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Abstract
The influence of pulse duration on the laser-induced damage in undoped or infrared-absorbing-dye doped thin triazenepolymer films on glass
substrates has been investigated for single, near-infrared (800 nm) Ti:sapphire laser pulses with durations ranging from 130 fs up to 540 fs and
complementarily for infrared (1064 nm) Nd:YAG ns-laser single-pulse irradiation. The triazenepolymer material has been developed for high
resolution ablation with irradiation at 308 nm. Post-irradiation optical microscopy observations have been used to determine quantitatively the
threshold fluence for permanent laser damage. In contrast to our previous studies on a triazenepolymer with different composition [J. Bonse, S.M.
Wiggins, J. Solis, T. Lippert, Appl. Surf. Sci. 247 (2005) 440], a significant dependence of the damage threshold on the pulse duration is found in
the sub-picosecond regime with values ranging from 500 mJ/cm2 (130 fs) up to 1500 mJ/cm2 (540 fs). Other parameters such as the film
thickness (50 nm and 1.1 mm samples) or the doping level show no significant influence on the material behavior upon irradiation. The results for
fs- and ns-laser pulse irradiation are compared and analyzed in terms of existent ablation models.
# 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Laser processing of polymers is an area of great research
interest mainly due to its large number of potential applications
in the material and biomedical sciences [2,3]. Most of those
applications have concentrated on the UV regime where many
polymers of interest are highly absorbing [4].
Much less work has been performed applying infrared laser
pulses to polymers. Due to the given transparency of most
polymers it is difficult to obtain satisfying ablation results in
that wavelength range. One concept to overcome this problem
might be the highly nonlinear interaction mechanisms in
dielectrics upon irradiation with high intensity ultrashort laser
pulses. Consequently, femtosecond laser pulses are suitable to
structure successfully commercial polymers such as polymethylmethacrylate (PMMA) [5,6]. It was demonstrated by
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Krüger et al. [6] that thick PMMA layers doped with an IR-dye
can be structured in the near IR range with femto- and
nanosecond laser pulses, while pure PMMA could be processed
only with fs laser irradiation in the near IR range. For doped
PMMA, the ablation threshold fluence for ns-laser irradiation is
about two times higher than for fs-laser treatment. For pure
PMMA, the ns-laser fluence had to be at least 10 times higher,
and still no clean ablation could be achieved.
One other polymer group of particular interest is that of the
triazenepolymers (TP) [7] which are photochemically very
active upon UV irradiation and which feature superior ablation
properties for irradiation at a wavelength of 308 nm [8]. These
polymers have recently attracted numerous applications, e.g.,
as a photoresist material in laser lithography and also for laser
plasma thrusters in micro-/nanosatellites [9].
In three previous publications [1,10,11], we have studied the
behavior of triazenepolymer films upon irradiation with nearinfrared femtosecond and picosecond laser pulses. The first work
[1] utilized real-time reflectivity (RTR) measurements to determine the physical mechanisms acting during the exposure to
different pulse durations in the range from 130 fs to 2.6 ps and at
fluences below and slightly above the ablation threshold fluence.
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A model based on optical interference effects was proposed to
explain the observed transient reflectivity changes, the basis of
which is the decomposition of the polymer within the film
material. This model was then further supported by the second
study [10] employing both in situ (RTR) and ex situ (scanning
force microscopy, modulated lateral force microscopy) techniques for fluences in the ablative regime. In a third study [11], we
have extended our research towards the irradiation with multiple
fs-laser pulses per spot. RTR measurements revealed a significant
incubation behavior which manifests in a decreasing damage
threshold fluence with increasing number of pulses per spot.
In the present study, the behavior of triazenepolymer films
(with a slightly varied chemical structure) upon single nearinfrared (NIR) fs- and single infrared (IR) ns-laser pulse
irradiation has been investigated regarding the influence of
different film thicknesses and the doping concentration with an
IR-dye.
2. Experimental
The polymer films, with a chemical structure as shown in
Fig. 1(a), have been synthesized according to a procedure
described elsewhere [12]. The samples for the experiments
have been prepared on glass substrates by spincoating a 5 wt.%
solution (for films having a thickness of 1.1 mm) and a
1.5 wt.% solution (for films having a thickness of 50 nm) of
the polymer in a 1:1 mixture of cyclohexanone/chlorobenzene
with one additional drop of a surfactant (Pluronic L-62). The
5 wt.% IR-165 (from Epolin Inc.) was used as absorber to
enhance the optical absorption coefficient in the near IR and
was added to the polymer solution prior to spincoating.
After spincoating, the polymer films were dried for 24 h,
followed by a solvent removal step (40 8C for 24 h under
nitrogen atmosphere).
The linear absorption coefficient was measured with a UV–
vis-NIR Spectrophotometer (Cary 500, Varian) for thin films

spincoated on quartz substrates. The film thickness was
determined with a stylus profilometer (Dektak 800, Veeco).
A commercial chirped pulse amplification (CPA) Ti:sapphire laser system (Spectra Physics, Spitfire), providing
linearly polarized pulses at a wavelength of l = 800 nm, was
used for irradiation. By exploiting the CPA technique, the pulse
duration t has been continuously varied between 130 and 540 fs
by changing the separation length of the diffraction grating and
retro-reflector in the compressing section of the amplifier
system. The duration of the laser pulses has been measured
using a single-shot autocorrelator (Spectra Physics, SSA) by
fitting the pulses to a temporal Lorentzian profile. The laser
pulse energy was measured by means of a pyroelectric detector
(Ophir, PE-9).
In the fs-irradiation set-up, the sample was placed at normal
incidence in the focal plane of a 10 microscope objective
(Mitutoyo, M-Plan NIR, numerical aperture (NA) = 0.26),
resulting in an almost circular laser spot on the surface which
corresponds approximately to a spatial Gaussian distribution
with a (1/e2) diameter of the order of 2w0  20 mm.
The irradiations with ns-laser pulses have been performed
with the fundamental wavelength (l = 1064 nm) of a Nd:YAG
laser (Brilliant BW from Quantel) with a pulse duration of 6 ns
and a supergaussian beamprofile with some hotspots. This laser
beam was then focused by a lens with a focal length of 100 mm
to a diameter of approximately 200 mm on the sample surface.
An xyz-translation stage was used for precise positioning of
the sample after each single pulse irradiation event in air for all
wavelengths.
3. Results and discussion
3.1. Optical characterization of the triazenepolymer films
Fig. 1(b) and (c) shows the optical absorption spectra of the
TP polymer. In Fig. 1(b), the absorption coefficient is given in

Fig. 1. (a) Chemical structure of the triazenepolymer (TP), (b) optical absorption spectrum of the undoped TP film material in the UV–vis spectral range, and (c)
optical absorption spectra of the undoped (solid line) and a doped (dashed line) TP material in the NIR-IR spectral range. The vertical lines indicate the wavelengths of
the two different laser systems used for irradiation.
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UV–vis spectral range between 200 and 600 nm for the
undoped TP film material. The pure TP polymer starts to absorb
strongly for wavelengths shorter than 400 nm, having
absorption coefficients a > 104 cm1. In other words, for
those wavelengths, the optical penetration depth (1/a) is
smaller than 1 mm, i.e., the film thickness of the thicker TP film
samples. The dominant absorption peak can be observed for
wavelength around 340 nm reaching a maximum absorption
coefficient of 1.1  105 cm1.
Fig. 1(c) displays the absorption coefficient of the doped and
the undoped TP material in the NIR-IR range for wavelengths
between 700 and 1200 nm. In this range, the undoped TP
material is essentially transparent (a < 80 cm1). Due to
doping with the IR-dye, the absorption of the TP film material
can be enhanced significantly, reaching values for a up to
3300 cm1 at the fundamental Nd:YAG laser wavelength
(1064 nm). This value corresponds to an optical penetration
depth of 1/a  3 mm.
Both the doped and undoped TP polymer films have been
subjected to single laser pulse irradiations at two pulse
durations (130 fs and 6 ns) in the NIR-IR spectral range. In the
case of ns-laser pulse irradiation at l = 1064 nm, the coupling
of optical energy should be mediated via the absorbing IR-dye,
whereas in the case of fs-laser pulse irradiation at l = 800 nm, it
could be achieved via nonlinear absorption processes.
3.2. fs-Laser pulse irradiation
The fs-laser damage threshold fluence has been determined
using the method of Liu [13] by evaluating the squared
diameters D2 of the permanently damaged surface area as a
function of the laser peak fluence f0 and by subsequent backextrapolation D2 ! 0. An example is given in Fig. 2 which
shows the results for the 1.1 mm thick undoped TP film upon
irradiation with five different pulse durations in the subpicosecond range. The damage thresholds obtained by the
back-extrapolation clearly shows a dependence on the laser
pulse duration.

Fig. 2. Squared diameters of the permanently damaged regions in an undoped
1.1 mm thick TP film as a function of the incident laser peak fluence for five
different pulse durations in the sub-picosecond range (l = 800 nm).
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Fig. 3. Damage threshold fluence as a function of the pulse duration for all
different TP samples (l = 800 nm wavelength). The solid line represents a leastsquares-fit to the model of Stuart et al. [14] for the simultaneous absorption of
two photons as the dominant energy deposition process.

Fig. 3 shows the damage threshold values as a function of the
laser pulse duration in the sub-picosecond range for all four
different (doped and undoped 50 nm and 1.1 mm thick) TP
films in a double-logarithmic plot. A significant dependence of
the threshold values on the pulse duration can be observed with
values ranging from 500 mJ/cm2 (130 fs) up to 1500 mJ/
cm2 (540 fs). Apart from the 1.1 mm thick doped film, all
samples show the same threshold values within the experimental error, irrespective their thickness or doping level. The
threshold fluence values of the 1.1 mm thick doped films are
systematically higher by approximately 20%.
The threshold values of all films decrease strongly for pulse
durations between 540 and 350 fs. For even smaller values
down to 130 fs, the decrease of the threshold follows a
characteristic square-root-scaling behavior with the pulse
duration t. This scaling is indicated by the solid straight line,
which represents a least-squares-fit of our experimental data
points to the model of Stuart et al. [14], fth  t (m1)/m for m = 2.
This is an indication that the deposition of the optical energy into
the TP material is dominated by optical two-photon absorption
processes. This result is consistent with the linear absorption
spectra shown in Fig. 1(b), which show that the TP polymer starts
to linearly absorb radiation having a wavelength shorter than
400 nm (photon energies > 3.1 eV). Hence, in the case of fslaser pulses providing (at the damage threshold) peak intensities
of the order of 1012–1013 W/cm2, the photon energy necessary to
excite the material can be provided by the simultaneous
absorption of two photons each having an energy of 1.55 eV.
Hence, the behavior of both the undoped and the doped TP
polymer films investigated in the present study is somewhat
different from that studied in a previous study [1], where it was
found that linear absorption processes dominate the damage
process of the undoped polymer films having 1 mm thickness.
This could be related to the somewhat different chemical
structure of the two different polymers.
Moreover, it is interesting to note that no significant
difference of the damage threshold fluence has been observed
here for very different film thicknesses of 50 nm and 1.1 mm, as
it could be expected on first sight within the frame of the
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interference based damage model we have presented in our
previous study [1]: in that work, it was concluded from timeresolved reflectivity measurements that interference effects due
to the formation of a standing optical wave along the fs-laser
beam axis within the TP films are present in a very narrow
fluence range (t = 130 fs: 395–410 mJ/cm2) well below the
threshold of permanent damage (t = 130 fs: 495 mJ/cm2). This
standing wave then periodically modifies the optical properties
of the polymer material due to the local (microscopic) release
of nitrogen gas as a consequence of the decomposition of the TP
at its weakest bonds. From the fact that, in the present study, the
damage threshold fluence is not affected by the TP film
thickness, along with the fact that the permanent damage is
accompanied by the formation of a macroscopic bubble within
the polymer films [10], we conclude that the permanent film
damage is not initiated at the maxima of the standing optical
wave but rather at the polymer/glass interface, where defects
tend to pile up during the preparation of the films. Note that our
actual findings are fully consistent with our previous study [1],
where also a disappearance of the interference effects was
observed in the fluence range (t = 130 fs: 410–495 mJ/cm2)
when approaching the damage threshold fluence. Moreover,
additional influences of the different focusing conditions in Ref.
[1] and the present work cannot be excluded completely.
It has been shown in Fig. 3 that the damage threshold fluence
of our TP films does not depend significantly on their doping
concentration. Hence, it can be concluded, that the coupling of
the optical energy into the polymer material during the fs-laser
pulse irradiation does not occur at the chromophore of the
dopant (IR-165 dye) but in the polymeric host material itself.
This behavior is similar to the case of polycarbonate (PC)
where very similar threshold values have been found for the fs
laser pulse irradiation of undoped and doped bulk samples
[5,15].

damage was observed for the undoped TP films of both film
thicknesses upon single ns-laser pulse irradiation. At a fluence
level of 9000 mJ/cm2 the glass substrate was damaged and it
was not possible to work at higher fluence values.
Fig. 4 shows the squared diameters D2 of the damaged
surface area as a function of the laser peak fluence f0 for the
two doped TP films of different thickness. A clear dependence
of the damage threshold fluence on the film thickness is visible.
A threshold of 345 mJ/cm2 was determined for the 1.1 mm
thick film, whereas the 50 nm thick film had a somewhat higher
damage threshold of 435 mJ/cm2.

3.3. ns-Laser pulse irradiation
The ns-laser damage threshold has been determined
according to the fs-laser pulse irradiation experiments. No

Fig. 4. Squared diameters of the permanently damaged regions in the doped
50 nm and 1.1 mm thick TP films as a function of the incident laser peak fluence
ns-laser pulse irradiation (t = 6 ns, l = 1064 nm).

Fig. 5. Optical micrographs (reflection) of undoped (a) and doped (b and c)
1.1 mm thick TP films after irradiation with single fs- and ns-laser pulses: (a and
b) f0 = 11000 mJ/cm2, t = 130 fs, l = 800 nm; (c) f0 = 2500 mJ/cm2, t = 6 ns,
l = 1064 nm. Note that the micrographs shown in (a) and (b) have been
obtained by a monochromatic illumination at 632 nm, whereas the micrograph
in (c) has been obtained by white-light illumination.
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An explanation for the higher ablation threshold of the
thinner polymer film could be the higher thermal conductivity
of the glass substrate compared the polymeric material: since
the glass substrate is essentially transparent at the laser
wavelength of 1064 nm, the absorption of the ns-laser pulse
energy mainly occurs in the doped TP polymer film. On the
other hand, the thermal conductivity of the polymer material is
significantly lower than that of the glass, which, therefore, can
act already during the ns-laser pulse as an efficient heat sink for
the deposited optical energy if the film thickness is smaller than
the thermal diffusion length within the film material.
Fig. 5 shows a comparison of the single fs- and ns-laser pulse
irradiation results as obtained for the 1.1 mm thick films by
optical microscopy in reflection. In Fig. 5(a) and (b), surface
areas of the undoped and the doped TP films are shown after
irradiation with a 130 fs laser pulse having a peak fluence level
around 11000 mJ/cm2. Even if the damage threshold fluence of
the TP films does not significantly depend on the doping level
(supported here by the nearly identical damage diameters in
both images resulting from the irradiation at similar fluences),
their ablation morphologies show distinct differences: in the
case of the undoped TP film (Fig. 5(a)), a 5 mm broad annular
feature can be observed within the laser damaged region, which
might arise from the laser-induced formation and the
subsequent collapse of a bubble within the film material. In
contrast, the doped film [Fig. 5(b)] shows only a narrow fine
dark line bordering the laser-damaged region. It is evident that
the fs-ablation of doped TP material provides a superior
ablation quality. For purpose of comparison, an optical
micrograph of a surface region in the doped TP film subjected
to a ns-laser pulse with a peak fluence of 2500 mJ/cm2 is shown
in Fig. 5(c). Thermal effects such as splashing and filaments
(fibers) can be observed in and around the damaged surface
region, which can limit the precision of the laser processing.
The formation of such fibers upon ns-laser irradiation has
previously been observed on PMMA by Weisbuch et al. [16].
4. Conclusions
The irradiation of doped and undoped triazenepolymer thin
films (50 nm and 1.1 mm thickness) on glass substrates by
single ultrashort Ti:sapphire laser pulses (130 fs to 540 fs) and
by 6-ns-Nd:YAG laser pulses has been studied in detail. In case
of sub-picosecond pulse durations in the NIR, no significant
dependence of the damage threshold fluence on the film
thickness or the doping level has been found. The missing

7791

sensitivity of the damage threshold on the doping concentration
indicates that the absorption of the fs-laser pulses does not
occur at the chromophore of the dopand (IR-dye) but in the TP
polymer itself. In contrast, for ns-laser pulses in the IR, the
damage threshold of the doped TP material clearly depends on
the film thickness. Higher threshold values have been observed
for the thinner films, indicating that the thermal conductivity of
the substrate plays an important role. Interestingly, the undoped
TP films cannot be directly ablated with ns-IR laser pulses since
they have a higher damage threshold than the underlying glass
substrates.
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