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Comparison of the transmission behavior of a triazeno-polymer
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Abstract. The threshold fluence, F
T)

, of ablation of
a triazeno-polymer was measured in the low fluence range
for thin films using conventional UV-spectroscopy. It was
found that there is a clearly defined F

T)
for 308 nm ir-

radiation between 20 and 25 mJ cm~2. In the case of
248 nm irradiation, a ‘‘threshold fluence range’’ between
16 and 32 mJ cm~2 was found. The ablation rate for both
irradiation wavelengths depends on film-thickness. For
the XeCl excimer-laser, the point at which the rate be-
comes independent of thickness was observed to lie at
a value which did not correspond to the calculated laser
penetration depth, whereas for the KrF laser the indepen-
dence was not reached within the applied thickness range
(up to 0.35 lm). Additional transmission measurements
have been performed showing that the target transmission
at 248 nm increases only slightly, whereas for 308 nm the
transmission increases by a factor of approximately 4.
This result shows that dynamic target absorption proper-
ties are very important for describing the ablation process.
The results derived from the transmission studies and etch
rates were analyzed theoretically with a two-level model
of chromophore absorption. For 248 nm irradiation this
model can describe the transmission behavior and the
ablation rate. In the case of 308 nm irradiation, it was only
possible to match one data set. A good agreement with the
experimental transmission ratio does not match the abla-
tion rate and vice versa.

PACS: 81.60; 42.10; 82.50

Since the first reports about etching of organic polymers
[1, 2] using pulsed UV lasers, numerous studies [3, 4]
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have been published. Applications include surgery [5—8]
and image transfer [9, 10]. To optimize pulsed UV laser
ablation of polymers one must understand the mechanism
of ablation. This would allow determination of optimum
processing parameters and material properties for the
desired application. Development of a model could elim-
inate the need for time consuming studies of each polymer
at every wavelength for all times scales. Currently this
goal has not been achieved. The mechanism of ablation
still remains partly unclear. There are mainly two
mechanisms for the first step of ablation: photo-
chemical and photothermal. Which of the two pathways is
acting or whether a mixture of both is the real driving
force of ablation in polymers remains a point of contro-
versy.

One approach to distinguish between the two path-
ways was the development of a novel class of photo-
polymers designed for ablation at 308 nm [11, 12]. The
investigations showed that the concept of designing poly-
mers for laser ablation at specific wavelengths is feasible.
These polymers are photolabile. Photolysis leads to the
production of small molecules, like N2, which can act
as the driving force for material removal and provide
the gas to transport material away from the ablation
region. These properties of the polymer resulted in
high resolution etching of one chosen polymer at 308 nm
[12].

Various models have been developed to describe
the influence of thermal aspects on the ablation character-
istics. Arrhenius-type rate expression [13], thermal
diffusion [14] and a model assuming one dimensional
heat transfer after the two-level chromophore ab-
sorption show good agreement with experimental data
[15].

In recent studies of a photochemical model, attention
was drawn to the absorption properties of the polymer
during the laser pulse [16, 17]. These results were ana-
lyzed theoretically using a ‘‘two-level’’ model of chromo-
phore absorption [18]. In this model, excited states of
the chromophore are capable of photon absorption.
The model is shown in scheme 1. In Equations 1 and 2
the single photon absorption for ablation depth and



transmission ratio is described,
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where d"the etch rate, S0"photon density striking the
surface target, S
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"photon density at the threshold flu-

ence, o"chromophore density and p"absorption
cross-section.

¹
H

¹
L
"

e (op1d)

p1S0
lnA1#e (p1S0)!1

e(o,p1d) B (2)

In Eq. 2 ¹H is the transmission of the laser pulse at various
fluences, ¹L"transmission of the sample measured with
low energy, e.g. a UV-Vis spectrometer.
The model can be extended to two-levels of excited states
(Scheme 1), as described in Eq. 3
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where S"photon density in the laser pulse (F/h),
x"depth in the target, p1"absorption cross-section of
the first excited state, p2"absorption cross-section of the
second excited state.
The absorption cross-sections can be calculated according
to (4),

a
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where o"chromophore density and p"absorption
cross-section.

The chromophore density can be calculated according to
(5)

o"n *o. (5)

where o"chromophore density, n"number of chromo-
phores and o

.
"the monomer density.

In this paper we describe our experiments to probe
this photochemical model with the same photolabile
triazeno-polymer (structure shown in scheme 2) as in
Ref. [12]. In addition we applied semiempirical calcu-
lations to determine a realistic number of chromophores,
which results in decreasing number of ‘‘free’’ fitting para-
meters.

Scheme 1. Theoretical chromophore absorption model to analyze
the dynamic absorption of the triazenopolymer. Initially the
polymer chromophores are in the ground state with the chromo-
phore density o. Absorption of photons from the laser pulse
promotes some chromophores to the first and second excited
state. The absorption cross-section of both are indicated with p

1
and p

2

1 Experimental Methods

Material. The polymer was synthesized according to
a procedure described elsewhere [19]. The Bis-triazeno
model compound, used for the semiempirical calculations
(shown in scheme 3), was synthesized and characterized
according to Ref. [20].

Thin films of variable thickness were prepared using
the solvent cast technique with spectroscopic grade sol-
vent (chloroform, Aldrich). The films were cast on quartz
wafers of 5 cm diameter and 2.2 mm thickness. The homo-
geneity of the films was tested by recording the UV spectra
at different positions of the wafer with a spatial resolution
of 5 mm.

Instruments. Irradiation of the polymer films was carried
out using a Lambda Physik EMG 102 MSC excimer laser
at 308 nm and a Lambda Physik EMG 201 MSC excimer
laser at 248 nm. The energy was measured with a Gen-Tec
joule meter, model ED 500. The UV spectra were recorded
on a Shimadzu UV 2100 spectrometer.

The sample transmission was measured using
a Hamamatsu photo tube, type R 1193 U-95, which was
equipped for the irradiation at 248 nm with an additional
filter, Hamamatsu E 3331. A Stanford Research System
Instrument, model DG 535, four channel digital de-
lay/pulse generator was used as trigger source. The pulse
was recorded with an Iwatsu TS 8123 storage scope which
was connected to a RIKEN Denshi Co. recorder.

The film thickness was determined with a Sloan
Dektak 3 profilometer.

Data collection procedure

1. Threshold fluence determination and film thickness
dependence.
The change in absorbance *A after irradiation was ob-
tained from the spectra recorded by the UV-spectrometer.
The *A value was measured at the absorption maximum
(330 nm) 2-3 times for every film. The reason for using the
absorption maximum is that this absorption is due to the
triazeno chromophore which is thought to decompose first
during the irradiation [12]. The values of *A were nor-
malized with the fluence to show more clearly the fluence

Scheme 2. Chemical structure of the triazenopolymer

Scheme 3. Structural unit of the Bis-triazeno model compound
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at which the absorption changes. A constant film thick-
ness of 0.21 lm was used for the calculation of *A/F for
308 nm and 248 nm to compare both plots directly.

2. Transmission studies.
The single shot transmission of the laser pulse (¹

H
) was

measured at various fluences. At each fluence, the pulse
shape and height was averaged over ten to twenty pulse
with a quartz wafer at the sample position as illustrated in
the experimental set up shown in scheme 4. The fluence
was adjusted by varying the sample position relative to
the fixed positions of the lens and photo tube. Five to 10
films with various thicknesses were prepared, and the
transmittance for a film of given thickness was measured
2—4 times. The sample transmission was analyzed using
the simple peak amplitude because no large pulse distor-
tions were detected and the use of the integral of the pulse
did not alter the results. The low intensity value of trans-
mission was measured for all films with a conventional
UV spectrometer. This value is called ¹

L
in agreement

with Ref. [18]. Plots of ¹
H

vs. ¹
L

are linear as shown in
Fig. 1. For each fluence the value ¹

H
for a fixed film

thickness of 0.1 lm was calculated and used for the plots
of the ratio ¹

H
/¹

L
vs. the applied fluence F. For 248 nm

irradiation, linear plots of ¹
H
vs. ¹

L
are obtained also.

Scheme 4. Experimental set-up for the transmission studies

Fig. 1. Linear plot of the transmission value at low energy ¹
L
,

derived from a UV spectrometer, vs. the values measured with the
laser experiment (¹

H
). Two different fluences (1.11 J cm~2 and

44 mJ cm~2) are shown. The higher fluence represents the case of
chromophore saturation, whereas the lower fluence shows the linear
transmission behavior (see Fig. 6)

2 Results and Discussion

To be able to apply the photochemical model for the
triazenopolymer it was necessary to determine various
parameters, such as the monomer density, the linear ab-
sorption coefficient and threshold fluence.

2.1 Measurement and Calculation of the Model
Parameters

Material constants. To analyze the ablation character-
istics in more detail, some material constants were deter-
mined. The absorption coefficient of the films was ob-
tained using films of varying thickness measured with
a profilometer. Linear regression analysis of the calculated
values from the various thick films yielded an absorption
coefficient, a

-*/
of 166 000 cm~1 at 308 nm and

66 000 cm~1 at 248 nm. The density of the polymer was
measured by floating the polymer in solutions with vari-
ous wt% of NaI in water from which a value of about
1.16 g cm~3 was determined. Using these values a mono-
mer density of 1.9 · 1021 cm~3 can be calculated.

¹hreshold of ablation. We decided to re-characterize the
threshold fluence (F

T)
) for thin films, because for the

transmission measurements thin films were used. In addi-
tion, the previous value was calculated from a linear plot
of the etch depth d (F) vs. In F according to

d(F )"
1

a
eff

* lnA
F

F
th
B (6)

where F"the laser fluence in mJ cm~2. The effective
absorption coefficient, a

%&&
, during ablation is calculated

from the slope of these plots, whereas F
T)

is the intercept
with the x-axis. With this method, the etch depth and
energy are normally averaged over many pulses due to the
pulse energy deviation of the laser (up to 20%) and the
relative high energies applied. The use of the higher fluen-
ces results in ablation depths which can be measured more
accurately, but small variations of the slope result in quite
large uncertainties in the threshold fluence.

This variation is one of the reasons why other investi-
gations have applied a quartz micro balance (QMB)
[21, 22] technique to measure the threshold with a much
higher precision. As an alternative technique, conven-
tional UV-spectroscopy is used in this study to determine
the ablation threshold with single pulses. The absorbance
of thin polymer films cast on quartz wafers were measured
before and after irradiation with various fluences, as
shown in Fig. 2. For all of the measurements, only single
pulses on fresh areas of film were used, in order to exclude
the influence of chemical (incubation) or physical (micro-
structures) changes due to successive pulses. The change
of the absorbance, *A, after irradiation was normalized
for the different fluences, *A/F. Figure 3 and Fig. 4 show
the change of the absorbance, *A/F, as a function of laser
fluence for 248 and 308 nm irradiation respectively. The
data were acquired for a film thickness of 0.21 lm. Linear
rather than logarithmic axes are chosen for a more detailed
view of the absorbance changes. The reason for choosing
this particular film thickness will be discussed later.
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Fig. 2. UV absorption spectra of a thin polymer film (about 0.2 lm)
on a quartz wafer before (a) and after irradiation (b) with a single
pulse of 30 mJ cm~2 at 308 nm. This value represents a fluence
above the threshold of ablation and the change of the absorbance
corresponds to ablation. As evident from the figure, 248 nm corres-
ponds to an absorption minimum, whereas 308 nm is close to the
absorption maximum

Fig. 3. Plots of the change of absorbance *A of thin polymer films
(0.21 lm), recorded before and after single pulse irradiation with
248 nm. The values are normalized with the applied fluence and
plotted vs. the fluence. A nearly exponential increase is detected
between 16 and 28 mJ cm~2

The threshold fluence is defined as the fluence where
a sudden increase of *A/F is observed. A comparison of
the *A/F values calculated from these experiments using
thin films and of those calculated from experiments done
in solution reveals different behaviors. In solution the
change of the absorbance in the applied fluence range is
smaller than those in the films, and no sudden increase
was observed. For the solution experiments approxim-
ately the same beam size and same absorption was used as
for the thin films. The only difference is the pathlength of
the beam through the film (100 to 350 nm) as compared to
the solution (1 cm). Values for *A/F of 1.3 with mJ cm~2
and of 1.2 with 30 mJ cm~2 result for 308 nm irradiation
(the values for 248 nm are about the same). The slightly

Fig. 4. Plots of the change of absorbance *A of thin polymer films
(0.21 lm), recorded before and after single pulse irradiation with
308 nm. The values are normalized with the applied fluence and
plotted vs. the fluence. A sudden increase is detected between 20 and
25 mJ cm~2

larger (about 10) change of *A/F for 10 mJ cm~2 in the
films is rationalized by an additional thermal decomposi-
tion of the polymer, which is caused by the exothermic
photo-decomposition due to the higher density of the
chromophores in condensed phase.

The absence of the sudden increase of *A/F in the
solutions at higher fluence indicates that such an increase
is the result of a solid state process due to the ablation. To
prove that ablation really occurred, the samples were
inspected optically after irradiation. The clean surface of
the quartz wafer was detected after several pulses, showing
that the polymer was completely removed during the laser
irradiation.

For both irradiation wavelengths (248 and 308 nm)
new values of F/%8

3)
are determined from the experiments

with the thin films at low laser fluences. The old values
F0-$
5)

, which were derived from the linear regression ac-
cording to (6) had given higher values [11]. Possible
reasons for the quite large deviations are the aforemen-
tioned errors in the linear regression analysis and changes
(physical and chemical) of the polymer for consecutive
pulses. Another possibility for the different values is
a change of the mechanism between thick films and thin
films cast on quartz. The films cast on quartz have an
additional interface between the polymer and quartz. An
influence of internal reflection did not appear in the data.
For all applied fluences linear relations between the film
thickness and the transmission value were found (Fig. 1).
Whether adhesion between the polymer and quartz has an
influence on the ablation characteristics is not totally
clear. Considering that adhesion will have the most influ-
ence on the first layer between the polymer and quartz
and the fact that for our measurement polymer always
remained (Fig. 2) on the quartz, suggests that adhesion has
only a minor influence. Other possibilities are shock
waves, reflected from the substrate and thermal heating
due to absorption of the substrate. Therefore it is neces-
sary to keep in mind that thin films might alter the
ablation mechanism.
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The new values, derived for the thin films, are com-
piled together with old values and other optical and abla-
tion parameters in Table 1.

¹hreshold behavior. A closer inspection of the Figures
3 and 4 shows that a different behavior is observed for
248 nm and 308 nm irradiation. The ablation at 308 nm,
where the polymer has a higher absorption coefficient
(Fig. 2), shows a very clear and well-defined threshold
fluence. This type of sharp threshold was previously found
only for irradiation of polyimide with an ArF excimer
laser (193 nm). In a study of polyimide laser ablation at
various wavelengths, this behavior was assigned to
a ‘‘photochemical process’’ [22]. In this study [22] only
single pulse data were employed and the thresholds of
ablation were analyzed by using the QMB technique.

The threshold at 248 nm irradiation is not clearly
defined as compared to the 308 nm threshold. A descrip-
tion as a ‘‘threshold fluence region’’ [23] is more appropri-
ate. In the fluence range from 16 to 32 mJ cm~2 an in-
crease of *A/F is detected. The increase is exponential,
followed by a constant area as shown in Fig. 3. This was
also seen by Küper et al. [22] as ascribed to a ‘‘photother-
mal mechanism’’. The threshold behavior indicates that
a photochemical model can be applied, at least for an
irradiation with 308 nm.

Another significant characteristic of the triazeno-
polymer is the difference between a

-*/
and a

%&&
, especially

at 308 nm. These values differ by one order of magnitude
which is unusual. Generally, only slight changes,
similar values, [24] or changes in the opposite direction
[25] have been reported. In the case of a higher value of
a
%&&

[25] this behavior was assigned to a ‘‘significant
increase of the temperature’’ during ablation.

One explanation for the decrease of a is chromophore
saturation, which is similar to those reported for the
ablation of collagen at 193 nm [26] and PI at 193 and
248 nm [16—18]. In these studies, the transmission of
the laser pulse through thin polymer films was used as
a probe for the dynamic target optics, which is also de-
scribed with the same theoretical model we are using in
this study.

¹hickness dependence. Before describing the transmission
behavior, the influence of the film thickness must be dis-
cussed. During the determination of the threshold fluence,
an unexpected feature was detected. For both irradiation
wavelengths, a dependence of *A/F on the film thickness
was detected. At 308 nm irradiation, this is observed
above the threshold fluence, and for 248 nm at the

Table 1. Optical and ablation parameter of the triazeno-polymer

248 nm 308 nm
irradiation irradiation

d
.!9

[lm]1 3.2 1.3
a
-*/

[cm~1] 66 000 166 000
a
%&&

[cm~1]1 41 000 18 000
F/%8
5)

[mJ cm~2] 16—32 22.5
F0-$
5)

[mJ cm~2]1 91 114
monomer density o

0
1.9 * 1021 cm~3 1.9 * 1021 cm~3

1Ref. 11.

upper level of the threshold fluence range (32 mJ cm~2).
At fluence values of 22.5 mJ cm~2 at 308 nm and
32 mJ cm~2 at 248 nm, *A/F increases with increasing
film thickness, whereas for the fluences below the thre-
shold *A/F is independent of the film thickness.

In the case of the XeCl laser irradiation, the *A/F
values increase with increasing film thickness to reach
a maximum value as shown in Fig. 5. For 248 nm irradi-
ation, an increase of the ratio can also be detected, but
with a shallower slope, as seen in Fig. 5.

In the case of KrF laser irradiation, no clear maximum
was observed within the applied range of film thickness.
Thicker films could not be used because the high absorp-
tion coefficient at the maximum resulted in optical den-
sities too large to measure.

From the UV spectra (a final curve b is shown in
Fig. 2), it can be deduced that the film is not completely
ablated at the applied fluence. The UV spectrum after the
irradiation still shows the same absorption only with
lower absorbance values.

Since a
-*/

is not valid during ablation, it must be
considered that non-linear effects like chromophore satu-
ration or decomposition of the polymer during the time
scale of the pulse, occur.

Thermal and photochemical decomposition release
energy and accelerate the polymer decomposition. This
additional energy can lead to a higher decomposition rate
than expected from the laser energy alone. Thermo-
gravimetric analysis (TG) of the polymer showed that the
exothermic decomposition starts at about 500 K [19, 20].
In the case of the photochemical decomposition, no ex-
perimental data, whether of an exo- or endothermic pro-
cess, are available. However, semiempirical MO [27] cal-
culations were conducted for a model compound (shown
in scheme 2) and its fragments; the heat of formations were
calculated using PM 3 Hamiltonian [28], and the UV
transitions were calculated by ZINDO [29] using the
INDO/1 Hamiltonian. The calculations, assuming
a homolytic bond cleavage between the NN single bond

Fig. 5. Plots of the normalized change of the absorbance (*A/F) vs.
the used film thickness. At 308 nm irradiation (e) a maximum value
is reached. In the case of 248 nm irradiation (h) maximum value is
reached within the applied film thickness
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with a subsequent release of nitrogen, also showed an
exothermic decomposition with a similar decomposition
enthalpy as that measured with differential scanning
calorimetry (DSC) for the thermal decomposition. The
result that both decomposition pathways are exothermic
gives some indication that a photothermal part in the
ablation mechanism might be involved.

Calculation of the number of chromophores. One impor-
tant parameter in the model is the number of chromo-
phores. In the previous study this number was always
used as an adjustable parameter in the model. In our
opinion it seemed to be more correct to calculate the
chromophore number independently. This would result in
a better use and evaluation of the model. The most impor-
tant property of the triazenopolymer is the absorption
maximum around 330 nm which was assigned to the
triazeno-chromophore in structural similar compounds
[30, 31].

For a more detailed analysis of the absorption proper-
ties, the UV spectrum of the model compound (scheme 3),
which was also synthesized, was calculated using semi-
empirical methods (MOPAC/ZINDO). The experimental
UV spectrum of the model compound is nearly identical
to the spectrum of the polymer. From the calculation it
was derived that four UV transitions contributed to the
absorption maximum at 330 nm. In detail, these are the
HOMOPLUMO, the HOMOPLUMO#1, the
HOMOPLUMO#2 and the HOMOPLUMO#3
transitions. The first two orbital excitations showed
a large involvement of the triazeno-group, whereas the
other two are mainly localized at the phenyl moieties.
Similar results were previously reported for aryl-dialkyl-
triazenes [31] which have the same structural unit. Start-
ing from simple chemical considerations, it can be thought
that the number of chromophores responsible for the
absorbance at around 300 nm is a low value, for example
2 or 4 per unit. On the other hand, the semiempirical
calculations indicated the involvement of the phenyl moi-
eties in the absorption properties; therefore, the chromo-
phore number in the calculation was not restricted to low
values. As a starting point for the calculation, numbers
close to the expected value were chosen.

In the case of the 248 nm irradiation, it is more com-
plicated to predict a chromophore number because the
absorption spectrum (Fig. 2) showed an absorption min-
imum around these wavelengths. Assuming a Lorentzian
profile of the UV-transitions, the KrF excimer laser can
excite both absorption bands, below and above 248 nm.
Therefore, no indication is given whether the phenyl-sys-
tem (below 248 nm) or the triazeno group (above 248 nm)
will be excited.

A simple consideration of typical values for N—N bond
energies are in the range of 1.5 to 3.0 eV (taken from
hydrazine derivatives) [32]. Therefore, both the 248 nm
(5 eV) and the 308 nm (4 eV) excimer lasers are capable of
breaking of this bond directly. For aryl-dialkyl triazene
compounds, which exhibit a similar structural unit, a rad-
ical pathway of decomposition was reported [30, 31, 33].
The first step in this pathway is the homolytic bond
cleavage between the N—N bond, creating a labile di-
azo-radical which decomposes at an extremely fast rate.

The fact that both applied lasers are capable of a direct
bond-breaking in the polymer creates the possibility of
applying a photochemical model.

2.2 Application of the Model

¹ransmission studies. To determine the influence of the
optical dynamic properties on the high etch rate at
308 nm, the transmission of the laser pulse through thin
polymer films was measured.

The ratio of ¹
H
/¹

L
as suggested by Pettit et al. [18]

was plotted against the laser fluence. For 248 nm irradia-
tion, only fluence values up to about 800 mJ cm~2 could
be used because at higher fluences (e.g. 1.1 J cm~2) abla-
tion of the quartz occurs. For the same reason, the upper
fluence limit for 308 nm irradiation is about 2.5 J cm~2.
These values are in rough agreement with studies of the
ablation of silica [34, 35] which also showed a strong
dependence of the ablation on the surface quality [35].

For the 308 nm irradiation, a clear increase of the
transmission ratio starting at about 120 mJ cm~2 is
derived (shown in Fig. 6). For 248 nm, only a slight in-
crease is found (shown in Fig. 7) although this could be
due to the limited fluence range. The dynamic optical
behavior of the polymer can provide a preliminary ex-
planation as to the difference of the experimental etch
rates compared with the expectation from the linear ab-
sorption coefficient and the prediction from equation (1).

The etch rates of the polymer together with the pre-
dicted values (from (1), dash dot line) are shown in Fig. 8
and 9 for both irradiation wavelength.

In the case of 308 nm irradiation, the difference be-
tween the experimental data and values predicted by

Fig. 6. Transmission ratio (high fluence transmission/low fluence
transmission) vs. laser fluence at 308 nm. The discrete data points
indicate the experimental results. The linear behavior is indicated with
the line at ¹

H
/¹

L
"1, whereas the line at ¹

H
/¹

L
"5.26 indicates the

theoretical maximum value for the transmission ratio according to (7).
The solid curve is the result of applying the fit parameter of Fig. 8,
which gives a satisfying result for the ablation rate. The dashed line
shows the result of a fit which gives better results for ¹

H
/¹

L
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Fig. 7. Transmission ratio (high fluence transmission/low fluence
transmission) vs. laser fluence at 248 nm. The discrete data points
indicate the experimental results. The linear behavior is indicated
with the line at ¹

H
/¹

L
"1, whereas the line at ¹

H
/¹

L
"1.95

indicates the theoretical maximum value for the transmission ratio
according to (7). The solid curve is the result of applying the fit
parameter of Fig. 9, which gives a satisfying result for the ablation
rate

Beer’s law is much higher than in the case of 248 nm. Also,
the increase of the transmission ratio ¹

H
/¹

L
vs. fluence at

308 nm exceeds that at 248 nm, showing that the target’s
dynamic optical properties could explain the experimental
etch rates.

To obtain a more detailed understanding of the dy-
namic process, the theoretical model of Pettit et al. [18]
was applied to the experimental data of the
triazenopolymer.

It was not possible to obtain satisfying fits to the
experimental data using the single photon treatment and
equations (1) and (2) [17, 18], therefore, the two-level
absorption model was used. Equation 3 may be solved
numerically using a fourth order Runge—Kutta method.
The results of numerically integrating (3) were compared
to the exact solution for the single photon absorption,
p
2
"0, (1) and (2) to benchmark the solution method.

The two calculated transmission ratios agreed to with-
in(0.1%, but the ablation depths varied by as much as
about 10%. This is not surprising since (3) is a direct
function of S but not of x.

308 nm irradiation. For both data sets, etch rate and
transmission ratio ¹

H
/¹

L
, the two-level model must be

applied. With this model, it was possible to obtain a good
fit of the ablation rate up to a fluence range of about
20 J cm~2 as shown in Fig. 8 for the polymer films with
a thickness of about 200 lm. For this fit, values for
o"7.60* 1021 cm~3, p

1
"2.184* 10~17 cm2, p

2
"

1.420* 10~19 cm2 were used which correspond to a chro-
mophore number (n) of 4. These values are consistent with
the values discussed previously. The result of this fit is
shown as the solid curve in Fig. 8, where the etch rate
based on Beer’s law is also included. This line is obviously
much lower than the experimental values. Unfortunately,
it was not possible to use the same set of fitting parameters
for the transmission ratio. The fit with n"4, shown in

Fig. 8. Ablation depth vs. pulse fluence relationship for the 308 nm
XeCl excimer laser irradiation of a 200 lm thick polymer film. The
experimental data are taken from [11]. The dash-dot curve indicates
the predicted relationship based on Beer’s law. The continuous curve
uses n"4 to reach a satisfying fit. The dash curve show the result of
different fit parameter, n"12, which must be used to reach a satisfy-
ing fit of the transmission ratio in Fig. 6

Fig. 6 by the solid line, increases much earlier (close to
10 mJ cm~2) than the measured values, and nearly reaches
the theoretical maximum value. This value is calculated
from (7)

¹
H

¹
L
K
.!9

"

1

e~plin d
"eplin d (7)

and is indicated in Fig. 6 with the dash-dot-dot line at
5.26. The discrepancy, especially at the point where the
curve increases, is not due to a bleaching of the film during
the measurement of ¹

L
. This would lead to lower values

of the transmission ratio as compared to the true film
transmission. This is stated as one possible reason for
deviations in Ref. [18]. The energy of the UV spectrom-
eter which is used to determine ¹

L
is clearly much lower

(around 0.2 lJ cm~2) [36] than the value used in Ref.
[18] (2 mJ cm~2). It is very unlikely that such a low
value would bleach the film. To achieve a satisfying
fit (dashed line) of the transmission ratio, it was neces-
sary to change the parameters to o"2.28 * 1022 cm~3,
p
1
"7.281* 10~18 cm2, p

2
"6.917 * 10~19 cm2 which

correspond to 12 chromophores. This value would also be
consistent with the possible number of chromophores, as
discussed previously. Unfortunately, the etch rate with
these values results in a curve (dashed line in Fig. 6) close
to the curve predicted by Beer’s law, which is also much
too low.

Further attempts of fitting both experimental curves
showed that the necessary parameters always follow op-
posite trends.

A multiphoton absorption process as described by
Pettit et al. [16, 17], which was successfully applied for the
ablation of teflon with femtosecond pulses at 248 nm [17]
and 798 nm [37], was not considered in this case. The two
reasons are the high absorption coefficient and the detec-
ted bleaching of the absorption in the transmission ratio,
whereas a multiphoton process would increase the
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absorption. Whether a cyclic multiphoton process [38]
described for anthracene doped PMMA can be respon-
sible for this different behavior will be the subject of
further studies. During this process, the excited triplet
states play the key role; therefore, transient absorption
spectra will give valuable information. For a similar poly-
mer where only the bridging atom between the phenyl-
ring is changed, time dependent measurements have al-
ready given valuable information [39]. According to these
results the bleaching detected in the transmission studies
can also be ascribed to the polymer decomposition during
the time scale of the pulse (in this case 351 nm irradiation
is used) [39]. In further studies, the influence of thermal
aspects must be included in the mechanism of ablation at
308 nm.

248 nm irradiation. Contrary to the results at 308 nm, it
was possible to fit the etch depth (Fig. 9) as well as the
transmission ratio (Fig. 7) with one set of parameters.

As for 308 nm irradiation it was not possible to use the
one photon absorption model, therefore again the two
level model was applied. The parameters for the fit are
o"3.04* 1022 cm~3, p

1
"2.171* 10~18 cm2, p

2
"

1.085* 10~18 cm2. This is equal to 16 chromophores. The
value of chromophores is again in the expected and rea-
sonable range for the involvement of the phenyl moieties
in the absorption. The result is shown as the solid curve in
Fig. 7. Again, the maximum theoretical value is included
as a dash-dot-dot line. Additionally, it should be stated
that the data set for the transmission ratio is very limited,
and that the Beer’s law absorption (dash-dot line in Fig. 9)
gave at least a similar result as the fit. For the linear fit, the
deviation is mainly in the higher fluence range, whereas
for the transmission study a slight increase in the trans-
mission is found. Nevertheless in the case of 248 nm ir-
radiation, the fit with one set of parameters shows agree-
ment with both sets of experimental data.

Fig. 9. Ablation depth vs. pulse fluence relationship for irradiation
of a 200 lm thick polymer film with the KrF excimer laser (248 nm).
The experimental data are taken from [11]. The two curves are
plotted over a large fluence range. The dash-dot curve indicates the
predicted relationship based on Beer’s law. The continuous curve is
the result of the two level absorption model, using the same fit
parameter (n) as in Fig. 7. The parameter is described in the text

This may be an indication, together with the different
threshold behavior as compared to 308 nm irradiation,
that there are different mechanisms acting at the different
laser wavelengths, and that the concept of designing poly-
mers for special laser wavelength is working.

3 Conclusion

The study of the triazenopolymer showed a clearly defined
threshold fluence at 308 nm, whereas with 248 nm irradi-
ation a ‘‘threshold fluence region’’ is determined. Films
with different thickness exhibit a dependence of the
change of the absorbance on the film thickness. The flu-
ence-normalized change of the absorbance, *A/F, in-
creases with increasing film thickness, to reach, in the case
of 308 nm, a constant value. For 248 nm irradiation,
a maximum value can not be reached because of the
limited range of film thickness which can be studied. The
lack of correlation between the thickness where the value
becomes constant and the linear absorption coefficient
shows that even at such low fluences a

-*/
is not valid during

ablation or that thermal decomposition takes place.
The transmission for ns UV pulses is clearly dependent

on the fluence in a range of a few mJ cm~2 to several
J cm~2. With 248 nm irradiation, only a slight increase of
the transmission ratio ¹

H
/¹

L
could be detected, whereas

with the XeCl excimer laser irradiation much higher
transmission ratio values are reached which are close to
the theoretical limit.

Again there is a significant difference between the
irradiation at 248 nm and 308 nm. The two-level model of
Pettit et al. [18] can only describe the behavior with both
sets of data for 248 nm irradiation but not for the 308 nm
irradiation. In the latter case, it is possible to reach a satis-
factory fit to either the etch rate or the transmission ratio
but unfortunately not to both sets of data. Taken together,
this demonstrates that it was not possible to apply the
photochemical model to a triazenopolymer, which is
known to be photolabile. This suggests that additional
parameters, such as decomposition enthalpy, should be
considered. Therefore it is probably impossible to sepa-
rate the ablation mechanism into photochemical or
photothermal. The mechanism will always be a mixture of
both, with a variable contribution of the photochemical
and photothermal part, depending on the polymer.
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