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Pulsed laser ablation of polyimide: fundamental aspects
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Abstract

Single-shot laser ablation of polyimide in air was investigated using focused Ar™ laser UV radiation (A =302 nm) and pulse lengths
between 140 nsand 5 p.s. Theirradiated polymer surface was studied in terms of its topology and ablation depth by atomic force microscopy.
The dependence of the ablation threshold on the laser pulse length and intensity can betentatively interpreted on the basis of athermal process
and a (thermal or non-thermal’) mechanism which decreases the apparent activation energy for the desorption of species from the surface. On
the basis of the changes in surface topology observed, anew model for the formation of interference gratings and row doubling is suggested.
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1. Introduction

Material removal caused by short, high-intensity laser
pulsesis often called pulsed laser ablation. Today, thistech-
nique is employed for the surface patterning of brittle and
heat-sensitive materials and for the fabrication of thin films
[1]. In spite of the large number of experimental and theo-
retical investigations performed, the mechanismsinvolvedin
pulsed laser ablation are till unclear in many systems. For
example, for the UV laser ablation of organic polymers, the
relativeimportance of thermal and non-thermal mechanisms,
including defect and stress formation, is till unknown [ 1—
6]. So far, UV laser ablation of organic polymers has been
studied mainly using excimer laserswith typical pulselengths
of 1040 ns [1,2] and with chopped or scanned continuous
wave (cw) laserswith dwell times of 10 wsor more [ 7-9].
In these investigations, multiple pulse ablation rates have
been studied mainly as a function of the laser fluence ¢.
However, for thedetermination of the basicinteraction mech-
anisms, it isdesirable to know the dependence of the ablation
rate on the laser intensity at constant pulse length, and vice
versa

In aseries of foregoing papers, we have presented thefirst
systematicinvestigations of the surfacetopol ogy changesand
ablation of polyimide (Pl) observed under focused UV laser
irradiation [10-12]. In this case, the laser beam intensity 7
and the pulse length 7, are independently varied via the flu-
ence ¢=I7. In order to separate the basic interaction mech-
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anisms from the physical and chemical changes related to
multiple pulse irradiation, we have performed single-shot
experiments. For these reasons, the changesin surfacetopol-
ogy and ablation depth can be studied by atomicforcemicros-
copy (AFM) only. In contrast with mass |oss measurements
using aquartz crystal microbalance (QCM), the present tech-
nique permitstheinvestigation with high accuracy of thereal
surface profile near the threshold fluence for ablation ¢y,

2. Experimental details

The experimental details have been given in Ref. [10].
The PI foils (Kapton H, DuPont, 50 wm thick) employedin
the experimentswere mainly amorphouswith about 10vol.%
crystalline domains. The foils were irradiated in air by an
externally pulsed cw Ar™ laser operating in the UV region
(TEMyo, mode). The spectral distribution consisted of apro-
nounced maximum at a centre wavelength Ac=302 nm
(AA=9 nm) and a less intense peak at around 275 nm.
Rectangular laser pulses with pulse lengths 7, of 140 nsto
5 ws (full width at half-maximum, FWHM ) were generated
by adigitally driven acousto-optic modulator. Thefocal spot
size was 2w,=4.2+ 0.4 pm. The fluence on the polymer
surface was of gaussian shape, i.e. &(r) =, expl —
(r/wy)?]. The surface topology of the sample was investi-
gated using an atomic force microscope in the contact mode.
The lateral and vertical resolutions were 30 nm and 1 nm
respectively.
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3. Resultsand discussion

Fig. 1 shows AFM pictures of the polymer surface irradi-
ated with laser fluences ¢y < Py, Po = b aNd o> by These
regimeswill now be discussed separately.

3.1. Fluences ¢o < ¢y,

With centre fluences ¢, < ¢y, the irradiated area shows a
hump which is surrounded by adepression (Fig. 1(a)). The
increase in specific volume (approximately 10% for 7, = 200
nsand ¢, = 0.96¢y,) which resultsin hump formation cannot
be explained solely by the amorphization of crystaline
domains (pe/ pa=1.11+0.02 [13,14]). Therefore we sug-
gest that (large) fragments which are generated by thermal
or non-thermal processes, and which are trapped within the

polymer, contribute to the volumeincrease. Small fragments,
suchasCO, CN, C, C,, CH, C,H,, etc., arereleased from the
sample [15].

Theformation of the depression may originatefromplastic
deformation. Residual stresses generated within thefoil dur-
ing manufacturing cause Pl to shrink on first exposure to
elevated temperatures. Laser-induced heating may therefore
cause lateral stress relaxation and material redistribution,
forming a depression on the surface. Near the centre of the
irradiated spot, thiseffect isovercompensated by theincrease
in specific volume.

3.2. Fluences ¢o=> ¢y,

The surface topology observed with fluences ¢y> ¢y, is
shown in Fig. 1(b). The top of the hump now shows a dip
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Fig. 1. UV laser-induced surface topology changes on PI. The fluence on the polymer surface was of gaussian shape (¢ (r) = ¢, exp[ — (r/wy)?]) with wo=
2.1 pm. Left: AFM pictures (three-dimensional view). Right: cross-sections. (a,b) AFM pictures; (c) schematic picture; (@) ¢o/ ¢y =0.96 and 7, =5 pus; (b)

do/ pr=1.01land 1,=2.1 us; (C) ¢o/ Py, =1.25 and 7,=800 ns.
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(hole) which is due to material ablation. Subsequently, we
define thethreshold fluence for ablation by the average of the
lowest fluence at which a dip appears in the centre of the
hump and the highest fluence for which thisdip isabsent. For
afixed pulse length and within the range 140 ns< 7, <5 ps,
wefind ¢y, o 77 with e= 0.36 (Fig. 2).

With aphotochemical process, ablation should depend on
the dose only, and we would expect ¢, = constant. If, on the
other hand, we assume a thermal process, ablation should
start, in a first approximation, at around the same threshold
temperature Ty, = T( ¢y,) = constant. If the heat penetration
depth exceeds the optical penetration depth, i.e. if I,>1,, a
crude approximation yields ¢y a7 with e=0.5 [1]. If
lr<1,, the fluence ¢, becomes independent of 7, i.e. e=0.
A more rigorous estimate of the maximum surface tempera-
ture shows that we obtain for all pulse lengths, together with
the corresponding threshold fluences derived from the exper-
iments, the same centre temperature, 1300+50 K [10].
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Fig. 2. Dependence of the threshold fluence for ablation ¢, on the laser
pulse length 7: W, thiswork; [, Ref. [16].
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Fig. 3. Dependence of the ablation depth A4 on the incident fluence ¢,
(intensity 1,) for different (fixed) laser pulse lengths 7. The full curves
were calculated using Eq. (1). The parameters employed were as follows:
A, A=3.86x10° A per pulse, B=0.908 Jcm ™2, a=5.82% 10° cm™%; V,
5.51x 10°%,0.998, 4.21 X 10% @, 6.89x 10°, 1.60, 1.95x 10% O, 1.38 X 10°,
1.95, 1.59x10% &, 275X 10° 2.98, 1.12x10% O, 2.75x 10", 4.59,
1.12x 104

Clearly, aconsideration of thetemperature dependence of the
material parameters may strongly influence this result. Of
course, we can argue the other way around. If we calculate
the maximum surface temperature for a certain pulse length
7, and (measured) threshold fluence ¢y, (7)), and assume
that ablation always starts at 1300 K, we obtain e= 0.36. If
theintensity I, isfixed, wefind ¢y, o I; ° with 8= 0.43. These
data support the thermal mechanism, becausethesimplerela-
tion ¢p(m) =I(1)7 yidds ¢pol® with §=€/(1—¢)
= 0.56, which is in reasonable agreement with the experi-
mental value.

3.3. Fluences ¢o> ¢y,

A typical hole fabricated in a single-shot experiment with
do> ¢ isshown in Fig. 1(c). The dependence of the abla-
tion depth on the fluence ¢, (intensity I,) for different
(fixed) pulse lengths 7; is shown in Fig. 3. The full curves
were calculated on the basis of the interpolation formula[1]

¢=B exp[ ayAh] Inl[ﬁ] (1)

where B=pAE/kgTsmax- AE is the apparent activation
energy. The maximum surface temperature T .., can be cal-

culated from the heat equation. « describes the attenuation
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Fig. 4. Schematic drawing of the interference pattern ¢(x) with V=0.9 and
period A (broken curve), and the corresponding topology changes on the
polymer surface.
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of the laser light within the vapour plume. A isrelated to the
attempt frequency for desorption.

4. Interferencegratings

The formation of interference gratings, as investigated in
Ref. [17], can be interpreted on the basis of the surface
morphology changes exhibited in Fig. 1. The broken curve
in Fig. 4 shows the distribution of the fluence ¢(x) caused
by two interfering beams ¢,. If ¢(x) > P (), the surfaceis
elevated. Thewidth of the humps can be estimated from [ 12]

Whuzzrhu:%arCCOS{[d)(rh“)]/(2b¢i)_1} 2

Vv

wherek =27/ A isthewavevector of theinterferencepattern,
Visthevisibility and b is afactor of the order of unity.

With ¢p(x) > ¢y, ablationtakesplaceandwill leadto hump
splitting (Fig. 1(b) and Fig. 1(c)). If the maximum fluence
of the interference pattern, ¢ma. is further increased, neigh-
bouring humps will amost merge and form double rows
(Fig. 4(c)). Thistransition from single to double rows has
been observed in Ref. [17].

5. Conclusions

Single-shot UV laser ablation (A =302 nm) of Pl in air
was investigated for laser pulse lengths of 140 ns< 7, <5 ps
and laser light intensities of 54<1,<430 kW cm~2 The
depth of the holes generated by the laser light was measured
by atomic force microscopy. Experiments were performed
with either constant pulse length 7, or constant intensity /.
The ablation threshold ¢y, increases with increasing pulse
length ( ¢y, o 77-3°) and decreases with increasing intensity
(P oIy °*®). The experimental results can be qualitatively
interpreted on the basis of athermal model and a (thermal or
non-thermal ) mechanism which decreases the apparent acti-
vation energy for the desorption of speciesfrom the surface.

The formation of interference patterns and row doubling can
beinterpreted on the basis of the changesin surfacetopol ogy
observed.
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