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Micromachining bulk glass by use of femtosecond laser pulses
with nanojoule energy
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Using tightly focused femtosecond laser pulses of just 5 nJd, we produce optical breakdown and structural
change in bulk transparent materials and demonstrate micromachining of transparent materials by use of

unamplified lasers.

as well as a study of the morphology of the structures produced by single and multiple laser pulses.

We present measurements of the threshold for structural change in Corning 0211 glass

At a high

repetition rate, multiple pulses produce a structural change dominated by cumulative heating of the material

by successive laser pulses.
inside bulk glass, using only a laser oscillator.
OCIS codes: 320.7110, 140.3330, 140.3440.

In recent years, optical breakdown induced in trans-
parent materials by femtosecond laser pulses! 3 and
its application to micromachining* 2 have received
much attention. When a femtosecond laser pulse is
focused inside the bulk of a transparent material, the
intensity in the focal volume can become high enough
to cause absorption through nonlinear processes, lead-
ing to optical breakdown in the material.!~®> Because
the absorption is strongly nonlinear, this breakdown
can be localized in the focal volume inside the bulk of
the material, leaving the surface unaffected.>~® The
energy deposited in the material produces permanent
structural changes in the sample,>*~® which can be
used to micromachine a three-dimensional structure
inside the bulk of the glass. Recent demonstrations
include three-dimensional binary data storage® and
direct writing of optical waveguides® ! and waveguide
splitters.!? Until now, however, micromachining with
femtosecond lasers has required amplified laser sys-
tems operating at kilohertz repetition rates, severely
limiting the maximum processing speed in many
applications.

In this Letter we demonstrate that one can produce
optical breakdown and permanent structural change
inside a transparent material by use of only an oscil-
lator. First, we show that in Corning 0211, a borosili-
cate glass, structural change is produced with as
little as 5 nJ of energy for laser pulses that are
focused with a 1.4 numerical-aperture (NA) oil-
immersion microscope objective. Next we examine
the morphology of the structural changes produced
by both single laser pulses and multiple pulses at a
25-MHz repetition rate. We find that single pulses
produce structures with a diameter of less than
0.5 um, whereas multiple pulses arriving at a high
repetition rate act as a point source of heat inside the
material, melting a volume of glass with a diameter
that depends on the number of laser shots. Finally,
we demonstrate that it is possible to directly write
single-mode optical waveguides inside the bulk of
a glass sample at a speed of 20 mm/s by use of an
unamplified femtosecond laser oscillator.

To determine the energy threshold for permanent
structural change we use a light-scattering tech-
nique.”® A 100-fs pump pulse from a regeneratively
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Using this cumulative heating effect, we write single-mode optical waveguides
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amplified Ti:sapphire laser system is focused beneath
the surface of the sample by a microscope objective
with a NA of 0.25-1.4. We probe the pumped re-
gion of the sample with a He—Ne laser and block
the directly transmitted He—Ne probe light. When
breakdown occurs the resulting structural changes
scatter some of the He—Ne probe light around the
beam block into a detector. Figure 1 shows the
measured energy threshold for permanent structural
change in Corning 0211 as a function of the NA of the
microscope objective.

To a first approximation, the energy, E,, cor-
responding to the intensity threshold for optical
breakdown, I, scales linearly with the laser spot
size (i.e., Ey, « I, /NA2). Aberrations and self-focus-
ing both cause a departure from this linear scaling.
Aberrations play a role primarily at high NA (=0.5), at
which the paraxial approximation breaks down.’* We
minimized aberrations in the experiments presented
here.’* Self-focusing, on the other hand, is more
important at low NA (=0.65), because the amount of
self-focusing depends on the ratio of the peak power of
the laser pulse to the critical power for self-focusing
for the material and because a higher peak power
is needed to reach the breakdown intensity at low
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Fig. 1. Dependence of the threshold energy for producing
permanent structural change on the NA of the focusing
objective for 100-fs laser pulses in Corning 0211. The solid
curve shows a fit of Eq. (1)to the data, yielding Iy, = 2.8 X
10 W/m? and Pey = 1.5 MW.
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NA.'»% Ag long as the peak power remains well
below the critical power, the change in the laser spot
size that is due to self-focusing can be accounted for.'®

For diffraction-limited focusing!* in the presence of
weak self-focusing, the energy corresponding to break-
down intensity is related to the NA of the objective by

_ Ith’T/\2
7(NA)?2 + Iih A2/ P,

Ey D

where P., is the critical power for self-focusing in the
material, 7 is the laser pulse duration, and A is the
wavelength of the laser.'” With the threshold inten-
sity and the critical power for self-focusing as free pa-
rameters, a fit of Eq. (1) to the data in Fig. 1 yields a
threshold intensity of 2.8 X 107 W/m? and a critical
power of 1.5 MW.

Over the entire range of NA’s used, breakdown is
achieved below the critical power for self-focusing.
Consequently, self-focusing is negligible for 1.0 and
1.4 NA, whereas for 0.65, 0.45, and 0.25 NA self-
focusing results in 6%, 10%, and 20% decreases,
respectively, in spot size. In previous work, self-
focusing played a more dominant role,'® complicating
the determination of the threshold intensity for bulk
optical breakdown.

To visualize the structural changes induced by the
optical breakdown we made arrays of structures and
imaged the arrays in a differential interference con-
trast microscope. Figure 2a shows an image of per-
manent structures produced in the bulk of Corning
0211 glass by single 100-fs, 10-nJ laser pulses focused
by a 1.4-NA microscope objective. The propagation
direction of the femtosecond laser beam is into the
plane of the image. The structures have a 0.5-um
diameter, corresponding to the resolution limit of the
optical microscope. The structures are cylindrical in
shape and ~2 um long. Whereas the voids obtained
at higher laser energy suggest an explosive mecha-
nism,® the structural changes shown in Fig. 2a could
be due to localized melting, to color center formation,
or to a mechanism analogous to ultraviolet densifica-
tion.’® Details of the mechanism are currently under
investigation by our and other research groups.

As Fig. 1 shows, a structural change in the mate-
rial can be produced with only 5 nd at 1.4 NA, making
it possible to micromachine a material with an unam-
plified laser. We therefore constructed an extended
cavity Ti:sapphire oscillator with a repetition rate of
25 MHz, a pulse energy of 15 nd, and a 30-fs pulse du-
ration.’®?® Figure 2b shows bulk structures produced
with this long-cavity oscillator by use of trains of 25,000
successive 5-nJ, sub-100-fs laser pulses.?’ The laser
beam is incident perpendicularly to the plane of the
image. The structures in Fig. 2b have a diameter of
10 um, much larger than the single-shot structures in
Fig. 2a. Several rings, indicating regions of different
refractive index, are visible in the image.

At 25 MHz the time interval between successive
laser pulses is much shorter than the 1-us time scale
for diffusion of heat out of the focal volume.?? As a
result, successive laser pulses deposit energy faster

than it can diffuse away, raising the temperature of
the material in the focal region. On a longer time
scale, the heat deposited by a succession of thousands
of pulses diffuses into the surrounding material and
melts a region much larger than the focal volume.
The glass resolidifies nonuniformly, providing the
optical contrast observed in Fig. 2b. The diameter of
the structures increases approximately as the number
of incident laser pulses to the one-fourth power. The
diameter saturates at ~20 um after ~10% pulses,
most likely because the structure itself distorts the
focus enough to lower the laser intensity below the
breakdown threshold, thereby preventing further en-
ergy deposition. Similar cumulative heating effects
have been seen in surface ablation of fused silica by
use of high-repetition-rate, high-energy, ultrashort
pulse trains.?

Figure 3 shows cylindrical structures written inside
bulk Corning 0211 glass by translation of the sample
at 20 mm/s perpendicularly to an incident 25-MHz
train of 5-nd, sub-100-fs laser pulses focused with a
1.4-NA objective. The cylinders form single-mode
optical waveguides, indicating that the refractive
index is larger at the center than in the surrounding
material. This change in refractive index suggests
that the glass at the center of the cylinder densifies
as it cools. The inset in Fig. 3 shows an end view of
one of these waveguides after cleaving of the glass to
produce a clean face. The same ring structure as in
Fig. 2b is evident in the end view.

Fig. 2. Optical microscope images of structures produced
in bulk Corning 0211 by a, single 10-ndJ, 100-fs laser pulses
and b, 25,000 5-nd, sub-100-fs pulses at a 25-MHz repe-
tition rate. In both cases the pulses were focused by a
1.4-NA microscope objective.

end view

10 ym

Fig. 3. Optical microscope image of waveguides written
inside bulk glass by a 25-MHz train of 5-nd, sub-100-fs
pulses focused by a 1.4-NA microscope objective. The
sample was translated at 20 mm/s perpendicularly to the
incident direction of the laser beam. The inset shows one
end face of a waveguide.
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Fig. 4. Waveguide output profile at 633 nm. The points
correspond to a cross section of the near-field mode, and the
curve represents a best-fit Gaussian. The inset shows a
CCD image of the near-field mode.

Figure 4 shows the near-field output profile of one of
these waveguides for 633-nm laser light. As the data
show, the waveguide has a single-mode, near-Gauss-
ian output profile for visible wavelengths. From the
divergence of the waveguide output we find that the
refractive-index change between the core of the wave-
guide arid the surrounding material is approximately
3 X 1074

In conclusion, we have shown that by tightly focus-
ing femtosecond laser pulses one can produce optical
breakdown and structural change in glass with pulse
energies that can be obtained without amplification.
Near the 5-nd threshold a single pulse produces a sub-
micrometer-sized structurally altered region inside the
material. At a high repetition rate, the laser acts as a
point source of heat inside the bulk of the material, and
the morphology of the resulting structural change is
dominated by thermal effects. We also demonstrated
micromachining of single-mode optical waveguides in-
side bulk glass at a writing speed of 20 mm/s. This
technique makes it possible to directly write wave-
guides in three dimensions into bulk optical materials
and opens the door to the fabrication of a wide variety
of passive and active optical devices for the telecommu-
nications industry.
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