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This letter presents a method aimed at quantifying the dimensions of the heat-affectéd AZnge
produced during nanosecond and femtosecond laser—matter interactions. According to this method,
0.1 wm thick Al samples were microdrilled and observed by a transmission electronic microscopy
technique. The holes were produced at laser fluences above the ablation threshold in both
nanosecond and femtosecond reginfies., 5 and 2 J/cA) respectively. The grain size in the
samples was observed near the microholes. The main conclusion is thajia 40de HAZ is

induced by the nanosecond pulses, whereas the femtosecond regime does not produce any
observable HAZ. It turns out that the width of the femtosecond HAZ is less than,2vhich is our
observation limit. ©2002 American Institute of Physic§DOI: 10.1063/1.1481195

Recent progress in femtosecond all solid-state laser teclthirection for both nanosecond and femtosecond pulse dura-
nology enables fundamental and technological fields to béon.
investigated. In particular, very precise processing of mate- The experimental setup is depicted in Fig. 1. Ultrashort
rials can be achievelf It has been shown that the physical laser pulses are generated by an amplified all solid-state Ti:
phenomena taking place during the laser—matter interactiosapphire laser chain. Low energy pulses are extracted from a
depend strongly on the pulse duration, from the nanoseconaode-locked oscillato¢1.6 nJ/pulse, 80 MHz, 800 nm, 120
(i.e., pulse duration>1 ng to the femtosecondi.e., pulse fs). The pulses are then injected in an amplifying chain in-
duration <1 p9 regime®~> Among these phenomena, the cluding: an optical pulse stretcher, a regenerative amplifier
present letter focuses on thermal effects during hole drillingassociated with a two-pass amplifier using as pumping
or cutting. These thermal effects are due to the heat diffusiosource, a 20 W Nd:YLF laser, and a pulse compressor.
process and lead to a heat affected zgHAZ) near the P-polarized pulses with the wavelength centered around
domain irradiated by the laser beam. In the nanosecond r&00 nm, an energy of 1.5 mJ,céa 1 kHz repetition rate with
gime, typical 10 um—-1 mm width HAZ are usually ob- a typical duration of 150 fs are obtained. Nanosecond pulses
served, whereas in the femtosecond case, due to the wre extracted from the same regenerative amplifier without
trashort pulse duration, the penetration length of thermahny fs pulses injection from the oscillator. The pulse duration
diffusion in the material is very limited, leading to a very obtained is then within the range of 7—8 ns.
small HAZ. The femtosecond regime is thus often consid-  To allow a low energy regimétypically 0.01-0.5 mJ/
ered as HAZ free, since the HAZ becomes very difficult to
observe.

Studies on the thermal effects in the femtosecond regime YLF
are mainly theoretical, and concern the diffusion length AMP [ Lo
along the beam axf®’ Few experimental works have been ~ |95¢| ")
published~1%In this letter we focus on the dimension of the M2
HAZ in the radial direction near microholes. In order to M
quantify these thermal effects, Al samples were fired with
femtosecond and nanosecond pulses obtained from the same M3 |
titanium—sapphire  source. Transverse microstructural . ne DP1
changes were analyzed by transmission electron microscopy -7 <
(TEM). Indeed, such studies have already been initiated in
the n?‘nqsecond rgglrﬁe\Ne propose here a method fo_r a FIG. 1. Experimental setupOSQ femtosecond oscillator 80 MHz, 1.6
quantitative analysis of the HAZ, and we give the obtainedhjjpuise, 120 fstYLF) flash-pumped ns 20 W 1 kHz Nd:YLF laséAMP)
results by comparing the grain size evolution in the radiaktretcher, regenerative amplifier and compre$sds mJ/pulse, 1 kHz, 150

fs); (CLO) external controlled clock device; He—Ne: cw 4 mW He—Ne laser

for alignment and imaging(BS) beam sampler{M;) mirrors; (A) circular
dAuthor to whom correspondence should be addressed; electronic maiaperture;(DP;) dichrokc plate; (P) polarizer; (HW) half-wave plate;(L)

leharzic@univ-st-etienne.fr lens; (OBJ) focusing objective(RD) rotating diffusing plate(S) sample;
YElectronic mail: audouard@univ-st-etienne.fr and (MT;) motorized translations.
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pulse, laser pulses are obtained without using the two-pass
amplifier. Additional attenuation is then provided by a half-
wave plate coupled with a polarizer. An external electronic
clock device, which controls the voltage applied to the Pock-
els cell, also allows the use of this system in a single shot
mode.

The samples are mounted on a three-motorized-axes sys-
tem with 0.5um accuracy. Focusing objectives of 25 or 10

grain size (um)

mm focal lengths were used to obtain microholes with a () ® 1
diameter less than 106m. Experiments are performed at the ]
image point of a 3.5 mm aperture placed 1.35 m before the 0s{ @ ¢ o int ]
objective so that borders and spurious conical drilling effects 0‘/ po'n:-: - e pc:-g Bex n

are reduced. The drilling process is monitored in real time _ .
thanks to an incoherent imaging system with a less than 5 distance from thinned down hole (um)

um resolution, which is wide enough compared to typical ) S ) )
FIG. 2. Evolution of the grain size in the sample drilled with nanosecond

microholes dimensions. . . pulses. Optical microscope top vieix 50), shows the thinned down hole
The Al samples used in this study are to be observegnoint A) and the laser holépoint B).

with a TEM. The experimental procedure proposed here is

based on a laser drilling of samples previously prepared fo L . . : .
TEM analysis. Thus the thickness of the samples is first re@oundanes linking the different oriented grains have a posi

duced down to 500 nm before laser processing. This aIIOW'uve interfacial energy. This polycrystalline system does not

- ave a state of minimum energy. A perfect crystal, in ther-
for a local study of the effects produced by a finite number Omodynamic equilibrium, would have no grain boundaries.
low fluence laser pulses. In this study, 1000 pulses were proz

. . ) An energy supply through a temperature increase yields a
duced h 1 s with fluences of 2 and 5 J/¢respectively, for thermal activation, minimizing the energy of the crystal,

the femtosecond and the nanosecond cases. These ﬂuen?@fding to a grain size growth. Thus the grain size evolution

were_chozenbabovr(? tze_lﬁbla_t'on t?resht()jld |nhbqth CaSes. Movides an accurate signature of the thermal history of the
mentioned above the drilling Is performed at the image poin ample and, as a consequence, the spread of the HAZ. To

and due to the thinness of the sample, the number of incidenfiy4in the |ocal grain size, the images obtained by TEM were
pulses(10—-1000 has no significant effect as experimentally treated by an average statistical method.

determined. Figure 2 displays the evolution of the grain size in the

_ The thickness of the samples was reduced by an electrogmple, which is drilled with nanosecond pulses. Several im-
lytic process. Metallic disks of about 3 mm in diameter Wereages were analyzed between potnt‘middle hole” borden)
used. The process was stopped automatically when light wag, g pointB (laser hole bordér Two regions can be ob-
detected through the sample. It turns out that a randomlyarved. In the vicinity of the middle hole, up to 3&n from
shaped hole is always present in the middle of the samplqt, the grain size is approximately 0.9—1.n, which is the
Throughout this letter, this hole will be referred to as thejpitial grain size of the sample. The second region, near the
“middle hole.” laser hole, is characterized by a grain growth. In this region,

The thickness of the area observed by a CM 200 TEMpe grain size increases up to 1.3—Juh. The transition

operated at 200 kV used in this study has to be less than 5Q@tween these two regions gives the size of the HAZ. In the
nm. This area is thus located in the vicinity of the thinnednanosecond regime, the HAZ is then about48 in width.

down hole, namely at a maximum distance of 40—100, Figure 3 represents the grain size evolution between the
depending on the quality of the thinning down. In order to

observe the local effects induced by laser drilling, the pro-
duced holes have to cross this area. Positioning of the target 32
sample was achieved by using the realtime imaging device

described above.

As already mentioned in the literatué! metal melting

and matter redeposition occur in the nanosecond regime. In

the femtosecond case no damage is observed. It turns out that
ultrashort laser pulses are then usually said to produce no

grain size (um)

thermal effects. Only qualitative conclusions can be deduced 100 ym
from optical observations, since the HAZ cannot be accu- I
rately measured. In order to obtain a quantitative estimation A A A A A A |
of the HAZ width, we focused on the evolution of the grain 0.8 . )

. ) . ~point A point B—
size between the middle and the laser drilled holes. Indeed, A o0 o

by a physical metallurgy approach, one can directly correlate . .
the grain size modification to the temperattrélypically, distance from thinned down hole (um)

our samples have a p0|ycry5ta”me structure, constituted bfV—IG. 3. Evolution of the grain size in the sample drilled with femtosecond

the juxtaposition of monocryStal grains separated by grairﬂ)ulses. Optical microscope top vieix 50), shows the thinned down hole

boundaries. Each grain has its own orientation. The graimpoint A) and the laser holépoint B).
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middle hole(point A) and the laser holgointB) in the case ond and femtosecond regimes. Such results for the radial
of femtosecond pulses. In this case, only one region can biénermal diffusion length are in progress and will be pub-
identified, with a constant grain size of aboufuin. Since lished in a forthcoming article.
the distance between poimsandB is only 35um, the grain
size was also determined at poi@t which is located far
from the laser holes. A m grain size was also obtained at
this point. As a consequence, we determined that the size 4t
the HAZ is less than 2um in the femtosecond regime. This
value corresponds to the nearest position from the laser hole
border that could be analyzed. ;é Zh;]grﬁrﬁgplésmrflciﬁtﬁ%vzio (’3‘(())('12. F. von Alvensleben, A. Tunner
In a previous work usmg_the TEM technique, the width mann, H. V\/’elliﬁg,.and B Wel,leg.ehausén,.Opt. Comnize, 13;1(i996.
of the HAZ was found to be independent of the pulse dura-sp g_corkum, F. Brunel, N. K. Sherman, and T. Srinivasan-Rao, Phys.
tion (from 50 ns to 200 fg® and reached a value of 5—10 Reuv. Lett.61, 2886(1988.
um. It should be noticed here that these results, which are'B. N. Chichkov, C. Momma, S. Nolte, F. von Alvensleben, and A. Tun-

not in agreement with the present work, were obtained withsg- oo’ épﬁ’\'/i ;:%2 Ag Mﬁigbzc'Ap?;ffg;;gﬁ;lgs% Chichkov. B

very different experimental conditiongery high fluences,  wellegehausen, and H. Welling, J. Opt. Soc. Am14 2716(1997).
thick samples, ejc 6S.-S Wellershoff, J. Hohlfeld, J. ®de, and E. Matthias, Appl. Phys. A:
The experimental procedure presented in this letter em-Mater. Sci. Process 69, 99 (1999. , _

hasi the diff t HAZ si btained with dA. P. Kanavin, I. V. Smetanin, V. A. Isakov, Y. V. Afanasiev, B. N. Chich-

phasizes the diiieren . Slze_s obtaine _WI nanosecon kov, B. Wellegehausen, S. Nolte, C. Momma, and A. Tunnermann, Phys.

and femtosecond regimes, which was evidenced by manyRrev. B57, 14698(1998.

theoretical investigations****According to these studies, °N. K. Sherman, F. Brunel, P. B. Corkum, and F. A. Hegmann, Opt. Eng.

the HAZ is due to the smaller value of the electron specific ;28 1114(1989.

. . A. Luft, U. Franz, A. Emsermann, and J. Kaspar, Appl. Phys. A: Mater.
heat compared to the lattice one. In the femtosecond regime,q; processa 63, 93 (1996.

the energy brought by optical excitation is mainly depositedp. s. Perrylaser Surface Treatment of Metaélited by C. W. Draper and
into the electron bath. This bath is then cooled by electron— P. Mazzoldi,(Dordrecht, Netherlands, 1956. 57.

phonon coupling, leading to a heating of the lattice up to é'ciz';ﬂbﬁ'e;\';“(go"i l(jl'g\gge”e“"e’ and P. Corkum, Appl. Phys. A: Mater.
melting. At this point, the diffusion of the electrons is con- 12ge for instance J. D. Verhoevefyndamantals of Physical Metallurgy
sidered to be stopped and the HAZ is then defined as the(wiley, New York, 1975; P. HaasenPhysical Metallurgy 3rd ed.(Cam-
corresponding diffusion length. This length is found to be a bridge University Press, Cambridge, 1996 ’

few hundreds of nanometers in the case of metals. A thermalgé'éﬁg'(sl'?%’ B. L. Kapeliovich, and T. L. Perel'man, Sov. Phys. JETP
model is currently used to describe the heat diffusion in the«y; | kaganov, I. M. Lifshitz, and L. V. Tanatarov, Sov. Phys. JEZR73

sample, and thus explains the differences between nanosecf1957.
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