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The femtosecond laser-modified region in isotropic glass medium shows a big optical birefringence. Trans-
mission of the birefringent regions between two crossed polarizers depends on phase retardation and the
orientation angle of the birefringent optical axes. Based on this effect, three-dimensional (3D) multilevel
memory was proposed and demonstrated for nonvolatile memory up to eight levels, in contrast to the
standard two-level technology. Eight-level writing and reading are distinguishable in fused silica with a
near-infrared femtosecond laser. The retention of this memory is characterized for nonvolatile applications.

OCIS codes: 210.0210, 320.7120, 260.1440.

When an intense femtosecond pulse laser is focused in-
side a bulk transparent material, the intensity in the
focal volume can become high enough to cause ab-
sorption through nonlinear processes, leading to alter
the structure of bulk transparent material and cause a
refractive index change. This ability to create three-
dimensional (3D) objects with sub-micrometer precision
may be useful for 3D storage which firstly reported
by Glezer in 1996!!. Pursuing a higher writing den-
sity is one of very important theme. In some papers,
high numerical aperture (NA) objective even solid or
liquid immersion was employed to achieve terabits/cm?
in transparent materils®=4. On the other hand, those
combination techniques absorb more attention because
they can achieve an extreme capacity. For example,
ultrashort-laser-pulse 3D memory combining with spec-
tral hole-burning (SHB) and holograph data memory can
achieve a more higher writing density (decuple increase
compared with 3D memory)[®—8l.

Multilevel (ML) memory technique can increase the
capacity by a factor of 2 at least and native data transfer
speed by a factor of 10 while ensuring backward and
forward compatibility[®'%. Following a route similar to
that used in one-dimensional (1D) conventional optical
storage could lead to a further increase in capacity by
the addition of another dimension to writing data, such
as the use of multiple levels instead of the two levels
(pit and land) used in the binary two-dimensional (2D)
optical storage disk format. Recently, it is developed by
Calimetrics Inc and other groups in the world['!.

In this paper, we demonstrate permanent ML opti-
cal recording in 3D with an infrared femtosecond laser.
The physical mechanism is based on the fact that laser-
induced regions possess optical birefringence and this
birefringence can be controlled by the polarization direc-
tion of the femtosecond laser. By tuning incident laser
polarization direction, we present a four-level and eight-
level optical recording in 3D in fused silica.

The laser used in this experiment was a regeneratively
amplified Ti:sapphire femtosecond pulsed laser, had a
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150-fs pulse width and 1-kHz pulse repetition rate. The
microfabrication system is described in elsewhere[t2],
Simply, the energy of the pulse could be varied by the
combination of a quarter-wave plate and a Glan-Taylor
polarizer. The energy was monitored by power meter
(Coherence, field check). A laser of 32-uW (consider-
ing 35% transmission of the focusing objective) average
power was focused inside the glass using a long-working-
distance microscope objective (Mitutoyo, 50x, NA =
0.55). The glass sample was moved by a computer-
controlled three-axis translation stage with 100-nm res-
olution (Physik Instrumente, German). After laser writ-
ing, the samples were evaluated using a transmission
microscope (Olympus BX51, Japan). Two crossed po-
larizers were inserted on both sides of the sample. The
transmitted light through the samples was captured by a
digital camera attached to the transmission microscope
viewer.

The fused silica plate (20 x 20 x 2 (mm)) on six opti-
cal surfaces was mounted on a motorized zy translation
stage with linearly controlled motion along the z direc-
tion to adjust the focus of the laser inside the glass.
The laser was focused approximately 226 pm below the
surface of the glass plates. Each bit was excited with
5-second exposure time, according to 5000 pulses. Af-
ter an exposure, the Glan-Taylor polarizer was rotated
to an expected angular, accordingly, the quarter-wave
quarter plate was rotated to obtain a same exposure
energy. The spatial distribution of the photo-induced
anisotropy is easily observed by illuminating the sample
with polarized white light from the rear and observation
through a rotatable linear polarizer. The birefringence is
checked with Olympus BX51 optical microscopy under
birefringence mode. Optical setup for reading of multi-
level data stored by employing permanent photo-induced
anisotropy in fused silica is shown in Fig. 1.

The data recorded in fused silica are represented
through the angular orientation of permanent photo-
induced anisotropy and the refractive index changes,
respectively. In the previous report!?3], without the
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Fig. 1. Schematic of optical setup for reading of multilevel
stored data.

Fig. 2. Optical images of bits in fused silica induced by lin-
early polarized femtosecond laser pulses.

use of a polarizer, the spots where data were recorded
are detectable through the change in their refractive
index/optical scattering/photoluminescence. Consider-
ing that laser-modified region possesses birefringence, we
change the polarization of the writing laser. In this exper-
iment, digital zeros as well as ones are recorded through
a photo process which leads to an identical refractive
index change, but the only difference is the orientation
angle of the birefringent optical axes, which cannot be
detected by optical microscopy under transmission mode
without polarizer. Figure 2 shows a transmission image
(through z or the laser beam direction) of femtosecond
laser modified regions in fused silica. Figure 2(a) is per-
manent photo-induced refractive index change in fused
silica observed by optical microscopy in transmission
mode without crossed polarizers. The distance between
two bits is 10 um in average. Figure 2(b) shows the
polarization directions of the writing laser, Fig. 2(c) is
observed spots through crossed polarizers at 0°, Fig. 2(d)
is at 45°. The experimental results are consistent with
the one described by Yang et al.['3],

The optical transmission (") of the laser-induced bire-
fringent bit between two crossed polarizers depends on
the angle (0) between the ordinary direction of the bire-
fringent material and the polarization axis of the first
polarizer. T = 0.5sin’(20)[1 — cos(Ankd)], where An
is birefringence, k is wave vector, and d is the thickness
of the birefringent region through which the light trav-
els. From this expression, one data stream is written
with same energy, same exposure time, and different
polarization direction, the optical transmission will be
different under polarization mode, as shown in Fig. 3(b).
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Fig. 3. The bits in fused silica written by linearly polarized
femtosecond laser at 0°, 15°, 30°, and 45° polarization direc-
tion (reference to table level), respectively.

The polarization directions of the writing laser are 0°,
15°, 30°, and 45°, the transmission intensity is four-level
accordingly. Based on this principle, we can realize four-
level writing/reading in 3D in fused silica. Figure 3(a)
is an optical microscope image without polarizers. The
pixel pitch is 10 pm throughout all images. The stor-
age density employed is far from the maximal achievable
optical and materials resolution. Figure 3(b) is an op-
tical microscope image where the sample is positioned
between crossed polarizers. And Fig. 3(c) is transmission
intensity of birefringent bits according to Fig. 3(b). The
memory states “07, “17, “2”, and “3” are written by
polarization directions of 0°, 15°, 30°, and 45°, respec-
tively.

We have further carried out writing/reading operations
at eight-level as shown in Fig. 4. The polarization direc-
tions are 0°, 11°, 16.2°, 20.4°, 24.5°, 28.9°, 33.9°, and
45°, respectively, according to those intensities of 0, %,
2,2 4 2 % and 1. Due to angle error, the intensities
deviate a little from the theoretical simulation. All levels
were distinguishable in the tested cycles. Figure 4(a)
shows an optical microscope image under transmission
mode without crossed polarizer. Figure 4(b) is observed
with a crossed polarizer. And Fig. 4(c) is transmission
intensity of birefringent bits according to Fig. 4(b). The
memory states“O”, “1”, 44277’ 44377’ u4n, 44577’ “6”, and “7”
are written.

The optical elements fabricated by linearly polarized
femtosecond laser show anisotroFic characteristics, such
as anisotropic photo-electronics!™!, elliptical refractive
index change cross-section!'], anisotropic reflection'®,
and birefringencel' 7. Some characteristics can attributed
to the polarization electronic field of the irradiated
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Fig. 4. Eight-level optical writing with linearly polarized laser
at 0°, 11°, 16.2°, 20.4°, 24.5°, 28.9°, 33.9°, and 45°, respec-
tively.

femtosecond laser pulse. However, the fundamental
mechanisms that create the birefringence in the bulk
glass by femtosecond laser irradiation are not yet clear.
The dependence of birefringence on polarization shows
that the optical birefringence cannot be solely attributed
to a thermal effect generated by multiphoton absorption
or plasma formation. If a thermal-heating effect is a
major contributor, the laser-modified region should be
optically isotropic.

There are two possible mechanisms contributed to the
birefringence in the irradiated region. One is crys-
tallization in laser-irradiated region, these phenomena
described by Gorelik'8! are that multi-shot irradiated
region results in partial crystallization of the amor-
phous core, viewing by transmission electron microscopy.
Photo-thermo-refractive (PTR) glass!'® can crystallize
after irradiation with femtosecond laser pulse and fol-
lowed by a thermal development. So we hoped to check
this kind of material for monitoring birefringence and
crystallization. However, it failed and no birefringence
was observed after irradiation and thermal development,
just crystallization happened.

The other one is high-spatial-frequency (HSF)
gratin§s[20] in silica glass irradiated by ultrashort light
pulses!'®. However, electron plasma density wave is just
coupled with the incident laser field at the direction of
laser propagation. The coupling is increased by a peri-
odic structure created via a pattern of interference be-
tween the incident light field and the electric field of
the bulk electron plasma wave, resulting in the periodic
modulation of the electron plasma concentration and the
structural changes in glass. If the incident laser is cir-
cle polarization, the periodic modulation would disap-
pear. No birefringence is observed in circular-polarized
laser-irradiated region. It is consistent with our ob-
servation in experiment. Considering the difficulty at

the sample preparation and expensive cost, it is not
been checked whether there have nanograting in circular-
polarized laser-irradiated region.

In conclusion, based on the fact that laser-induced re-
gions possess optical birefringence and this birefringence
can be controlled by the polarization direction of the
femtosecond laser, we demonstrated four-level and eight-
level optical memories in 3D in fused silica with a lin-
early polarized femtosecond laser pulse. Our multilevel
data stored in 3D represents a conceptual breakthrough
in femtosecond laser memory.
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