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The laser-induced crystallization method is applied to pattern two-dimensional planar b-BaB2O4

crystals on the surface of Sm2O3–BaO–B2O3 glass. By scanning Yb:YVO4 fiber lasers (wavelength:

1080 nm) continuously with a small step (0.5 mm) between laser irradiated areas, homogeneous planar

b-BaB2O4 crystals are patterned successfully, and a preferential growth orientation of b-BaB2O4 crystals

is confirmed from linearly polarized micro-Raman scattering spectrum and second harmonic intensity

measurements. It is found that the crystal growth direction is perpendicular to the laser scanning

direction. This relation, i.e., the perpendicular relation, is different from the behavior in discrete crystal

line patterning, where the crystal growth direction is consistent with the laser scanning direction. The

present study proposes the possibility of the control of crystal growth direction in laser-induced

crystallization in glasses.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Laser micro-fabrication in materials is an important technique
for the design and fabrication of high technology devices. Laser
irradiation to glass has been regarded as a process for spatially
selected structural modification and/or crystallization in glass,
and laser-induced crystallization techniques have been applied to
various glasses in order to pattern functional crystals in glasses
[1–20]. For instance, highly oriented LiNbO3 crystal lines have
been patterned on the glass surface by laser irradiations [13,20].
Gupta et al. [10] demonstrated from electron backscattered
diffraction (EBSD) analyses that single-crystal architecture is
created in ferroelectric Sm0.5La0.5BGeO5 crystal lines patterned
by laser irradiations in a glass with the composition of
Sm0.5La0.5BGeO5.

So far, dots and lines consisting of crystals have been patterned
in glasses by laser irradiations, i.e., zero-dimensional dot and one-
dimensional line patterning [1–20]. From a viewpoint of practical
device applications for laser-patterned crystals, it is of interest
and importance to pattern two-dimensional planar crystals, i.e.,
two-dimensional patterning. Here, the term of two-dimensional
patterning is defined as the patterning of crystals with planar
shapes such as square and circle. There have been, however, few
reports on the patterning of two-dimensional planar crystals on
the glass surface using laser-induced crystallization techniques
ll rights reserved.

Komatsu).
[21,22]. Very recently, Honma and Komatsu [21] succeeded in
patterning two-dimensional planar LiNbO3 (LN) crystal architec-
tures on the surface of Li2O–Nb2O5–B2O3–SiO2 glass by contin-
uous wave (cw) Yb:YVO4 fiber laser (wavelength: l¼1080 nm)
irradiations and demonstrated that the c-axis orientation of LN
crystals is established along the laser scanning direction. Suzuki
et al. [22] reported the pattering of two-dimensional planar b0-
(Gd,Sm)2(MoO4)3 crystals by laser irradiations. However, the
orientation behavior of b0-(Gd,Sm)2(MoO4)3 crystals has not been
clarified well, because b0-(Gd,Sm)2(MoO4)3 crystals patterned by
laser irradiations have a unique periodic domain structure giving
different refractive indices and thus homogeneous two-dimen-
sional planar crystals have not been obtained. In order to clarify
the orientation of crystals in two-dimensional crystal patterning,
the patterning of other crystals having more simple crystal
structure is desired.

In this study, we applied the laser-induced crystallization
technique (rare-earth atom heat processing method) [3,5–7] to
pattern two-dimensional planar crystals consisting of b-BaB2O4

crystals (b-BBO) on the surface of Sm2O3–BaO–B2O3 glass, in
which cw Yb:YVO4 fiber lasers with l¼1080 nm were irradiated
onto the glass surface and scanned continuously with small steps
between laser irradiated areas. b-BBO developed by Chen et al.
[23] is one of the most important nonlinear optical crystals in
laser optics, and numerous studies on the fabrication and proper-
ties of b-BBO with different morphologies have been reported so
far. It is, therefore, considered that the laser patterning of two-
dimensional planar b-BBO crystals with high orientation would
give a great contribution on the science and technology of optical
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functional materials. The patterning of b-BBO crystal dots and
lines by laser irradiation in BaO–B2O3 based glasses have been
reported by Miura et al. [1], Avanshi et al. [9], and the present
authors group [5,24,25], but there has been no report on the
patterning of two-dimensional planar b-BBO crystals.
P=0.8 W ,S=4μm/s

h=0.4μm

w=5μm
2. Experimental

A glass with the composition of 8Sm2O3–42BaO–50B2O3

(mol%) was prepared using a conventional melt quenching tech-
nique. Commercial powders of reagent grade Sm2O3, BaCO3, and
H3BO3 were melted in a platinum crucible at 1200 1C for 40 min
in an electric furnace. Melts were poured on to an iron plate and
pressed to a thickness of �1.5 mm by another iron plate. Glass
transition, Tg, and crystallization onset, Tx, temperatures were
determined using differential thermal analysis (DTA) at a heating
rate of 10 K/min. The quenched glasses were annealed at Tg for
30 min to release internal stresses.

Glasses were mechanically polished to a mirror finish with
CeO2 powders. The glass surface was irradiated by cw Yb:YVO4

fiber laser (beam shape: single mode and 71 nm bandwidth)
with l¼1080 nm using objective lens (magnification: 50 times,
numerical aperture: NA¼0.8). The diameter of laser spot size was
2–3 mm. Plate-shaped glasses were put on the stage and mechani-
cally moved during laser irradiations to construct two-dimen-
sional planar crystals. Laser-irradiated parts were observed with a
polarization optical microscope (POM) and a confocal scanning
laser microscope (CSLM) (Olympus-OLS 3000). The crystalline
phase in the laser-irradiated part was examined from micro-
Raman scattering spectrum measurements (Tokyo Instruments
Co., Nanofinder; Arþ laser with l¼488 nm). Second harmonic
generations (SHGs) were measured with a Maker fringe techni-
que, in which a Q-switched Nd:YAG (yttrium aluminum garnet)
laser with l¼1064 nm was used as the incident light and second
harmonic (SH) light (l¼532 nm) was detected.
10 μm

Fig. 1. CSLM photograph for the sample obtained by laser irradiations. The laser

power and scanning speed were P¼0.8 W and S¼4 mm/s, respectively.
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Fig. 2. Azimuthal dependence of SH intensities for the discrete line patterned by

laser irradiations. The notations of H–H means that the polarized electric field of

the incident laser is parallel to the electric field of SH waves in the measurement.
3. Results and discussion

The melt-quenched sample of 8Sm2O3–42BaO–50B2O3 (mol%)
prepared in this study showed only a halo pattern in the X-ray
diffraction analysis, and the endothermic peak due to the glass
transition and exothermic peaks due to the crystallization were
observed in the DTA curve. The values of the glass transition and
the crystallization peak temperatures were determined to be
Tg¼566 1C and Tp¼681 1C, respectively. In this study, 8Sm2O3–
42BaO–50B2O3 glass is designated as SBB glass. It was determined
from an optical absorption spectrum that the optical absorption
coefficient (a: at room temperature) at l¼1080 nm (Yb:YVO4
laser) for SBB glass is a¼10.1 cm�1. It is known that Sm3þ ions
give an optical absorption band at around 1080 nm due to the f–f

transitions between 6H5/2 and 6F9/2. It was confirmed that the
crystalline phase formed by heat treatment in an electric furnace
is identified to be only the b-BaB2O4 crystalline phase (ICDD# 85-
0914) [5,24,25].

3.1. Growth orientation of b-BBO crystals in discrete line

Prior to the patterning of two-dimensional planar b-BBO crystals,
we first patterned discrete b-BBO crystal lines and clarified the
feature of the crystal growth direction. In the previous paper [5],
the discrete lines consisting of b-BBO single crystals have been
patterned on the glass surface of 10Sm2O3–40BaO–50B2O3 and
10Dy2O3–45BaO–55B2O3 by irradiations of cw Nd:YAG laser with
l¼1064 nm. Because phenomena (e.g., structural relaxation,
nucleation and crystal growth in crystallization) taking place in
the laser-irradiated region in glass depend on laser irradiation
conditions (laser type, power, scanning speed) and properties of a
given glass, it would be necessary to confirm the quality of b-BBO
crystal lines patterned by cw Yb:YVO4 fiber laser (l¼1080 nm) in
the present glass of SBB. The CSLM photograph for the discrete line
patterned by cw Yb:YVO4 fiber laser irradiations with a laser power
of P¼0.80 W and a laser scanning speed S¼4 mm/s is shown in
Fig. 1. The bump with a height of 0.4 mm and a width of 5 mm is
observed in the laser-irradiated part.

The azimuthal dependence of SHG signals for the discrete line
(Fig. 1) is shown in Fig. 2, in which the measurements were carried
out in the configuration of H–H. The notation of H–H means that
the linearly polarized electric field of the incident laser is parallel to
the electric field of SH waves in the measurements. Furthermore,
the rotation angles of 01 and 1801 correspond to the configuration
that the polarized electric field of the incident laser is parallel to
the line growth direction. The maximum SH intensities are
observed at the rotation angles of �01 and �1801, the minimum
intensities are located at �901 and 2701. These profiles represent
the two-fold angular dependence in the rotation and indicate the
high orientation of b-BBO crystals in the discrete line patterned by
cw Yb:YVO4 fiber laser irradiations.

The linearly polarized micro-Raman scattering spectra at room
temperature for the line are shown in Fig. 3. In the measurements,
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Fig. 3. Linearly polarized micro-Raman scattering spectra at room temperature for

the discrete line patterned by laser irradiations. The configuration in the

measurement is shown in the figure, and the direction of z-axis corresponds to

the line growth direction.

Fig. 4. CSLM (a) and POM (b) photographs for the sample obtained by laser

irradiations. The laser power, scanning speed, and step distance were P¼0.8 W,

S¼4 mm/s, and 1 mm, respectively. The laser scanning direction and step direction

are shown in the figure.

Fig. 5. SH wave images (the intensity of green light with l¼532 nm) observed in

the configuration of H–H for the sample obtained by laser irradiations (Fig. 4) with

P¼0.8 W, S¼4 mm/s, and the step distance of 1 mm. The angle of 901 and 1801

corresponds to the angle between the linearly polarized direction of incident laser

for SHG measurements and the laser scanning direction for the pattering of b-BBO

crystals.
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the direction of z-axis in the configuration corresponds to the line
growth direction, i.e., laser scanning direction. For instance, the
configuration of yðzzÞy means that incident laser introduced from
y-axis direction has a polarization (electric vector) of z-axis and
Raman light with polarization of z-axis is detected from –y

direction (backscattering arrangement). Several sharp peaks are
observed at 385, 484, 601, 637, 668, 786, 1540 cm�1 in the
configuration of yðxxÞy. The structure of b-BBO is formed by
Ba2þ ions and planar [B3O6]3� anionic hexagonal rings, and the
peaks shown in Fig. 3 are attributed to the characteristic vibra-
tions of [B3O6]3� rings. In particular, the vibrations at 637 cm�1

with a strong intensity, 786 cm�1, and 1540 cm�1 are assigned to
the intra-ring B–O–B angle bending, the intra-ring B–O stretching,
and the extra-ring B–O stretching, respectively [25]. It is noted
that the peak intensity at 637 cm�1 in yðxxÞy is larger than that in
yðzzÞy. Furthermore, some peaks at 385, 484, and 786 cm�1

observed in yðxxÞy are not detected in the configuration of
yðzzÞy. These results shown in Fig. 3 also indicate a high orienta-
tion of b-BBO crystals in the discrete line. Because the polarized
Raman scattering spectra shown in Fig. 2 correspond to those for
y-cut b-BBO single crystals [5,25], it is proposed that the growth
direction of b-BBO crystals along laser scanning direction is the c-
axis.

3.2. Patterning of planar b-BBO crystals and growth direction

Our methodology for the patterning of planar b-BBO crystals
by laser irradiations is to irradiate lasers with small steps
between laser irradiated areas. That is, a forthcoming laser
irradiation is overlapped to the former laser-irradiated part. In
this study, the different step widths of 1 and 0.5 mm were applied.

First, the laser scanning was repeated with a step of 1 mm
between the lines using the condition of P¼0.8 W and S¼8 mm/s,
and the POM and CSLM photographs for the sample obtained are
shown in Fig. 4. The laser scanning direction and step direction
are indicated in the figure. The bumps are observed in the laser-
irradiated parts, as similar to the discrete lines (Fig. 1). It is seen
that this step of 1 mm induces the overlapping of laser irradiated
parts. But, the surface of the sample is not smooth, implying that
the overlapping is not sufficient. In the POM photograph (top
view) for the sample (step: 1 mm), the center part gives a
homogeneous color, but the color of the edge part is different
from that of the center part. At the edge part, the laser scanning
direction changes (reverse). That is, the edge part is the turning
point for the laser scanning. In other words, it is expected that the
crystallization behavior of b-BBO at the edge part would be
different from that in the center part.

The SH wave images (the intensity of green light with
l¼532 nm) observed in the configuration of H–H for the sample
(Fig. 4) are shown in Fig. 5. The angle of 901 and 1801 corresponds
to the angle between the linearly polarized direction of incident
laser for SHG measurements and the laser scanning direction for
the pattering of b-BBO crystals. At the angle of 1801, the SHG is
observed in the whole part of the overlapped laser-irradiated part.
On the other hand, at the angle of 901, any clear SHG is not
observed in the whole part. These results indicate that b-BBO
crystals patterned by laser irradiations with a step of 1 mm are
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highly oriented. Furthermore, it is concluded that the orientation
of b-BBO crystals in the overlapped laser-irradiated part is the
same as that (Fig. 2) in the discrete line.

The laser scanning was repeated with a step of 0.5 mm
between the lines using the condition of P¼0.8 W and S¼8 mm/
s, and the POM and CSLM photographs for the sample obtained
are shown in Fig. 6. It is found that the surface of the overlapped
laser-irradiated part is more smooth compared with the case of
the step of 1 mm (Fig. 4), suggesting more well overlapping of
laser-irradiated parts. The POM photograph (top view) also
indicates the formation of the smooth surface in the overlapped
laser-irradiated part. The SH wave images observed in the con-
figuration of H–H for the sample (Fig. 6) are shown in Fig. 7. At the
angle of 1801, SHGs are observed in the initial line, but not
observed in the overlapped laser-irradiated part. Contrary, at
the angle of 901, SHGs are observed only in the overlapped
laser-irradiated part. That is, in the laser irradiation with a step
of 0.5 mm, it is concluded that the orientation of b-BBO crystals in
the overlapped laser-irradiated part is different from that in the
discrete line.

In order to confirm more clearly the unique orientation
observed in the overlapped laser-irradiated part with a step of
0.5 mm (Figs. 6 and 7), the azimuthal dependence of SHG signals
Fig. 6. CSLM (a) and POM (b) photographs for the sample obtained by laser

irradiations. The laser power, scanning speed, and step distance were P¼0.8 W,

S¼4 mm/s, and 0.5 mm, respectively. The laser scanning direction and step

direction are shown in the figure.

Fig. 7. SH wave images (the intensity of green light with l¼532 nm) observed in

the configuration of H–H for the sample obtained by laser irradiations (Fig. 6) with

P¼0.8 W, S¼4 mm/s, and the step distance of 0.5 mm. The angle of 901 and 1801

corresponds to the angle between the linearly polarized direction of incident laser

for SHG measurements and the laser scanning direction for the pattering of b-BBO

crystals.
for the overlapped laser-irradiated part was measured, and the
result is shown in Fig. 8. The measurements were carried out in
the configuration of H–H as similar to the case of the discrete line
shown in Fig. 2. The maximum SH intensities are observed at the
rotation angles of �901 and �2701, and the minimum intensities
are located at 01 and �1801. These results are largely different
from those observed for the discrete line shown in Fig. 2.
Furthermore, the appearance of the two-fold angular dependence
shown in Fig. 8 demonstrates that b-BBO crystals in the over-
lapped laser-irradiated part with a step of 0.5 mm are highly
oriented. In this paper, we propose that such b-BBO crystals
patterned by laser irradiations are ‘‘two-dimensional planar b-BBO

crystals’’. The azimuthal dependence of SHG signals has been
observed for the two-dimensional planar crystals even in the case
of LiNbO3 and b0-(Gd,Sm)2(MoO4)3 [21,22]. It is of importance to
evaluate SHG efficiencies of two-dimensional planar crystals
patterned by laser irradiations for practical applications. Such a
study is now under consideration.

The linearly polarized micro-Raman scattering spectra at room
temperature for the two-dimensional planar b-BBO crystals
(Fig. 6) were measured, and the results are shown in Fig. 9. In
the measurements, the directions of z-axis and x-axis in the
configuration correspond to the laser scanning direction and step
direction, respectively, as indicated in Fig. 9. Several sharp peaks
assigned to the Raman bands in b-BBO crystals are observed. It is
also found that the intensity of Raman bands depends largely on
the configuration of yðzzÞy andyðxxÞy, indicating the orientation of
b-BBO crystals in the overlapped laser-irradiated part. Further-
more, it is noted that the Raman spectrum (Fig. 9) observed for
the configuration of yðzzÞy in the planar b-BBO crystals is almost
the same as that for the configuration of yðxxÞy in the b-BBO
discrete line (Fig. 3). And, the Raman spectrum for the configura-
tion of yðxxÞy in the planar b-BBO crystals corresponds to that for
the configuration of yðzzÞy in the b-BBO discrete line. These results
suggest that b-BBO crystals in the overlapped laser-irradiated
part are highly oriented and the c-axis direction of b-BBO crystals
is perpendicular to the laser scanning direction or parallel to the
laser step direction.

In order to examine the orientation of b-BBO crystals in the
overlapped laser-irradiated part (Fig. 6) more in detail, two-
dimensional micro-Raman scattering spectra (imaging) for the
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Fig. 8. Azimuthal dependence of SH intensities for the two-dimensional planar b-

BBO crystals obtained by laser irradiations. The laser power, scanning speed, and

step distance were P¼0.8 W, S¼4 mm/s, and 0.5 mm, respectively. The notations of

H–H means that the polarized electric field of the incident laser is parallel to the

electric field of SH waves in the measurement.
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Fig. 9. Linearly polarized micro-Raman scattering spectra at room temperature for

the two-dimensional planar b-BBO crystals obtained by laser irradiations (Fig. 6).

The configuration in the measurement is shown in the figure, and the direction of

z-axis corresponds to the laser scanning direction.
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Fig. 10. Two-dimensional micro-Raman scattering spectra (imaging) at room
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637 cm�1 is focused, and the white color means the strong intensity of the

Raman peak at 637 cm�1.
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dimensional planar b-BBO crystals patterned by overlapped laser irradiations

(Fig. 10).

F. Suzuki et al. / Journal of Solid State Chemistry 185 (2012) 130–135134
configuration of yðzzÞy were measured at room temperature. The
results are shown in Fig. 10. In this experiment, the intensity of
the peak at 637 cm�1 is focused, and the white color means the
strong intensity of the Raman peak at 637 cm�1. It is seen that the
intensity of the white color is small in the initial laser-irradiated
part (discrete line) and also in the overlapped (repeated) laser-
irradiated part of about 10 mm at the beginning (near the discrete
line). However, it is found that the intensity of the white color
increases gradually and becomes almost constant with increasing
step distance. These results indicate that the orientation of b-BBO
crystals changes gradually. The schematic model for the c-axis
direction of b-BBO crystals in the overlapped laser-irradiated part
is shown in Fig. 11.

The melting temperature of b-BBO crystals is known to be
1095 1C. At this moment, the temperature of the laser-irradiated
region (Yb:YVO4 laser (l¼1080 nm), P¼0.8 W and S¼8 mm/s) is
not measured, but it is obvious that the temperature is higher
than the crystallization temperature (Tp¼681 1C) of 8Sm2O3–
42BaO–50B2O3 (mol%) glass examined in this study. As can be
seen in Fig. 6, any damage such as melting or ablation is not
observed at the surface of the overlapped laser-irradiated part,
and thus, it is expected that the temperature would not be higher
than the melting temperature (1095 1C) of b-BBO crystals. In the
overlapped laser-irradiated part, therefore, it is considered that
initial b-BBO crystals patterned by laser irradiations are not
melted, but melt (i.e., super-cooled liquid) is created at the side
(i.e., the glass part) of initial b-BBO crystals. Considering the c-axis
direction of b-BBO crystals in the overlapped laser-irradiated part
shown in Fig. 11, it is concluded that the interface between the
initial b-BBO crystals and melt might have an important role for
the growth and orientation of new (forthcoming) b-BBO crystals.
In other words, the initial b-BBO crystals might act as nucleation
sites for the growth of new b-BBO crystals.
4. Conclusions

The laser-induced crystallization method was applied to pat-
tern two-dimensional planar b-BaB2O4 crystals on the surface of
8Sm2O3–42BaO–50B2O3 glass. By scanning Yb:YVO4 fiber lasers
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(wavelength: 1080 nm) continuously with a small step (0.5 mm)
between laser irradiated areas, homogeneous planar b-BaB2O4

crystals were patterned successfully, and a preferential growth
orientation of b-BaB2O4 crystals was confirmed from linearly
polarized micro-Raman scattering spectrum and second harmonic
intensity measurements. It was found that the crystal growth
direction is perpendicular to the laser scanning direction. This
relation was different from the behavior in discrete crystal line
patterning. The present study proposes the possibility of the
control of crystal growth direction in laser-induced crystallization
in glasses.
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