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I. Introduction and History

During the 15-year period from 1960 when the very
first laser was described to 1974 when the first excimer
laser was built, the principal sources of laser radiation
produced visible or infrared light. The output of some
of these lasers could be multiplied in frequency to emit
pulses of ultraviolet radiation but the energy output of
these sources was too little (a few millijoules) to be
useful in the study of the interaction of UV laser ra-
diation with solid organic matter. In the mid-seventies,
excimer lasers were invented almost simultaneously by
several research groups. These lasers are powerful
sources of pulsed, monochromatic ultraviolet laser ra-
diation. Depending upon the gas fill, their output spans
the entire UV wavelength range from 350 to 150 nm
although the intensities are variable at the different
wavelengths. Within a period of 3-5 years of their
invention, excimer lasers with output pulses of 100-500
mdJ and repetition rates of 200-500 Hz had become
available commercially.

The interactions of laser pulses with organic matter
have been investigated extensively over the past two
decades. The use of infrared lasers gives rise to mul-
tiphoton excitation over the vibrational manifolds of
ground electronic states which is then followed by
thermal decomposition. The interaction of UV laser
pulses with small polyatomic molecules has also re-
ceived considerable attention following the early reports
of Bernstein and co-workers! that in these molecules
multiphoton excitation to upper electronic states results
in ionization and decomposition by a variety of path-
ways.?

It was first reported in 198234 that when pulsed UV
laser radiation falls on the surface of an organic poly-
mer, the material at the surface is spontaneously etched
away to a depth of 0.1 um to several microns. The
principal features of this phenomenon which readily
distinguished the interactions of UV laser pulses from
visible or IR laser pulses were the control that can be
exercised over the depth of the etching by controlling
the number of pulses and the fluence of the laser and
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the lack of detectable thermal damage to the substrate.
The result is an etch pattern in the solid with a geom-
etry that is defined by the light beam. Within a period
of a year after the first report, other groups confirmed
these observations in several other polymers and at
different ultraviolet wavelengths.>® The possibility of
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TABLE I. List of Polymers Whose Ablation Interactions
with Ultraviolet Laser Radiation Have Been Reported

polymer ref™
poly(methyl methacrylate) (PMMA) a, 7, 31, 33, 35, 44,

57, 62, 64, 77
polystyrene 19, 33, 45
poly(a-methylstyrene) b
nitrocellulose 6

pyromellitic dianhydride-oxydianiline
condensate (Kapton)

¢, d, 6,15, 17, 18, 33,
36, 38, 39, 41, 54,

60, 75, 80

poly(ethylene terephthalate) b, f, 18, 20, 33, 54, 65
bisphenol polycarbonate c, e 8 33
polyethylene h
polypropylene h
poly(tetrafluoroethylene) (Teflon) 63
poly(phenylquinoxaline) i
polyacetylene J
poly(dimethylglutaramide) 78
chlorinated poly(methylstyrene) 78
poly(N-vinylcarbazole) 77
poly(cyclohexylmethylsilane) k
poly{(n-butylphenyl)methylsilane] k
poly(di-n-pentylsilane) k
poly(dimethylsilane) 24
poly(dicyclohexylsilane) 24
poly(isopropylmethylsilane-co-n-propyl- l

methylsilane)

¢Braren, B.; Seeger, D. J. Polym. Sci., Polym. Lett. 1986, 24,
371. bBurrell, M. C,; Liu, Y. S.; Cole, H. S. J. Vac. Sci. Technol.
1986, A4, 2459. ¢Dyer, P. E.; Sidhu, J. J. Appl. Phys. 1985, 54,
7201. ¢Koren, G. App!l. Phys. B 1988, 46, 147. ©Braren, B.; Srini-
vasan, R. J. Vac. Sci. Technol. 1985, B3, 913. fLazare, S.; Granier,
V. Appl. Phys. Lett. 1989, 54, 862. #Lazare, S.; Soulignac, J. C.;
Fragnaud, P. Appl. Phys. Lett. 1987, 50, 624. " Srinivasan, R.;
Sutcliffe, E.; Braren, B. Laser Chem. 1988, 9, 147. iLazare, S.;
Granier, V. Laser Chem. 1989, 10, 259 ’ Golombok, M.; Gower, M.
C.; Kirby, S. J.; Rumsby, P. T. J. Appl. Phys. 1987, 61, 1222.
#Marinero, E. E.; Miller, R. D. Appl. Phys. Lett. 1987, 50, 1041.
{Hansen, S. G.; Robitallie, T. E. J. App!. Phys. 1987, 62, 1394. ™In
cases where one author has studied the same polymer more than
once, only the most recent article is referenced.

extending the process to biological tissue was reported
in 1983.°

Research devoted to understanding the science and
developing the technology behind UV laser ablation of
polymers has grown at a surprising rate over the past
7 years. A list of the polymers that have been studied
along with leading references is given in Table I. The
polymers poly(methyl methacrylate) (PMMA) (1) and
poly(ethylene terephthalate) (PET) together with a
polyimide that is the condensation product of pyro-
mellitic dianhydride and oxydianiline (2) (commercial
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name for the film, Kapton) have received the lion’s
share of investigators’ attention. All three of these
polymers have attained considerable importance in
electronics technology, PMMA and other acrylates as
resist materials, polyimide as a dielectric, and PET as
a base for tapes. It is technologically important to be
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Figure 1. Etch depth as a function of number of pulses. Po-
lyimide at 193 nm.,

able to pattern them. This is one of the principal
reasons that UV laser ablation of polymers has attracted
much research and development interest.

I1. Characteristics of UV Laser Ablation

Nearly all organic polymers show moderate to intense
absorption in the ultraviolet region. These absorptions
are usually ascribed to electronic transitions from a
ground singlet to the first excited singlet states. The
unique features in the UV laser ablation of polymers
are encountered only in those wavelength regions in
which such electronic absorptions exist.

The ablation of the surface of a polymer by a UV
laser pulse is a function of the energy deposited in the
solid in unit time. If a typical UV pulse has a full width
at half-maximum (FWHM) of 20 ns and an energy of
450 mJ and the size of the beam at the polymer surface
is 1.5 cm?, the fluence at the surface will be 300 mJ/cm?
and the power density will be 1.5 X 10" W/cm?% When
this pulse strikes the surface a loud audible report will
be heard and, depending upon the wavelength, 0.01-0.1
um of the material would have been etched away with
a geometry that is defined by the light beam. If this
experiment is performed in air, a bright plume will be
ejected from the surface and will extend to a few mil-
limeters. Typically, UV laser ablation is carried out
with a succession of pulses. The etching of the surface
with a train of uniform pulses is shown in Figure 1.
The depth etched is a linear function of the number of
pulses but note that there is a very long extrapolation
between the origin (zero pulses) and the first data point.
One can expect that at the first few pulses, the uni-
formity does not exist because the first pulse sees a
virgin material whereas each subsequent pulse sees a
sample that has already been modified in part by the
preceding pulse. The slopes of the lines in Figure 1 give
an average value for the etch depth/pulse at that
wavelength and fluence for that material. These values
are reproducible within the uncertainties in the mea-
surement of the fluence of the laser and the depth of
the etching.

Figure 2 shows a plot of the depth of etching per
pulse vs the fluence at 193 nm for PMMA. In this and
all subsequent discussion, although the fluence (number
of joules per pulse/unit surface area of sample) is
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Figure 2. Plot of etch depth vs log (fluence) in laser ablation
of PMMA at 193 nm.

quoted, one should keep in mind that it is the power
density (power/unit area) that is important and dis-
cussions based on fluence are acceptable only so long
as the pulse width is constant. Since the major portion
of the data that are currently published and quoted in
this review is based on pulse widths of 15-30 ns, this
imprecision is not serious but nevertheless worth
bearing in mind. The profile of the etch plot in Figure
2 is the typical “lazy S” form of a polymer with a
moderate or weak absorption at the laser wavelength.
There is always a threshold value for the fluence for the
onset of etching and it is difficult to pinpoint this ex-
actly because the etch curve approaches the abscissa
asymptotically. This initial region of slight etching is
followed by a steeply rising region in which the etch
depth/pulse is linear with the fluence when the latter
is plotted on a logarithmic scale. This linear region
terminates in a third region in which the sensitivity of
the polymer to etching rises more gradually or even
decreases with increasing fluence. Usually, the ab-
sorption of the polymer decreases with increasing
wavelength. The threshold fluence tends to increase
with increasing wavelength and the linear portion in-
creases in slope. Both the onset of etching and the
flattening at high fluences become quite abrupt. It
should be strongly emphasized that at a wavelength at
which a polymer has no reported absorption (e.g.,
PMMA at 308 nm), etching does not decrease to zero.
Instead, as the fluence is increased steadily, etching does
set in but the two characteristics that are readily ob-
servable in UV laser ablation are no longer to be ob-
served. These are the control that can be exercised over
the depth of etching in a reproducible manner and the
lack of thermal damage to the substrate. It is reason-
able to say that at 308 nm, the characteristics of the
etching pass over from photoablation to the thermal
ablation that is observed at visible and infrared wave-
lengths.

II1. Chemical Physics of the Ablation Process
A. Time Profile

A pictorial representation of the interaction of a laser
pulse with a polymer surface is shown in Figure 3. As
shown in Figure 3a, the stream of photons from a single
laser pulse falls on the polymer and is absorbed in a
depth that is defined by Beer’s law. This depth can be
as little as a fraction of a micron for intense absorbers
to many tens of microns for weakly absorbing polymers.
Obviously, weak absorption and strong absorption refer
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Figure 3. Schematic impact of laser pulse on polymer surface.

to specific wavelengths so that the same polymer can
absorb weakly at one laser wavelength and strongly at
another. Figure 3b shows that within the absorption
depth, there are numerous bond breaks. In Figure 3c,
the fragments are shown to be ejected from the surface,
leaving an etched pit behind.

A knowledge of the timing of the ablation process is
fundamental to an understanding of the chemical
physics of the phenomenon. Early attempts to study
it were based on a spectroscopic investigation of the
light emission that accompanies the impact of a UV
laser pulse on a polymer surface. Koren and Yeh!%!
timed the intensity of the emission at various distances
from the polymer surface and concluded that in the
etching of polyimide films by 193-nm pulses (15-ns
FWHM), the emission had a fast component that ap-
peared simultaneously with the laser excitation, taking
into account the ~30-ns response time of the photo-
multiplier used in the detection, but a slower compo-
nent lasted 10-100-fold longer than the laser pulse itself.
The emission from the plume in the ablation of PMMA
at 193 nm (20-ns FWHM) was studied spectroscopically
by Davis and co-workers,'? who timed the peak in the
intensity of the emission of CH radicals at various
distances from the surface in order to calibrate its ve-
locity of ablation. Their data also placed the beginning
of the emission signal at times of the order of the width
of the laser pulse. They pointed out that “it is possible
that the photodissociation processes responsible for
creating the emission in the plume are separate and
subsequent to the breaking of the polymeric bonds
which cause ablation”. These two studies showed that
the polymeric structure could begin to ablate on a time
scale that is even shorter than the width of a pulse from
the laser beam.

Dyer and Srinivasan'® used the arrangement shown
in Figure 4a'* to measure the time profile of the ablation
process in PMMA and other polymers. The film of
PMMA (12 pm thick) was on a wide-bandwidth poly-
(vinylidene fluoride) (PVDF) piezoelectric transducer
that, in turn, was pressure contacted with cyanoacrylate
adhesive to a 4-mm-thick impedance-matching stub of
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Figure 4. Photoacoustic measurements. (a) Arrangement of
PMMA, transducer film, and lucite stub. (b) Experimental ar-
rangement for recording stress wave and laser pulse in synchrony:
(a) excimer laser; (b) attenuators; (c) scatterer; (d, d’) silicon
photodiodes; (e) PMMA; (f) PVDF transducer. Reprinted from
ref 14; copyright 1987 Alan R. Liss, Inc.

PVDF or PMMA. The latter minimized the acoustic
reflection at the interface and gave a rise time limited
by the transit time of the longitudinal wave in the
transducer. When the electrical circuitry for the de-
tection of the transducer signal was taken into account,
the overall display system had a rise time that was
estimated to be <5 ns. There is a time delay in the
detection of the stress wave that is caused by its passage
through the PMMA layer before it strikes the surface
of the PVDF film. This delay can be measured in a
separate experiment by measuring the transit time of
an acoustic signal. The optical path of the laser beam
to the silicon photodiode detector (Figure 4b) was ad-
justed so that the synchronization in the oscilloscope
display of the start of the light pulse and the stress
pulse referred to the front surface of the transducer was
achieved to better than +1 ns.

The local heating produced by a laser pulse at a flu-
ence that is well below the threshold value at that pulse
width causes a stress wave that is sinusoidal in character
(Figure 5a). The compression wave caused by the
heating is rapidly followed by a rarefaction wave caused
by the cooling. As the fluence is increased, the onset
of ablation is marked by a transition to an initially
structured (Figure 5b,c) and then a relatively smooth
compressive signal (Figure 5d). The last frame shows
that when the fluence is sufficient to initiate strong
ablation, the temporal width of the stress wave is about
equal to that of the laser pulse and the point of initia-
tion of both signals is nearly coincident.

Compressive stress signals from the irradiation of
polyimide films with 193- or 308-nm laser pulses are
shown in Figure 6. In this instance the stress wave due
to ablation was observed to begin with a delay of ~4-6
ns after the start of the laser pulse. For the 16-ns
(FWHM) 193-nm pulse, the duration of ablation
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Figure 5. Time-synchronized laser and stress waveforms for
laser-irradiated PMMA at 193 nm. The larger amplitude signal
is the laser pulse that varies slightly in shape due to different
operating voltages being used. Reprinted from ref 13; copyright
1986 American Institute of Physics.
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Figure 6. Time-synchronized laser and stress waveforms for
polyimide film irradiated at various fluences: (a) 308-nm irra-
diation; (b) 193-nm laser irradiation. Reprinted from ref 13;
copyright 1986 American Institute of Physics.

(FWHM) as indicated by the stress pulse was 1620 ns,
whereas for the longer and more structured 308-nm
pulse (~24 ns) the duration was 50-70 ns but decreased
to <25 ns as the fluence increased above 200 mJ/cm?.
These compressive stress pulses persisted down to flu-
ences well below the “threshold” fluence for etching that
was determined from etch depth measurements.
The precision of these photoacoustic experiments
depends upon the minimization of the rise time of the
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Figure 7. Peak amplitude of the stress wave as a function of
fluence of polyimide film irradiatted with the 308- and 193-nm
lasers. Reprinted from ref 13; copyright 1986 American Institute
of Physics.

acoustic detector relative to the width of the laser pulse.
For the same reason, the thickness of the polymer
sample should also be small in order to keep the transit
time of the stress wave to a minimum.

Particular note should be taken of the large magni-
tudes of the stress pulses that are generated in the
ablation of both polymers by UV laser pulses. Figure
7 is a plot of the peak amplitude of the stress wave as
a function of the fluence for the ablation of a polyimide
film. The depth of the polymer that is etched is less
than 1 um per pulse at 193-nm wavelength. The ab-
lated material is known to be ejected at 2-5 times the
velocity of sound in air (vide infra). Therefore the
pressure generated on the substrate is consistent with
these measurements. It is interesting that this stress
pulse extends even below the fluence at which signifi-
cant etching is observed. Radicals and some ions are
emitted at high velocity (which can be as large as 5 X
10° cm/s) at fluences at which the etch depth per pulse
is below the limit for detection (about 500 A even after
1000 pulses). The ablation of <5 X 1078 g of material
at a velocity of 2 X 10* cm/s on a 20-ns time scale will
account for the signal at 0.003 J/cm? in the interaction
of 193-nm laser radiation with a polyimide film.

Simon'® has recently photographed the surface of a
polyimide film undergoing ablation with a 308-nm,
30-ns full-width pulse by the use of a visible probe beam
of about 250-ps duration at 580 nm. His results are
shown in Figure 8. It is evident that at the lowest
fluence of 0.3 J/cm?, ablation begins in 8 ns and con-
tinues up to 28 ns. The increasing depth of the etched
spot can be seen as a function of time, which suggests
that ablation proceeds layer by layer. The first sign of
etching occurs earlier in time as the fluence is pro-
gressively increased to 1.1 and 4.0 J/cm? On the basis
of this work and the photoacoustic studies, the pictorial
representation in Figure 3b,c should be modified.

Acoustic signals from polymer films from the impact
of UV laser radiation at even lower fluences (<0.0001
J/cm?) have been recorded by Gorodetsky et al.' In
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Figure 8. Ultrafast (<1 ns) photography of ultraviolet (308 nm)
laser ablation of polyimide. At each of three fluences indicated
on the left, a series of photographs of the ablating surface was
taken with a fast, subnanosecond visible laser pulse. The progress
of the etching during a single UV pulse of ~30-ns full width is
evident. Reprinted from ref 15; copyright 1989 Springer-Verlag
New York, Inc.
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Figure 9. Acoustic signal vs laser fluence at 193 nm. An abrupt
increase is detected at the ablation threshold. Reprinted from
ref 16; copyright 1985 American Institute of Physics.

these experiments, the aim was not to resolve the time
profile of the acoustic signal but merely to measure its
magnitude as a function of the fluence of the beam.
There is an increase in the acoustic signal (Figure 9) at
the fluence at which etching can be first observed but
the exact value of the so-called “threshold fluence” is
seen to be as difficult to determine from acoustic data
as from data on etching. The polymer that was used
in this study was also polyimide. There appears to be
a definite relationship between the chemical structure
of a polymer and its acoustic behavior in the fluence
range that lies well below the threshold for etching. For
example, in the case of PMMA, which is a weakly ab-
sorbing polymer, Figure 5a shows that a laser pulse at
0.009 J/cm? (193 nm) gives a sinusoidal response, which
is in contrast to the behavior of polyimide.

B. Ablation Products

A knowledge of the composition of the material that
is ablated from the surface of a polymer is of impor-
tance in understanding the chemistry of the process. It
is also of potential use in the design of a UV laser tool
for technology that can ablate a given surface most
economically and with the least damage to the sample.

Chemical analysis of the ablation products has not
received as much attention as physical aspects of ab-
lation. This can be attributed to a number of diffi-
culties, which include the following:

(i) Systems in which the ablation products have been
collected and analyzed show that the products range
from atoms and diatomics to volatile polyatomic mol-
ecules of low molecular weight (<200 mass units) to
fragments of the polymer (up to molecular weight
10000). Such a complex mixture of materials cannot
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be readily analyzed by a single analytical technique.

(ii) There is evidence that the composition of the
products changes with the UV wavelength used, the
repetition rate of the pulses (since this will affect the
dissipation of any heat energy that is left in the sub-
strate from one pulse to the next), the chronology of the
pulses (since the first 1-100 pulses may not etch in the
same manner as when the system settles down to a
constant etch depth/pulse at a given fluence), and the
absolute fluence value (since with increasing fluence,
the initial products of ablation can be decomposed
further by incoming photons).

(iif) While the etch depth/pulse may not be sensitive
to the pressure of air at the polymer surface, the
products almost certainly undergo reaction with the
oxygen and the nitrogen in the air.

(iv) The net quantity of products that is formed is
of the order of only milligrams in typical experiments
on a laboratory scale. This, when combined with the
complexity of the products referred to in (i) above,
increases the difficulty in the analysis.

Commercial polymers contain various additives that
are meant to improve their physical and chemical
properties. They also contain residual monomers,
catalysts, and impurities. While polymers that are free
from these contaminants can be prepared and used in
research, the data that are so obtained may not be easy
to relate to data that are obtained from commercial
samples; i.e., the impurities in the commercial samples
may contribute to their laser ablation behavior.

The products of ablation can be classified into several
categories according to their morphology and molecular
weight. The analytical methods to detect them have
been selected in relation to these properties. It is ob-
vious that certain methods (e.g., infrared spectroscopy)
are more widely applicable than others.

The first category consists of volatile stable com-
pounds usually of molecular weight <200. They have
been analyzed by mass spectroscopy. While the mass
spectral technique is capable of high sensitivity (pico-
gram levels), a quantitative estimate of one component
in a mixture of many products, all of which are not fully
characterized, is not easy. It is more practical to use
a combination of a gas chromatograph and a mass
spectrometer to conduct a separation of the product
mixture into its components and then measure each
component quantitatively. This has been done in the
cases of two polymers. Not only is this technique te-
dious but it also requires considerable effort to obtain
the maximum sensitivity.

The second category, which is also the major weight
fraction of the ablation products in many instances, is
found as solid material. Following its expulsion into
the atmosphere, a part of this fraction settles on the
sides of the etched surface. If the ablation is carried
out in a closed vessel under a vacuum, this product can
travel as much as 10 cm before settling down on the
window and on the inner walls of the irradiation cell.
This material can be collected and analyzed by standard
chemical methods. To make the collection more ex-
haustive, the irradiation of polyimide film was carried
out under a millimeter layer of water by Srinivasan,
Braren, and Dreyfus.!” The solid product, which, in this
case, is carbon, formed a colloidal suspension in the
aqueous medium, while HCN, which is another signif-
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Figure 10. Schematic impact of several laser pulses on a polymer
surface.

icant product, dissolved in the water.

Optical spectroscopy has been used by several groups
for the detection of transient species such as atoms and
diatomics, which form the third category of products.
Initial experiments were based on the emission spec-
trum from the species. It has been pointed out that the
excited diatomic species that is the source of light
emission may be formed by a secondary photolysis of
an initially formed product.!® Thus, absorption spec-
troscopy would be a more fundamental method to probe
for transient species in the plume. Laser-induced
fluorescence spectroscopy (which is discussed in the
next section), which combines absorption spectroscopy
with fluorescence detection, has been successfully used
to probe for transient species such as C, and CN in the
laser ablation of several polymers.

While at first sight it may seem as if information
about the chemistry of the ablated material can be
gathered only by analyzing the plume itself, information
can also be obtained indirectly by a study of the surface
that is created by ablation, which is the fourth category
of products. This is shown by the shaded area in Figure
10. The shading represents a section of the volume
that has already been transformed by the last one or
few pulses and will be ablated by the next pulse. Its
chemistry is therefore a precursor to the processes that
will oceur in the plume on actual ablation. At a reso-
lution down to 1 um, this surface has been examined
by scanning electron microscopy (SEM) and optical
microscopy. This helps to see if the bottom of the
etched pit is smooth or convoluted and whether it is
marred by melting and/or gas evolution or not. It is
also useful for observing the deposition of solid debris
in and around the etch pit. For information at an at-
omic level, X-ray photoelectron spectroscopy has been
used with considerable success. This gives information
on the chemical composition in the first 100 A of depth
of the etch pit. This technique has served to demon-
strate that, after the first laser pulse, the composition
of the polymer surface is permanently altered at least
to a depth of 50~100 A.1%2 This information is cor-
roborated by the measurement of the contact angle for
water at the new surface. Rutherford back-scattering
is another technique of use in the study of the compo-
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Figure 11. Quantum yields of monomer in laser ablation of
PMMA: (a) at 193 nm; (b) at 248 nm. Reprinted from ref 30;
copyright 1986 American Chemical Society.

sition of the etched surface.

Table II summarizes the data that are currently
available on the products of the ablation of several
polymers by UV lasers. While there is a great deal of
qualitative information, the amount of quantitative
information that correlates the yield of a given product
to the mass of the polymer that was removed by abla-
tion is sparse. The three polymers about which some
detailed data are available are discussed here as they
may be prototypes of the response of all-carbon chain
polymers to UV laser radiation. Polysilanes fall in a
class by themselves in their response to UV laser ra-
diation. Recently, as a result of an elaborate and
painstaking analysis of the products of the laser irra-
diation, it has been possible to draw significant con-
clusions about the modes of break up of these polymers
under both UV and infrared laser pulses.?*?® The
reader should refer to the original articles (especially
ref 24) for further information.

PMMA. The starting material is a commercial sam-
ple of M, ~ 10%. The most important stable products
in the gas phase are CO, CO,, and the monomer, methyl
methacrylate (MMA). The quantum yields at 193 and
248 nm are shown in Figure 11.* Since the absorption
coefficient for this polymer at 248 nm compared to 193
nm drops by 1 order of magnitude, the quantum yields,
which are calculated from the total number of photons
absorbed, are not so useful as the chemical yield, which
relates the yield of MMA at a particular fluence to the
mass of the polymer that was ablated at the same flu-
ence. These values are 18% and 1%, respectively, at
193 and 248 nm. There are not quantitative data on
the yield of solid polymer that was ejected. Solubility
tests placed the average molecular weight of the product
obtained at 193 nm to be smaller than the value of M,
= 2500 for the product obtained at 248 nm. The
morphologies of the ablated polymer and of the etched
surfaces are shown in Figures 12 and 13. They con-
vincingly demonstrate that the local temperature in the
etched volume is greater than the melting point of
PMMA (about 150 °C) during ablation with 248-nm
laser pulses but not with 193-nm laser pulses, both at
a fluence that is close to the ablation threshold. The
data on the transient species, C,, in this system will be
discussed in the next section.

An interesting perspective on the photochemistry of
this material is brought out by the study of Estler and
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Figure 12. SEM photographs of the inside surface of etch pits
of PMMA: (a) 193 nm, fluence of 0.70 J /cm? (b) 248 nm, fluence
of 2.70 J/cm?. Reprinted from ref 30; copyright 1986 American
Chemical Society.

Figure 13. SEM of solid material ejected during laser irradiation
of PMMA: (a) 193 nm, fluence of 0.15 J/cm? (b) 248 nm, fluence
of 2.70 J/cm®. Reprinted from ref 30; copyright 1986 American
Chemical Society.

Nogar.3! These workers analyzed the volatile products
of the interaction of PMMA with UV laser pulses by
mass spectroscopy. At 266 nm and a fluence of 0.05
J /em?, they observed CO, CO,, and MMA. But at a
laser wavelength of 240 nm, at a comparable fluence,
they found only CO and CO, but not MMA. Instead
they observed the formation of methyl formate, which
is a major product of the one-photon photochemistry
of PMMA.32 They conclude that they are irradiating
the polymer at wavelengths at which the fluences that
they used are insufficient to lead to two-photon exci-
tation. This work demonstrates that in polymer-UV
laser pulse interactions, there can be very different
decomposition pathways that are not only wavelength
dependent (a concept that is easily understood) but also
dependent upon the photon multiplicity.

Kuper and Stuke® have characterized the sites in the
polymer that are the first to be chemically transformed
by UV laser radiation by the use of Fourier transform
infrared spectroscopy. They have also shown that the
absorption characteristics of the film in the ultraviolet
undergo a change as it is ablated by a UV laser pulse
at 248 nm.** This result has been independently shown



TABLE II. Chemical Composition of Ablated Material

ablated products

laser
sample wavelength, exptl monomer larger than substrate anal.

no. polymer characteristics nm conditions or smaller monomer and morphology anal. methods ref®

1. PMMA (i) fee standing; 193 nm 0.04-18.0 J/cm? C (a)* polymer (e, f) (M, = no change in atomic emission spectroscopy A, B, 12,
(poly(methyl various molecular C, (a, b) 2500, 248 nm; composition of first (a) laser-induced 31, 35.
methacrylate)) weights from 222 0.05-7?? J/cm? CN (a) M, = 4500, 248 100 A (i); change in fluorescence (b), 44, 46,

13700 to 10° 248 0.15-10.0 J/cm? CN?® (a) nm); no sign of UV absorption (j); mass spectroscopy (c), 57, 65
(ii) spun film on CO (¢) melting at 193 nm no thermal damage gas chromatography
neutral substrate 308 0.50-3.0 J/cm?¢ CO, (c) at 10-W fluence (melting, charring) (d), gel permeation
(FWHM = air atmosphere MMA (methyl (g); melting at high at 193 nm at 10-W chromatography (e),
5-30 ns) or vacuum methacrylate) fluence at 193 nm fluence (see Figure infrared spectroscopy
(c, d) and at all fluences 12); melting and (f), scanning electron
repetition methyl formate (c) at 248 nm bubbling at 248 nm microscopy (g), optical
rate <10 Hz (g, h) microscopy (h), X-ray
90-293 K photoelectron spectros-
(external copy (XPS) (i), ultra-
temperature) violet spectroscopy (j)

2. polystyrene (i) free-standing low 193 <1 J/cm?, air styrene (c) carbon (k) Raman spectroscopy (k) A, C, 33,
density (0.04-0.14 atmosphere polystyrene (a, i) 45
g/cm?)

deuterated (ii) high density 248
polystyrene

3. poly(a-methyl- spun on neutral 193 <0.5 J/cm?, air partial loss of aromatic
styrene) substrate atmosphere rings in surface (i)

4. nitrocellulose nitrocellulose linen 193 0.02-0.20 J/cm? gaseous none <3 nm of residue at emission spectroscopy D,5,6

fiber, 13.2% N products (c) 193 nm; more residue (a), laser-induced
spin film on neutral 351 at longer wave- fluorescence (b),
substrate FWHM = lengths (g) mass spectroscopy (c),
5-30 ns gas chromatography
(d), scanning electron
microscopy (g)
308 0.10-3.00 J/cm? CO, (c)
5. polyimide (i) PMDA-ODA? spin 193 0.02-9.0 J/cm? CI(a) carbon solid (f, g) blackening (h); O/C infrared spectroscopy 10, 11, 17,
(Kapton) coated as polyamic C1I (a) polymer (f-h) ratio decreased by (f), optical microscopy 18, 23,
acid solution and 248 0.07-5.0 J/cm? C, (a, b) 12% (c); carboxylic (h), X-ray photo- 36, 38,
cured group decreased electron spectroscopy 39, 42
(ii) free-standing film CO (f) by 40% (i) (XPS) (i)
(Kapton) 308 0.05-2.0 J/cm? CO, (f)
351 0.10~-15 J/cm2 H,0 (f)
HCN (f)
(FWHM = air atmosphere benzene (c, d)
7-30 ns) vacuum, or
water; repetition
rate <10 Hz
6. Mylar free-standing film, 193 0.03-0.50 J/cm? H; (c) solid polymer (g, h) O/C ratio drops from contact angle E, 22, 37
PET 1.7 mil thick 248 0.20-2.00 J/cm? CO (¢) 1.2 to 0.7 at surface measurement (k)
(poly(ethylene 308 0.10-3.00 J/cm? CO, (c) i)
terephthalate)) FWHM = repetition rate <10 C,—C,; (numerous surface hydrophilic (k)
7-30 ns Hz products (c))
benzene (c) corrugated surface (g)
toluene (c)
benzaldehyde (c)

7. polyorganosilane spin coated (see multiphoton power density see ref 24 for ultraviolet spectros- F, G, 24, 25,
various ref 24) excitation >2.5 GW/cm? mass spectral copy (j), mass 26, 27,
compositions at 532 or FWHM = analysis spectroscopy (c) 28, 29

626 nm; 4-6 ns
D- and 3C-labeled also 308  0.15-0.25 J/cm?
polyorganosilanes nm at 308 nm

“For ref a-k, see Table 1. Additional references: (A) Burrell, M. C,; Liu, Y. S,; Cole, H. S. J. Vac. Sci. Technol. 1986, A4, 2459. (B) Braren, B.; Seeger, D. J. Polym. Sci., Polym. Lett. 1986, 2, 371. (C)
Hargis, P. J. Am. Inst. Phys. Conf. Proc., in press. (D) Geis, M. W.; Randall, J. N.; Deutsch, T. F.; DeGraff, P. D;; Krohn, K. E,; Stern, L. A. Appl. Phys. Lett. 1983, 43, 74. (E) Lazare, S.; Soulignac, J. C.;
Fragnaud, P. Appl. Phys. Lett. 1987, 50, 624. (F) Marinero, E. E.; Miller, R. D. Appl. Phys. Lett. 1987, 50, 1041. (G) Marinero, E. E. Chem. Phys. Lett. 1985, 115, 501. ® An artifact produced by reaction
of ablation products with atmospheric nitrogen (49). °No etching except at high (>20 Hz) repetition rate. 9Condensate of pyromellitic dianhydride and oxydianiline.
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to be measurable at 193, 222, and 248 nm as well by
Davis and Gower.%

Polyimide (PMDA-ODA). The structure of this
polymer is such that, as indicated (2), it can readily
fragment to gaseous products such as HCN, CO, C.H,,
etc. Early work on product analysis,!#% when compared
to the products of pyrolysis, gave rise to confusing
interpretations. Recent work using an ion cyclotron
resonance spectrometer® has successfully sorted out the
ionic species formed in the plume. These are a minor
part of the product mixture and they consist largely of
clusters of carbon atoms (up to 800 amu) which may
have come from the clustering of relatively small frag-
ments such as C,, C,, and C3. The neutral part of the
ablated material has been analyzed also by mass spec-
trometry using a second laser to ionize the species by
multiphoton ionization.?® This study has given a more
complete picture of the composition of the ablated
material. Not only were clusters up to 1600 amu de-
tected but these were not wholly attributed to carbon
clusters. The composition of the products was influ-
enced by the ablation fluence. The solid product that
collects on the ablated surface around the area that is
exposed to light has been identified as largely, if not
exclusively, carbon.l” Its charged nature has been re-
ported.® Both its distribution on the surface as a
function of ablation conditions*! and its elimination due
to oxidation by oxygen in the atmosphere?? have been
studied. The deposition of carbon particles on the ab-
lated surface is a problem of practical interest.*3

C. Fate of the Ablated Material

When a UV laser pulse impinges upon a polymer
surface, the etched material is ejected from the surface
with considerable velocity and directionality. The dy-
namics of this plume has been the subject of much
research,1217,30,44-53

The velocities of specific molecules in the stream and
their angular distribution have been determined. From
the distribution of the velocities, a translational tem-
perature has been estimated for the species. This tem-
perature has been compared to the vibrational-rota-
tional temperature which can be calculated for the same
or other specific molecules in the plume from their
spectra. The total momentum of the ejected material
has been estimated. The velocity and angular distri-
bution have been estimated for a hypothetical polymer
whose ablation behavior has been modeled.

One example each of an investigation in which each
of the following methods of detection were used will be
described in detail: laser-induced fluorescence (LIF),
mass spectrometry, and emission spectroscopy.

LIF is an analytical method of high precision that is
suitable for the measurement of a specific diatomic
species in the plume. The geometry that was used!®45
is shown in Figure 14. The plume was probed by a dye
laser beam at a distance from the surface of the polymer
that was large enough to avoid any interference from
the background luminescence at the film surface during
ablation. The laser wavelength was 248 nm. The UV
pulses were repreated at 5 Hz, and the polymer was
slowly translated past the UV beam. Following a UV
laser pulse, after a preset time delay, a probe pulse was
fired from the dye laser at the plume. The wavelength
of the probe pulse was sufficiently narrow to excite only
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Figure 14. Geometry of UV laser beam and fluorescence pump
beam with respect to polymer sample and fluorescence detection
system. Reprinted from ref 17; copyright 1987 American Institute
of Physics.
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Figure 15. LIF signal from C, radicals indicating the distributions
in velocities. Laser irradiation of PMMA at 248 nm. Reprinted
from ref 30; copyright 1986 American Chemical Society.

one predetermined transition in the diatomic product
that was being monitored. The fluorescence that the
excited product then emitted was detected and analyzed
quantitatively. Since the time delay between the ex-
cimer laser pulse and the dye laser pulse could be
varied, the intensity (=concentration) of the diatomic
product in the volume of the plume that was being
probed could be determined at various times after the
start of the UV pulse that caused the ablation. The
time delays that were set were of the order of micro-
seconds so that the width of neither the UV pulse nor
the dye laser pulse introduced any significant error in
the timing. From these data, information could be
derived on the velocity distribution of the diatomic
species in the plume at a particular UV laser fluence.
A typical set of curves for the C, bandhead signal in the
ablation of PMMA at 248 nm is plotted as a function
of fluence in Figure 15. The probing wavelength of the
dye laser corresponded to 438.2 nm [(2,0) of the d°II,
< a%Il, transition] and the detection wavelength of
471.5 nm corresponded to (2,1) in the same transition.
The most surprising feature of these data is that while
the intensities of the fluorescence signal changed by a
factor of 200 as the fluence increased from a value (0.15
J/cm?) that is lower than the threshold for ablation to
a valeu (0.65 J/cm?) well above it, the maximum ve-
locity changed by only about 30%. It indicated that
the production of C, and its ejection at a supersonic
velocity of 7 X 10° cm/s took place even at a fluence
at which etching of the surface of the polymer was too
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Figure 16. Velocity measurements on C, fragments from the
ablation of polyimide at 248 nm. Reprinted from ref 17; copyright

1987 American Institute of Physics.
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Figure 17. Velocity measurements on CN fragments from the
ablation of polyimide at 248 nm. Reprinted from ref 17; copyright
1987 American Institute of Physics.

little to be measured by a surface profilemeter. An
examination of the structure of PMMA shows that the
pair of carbons that are likely to be the source of C, are
a pair situated along the polymer chain (1) and the
number of bonds to be cleaved to form it and eject it
at the velocity mentioned above (= 6.1 eV) would re-
quire 3 photons of 248-nm (=5 eV) wavelength. This
is perhaps the most direct evidence that multiphoton
photochemistry is important in the ablation of polymers
by UV laser radiation.

Velocity measurements on C, and CN fragments from
the ablation of polyimide films with 248-nm laser ra-
diation are shown in Figures 16 and 17. In an attempt
to fit the velocity distribution of C, to a Maxwell-
Boltzmann distribution it was found!” that the mea-
sured points are narrowed with respect to the calculated
curve. Such a result can be anticipated if the vapori-
zation is not into a freely expanding gas phase but into
a dense colliding medium. This medium is visualized
as expanding subsequently into the requisite diffuse gas.
One outcome of this picture is that true vaporization
occurs not in the laboratory rest frame of reference but
in a moving center-of-gravity frame which has been
discussed elsewhere.’® The cosine function, usually
associated with effusion or vaporization appears as.a
narrowed distribution because the LIF measurement
is made in the fixed laboratory frame. To some degree
the velocity/angular dependence in this experiment can
be viewed as a supersonic expansion; i.e., the velocity
is peaked in the forward direction and therefore the
velocity distribution is somewhat narrower than a
Maxwell-Boltzmann distribution. The data points can
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Figure 18. Velocity measurements on MMA (methyl meth-
acrylate) from the ablation of PMMA at 193 nm. The dotted line
corresponds to a Maxwell velocity distribution with a temperature
T = 1200 K. Reprinted from ref 44; copyright 1986 American
Institute of Physics.

be better fit by a Boltzmann curve plus a constant ad-
ditive velocity which represents the motion of the center
of gravity. These results should be contrasted with
velocity measurements obtained by the same technique
on the UV ablation of graphite and sapphire.*
Velocity measurements on the stable polyatomic
product methyl methacrylate (MMA) from the ablation
of PMMA by 193-nm laser photons have been made by
Danielzik et al.# by a different detection method. In
their work, the ablation products were directed to the
entrance slit of a quadrupole mass spectrometer (@QMS)
in which they were ionized and mass analyzed. The
most common product that was encountered at fluences
<0.2 J/cm? was MMA, and its veloc1ty distribution at
a fluence of 0.08 J/cm? is shown in Figure 18. The
signal for times <50 us is due to scattered light leaking
into the QMS detector. The signal at later times (¢t >
100 us), which represents the actual MMA current,
corresponds well to a Maxwell-Boltzmann distribution
at a temperature of 1200 K. At all fluences < 0.15
J/cm?, the measured velocity distributions corre-
sponded well to Maxwell-Boltzmann distributions and
the temperatures rose from 800 K at a fluence of 0.06
J/cm? to 3000 K at 0.12 J/ecm? Another stable product
that was encountered was CO. Its velocity distribution
tended to be more complex than that of MMA because
it can be produced not only in the primary UV pho-
ton—polymer interaction but also in the process of ion-
ization of the MMA. If the latter contribution is sub-
tracted out, the CO velocities also fitted a Maxwell-
Boltzmann distribution which corresponded to the same
characteristic temperature as for MMA at that fluence.
As the laser fluence was increased above 0.20 J/cm?,
the velocity distribution of MMA was considerably
broadened and no longer fitted the Maxwell-Boltzmann
equation. There appeared to be both a fast component
and a component that fitted the thermal distribution
at the same time in the stream of MMA, the former
becoming progressively more important with increasing
fluence. Note that the quantum yield of MMA also
reaches a maximum at about 0.25 J/cm? in the deter-
mination of Srinivasan et al.® (Figure 11) and the etch
depth/pulse starts to drop off at about this fluence
(Figure 2). At first sight, there may appear to be a
conflict between the results on velocity distributions of
the products from PMMA that were obtained by LIF
and from mass spectrometry. Actually, the LIF studies
were done with 248-nm photons and the product that
was measured, namely C,, is undoubtedly formed by
multiphoton reactions as has been pointed out already.
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The mass spectrometric studies were carried out at 193
nm and at fluences at which one-photon reactions may
prevail. The departure from Maxwell-Boltzmann dis-
tributions in the velocities of MMA with increasing
fluence would be consistent with multiphoton reactions
overtaking one-photon photochemistry. It is very de-
sirable to extend both analytical approaches to wider
ranges of wavelengths and fluences.

In addition to velocity distribution measurements
that provide information on a so-called translational
temperature, it is desirable to have a vibrational-rota-
tional temperature also for the same species. Popula-
tion distribution in each rotational level of a vibrational
transition can be obtained by LIF measurements. The
entire vibrational spectrum with its rotational envelope
can also be obtained from the emission spectrum of the
species. The former approach has so far been limited
to UV laser ablation of graphite and sapphire® but the
latter has been used quite effectively by Davis et al.1?
for the CH molecule that is observed in the plume from
the ablation of PMMA with 193-nm pulses. The (0,0),
(1,1), and (2,2) bands of the CH A%2A — X?II transition
at 431.4 nm were resolved in a vacuum environment.
CH was chosen for detailed study since its large rota-
tional constants make its band structure readily rota-
tionally resolvable and its A2A — XZII transition is
spectroscopically well characterized. The experimental
spectrum and the computer fit correspond to vibra-
tional and rotational temperatures being in equilibrium
at 3200 = 200 K. The authors conclude that because
of the rapid thermalization rates between rotational and
thermal motion, the temperature above the ablation
zone is also 3200 K. From the photon energy that is
expended in etching and the specific heat of PMMA,
it is possible to calculate a maximum temperature that
is obtainable when all of the photon energy merely heats
the substrate. This temperature is only about 1900 K.
They therefore deduce that the higher temperature that
exists in the plume is a result of exothermic photo-
chemical reactions that are caused by the photons.
Reference was made earlier to the work of the same
group on velocity measurements on CH molecules in the
same system which yielded a translational temperature
of about 11000 K. This is consistent with the idea that
in supersonic expansions, the translational temperature
would be higher than the vibrational-rotational tem-
peratures. A useful model of the ablation dynamics has
been proposed*® that is consistent with experimental
results on the velocity and angular distribution of the
ablated material.

IV. UV Laser Ablatlon Mechanisms

Controversy over the mechanism of this process
stated almost as soon as the first examples were made
known in 1982-1983. At that time, there was only one
firm observation concerning the interaction of UV laser
pulses with polymers. It related to the precision of the
etch patterns and the lack of thermal damage to the
substrate. Since this observation was on the material
that did not ablate, it was not the most fruitful ap-
proach to the understanding of the chemistry of the
material that was ablated. This differentiation between
the actions of different lasers of wavelengths ranging
from the UV to the infrared became even more tenuous
when it became clear that, even in the UV region,
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Figure 19. Energy-level diagram for hypothetical bond A-B. The
lower broken line represents the ground electronic state; the upper
broken line and the solid line represent excited states. Reprinted
from ref 59; copyright 1986 American Association for the Ad-
vancement of Science.

193-nm pulses gave better results than 248-nm pulses,
which, in turn, were better than 308-nm pulses. After
7 years of active research by many groups, it is now
possible for one to appreciate many of the complexities
of UV laser ablation. At the very least, one can elim-
inate certain mechanistic possibilities with confidence.
It also seems likely that a simple, general mechanism
that is applicable to all organic solids at all UV wave-
lengths does not exist. It is hardly surprising that the
controversy over the mechanism continues to be a lively
subject.5758

There are two aspects to the mechanism by which UV
laser pulses bring about the etching of polymer surfaces
with a minimum of thermal damage to the substrate.
These are (i) the reaction path in which the polymer
bonds are actually broken and (ii) a quantitative model
of etch behavior as a function of pulse width, wave-
length, and fluence. The principal reaction paths that
have been proposed can be understood by referring to
an energy diagram (Figure 19).%° It is generally ac-
cepted that the absorption of UV photons results in
electronic excitation (path a). The excited electronic
state can undergo decomposition in that state, which
would be a purely photochemical reaction, or, if the
excited molecule undergoes internal conversion (path
b) to a vibrationally excited ground state, any subse-
quent decomposition can be considered to be the
equivalent of a thermal process. This is the so-called
photothermal mechanism in which the photons merely
act as a source of thermal energy. Along either pathway
the products can be the same (although they do not
have to be) and any excess energy over that needed to
break the bonds will remain in the products and will
be dissipated in the ablated fragments. If the time for
ablation is of the order of the duration of the laser pulse
(~20 ns), the diffusion of the thermal energy to the
unirradiated portion of the substrate will extend to 600
A in a material with a thermal diffusivity of 4 X 10™
cm/s. Therefore it would be expected that the region
showing thermal damage would be negligibly small.

A detailed knowledge of the chemistry of the ablation
products is essential in order to construct a reaction
pathway for the breakup of the polymer. As has been
pointed out in an earlier section, more than one ana-
lytical method should be used and a mass balance must
be realized. Other critical problems are the possibility
that the composition of the products is a function of the
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fluence (more strictly, the power density of the laser
beam at the polymer surface) and the necessity to avoid
the secondary decomposition of the primary products
by the tail end of the laser pulse. The first problem has
been shown to exist in the ablation of Kapton.’! The
second problem can be inferred to exist from experi-
ments in which the width of the laser pulse was either
shortened to picoseconds® or even femtoseconds®#! or
stretched by linking two separate, identical pulses to-
gether with a set time delay.5? Ablation with shortened
pulses, especially those of <1-ps duration gives such
novel results®® that the processes involved in this in-
stance may not be same as those obtained with pulses
of longer (many nanosecond) duration.

With the exception of PMMA and the silane poly-
mers, there is insufficient analytical evidence in all other
cases to construct a chemical reaction pathway that has
any experimental basis. On the other hand, there has
been no shortage of theories that attempt to describe
the etching of a polymer by UV laser pulses.®#3436.64-72
All of them attempt to calculate the rate at which
photon energy is deposited in a volume element that
undergoes ablation. Either directly or indirectly, they
involve the absorption coefficient of the polymer for the
UV wavelength of the laser radiation. Beer’s law is
assumed to be valid at the power densities that are used
to bring about ablation. If this assumption is proved
to be invalide, nearly all of these theories will have to
be revised.

The expression

F

1
ly = > log ;—To (1)

which relates the etch depth per pulse to the fluence
(F), the fluence threshold (Fy), and the absorptivity (o)
at that wavelength, has been derived by more than one
group.>®% The derivation merely relates to the de-
position of the photon energy according to Beer’s law
and is independent of the assumed mechanism. This
equation can be tested by plotting /; vs log F when a
straight line with a slope of 1/« should be obtained. In
fact, in many instances there is a linear relationship over
a substantial portion of the plot but the slope is not 1/a.
In other cases, the slope is not linear at all over even
a small range of fluence. There is no reported example
of a polymer whose etch curve fits eq 1 exactly.

Early views of this phenomenon implicitly assumed
that ablation followed the deposition of all of the
photons of the laser pulse in the solid. Note that in eq
1 there is no time-dependent quantity at all. The
photoacoustic experiments mentioned earlier typically
showed that, when a fraction of the pulse energy had
been deposited in the film, the material started to ab-
late. The correlation of these data to those obtained
by fast UV scanning spectroscopy of the ablating sur-
face and also to a simulation of UV laser ablation was
also pointed out.

A knowledge of the time profile of ablation affects the
calculations of the temperature rise in the volume of
material that ablated. These calculations, which form
the basis for the photothermal mechanism, depend
strongly upon the time profile of not merely the bond-
breaking step (which, presumably, is the signal that is
sensed by photoacoustic methods) but the ejection of
the fragments that carry away the excess energy of the
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photon over that needed for bond breaking. This aspect
of the ablation phenomenon is just beginning to be
probed by using picosecond pulses not only in UV ab-
lation!® but also in the ablation of polymers by visible
lasers.” The data that are obtained should give a more
detailed picture of the events that occur during one
single UV laser pulse of a few nanosecond duration.
Analysis of the existing data which consider the etching
by a single pulse as a single event in comparison to
pyrolysis data (Kapton®> PMMA") and the discussion
it engendered®’® will be of historical interest!

The first model that takes into account the changes
in the substrate structure even as the laser photons
penetrate the material was proposed by Keyes, Clarke,
and Isner®® and subsequently elaborated by Palmer,
Keyes, Clarke, and Eisner.”? The passage of photons
will cause chemical bonds to be broken so that the
photon intensity at any depth will evolve with time.
The time-dependent passage of the laser pulse through
the ablating material that is explained in the theory has
been adapted by models proposed by others.346184 No
prior way to solve the resulting expressions exist and
experimental data have been fitted to the model only
by the introduction of adjustable parameter(s). This
is not necessarily undesirable if the resulting informa-
tion can be used to predict the behavior of new poly-
mers or of existing polymers under different reaction
conditions such as laser pulse width, laser wavelength,
introduction of “doping” material, etc. Such is not the
case, at least not at the time of the writing of this re-
view.

A key item of the controversy, viz., photochemical vs
photothermal mechanism in UV laser ablation of carbon
chain polymers, has been settled in a very simple
manner in the case of the polysilanes. The “virtual
identity of the UV laser desorption and the IR laser
pyrolysis mass spectra of poly(n-pentylsilane) suggests
that under normal fluence conditions even the former
process is predominantly photothermal in nature”.?
This is, of course, a very different case from that of a
carbon chain polymer such as PMMA in which product
compositions change very significantly even in going
from 193 to 248 nm.

V. Current Directions

The interaction of UV laser pulses with polymers
continues to be an active field of research. The direc-
tions in which work is currently being pursued are as
follows:

(i) Variations in the temporal width of the laser pulse
have been used, with a view toward making efficient use
of the laser photons while maintaining the quality of
the etched surface. Pulses varying in their full width
at half-maxima from 300 ns* to 5 ps® to a few hundred
femtoseconds3461:6%75 have been used, but there is no
general agreement on the effect of the pulse width on
the ablation process. The data are only preliminary and
further experimentation is certainly needed to resolve
the issue.

(ii) Intrapulse probing of the polymer to see changes
in the absorptivity have been carried out.?% QOnce
again, while the results show that the absorption
characteristics of the material in the optical path change
even in the duration of a 20-30-ns pulse, definitive
interpretations are not yet available.
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(iii) “Doping” of the polymer with a low molecular
weight absorber has been found to promote the ablation
sensitivity of a polymer. Several articles have been
published on this subject,7""® and it is undoubtedly
a fruitful approach for technological applications.

The technology based on UV laser ablation of poly-
mers has progressed with considerable speed. Re-
views®8¢7 have appeared that give a partial list of the
many applications for excimer lasers in general and UV
ablation of polymers in particular. The polyimide
PMDA-ODA, which in the form of Kapton film finds
wide use as an insulator as well as a thermally resistant
film, lends itself well to ablative etching by UV lasers.
The results obtained with UV laser radiation at 308 nm
(the most favored wavelength for industrial applica-
tions) are superior to those obtained in the near-IR
(Nd:YAG laser) or mid-IR (CO, laser).® But practical
problems, principally with the solid debris that is the
product of ablation, exist.® Ablative patterning of
acrylate polymer films and polysilane films has been
shown to be feasible, but the current trend is still to use
the excimer laser merely as a conventional light source
for the exposure of deep-UV photoresists. The ac-
ceptance of the excimer laser as an industrial tool will
be a slow process mainly because of cost and reliability
considerations.
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