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Glass fibers with a diameter of 100-200 um are drawn by just pulling up melts of
30BaO-15Ti0,-55Ge0, glass, and transparent crystallized glass fibers consisting of nonlinear
optical Ba,TiGe,Og crystals are fabricated by crystallization of glass fibers. It is clarified from
linearly polarized micro-Raman scattering spectra that fibers show the surface crystallization and
Ba,TiGe,Og crystals grow from the surface to the interior, giving c-axis orientations. It is found that
holes are formed frequently in the center of fully crystallized glass fibers, and transparent hollow
crystallized glass fibers are fabricated through careful heat treatments, e.g., fibers with ¢
=200 um show hollows (capillary-type holes) with ¢=40 um. By adding a small amount of Sb,05
in glass fiber preparations, transparent crystallized glass fibers with no holes are developed and
second harmonic generations (SHGs) are clearly observed from such fibers. The present study
proposes that transparent crystallized glass fibers showing strong SHGs would have a potential for

fiber-type light control optical devices. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2890144]

I. INTRODUCTION

Fiber-type devices with active functions for optical sig-
nal processing such as modulation and routing are one of the
most promising components in the new era of all fiber net-
work systems. Optical fiber exhibiting electro-optic effect or
second-order optical nonlinearity is an attractive candidate
because these properties allow the realization of the above
active functions. A lot of efforts for the fabrication of single-
crystal fibers using nonlinear optical crystals such as LiNbO3
have been spent so far.' However, considering that the
present telecommunication network systems have been con-
structed by the so-called silica glass fibers, glass-related fi-
bers with active functions would be favorable for applica-
tions in fiber network systems. As glass has random structure
with inversion symmetry in atomic arrangements, generation
of active functional properties such as ferroelectricity or
second-order optical nonlinearity arising from anisotropic
atomic arrangements cannot be expected in glass, in prin-
ciple. We need, therefore, to develop glass-related fibers in-
cluding ferroelectrics or nonlinear optical crystals without
loosing optical transparency.

There have been many reports on the fabrication of
transparent crystallized glasses (glass ceramics) consisting of
ferroelectrics or nonlinear optical crystals. For instance,
transparent  surface-crystallized glasses consisting of
Ba,TiGe, Oy ferroelectric crystals have been found to exhibit
large second-order optical nonlinearities (i.e., ~20 pm/V)
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comparable to that of LiNbO; single crystals.z’6 Transparent
crystallized glasses consisting of nonlinear optical nanocrys—
tals have been also fabricated in some glasses At this
moment, we have, therefore, many candidates for glass-
related fibers with active functions in our hands. Indeed,
Iwafuchi er al.'’ have succeeded in fabricating nanocrystal-
lized glass fibers showing second harmonic generations
(SHGs) in tellurite (TeO,)-based glasses. Drawings of
TeO,-based glass fibers including LiNbO; or KNbO; crys-
tals have been also tried."""

In this paper, we focus our attention on the fiber drawing
of BaO-TiO,-GeO, glasses and the crystallization behavior
of fibers. In this study, we succeeded in fabricating transpar-
ent crystallized glass fibers with nonlinear optical
Ba,TiGe,Oy crystals and confirmed from linearly polarized
micro-Raman scattering spectra that Ba,TiGe,Og crystals
grow from the surface into the center of fibers with keeping
high c-axis orientations. SHGs were clearly detected from
fully crystallized glass fibers.

Il. EXPERIMENTS

The glass composition examined in the present study is
30BaO-15Ti0,-55Ge0, (mol %) (designated here as
BTGS55). As reported in the previous papers,z_6 BTG55 glass
gives the formation of nonlinear optical Ba,TiGe,Og crystals
in its crystallization. Commercial powders of reagent grade
BaCO;, TiO,, and GeO, were mixed and melted in a plati-
num crucible at 1250 °C for 1 h. After melting, the platinum
crucible was taken from the furnace, and a silica glass rod
with a diameter of 5 cm was put into the melt and pulled up.

© 2008 American Institute of Physics
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The pulling rate of silica rods was ~1 m/s, and glass fibers
with a diameter of ¢=100-200 um and a length of ~1 m
were obtained. The temperature of the melt during fiber
drawings would be around 1000 °C. In this method, fibers
were prepared by a hand-operated technique, but not using
any fiber drawing machines. The glass transition 7, and crys-
tallization peak T, temperatures of glass fibers were deter-
mined using differential thermal analyses (DTAs) at a heat-
ing rate of 10 K/min.

The glass fibers with a length of 5 cm were heat treated
to obtain transparent crystallized glass fibers, and the crys-
talline phase and orientation of crystals were examined by
x-ray diffraction (XRD) analyses using CuK « radiation and
micro-Raman scattering spectrum measurements at room
temperature. SHGs of crystallized fibers were examined by
measuring second harmonic waves (a wavelength of \
=532 nm) for the incident light of a Q-switched Nd:YAG
(yttrium aluminum garnet) laser with A=1064 nm.

lll. RESULTS AND DISCUSSION
A. Surface crystallization of glass fibers

Transparent glass fibers with ¢=100-200 um and a few
meter length were prepared easily. From polarized optical
microscope observations and XRD analyses, it was con-
firmed that no crystals were included on the surface and in
the interior of the fibers. The DTA pattern for fibers (¢
=200 wm) obtained in this study is shown in Fig. 1, together
with the data for bulk (plate) and power samples. Even in the
glass fibers, an endothermic peak due to the glass transition
and an exothermic peak due to the crystallization are clearly
detected, giving the values of 7,=678 and 7,=823 °C. The
large difference in 7}, values between fibers and powders
suggests that fibers might show a surface crystallization as
similar to bulk glasses.z_6 Furthermore, as the DTA pattern
for the fibers is almost the same as that (Tg=674 and T,
=834 °C) for the bulk glass, information on the crystalliza-
tion behavior of bulk glasses clarified in the previous
paperszfé’13 would be applied to the fabrication of transparent
crystallized glass fibers. Transparent crystallized glasses with
nonlinear optical Ba,TiGe,Oyg crystals have been fabricated
successfully by heat treatments at temperatures of around
690-750 °C for 3 h."

A polarized optical micrograph for the fiber obtained by
a heat treatment at 760 °C for 1 h is shown in Fig. 2. It is
seen that the crystallization is taking place only on the sur-
face of the fiber, giving the crystalline layer with a thickness
of 15 um. The micro-Raman scattering spectrum for this
crystalline layer is shown in Fig. 3. Several sharp peaks are
observed, giving the peaks with strong intensities at 542,
798, 840, and 878 cm™'. According to Markgraf et al.,14’15
the peaks at ~542 cm™' are assigned to the symmetric
stretching vibrations of O-Ge—O bonds, and the Raman
bands at 798, 840, and 878 cm™! correspond to the vibrations
in TiOs units being typical in Ba,TiGe,Oyg crystals. In the
structure of Ba,TiGe,Oy crystals, corner-linked TiOs penta-
hedra and pyrogermanate groups Ge,0O; comprise flat sheets
perpendicular to the [001] direction, and these sheets are
interconnected by tenfold coordinated barium ions.'*™"® The
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FIG. 1. DTA pattern for fibers with a diameter of ¢=200 um in
30BaO-15Ti0,-55Ge0, glass. The data for bulk (plate) and power
samples are also included. T, and T, are the glass transition and crystalliza-
tion peak temperatures, respectively. Heating rate was 10 K/min.

peculiar Ti** coordination (TiOs) results in permanent elec-
trical dipoles along the [001] direction in the fresnoite-type
crystals such as Ba,TiGe,Og and BazTiSizog.19 The most
important feature relating to spontaneous polarizations in

Heat-treated
760°C, 1h

\Crystallme layer

20pm

FIG. 2. Polarized optical micrographs for the fiber obtained by a heat treat-
ment at 760 °C for 1 h in 30BaO-15TiO,—-55GeO, glass.
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FIG. 3. Micro-Raman scattering spectrum at room temperature for the crys-
talline layer (Fig. 2) in the fiber obtained by a heat treatment at 760 °C for
1 h in 30BaO—-15TiO,-55Ge0, glass.

Ba,TiGe,Oyg crystals is, therefore, the presence of pyramidal
TiOs units.*? Markgraf et al.” suggested that the Raman
bands at 841 and 873 cm™' in Ba,TiGe,Oy crystals corre-
spond to the vibrations of Ti—O* in TiO5 polyhedra, and the
band at 796 cm™! is related to the basal oxygen-titanium
bonds of Ti—O~, where O* denotes the apical oxygen of
TiO5 polyhedra. The Raman scattering spectra shown in Fig.
3 indicate, therefore, that the surface crystalline layer in the
crystallized glass fiber consists of Ba,TiGe,Og crystals. Fur-
thermore, SHGs were confirmed from the surface crystalline
layers in the crystallized glass fibers, demonstrating that
Ba,TiGe, Oy crystals formed in the crystallized glass fibers
are nonlinear optical crystals.

The XRD patterns for the bundle of transparent crystal-
lized glass fibers are shown in Fig. 4. It is also confirmed that
Ba,TiGe,Oyg crystals are formed on the surface. It should be
pointed out that the most strong peak corresponds to the
(002) plane, suggesting the c-axis orientation of Ba,TiGe,Og
crystals. The crystal orientation in the crystallized glass fi-
bers will be discussed in the next section in detail.

B. Crystal orientation in crystallized glass fibers

A polarized optical micrograph for the fiber obtained by
a heat treatment at 830 °C for 1 h is shown in Fig. 5. The
temperature of 830 °C corresponds to the crystallization
peak temperature of 7,=823 °C, and thus the fiber is fully
crystallized. As can be seen in Fig. 5, a hole is formed at the
center of the fiber. It should be pointed out that the formation
of holes is frequently observed in fully crystallized glass fi-
bers. The hole formation in the crystallized glass fibers will
be discussed in the next section. Here, the orientation of
Ba,TiGe,Og4 crystals in crystallized glass fibers was exam-
ined from linearly polarized micro-Raman scattering spec-
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FIG. 4. (Color online) XRD patterns for the bundle of transparent crystal-
lized glass fibers obtained by heat treatments at 720—-760 °C for 1 h in
30BaO-15TiO,-55Ge0O, glass. The peaks are assigned to Ba,TiGe,Og
crystals.

trum measurements, where various configurations about the
relationship between the direction of linearly polarized inci-
dent laser and the direction of linearly polarized Raman scat-
tering light are possible. The measuring point and the defi-
nition of coordinates for the cross section of the crystallized
glass fiber are shown in Fig. 5. If Ba,TiGe,Og crystals in the
fibers are highly oriented along the crystal growth direction,
i.e., along from the surface to the interior, it is expected that
the linearly polarized micro-Raman scattering spectra de-
pend strongly on the configuration.

The results for the fully crystallized (830 °C, 1 h) glass
fiber are shown in Fig. 6, indicating that the peak profile

830°C,1 h

FIG. 5. Polarized optical micrograph for the fiber obtained by a heat treat-
ment at 830 °C for 1 h in 30BaO—15TiO,-55GeO, glass. A hole is ob-
served at the center of the fiber. The closed circle is a position for linearly
polarized micro-Raman scattering spectrum measurements.
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FIG. 6. Linearly polarized micro-Raman scattering spectra for the fiber
obtained by a heat treatment at 830 °C for 1 h in 30BaO-15TiO,-55GeO,
glass (Fig. 5).

changes depending on the configuration of polarized micro-
Raman scattering measurements. In particular, it should be
pointed out that the profile of the Raman bands in the range
of 790-900 cm™! in the configuration of Z(XX)Z is largely
different from those in the configuration of Z(YY)Z. The data
shown in Fig. 6 clearly demonstrate that Ba,TiGe,Oyg crys-
tals in the crystallized glass fibers grow with keeping a crys-
tal growth direction. In the previous papers,}5 it has been
confirmed that transparent surface-crystallized (bulk) glasses
consisting of nonlinear optical Ba,TiGe,Oyg crystals are fab-
ricated by heat treatments at 720—760 °C and the orientation
of the polar c-axis in Ba,TiGe,Oyg crystals occurs from the
surface. For the comparison, the linearly polarized micro-
Raman scattering spectra for the surface-crystallized
(760 °C, 1 h) plate glass are shown in Fig. 7. It is seen that
the data (Fig. 7) for the plate glass are almost the same as
those (Fig. 6) for the fiber, suggesting that Ba,TiGe,Oyg crys-
tals in the crystallized glass fiber orient from the surface to
the interior, i.e., c-axis orientation.

The maps of two-dimensional micro-Raman scattering
intensities at the peaks of 720 and 880 cm™! in linearly po-
larized micro-Raman scattering measurements are shown in
Fig. 8. The patterns with the stripe structures are observed,
giving the homogeneous intensity in a given direction. These
data demonstrate that the c-axis orientation of Ba,TiGe,Og
crystals is taking place in the whole region of the fully crys-
tallized glass fibers.

C. Hollow crystallized glass fibers

In the crystallization of glass fibers, holes are formed
frequently at the center of fibers. It is of particular interest to

J. Appl. Phys. 103, 063512 (2008)
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FIG. 7. Linearly polarized micro-Raman scattering spectra for transparent
surface-crystallized (bulk) glasses consisting of nonlinear optical
Ba,TiGe,Og crystals in 30BaO—-15TiO,-55GeO, glass. The inset is a po-
larized optical photograph for the surface crystallized sample and the closed
circle is a position for measurements.

clarify the mechanism of the hole formation and to find a
technique controlling the hole formation. For this purpose,
we checked carefully the behavior of the hole formation in
the crystallized fibers, and the following features were found:
(1) holes are formed irrespective of fiber diameter, (2) holes
tend to form after the crystallization of about 70 vol %, (3)
almost all holes have a shape of perfect circle, (4) the diam-
eter of fibers increase about ~5% after crystallization with
holes. (5) In the initial stage of the hole formation, many
small bubbles and assemblages are observed, as shown in
Fig. 9. The above features propose that the main origin of the
hole formation in the fully crystallized glass fibers would be
due to the precipitation of gasses dissolved into fibers during
melt and glass fiber preparations. That is, it is considered that
first many small bubbles are generated, then bubbles grow
and coagulate, and finally holes are formed at the center of
fibers. Gasses of CO, or H,O would be expected to be a
source of bubbles. This model will be discussed in the next
section more in detailed.

Considering the hole formation mechanism and carrying
out heat treatments carefully, we succeeded in fabricating
transparent crystallized glass fibers with long length holes,
i.e., hollow crystallized glass fibers. For example, the optical
photograph for the hollow crystallized glass fiber obtained
by a heat treatment at 790 °C for 1 h is shown in Fig. 10,
where a homogeneous and continuous hole with ¢=40 um
is formed in the fiber with ¢=200 um. It was confirmed that
these long holes exhibit a capillary phenomenon, i.e., water
is absorbed up into holes. These transparent hollow crystal-
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FIG. 8. Maps of two-dimensional micro-Raman scattering intensities at the
peaks of 720 and 880 cm™! in linearly polarized micro-Raman scattering
measurements for the fiber obtained by a heat treatment at 830 °C for 1 h in
30BaO-15Ti0,-55Ge0, glass (Fig. 5). The position for the measurements
is around the center.

lized glass fibers having the surface with nonlinear optical
Ba,TiGe, Oy crystals would have a potential for practical ap-
plications in new type active photonic glass fibers.*

D. Crystallized glass fibers without holes

It is also of interest and importance to fabricate transpar-
ent crystallized glass fibers without any holes in fiber-type
optical device applications. In the field of glass science and
technology, Sb,0O5 is well known as an oxide for removing
(cleaning) bubbles in melts. In this study, we, therefore, pre-
pared  Sb,Os-added  glasses, i.e., 30BaO-15TiO,
—55Ge0,-xSb,05 glasses with x=0, 0.2, 0.4, and 1, where
BaO, (not BaCO;) was used as a raw material for BaO in

J. Appl. Phys. 103, 063512 (2008)

760°C, 3 h
$=200 um

FIG. 9. (Color online) Optical micrograph for the fiber obtained by a heat
treatment at 760 °C for 3 h in 30BaO—15TiO,-55GeO, glass. Many small
bubbles and assemblages are present. The inset is an illustration for the
bubble formation in the fiber.

order to exclude the possibility of CO, generation from raw
materials. Glass fibers were easily drawn for these composi-
tions and were heat treated at various temperatures to exam-
ine the crystallization behavior of fibers. It was confirmed
that the glass fibers show the surface crystallization forming
Ba,TiGe,Og crystals as similar to the glasses with no addi-
tion of Sb,05. Furthermore, it was found that the hole for-
mation is largely depressed in Sb,Os-doped fibers. As an
example, optical photographs for the transparent crystallized
(770 °C, 3 h) glass fiber obtained by a heat treatment at
770 °C for lh in 30BaO-15Ti0,-55Ge0O,
—0.4Sb,05 glass are shown in Fig. 11, indicating that the

(@) Heat-treated: 790°C, 1 h

Fiber: ¢ =200 pum
Hole: ¢ =40 pm

FIG. 10. (Color online) Optical micrographs [(a) and (b)] for the fiber ob-
tained by a heat treatment at 790 °C for 1 h in 30BaO-15TiO,-55GeO,
glass. The inset (c) is a polarized optical micrograph for the fiber.
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Heat-treated: 770°C, 2 h

¢ =165 um

FIG. 11. (Color online) Optical micrograph for the fiber obtained by a heat
treatment at 770 °C for 2 h in 30BaO—15TiO,-55Ge0,—-0.4Sb,0; glass.

crystallization occurs in the whole region of the fiber and no
holes are observed even at the center of the fiber. It was also
confirmed from linearly polarized micro-Raman scattering
spectrum measurements that fully crystallized glass fibers
with no holes consist of Ba,TiGe,Og crystals and the c-axis
orientation of Ba,TiGe,Oyg crystals is taking place from the
surface to the center of fibers.

The SHG microscope observations for the transparent
fully crystallized glass fibers with the addition (0.4 mol %)
of Sb,O5; were carried out, and the result with a fiber length
of 7.64 mm is shown in Fig. 12, in which Q-switched
Nd:YAG laser beam with a wavelength of A=1064 nm was
used and induced SHG emissions (A=532 nm) were mea-
sured, although the fundamental one (A\=1064 nm) must be
isolated by a cutoff filter before reaching to the charge
coupled device for image detection.”’ As can be seen in Fig.
12, the emissions of second harmonic (SH) waves are ob-

Nd:YAG

Nd:YAG

(1064nm)

Fiber 7.64 mm

FIG. 12. (Color online) SHG microscope observation for the transparent
fully crystallized glass fiber by a heat treatment at 770 °C for 2 h in
30BaO-15Ti0,-55Ge0,-0.4Sb,05 glass. A fiber length is 7.64 mm.
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served in the whole region of the fiber. It should be point out
that the intensity of SH waves in the cross section of the fiber
is homogeneous.

In previous papers, the present authors’ group has
succeeded in fabricating optically transparent nanocrystal-
lized glass fibers with sharpened tips by using a meniscus
chemical etching method in the glass systems of
K,O0-Nb,05-GeO, and BaO-TiO,—Si0,. Those transpar-
ent crystallized glass fibers consist of nanocrystals such as
nonlinear optical Ba,TiSi,Og, and nanocrystals are formed
randomly without any orientations. The present study, there-
fore, is the first report on the fabrication of transparent crys-
tallized glass fibers consisting of highly oriented nonlinear
optical crystals. This kind of fibers would also have a high
potential for fiber-type devices with active functions for op-
tical signal processing. Measurements of the efficiency of SH
conversions and optical transmission losses at the wave-
lengths of 1064 and 532 nm are now under consideration.

22,23

IV. CONCLUSION

The glass fibers with a diameter of 100-200 um were
drawn by just pulling up melts of 30BaO—-15TiO,-55GeO,
glass, and transparent crystallized glass fibers consisting of
nonlinear optical Ba,TiGe,Og crystals were fabricated by
crystallization of glass fibers. It was clarified from linearly
polarized micro-Raman scattering spectra that Ba,TiGe,Og
crystals grow from the surface to the center of fibers with the
c-axis orientations. The transparent hollow crystallized glass
fibers were fabricated through heat treatments, e.g., fibers
with a diameter of ~¢=200 wm show hollows (capillary-
type holes) with ~¢$=40 wm. By adding a small amount of
Sb,05 in glass fiber preparations, transparent crystallized
glass fibers with no holes were developed, and SHGs were
observed from the fibers. The present study suggests that
transparent crystallized glass fibers showing strong SHGs
would have a potential for fiber-type light control optical
devices.
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