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Writing of internal gratings in optical glass
with a femtosecond laser
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The writing of an internal diffraction grating in optical glass plate is demonstrated using low-density plasma
formation excited by a high-intensity femtosecond Ti:sapphire laser. The same diffraction efficiency at
+1, +2, and 0 order is achieved by multiple layers writing. The dependences of diffractive efficiency
on the irradiated energy, the speed of writing, the numerical aperture (NA) of the focusing objective,
and materials are investigated in detail. The grating is birefringent. It is attributed to residual stress

interaction between glass and femtosecond laser pulse.
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Ultra-short laser pulse driven micro-explosions provide a
unique method for creating micro-structures within high
bandgap materials with minimal thermal damage. This
ability to create three-dimensional (3D) objects with
sub-micrometer precision may be useful for creating var-
ious types of Feriodic structures such as diffractive op-
tical elementsl!], photonic bandgap materiall?, pattern
gratings in fibersg] and 3D data storagel’l. The tech-
nique is not limited to optically transparent materials
and can also be applied to semiconductors!®!, ceramicsl®l
and biological tissues!”). Recently, the fabrication of a
diffraction grating with photo-induced refractive index
modification in planar silica plate and optical sensitivity
materials was demonstrated using holographic interfer-
ence with a high-intensity femtosecond laser(®~1% and
directly scanning a glass sample with focusing a relative
low-intensity laser beam['1:12], However, the holographic
interference scheme requires high pulse energy (500 uJ,
typical) as well as precision time delay due to a well-
known fact that it is hard to make sure the interference
of two laser beams in femtosecond time scale. Low sta-
bility and diffraction efficiency were Comparing with the
first approach, the scanning scheme inquires relative low
energy (500 nJ, typical) and simple experimental setup.
But the recently reported refraction efficiency is very
low due to high scattering in fused silical'3].

In this article, the writing of a high diffraction
efficiency grating in planar fused silica, ZBaF15, K9,
and ZK6 optical glass plates was demonstrated using
low-density plasma formation excited by a high-intensity
femtosecond Ti:sapphire laser. The gratings of uniform
diffractive efficiency in ZBaF15, K9, and ZK6 optical
glass plates have been achieved by multi-layer record-
ing. We characterize the structural properties of these
micrometer diameter refractive index changes in those
optical glasses. Birefringence is attributed to residual
stress interaction between glass and femtosecond laser
pulse. A mechanism is proposed to explain the forma-
tion of different structures in the different materials.

The experimental setup, reported elsewherel'*!3! con-
sists of four parts: femtosecond laser system at high
pulse energy and low repetition rate, phase-contrast op-
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tical microscope for real-time monitor and imaging, and
3D scanner with nm order resolution. In detail, a home-
built chirped pulse amplified Ti:sapphire laser pulse (up
to 100 uJ in a 100 fs to 1 ps pulse, 1 — 5 kHz repetition
rate) is first passed through a spatial light filter (10-um
pinhole) in order to improve the laser beam quality and
enlarge its diameter. A microscope objective (40x mag-
nification, NA = 0.45 or 0.65) focuses the pulse into a
sample. The glass plates are prepared in cubic shape
with four optical surfaces to allow the laser-matter in-
teraction zone to be observed from different orthogonal
directions. A computer controlled three-axis translation
stage (resolution of 100 nm at X and Y axis, 7 nm at Z
axis) is used to move the sample between pulses.

For measuring the laser induced damage threshold,
some optical glasses are used such as pure fused sil-
ica, borate crown, barium crown and lanthanum flint
glasses, their trademarks in China are GJS1, K9, ZK6,
LaF3 and ZF6, respectively. The laser beam was focused
into the glass by an objective and the energy of the
irradiated laser was adjusted through the attenuator.
A digital (Nikon) camera, attached to a conventional
phase-contrast optical microscope, was used to observe
the grating after irradiation.

Figure 1 is a phase-contrast micrograph of a ZBaF15
optical glass grating making with a 3-uJ femtosecond
laser with a NA = 0.45 objective. The lines are sepa-
rated by 10 gm. The sample is moved with a speed of
500 pm/s. The periodic refractive index modulation of
the grating is shown by integral of the refractive index of
the grating. The diffraction efficiency of the grating was
measured with He-Ne laser. Accordingly, the far-field
diffraction pattern is given in the figure. The bottom
graph gives the diffraction efficiency of the grating. The
middle spot is order 0. The diffraction efficiency of the
orders +1 is about 30% (normalized with respect to or-
der 0).

Figure 2 shows a phase-contrast micrograph of a Zk6
optical glass grating encoding by the femtosecond laser
with a NA = 0.65 objective. The distance between two
lines is 2 pm. The sample is moved with a speed of
200 pm/s. From the far-field diffraction pattern of a
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He-Neon laser beam and the diffraction efficiency of the
grating, the intensity of the orders %1 is same as the
order 0.

Figure 3 presents a far-field diffraction pattern of
a 3-layer grating in K9 optical glass, encoding with a
NA = 0.65 objective. The lines are separated by 2 um,
and the spacing between two adjacent layers is 50 um.

Fig. 1. Phase-contrast micrograph of a ZBaF15 glass grating
encoding by a femtosecond laser (800 nm, 200 fs, 3 xJ, 1 kHz)
with a NA = 0.45 objective (top). The lines are separated
by 10 pm. The sample is moved with a speed of 500 pm/s.
The periodic refractive index modulation of the grating (the
second). Far-field diffraction pattern of a He-Ne laser beam
(the third). Diffraction efficiency of the grating (bottom).

Fig. 2. Phase-contrast micrograph of a ZK6 optical glass
grating encoding by the femtosecond laser with a NA = 0.65
objective (top). The lines are separated by 2 pm. The sample
is moved with a speed of 200um/s. Far-field diffraction pat-
tern of a He-Ne laser beam (middle). Diffraction efficiency
of the grating (bottom).

Fig. 3. Far-field diffraction pattern of a 3-layer grating in K9
optical glass, encoding with a NA = 0.65 objective (top). The
lines are separated by 2 pm, and the spacing between two ad-
jacent layers is 50 pum. Diffraction efficiency of the grating
(bottom).

The sample is moved with a speed of 200 pgm/s. The
diffraction efficiencies of the orders +1, £2, and 0 are
same.

Diffraction efficiency of a grating depends on the
differences of refractive index and the depth of refrac-
tive index modulation. The writing parameters such as
irradiated energy, the scanning speed, the recording ma-
terial, and the recording layers are important for high
diffraction efficiency. An excessive exposure (in our sys-
tem, 1 pJ for fused silica, 0.5 pJ for other glass) leads
to a scattering center along the written track, which
leads to a decrease of the efficiency due to the result
of physical damage. And there is a weak dependence
of the diffraction efficiency on velocity when velocities
are lower than 600 pm/s. The efficiency is saturated at
the values of 200 pm/s, above the speeds of 600 pm/s
it. deceases sharply due to the fact that bits induced by
laser pulse can not consist of line when the diameter of
bit is about 600 nm, and the pulse repetition is 1 kHz
(our writing conditions). At same exposure parameters,
different materials obtain the different depth of refrac-
tive index modulation. So the efficiency is different. For
example, 1-uJ energy with 0.65-NA focusing objective,
the refractive-index modulation reaches to 40 pym for K9
optical glass, and 20 pm for fused silica.

Besides the selection of the materials, laser parame-
ters such as beam quality and laser stability are also
in consideration. In order to improve the laser beam,
a two-step attenuation scheme was used to accurately
control the pulse energy and remain circle laser beam
inside sample. Instead of a neutral attenuator, a 10%
beam splitter and a polarizer as analyzer were employed.
It is well-known that a Gaussian laser beam becomes
non-circular beam when it is through tunable neutral
attenuator. And non-circular laser beam deteriorates
seriously the quality for lithography.

We follow the result of L. Sudrie et al.['%] that a phase
shift of each groove approximates to a supergaussian of
order ¢(y) = o exp(—y%/r?)Pp, where @y the maximum
phase shift, r is the groove half-width. A best fit yields
the values: ¢o = 1.946, r = 0.388 um, p = 5, accordingly
An = 4.38 x 1073 for the grating in K9 optical glass. Fig-
ure 4 presents the calculated grating diffraction patterns
together with measured values obtained in K9 optical
glass. By same way, o = 0.892, r = 0.325 pym, p > 30,
An = 4.1 x 1073 for the grating in Zk6 optical glass with
the space of 2-pym periodicity.

In order to obtain the maximum diffraction efficiency
at +1 or —1 order for super Gaussian phase-shift grating,
the phase shift should be . Due to ¢y = An X d, so
there are two ways to increase the diffraction efficiency.
One is to increase the modulation depth; another is to
increase the refractive index changes. For simplicity,
multi-layers recording is preferable. For energy of 1.5
pJ with 0.55-NA focusing objective (13-mm working dis-
tance), the modulation depth each layer is 50 pm in
K9 optical glass. We recorded three layers with 50-um
spacing between two layers in K9 optical glass, shown in
Fig. 3. In all, the modulation depth adds up to 150 pm.
Accordingly, the diffraction efficiency increased appar-
ently. The gratings of uniform diffractive efficiency in
ZBaF15, K9, ZK6, and LaF3 optical glass plates have
been achieved by multi-layer recording.
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Fig. 4. Diffraction pattern inside a K9 glass (open circles) and
the calculated diffraction patterns assuming super-Gaussian
index profiles (open squares).

Fig. 5. The micro-photograph of grating observed by con-
ventional phase-contrast microscopy with the birefringent
scheme.

The grating in fused silica written by a 200-kHz fem-
tosecond laser pulses is birefringent. J. Mills reported
the anisotropic reflection of the grating in fused silica
with 250-kHz repetition rate femtosecond laser['”). To
our knowledge, there is no report on birefringence and
anisotropy in microstructure fabricated by low repetition
rate femtosecond laser (for example, 1 kHz). We mea-
sured the birefringence of our grating with low repetition
rate (1 kHz) femtosecond laser. The experimental setup
is conventional phase-contrast microscopy with two cross
polarizers.

Figure 5 is birefringent micro-photo of the grating of
10-pm-groove space in fused silica written by a 1-kHz
femtosecond laser at 800 nm with a speed of 200 pm/s.
A 0.45-NA objective and a 2-uJ pulse energy was used
to write the grating. The micro-photograph observed by
conventional phase-contrast microscopy is same as the
Fig. 1 (top).

There are two factors that can lead to the birefrin-
gence. One is strain coming from the thermal effect in-
teraction femtosecond laser pulse with glasses. Another
is attributed to the crystalline, which has been verified
by electron diffraction in silica fiber['8]. However, it is
clearly shown that the width of each line in the grating is
about 1 ym in phase-contrast microscopy, and is about
6 ~ 7 pm in birefringence scheme. The diameter of opti-
cal spot is 2.4 ym for 0.45-NA objective; the line width
is about 3 times as big as the optical spot. So it is im-
possible to induce crystallization at unexposed area.

On the other hand, heating is cumulated around focal
volume in glass by multiphoton absorption of the fem-
tosecond laser pulse. For example, a 1-uJ, 100-fs laser

pulse leads to 3300 °C temperature increase in fused
silical'®. The local temperature change generates strain
around the focal volume. Birefringence could be at-
tributed to the strain tensor from the thermal effect.
So the birefringence comes from thermal strain in un-
exposed area, and could come from crystallization and
thermal strain in exposed area.

In conclusion, we demonstrate the writing of an in-
ternal diffraction grating in optical glass plates using
low-density plasma formation excited by a high-intensity
femtosecond Ti:sapphire laser. The dependences of
diffractive efficiency on the irradiated energy, the speed
of writing, the numerical aperture of the focusing objec-
tive, and materials are investigated in detail. The grat-
ings of uniform diffractive efficiency in ZBaF15, K9, and
ZK6 optical glass plates have been achieved by multi-
layer recording. And the grating is birefringent. We
attribute the birefringence to stress interaction between
glass and femtosecond laser pulse.
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