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ABSTRACT: The UV-laser (308 nm)-induced decomposition and ablation of polyimide (Kapton) was
studied using diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy. The samples were
prepared with a special technique (SiC substrates) allowing analysis of surface species of the laser-treated
polymer. The first step of photolysis is the simultaneous decomposition of the imide ring, between the
nitrogen and carbonyl carbon atom, and of the diaryl ether group. The functional groups belonging to the
corresponding amide and carbonyl system are detected. In the next step the aromatic system decomposes,
and isocyanates, aliphatic hydrocarbons, nitriles, and alkynes are formed. Volatile species compatible
with this decomposition mechanism (CO, CO2, HCN, and C2H2) are detected by additional mass
spectrometry measurements.

Introduction
During the past three decades, since the commercialization of Kapton polyimide, an impressive variety of
polyimides have been synthesized.1,2 Polyimides possess
outstanding key properties, such as thermooxidative
stability,3 high mechanical strength,4 high modules,
excellent electrical5 and optical properties,6,7 and superior chemical resistance.8 Recently, polyimides have also
been applied as membranes for gas separation.9,10
Approximately 15 years ago the direct structuring or
laser ablation of polyimides by excimer lasers was
described first.11,12 These studies showed clearly that
ablation caused clean etching of the material with
micron size precision. Because of the importance of
polyimides in numerous applications and the difficulty
in etching these polymers by other means, such findings
prompted intensive further research.13 At the present
time laser ablation of polyimide is a routine part in
microelectronic packaging14,15 and the fabrication of
nozzles for ink jet printer heads.16 In addition, laser
irradiation is being explored as means of generating
uniform thin polymer films, which may also prove to
be useful in electronic packaging as well as in other
applications such as polyimide film coating of various
materials.17 As discussed above, the term polyimides
refers to a group of polymers. Most ablation studies,
including this, have been conducted on one specific
polyimide, known as Kapton. Kapton is produced commercially by DuPont, using a condensation reaction of
pyromellitic dianhydride (PMDA) and oxydianiline
(ODA), with polyamic acid as intermediate, as shown
in Figure 3. During laser ablation the incident radiation
is absorbed within some finite volume of the material,
unless the material is completely transparent at the
laser wavelength. Kapton shows a broad UV absorption
band in the UV region between 180 and 400 nm,
allowing the effective absorption of all common excimer
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laser wavelengths (193, 248, 308, and 351 nm).18 It is
generally agreed on that the mechanism is mainly
photothermal, with additional photochemical features,
especially at 193 nm irradiation.19 Prominent features
of Kapton ablation are the sharp ablation threshold
(measured with atomic force microscopy, AFM), Arrhenius tails (smooth Arrhenius-type ablation onset, measured with mass spectrometry or quartz microbalance,
QMB), and differences in the ablation rate near the
threshold between two very sensitive methods, i.e., AFM
and QMB.20 The lower threshold fluences are obtained
by QMB, suggesting the additional or exclusive ejection
of gaseous molecules at low fluences (maybe even below
the“threshold” of ablation). Ablation products have been
studied by a variety of techniques. Infrared spectroscopy,21 gas chromatography,22 and mass spectrometry23
have been used to identify the principal gaseous products of Kapton ablation: CO2, CO, H2O, HCN, and
various light hydrocarbons (up to four carbon atoms).
Laser-induced fluorescence measurements indicate that
diatomic fragments C2 and CN are also formed at least
transiently during ablation.24 Larger molecules (e.g.,
C60) up to visible carbon particles are also formed.25 The
soot is partly redeposited around the ablation crater and
consists of amorphous carbon with some crystalline
features. The ablated area of Kapton was also analyzed,
and carbonization in a certain fluence range was
detected.26 This carbonization results in an increase of
the conductivity of up to 12 orders of magnitude.27 The
carbonized material consists of amorphous carbon, but
also graphitic material.28 Other surface species, intermediates, and products in the polymer film which could
be indicative of a mechanistic scheme are not reported
to our knowledge. The analysis of the surface of polymers is quite difficult. The laser radiation is absorbed
within a layer of 100 nm (at 308 nm) of the polymer
film, thus resulting in changes within a very thin layer.
The analytical method of choice should be sensitive
enough to analyze the surface and should also be
capable of identifying changes of specific groups in the
polymer chains. One promising candidate is infrared
(IR) spectroscopy, which is an important method for the
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the quality of the spectra.39 This problem can be
overcome by the use of a silicon carbide (SiC) sampling
kit.
The XeCl-laser (308 nm)-induced decomposition of
Kapton is studied to identify reaction steps leading to
the previously mentioned gaseous products and to
identify the intermediate steps of the surface carbonization of Kapton. The XeCl laser is applied in the
industrial processing of polyimide due to the reliability
of optical and laser components at the emission wavelength (308 nm). The Kapton samples are studied after
irradiation at various laser fluence and laser repetition
rates.
Experimental Section

Figure 1. Scanning electron microscopy (SEM) pictures of a
SiC disk. (a) In the lower right part of the picture the abraded
Kapton is visible as scrapes. (b) The border between lasertreated and untreated area is shown. The lower left side
corresponds to the laser treated area (20 pulses at 155 mJ
cm-2).

characterization of polymer conformation,29 orientation,30 and solvent effects.31 Newer developments in IR
spectroscopy include time-resolved32,33 and two-dimensional techniques34,35 for dynamic processes in polymers,
such as conformational changes, diffusion, and polymerization. The standard technique for IR spectroscopy
is transmission spectroscopy, which is not suitable for
our purpose, because the polymer films are too thick
and the method is not sensitive enough for surface
species. A surface sensitive technique such as attenuated total reflection (ATR)36 or diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy should
be suitable for the investigation of the polymer films
after laser irradiation. ATR spectroscopy is suited for
the analysis of samples with flat surfaces, e.g. polymer
films, but it is well-known that surface structures and
roughening of the polymer films take place during
ablation. In one study ATR was used to examine
polymer films after irradiation in a relatively small
fluence range.37 Diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy is specifically designed
to study powdered sample and is well-known for its high
sensitivity. A wide variety of materials can be analyzed
using DRIFT spectroscopy. Some of these materials can
be analyzed in substance, without any sample preparation. In previous works diffuse reflectance spectra of
polymer films were collected by placing KBr powder over
the sample.38 Unfortunately, the quality, the amount,
the size of the used particle, and how they are packed
in the sample holder significantly affect the scattering
characteristics of the overlayer material and therefore

Kapton HN (DuPont) foils with a thickness of 125 µm were
obtained from Goodfellow. For the irradiation a XeCl excimer
laser (Lambda Physik Compex 205) emitting at 308 nm was
used. The mass spectra were obtained with a V.G. Monitorr
100D quadrupole mass spectrometer (QMS) operated in a
vacuum. The sample was positioned in front of the electron
impact ionizer of the QMS at a distance of 1 cm. For the
experiments the QMS was operated in the scan-analog mode
using the Faraday cup. The mass resolution is 0.1 amu. The
emission spectra were measured with Acton SpectraPro monochromator equipped with a Princeton Instruments CCD camera. The DRIFT measurements were performed using a Bruker
EQUINOX 55/S FTIR equipped with a liquid nitrogen cooled
mercury-cadmium-telluride (MCT) detector. All the samples
were analyzed in a diffuse reflectance unit (Specac). The SiC
disks (Spectra-Tech40) are used to abrade the surface of
Kapton, resulting in a coverage of the SiC disk by polymer
scrapes, as shown in Figure 1a. The SiC disk is mounted on a
holder which can be used for the laser irradiation and the
DRIFT cell. Spectra were obtained from the accumulation of
at least 1024 scans at a resolution of 4 cm-1. The size of the
IR beam on the sample is smaller than 0.6 mm2, ensuring that
only the irradiated part (typically ∼25 mm2) of the SiC disk is
measured in the DRIFT unit.
DRIFT spectra are usually presented in Kubelka-Munk
units. In this work we prefer to present the spectra as relative
reflectance units (I/I0). The reflectance of the abraded polymer
changes upon irradiation. The SiC substrate is grayish-black
and absorbs strongly throughout the whole mid-IR region.
These properties violate one of the basic assumptions of the
Kubelka-Munk theory, i.e., the presence of a nonabsorbing
or weakly absorbing substrate;41 therefore, reflectance units
are used. The spectra shown in the figures (with the exception
of the reference spectrum of polyimide in Figure 2) are
difference spectra between the material before and after laser
treatment. An increase of surface species corresponds to an
increase of the absorption and therefore to negative peaks
(going down) and peak areas. The peaks that are going up
denote a decreasing band, due to the reduced absorption of
disappearing species. For the analysis of the laser-induced
decomposition mechanism of Kapton several relevant vibrational frequencies are chosen which are important for the
decomposition mechanism. A detailed assignment of all bands
can be found in the literature.42-47 The assignment of the
polyimide bands is mainly based on model compounds, see e.g.
the thorough study by Ishida et al.,43 which could also be used
for many products identified in this study.

Results
Reference Spectra and Assignment of Bands.
The reference spectrum (Figure 2) of Kapton obtained
with the SiC sampling method agrees well with previous
published data. Several bands in the reference spectrum
(Figure 2) and also in the corresponding scheme of the
synthesis of Kapton (Figure 3) are marked with letters
(A-G). These bands are used in the discussion about
the decomposition mechanism.
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Figure 2. DRIFT spectrum of Kapton; 1024 scans with a
resolution of 4 cm-1 and using SiC as background. The
following bands are assigned: (A) 3490 cm-1: N-H stretching;
(B) 3060 cm-1: C-H stretching; (C) 1740 cm-1: CdO stretching; (D) 1500 cm-1: aromatic ring stretching; (E) 1390 cm-1:
C-N stretching; (F) 1260 cm-1: Car-O-Car stretching of aryl
ether; (G) 725 cm-1: out-of-plane bending of the imide ring.

In the high wavenumber regions two bands are
prominent: a sharp band at 3490 cm-1 (denoted A in
Figure 2) and a broad absorption at 3080 cm-1 (denoted
B). The first band is assigned to the N-H stretching
vibration of polymer chain end groups and NH groups
of polyamic acid, due to an incomplete imidization
during the synthesis. Band B belongs to the C-H
stretching vibrations of the aromatic rings. The broad
band around 1740 cm-1 (denoted C) is due the CdO
stretching vibration of the imide ring. The sharp peaks
at 1600 and 1500 cm-1 (band D) are assigned to the
stretching vibrations of the aromatic systems, i.e., the
1,2,4,5-tetrasubstituted and the 1,4-disubstituted ring.
The broad absorption at 1390 cm-1 (band E) is assigned
to the C-N stretching in the imide ring while the band
at 1260 cm-1 (band F) is assigned to the asymmetric
Car-O-Car stretching vibration of the diaryl ether
group. The sharp band at 725 cm-1 (band G) corresponds to the out-of-plane bending vibration of the imide
ring.
Laser Ablation of Kapton with 308 nm Irradiation. The laser ablation of Kapton at 308 nm has been
studied previously in detail.28 An ablation threshold of
40 mJ cm-2 has been determined for the same Kapton
samples and the same experimental setup as in this
study. The term ablation threshold is defined in this
study as the laser fluence necessary to remove polymer
material in the irradiated area, measured by a profilometer. For this study we used laser fluences below, at,
and above the threshold of ablation of Kapton films.
Irradiation of the SiC Substrate. The stability of
the SiC disks under laser ablation conditions was tested
first. A spectrum of a SiC disk was used as background.
The difference spectra of the SiC disk after irradiation
with the highest fluence applied in this study (155 mJ
cm-2) was measured after various pulse numbers (50,
100, 500, and 5000) and at the highest repetition rate
(10 Hz). No changes in the spectra were observed,
suggesting that SiC is stable under the applied conditions.
Kapton Irradiated with 80 mJ cm-2. For the first
experiments a fluence (80 mJ cm-2) well above the
threshold fluence of ablation (40 mJ cm-2) was applied.
To test the general feasibility of our approach, a
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Figure 3. Scheme of the synthesis of Kapton. Some bands
relevant for the discussion are marked (bold) and assigned.

variation of the general procedure was used. The sample
used for the reference spectrum was irradiated with 50,
150, 500, and 500 pulses at a repetition rate of 10 Hz.
After each irradiation a DRIFT spectrum was measured.
As expected, all bands are decreasing in intensity,
indicating a continuous decomposition of the polymer.
This shows that it is possible to follow the decomposition
of polyimide using difference spectra up to several
thousand of pulses, with no artifacts, e.g., carbonization,
interfering with the measurements.
In the following experiments the SiC disk with
abraded Kapton was used as background spectrum. The
disk was irradiated with various pulse numbers, and
spectra were taken after each irradiation.
Irradiation at the Threshold of Ablation: 40 mJ
cm-2. To identify possible intermediates of the laserinduced decomposition of Kapton, the threshold fluence
of ablation was chosen. At this fluence ablation is just
starting, and changes in the material should be slow,
giving the best chance to monitor intermediates.
The freshly prepared sample was irradiated with
various pulse numbers (500, 1500, 3500, 7500, 15 500,
and 31 500) at a repetition rate of 10 Hz. After each
irradiation the DRIFT spectra was measured. The
spectra are shown in Figure 4. After 500 pulses several
bands are growing in intensity, i.e., 1730, 1500, 1375,
1245, 830, and 725 cm-1, whereas only two bands are
decreasing, i.e., 1390 and 1260 cm-1. We also observe
an absorption increase over the whole mid-IR region,
denoted by the rising baseline. This increase of the
baseline has already been reported previously and was
assigned to an accumulation of carbonaceous species in
and surrounding the irradiated area.38,46 With increasing pulse numbers only few bands are increasing further
(1730, 1500, 1375, and 1245 cm-1), but additionally
bands are decreasing now (1780, 1745, 1515, 1390, 1260,
830, and 725 cm-1). To analyze the changes in the
DRIFT spectra in more detail, a semiquantitative
analysis was performed. The peak areas of several
bands are plotted versus the pulse numbers, as shown
in Figures 5 and 6.
The two bands at 1780 and 1745 cm-1 reveal a very
similar behavior. Both are decreasing in a very similar
fashion (as shown for the 1780 cm-1 band in Figure 5,
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Figure 4. DRIFT difference spectra of Kapton obtained with
an accumulation of 1024 scans. The untreated SiC supported
Kapton was used as background. The sample was irradiated
at 10 Hz with 40 mJ cm-2 with various pulse numbers. The
relevant bands are marked with their exact location.
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Figure 6. Changes of the peak areas as a function of the pulse
number for the following bands: at 2950 cm-1 the C-H
stretching vibration of aliphatic hydrocarbons (9); at 3080 cm-1
the C-H stretching vibration of aromatic hydrocarbons (b);
at 1515 cm-1 the aromatic ring stretching vibration (2); at 2270
cm-1 the -NdCdO stretching vibration (1).

Figure 5. Changes of the peak areas as a function of the pulse
number for the following bands: at 1780 cm-1 the CdO
stretching vibration of the imide ring (9); at 1375 cm-1 the
C-N stretching vibration of the amide (b); at 1500 cm-1 the
combination band: C-N stretching vibration and N-H deformation of the amide (2); and at 1260 cm-1 the Car-O-Car
stretching vibration (1).

9 as symbol). Therefore, we assign them to the doublet
of the CdO stretching vibration of the imide ring,
whereas the increasing band at 1730 cm-1 is assigned
to a carbonyl functional group of an open ring species.
This could be the amide structure (called also amide I
band) and/or the aryl-CdO structure (both are shown
in Figure 7). The changes of the peak areas of the C-N
stretching vibration of the imide ring at 1390 cm-1 and
of the out-of-plane bending of the imide ring at 725 cm-1
are very similar to the one shown for the imide carbonyl
peak (shown in Figure 5).
The increasing bands at 1730, 1500, 1375, and 1245
cm-1 follow very similar trends. The band at 1500 cm-1
is assigned to the combination band of the N-H
deformation and the C-N stretching vibration (also
named amide II band, shown as 2 in Figure 5). The
band at 1375 cm-1 is assigned to the C-N stretching
band of an amide (also named amide III band, shown
as b in Figure 5), while the band at 1245 cm-1 is
assigned to the Car-O stretching vibration (see Figure
7) from the decomposed diaryl ether group.
Amide bands are not present in cyclic imides but are
typical for the intermediate of the Kapton synthesis, the

Figure 7. Suggested decomposition scheme. Several bands
are marked (bold) and assigned. ⊥ indicates a broken bond;
information on the character (radicalic, ionic, terminated) is
not available from the present experiments.

polyamic acid. All of the above-mentioned increasing
bands reveal changes of the peak areas very similar to
the two representations shown in Figure 5. The decomposition of the imide system is characterized by the
decrease of the carbonyl bands, of the C-N stretching
vibration, and of the out-of-plane bending vibration of
the imide system.
Upon further irradiation other increasing bands are
detected. A broad absorption around 3320 cm-1 with a
shoulder at higher wavenumbers is developed. This is
assigned to the C-H stretching vibration of acetylenes
and to the N-H stretching vibration of amides, which
are typically between 3200 and 3400 cm-1. All of these
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Figure 9. DRIFT difference spectra of Kapton irradiated with
fluences above the threshold of ablation (80 and 155 mJ cm-2)
are shown.

Figure 8. Magnification of two regions in the DRIFT spectra
of Kapton presented in Figure 4. (a) Region of C-H stretching
vibrations: at 3080 cm-1 aromatic hydrocarbons; at 2950 cm-1
aliphatic hydrocarbons. The baseline applied for the peak area
calculation is shown as dotted line in the spectrum for 31 500
pulses. (b) Region of conjugated double bonds and triple
bonds: at 2270 cm-1 the -NdCdO stretching vibration; at
2255 cm-1 the -CtC- stretching vibration; and at 2230 cm-1
the -CtN stretching vibration. Around 2350 cm-1 the typical
doublet of gas-phase CO2 is present.

bands show, as discussed above, a similar behavior and
reveal more or less the exact mirror image of the
previously described decreasing bands.
Three bands distinguish the aromatic system: the
broad C-H stretching band around 3080 cm-1 (a
magnification is shown in Figure 8a, and b in Figure
6) and the ring stretching vibrations at 1600 and 1515
cm-1 (2 in Figure 6). All of these bands decrease upon
laser irradiation, as shown in Figure 6, revealing the
decomposition of the aromatic systems. Another significant band in the IR spectra of Kapton is the Car-OCar stretching vibration at 1260 cm-1 of the aromatic
ether. The decrease of the peak area suggests that this
group is also one of the primary decomposition sites.
Growing bands are detected around 2950 cm-1 and
can be assigned to C-H stretching vibrations of aliphatic groups (magnification shown in Figure 8). There
are no aliphatic C-H groups present in Kapton; therefore, we can assign these groups to reaction products.
The increase of the peak area is different from the
previous described changes. The peak area increases
nearly linear with laser pulses, as shown in Figure 6
(9 as symbol). Further identification of the aliphatic
chains is very difficult because of the complex band
structure in the region where for example C-C (1260-

700 cm-1), CdC (1680-1620 cm-1), C-O (1270-1060
cm-1), and C-N bonds (1420-1400 cm-1) are absorbing.
A very interesting region in the mid-IR spectra is
between 2300 and 2100 cm-1. There are only few groups
absorbing in this region. Most of these groups are
characterized by strong and sharp absorption. In Figure
8b magnification of this region is shown. The broad
absorption around 2350 cm-1 is the typical doublet of
gas-phase CO2. Carbon dioxide is a very IR-active
molecule, and slight changes in the concentration, e.g.,
due to variations in the compressed air purge or slightly
different purge times, will cause continuous changes in
the intensity of the CO2 band. Around 2270 cm-1 a
growing band can be observed. With increasing pulse
numbers the band starts to decrease (shown with 1 as
symbol in Figure 6), while new bands at 2255 and 2230
cm-1 are getting more pronounced with increasing pulse
numbers. The peak at 2270 cm-1 can be assigned to the
asymmetric -NdCdO stretching vibration of an isocyanate species and the two bands at the lower wavenumbers to the stretching vibration of alkynes (-Ct
C-) and nitrile (-CtN) groups.
Irradiation above the Threshold of Ablation: The
applied fluences were increased to a level well above
the threshold of ablation to test whether the previously
described changes in the DRIFT spectra are really due
to ablation.
80 mJ cm-2. The freshly prepared sample was
irradiated with 1, 2, 5, 10, 20, 50, and 100 pulses at a
repetition rate of 10 Hz. In Figure 9 the spectra recorded
after 5 and 100 pulses are shown. After the first pulse
several bands are growing in intensity (going down: at
1730, 1500, 1370, and 1245 cm-1) while others are
decreasing (1780, 1745, 1600, 1515, 1390, 830, and 725
cm-1). All bands assigned to the imide ring are decreasing (1780, 1745, 1390, and 725 cm-1) whereas the bands
assigned to the amide and aryl-carbonyls groups are
increasing. After 100 pulses the bands assigned to the
isocyanate and nitrile group (2270 and 2230 cm-1) are
clearly present. The bands at lower wavenumbers
(<1100 cm-1) are more difficult to observe, due to the
steeply increasing background. This is most probably
due to accumulation of carbon species in the irradiated
area.38,46 The changes in the spectra are very similar
to the data described previously for irradiation with 40
mJ cm-2. Only 100 pulses are needed to reach a similar
state of decomposition as compared to the 31 500 pulses
at 40 mJ cm-2. This shows clearly that for the present
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flux we are observing the ablative decomposition of
Kapton, for which a sharp threshold of ablation is
observed.
To study the influence of the laser repetition rate on
the decomposition of Kapton, a SiC disk with abraded
Kapton was irradiated with 80 mJ cm-2 at a repetition
rate of 0.086 Hz. This is well below the frequency where
accumulative heating from the laser is important.48 The
spectra match very well the spectra from the experiments using 10 Hz. The only difference is an enhanced
absorption of the band at 2270 cm-1, suggesting that
in the experiments with higher repetition rates additional thermal decomposition of the isocyanate group
takes place.
155 mJ cm-2. At still higher fluences (155 mJ cm-2)
very pronounced changes in the IR spectra are detected
even after one pulse (shown in Figure 9). Below 1100
cm-1 the background is rising extremely steeply, thus
not allowing an analysis of bands in this region. This
is, as discussed above, most probably due to carbonization of the irradiated surface, which leads to an overall
increase of the IR absorption in this region.38,46 This is
supported by the black optical appearance of the SiC
disk in the irradiated area. With increasing pulse
numbers the shift of the baseline is even more pronounced; therefore, only the spectrum after one pulse
can be analyzed. Similar features as for the lower
fluence irradiations are observed. The bands of the
imide system, aromatic ring, and the diaryl ether group
are decreasing, while the bands connected with the
amide and the isocyanate group are increasing. One
observed difference is the absence of the increasing band
at 1730 cm-1. This band was assigned to stretching
vibration of a carbonyl group attached to an aromatic
system. In Figure 1b the SEM picture of a SiC disk after
irradiation with 20 pulses at 155 mJ cm-2 is shown. The
difference between the irradiated area and the unirradiated area is clearly visible (top right area is not
irradiated). In the irradiated area the Kapton scrapes
(see Figure 1a) are not observed any more, although the
IR spectra still suggest the presence of Kapton.
Products of Laser Ablation. The volatile products
of laser ablation of a Kapton film were measured with
quadrupole mass spectrometer and with emission spectroscopy using the same Kapton samples and experimental setup as for the DRIFT measurements. In the
mass spectra C2H2, HCN, CO, CO2, C4H2, and C6H2
could be detected, while the emission spectra showed
the C2 and CN emission lines. The chemical species in
the mass spectra were assigned according to refs 21 and
22, which used gas-phase FTIR and GC-MS for the
assignment of the decomposition products.
Irradiation below the Threshold of Ablation:
with 10 mJ cm-2. A Kapton sample was irradiated at
1 Hz repetition rate (to exclude thermal effects) to test
whether even below the threshold of ablation any signs
of degradation can be observed. After 7500 pulses small
changes in the spectrum are detected. Our mass spectrometry setup is not sensitive enough to detect this
small amount of ablation products, but in studies using
a quartz microbalance (e.g., ref 20) a reduction of the
polymer mass at this low fluences was detected. Therefore, it can be assumed that (if at all) only portions of
the ablation products are trapped within the polymer.
The spectra match the previously described changes
after irradiation with higher fluences and much lower
pulse numbers.
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Discussion
Laser irradiation with a fluence equal to the threshold
fluence of ablation results in a slow decomposition of
the polymer. The changes in the peak areas of several
selected bands suggest a decomposition pathway as
follows.
The bands corresponding to the imide system (1780,
1745, 1390, and 725 cm-1) are decreasing. The changes
in the peak area (shown in Figure 5 for the CdO band)
are very similar for all of these bands. Corresponding
to the decrease of these bands is an increase of the bands
at 1730, 1500, and 1375 cm-1 (shown in Figure 5). These
bands are assigned to species resulting from the breakage of the -N-(CO)- band in the imide system. The
resulting structure is an amide system, with a C-N
bond (1375 cm-1), an aryl-CdO (1730 cm-1), and an
amide -(CO)-N- group (1780 cm-1), shown in Figure
7. The band at 1260 cm-1, assigned to the Car-O-Car
group, decreases in a very similar manner (shown in
Figure 5) to the bands assigned to the imide system.
Corresponding to this decrease is an increase of a band
at 1245 cm-1, assigned to a Car-O stretching vibration.
Therefore, we suggest in Figure 7 the following reaction
pathway. The imide system breaks between the imide
N and carbonyl carbon with a simultaneous decomposition of the diaryl ether group, either in the same
repetition unit or at some other place along the polymer
chain. Upon further laser irradiation a constant concentration of these species is maintained, suggesting
that creation and decomposition of these groups reach
a quasi-steady state.
This first step is probably photon-induced, but we
cannot rule out that the temperature rise, which will
take place during irradiation, is also important. A
temperature rise can also increase the efficiency of
photochemical reactions.49 It would be very difficult to
calculate a temperature rise, because the temperature
rise is closely related to the absorption depth of the laser
irradiation and depends on the lifetime and absorption
of reaction intermediates. The lifetime is strongly dependent on the complexity of the molecules. The more
complex the molecule, the longer the lifetime. In the
condensed phase as in the case of PI, such intermediates
can last for time periods of the order of nanoseconds
(laser pulse ∼20 ns). The importance of this to the UVlaser decomposition of PI lies in the UV absorption
characteristics of free-radical intermediates. Their
strongly delocalized electrons will result in a more
intense absorption of the incoming radiation than PI
itself. However, their contribution to the absorption will
be determined by their stationary concentration, i.e.,
their rate of formation less their rate of disappearance.
We do not have these data; therefore, we cannot
calculate the temperature rise.
In the next steps which could also be thermally
induced, the aromatic systems (3080, 1600, and 1515
cm-1) decompose, while acetylenes (3320 and 2255 cm-1)
are formed. At the same time isocyanate species are
detected (2270 cm-1), which decompose upon further
irradiation or by reaction with other species (e.g., water
to form amines). This decomposition is at least partially
thermal, because at low repetition rates (0.086 Hz as
compared to 10 Hz) the decrease of the isocyanate band
is less pronounced. In the following steps nitrile (2230
cm-1) and aliphatic hydrocarbons (CH) are formed (2950
cm-1), as shown in Figure 8. The increase of the peak
area of the aliphatic CH compounds is slower and nearly
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linear with pulse numbers, suggesting that these species
are formed continuously, probably through combination
reactions. The volatile products detected by mass spectrometry and emission spectra are compatible with the
mechanism described in Figure 7. The laser fluence or
the corresponding temperature increase is most probably high enough to eliminate the CO group simultaneously from the amide system.
To clarify whether the overall decomposition reaction
is purely thermal, additional experiments were performed. First we compared our data and reference mass
spectra with mass spectra obtained during pyrolysis of
Kapton.50,51 The main products from pyrolysis are
derived from a single benzene ring such as C6H5CN,
C6H5OH, C6H5NH2, C6H4(CN)2, p-aminophenol, and
C6H5NC. Benzene and its derivatives are only minor
products during laser ablation. CN, also seen in the
emission spectra, and HCN are important products of
laser ablation, while they are not detected during
pyrolysis. During pyrolysis neither small (C1, C2, or C3)
fragments nor carbon clusters (>C38) are seen while
they are abundant during UV-laser ablation. Then
additional DRIFT experiments were performed: DRIFT
spectra were recorded at different temperatures in an
air stream. The spectra were analyzed analogous to the
laser experiments. The difference spectra only showed
a continuous decomposition of the complete polymer
without pronounced intermediates. This is completely
different from the laser experiments and clearly suggests that the laser photons and therefore the photochemical step play an important role. The temperature
DRIFT experiments could be used to develop a decomposition model and to calculate even kinetic parameters
of the polymer decomposition at localized sites (functional groups) in the polymers.
The SEM picture (Figure 1b) shows the SiC disk after
irradiation with 20 pulses at 155 mJ cm-2. The irradiated area is clearly visible (lower left area). No distinct
polymer scrapes are visible, while the IR spectra still
reveal the typical bands of Kapton. A possible explanation could be the degradation of the polymer to lower
molecular weight species, which soften/flow to build a
homogeneous layer on the SiC disk.
Upon irradiation with fluences below the threshold
of ablation (10 mJ cm-2) changes in the DRIFT spectra
are observed. These in principle unexpected changes
could be due either to imperfections in the laser beam
profile, resulting in partial higher fluences, or to a slow
photolytic decomposition of Kapton not resulting in
ablation of the polymer. The latter could also account
for the difference in the threshold fluences measured
by mass sensitive techniques (QMB) and surface morphology sensitive techniques (AFM). Gaseous decomposition products, such as CO, CO2, HCN, and C2H2, could
be ejected without changing the surface morphology.
This would be detected by QMB, which indeed suggests
a lower ablation threshold than AFM.
Conclusion
Silicon carbide (SiC) is a suitable substrate for studies
of laser-induced process in polymers. The SiC substrate
is stable under the applied conditions, i.e., fluences up
to 155 mJ cm-2, and well-resolved DRIFT spectra of
polymers can be obtained. The surface sensitive DRIFT
technique allows a detection of reaction intermediates
and products of the laser-treated solid polymer. The first
step of the UV-laser (308 nm)-induced decomposition
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of the polyimide (Kapton) is the simultaneous breakage
of the nitrogen-(carbonyl carbon) bond of the imide
system and of the diaryl ether group. The resulting
species belonging to the amide system and aromatic
carbonyl groups are detected. Decomposition of the
aromatic system is detected also, and an isocyanate-rich
surface is formed. In the next steps aliphatic hydrocarbons, nitriles, and alkynes are created. Volatile species
compatible with this decomposition mechanism (CO,
CO2, HCN, and C2H2) are identified by mass spectrometry. Even below the threshold of ablation a decomposition of the polymer is detected. This could be due to
either inhomogeneities in the beam profile or real
decomposition of the polymer at this fluence. The latter
could also explain the differences in the threshold
fluence measured with QMB and AFM. The QMB would
detect the removal of gaseous species which could
happen without structuring of the polymer.
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