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Abstract

We have succeeded in realizing a method to control the spatial distribution of optical retardation as a result of nanogratings
in bulk-fused silica induced by ultrashort laser pulses. A colorimetry-based retardation measurement (CBRM) based on
the Michel-Levy interference color chart using a polarization microscope is used to determine the profiles of the optical
retardation. Effects of the spatial overlap of written regions as well as the energy and polarization of the writing pulses on
the induced retardations are studied. It has been found that the spatial overlap of lines written by pulse trains with different
energies and polarizations can result in an adjustment of the induced birefringence in the overlap region. This approach offers
the possibility of designing polarization-sensitive components with a desired birefringence profile.

1 Introduction

Self-assembled nanogratings formed by focused femtosec-
ond laser pulse trains inside a transparent media have opened
new frontiers in micromachining ranging from 5D optical
data storage [1], 3D integrated microfluidic sensors [2],
nano-fluidics channels for lab on a chips [3, 4], to polariza-
tion-sensitive devices for optical circuits [5], such as polari-
zation selective holograms [6], zero-order quarter-wave and
half-wave retarders, and polarization beam splitters [7, 8].
When a sample is illuminated by several hundreds of
ultrashort laser pulses, at certain intensity level, self-organ-
ized sub-wavelength periodic nanostructures oriented per-
pendicular to polarization of the writing beam can be gen-
erated in the focal region of the laser beam. The observed
uniaxial birefringence due to such nanograting is called
self-assembled form birefringence. Different techniques
have been exploited to study such nanostructures, e.g. scan-
ning electron microscope (SEM) [9-11], small angle X-ray
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scattering [9—-11], and focused ion beam (FIB) milling [12].
Furthermore, various models have been proposed to explain
the origin of these nanostructures. Shimotsuma et al., inter-
preted self-organized structures in terms of the interference
of electron plasma waves resulting in electron concentration
modulation, followed by freezing of the interference pat-
tern by structural change in glass [13]. Beresna et al. [14]
proposed that interference and dipole—dipole interaction of
polaritons causes formation of nanogratings inside dielec-
trics. Also, surface plasma waves excited at the interface
between the regions affected and unaffected by the femto-
second laser irradiation were introduced as trigger for the
formation of nanogratings [15]. More recently, Rudenko
et al. [16] proposed a numerical model based on Maxwell’s
equations coupled with multiple free carrier density rate
equations and found that laser-induced inhomogeneities
play a crucial role in generation of nanograting induced
by femtosecond laser pulses. Moreover, the dynamics of
the nanograting formation and the growth of nanograting-
induced retardation has been experimentally studied by
writing a series of dots inside fused silica using orthogo-
nally polarized double pulses with different time delays [13,
17]. Generally, most reports are focused on the origin of
nanogratings and the amount of retardation induced inside
the material and, according to our knowledge, the spatial
profile of the retardation in the modified region has not been
considered yet.

In this paper, the spatial profile of the retardation induced
by the nanogratings along the lines written by femtosecond
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laser pulses is experimentally investigated. It is found that
the amount of retardation varies from a maximum at the
center to a minimum at the edges of the lines. We used a col-
orimetry-based retardation measurement (CBRM) method
based on the Michel-Levy interference color chart using a
polarization microscope to record 2D profiles of the retarda-
tion of lines. Effects of the lateral overlap of two adjacent
lines created by a single pulse train as well as by an orthogo-
nally polarized double pulse train on the optical retarda-
tion distribution have been studied. It is observed that by
adjusting the polarization and the energy of the writing pulse
trains as well as the line separation one can adjust the optical
retardation in the overlap region of the lines. Such results
offer the possibility of controlling the retardation induced by
nanogratings to design polarization-sensitive components
with a desired birefringence profile.

2 Experimental setup

The experiments have been performed with a mode-locked
amplified Ti:Sapphire laser system (Femtolasers GmbH,
FemtoPower Compact Pro.) operating at a wavelength of
800 nm with a pulse duration of 25 fs and a repetition rate
of 1 kHz. It is possible to stretch the pulses up to 500 fs
by adjusting the prism-pair position in the compressor part
of the amplifier. The schematic of our experimental setup
is illustrated in Fig. 1. The p-polarized laser beam enters
a Mach—Zehnder interferometer and is equally divided by
a non-polarizing 50/50 beam splitter. In the first arm, the
pulse polarization changes to “s” using a half-wave plate to
become orthogonal to that of the other arm. The two orthog-
onally polarized beams are recombined with a polarizing
beam splitter. The optical path difference between two arms

Fig. 1 Layout of experimental
setup for generation of orthogo-
nally polarized double pulse
train and the femtosecond laser
writing
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is adjusted so that the length of both arms are approximately
equal. This is accomplished using an optical delay line in
the first arm, with an accuracy better than the spatial length
of the pulse, by observing the interference fringe pattern
resulting from the second harmonic beam generated by a
BBO crystal. The intensity ratio of the orthogonally polar-
ized beams is varied by a half-wave plate inserted in the
delayed path. To write lines inside a fused silica plate, the
beam is focused using a microscope objective (Zeiss; 50 X,
0.65 NA) at a depth of about 100 um and is scanned inside
the sample at a speed of 1 um/s using a three-axis translation
stage (ABL1050, Aerotech Ltd).

A positive optical phase-contrast microscope (PCM,
Olympus BX50, 100 X oil-immersion objective) and a
polarization microscope (Nikon, Optiphot2-pol, and 100 x
oil-immersion objective) is used to image the distributions of
the induced refractive index changes and the optical retarda-
tion of the lines, respectively.

3 Results and discussions

First, two parallel lines with a separation varying from 2 to
6 microns were written at a depth of 100 um underneath the
fused silica sample surface. Each line was written using a
p-polarized femtosecond pulse train with a pulse duration
of 100 fs and a pulse energy of 1 uJ. The lines were written
with the same scanning direction to avoid the non-reciprocal
“quill” effects that is described by Song et al. [18]. The spa-
tial distributions of the refractive index change and the opti-
cal retardation of the two adjacent lines were verified using
a PCM microscope (Fig. 2al—c1) and the CBRM method
using a polarization microscope (Fig. 2 a2—c2), respectively.
The CBRM method is explained in “Appendix”.

Optlcal delay line;
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Fig.2 the PCM images (al—cl)
and the CBRM images (a2—c2)
of two lines with different sepa-
rations between 2 and 6 pm

(a1): 2pum

As known, the observed birefringence of each line is
due to the induced nanograting structures and the direction
of the slow axis of the uniaxial birefringence is always per-
pendicular to the polarization of the writing beam. Look-
ing at a modified sample by a polarization microscope, the
retardations arising from the sample and the tint plate are
added/ subtracted, if the slow axis of birefringent lines are
oriented parallel/perpendicular to the slow axis of the tint
plate of microscope. Consequently, the observed interfer-
ence color moves toward higher/lower order side of the
Michel-Levy chart as compared to the purple background
of the unmodified glass. For example, the blue-green color
of the central part of each line, observed in the CBRM
images of Fig. 2a2—c2, indicates that the directions of the
slow axes of both lines are identical and perpendicular to
the written lines. Therefore, the observed color of each
line may illustrate the directions of the slow and the fast
axes of the birefringent lines and, hence, the nanograting
orientation.

Figure 2(c2) also shows that the blue-green color at the
central part turns to the dark blue color at the edge of each
line. It means that the retardation at the central part of each
line is larger than at the edges. Comparing Fig. 2a2—c2 indi-
cates that a decreasing line separation leads to an increase
of the optical retardation in the overlap area, so that for a
separation of 2 microns in Fig. 2a2, the overlap of the cen-
tral parts of the two lines causes the yellow color for these
regions in the CBRM image. According to the Michel-Levy
chart, the yellow color indicates a larger optical retardation
as compared to the blue-green color of the central part of
each separate line.

—
oo

ci): 6um

(b1): 4um

(b2):4pum

To measure the amount of retardation in the overlap area
for a line separation of 2 um, the tint plate is replaced by a
Senarmont compensator (see appendix). Figure 3a shows a
microscopy image of lines when the analyzer axis is per-
pendicular to the polarizer axis of the microscope (i.e. the
analyzer angle is set to zero degree). Turning the analyzer
by an angle of 82°, the central part of each line turns to dark,
which corresponds to an optical retardation of about 250 nm
(Fig. 3b). However, the complete darkness of the overlap
region occurs at an angle of 92° which corresponds to a
retardation of about 280 nm (Fig. 3¢). Variation of the opti-
cal retardation in the direction perpendicular to the modified
lines observed in Fig. 3d confirms that the optical retardation
in the overlap region of two lines with the same directions of
birefringence axes is increased. We have also found that for
a line separation larger than 6 um the optical retardation of
each line does not affect the other line and their extinction
angle is about 70° (equivalent to retardation of 212 nm).

In the following experiments, we have studied the spa-
tial distribution of an induced retardation when one line has
been written by a pulse train with s-polarization and the
other line with p-polarization and the two lines are laterally
separated by 2 um. The energies and the pulse durations of
p- and s-polarized pulse trains are identical to the ones used
in Fig. 2. The CBRM image of the induced retardation is
shown in Fig. 4a and the inset of the figure illustrates the
profile of retardation extracted from this image.

According to the Michel-Levy chart, an orange/blue color
corresponds to a smaller/larger retardation as compared to
the purple color of the background. Furthermore, it indicates
that the slow axis of the line is parallel/perpendicular to the
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Fig.3 The images acquired by using Senarmont measurements for analyzer rotation angle of a 0°, b 82° and 9 ¢ 92° for lines separation of 2 um,
d variation of optical retardation in direction transverse to modified line structure

Fig.4 a CBRM images of two (a)
lines inscribed by s-polarized
and p-polarized pulse trains
with pulse energy of 1uJ with
transverse separation of 2u m
(inset: transverse profile of
optical retardation). b The
Senarmont images at different
rotation angles of the analyzer

written line. This image illustrates that the retardation at
the overlap region of two lines is almost canceled out due
to their opposite signs. The cancellation of retardation is
also confirmed by the dark color in the overlap region for an
analyzer angle of zero when using the Senarmont method
(Fig. 4b). This method gives the amount of retardation of the
lines equal to — 140/173 nm (at analyzer angles of — 46/57°
in Fig. 4b).

We also investigated the effect of a spatial overlap of
regions modified by two orthogonally polarized simulta-
neous pulse trains with an energy of 0.5 pJ per pulse. To
create such pulses, the p-polarized beam in the second
arm of Mach—Zehnder interferometer in Fig. 1 is slightly
tilted relative to the s-polarized beam in the first arm, so
that only in a defined part of the modified region these
beams spatially overlap. In the CBRM image (Fig. 5a), the
color of the resulting modified region, which is a signature
of the nanograting orientation, is determined by the rela-
tive intensity of the writing beams in the overlap region.

@ Springer
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Since the tilted p-polarized beam is not properly focused
by the objective lens, it has a lower intensity relative to the
focused s-polarized beam in the overlap region. Thus, the
nanograting orientation in this region is determined by the
s-polarized beam due to its higher intensity and mostly seen
as orange color in Fig. 5a. However, on the edges of the line,
where the beams do not overlap, the nanogratings are only
created by the p-polarized beam (the blue edge). The purple
color in the region marked as ‘A’ illustrates the nanogratings
created by the orthogonal polarizations cancel each other.
Figure 5b shows a CBRM image acquired from two
parallel lines separated by lateral distance of 2 microns,
each one written by p-and s-polarized double pulse trains
under the same conditions as for Fig. 5a. The CBRM image
(Fig. 5b) and the Senarmont image with analyzer angle of
zero degree (Fig. 5c, #=0) show that the overlap region
of the two lines, the region marked as “C”, have the same
color as the background which is due to cancelation of the
optical retardation in those regions. Lateral variations of the
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Fig.5 a The CBRM image of

a line written by orthogonally
polarized double-pulse trains
with p-polarized beam slightly
tilted relative to s-polarized
beam, b the CBRM image of
two adjacent lines similar to
line at a with a separation of 2
microns (profile of optical retar-
dation is shown in the inset), ¢
the Senarmont images with ana-
lyzer angles of 0°, — 34°, 20°,
for two lines. The pulse energy
for each pulse is 0.5 WJ

(a)

(b)

optical retardation perpendicular to the modified lines (inset
of Fig. 5b) illustrates that the retardation is nearly zero in the
regions marked as “B” and “C”. Cancellation in “C” region
is due to the spatial overlap of the nanostructures created by
p-polarized pulses in the bottom line and those created by
double pulses in the top line. The amount of optical retarda-
tion of the regions written by orthogonally polarized double
pulses is about — 103 nm (6= — 34°) while it is equal to
60 nm (6=20°) for the birefringent region (the blue edge)
induced by only p-polarized pulses (Fig. 5¢). These results
illustrate that by an appropriate adjustment of the lateral
distance of two orthogonally polarized double pulse trains
one can design a desired birefringence profile.

4 Conclusion

We have experimentally studied the influence of a spatial
overlap of modified region written by ultrashort pulse trains
with different polarizations and energies on the spatial dis-
tribution of the optical retardation induced by nanogratings.
The CBRM method based on the Michel-Levy interference
color chart was used to obtain retardation profiles and direc-
tions of the slow and the fast axes of the birefringent lines
and, hence, the nanograting orientation. Our results dem-
onstrate that the optical retardation of the spatially over-
lapped regions written by pulses with same polarization is
enhanced while that of pulses with orthogonal polarizations
is reduced. On the other hand, investigation of the spatial
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overlap of modified regions by two orthogonally polarized
simultaneous pulse trains reveals that the nanograting ori-
entation in each region is determined by the writing pulse
with higher intensity. Therefore, the retardation at each
point of the modified region can be controlled by adjusting
the energy, polarization, and spatial overlap of the writing
pulse trains. Such results can be attractive for the design of
polarization-sensitive as well as polarization independent
components.

Appendix

Colorimetry-based retardation measurement (CBRM)
method [20] can be exploited using a polarization micro-
scope to determine the induced optical retardation. In the
CBRM method, a polarized white light enters into the sam-
ple that is placed between two cross-polarizers of the micro-
scope so that its birefringence axes relative to polarizer and
analyzer axes are 45°. Ordinary and extraordinary rays expe-
rience various phase difference passing through the sample,
depending on the wavelength, that leads to different rotations
of polarization for each wavelength of the white light. Super-
position of transmitted waves with different wavelengths and
amplitudes through the analyzer results in a color pattern
where each color corresponds to a certain optical retardation
experienced by the refracted ray. By comparing the observed
colors with those contained on the Michel-Levy interfer-
ence chart (Fig. 6), the retardations of each segment of the
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Fig. 6 Michel-Levy interference color chart [19]

modified structure of the sample can be estimated. To accu-
rately determine small retardation values, a full-wave plate
at =530 nm (known as tint plate) should be inserted prior
to the analyzer so that the measured retardation rises by one
full wave of 530 nm. It is particularly useful for determin-
ing those retardations in the low first-order gray region of
Michel-Levy chart (<300 nm) that are the most difficult to
estimate accurately.

The amount of the retardation for each segment can be
measured by inserting a quarter-wave plate (known as Sen-
armont compensator) prior to the analyzer, instead of tint
plate, and a narrowband green filter after the light source
of the polarization microscope. By rotating of the analyzer
by 6 until where the birefringent region is darkened, the
retardation (in nanometer) will be determined (R =16/180).
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