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Excitation Wavelength Dependence of Laser Ablation Mechanism of Urethane-Urea

Copolymer Film Studied by Time-Resolved Absorbance Measurements
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The excitation wavelength dependence of laser ablation dynamics of an azobenzene-containing urethane-urea
copolymer film was investigated by measuring the laser fluence dependence of etch depth, transient absorbance
change at each excitation wavelength, and transient absorption spectra. Moreover expansion/contraction dynamics
was studied by applying nanosecond time-resolved interferometry. The threshold was determined at several
excitation wavelengths from etch depth measurement, while time-integrated absorbance was obtained under
excitation conditions. The photon energy required to remove the topmost of surface layer of the film did not depend
on excitation wavelength, and the penetration depth of excitation pulse dominated the etch depth. When the
excitation wavelength was longer than 500 nm, permanent swelling was clearly observed but not for shorter
wavelength excitation. In the latter case, photoisomerization occurred during excitation and the following
photoreduction may play an important role. On the basis of the observations made in this study, a photochemical
and photothermal mechanisms can explain mostly the short and long wavelength excitation results, respectively.
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PHOTOCHEMISTRY AND
MORPHOLOGICAL CHANGES

Since the framework of UV-visible (VIS) absorption and
luminescence spectroscopy was established at the beginning
of the twentieth century, molecular photochemistry has received
much attention. The advent of flash photolysis techniques
opened new research fields on intermolecular and intramolecular
interactions and dynamics in the excited states and transient
species. Owning to the invention of the laser in 1960 and the
development of laser technology, the time resolution of
spectroscopy has been improved from ns to fs order. On the
other hand with the development of optical microscopy and
electron microscopy, space-resolution has been very much
improved in the late stage of the twentieth century. Laser
microchemistry as space- and time-resolved photochemistry
was started by combining laser and optical microscope
techniques [1]. Furthermore innovation of scanning tunneling
and scanning near-field optical microscopes makes it possible
to observe the single molecule or atom, which is closely
related to future photochemictry.

Minute amount changes in morphology and surface
topography are induced by intense pulsed laser irradiation of
materials, which forms new research area on solid state
photochemistry. To directly probe such morphological changes
it is necessary to apply imaging techniques that have favorably
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both time and space resolution, indeed, ultrafast imaging based
on pump-probe method is very useful and has been applied.
Irradiating pump pulse induces structural change, reaction,
melting, phase transition, decomposition, fragmentation, and so
on, and the accompanying spatial distribution of morphological
changes are imaged by probe pulse. By varying the delay time
between pump and probe pulses, we can trace such changes as
a function of delay time. Actually laser induced morphological
change was directly observed by developing and utilizing time-~
resolved imaging technique i.e. interferometry, surface light
scattering, and optical microscopy, and so on [2-7].

Intense pulsed laser irradiation of organic materials generates
high density excited states and their successive relaxation via
various photochemical and photothermal processes eventually
leads to morphological change. Thus it is important and indis-
pensable to investigate the time evolution of not only mesoscopic
morphological change as mentioned above but also the micro-
scopic change in molecular and electronic structures.

Laser ablation of polymer film is one of the interesting
phenomena which induce morphological changes as a result
of irradiation with intense pulsed laser {8,9]. This has unique
photophysical and photochemical characteristics and many
researches have conducted to reveal its mechanism [2-5,8-28].
Photophysical and photochemical processes involved may
depend on excitation wavelength (A,,), for example, solid
material ejected during laser ablation of poly(methyl methacrylate)
(PMMA) film changes depending on A, which was observed
by scanning electron microscopy (SEM). The product at 248
nm excitation had melted and coalesced into spheres, while in
the case of 193 nm excitation the product and ejected material
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did not show any signs of being heated to its melting point
[17]. In the case of polyimide film the ablation rate showed
Arrhenius-type exponential dependence on laser fluence at
248, 308, and 351 nm excitation, suggesting a photothermal
process [18]. On the other hand the etch rate at 193 nm
irradiation was linear with the fluence, which was explained
in terms of photochemical process [18]. Triazene copolyester
film irradiated at 266 and 308 nm, which correspond to the
same m—7* transition, showed photochemical nature due to
photolability of triazene groups [19].

Laser induced morphological dynamics of several polymer
films were studied by use of nanosecond interferometry. In
the case of PMMA film doped with biphenyl as a sensitizer,
transient expansion started within excitation laser pulse width
and then fragmented debris were ejected explosively [2]. While
below the ablation threshold, rapid expansion was also observed,
but the film was slowly contracted to the completely original
flat surface. The morphological dynamics was considered in
view of temperature elevation owning to efficient photothermal
conversion and glass-rubber transition of PMMA [3]. Surface
displacement dynamics due to laser-induced decomposition
of triazenopolymer [4] and nitrocellulose films [5] were also
directly measured and considered. Moreover laser-induced
morphological dynamics of polyimide film at 248 and 351 nm
excitation was studied [20]. Photochemical and photothermal
processes can mostly explain morphological dynamics by 248
and 351 nm excitation, respectively. Laser induced morphological
change is surely dependent on the kind of polymer and A,,.
This indicates that such a morphological change reflects the
difference of relaxation processes of high density excited states.
Thus it is important to elucidate the electronic and molecular
processes prior to morphological change and to understand
how excitation evolves to expansion and ablation.

Studies on laser ablation mechanism need precise measurements
of responsible molecular electronic excited states and/or
chemical transient species under the ablation conditions. It was
pointed out that absorbance at A,, changes during excitation
(19,21-27]. In order to illustrate such absorbance change at A,
multiphotonic absorption process and reabsorption of transient
species were considered. Fukumura, Masuhara, and coworkers
proposed cyclic multiphotonic absorption for doped polymer
film where lowest excited states absorb excitation photon
repeatedly during excitation pulse [24]. From experiments and
numerical calculation they revealed that via cyclic multiphotonic
absorption sample temperature rose and laser ablation was
induced. Fujiwara et al. studied laser ablation of pyrene-
doped PMMA film at 248 nm excitation and reported that
absorbance at the A, gradually increased during laser irradiation
and elucidated this phenomenon in terms of transient species
(i.e. S,, T}, and cation of pyrene) [22]. Wang et al. investigated
laser ablation of benzil or pyrene doped PMMA film and they
explained fluence dependence of etch depth by considering
absorbance change owning to photolysis and generation of
excited state of dopant [25]. Furthermore, in the case of neat

polymer film some researchers reported absorbance change
during excitation [23,26,27].

IMPORTANCE OF EXCITATION
WAVELENGTH DEPENDENCE

Transient species generated within excitation pulse play an
important role in ns laser ablation of polymer films as described
above. Thus for revealing the mechanism of laser ablation of
polymer films, it is essential to measure transient absorption
spectra to assign chemical species, to interrogate the absorbance
change at A,, during high intensity excitation, and to observe
the successive morphological change by utilizing various time-
resolved methods. Moreover it is considered that changing the
A, is effective to derive further information on mechanism as
photophysical and photochemical processes should change
depending on A,,. However until now most experiments examined
only one or few A, [17-20,23,28].

In this article we have chosen urethane-urea copolymer
containing azo chromophore at the side chain. Laser-induced
morphological change of such a functionalized polymer film
has received much attention as possible device fabrication of
materials for future optical devices [29-31], high density
memory [32,33], and so on. It is widely known that irradiation
of light to the azo chromophore induces photoisomerization
and photoreduction, so that elucidation of laser ablation
mechanism of this polymer film is interesting for photophysical
and photochemical study. Due to the broad absorption spectra
of azo chromophore and optical parametric oscillator (OPO),
we can elucidate laser ablation mechanism by tuning the A..

At the longer wavelength excitation (2500 nm) permanent
swelling was observed which was not clearly observed in the
case of shorter wavelength excitation (A, <500 nm). Transient
absorbance at the excitation wavelength and transient absorption
spectra were measured, and laser induced expansion/contraction
dynamics was measured by utilizing nanosecond interferometry.
On the basis of these results, we discuss A,, dependence of
laser ablation mechanism and the role of photoisomerization
and photoreduction.

MATERIAL AND METHODS

Sample

Sample film was prepared by spin-coating 15 wt% pyridine
solution of urethane-urea copolymer on a quartz plate. The film
was baked for 20 hr at 100°C and successive 2 hr at 150°C in
vacuum to remove the residual solvent. Film thickness was 1.7
pm. For transient absorbance and transient spectral measurement,
films with thickness of 180 nm and 190 nm were prepared,
respectively. Figure 1 shows its chemical structure and UV -VIS
absorption spectrum. The broad absorption band in VIS region is
ascribable to the trans isomer, since cis isomer is not stable at
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Figure 1. (a) Chemical structure of urethane-urea copolymer film.
(b) Absorption spectra of the film and its threshold (®) as a
function of excitation wavelength.

room temperature owing to the rapid thermal cis to trans
isomerization [34].

Ablation experiment

A KrF excimer laser (Lambda Physik Lextra 200, 248 nm, 30
ns fwhm), XeF excimer laser (Lambda Physik Lextra 200, 351
nm, 30 ns fwhm), or tunable OPO (Continuum Surelite OPO)
pumped by the 3rd harmonic pulse of a Q-switched Nd*: YAG
laser (Continuum Surelite 2, 355 nm 10 ns fwhm) was used as an
excitation pulse for inducing ablation. The fluence was adjusted
by use of partially transmitting laser mirrors for excimer lasers
and ND filter for OPO beam. A central area of the laser pattern
was chosen with an appropriate aperture and then focused onto
the sample surface by using a quartz lens (f = 200). Fresh surface
of the sample film was chosen for all experiments. The depth
profile was measured by a surface profiler (Sloan, Dektak 3), and
the etch depth was obtained as a difference of averaged levels
between non-irradiated area and irradiated one.

Transient absorbance measurement at the excitation wavelength

Transient absorbance of the film at A, was measured by using
two photodiodes [21,22]. A small part of the incoming laser
pulse was separated by a quartz plate and detected by the first
photodiode, while the transmitted laser pulse was simultaneously
detected by the second photodiode. The signals from two
photodiodes were recorded by a digital oscilloscope and then
transient or time-integrated absorbance was calculated.

Transient absorption spectral measurement

In this experiment the 2nd harmonic pulse of a Q-switched
Nd**: YAG laser (Continuum Surelite 1, 532 nm 10 ns fwhm)
was used as an excitation pulse. The monochromatic pulse of
OPO system or the 3rd harmonic pulse of Q-switched Nd*: YAG
laser was divided into two by a quartz plate; one as a probe pulse
and the other as a reference pulse. The probe pulse was introduced
to the sample surface with a normal angle. Transmitted probe
pulse and reference one were detected with two photodiodes and
recorded by a digital oscilloscope. Transient absorption was
calculated from these two signals. By varying the output wavelength
of the OPO system, we could obtain absorption spectra. Time-
resolved measurement was carried out by changing the delay
time (At) between excitation light and probe light. The delay time
was controlled by a digital delay/pulse generator (Stanford Research
System, DG 535) and monitored shot by shot with a digital
oscilloscope. Here we define At =0 as the time when the both
peaks of excitation and probe pulses were coincided with each
other.

Nanosecond time-resolved interferometry

The system of nanosecond time-resolved interferometry applied
here is same as reported before [2-5]. A XeF excimer laser was
used as an excitation pulse and a probe pulse was the second
harmonic pulse of a Q-switched Nd**:" YAG laser. Time-resolved
measurement was carried out by a similar manner as mentioned
above, while nanosecond interference patterns were acquired by
a CCD camera. In the experiment, a shift of one fringe spacing to
the left or right corresponds to an expansion or etching of 266
nm, that is, a half wavelength of the probe laser. All measurements
were carried out at room temperature in air. All data were
obtained by one-shot measurements in order to avoid effects
brought about by exciting photoproducts formed by previous
irradiation.

RESULTS AND DISCUSSION

Excitation wavelength dependence of etch depth

Upon intense pulsed laser irradiation, the sample film undergoes
permanent morphological changes. Figure 2(a) shows fluence
dependence of etch depth obtained by changing the A, from
UV to VIS region. The negative value indicates the average level
of irradiated area becomes higher than that of non-irradiated
area due to surface elevation. In this paper we call this
phenomenon as permanent swelling. In the case of A, < 500
nm, the laser-induced permanent swelling was not clearly
observed and the etch depth increases monotonously with the
laser fluence. On the other hand, at longer A, (A,,=500 nm),
the film first showed permanent swelling and underwent etching
with further increase of the laser fluence. The maximum height
of the permanent swelling was increased with A,,, and furthermore
etch rate is larger as A, increases. Figure 2(b) shows some
optical microscopic images of irradiated area at 430 nm
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Figure 2. (a) Etch depth and expansion height as a function of laser
fluence. Excitation wavelength is 351 nm (*), 475 nm (2), 530 nm
(0), and 630 nm (C). (b) Optical microscopic images obtained for
430 nm excitation and 170 mJ/cm?® (left side) and for 560 nm
excitation and 250 mJ/cm? (right side). White and gray areas in the
image correspond to ablated and non-ablated areas, respectively.

excitation (left side) and 560 nm excitation (right side),
respectively. The bad uniformity of etched area is due to poor
pulse profile of OPO system. When the A, is longer than 530
nm, fibrous residues were observed on the irradiated surface
as shown in Figure 2(b). On the contrary such residues were
not clearly observed at shorter A,,. The ablation or swelling
threshold (minimum fluence where permanent morphological
changes were observed) at each A, was determined and
plotted in Figure 1(b). Hereafter we simply call both values
the threshold in this paper. It is general to consider that the
etch rate depend on the penetration depth of excitation pulse
and the threshold is related to absorption coefficient of polymer
film. When absorption coefficient is small, the ablation threshold
is high, and vice versa. Permanent morphological changes
induced by intense laser irradiation clearly depended on A,.

Transient absorbance change at the excitation wavelength

Figure 3(a) shows transient absorbance change at 351 nm
and 475 nm excitation, respectively, where the film thickness
was 180 nm. In the case of 351 nm absorbance change was
too small to detect, so we use more thick film and correct the
difference of film thickness. At the fluence far lower than the
threshold the absorbance remained constant during excitation
at each excitation wavelength and its value is quiet similar to
that obtained by the conventional spectrometer. This indicates
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Figure 3. (a) Transient absorbance change at 351 nm (left side) and
475 nm excitation (right side). Fluence was 43, 64, 150, and 290
ml/cm? at 351 nm excitation and 1, 26, 70, and 250 mJ/cm? at 475
nm excitation from bottom to top. Dotted lines and dash dotted one
are absorbance at the excitation wavelength and the temporal
profile of excitation pulse, respectively. (b) Time-integrated absorbance
at each excitation wavelength, very low fluence (0), 10 mJ/em® (+),
near the threshold (2), 200~300 mlJ/cm? (O), and effective
absorbance (*). The solid line is absorbance of the ground state at
each wavelength, representing conventional absorption spectrum.

that absorbance change was too small to detect or any
appreciable reaction was not induced. In the case of 351 nm
excitation, the absorbance gradually increased during excitation
at 100 mJ/cm®. When we increased the fluence a similar but
faster absorbance increase was observed. On the contrary, the
absorbance decreased during excitation at 475 nm and with
increase in the fluence the absorbance change gradually became
large. The similar absorbance decrease was observed at A,,>
430 nm, which was confirmed by systematic examination like
Figure 3(a).

Time-integrated absorbance at each excitation wavelength
was calculated for different fluence and plotted in Figure 3(b).
At the fluence far lower than threshold, the time-integrated
absorbance was similar to the conventional absorption spectrum
of the film. At 248 nm and 430 nm~560 nm, time-integrated
absorbance was decreased with increase in fluence, while at
351 nm time-integrated absorbance was increased a little with
increase in laser fluence. In the case of 420 nm excitation,
time-integrated absorbance did not change appreciably until
about 20 mJ/cm? and then it decreased with further increase in
fluence.

Transient absorption spectral measurement
Transient absorption spectra of urethane-urea copolymer
film at several delay times are summarized in Figure 4. The A,
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Figure 4. Transient absorption spectral obtained at the fluence of
35 mJ/cm® for 532 nm excitation. The delay time is given in the
corresponding frame.

and fluence were 532 nm and 35 mJ/cm?® below the threshold,
respectively. At 4 ns a small absorbance increase was observed
at 355 nm and 420 nm and bleaching was observed at wavelength
longer than 430 nm. These absorbance changes (Aabs) gradually
relaxed with time evolution and after a few min later original
absorbance was recovered within the experimental error. It
suggests that most of azo chromophore was not decomposed
or was not lost even after the laser irradiation at this experimental
condition.

As Aabs was -0.22 and -0.17 at 520 nm and 540 nm for 4 ns
delay, respectively, it is presumed that Aabs at 530 nm was
between -0.22 and -0.17. From the result of transient absorbance
measurement, Aabs (at 530 nm excitation, 37 mj/cm”and 4 ns
delay) was -0.20 which coincides with that of transient
absorption spectral measurement. Here we assumed that the
difference of experimental conditions such as A,,, fluence, and
film thickness were enough little to ignore.

Naito et al. reported UV-VIS absorption spectrum changes
during photoisomerization of 4-dimethylamino-4’-nitroazobenzene
(DANAB) in polyetherimide film [34]. The absorbance around
490 nm was decreased with the increase of concentration of
cis isomer. On the contrary absorbance around 400 nm was
increased. This result resembles to the present work and chemical
structure of DANAB is very similar to azo chromophore of our
sample. Thus we infer that the transient absorbance change
shown in Figure 4 corresponds to the photoisomerization.

Expansion and contraction dynamics below the threshold

Surface morphological change at 351 nm excitation and a
laser fluence of 70 mJ/cm?, below the threshold, was measured.
By analyzing the fringe patterns the surface displacement was
estimated as a function of delay time and plotted in Figure 5.
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Figure 5. Expansion and contraction dynamics at 351 nm excitation,
where the fluence was 70 mJ/cm® below the threshold. The solid
and dashed curves represent the temporal profile of the excimer
laser pulse and its time-integration, respectively.

The surface expands during excitation and reaches the maximum
value at the end of the pulse and then the film undergoes us-
order contraction. After a few min later we could not observed
any permanent fringe shifts, that is, the film completely
contracted to original surface.

Relationship among absorbance at A, etch depth, and
threshold

Absorbance, etch depth, and threshold, which are key
parameters to understand laser ablation mechanism, correlate
with each other. Thus on the basis of experimental results and
some assumptions we discuss the relationship between these
factors. According to Lambert’s law the laser fluence after
passing through the layer, I, is given by

I = Iexp(—od) )]

Here I, d, and o are the incident laser fluence, thickness of
the layer, and absorption coefficient, respectively. If we assume
that Lambert’s law holds under our experimental conditions
and etching proceeds until the depth where intensity of the
excitation pulse reduces to the etching threshold, the etch
depth, d, is represented by the following simple equation [19]:

d = O In(Ip/ 1) 2

Here o is defined as effective absorption coefficient when
ablation was induced, and I is the etching threshold. By
comparing Eq. (2) with the result of etch depth measurements
in Figure 2(a) it is clear that o.; is not constant, which may
correspond to increasing rates of etch depth for the fluence.
Ol 1S estimated from the result of etch depth measurement for
all A, and plotted in Figure 3(b) with asterisk marker (*) after
converted into absorbance. It is worth noting that converted
O, Into absorbance is not consistent with the conventional
absorption spectrum but quite close to time-integrated absorbance
under intense excitation condition at all A,,. Thus our results
are mostly explained by considering that penetration depth of
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excitation pulse dominates etch depth.

Absorbance change was also induced during excitation near
the threshold as shown in Figure 3(a). Thus, by using Eq. (1)
and time-integrated absorbance near the threshold (0y,), we
estimated the absorbed energy by the film whose thickness is
180 nm. It was about 17 mJ/cm® at all A,,. It is interesting
feature that the energy to induce permanent morphological
changes of the film surface is not depending on the A,,.

Laser ablation mechanism

Fujiwara et al. previously reported laser ablation dynamics
of PMMA film doped with 5-diazo Meldrum’s acid (DM)
[21]. The topmost surface layer absorbed enough energy and
left the film, while the deeper part not absorbing enough
energy expanded to form a new surface which is higher than
the original one. They considered that the permanent swelling
is due to incomplete fragmentation and displacement of the
deeper part of the film. Furthermore they calculated the amount
of photodecomposed DM, which corresponds to amount of
generated N,, and showed that photodecomposition of the
dopant is not a main factor of the permanent swelling. They
concluded that photothermal processes are dominant for induc-
ing the permanent swelling even for polymer film containing
photodecomposable dopant.

Here we discuss the laser ablation mechanism of urethane-
urea copolymer film in terms of penetration depth of the
excitation pulse, photochemical, and photothermal processes.
In the case of 248 nm, 430 nm, 450 nm, and 475 nm eXcitation,
almost incident energy was absorbed at the topmost surface
layer because of high oy,. On the other hand, at 351 nm, 420
nm, and 500 nm~560 nm excitation, incident energy was
partly absorbed at the surface layer and residual energy was
absorbed at the underlying layer. At 500 nm~560 nm excitation,
o, was decreased with increase in A, and height of the permanent
swelling showed opposite tendency. Thus it is considered that
due to the increase in penetration depth of excitation pulse
deeper part of the film contribute to the permanent swelling
and height of the permanent swelling was increased. These
results were consistent with the result reported by Fukumura
et al. [11]. On the other hand, the permanent swelling was not
clearly observed at 351 nm and 420 nm excitation, which
means that excited deeper part of the film did not contribute to
the permanent swelling. This result implies that energy dissipation
mechanism should be different, maybe, photochemical processes
play an important role in these wavelength regions.

Ronayette et al. studied the photoreduction of azobenzene in
isopropanol and reported that only the cis isomer is photoreducible
[36]. Watanabe er al. reported that irreversible photobleaching
of polyurethane and urethane-urea copolymer film was caused
by reduction [37]. It is widely known that reduction of azo dyes
eventually produces a series of anilines [38-40]. Furthermore
Vydra et al. reported that, from IR-spectroscopy and GPC
measurements, excited azo dye causes not only a destruction
of itself but also a partial degradation of the polymer backbone

[41]. Thus if we assume that initial stage of photoreduction
are common for our sample and azobenzene, photodegradation
of our sample is induced via cis isomer. According to the result
of our transient absorption spectral measurement and other
researcher’s previous report [42], it is considered that cis isomer
of our sample possesses the broad absorption band around
400 nm and photodegradation is effectively induced by excitation
at this band. Consequently, decrease of time-integrated absorbance
at 420 nm excitation may be ascribed to photodegradation.

In the case of high fluence excitation, time-integrated
absorbance at shorter A, (A, <530 nm) was larger than that of
longer one as show in Figure 3(b). In other words, penetration
depth of excitation pulse at shorter A, is shallower than that of
longer one. When the excitation pulse of same intensity is
introduced to the sample film, the thickness of excited surface
layer is larger for shorter A,, than for longer one. That is, density
of excited state becomes higher for shorter A,,. Moreover not
only thermal degradation but also photochemical decomposition
occur at the shorter A, as considered above. Thus it is considered
that irradiated polymer was more effectively decomposed into
small fragments at shorter A,,. This is consistent with optical
microscopic images shown in Figure 2(b).

CONCLUSION

Now we summarize possible laser ablation mechanism of
urethane-urea copolymer film on the basis of the present
results. Trans isomer is first excited and then some is partly
converted into cis isomer owing to photoisomerization during
excitation. In the case of shorter A, generated cis isomer
reabsorbs the excitation photons and successive degradation
of polymer maybe brought about. The sudden volume expansion
owing to generation of small decomposed products and/or
temperature elevation becomes large enough to induce volume
explosion, leading to ablation. Moreover it is considered that
transient expansion of the film surface below the ablation
threshold shown in Figure (5) is caused owing to such a
volume expansion. On the other hand, in the case of longer A,
in which cis isomer might have low molar absorptivity,
reabsorption by cis isomer is little. Thus photon energy absorbed
by trans isomer is eventually converted to heat via vibrational
relaxation, resulting in rapid temperature elevation and as a
result permanent swelling and ablation are induced.

Although our proposed mechanism seems to explain the
experimental results presented here, still several questions are
left. Why the energy required for inducing permanent
morphological change does not depend on A, consequently,
ablation mechanism? Which mechanism brings about transient
expansion and contraction as shown in Figure (5); thermal
expansion or volume expansion due to generation of small
decomposed products via photochemical processes? Thus
further experiment is indispensable to answer these questions
and to confirm our mechanism. Time-resolved interferometric
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measurement at several A, is now in progress in our laboratory.

Mechanistic study on laser ablation is indeed one of repre-
sentative research areas of solid state photochemistry.
Combination of time-resolved spectroscopy with time-resolved
imaging method is surely important and indispensable, which
is opening new photochemical studies.
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