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Self-controlled formation of micro-lenses by optical breakdown inside wide-band-gap
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By repeatedly illuminating fused silica slabs with focused femtosecond pulses, we permanently
decrease the local refractive index without increasing linear absorption or scattering. This progres-
sively forms a bi-convex lens in the pre-focal region. With linearly polarized light, the index change
reaches several percent and is associated with the formation of an array of planar nano-cracks. We
analyze the polarization-dependent focusing power of the sub-wavelength periodic structure. While
the detailed material modification changes, spontaneous defocusing lens formation is a common fea-
ture of every wide band gap transparent materials that we have studied (SiO2, BK7, LiF, sapphire,

mica).

PACS numbers: 78.67.-n, 81.16.Rf, 33.80.Rv

Microfabrication is primarily based on lithographic
technologies. These are especially advanced in micro-
electronics for the fabrication of ultra high-density de-
vices. In the last decade, direct femtosecond laser writ-
ing has emerged as an alternative technique for microfab-
rication inside transparent materials. Focused to small
focal spots, intense light pulses make possible to form mi-
croscale three-dimensional (3-D) optical elements [1-3].

There are unique advantages to using tightly focused
femtosecond pulses. First, multiphoton ionization cre-
ates a modest density of free-carriers (= 1029 ¢cm~3)
that can be controlled with the pulse duration [4]. Sec-
ond, the nonlinear nature of the laser energy deposition
mechanisms confines material change to the focal volume
[5]. Third, the pulse power, P, is maintained below or
near the critical power for self-focusing (Pc = 1.5 x 10°
W in SiO2). Even in those cases where P > Pc, beam
depletion lowers the power long before the focal region.
This is confirmed by the absence of self-phase modulation
in the transmitted spectrum [4]. Taken together, the in-
teraction process becomes extraordinary controllable and
repeatable.

Experiments show that there are two ways in which
the bulk refractive index of transparent materials can be
locally modified. At low single pulse fluencies, smooth
refractive index increase (An ~ 1073) associated with
chemical changes in the material has been extensively
studied [6, 7]. This possibility has been widely exploited
to fabricate waveguides and photonic circuits [1, 3, 7].
At higher fluencies the modification generally becomes
heterogeneous on a sub-wavelength scale [8-10].

We explore the change in the effective refractive index
associated with the modification in the second regime.
As we shall see, the modification forms progressively a
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thick microlens with & 30 micron focal length inside all
bulk materials we have investigated: fused and crystalline
quartz, LiF, BK7, sapphire, mica. The defocusing of the
lens implies a large decrease of the refractive index that
can be achieved by nanoscale material disruptions.

We concentrate on fused silica in which the modifi-
cation takes the form of an array of planar nano-cracks
[11, 12]. These arrays are characterized by their form
birefringence [11]. We study the nanoscale material
rearrangement that is perfected shot after shot. We
demonstrate that as the void inclusions grow through-
out the breakdown region, a 2% refractive index decrease
is reached without increasing linear absorption or scat-
tering. This makes the approach suitable for building
advanced, high contrast 3D-optical devices in bulk ma-
terials.

We use 130 fs laser pulses with peak energy up to few
hundred nJ at wavelength A5 = 800 nm. With our
NA = 0.65 microscope objective, we would reach a peak
intensity of 3 x 10* W cm™2 if the focus were in vac-

(b)

FIG. 1: Cross-sectional images of the modified regions in fused
silica. The modifications were done by repeatedly illuminat-
ing bulk materials with 10? (a) and 10° (b) focused pulses at
350 nJ. Samples are cleaved and etched (1% HF) to reveal
the presence of nano-cracks in bulk by SEM imaging. The
relative position of images in the k-direction is arbitrary.
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FIG. 2: Measurement of the divergence of the laser beam pass-
ing through fresh (solid blue) and modified materials (dashed
red) with 107 shots laser shots at 350 nJ. The embedded graph
shows the normalized beam profiles at a distance of 150 pm
from the lens.

uum. The threshold intensity for non-linear absorption
is = 1.5 x 101 W cm~2 in fused silica [4]. The focus
is placed 75 microns under the surface so that spheri-
cal aberrations do not affect our focal spot. Figure 1
shows the cross-sectional morphology of modified SiO9
after irradiations with different number of linearly po-
larized pulses. The modification progressively assumes
the shape of a bi-convex micro-lens, determined by the
intensity distribution in the focal volume. The size of
the lens is controlled by the laser exposure. The scan-
ning electron microscope (SEM) image reveals that the
local change in the material optical properties is caused
by the formation of a self-organized array of nanoplanes
that have been identified as void nano-cracks (2 10 nm
wide) [13]. These stretch through the breakdown region
in planes that have their normal along the laser field di-
rection. The sub-wavelength periodic structure (22 250
nm spacing) is then accompanied by birefringence and a
lower refractive index.

We estimate the average refractive index modification
by measuring the change in divergence of a low intensity
beam that passes through the modified region. The mea-
surement of the beam divergence is shown in figure 2. Ex-
perimentally we use a second, higher numerical aperture
(NA = 0.75) microscope objective to collect and colli-
mate the light transmitted through the sample. We focus
(fiens = 50 mm) the collimated beam on a CCD. As we
translate the imaging system along the optical axis, we
measure the changes in the size (FWHM) of the Gaussian
beam on the CCD. The top curve in figure 2 corresponds
to the response of the fresh material. The bottom curve
was obtained when the material was previously exposed
to 107 laser shots at 350 nJ. The divergence decreases
by a factor of five for the beam propagating through a
modified region. According to the bi-convex shape of the
modification, the large defocusing is associated with a
large decrease of the refractive index.

Form birefringence arises because of the anisotropic
ordered arrangement of transparent materials on a scale
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FIG. 3: Phase delay A¢ = 2m(ns — np)d/Aias measured be-
tween p— and s— polarized light propagating trough the mod-
ified material. The measurements are performed after modi-
fication of SiO2 with different number of laser shots (E = 350
nJ). The growth of birefringence correlates with the sub-
wavelength periodic arrangement that is perfected (Fig.1) on
a shot-to-shot basis.

smaller than the wavelength. Considering the idealized
case of infinite periodic planar void cracks (thickness 1)
in fused silica (thickness t9), the treatment of the form
birefringence problem shows that the structure behaves
like a uniaxial crystal where n, (resp. n;) is the effective
index for an incident field perpendicular (resp. parallel)
to the planes [14]. If n = 1.45, ¢t; = 8 nm, t; = 200 nm
that is R = t1/ta = 4%, all typical numbers from figure 1,
we obtain n, = n\/(R+1)/(Rn2 +1) = 1.42 and n, =
ny/(R/n2 +1)/(R+ 1) = 1.435. The formation of the
cracks with sub-wavelength periodicity should therefore
be accompanied by a polarization dependent-decrease of
the refractive index exceeding 2%.

We measure form birefringence in fused SiOy using a
low intensity probe linearly polarized at 45 relative to
the writing laser polarization (p). By analyzing the po-
larization state of the transmitted beam, we obtain, the
phase delay between p— and s— polarized light, Agp,
as a function of the number of shots (Fig. 3). We
find that the polarization changes gradually from lin-
ear to circular as the number of shots of the writing
laser increases. Accordingly, over the d = 25um long
interaction region, the phase delay exceeds that of a
quarter-wave plate for a 107 shot exposure. It corre-
sponds to a polarization sensitivity of the refractive index
An =n, —ng = APAjes/2md =2 —1% which is in reason-
able agreement with our form birefringence predictions
(see above).

Based on the birefringence properties, one would ex-
pect also a polarization dependence in the power of the
lens. However, the phase advance implied by this self-
generated lens is much greater than the relative phase
advance of s— and p— polarized light. Accordingly, we
observe very little difference between polarizations when
we characterize the large defocusing power of the lens (as
in Fig.2).

We can probe the self-formed lens spatially by perform-
ing a z—scan of the refraction properties of the modified




7] SRS SAak SAGHE P VAL RARES LY
. E s |3 =05
= 20 - -
= * 5
= L 1S,
i) o -
5 15F {4 8
E L 4 @
o r : E
3 10 105
5 i -
osf 15
P e e 7l I I - P

a0 20 10 ] =10 =20
Probe Beam Waist Position [um]

FIG. 4: (color online) z—scan of the refraction properties of
the modified structure using p— (red) and s— (blue) polar-
ized probes. The embedded image shows the geometry of
modifications that is probed. The spot size, or divergence, of
the probe beam (right ordinate) is directly evaluated by mea-
suring the probe energy transmitted by an on-axis aperture
(left ordinate). Signal level 1 corresponds to 40% transmis-
sion by the aperture of the laser beam passing through a fresh
material. The measurement shows a polarization dependent
refraction at the first interface of the structure.

region for p— (writing) and s— polarized light. We focus
the low intensity probe light with the microscope objec-
tive inside the modified region and measure the energy
in the central region of the transmitted beam, using an
on-axis aperture. The size of the aperture is set to trans-
mit 40% of the laser beam, when it propagates through a
fresh material. This provides for the optimum sensitivity
of the z-scan. Translating the focusing objective along
the optical axis changes the beam divergence and, there-
fore, the signal amplitude on the photodiode. Using this
approach we can separate between the influences of the
back and the front surfaces of the lens.

Figure 4 shows the measured signal as a function of the
probe position for a lens written with 107 shots at 350
nJ. The zero position corresponds to the probe beam fo-
cusing exactly at the same location as the writing beam.
The intensity measured in this situation is much larger
than that measured for an unmodified material (black
- unity level). This is clear evidence of a decrease in
divergence. By moving the probe focus progressively to-
ward the front-curvature of the lens (positive values), the
signal becomes lower than unity when the beam waist
crosses the first principal plane H1 of the formed lens.
The full scan measurement shows that form birefringence
is present at the input interface of the modified region. As
we move closer to the front of the lens, the measured sig-
nal becomes highly polarization dependent. As predicted
(see above), a stronger refraction occurs for the writ-
ing polarization, p. The polarization sensitivity vanishes
with the sharp exit tip where the number of nano-planes
drops to only a few (scan toward negative z—positions).

The creation of the defocusing microlens in the inter-
action region in fused silica does not necessarily require
the formation of a birefringent structure. Similar diver-
gence change is found when circularly polarized light is
used for lens writing. In this case, the nano-cracks are
quasi-random in shapes and location [8]. In general, the
creation of multiple sub-wavelength size voids inside the
bulk leads to the reduction of the volume refractive in-
dex, An =~ R (1 — n) where R is the volume fill ratio. We
repeated the lens writing experiment in other transpar-
ent dielectrics (crystalline SiOg, BK7, LiF, sapphire and
mica). We found similar increase in the signal through
an on-axis aperture, (by a factor of 1.5 to 2) in all of
them. Although the formation of the birefringent struc-
tures has not yet been reported for other dielectrics, this
large divergence decrease implies that nano-cracking and
subsequent lens formation is likely to be a general phe-
nomenon for dielectrics.

While we have concentrated on self-formed micro-
lenses and their potential technological benefits, the un-
derlying material science is only partially understood.
We will focus a future paper on this aspect. One tool to
understanding and monitoring material modification in
real time is to look at the non-linear absorption of each
individual pulse that creates the structure. Shot after
shot, an increase of the transmission associated with re-
duced multiphoton absorption is systematically observed
for both linearly and circularly polarized light. Like lens
formation, enhanced transmission is found in all wide
band gap materials that we have studied under repeated
illumination. In fused silica, it is also a polarization de-
pendent process. The feedback effect of the defocusing
lens on the beam that creates it and the local field distri-
bution in the progressively structured materials are con-
tributions to this self-limitation of the modification. The
saturation of the birefringence properties with the num-
ber of laser shots shown in figure 3 is another manifes-
tation of the self-limited character of the lens fabrication
process. It is an attractive feature for technological con-
siderations.

Finally, our results emphasize that efficient
polarization-dependent component such as wave-plates,
retarders and couplers can be efficiently fabricated
provided that the ordered and self-limited material
rearrangement occurs on a scale much smaller than
the component size. These capabilities open a route to
integrating advanced functionality inside optical fibers
or bulk materials.
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