Orientation-controllable self-organized
microgratings induced in the bulk SrTiO3 crystal
by a single femtosecond laser beam
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Abstract: Self-organized microgratings were induced in the bulk SrTiO3
crystal by readily scanning the laser focus in the direction perpendicular to
the laser propagation axis. The groove orientations of those gratings could
be controlled by changing the irradiation pulse number per unit scanning
length, which could be implemented either through adjusting the scanning
velocity at a fixed pulse repetition rate or through varying the pulse
repetition rate at a fixed scanning velocity. This high-speed method for
fabrication of microgratings will have many potential applications in the
integration of micro-optical elements. The possible formation mechanism of
the self-organized microgratings is also discussed.
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1. Introduction
In recent times, there is a rapid development in ultrafast laser technology [1], the field of
femtosecond laser processing is extended to wider applications [2-4]. Among these
applications, periodic micro-/nano-structuring of materials attracts special attention for its
potential value in all-optical circuits. Traditionally, one way for fabricating a grating is, to
employ a two-beam interference configuration [5], and an alternative way is to scan the focal
spot of the laser beam line by line [6]. Obviously, the former method is technically complex
because of its high requirement for the spatial and temporal alignment between two laser
beams, while the latter one is very time-consuming. In this paper, we have reported a kind of
self-organized micrograting induced in the bulk SrTiO3 crystal by a near-infrared femtosecond
laser. Here, we have reported a much more simple method for fabricating gratings in the bulk
SrTiO3 crystal: by translating the laser focal point perpendicular to the beam propagation
direction, a regular grating was self-fabricated in the side face. Although the interior selforganized gratings have been reported inside fused silica glass both in the light propagation
direction and in the plane perpendicular to the laser beam axis [7-11], to the best of our
knowledge, it is the first time that a regular large-area self-organized micrograting is observed
in the plane determined by the translation direction and the light propagation direction.
2. Experimental setup
The schematic graph of the experimental setup has been presented in our previous work [12].
120-fs laser pulses, which were delivered from a Ti: sapphire amplifier at a wavelength of 800
nm and at 1 kHz pulse repetition rate, were tightly focused into the bulk SrTiO3 crystal by a
high-numerical-aperture (NA=0.9) microscope objective (100×). The pulse energy could be
adjusted by a neutral-density filter and be monitored by an energy meter. The pulse number
could be controlled by an electric light shutter. CCD captured the optical micrographs of the
sample, and transmitted them to a monitor where the fabrication process was displayed.
In our experiment, the sample was a piece of SrTiO3 single crystal grown by the flamefusion method. SrTiO3 crystal, whose high refractive index of 2.34 helps to heavily increase
the refractive index contrast with respect to voids fabricated inside it, has considerable
potential to function as photonic crystal. The SrTiO3 sample with the dimensions of 10mm×
10mm×3mm was polished on the (1 0 0) crystal plane for laser irradiation and then polished
on the (0 1 0) crystal plane for microscopic observation. The experimental scheme is shown in
Fig. 1 in detail: firstly, the laser beam was tightly focused into SrTiO3 crystal at a fixed depth,
and then a straight line was inscribed by translating the laser focus along the y axis in the (1 0
0) crystal plane, perpendicular to the laser beam propagation axis (z-axis). Finally, after laser
irradiation, the side facet (y-z plane) was placed under the optical microscope for observation.

Fig. 1. The schematic graph for femtosecond laser inducing self-organized microgratings in the
bulk SrTiO3 crystal.
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3. Experimental results
Figure 2 shows a typical self-organized grating induced in the bulk SrTiO3 crystal by
employing the method mentioned above. The specific experimental parameters were as
follows: laser pulses with the energy of 45 μJ were tightly focused through a 100× microscope
objective (NA=0.9) into the SrTiO3 crystal. The laser focus was located at about 200 μm
below the sample surface. The scanning velocity was set as 200 μm/s and the laser pulse
repetition rate was fixed at 1 kHz. The light beam propagated from left to right. As shown in
Fig. 2, except for a few nonparallel grooves at the first beginning, a well regular grating was
self-formed with the grooves orientated nearly perpendicular to the laser propagation axis. It
is easy for us to extend the size of the grating simply by increasing the scanning distance of
the laser beam.

Fig. 2. A typical self-assembled micrograting induced at the focal depth of 200 μm beneath the
sample surface by translating the laser focus along the direction perpendicular to the laser beam
axis.

We further investigated the influence of the scanning velocities on the formation of the
self-assembled microgratings as displayed in Fig. 3. Six different scanning velocities (300
μm/s, 250 μm/s, 200 μm/s, 150 μm/s, 100 μm/s and 50 μm/s) were chosen for comparison.
The laser parameters and the focusing conditions were the same as that in Fig. 2. The inset of
Fig. 3 shows the schematic of the characterization of the grating structure, where S denotes
the scanning direction, g represents the groove orientation, and θ accounts for the angle
between them. We define that θ is positive when the grating vector g situates on the left of
the scanning direction vector S and negative otherwise. It is clear that with decreasing the
scanning velocity, θ

turns gradually from negative value to positive value. Interestingly,

there exists a critical scanning velocity so that θ nearly approaches zero.

Fig. 3. The dependence of the grating structure on the scanning velocity at a fixed laser pulse
repetition rate.

To further verify that the change of the groove orientation with the scanning velocity is an
essential physical phenomenon but not a pseudomorph caused by the movement error, we
carried out another group of experiments where the stage scanning velocity was fixed at a
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constant value of 80μm/s while the laser repetition rates were chosen as 166 Hz, 333 Hz, and
500 Hz respectively. The pulse energy used was also 45 μJ, and the focal depth was still 200
μm beneath the sample surface. As shown in Fig. 4, although the scanning velocity was kept
unchanged in each case, the induced self-assembled microgratings have very distinct
orientation angles θ .

Fig. 4. The influence of the laser pulse repetition rate on the grating structures at a fixed
scanning velocity.

Based on two groups of experimental results described above, we conclude that the groove
orientation can be varied by changing the irradiation pulse number per unit scanning length.
4. Discussion
Some kinds of self-organized periodic structures inside transparent dielectrics have been
reported previously [9-11]. They employed the same transverse direct-writing method as we
did. Both groups pointed out that even if the laser focus was fixed inside the samples without
translation, there still appeared periodic nanostructures in the cross sections both along and
perpendicular to the laser beam propagation direction. Instead, in our case, if the laser focus
was fixed, just a self-aligned void array appeared along the laser propagation axis [12] and
additional translation of laser focus is needed to induce self-organized periodic
microstructures of our kind. In addition, the groove orientations in their cases were controlled
by changing the polarization state of the laser beam while in our case by adjusting the pulse
number per unit scanning length. Obviously, different formation mechanisms dominated the
formation of the self-organized periodic structures.
A typical void string reported in our previous work was presented in Fig. 5 [12]. The
experimental method employed here is just the extension of the previous one by simply
translating the laser focus along the direction perpendicular to the laser beam axis, so it is
reasonable to predict the appearance of a self-assembled grating formed by connection
between voids in the adjacent two void strings. It could be suggested that the groove
orientation must be just perpendicular to the laser beam propagation direction, but the grating
structures displayed in Fig. 3 and Fig. 4 obviously go beyond our imagination. Watanabe et al.
demonstrated that even without moving the laser focus, the successive irradiation of
femtosecond laser pulses moved a microscopic bubble against the laser propagation direction
inside crystalline calcium fluoride and amorphous silica glass [13]. We have developed a
phenomenal model based on their experimental results. As illustrated in Fig. 6, adjacent voids
strings are differentiated by red color and green color respectively, and the voids in each void
string are labeled with different Arabic numbers in sequence. The light beam propagates from
left to right and the scanning direction is indicated with red arrow in Fig. 6. In our case, the
void diameter was generally larger than 1 μm and the scanning velocity employed here
ensured that at least two pulses irradiated the damage spot with the size of 1 μm, so the
adjacent void strings are believed to be overlapped with each other. Hence, for the formation
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of the second void string, when the first pulse comes [the case in Fig. 6(a)], the breakdowns
where new voids will be generated are most likely to occur at the upper left corners of the
voids in the first string because of the lower damage threshold caused by color center or
defects at the interface between the voids and the SrTiO3 substrate. Different scanning
velocities correspond to different laser shots per unit scanning length, and the higher the
velocity, the less the laser shots. At a relatively high scanning velocity, although just a few
pulses contribute to the formation of the void strings, the No. 2 void in the second string can
be moved toward the left by the laser pulses to depart from the No. 2 void in the first string,
catch and finally adhere to the upper right corner of the No. 1 void in the first string, as is the
case in Fig. 6(b). When we adopt a moderate scanning velocity where more pulses continue to
have effects on the existing void in Fig. 6(b), the No. 2 void in the second string will be
moved toward the laser focus further so that at a certain velocity, the No. 2 void in the second
string and the No.1 void in the first string will be aligned in a line perpendicular to the laser
beam axis by coincidence, just as Fig. 6(c) shows. When the scanning velocity is lower [the
case in Fig. 6 (d)], the additional pulses will make the red No.2 void in Fig. 6(c) continue to
move towards the left so that the No. 2 void in the second string finally surpasses the No.1
void in the first string and becomes attached to its upper left corner. The purple dashed lines
in Fig. 6 indicate the groove orientation in each case, which coincides well with the
experimental phenomenon. In addition, since Prof. Watanabe demonstrated that larger pulse
energy led to faster motion rate of bubbles (defined as moving distance per pulse), it is easy
for us to understand the orientation differences shown in Fig. 3 between the start of the grating
and the uniform part of it. Therefore, not only the irradiation pulse number per unit scanning
length but also pulse energy can have influence on the groove orientations of the gratings.

Fig. 5. A typical void string induced in the bulk SrTiO3 crystal by tightly focusing fs laser
pulses through a 100× microscope objective.

Fig. 6. The schematic of a void-moving model.

To support the above conjecture, the following experiment was carried out. The
femtosecond laser pulses with the energy of 30 μJ were tightly focused into the SrTiO3 crystal
at a focal depth of 200 μm beneath the sample surface, and the scanning velocity was set as
250 μm/s. Two lines were written along the axis perpendicular to the laser beam axis, but
difference between them is that one was written along the y+ direction and the other was
written along the y- direction. The induced grating structures are presented in Fig. 7, where
red arrows indicate the scanning directions. It is clear that the groove orientations in two cases
are both tilted and well symmetric with respect to the laser propagation direction (z axis). This
symmetry could be easily understood by employing our void-moving model, just as Fig. 8
demonstrates.
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Fig. 7. Two different grating structures induced by scanning the laser focus in two opposite
directions.

Fig. 8. The schematic of how the symmetry is formed.

Our previous study indicated that the void string length could be changed distinctly
through adjusting the focal depth, and the size uniformity of the voids can be optimized by
choosing an appropriate focal depth [12]. Therefore, it is possible to improve the quality of the
orientation-controllable self-assembled microgratings by careful adjustment of the
combination of the laser parameters and the focusing conditions.
5. Conclusion
In this paper, we have reported a kind of self-assembled micrograting induced in the bulk
SrTiO3 crystal by translating a tightly-focused laser beam along the axis perpendicular to the
laser propagation direction. The groove orientation of the micrograting could be controlled by
changing the laser pulse number per unit scanning length. A void-moving model is proposed
to qualitatively explain the formation mechanism of the grating as well as the variation of the
groove orientation. This method for fabrication of gratings has the advantages of being mask
free, high efficiency, selectivity and localizability, and it has high potential for applications in
fabricating large-area gratings inside transparent dielectrics.
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