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Abstract

Physical mechanisms of UV-laser ablation of polyimide (Kapton H) are discussed for different laser pulse duration from
long (p.s) to ultra-short (ps) laser pulses. Theoretical analysis of experimental data suggests that with long laser pulses the
mechanism appears to be thermal. The activation energies for ablation are about 1.5 eV, and typical temperatures lie in the
range 1400-1800 K. With ns pulses one can distinguish between the mass loss due to depletion of light volatile species from
the bulk of the polymer, and the real ablation. The former is especially important near the ablation threshold. For sub-ps
laser pulses ablation may proceed via preferential removal of electronically excited species. Here, decrease in delay time
between two subsequent laser pulses may result in a decrease in ablation rate due to saturation and bleaching effects.

PACS: 81.15.Fg; 82.50.-m; 42.62.-b
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1. Introduction

Although the UV-laser ablation of organic polymers
was intensely investigated during the last 15 years (see [1],
and references therein), the mechanisms of ablation are
still not completely clear. The present paper is devoted to
the UV-laser ablation of polyimide (PI) which is one of the
most thermally and mechanically stable polymers, and its
processing is attractive for many applications.

The main problem in the interpretation of the experi-
mental data on UV-laser ablation kinetics is the lack of
reliable in situ temperature measurements. Usually, the
corresponding temperatures are estimated from the model
calculations. The thermophysical and kinetic parameters of
PI are hardly known for the typical ablation temperatures.
Therefore, it is attractive to extract them from the experi-
mental results, and to trace the influence of their changes
onto the theoretical predictions.

The picture of ablation may vary with the duration of
the laser pulse. .

In the region of ultra-short laser pulses the net effect of
the two pulses with near threshold fluences decreases with
decreasing delay time between them [2].

The near threshold ablation kinetics of nanosecond
laser pulses (7-30 ns) [3], and its theoretical analysis [4]
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show, that the apparent activation energy is about 0.7 eV
for the data at 248 nm. This is in contradiction with the
good thermal stability of PI. At the same time, this kinetics
does not follow the ‘*photochemical law’” typical for the
direct bond breaking, at least with laser wavelength A >
248 nm. If we consider thermal covalent bond-breaking
(3-5 eV, [5]) mechanism of PI ablation, then high temper-
atures (about (6-10) X 103 X), are necessary to reach the
experimentally observed ablation rates. These temperatures
are in contradiction with recent direct measurements [6]
which reveal T= 1660 K for PI at 248 nm KrF-laser
radiation.

In the region of long ns to ws laser pulses PI was
successfully ablated in air by a single pulse of cw Ar*-laser
light (A = 302 nm) [7]. With sub-threshold conditions the
surface was modified, which resulted in surface morphol-
ogy changes [8]. The threshold fluence was found to
depend on laser pulse duration. At the same time, experi-
ments [9] did not reveal any significant difference in
ablation kinetics for pulses with 7= 7 and 300 ns (XeCl-
laser at 308 nm).

Finally, with multiple irradiation by ~ 360 nm lines of
cw Ar + -laser laser with dwell time in the ms range, the
ablation (in vacuum) may become impossible [10]. Here,
the carbon-rich residue (glassy carbon) was formed. All of
the oxygen was eliminated from the polymer, mainly in
form of CO molecules.

The small activation energies near the threshold may be
associated with the thermal depletion of small volatile
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fragments from the bulk of the PI. High rate of depletion
may ultimately lead to a destruction of the polymer chain
and a complete ablation of the polymer, while with the
slow rate the recombination process may lead to the
formation of almost an non-ablating residue. Within the ps
pulse range, the photophysical mechanism with preferen-
tial ablation of excited species [11] may dominate. This
mechanism is relevant for the ns range only if the thermal

relaxation time is rather long. Among other factors which

may play an auxiliary role are ‘‘weak bonds’’ [12], al-
though their number is insufficient to provide the station-
ary ablation regime, and laser-induced stresses [13].

In the present paper we start with the analysis of long
ws laser pulses using the AFM measurements of etched
depth on PI ablated in air by cw Ar*-laser [7]. The
theoretical analysis is done on the basis of stationary
ablation model [14] combined with the measurements of
the delay time for ablation at fixed laser intensity. It allows
to estimate the apparent activation energy, enthalpy and
the surface temperature. Analysis of the data shows, that
the ablation kinetics is described well by the thermal
model with activation energies of about 1.5 eV.

Then we show, that the depletion of light volatile
species may be responsible for the Arrhenius tails in mass
loss kinetics [3] for shorter laser pulses (7,= 15 ns). This
kinetics may be explained also by the photophysical model
with relatively long thermal relaxation times.

Finally, we discuss the two-pulse ablation kinetics for
the ultra-short laser pulses [2]. Here the role of electronic
excitations becomes crucial.

2. Dependence of the ablation velocity on laser intensity
stationary ablation regime

The conventional method to investigate the kinetics of
laser ablation is to measure the thickness of ablated mate-
rial, Ah, as a function of laser fluence ¢ = I,7, for a fixed
duration of the laser pulse, 7, at sufficiently high inten-
sity. If the thermal mechanisms play an important role in
ablation, the dependence of ablated depth on laser pulse
length at constant laser intensity /, provides a more conve-
nient frame for the analysis of experimental results.

Let us assume that ablation has primarily thermal na-
ture. Then, if the duration of the laser pulse is long
enough, after a certain transition period the regime of
stationary ablation [14,15] is reached. The meaning of the
words ‘‘long enough’ in this context is explained in
Section 3. The characteristics of this regime can be found
from the solution of the heat conduction equation and the
temperature dependence of the material removal rate. The
stationary heat conduction equation for the temperature T
can be written in the coordinate system fixed with the
ablation front as:

dT d( dTr

—vep—=—|k—|+@, 1
Udez dz Kdz) B )

where « is the heat conductivity, p density, and ¢ specific
heat (per unit mass) of the polymer, v is the stationary
velocity of the ablation front. Q is the source term, which
in the simplest case is given by the Bouguer law. Integrat-
ing (1) over z with boundary conditions at infinity

dTr
T|iew=T,, and—

4zl 0 @
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we ‘find the first integral of the heat equation (energy
conservation law):
daT ’
Aly=k— + H(T), 3)
dz =0

where T, = T(z=10) is the surface temperature, and A is
the absorptivity of the material (we neglect screening by
the plume). We also introduced the enthalpy of the solid
phase: H(T) = [f:c(T)dT.

The first term in r.h.s. of Eq. (3) can be found from the
condition of the energy flux continuity. The flux of energy
is given by the sum of the flux due to the heat conduction,
and the energy transported by the macroscopic motion.
The latter includes both the internal enthalpy and the
kinetic energy of the moving media. Equating these fluxes
at both sides of the ablation front (situated at z =0 in the
moving coordinate system) one obtains (see also [14], and
references therein)

dT v? dr,
—K— —pu| H+ — | = —k,—
dz =0 2 gdz 2=0
%
Pale Hg-i-? NG

where index g refers to the gas phase (plume), H and H,
are the enthalpies of the polymer and the gas (per unit
mass), v, is the gas velocity within the coordinate system
fixed with the ablation front. The estimation shows, that
for moderate laser intensities with subsonic velocities of
ejected gaseous products, we can neglect terms o v?, v2,
which are related to kinetic energies of the polymer and
the gaseous products.

The thermal flux from the gas phase is negligible for
the inert plume. If the chemical reactions take place within
the plume (for example, post-oxidation in the air, sec-
ondary decomposition, etc.), this flux should be taken into
account. We approximate this term as proportional to the
mass flux:

1,

gdz B 0=vach€v (5)

where L, is the average heat effect of chemical reaction
(for exothermal reactions Ly, >0), and €<1 gives the
fraction of the energy which is transferred back to the
surface of polymer.
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Finally, we use the condition of the mass flux continu-
ity, pgv, = pv, and assume for the difference in enthalpies
of gas and solid phases:

H(T,) —H(Ts)=L+fTT‘cg(T)dT—jTTSC(T)dT, (6)

where L is the latent heat of material vaporization.
Using Eqs. (4)-(6) we can rewrite the energy conserva-
tion law (3) in the form convenient for further analysis:

Aly=pol, with H(T) =L = eLy,+ [ c(T)aT. (7)
. Ce

Coefficient H may be considered as an apparent enthalpy,
which characterizes the energy consumption in stationary
one-dimensional ablation. Eq. (7) provides one relationship
between v and 7. The second one is given by the relation
between the stationary ablation velocity and the surface
temperature. We assume, that it has the Arrhenius behavior
v=u(T) = voexp(—T/T), ®)
where the preexpomential factor v, is by the order of
sound velocity in solid material [14]. Here, T, may also be
considered as an apparent activation temperature. Its use-
fulness will become clear in Section 4 where it is shown,
that 7, remains constant in the broad range of experimen-
tal parameters.

At the first glance it seems that the two equations (7),
(8) allow to obtain both the temperature T, and the activa-
tion energy 7, if the dependence of the stationary ablation
velocity v is measured as function of laser intensity /.
However, there are two intrinsic difficulties in this ap-
proach. First, the temperature dependence of A is not well
known at high temperatures. Second, v in (8) is a very
sharp function of temperature, which makes (7) and (8)
practically independent, and (7) allows to determine H ,
while (8) allows to determine only the ratio T,/T,. In
order to extract both T, and T, additional experimental
information should be used.

3. The delay time and the ablation threshold

Usually, the threshold of laser ablation is considered as
threshold in fluence. If the laser intensity is fixed, the
ablation occurs only if the duration of the laser pulse is
long enough. The meaning of this delay in the thermal
model, is that the material should be heated up to the
temperatures when the ablation velocity (8) becomes sig-
nificant. Before that, the surface temperature can be esti-
mated from the time dependent solution F of the heat
equation, which completely neglects ablation

T(z=0,t) = F(Io,1). ©) .

In general, F depends on the temperature dependences of
material parameters and surface modifications due to laser
irradiation, which may make it non-linear with respect to

I. As a simplest measure of the delay time ¢, one can take
the time, when the surface temperature given by Eq. (9)
reaches its value in the stationary regime, 7,. In the
subsequent analysis we employ for F the solution of the
linear heat conduction equation with constant parameters
[16]. This leads to an equation

Al

2 2
— ﬁ\/Daztv +eP% verfeyDa?t, — 1.
(10)

Here, @ is the absorption coefficient and D =« /cp the
heat diffusivity of the polymer. If the parameters of the
material are known, and 7, is measured experimentally,
(10) alone allows to estimate the temperature of stationary
ablation 7;. Then, T, and H can be determined from Egs.
(8) and (7) respectively, and the experimentally measured
dependence v(I,).

There are several weak points in this simple procedure.
One is obvious: the material and gas phase parameters are
not well known at elevated temperatures. A more subtle
question is related to the determination of ¢, and its
connection to the ablation threshold. In the picture pre-
sented above there is no ablation at ¢ < ¢, before T(z = 0)
reaches T, and after that ablation proceeds at a constant
rate which corresponds to the velocity of the stationary
ablation wave:

=T, +

0, t<t,

Ak(t) = {U(t-—tv), t>1, an

Thus, ¢, should be taken as an intersection point of the
linear interpolation of the kinetic curves AA(r) with the
time axis. In reality, this picture is oversimplified.

First, the ablation and/or surface modification (e.g.,
mass loss) starts before the temperature 7, is reached.
Correspondingly, when A A(r) dependence becomes linear,
a certain amount of material is already removed. This leads
to an wunderestimation of t, as determined from the slope
of kinetic curves AA(¢), in comparison with the time when
T, was reached in (10).

Second, in terms of relative deviations, the ablation
velocity approaches its stationary value much slower than
the temperature. This is due to strong exponential depen-
dence in (8). Therefore, when the efficient material re-
moval starts, the temperature is close to its value in the
stationary wave, but the front velocity is still significantly
smaller than its stationary value. This leads to an overesti-
mation of the experimentally measured ¢, with respect to
the time when T, was achieved in the heat conduction Eq.
(10) without ablation,

The estimation of the influence of the first factor can be
done by integration of v(¢) dependence in pre-stationary
regime. The resulting thickness A hg turns out to be small,
and gives the correction of ¢, of the order of Ahy/v(T,)
which is about 10% of #,. The second factor works in
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another direction and is more difficult to estimate. This
was done on the basis of the model numerical calculations
of non-stationary ablation. The resulting error is of the
order of 20% of ¢, for the numbers used in Section 4.
Such an error in ¢, leads to an about 10% error in 7; and
correspondingly 7T,, because in the region of relatively
long pulses employed (PI is a strong absorber at this
wavelength) T, o t1/2, Therefore, the accuracy of the ex-
perimental findings for T, and T, presented below is of the
order of 10-15%. Some comments on ¢, which are more
specific for PI and the experimental arrangement employed
are given in Section 4.

4, Ablation of PI by Ar * laser at constant intensity

UV polymer ablation is usually done with excimer
lasers. In the ns range the pulse duration of these lasers can
hardly be varied, and the intensity during the pulse is by
no means constant. Correspondingly, one cannot expect
the stationary ablation regime [4]. Recently, new types of
experiments have been performed [7). Ablation was done
in air by the cw Ar™-laser operating at the wavelength
A =302 4 4.5 nm. This wavelength is close to A =308
nm for a XeCl excimer laser. The pulse duration (140
ns < 7,< 5000 ns) was controlled by an acousto-optic
modulator. The intensity was varied within the range 54
kW /em? < I, < 430 kW/cm? The single-shot ablated
profiles were measured by the atomic force microscope
(AFM). The details of the experimental procedure are
given in [7]. This experimental setup allows:

(+) to study the dependence of ablated depth on laser
pulse duration at constant intensity,

(+) to avoid the attenuation of the incoming beam by
ablated material. This is due to tight focusing (~ 4.2 pm
diameter) and long pulses employed, which lead to a
three-dimensional expansion of the vapors, so that only
small fraction of ablated products contributes to the shield-
ing of the surface,

(- ) to measure single-shot depth profiles without recal-
culation of the ablated depth A# from the mass loss
measurements.

The single-shot ablated depths as functions of pulse
length 7, at different intensities are presented in Fig. 1.
Straight lines approximate the kinetic curves in the linear
regions. Strictly speaking, the dependence on pulse length
does not necessarily coincide with the change of ablated
thickness during the pulse because of the possible after-
pulse ablation, and/or bulk modifications. Nevertheless,
the expected errors are small and we will treat the kinetic
curves in Fig. 1 as AA(t) dependences. One can see that
ablation starts rather sharply, and then there exists a well
defined linear increase in ablated depth with time. The
absence of pre-stationary tails (sharp threshold) may be
due to a hump formation observed at sub-threshold flu-
ences [8]. In this region, the elevation of material may
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Fig. 1. The dependence of ablated depth on laser pulse duration
for different values of laser intensity /,. Solid lines are linear
interpolations of A A(¢) dependences used for the determination of
the stationary ablation velocity v(J,) and the delay time #,(/).

“‘cancel” the ablated depth. The decrease in the ablation
rate for a given intensity observed at longer times is not
expected in the stationary ablation model. One reason for it
is the three-dimensionality (3D) of the heat flow which for
the current setup, becomes noticeable after ~ 3 ws. For
that reason the data at long times were not used in the
linear fit (some of them are even not shown in Fig. 1).

Another reason may be the accumulated changes in the
properties of material due to the loss of volatile species
[13,17], carbonization [18], etc., which ultimately may lead
to a formation of stationary regime but on the material
with modified properties and correspondingly with differ-
ent T, and v.

The linear interpolation of the kinetic curves (solid
lines) gives the stationary ablation velocities v and delay
times #,. They are shown as a function of laser intensity 7,
in Fig. 2. The solid line is the linear fit which corresponds
to a value of H = 3.3 kJ/g in Eq. (7). If we calculate the
value of apparent enthalpy H separately for each intensity,
its value increases (up to 4.5 kJ/g) for smaller I, (i.e.,

ab b 12
_ £
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= AN M 8
= | _ {20 9
""e,‘"’c"- g

X Oetrreecann unnsna 3 0 >

0 200 400

INTENSITY Io [kW/em?2]

Fig. 2. The dependencies of stationary ablation velocity v (squares)
and delay time ¢, (circles) on laser intensity, derived from Fig. 1.
Solid and dashed lines were calculated as described in the text.
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longer pulses) as it can be seen from the squares lying
below the solid line in Fig. 2. This is most probably due to
the 3D heat conduction which starts to decrease 7, and v
in this region. Another reason may be weaker heat flux
from the plume for the long pulses (decrease in e will
increase A in (7)) due to the transport limitations for the
chemical reactions in the gas phase. H changes with
intensity even in the absence of these factors due to the
H,(T,) dependence in (7) (T, is higher for higher intensi-
ties), but this dependence is weak and one can see, that the
approximation H = const. is justified, especially for
shorter pulses.

Dashed line shows the ¢,(/,;) dependence calculated in
the following way. All material parameters (including H ,
which is taken to be constant) are assumed to be known.
Then, v is determined from (7), 7; from (8) and, finally, 7,
from (10). The material parameters used in this and subse-
quent calculations are: p=1.42 g/cm?, D=7.5x 10~*
cm?/s, T,=300 K, A=0.89, v,=10° cm/s, c=2
J/eK, H =33 Kl/g, T,=1.65X10* K, a=1.5 X 10°
cm~!. A is determined from Fig. 2, and 7, from Fig. 3
below. This single set of parameters describes 7,(/,) de-
pendence quite well.

From the experimentally derived values of 1,(J;) one
can calculate 7; for each /, according to (10). Note, that
this does not require the knowledge of 7, and v, and any
information about the stationary regime. The result is
shown in Fig. 3 by the circles. In the regime of big
intensities there is an increase in T,(/,) which should hold
for the stationary ablation. The increase of 7, at small I,
(long pulses) can be explained if the 3D heat conduction is
taken into account.

When v is measured, and T, is recalculated for each I,
we determine 7, from Eq. (8) (Fig. 3, squares). 7, is not
directly proportional to 7, because v increases with 7. As
a result, 7, is almost constant (especially for shorter
pulses) which is an indication of a thermal nature of
underlying processes and demonstrates the consistency of
the approach. Namely, if the wrong values of the material
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Fig. 3. The temperature of stationary ablation 7, (circles) and the
activation energies 7, (squares) calculated from ¢, and v depicted
in Fig. 3.

parameters are taken, the dispersion in the calculated T,
values is much bigger. The question about the values of
material parameters at elevated temperatures is a crucial
one, because T, is determined mainly by the ratio 7,/7,
which enters the exponent in (8). The values of ¢, D, and
@ are chosen in the way which provides for T, and 7, the
estimation from above if no significant modification of
material is assumed. For example, ¢ has the highest mea-
sured value for PI (at 700 K, [2,3]) which is still smaller
than its value expected at the temperatures of ablation. The
highest reported value of « at 302 nm [1] was taken. 1.3
times increase in the specific heat ¢ (with « kept constant),
or 1.5 times decrease in «, or 3 times decrease in vy
reduce the calculated 7, by about 15%. The obtained value
is T,= 1.65X 10* K= 1.5 eV.

Let us briefly address the question about the micro-
scopic mechanisms of ablation. The destruction of the PI
chain may proceed via the elimination of 2 to 5 CO
molecules per monomer [1,10,12]. Thermogravimetric
measurements suggest for these decarbonylization reac-
tions the activation energies in the range 1.6-3.7 eV [12].
When one of the CO molecules is lost, the polymer chain
may either replace the produced defect by a stronger bond,
or loose the CO molecule from the same imide ring. In the
latter case the polymer chain is cut, and (if the surface
concentration of such cuts is high enough) the ablation of
the heavy fragments (with sizes of a few monomers)
becomes possible. If the rate of CO depletion is slow,
essential modification of material may take place. With ms
pulses the formation of glassy carbon was reported [19].

Additionally, so-called ‘‘weak bonds” always exist in
real polymers due to the presence of defects of different
kinds. They may cause mass losses in PI heated above 600
K. The number of weak bonds is insufficient to provide the
developed ablation. Under certain conditions the ablation
may be facilitated by the laser induced stresses [13].

S. Kinetic curves and threshold at fixed laser pulse
length

When the kinetic parameters of ablation are deduced
from the experiments with constant intensity, we can ex-
plain the kinetic curves AA(¢$) measured at a constant
pulse length 7,. We employ formula (11) where for each
fluence ¢ stationary velocity is calculated from (7) with
Iy= /7, and then ¢, is calculated from (10) with 7,
recalculated from v using (8). The resulting fit for ablation
at 7,= 1000 ns is shown in Fig. 4 by solid line, together
with experimental points for other pulse lengths. The value
H =33 kJ/g was employed. With fixed A the fit is
somewhat worse for other 7,. If slightly different H are
taken for different 7, according to Fig. 2, the fit becomes
perfect for all curves. One can see that the AA(¢) curve is
almost linear. The derivations from linearity are due to the
t,(1,) dependence in (11).
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Fig. 4. Kinetic curves of ablated depth versus laser fluence for
different pulse durations. The solid line was calculated with H
=33K/g

From the experimental plots in Fig. 4 one can clearly
see the dependence of the threshold fluence ¢, on pulse
duration. Corresponding values reported by different groups
are shown in Fig. 5. Note, that the data from [9,19-21] are
obtained at slightly different wavelength (A =308 nm)
with XeCl excimer laser. Therefore, the absorption coeffi-
cient and the temporal profile of the laser pulse were
somewhat different. The solid line was calculated from
the simultaneous solution of Egs. (7), (8), (10) with respect
to v, T, and I,, with ¢z, = 7, at the threshold. After that
threshold fluence was taken to be ¢, = I;7,. One can see
an increase in ¢,, with 7, due to the necessity to heat
thicker volume of material for lower intensities. In the
region of short ns pulses, the thermal model, like the
purely photochemical one, predicts ¢, almost independent
on 7,. The region where the distinctions between the two
starts, is given by the condition Da’r, = 1, and thus shifts

0.3 . '
V [} sEeonst.
A Tm‘swom,lfeonst v
D (21}
02+ o & s/ |
> < U8
X {9 v
— This work, theory

0.1
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0.0ho - ‘
10 100 1000

PULSE LENGTH 1, [ns]

Fig. 5. The dependence of threshold fluence on pulse duration
taken from different references. Up triangles: thresholds derived
from the linear interpolations in Fig. 1. Down triangles: threshold
taken from the experiments at fixed 7, (Fig. 4). The solid line was
calculated for a thermal model as described in the text.

to even longer 7, for the polymers which are weaker
absorbers.

6. Laser ablation with nanosecond pulses

If in analogy to the models of laser evaporation of
metals [14], one describes the polymer ablation as surface
sublimation process, the corresponding activation energies
are expected to be of the order of covalent bonds breaking
energies ~ 3 eV, [5,15,22]. The attractiveness of such kind
of approach is the universality of description, ie., the
model is free of details of chemical reactions within the
polymer and may be applied to a wide variety of polymer
materials.

The analysis of single shot experiments [3], however,
gave the value of activation energy in polyimide below
~ 1 eV. To explain the thermal stability of the PI with
such small activation energies, the surface evaporation
model was then converted into the photophysical surface
ablation model [11] which takes into account that electroni-
cally excited macromolecule needs significantly smaller
activation energy to be decomposed than the molecule in
the ground state. Such a decrease in excited bond energies
is typical for many organic molecules [23]. In this picture,
laser ablation proceeds thermally, mainly via the photo-ex-
cited channel. This model has been applied to quantitative
description of ablation kinetics for ns laser ablation of PI
[4,11,13]. Note, that the experiments with nanosecond
pulses are performed with much higher intensities than it
was considered in the previous section. The experimental
data may be fitted with high accuracy, if the thermal
relaxation time ¢ is by order of few hundred picoseconds.
It is one order of magnitude higher than value 71 =~ 36 ps
measured in [24] by pump-probe technique for the radia-
tion of 3-rd harmonic of Nd-laser, (A = 355 nm). If these
findings hold also for shorter wavelengths, the photochem-
ical mechanism is more relevant for ps laser pulses. For
laser pulses long in comparison with ¢ the consideration
of excited species does not change the thermal nature of
the ablation process, but rather makes the preexponential
factor v, in (8) proportional to laser intensity.

The other possibility to describe the nanosecond
single-shot experiments is to consider the bulk effects.
Similar effects were studied in connection with sub-
threshold PMMA modification and etching [25-27]. The
simplest model [13,17] for PI takes into account the cre-
ation of small molecules within the bulk of the material
due to splitting them off the polymer chains. In this picture
one distinguishes between the mass-loss, which is mea-
sured by microbalance technique [3], and real ablation
which causes the hole formation measured by the AFM.
Overall mass-loss is caused by both elimination of small
molecules produced within the bulk of material, and by the
layer by layer material removal (‘‘real ablation’’). The
activation energies of these processes may be different.
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Fig. 6. Model caiculations for the mass loss experiments [3] on PI
Kapton with XeCl laser, A= 308 nm. The total mass loss (solid
line) is the sum of mass loss due to the depletion of light species
from the bulk (dashed line), and real surface ablation (dotted line).

Their absolute values depend strongly on the assumptions
about the high-temperature behavior of the thermophysical
properties of the material. With D and other parameters
kept constant, the calculated 7 and T, are almost inversely
proportional to the (volumetric) specific heat pe. In calcu-
lations [17] the room temperature value of the specific heat
c¢=1.1J/gK was used. Correspondingly, if c=27J/gK is
used, these activation energies should be reduced by a
factor of two, to become ~ 0.8 eV for the pre-threshold
mass loss, and ~ 1.5 eV for the ablation itself in agree-
ment with the results of Section 4. Note, that pc may also
change due to the changes in density of the modified
material. With long pulses this effect may be very pro-
nounced [10].

The thermal destruction experiments [12] (thermo-
gravimetry) performed in vacuum at a slow heating rates,
also reveal for polyimides two activation energies. The
small activation energy (0.5—1 eV) for the temperatures
around 750 K, and higher activation energy (2—4 eV) for
somewhat higher temperatures (~ 1000 K). Fig. 6 shows
the explanation of mass loss experiments [3] (PI Kapton,
XeCl laser, A =308 nm) within the framework of the
model with bulk processes. The kinetic curves within the
sub-threshold region can be explained by the removal of
light volatile species from the bulk of the material (dashed
line), while above the threshold the total mass loss (solid
line) is mainly determined by the real surface ablation
(dotted line).

Thus, both models, namely, the photophysical model
with the thermal relaxation time 7= 500 ps, and the
thermal model which incorporates the bulk processes, are
able to describe the single-shot experiments [3]. The dis-
crimination between the two should be done on the basis
of the direct measurements of the relaxation times.

7. Effect of ultra-short laser pulses

In the region of ultra-short laser pulses (USLP), where
the duration of the laser pulse 7, is comparable with the

thermal relaxation time ¢, one should take into account
the high level of electronic excitations and corresponding
changes in material properties. First of all, these are the
optical properties, such as absorption and reflection. But
the mechanism of material removal itself may also be
influenced by excitations. One way to take this into ac-
count is the photophysical model of UV laser ablation
[4,11], where the activation energy for material removal in
electronically excited state was assumed to be smaller,
than that in the ground state.

Let us discuss the experimental results [2]. Here, two
sub-ps pulses (KrF laser, A =248 nm) affected PI. Both
were of the same fluence, 25 mJ/cm? (which is slightly
above the ablation threshold), and the delay time between
them was varied from 0 to 200 ps. It was shown, that the
net effect of two pulses decreases with decreasing delay
time. Below we present the numerical results on ablation
kinetics for this arrangement, based on the purely thermal
model and on the photophysical model. In both models we
assume the relaxation time fr= 30 ps, which is close to
the value reported in [24].

The corresponding equations can be written in analogy
to [4] for both of the considered models. They include the
heat conduction equation, kinetic equation for the concen-
tration of excited species N *, and the equation for inten-
sity distribution. In both models the transient changes in
optical properties caused by the electronic excitations were
described on the basis of generalized four-level system [4].
In this scheme absorption from the ground state is charac-
terized by the cross section oy, and the sequential absorp-
tion channel by o,. The ratio of these cross sections
§=0),/0y was introduced to describe bleaching (s < 1)
and darkening (s> 1) effects. This parameter enters the
equation for the intensity distribution and the heat conduc-
tion equation (for details see [4]). For the thermal model
the ablation velocity is given by (8). For the photophysical
model the expression for the ablation velocity is modified
in order to take into account the difference in ablation rates
for the species in the ground state and in the excited state
[11]

%

N NS .
v= I—T UAeXP(—E/Ts)*‘TV“UAeXP(_E /T).
(12)

Here, T, and T,* are the activation energies (in K) for the
ground state and the excited state, respectively. The sub-
script s (not to mix with the parameter s introduced
above) refers as before to the ablation front at z = 0. The
boundary conditions for the heat equation take into ac-
count possible differences in enthalpy of ablation from the
excited and non-excited channel in the form similar to
(12). The plume was assumed to attenuate the incident
radiation with the absorption coefficient a, (recalculated
to the depth of ablated material). The possible induced
changes in reflection coefficient were neglected.

II. LASER BEAMS
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ABLATED DEPTH [rel. units]

50 100 150
DELAY TIME [ps]
Fig. 7. The calculated dependence of ablated thickness on the
delay time between the pulses in a two-pulse experiment. Calcula-
tions are done for the thermal model. Solid line: bleaching (s = 0);

dashed line: darkening (s = 3). Ablated depth is normalized to its
value for zero delay time.

We investigate the dependence of ablated depth on
delay time between identical pulses. The results of the
calculations are shown in Fig. 7 for purely thermal model
(with T, = 1.5 X 10® K = 1.3 eV, which is smaller than the
bond breaking energy). The evaporation enthalpy was also
decreased proportionally. In Fig. 8 the results for the
photophysical model with the same values of parameters
(apart from 1) as in [4] are presented. The changes in
parameters, such as activation energy, evaporation en-
thalpies, influence the absolute value of the etched depth,
but not the qualitative picture.

In the thermal model, for the case of bleaching (s =0,
solid line in Fig. 7) the ablated depth increases with
decreasing delay time. This is because bleaching increases
the heated volume. For the case of darkening (s=3,
dashed line) the ablated depth decreases with decreasing
delay time. 1t may be connected with the overheating of
surface layers as it was argued in [2].

In contrast, for the photophysical model in the case of
bleaching (s =0, solid line in Fig. 8) the erched depth
decreases with decreasing delay time. With the numbers
employed, even the induced darkening (s = 3, dashed line)
does not reverse this trend. The physical reason for this

ABLATED DEPTH [rel. units]
QO = N W s »

50 100 150
DELAY TIME [ps]

Fig. 8. The same as in Fig. 8, but for the photophysical model.
Solid line: bleaching (s = 0); dashed line: darkening (s = 3).

effect can be explained in the following way. For the
photophysical model the evaporation of excited species
(second term in (12)) dominates. Here, the first pulse heats
material, while the second one electronically excites the
heated region, which causes efficient ablation. Due to
saturation effect, which is essential under the current con-
ditions, the optimal regime is realized, when all the
excited species produced by the first pulse relax and thus
produce maximal possible heating before the action of the
second pulse.

These considerations indicate, that the experimentally
observed dependences may be explained in different ways,
and thus demand more accurate analysis.

8. Conclusions

We have studied the influence of different physical
mechanisms on the ablation of polyimide (Kapton H) by
the UV laser light.

With long (0.1-5 ps) cw Ar*-laser pulses at A = 302
nm, the mechanism appears to be thermal. The parameters
of ablation are obtained from the analysis of the ablation
kinetic curves at constant intensity. The apparent ablation
enthalpy somewhat decreases for shorter laser pulses,
probably due to the energy released in the exothermal
reactions in the air, which involve primary ablation prod-
ucts. Calculated ablation temperatures are in the range
1400-1800 K. The apparent activation energies lie in the
region around 1.5 eV, The reason for that may be the loss
of gaseous CO. The elimination of two carbonyl groups
from the same imide ring may lead to the cut of polymer
chains which allows the ablation of the rest of material.
With slower CO depletion rates in ms laser pulses, the
polymer chains may recombine into non-ablating carbon-
rich residue [10].

With short ns pulses one can distinguish between the
mass loss, which is due to depletion of light volatile
species from the buik of the polymer, and the real ablation
which leads to an ablated crater formation. The mass loss
is especially important near the ablation threshold and
probably proceeds with lower activation energy than the
real ablation.

For the ps and fs laser pulse duration, the finite thermal
relaxation time and the photophysical effects start to play
an important role. The decrease in time delay between two
USLP produces a decrease in ablation rate. This can be
explained either by the thermal mechanism with darkening
or by the photophysical mechanism with bleaching effects.
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