshold over the penetration depth for PMMA at 193 andl 248 nm
Wavelength (nm) Etch depthcm) Penetration depth (cm) Etch depth (penetration depth)
193 Q15 x 10~* [20]° 2.08 x 107% [22] 0.06
0.10x 1074 [21]° 2.22x 1074 [23]
248 Q8 x 1074 [23,24F 0.98 x 1072 [24] 0.008

2The etch depth and penetration depth values have been collected from the literature.

b Reported values represent etch depth at a fluence close to the corresponding ablation thresholds.
¢ Etching depth at~100mJcnrl.

d Etching depth at~800 mJ cnt?.

Fig. 3. An analogous explanation could be advanced for the The operation of multiphoton processes and of efficient
observation of a plateau in Fig. 4, although the comparison energy transfer processes in the ablation of doped polymers
with the published etching curves (for neat PMMA) does may also affect the degree of photolysis of the incorporated
not show a full correspondence. We are currently perform- dopants. For instance, electronic energy transfer to Napl
ing LIBS measurements as a function of laser fluence for a molecules may result in decomposition of dopants in addi-
more direct assessment of the importance of this factor attion to the directly photodissociated ones. Thus, variations
the two wavelengths. in these processes at the two wavelengths may be partly re-

Another factor that contributes to the observed differences sponsible for the different;ser dependences.
in the Fjaserdependences at the two wavelengths can be pro-  Alternatively, we have proposed that the observed in-
vided by consideration of the relative etching depth versus crease may be due to the reduced importance of “cage
the optical penetration depth at the two wavelengths. Sinceeffects” above the ablation threshold. Generally, photolysis
above the threshold, the recorded fluorescence represents thefficiency of chromophores in polymers is reduced from
total amount of formed photoproduct minus the amount re- that in solution due to the constraining environment of the
moved by the etching, the plateau observed in the case ofpolymer, the so-called “cage effects”. As a result, a large
193 nm may be explained by the efficient product removal. number of photoexcited molecules below threshold do not
In contrast, at 248 nm, the doped PMMA system is a much produce “free” radicals that can subsequently react to form
weaker absorber than at 193 nm. Indeed, the ratio of the etchnew products. However, as argued above, under condi-
depth of PMMA close to the ablation threshold over the light tions of ablation, the integrity of the substrate is severely
penetration depth is one order of magnitude larger in the compromised. Consequently, the radicals Nap and | can
case of irradiation at 193 nm than that in the case of irradia- be expected to have a much higher possibility of escap-
tion at 248 nm, as shown in Table 1 based on literature val- ing rather than recombining, thereby resulting in a much
ues for neat PMMA. The comparison clearly indicates that more efficient photoproduct formation. This hypothesis can
etching at 193 nm is much more efficient in removing any thus explain why photoproduct formation increases above
photoproducts. With increasing laser fluence, the increase inthreshold in the case of irradiation at 248 nm. In the case
the formed photoproduct is counter-balanced by the higher of the 193 nm ablation, this increase is not observed be-
amount (depth) of film removed, thereby accounting for the cause, as suggested above, it is balanced by the material
nearly constant quantity of photoproduct remaining in the removal.
substrate. In contrast, at 248 nm, the increase in the etch-
ing depth is not sufficient to counter-balance the increased
photoproduct formation within the long optical penetration 4. Summary and conclusions
depth.

The previous argument relies on the assumption of An examination of the different photochemical modifica-
one-photon absorption coefficients. As shown by Masuharations that occur in the UV ablation of Napl-doped PMMA
et al,, in the UV ablation of polymers, multiphoton pro- at 248 and 193 nm is presented, using laser-induced flu-
cesses become highly efficient through the proposed cyclicorescence technique for the probing the photoproducts.
multiphotonic process. Thus, the effective absorption co- The Napl dopant has nearly zero fluorescence quantum
efficient differs significantly from the low-fluence linear efficiency, while its photoproducts fluoresce strongly and
one and so a comparison of the depths of photoproducttherefore can be used as sensitive indicators of the photol-
formation based on the linear absorption coefficients may ysis yield of the parent molecule. It is demonstrated that
not be valid. Nevertheless, it is likely that multiphoton the nature of the induced photoproducts upon ablation does
processes are much more probable for the studied systemnot change when two different UV wavelengths of 193
at 193 nm than at 248 nm, and the previous argument for and 248 nm are used. Therefore, the reactivity patterns that
the different Fiaser dependences of formed photoproduct occur upon ablation at these two wavelengths appear to be
still holds. the same.
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