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Single-pulse ultraviolet laser-induced surface modification and ablation
of polyimide

K. Piglmayer, E. Arenholz, C. Ortwein, N. Arnold, and D. Bäuerlea)

Angewandte Physik, Johannes-Kepler-Universita¨t Linz, A-4040 Linz, Austria

~Received 16 February 1998; accepted for publication 5 June 1998!

Single-pulse laser ablation of polyimide was investigated by using focused UV-Ar1-laser radiation
(l'302 nm, 140 ns<t l <50 ms! and atomic force microscopy. The results clearly demonstrate
that the ablation rates donot depend on the total dose only, but depend as well on the duration of
the laser pulses,t l . The experimental results can be interpreted almost quantitatively on the basis
of a purely thermal model. ©1998 American Institute of Physics.@S0003-6951~98!01432-6#
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The topology and the physicochemical properties
polymer surfaces after ultraviolet~UV!-laser irradiation have
been intensely studied for the past 15 years.1,2 Irradiation
with fluences below and around the ablation thresholdf
,f th , results in various surface modifications, such
amorphization, chemical degradation, instabilities and str
ture formation, etc. With fluencesf.f th , surface degrada
tions and topological changes become more pronounced
real ablation~material removal! is observed. However, th
microscopic mechanisms for ablation, and in particular,
relative importance of thermal and nonthermal contributio
including defect and stress formation, are still under disc
sion. Experimentally, UV-laser ablation of organic polyme
has been studiedmainly by using excimer lasers which hav
pulse lengths of 10–30 ns.1,2 Multiple-pulse ablation rates
are typically measured as a function of laser fluence
wavelength, at laser spot sizes of 2w'100mm.

The data derived from such experiments, however,
not permit a proper analysis of the fundamental interact
mechanisms because:
~i! Photochemical processes should depend on the produ
the intensity and the time of exposure,I t l , while photo-
physical and thermal processes depend heavily ont l .
~ii ! Multiple-pulse irradiation changes the physical a
chemical properties of the material, so that the material
rameters which determine the ablation rate change during
ablation process, for example, due to the generation of
sorbing defects~incubation centers!.
~iii ! With ns pulses and large laser-spot sizes, the shield
of the incident laser beam by the ablation plume cannot
ignored.

In this letter we report on single-shot experiments us
focused UV-Ar1-laser radiation (lc5302 nm, Dl59 nm,
I 5I 0 exp@2(r/w0)

2#, w0'2.660.2mm). Here, the fluence
f05I 0t l is changed either via the laser beam intensity,I 0 ,
or via the pulse length,t l . The pulse length was controlle
by a digitally driven acousto-optic modulator. By this mea
almost rectangular laser pulses with 140 ns<t l <50 ms full
width at half maximum were generated.3,4 For a tight focus
and relatively longt l , the expansion of the vapor plume
essentially three-dimensional, and plasma shielding eff
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can be ignored. The experimental data presented permit
to separate basic interaction mechanisms from influence
physical and chemical changes related to multiple-pulse i
diation. The changes in surface topology and the abla
depth have been studied by atomic force microscopy~AFM!.
In contrast to mass loss measurements using a quartz-cr
microbalance,5 the present technique permits one to inves
gate the real surface profile near the ablation threshold.

Localized irradiation of polyimide~PI! with subthresh-
old fluencesf0<f th , results in the formation of a hump a
shown in Fig. 1~a!. Hump formation has been tentative
explained by amorphization of the materialandan additional
volume increase related to relatively large polymer fra
ments which are trapped within the surface.6 This creates an
internal pressure within the polymer, which may cause
swelling of the surface. Smaller fragments, such as CO, C
C, C2, CH, C2H2, etc., are released from the sample.

Subsequently, we concentrate on the regimef0'f th

where real ablation starts. Here, we define the threshold

FIG. 1. UV laser-induced surface topology changes on PL. The fluenc
the surface was of Gaussian shape withw0'2.1mm: Left: AFM pictures
~three-dimensional view!. Right: cross sections.~a! f0 /f th'0.96, t l

55 ms; and~b! f0 /f th'1.01,t l 52.1ms.
© 1998 American Institute of Physics
 AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html
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 to
ence for ablation by the average of the lowest fluence
which a dip appears in the center of the hump@Fig. 1~b!# and
the highest fluence for which this dip is absent@Fig. 1~a!#.
Figure 2 shows the threshold fluencef th as a function oft l .
Full symbols were derived from the experiments describe
this letter. Vertical bars refer to our earlier measuremen3,4

and open symbols to values found in the literature.7–9 The
experiments in Refs. 3 and 4 were done withw052.1mm,
but with the short pulses used there heat conduction is o
dimensional, andw0 does not influence thef th(t l ) depen-
dence. Figure 2 demonstrates thatf th is almost constant with
pulse lengths up tot l <200 ns. Thus, experiments withi
this range arenot conclusive with respect to the ablatio
mechanisms. For longer pulses, however, a strong increa
f th with t l is observed. Witht l .100ms, f th increases
almost linearly witht l . This dependence off th on t l is a
strong indication that ablation with 302 nm radiationcannot
be based on a~purely! photochemical process.

If, on the other hand, we assume a purelythermal pro-
cess, ablation should start, in afirst approximation, at around
thesamethreshold temperatureTth . For a Gaussian intensit
profile, the laser-induced temperature rise is given by@Eq.
~7.5.1! in Ref. 1#

DTth[Tth2T~`!5
w0A

k

f th

t l
E

0

t l
* a*

114t*

3exp~a* 2t* !erfc~a* t* 1/2!dt* , ~1!

wheret* 5tD/w0
2 anda* 5aw0 . T(`)5300 K is the back-

ground temperature,A the absorptivity,D the thermal diffu-
sivity, a the absorption coefficient, andk the thermal con-
ductivity. For PI, we employ D57.531024 cm2/s, k
52.1331023 W/cm K, A50.89, w052.5mm, anda51.5
3105 cm21.10 With these parameters and for a certain pu
length t l8 and the measured threshold fluencef th(t l8 ), we
derive from Eq. ~1! a center temperature ofTth51450
650 K. With the assumption that ablation always starts
this center temperature, we can calculate from Eq.~1! the
dependencef th5f th(t l ). This is shown in Fig. 2 by the
dotted curve. The agreement between the experimental

FIG. 2. Dependence of the threshold fluence for ablation on Ar1-laser pulse
duration (l'302 nm).j present work;u Refs. 3 and 4;h Ref. 7;L Ref.
8; ands Ref. 9. Dotted curve: 3D heat transport and constant tempera
Tth51450 K. Dashed curve: 1D heat transport. For short pulses, this c
coincides with the dotted curve. Full curve: 3D heat transport withTth

5Tst(I 0); the dash-dotted curve shows the corresponding dependenceTth

on t l .
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and the calculated curve is quite satisfactory for pu
lengthst l .200 ns. For very long pulse lengthst l

* @1, and
surface absorptiona* @1, Eq. ~1! yields

f th'
2

Ap
@Tth2T~`!#

kt l

Aw0
. ~2!

This describes the linear behavior of the dotted curve w
long laser pulses.

The dependence expected in the limit of on
dimensional~1D! heat diffusion can as well be derived from
Eq. ~1!. With large values ofw0 , i.e., t l

* !1, we obtain

DTth5
A

ak

f th

t l
F 2

Ap
~Da2t l !1/2

1exp~Da2t l !erfc@~Da2t l !1/2#21G . ~3!

This dependence is depicted in Fig. 2 by the dashed cu
For short pulse lengths this curve coincides with the dot
curve. In the limit of strong absorption, i.e., witha* @1, this
yields

f th'@Tth2T~`!#
~pkcpr!1/2

2A
t l

1/2, ~4!

wherer is the mass density andcp the specific heat of PI.
Figure 2 shows that with the parameters employed, thr
dimensional~3D! and 1D curves start to diverge with puls
lengthst l .10ms.

It is evident that the preceding description is too simp
First, the calculated dependencef(t l ) may change due to
the temperature dependence of the material parameters10 In
the region of very short pulses, where heat conduction
unimportant, we can employ the calorimetric solution

cpr
dT

dt
5AaI , ~5!

which yields

f th5E
T~`!

Tth cp~T!r~T!

A~T!a~T!
dT. ~6!

Thus, even when we assumeTth5constant, an increase incp

and/or a decrease ina may explain the discrepancy betwee
the experimental data and the dotted curve in the ns ra
Note that cp , r, and a do not influence the dependenc
f th(t l ) for long pulses, which is given by Eq.~2!. This
proves to be true even for temperature-dependent parame
A(T) influencesf th in a similar way for allt l .

Second, the temperatureTth is in reality not constant, bu
increases with decreasing laser pulse length. With the
sumption that ablation is a thermally activatedsurfacepro-
cess, the velocity of the ablation front can be described
the Arrhenius-type law

v5v~T!5v0 exp~2Ta /T!, ~7!

where T is the surface temperature andTa5DEV /kB the
activation temperature. Because the time for ablation
creases with decreasing pulse duration,1 ablation of a certain
layer thickness requires higher ablation velocities, and t
higher temperatures. Let us adopt a simplified picture: In

e,
ve
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 to
beginning of the pulse, the material is only heated andv
50. When ablation starts, the velocityv reaches its station
ary value immediately; this is a good approximation for
high activation temperatureTa , and for pulse durations long
compared to the transition to stationary ablation. For PI,
is fulfilled for t l .100 ns.1,11–13 Within this picture, the
threshold temperature equals the temperature for statio
ablation, i.e.,Tth5Tst[Tst(I 0). Tst can be calculated as fol
lows: Let us consider a small displacementvdt by which the
ablation front moves with a constant velocityv. In a refer-
ence frame fixed in the moving surface, the laser-indu
temperature distribution within the material remains co
stant, and the energy balance for the time intervaldt is

AI0dt5rvdt@HV~Tst!1H~Tst!#. ~8!

The first term in the brackets represents the latent hea
vaporization, the second describes the enthalpy change
lated to the temperature changeTst2T(`) of the layervdt.
With materials that melt, one has to add the latent hea
fusion. At moderate temperatures, the temperature de
dence ofHV can be approximated by

HV~Tst!'HV1Hg~Tst!2H~Tst!, ~9!

whereHV[HV@T(`)#.14 Hg is the enthalpy of the gas phas
with respect toT(`). With Eq. ~9! we obtain from Eq.~8!

AI0'rvH̃, ~10!

where

H̃~Tst![HV1Hg~Tst!5HV1E
T~`!

Tst
cg~T!dT.

This equation represents the energy conservation law in
stationary ablation. Equation~10! can even be employe
when H̃ includes the kinetic energy of ablated species a
chemical reaction enthalpies. Equations~7! and ~10! allow
one to calculateTst and v for given values ofI 0 . With Tth

[Tst, one can calculate from Eq.~1! the corresponding val
ues of t l , and thus,f th[I 0t l . The dash-dotted curve in
Fig. 2 shows the dependenceTth(t l ), and the full curve the
dependencef(t l ). Here, the parametersTa51.653104 K,
H̃53.3 kJ/g, andv05106 cm/s have been employed.

The approximationTth5Tst(I 0) leads to anincreasein
Tth , which is roughly logarithmic with intensity and is mo
pronounced withshort pulses. As a consequence, in this r
gion the experimental data are described better by thefull
curve. With ns pulses, however, the stationary regime w
not be reached, and the results become more sensitiv
temperature dependences in the material parameters a
the exact kinetics of the ablation process.

With long pulses, the full curve almost coincides wi
the dotted curve. In this region, 3D heat transport domina
and the temperature distribution is almost stationary. Th
one can introduce the linearized temperature1 u, and substi-
tute k@Tth2T(`)# in Eq. ~2! by

k@T~`!#u~Tth![E
T~`!

Tth
k~T!dT. ~11!

This preserves thelinear dependencef th(t l ). If we divide
Eq. ~2! by t l and eliminateI 0 together with Eqs.~10! and
~7! for T5Tth , we end up with an equation forTth only.Downloaded 22 Feb 2001 to 140.78.114.20. Redistribution subject
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Thus, with long pulsesTth is indeedconstant. This holds
even with finite absorptionaw0 and a5a(T), A5A(T).
Finally, the stationary ablation condition~10! should be cor-
rected to take into account 3D effects. This has been inv
tigated using the approximation of parabolic ablation fron15

However, with the parameters employed above, no sign
cant deviations from the full curve were found.

The excellent agreement between the experimental
and the model calculations is a strong indication that chan
in the material properties, e.g., due to carbonization~Ref. 16!
can be ignored insingle-pulseexperiments with fluences
nearf th . In fact, ablation of carbonized material,17,18 would
requirehigher Tth , especially for long pulses, in contrast
our analysis which shows adecreasein Tth .

In summary, we can say that the experimental data p
sented in this letter demonstrate a strong dependence o
threshold fluence for ablation,f th , on laser pulse duration
t l . Within the range of pulse lengths investigated, 10
,t l ,50 ms, the experimental data can be well described
a purely thermal model. The experimental results reveal
for PI a clear distinction between thermal and photochem
mechanisms becomes possible only if one investigates p
durationst l .100 ns. In this regime, the heat penetrati
depth exceeds the optical penetration depth.
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