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CEKt  FHig.2.  Side-view ol the development of
the damage inside BK7 starting aller 1200 laser
shots 5,

clectron plasna and super continuum genera-
tion (S8CCH # take significant influence on the
beam propagation inside the material. Al-
though 8CG is proposed to occur as an inter-
play ol self-focusing and nwlti-photon excited
self-phase modulation 1, the fundamental
mechanisms of the SCG are presently still not
well understood. Group velocity dispersion
may limit the achievable maximum intensity
inside the bulk considerably, similar to plasma
formation. I'he use of lenses witl: shorter focal
length reduces the penetration depth of the
pulse inside the dielectric, hence, decreases the
spectral broadening of the laser pulse duce to

SCGL This may explain our observations,

"T'o obtain equal conditions for the dilferent
cxperiments the laser beam was focused onto
the front surface of the different samples. At a
low fluence below surface darage threshold it
was possible to initiate damage inside the bulk
and with increasing shot numbers the damage
track moves towards the surface, ag shown in
Fig. 2, Here, the pulse duration was [ ps,
characterizing o lmil at which the self-
focusing driven bulk damage was observable.
While at sub-ps pulses ao permanent damage
was registered, at 5.3 ps ouly 10 laser shots were
necessary to introduce damage inside the bulk
of BK7.
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Femtosecond micre-machining of high
index and photo-sensitive glasses in air

Lawrcuce Shah, Martin Richardson,

Jesse Tawney, Kathleen Richardson, School of
Opties & CREOL, Univ. of Central Florida
4000, Centrad Hlorida Blvd., Orlando, PR
32816-2700; E-mail: icr@creol ucf.edin

i is well-known that micromachining witl
high intensity femtosecond pudses has sigmili-
cant advanlages over nanosecond laser
pulsest* including increased ablation rates,**
although theve ave many complex interaction
processes involved.™ 7 They have been shown
to be effective in creating microstructures in
fused silica, particularly gratings.»® We are in-
vestigating the iuteraction of high intensity
{(~ 10" W/em?) 110 fs laser pulses with a vari-
cly of glasses to determine their potential for
detailed structural micro-fabrication in trans-
parent media,' ' and through analysis of the
chauges in material structure and cliemical
propertics, assess the interaction processes in-

volved.

Our studies are performed with single, 845
n, -1 mf pulses from a chivped-pulse-
amplificd 'T'i:Sapphire/CrLISAF femtosecond
tager. Whereas some carlier work was per-
formed i vacuum,! our studies are made inan
ambient gas environment. Moreover, by using
the uncowpeessed, 250 ps duration chirped
pulse ftom the CriliSAL regenerative anmphi-
fier, we can compare interaction processes in
both the femeosecond and subnanosccond re-
pimmes. T'he lkiser output in these two regimes is
focused with a 20 cm focal length lens onto
various glass substrates mounted on a preci-
sion three axis micrometer stage. 'The samples
are prepared with polished surfaces on three
sides, in order to allow photographic and spec-
troscopic analysis.

Figare | illustrates the differences 1o the
material structure when holes are drilled in
un-doped glass with single subnanosecond 4
n) laser pulses (lefl-hand featiee) and with
single 110 £s, ~ 1 m) pulses (right-hand fea-
ture). Whereas femtosecond pulses create o
sharp well-delined tapered hole in the waterial
with litte evidence of bulk material modifica
tion, features made with subnanosecond
pulses tend to occupy a greater volutue with
several small cracks extending into the bulk
material. Eleclvon microscopic analysis shows
shmilar differences in the surface Llopology and
thermally alfected regions for these two ve-
gimes. We are now niaking more detailed in-
vestigations of the structural snd chemical
changes induced in the material using Ranian
spectroscopy, x-ray p]mlo—ck‘clmn spectros-
copy and pulsed probe analysis. In addition,
with the aid of a newly developed focused ion
beam sectioning technigque we are able to ex

posc without degradation the inner surlace of

the hole and charactevize ils microscopic topo-
logical and chemicat features. The hole shown
in Vig. 2, illustrates another advantage of fem

tosecond pulse micromachining. This hole,

CPK2  Tig. 1. T'he hole onthe left was made by
1,000 subnansecond laser pulses, The hole on the
right was made using 1,000 femtosecond laser
pulse, The avcows in the figure represent 500 pin
relative scale,

CIK2  Fig. 2. This hole was drilled with
1,000 Temtosecond laser pulses in lead doped
glass. "Uhe scale arcow is | munt in fength, thus the
entire feature is greater than 3 num long,

drilled with 10,000 [emtosecond laser pu
Las anoverall length of 3.1 mm with a diaweter
of 100 pum at the entrance, diminishing to a

ses

sharp point at the far end. 1ligh aspect ratio
loles of this type have many important appli -
cations. ‘T'ke large aspect ratio (=~30:1) pro-
vides strong evideace for laser beam guiding
during the ablation process. Future materials
studies will provide additional data o the ef-
fecliveness of his process.

Initial calculations reveal that both femto-
second and subnanosccond ablation rates are
inverscly proportional Lo the number of pulses
incident, Le. the depth in the material. Fig, 3.
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CFK2  Fig. 3. Average subnanosccond vs.
temtosccond ablation rates in un-doped glass asa
function of the number of incident pulses.

shows that the subnanosecond abfation vate
decreases steadily as the number of pulses in-
creases, while the femtosecond ablation rate
ctfectively reaches a minimum value after
~5000 pulscs. The fact that the fenilosecond
ablation rate does not continue to reduce sig-
nificantly beyond 5000 pulses may also indi-
cate that beam guiding is taking place during
the femtosecond machining process.

Studies arc now ongoing witl high density
and photo-sensitive glasses, which should pro-
vide more detailed information on the various
processes involved.
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Threshold and morphology of
femtosecond laser-induced damage in
silicon
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Micromachining with femiosccond laser sys-
tems has evolved since these lasers have been
readily available for a wide set of parameters,
However, this application also pushes basic
research because a detatled investigation of
fundamental processes in the inlecaction be-
tween light and matter is now possible ot an
wltrashort time scake. It has been shown that
ultrashocl pulses bear the potential for (Later-
ally and vertically) precise micromachining in
transparcnt diclectrics.’ In this paper we want
1o extend the existing investigations on laser-
induced damage in siticon to pulse durations
down to 5 s

We carried out experiments on a polished
(11 D-surtace of n-doped silicon samples with
a Timsapphire laser system.? The pulse duration
was changed between 5 [s to 400 {s by inserting
dispersive material, pulses wilh varying encrgy
have been focused to a diameterin the order of
100 pm onto the sample surface. For higher
applied Muecnces {in the single-shot case) the
sample was placed in a slightly evacuated
chamber.

The damage threshold was determined us-
ing the established reliable techuique of mea-
suring the diameters of the generated craters in
dependence on the pulse Mluence and extrapo-
lating to zero. Damage thresholds of wulti-
shot experiments for different pulse durations
are shown in Fig. I. Interestingly—and in con-
tradiction to experiments in transparent
diclectrics— single shol measurements with
5-fs pulses yiclded identical values of the dam-
age threshold, Obviously—for these short
pulses—there is no such rapid chemical modi-
fication of silicon (or one that leaves the
threshold unchanged) when irradiated with
pulse energics below the damage threshold as
for example 1o fused silica.t

Dictures taken with an atomic force micro-
scope (AFM) and a scanning electron micro-
scope (SEM) reveal interesting marphological
features of the damaged areas. Tor single-shot
ablation the formation of circular substruc-
tures (holes) within the cavities can be ob-
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CFK3 Tig. 1. Threshold fuence of laser-
induced damage in siticon {or several pulse dura-
tions of a "I'i:sapphire aser,

CUK3  Fig. 2. AlI'M picture of damage in sili-
con generated with a single Tizsapphire Llaser pulse
{7 =55 1= 7.7 J[fem?). Dark arcas indicate more
ablateed material, the depth of the crater is aboul
200 nm.

TS

CPK3  Fig. 3. SIM picture of damage in sili-
con generated with 100 Tisapphire laser pulses
(1 =130 fs, ¥ = 2.8 J/om?). Columnar structures
arise [tom (he boltom ol the ablated area which
protrude above the original silicon surface.

served (see Vig. 2), these holes vanish when the
same spot s illuminated with subsequent
pulses. This phenomenon might be due to an
inhomogencous surface absorption which
leads to locally enhanced ablation, Tt becomes
more pronounced at higher pulse fluences.

In a certain range of fluence and pulse du-
ration we can observe a re-structuring phe-
nomenon in the center of the ablation arcas
(sce ig. 3}. Llere, a ve-growth from the molten
and/or vapor phase takes place, leading to the
columu-like structures that even tower above
the surface of the silicon, Furthermore, we ob-
served the well-known wavelength ripples that
are due to interference and subsequent local
ficld enhancewent.’
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