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Single-pulse ultraviolet laser-induced surface modification and ablation
of polyimide
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Single-pulse laser ablation of polyimide was investigated by using focused UMa&er radiation
(A=~302 nm, 140 ns7,<50 m9 and atomic force microscopy. The results clearly demonstrate
that the ablation rates dwot depend on the total dose only, but depend as well on the duration of
the laser pulses;,. The experimental results can be interpreted almost quantitatively on the basis
of a purely thermal model. €998 American Institute of Physids$S0003-695(98)01432-4

The topology and the physicochemical properties ofcan be ignored. The experimental data presented permit one
polymer surfaces after ultraviol@V)-laser irradiation have to separate basic interaction mechanisms from influences of
been intensely studied for the past 15 yédrdrradiation  physical and chemical changes related to multiple-pulse irra-
with fluences below and around the ablation threshgld, diation. The changes in surface topology and the ablated
< ¢, results in various surface modifications, such asgdepth have been studied by atomic force microsa@M).
amorphization, chemical degradation, instabilities and struckn contrast to mass loss measurements using a quartz-crystal
ture formation, etc. With fluenceg> ¢y,, surface degrada- microbalancé, the present technique permits one to investi-
tions and topological changes become more pronounced, aig@ite the real surface profile near the ablation threshold.
real ablation(material removalis observed. However, the Localized irradiation of polyimidgPl) with subthresh-
microscopic mechanisms for ablation, and in particular, theld fluencesgo= ¢y, results in the formation of a hump as
relative importance of thermal and nonthermal contributionsShown in Fig. 1a). Hump formation has been tentatively
including defect and stress formation, are still under discus€XPlained by amorphization of the matereaid an additional
sion. Experimentally, UV-laser ablation of organic polymersVolume increase related to relatively large polymer frag-
has been studiethainly by using excimer lasers which have MeNts which are trapped within the surf§c§h|s creates an
pulse lengths of 1030 € Multiple-pulse ablation rates Ntérnal pressure within the polymer, which may cause a
are typically measured as a function of laser fluence angWelling of the surface. Smaller fragments, such as CO, CN,
wavelength, at laser spot sizes afi2 100 um. C, G, CH, GH,, etc., are released from the sample.

The data derived from such experiments, however, do Subsequently, we concentrate on .the regihe= by,

not permit a proper analysis of the fundamental interactionWhere real ablation starts. Here, we define the threshold flu-
mechanisms because:

(i) Photochemical processes should depend on the product of (a ) ¢0 < ¢th

the intensity and the time of exposuter,, while photo-

physical and thermal processes depend heavily,on DENT HUMP

(i) Multiple-pulse irradiation changes the physical and |
chemical properties of the material, so that the material pa- f\/‘
rameters which determine the ablation rate change duringthe 0\ ss®® -~ v ~
ablation process, for example, due to the generation of ab- — I
sorbing defectgincubation centejs Tpm 20 nm

(iii) With ns pulses and large laser-spot sizes, the shielding
of the incident laser beam by the ablation plume cannot be
ignored. >

In this letter we report on single-shot experiments using (b) ¢O ~ ¢th
focused UV-AF-laser radiation X,=302 nm, AA=9 nm, DENT HUMP HOLE
I =1q exfd —(r/wg)?], Wo=~2.6+0.2um). Here, the fluence
¢o=197, is changed either via the laser beam intendigy,
or via the pulse lengths, . The pulse length was controlled
by a digitally driven acousto-optic modulator. By this means,
almost rectangular laser pulses with 146<ns<50 ms full
width at half maximum were generatd For a tight focus
and relatively longr,, the expansion of the vapor plume is FIG. 1. UV laser-induced surface topology changes on PL. The fluence on

essentially three-dimensional, and plasma shielding effectibe surface was of Gaussian shape witfi~2.1 um: Left: AFM pictures
(three-dimensional view Right: cross sections(a) ¢q/dy~0.96, 7,

=5us; and(b) ¢¢/dpy~1.01,7,=2.1pus.

Tpm 20 nm
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107 10° 1073 and the calculated curve is quite satisfactory for pulse
108 3D T¢Z=14;5°K' 3D' . lengths7,>200 ns. For very long pulse length$>1, and
. ! . Lk .
_-.‘_‘ _____ 1D, T,,=1450 K - surface absorption™>1, Eq.(1) yields
< \—— 3D, T, =Tl A e
g 1L N v Yth S - o 2 KT
o 10 20 = b~ — [Ty=T ()] ——
S e Y th™ [Tin—T(%)] . 3]
2t 1D < \/; Aw,
10 'k 4 pl 115 This describes the linear behavior of the dotted curve with
__________________________________________ long laser pulses.
= 5 3 The dependence expected in the limit of one-
10 10 10 dimensional1D) heat diffusion can as well be derived from
PULSE LENGTH <z, [s] Eg. (1). With large values ofvy, i.e., 75 <1, we obtain
FIG. 2. Dependence of the threshold fluence for ablation oilaser pulse A oyl 2
; ) _ - Fthy = 2_\12
duration (\ ~302 nm). M present work] Refs. 3 and 4{0 Ref. 7; ¢ Ref. ATy= (Da“t))
8; andO Ref. 9. Dotted curve: 3D heat transport and constant temperature, @K T \/;
Tw=1450 K. Dashed curve: 1D heat transport. For short pulses, this curve
coincides with the dotted curve. Full curve: 3D heat transport With 5 5 1
=T4(lo); the dash-dotted curve shows the corresponding dependefige of +expDa’7,)erfd (Da?r,) Y- 1. 3

onrt,.

This dependence is depicted in Fig. 2 by the dashed curve.
ence for ablation by the average of the lowest fluence afor short pulse lengths this curve coincides with the dotted
which a dip appears in the center of the huffjg. 1(b)]and  curve. In the limit of strong absorption, i.e., with > 1, this
the highest fluence for which this dip is abs¢hig. 1(a)].  yields
Figure 2 shows the threshold fluengg, as a function ofr, .

Full symbols were derived from the experiments described in ¢y ~[Ty—T()] m sz (4)
th~1 Tth 2

this letter. Vertical bars refer to our earlier measureniéhts 2A
and open symbols to values found in the literafiieThe wherep is the mass density ang}, the specific heat of PI.
experiments in Refs. 3 and 4 were done with=2.1um,  Figure 2 shows that with the parameters employed, three-
but with the short pulses used there heat conduction is onglimensional(3D) and 1D curves start to diverge with pulse
dimensional, andv, does not influence the,(7,) depen- lengths7,>10 us.
dence. Figure 2 demonstrates tiigt is almost constant with It is evident that the preceding description is too simple:
pulse lengths up ta, <200 ns. Thus, experiments within First, the calculated dependengér,) may change due to
this range arenot conclusive with respect to the ablation the temperature dependence of the material pararﬁ'@tb‘rs_
mechanisms. For longer pulses, however, a strong increase e region of very short pulses, where heat conduction is
¢ with 7, is observed. Withr,>100us, ¢y, increases unimportant, we can employ the calorimetric solution
almost linearly with7,. This dependence apy, on 7, is a
strong indication that ablation with 302 nm radiaticannot
be based on gurely) photochemical process.

If, on the other hand, we assume a purtiigrmalpro-  \yhich yields
cess, ablation should start, irfiest approximation, at around
the samethreshold temperatufg,,. For a Gaussian intensity J'Tth Cp(T)p(T) dT ®

Ty A(Mea(T) ~

profile, the laser-induced temperature rise is given| By.
(7.5.3 in Ref. 1] Thus, even when we assuriig= constant, an increase @}
and/or a decrease ila may explain the discrepancy between

)1/2

dT
Cpp H=Aa|, (5)

b=

ATy=Ty—T()= WoA i fri a* the experimental data and the dotted curve in the ns range.
th— Tt k 1, Jo 1+4t* Note thatc,, p, and a do notinfluence the dependence
dwn(7,) for long pulses, which is given by Eg2). This
2 1/2
Xexpla* “t*)erfe(a* t* T)dt*, 1) proves to be true even for temperature-dependent parameters.
A(T) influencesgy, in a similar way for all7, .
wheret* =tD/WS anda* = awg. T(»)=300 K is the back- Second, the temperatufg, is in reality not constant, but

ground temperaturéd the absorptivityD the thermal diffu- increases with decreasing laser pulse length. With the as-
sivity, « the absorption coefficient, and the thermal con- sumption that ablation is a thermally activateaifacepro-
ductivity. For Pl, we employD=7.5x10"% cn¥/s, « cess, the velocity of the ablation front can be described by
=2.13¥ 10‘fOW/cm K, A=0.89,wy=2.5um, anda=1.5 the Arrhenius-type law

x 10° cm™ 1.2 With these parameters and for a certain pulse B B

length 7, and the measured threshold fluengg(7,), we v=v(T)=vo exp~Ta/T), @)
derive from Eg.(1) a center temperature of,=1450 whereT is the surface temperature aig=AE,/kg the
+50 K. With the assumption that ablation always starts agctivation temperature. Because the time for ablation de-
this center temperature, we can calculate from @g.the creases with decreasing pulse durafiahlation of a certain
dependenceby,= ¢ (7). This is shown in Fig. 2 by the layer thickness requires higher ablation velocities, and thus

dotted, CN R PHEAYSEMENbL BENESH. Hgi SHRRUMERIEL dAMBRES IRMPSIAMESR; ka5 A48k Asmelifigd picture: In the



Appl. Phys. Lett., Vol. 73, No. 6, 10 August 1998 Piglmayer et al. 849

beginning of the pulse, the material is only heated and Thus, with long pulsesTy, is indeedconstant. This holds
=0. When ablation starts, the velocityreaches its station- eyen with finite absorptiomw, and a=a(T), A=A(T).

ary value immediately; this is a good approximation for afinally, the stationary ablation conditici0) should be cor-
high activation temperaturg,, and for pulse durations ong rected to take into account 3D effects. This has been inves-
compared to the transition to stationary ablation. For PlI, th'%igated using the approximation of parabolic ablation frgnt.

- : L11-13 \\ it thic
Itf] fuI:]lII:addtfor T/>t100 ns. I thWItthm th|st p|c;ure,ttrt1_e However, with the parameters employed above, no signifi-
reshold temperature equals the temperature for stallonagy, ,; yeyiations from the full curve were found.

ablation, i.e.. T, =Ts=T(lg). T can be calculated as fol-
lows: Let us consider a small displacemedit by which the
ablation front moves with a constant velocity In a refer-
ence frame fixed in the moving surface, the laser-induce
temperature distribution within the material remains con-

The excellent agreement between the experimental data
and the model calculations is a strong indication that changes
ép the material properties, e.g., due to carbonizati®ef. 16
can be ignored insingle-pulseexperiments with fluences

: ; 17118
stant, and the energy balance for the time intediais near.¢>th . In fact, ablatloq of carbonized mater_ilgtl, would
requirehigher Ty,, especially for long pulses, in contrast to
Alodt=pvdf[Hy(Ts) +H(Tg) ]. (8 our analysis which shows @ecreasén Ty,.

The first term in the brackets represents the latent heat of [N summary, we can say that the experimental data pre-
vaporization, the second describes the enthalpy change réented in this letter demonstrate a strong dependence of the
lated to the temperature changjig— T(>) of the layervdt. threshold fluence for ablatior),, on laser pulse duration,
With materials that melt, one has to add the latent heat of . Within the range of pulse lengths investigated, 10 ns
fusion. At moderate temperatures, the temperature depenr<7,<50 ms, the experimental data can be well described by
dence ofH,, can be approximated by a purely thermal model. The experimental results reveal that

Hy(Te)~Hy+Hy(To) —H(Ty), 9 for Pl a plear distinction betvyeen thermal an_d pho_tochemical

mechanisms becomes possible only if one investigates pulse

whereH,=H,[T(«)].**Hy is the enthalpy of the gas phase durations~,>100 ns. In this regime, the heat penetration
with respect toT («). With Eg. (9) we obtain from Eq(8)  depth exceeds the optical penetration depth.

Alg~puvH, (10) This work was supported by the “Fonds zurrBerung
where der Wissenschaftlichen Forschung ist€reich.”

~ TS
H(To)=Hy+Hg(Te)=Hy+ f ' cy(T)dT.
T(®)

This equation represents the energy conservation law in 1D ) _ _ _ _
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