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Abstract

Single-shot laser ablation of polyimide in air was investigated using focused Arq laser UV radiation (lf302 nm) and pulse lengths
between 140 ns and 5 ms. The irradiated 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 be tentatively interpreted on the basis of a thermal 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, a new model for the formation of interference gratings and row doubling is suggested.
q 1997 Elsevier Science S.A.
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1. Introduction

Material removal caused by short, high-intensity laser
pulses is often called pulsed laser ablation. Today, this tech-
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 mechanisms involved in
pulsed laser ablation are still unclear in many systems. For
example, for the UV laser ablation of organic polymers, the
relative importance of thermal and non-thermal mechanisms,
including defect and stress formation, is still unknown [1–
6]. So far, UV laser ablation of organic polymers has been
studied mainly using excimer lasers with typical pulse lengths
of 10–40 ns [1,2] and with chopped or scanned continuous
wave (cw) lasers with dwell times of 10 ms or more [7–9].
In these investigations, multiple pulse ablation rates have
been studied mainly as a function of the laser fluence f.
However, for the determination of the basic interactionmech-
anisms, it is desirable to know the dependence of the ablation
rate on the laser intensity at constant pulse length, and vice
versa.

In a series of foregoing papers, we have presented the first
systematic investigations of the surface topology changes and
ablation of polyimide (PI) observed under focused UV laser
irradiation [10–12]. In this case, the laser beam intensity I
and the pulse length tl are independently varied via the flu-
ence fsItl. 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 changes in surface topol-
ogy and ablation depth can be studied by atomic force micros-
copy (AFM) only. In contrast with mass loss measurements
using a quartz crystal microbalance (QCM), the present tech-
nique permits the investigation with high accuracy of the real
surface profile near the threshold fluence for ablation fth.

2. Experimental details

The experimental details have been given in Ref. [10].
The PI foils (Kapton H, DuPont, 50 mm thick) employed in
the experiments were mainly amorphous with about 10 vol.%
crystalline domains. The foils were irradiated in air by an
externally pulsed cw Arq laser operating in the UV region
(TEM00 mode). The spectral distribution consisted of a pro-
nounced maximum at a centre wavelength lCs302 nm
(Dls9 nm) and a less intense peak at around 275 nm.
Rectangular laser pulses with pulse lengths tl of 140 ns to
5 ms (full width at half-maximum, FWHM) were generated
by a digitally driven acousto-optic modulator. The focal spot
size was 2w0s4.2"0.4 mm. The fluence on the polymer
surface was of gaussian shape, i.e. f(r)sf exp[y0

. The surface topology of the sample was investi-2(r/w ) ]0

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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Fig. 1. UV laser-induced surface topology changes on PI. The fluence on the polymer surface was of gaussian shape ( ) with w0f2f(r)sf exp[y(r/w ) ]0 0

2.1 mm. Left: AFM pictures (three-dimensional view). Right: cross-sections. (a,b) AFM pictures; (c) schematic picture; (a) f0/fthf0.96 and tls5 ms; (b)
f0/fthf1.01 and tls2.1 ms; (c) f0/fthf1.25 and tls800 ns.

3. Results and discussion

Fig. 1 shows AFM pictures of the polymer surface irradi-
ated with laser fluences f0Ffth, f0Gfth and f0)fth. These
regimes will now be discussed separately.

3.1. Fluences f0Ffth

With centre fluences f0Ffth, the irradiated area shows a
hump which is surrounded by a depression (Fig. 1(a)). The
increase in specific volume (approximately 10% for tls200
ns and f0f0.96fth) which results in hump formation cannot
be explained solely by the amorphization of crystalline
domains (rC/rAs1.11"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 volume increase. Small fragments,
such as CO, CN, C, C2, CH, C2H2, etc., are released from the
sample [15].

The formation of the depression may originate from plastic
deformation. Residual stresses generated within the foil dur-
ing manufacturing cause PI 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, this effect is overcompensated by the increase
in specific volume.

3.2. Fluences f0Gfth

The surface topology observed with fluences f0Gfth is
shown in Fig. 1(b). The top of the hump now shows a dip
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Fig. 4. Schematic drawing of the interference pattern f(x) with Vs0.9 and
period L (broken curve), and the corresponding topology changes on the
polymer surface.

Fig. 3. Dependence of the ablation depth Dh on the incident fluence f0

(intensity I0) for different (fixed) laser pulse lengths tl. The full curves
were calculated using Eq. (1). The parameters employed were as follows:
m, As3.86=108 Å per pulse, Bs0.908 J cmy2, as5.82=104 cmy1; ,,
5.51=108, 0.998, 4.21=104; d, 6.89=108, 1.60, 1.95=104; s, 1.38=109,
1.95, 1.59=104; l, 2.75=109, 2.98, 1.12=104; h, 2.75=1011, 4.59,
1.12=104.

Fig. 2. Dependence of the threshold fluence for ablation fth on the laser
pulse length tl: j, this work; h, Ref. [16].

(hole) which is due to material ablation. Subsequently, we
define the threshold 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 this dip is absent. For
a fixed pulse length and within the range 140 nsFtlF5 ms,
we find fthAt with ef0.36 (Fig. 2).e

l

With a photochemical process, ablation should depend on
the dose only, and we would expect fthsconstant. If, on the
other hand, we assume a thermal process, ablation should
start, in a first approximation, at around the same threshold
temperature Tth'T(fth)sconstant. If the heat penetration
depth exceeds the optical penetration depth, i.e. if lT4la, a
crude approximation yields fthAt with es0.5 [1]. Ife

l

lT<la, the fluence fth becomes independent of tl, i.e. es0.
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].

Clearly, a consideration of the temperature 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
t9l and (measured) threshold fluence fth(t9l), and assume
that ablation always starts at 1300 K, we obtain ef0.36. If
the intensity I0 is fixed, we find fthAI with df0.43. Theseyd

0

data support the thermal mechanism, because the simple rela-
tion yields fthAIyd with dse/(1ye)f (t )sI(t )tth l l l

f0.56, which is in reasonable agreement with the experi-
mental value.

3.3. Fluences f0)fth

A typical hole fabricated in a single-shot experiment with
f0)fth is shown in Fig. 1(c). The dependence of the abla-
tion depth on the fluence f0 (intensity I0) for different
(fixed) pulse lengths tl is shown in Fig. 3. The full curves
were calculated on the basis of the interpolation formula [1]

Ay1fsB exp[a Dh] ln (1)0 ≥ ¥Dh

where . DE is the apparent activationBsfDE/k TB s,max

energy. The maximum surface temperature Ts,max can be cal-
culated from the heat equation. a0 describes the attenuation
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of the laser light within the vapour plume. A is related to the
attempt frequency for desorption.

4. Interference gratings

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 f(x) caused
by two interfering beams fi. If f(x)Gf(rhu), the surface is
elevated. The width of the humps can be estimated from [12]

L [f(r )]/(2bf )y1hu iw s2r s arccos (2)hu hu µ ∂p V

where ks2p/L is the wavevector of the interference pattern,
V is the visibility and b is a factor of the order of unity.

With f(x)Gfth, ablation takes place and will lead to hump
splitting (Fig. 1(b) and Fig. 1(c)). If the maximum fluence
of the interference pattern, fmax, is further increased, neigh-
bouring humps will almost merge and form double rows
(Fig. 4(c)). This transition from single to double rows has
been observed in Ref. [17].

5. Conclusions

Single-shot UV laser ablation (lf302 nm) of PI in air
was investigated for laser pulse lengths of 140 nsFtlF5 ms
and laser light intensities of 54FI0F430 kW cmy2. The
depth of the holes generated by the laser light was measured
by atomic force microscopy. Experiments were performed
with either constant pulse length tl or constant intensity I0.
The ablation threshold fth increases with increasing pulse
length (fthAt ) and decreases with increasing intensity0.36

l

(fthAI ). The experimental results can be qualitativelyy0.43
0

interpreted on the basis of a thermal model and a (thermal or
non-thermal) mechanism which decreases the apparent acti-
vation energy for the desorption of species from the surface.

The formation of interference patterns and row doubling can
be interpreted on the basis of the changes in surface topology
observed.
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