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The rapidly spreading use of optical fiber as a transmission medium has created an interest in
fiber-compatible optical devices and methods for growing them, such asthe Laser Heated Pedestal
Growth (LHPG). This paper reports on the influence of the ceramic feed rod treatment on fiber
quality and optimization of ceramic pedestal processing that allows improvements to be made on
the final quality in a ssmple manner. Using the LHPG technique, transparent crack-free colorless
single crystal fibers of SrTiO3(0.50 mm in diameter and 30-40 mm in length) were grown directly
from green-body feed rods, without using external oxygen atmosphere.
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1. Introduction

Due to the increasing use of optical fibers in telecom-
munication networks, thereisaneed for fiber geometry that
is compatible with optical devices. The development of a
faster process to obtain high quality single crystal fibers
from ceramic pedestal rods is therefore considered desi-
rable. The SrTiOs compound was used to study different
stagesin this process systematically.

Pure S'TiOz iscolorless, transparent in the visible region,
and is an insulator (band gap: 3.2 €V) when it contains
stoichiometric amounts of oxygen. It presents some interest-
ing chromic behavior, which is thermally activated and de-
pends markedly on the annedling temperature and on the
quenching rate'2. Theoxygenvacanciesproduceawiderange
of colors, fromyellow or light brown® to blue-violet or black*”.
Thiseffect iscalled the thermochromism of STiOs and it can
be completely reversed by reheating in an oxygen atmosphere
or cooling dowly to room temperature from any temperature
above 850 °C2. Furthermore, even very small amounts of
oxygen vacancies can produce these color changes. Infact, in

yellow or light brown samples, it was very difficult to detect
changes of the oxygen vacancies by usua thermogravimet-
ric anaysis because the weight loss is too small?. It is
important to note that the effect of oxygen vacancies was not
negligible, since they caused large modifications in the sam-
pl€ s properties, mainly in their eectronic transport and opti-
cal absorption®’®,

SITiO298 OF SITiO3x with x = 0.28, 0.17 and 0.08
presented a dark blue-violet colored, n-type metallic con-
ductivity>®. Further studies demonstrated that conductivity
and optical absorption exhibited a proportional relation-
ship; from a genera point of view, the bluish colored
samples indicate metallic conductivity and optical absor-
ption in the infrared range?>®, while the slightly reduced
ones showed absorption in the visible range and, usualy,
lower values of conductivity®”’.

In all the above-mentioned cases, it isvery important to
prepare the conditions carefully and to characterize a
SITiOs sample as well as possible before studying any of
its properties.
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A surprisingly wide variety of crystal growth techniques
that have been used for S'TiOs were reviewed by K. Nassau
and A.E. Miller®. The solution growth has proved to produce
much more perfect crystal sthan the Verneuil growth'®, howe-
ver, neither the solution growth technique nor the other melt-
growth techniques reached the point where S'TiOs crystals
can be grown with stoichiometric amounts of oxygen under
reasonably controlled conditions. Currently, only theV erneuil
product is available commercially®.

Table 1, which summarizesthe growth conditions of the
most important techniques, shows that the titanate single
crystals presented dark colorsin most cases, indicating that
it is necessary to use an oxygen atmosphere to obtain
colorless crystals.

This paper reports on a systematical study of theinflu-
ence of the feed rod characteristics (geometry, thermal
treatments, and density) onthe quality of final crystal fiber.
Thus, we have found ceramic processing conditions that
permit the growth of stoichiometric SrTiOs single crysta
fiber without using external oxygen atmosphere.

2. Experimental Procedure

A. Ceramic pedestal preparation

Several ceramic pedestals were prepared under diffe-
rent conditions in order to compare their performance as
ceramic feed and seed rods for fiber growth.

A-1. Synthesis
SITiOs powder was prepared from asolid state reaction
of high purity SrCOs (99.999%, Merck) with TiO>

(99.999%, Merck). Appropriate molar ratios were mixed
and ground in an agate mortar and then calcinated several
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times at 1000 °C for 12 h. The cooling rate of the furnace
was not controlled. The solid state reaction product was
measured in each calcination step using X-ray diffraction
analysis. This process was repeated until the SrTiOs pure
phase was reached. The average particle size of the final
powder was around 0.30 nm.

A-2. Square Section Pedestals

SITiO3 powder was uniaxially pressed into cylindrical
pellets under 1.5 KPa and then isostatically pressed at 100
MPa. In some cases, polyvinyl alcohol (PVAI) was added
to the powder, asabinder, in order to improveits compact-
ness (see Table 2). The pressed pellets were sintered at
different temperatures. Density data were obtained using
the Archimedes method.

The ceramic pelletswere polished and cut into 700-800
mm square section rods using a diamond inner hollow saw
(Microdlice 4 Malvern). In the last step of pedestal prepa-
ration, the larger rods (3 cmin length) were annealed in an
oxygen atmosphere at 1000 °C to release them from stress
and to avoid oxygen vacancies. These pedestals were used
asfeed and seed rodsin the crystal growth process.

A-3. Circular section pedestals

The circular rods were obtained by the extrusion pro-
cess. Thisprocess consists of shaping an object by pushing
amateria through an opening of predefined shape. A wet
mixture of powder and binder was used to carry out the
extrusionintorodsthrough astainless-steel diewithal mm
diameter orifice. The size and shape of our extrusion'!
machine alows us to obtain circular rods of 1 mm in
diameter and more than 10 cm in length. The extruded
green-rods were air-dried to avoid shrinkage. Table 2

Table 1. Titanates crystal growth conditions with conventionally methods.

Rod powder preparation Growth parameters
Methods Syntesis of Rod dimensions  Sinterization Rate (mm/min) Atmosphere Single-crystal
starting materials  (diameter- mm) conditions color

Verneuil flame- oxygen colorless

fusion growthw

Flux growth'” ar brown/light
brown

Radio-frequency 1200°C,3 days vacuum/air dark blue-violet

induction®”

Floating zone 1000°C 10 hin 10 1300°C, 3h 0.16 ar black

grovvths* ar

Floating zone 1000°C10h 5-10 none 0.016-0.033 oxigen yellow

growth Bay- thar

xSIxTiOF™

LHPG BaTiOz%° 1-2 1400°C, 6 h 515 air blue

oxigen

References with * correspond to SrTiOs.
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shows the conditions and powder composition used in the
preparation process. The pedestalsfrom batch D (see Table
2) were sintered at 1400 °C for 6 h, while the ones from
batch E and F were not thermally treated either to remove
the binder or to improve densification. Materials with the
same characteristics were used as feed and seed rodsin the
fiber growing process.

B. Laser Heated Pedestal Growth (LHPG) method

The LHPG method has been shown to be a powerful
method for rapidly growing small diameter single crystals,
particularly oxides of high melting temperature, for both
properties studies and fiber devices'®*3,

The LHPG equipment used in this investigation con-
sisted of a power source (CO2 100 W laser), an optical
layout and agrowth chamber. To minimizethetemperature
oscillations in the molten zone, an additional control sys-
tem was applied, in which a photodetector signal propor-
tiona to the intensity of the light coming from the melting
zone was used to feed back the CO. laser power. The
growing fiber and the melting zone were observed through
amonocular microscope'®.

Pulling and feeding rates were between 0.15-0.60
mm/min and 0.05-0.60 mm/min respectively, using square
section rods (length: 30 mm, cross section size: 0.8-1.0
mm). When using extruded circular section rods (length:
30-50 mm cross section diameter: 1.0 mm), the same pa
rameters used were between 0.30-0.50 mm/min and 0.10-
0.20 mm/min, respectively. Additional detailscan befound
in Ref. 14.

C. Ceramic pedestals and fibers characterization

Powder diffraction datawere collected using aRigaku-
Denki diffractometer with Cu K radiation supplied by a
rotating anode source. X-ray Laue reflection was used to
analyze the single-crystal fibers. Their crystallographic
parameters were obtained using a CAD-4 four-circle auto-
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matic diffractometer (Enraf Nonius). The microstructure
was analyzed with a digital scanning electron microscope
(ZeissDSM 960). The conventional two-probe method was
used to measure fiber resistivity.

3. Results and Discussion

Fiber growth, using square section pedestals, presented
low stability of the melting zone shape, mainly with the
lower density feed rods. Table 2 indicates that the batch A
pedestal s presented the lowest density. Pedestal densifica-
tion improved when sinterization was carried out at higher
temperatures. Thus, the pedestalsfrom batch B and C were
denser and presented agrain growth, when comparedto A,
asshowninFig. 1.

The fiber growth process, using rods from batch A,
showed a considerable variation in diameter. Fibers show-
ing a more regular diameter were obtained, with very low
diameter variations, by increasing pedestal densification
(batch B and C). However, they presented inclusions and
cracks.

Typically, fibers grown from batch A were yellowish,
while those grown from batch B and C were black and
brown, respectively. Therefore, fiber color was directly
related to the pedestal thermal treatment and, since
stoichiometric SITiOsiscolorless, it can be concluded that
higher sintering temperatures yield darker fibers, and that
all are oxygen deficient. The best results, when using
square section pedestals, were obtained only by re-pulling
primary fibers. Although the final fibers grown with this
procedure were single-crystals with a regular diameter,
they presented a yellowish color®®.

The use of square section pedestals presented some
disadvantages, mainly due to the mismatch between the
fiber cross section and the laser beam geometries (square
and circular, respectively). This mismatch does not allow
the laser beam to melt the pedestal efficiently, leaving the
square corners solid and affecting fiber growth. The circu-

Table 2. Preparation and macroscopic characteristics of SrTiO3 ceramic pedestals.

Square section pedestals Circular section pedestals
Samples A B D E F
Powder composi- SITiOs SITiOs SITiOs SITiOs SITiOs SrCO3 +TiO2
tion
Binder agent PVA none PVA PVA PVA PVA
Pressing uniaxial (1.5 KPa) isostatic (100 MPa)
Sinterization 1200°C, 24 h 1600°C,5h 1400°C, 6 h 1400°C, 6 h none none
Density (g/cm’) 3.250 4.200 4.800 4.816 2.087 2.335
% Theoretical 62 82 94 41 —
density
color white yellow dark gray gray white yellow white
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lar section pedestals prepared by the extrusion process
alow matching up of the feed rod geometry with the laser
beam. It is important to note that a variety of green-body
defects can appear during the extrusion process. These
defects includes: lamination, surface and edge tearing,
bridge and core cracking, column splitting, segregation and
preferred orientation of particles™. However, thequality of
the extruded bodiesis highly influenced by several factors
and depends mainly on each material. Table 2 shows in
detail the different circular section pedestal conditions in
which the bodies were prepared. In the sintering process,
the pedestalsfrom batch D presented the best densification
and reached the same density values as isopressed rods
(batch C). Moreover, an andysis of their microstructure
showed similar grain sizes, as shown in Fig. 1b. Note that
the green-rod densities from batch E to F were ailmost the
same and were used as green extruded rods without any
temperature treatment to burn out the binder or for the
sintering process. Moreover, the binder burnout stage du-
ring the crystal growth processdid not cause any problems.
Typicaly, during the growth, adark band appeared imme-
diately below the molten zone, showing theresidua carbon

Figure 1. SEM microphotographs of the grain growth of square section
pedestals from batches A (a) and C (b).
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compound caused by combustion of the organic binder.
Figure 2, the SEM microphotographs of pedestals from
batch E (SrTiOs) and batch F (SrCOs - TiOy), show a
different distribution of grain size, indicating an evident
mixture of two phases in Fig. 2b. In the latter, the large
crystals with regular shapes correspond to TiO, while the
smaller ones, with poorly defined shapes, correspond to
SrCOs. The degree of densification in both cases was very
low.

Figure 3 shows the first-grown fiber drawn using the
feed rods from batches D, E and F. Although al the fibers
grown in highly stable conditions displayed a regular di-
ameter, observation shows that the fiber from batch D
presented inclusions and cracks with low crystal quality.
The fibers from batches E and F, on the other hand, were
totally free of these types of defects. The most surprising
result was obtained using the feed rods from batch F, where
a crack-free, transparent and colorless fiber was obtained
inthefirst pulling process. Thefiber wasabout 0.50 mmin
diameter and 30 mm in length.

Figure 2. SEM microphotographs of the grain distribution in circular
section pedestals (a) from batch E (SrTiO3) and (b) from batch F (SrCO3
-TiOy).
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1 mm

Figure 3. Photographs of the fibers drawn directly from the circular section pedestals, using ceramic feed rods from batch D, E and F, whose diameter

sizeswere around 0.70 mm, 0.60 mm and 0.50 mm, respectively.

Theinclusion of CO> gas presented no problem during
growth. Furthermore, the thermal dissociation of CO; at
high temperatures (2300 K - 3400 K) produced a loca
oxidation atmosphere with high reactivity owing to the O
atom formation during dissociation®®. Thus, the decompo-
sition of SrCOs in batch F produced alocal pressure of CO»
and the dissociation of CO», at melting temperature, caused
a local oxidation atmosphere. Loss of oxygen was thus
depressed and transparent-colorless fibers (batch F) were
obtained.

Figure 4 shows that the microstructure of the molten
zone of the feed rod from batch F exhibited grain sizes
similar to those of the densest isopressed rods from batch
C (see Fig. 1b). Although the microstructure in the same
region of the rod from batch D displayed higher densifica-
tion, the final quality of crystal fiber wasinferior. For this
reason, we found in this case that it is needlessto carry out
a previous sintering process since it does not improve
growth conditions but worsens the quality of crystal fiber.

The batch F fibers were crushed, ground and analyzed
by X-ray powder diffraction. The X-ray diffraction pattern
did not reveal the presence of any segregated phase, from
whichit can be concluded that the starting materials (SrCOs
- TiO2) underwent acomplete reaction that resulted in pure
SrTiOs. Figure 5 shows a Laue photograph of this single
crystal fiber, with the X-ray beam in a direction perpen-
dicular to the growth axis. The preferential growth orienta-
tion was [110] with cubic crystal lattice, a= 3.905(1) A.

As mentioned before, the batch F fibers were transpa-
rent and colorless, so that they must contain stoichiometric
amounts of oxygen. Although the other fibers, from batch
E, were also crack-free they were yellowish, revealing the

Figure4. SEM microphotographsof the molten zone obtained, using feed
rods from batch D (a) and F (b).
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Figure 5. Laue photograph of an SrTiO3 single crystal fiber with the
X-ray beam perpendicular to growth direction.

presence of oxygen vacancies. This observation was con-
firmed by resistivity measurements, asshowninFig. 6. The
transparent and colorless fibers (curve @) presented higher
resistivities in the whole temperature range and a room-
temperature band gap of 3.2 eV. These results are in very
good agreement with the published data of pure SITiO3
when it contains stoichiometric amounts of oxygen. Curve
b, inthe samefigure, shows adecreasein resistivity values
in the same temperature range with respect to the latter
fibers, indicating the presence of oxygen vacancies. It was
observed that the loss of oxygen produced decreased resis-
tivity and a change in the color of the samples. Several
authors have reported resistivities of around 1-20 Wem/?
at room temperature in samples with slightly reduced, and
valuesof around 101-10-3 Wem®®18 for sampleswith more
reduced strontium titanate. In every case, after thermal
treatment in the oxygen atmosphere, the yellow, blue or
dark blue samples became colorless, and their resistivities
were above 10° Wem. The samples showed semiconductor
to metalic-like behavior, depending on their levels of
reduction.

The advantages of the fiber growth procedure used in
batch F must be emphasized, since the preparation process
was greatly simplified. In this case, when the pedestal was
pushed toward the molten zone, binder burnout (PVALI),
decomposition, reaction of starting materials, sinterization
of the compound and the growth of a stable single-crystal
SITiOs fiber were carried out in one operation, thus reduc-
ing the time and cost of preparation.

4. Conclusions

STiOs single crystal fibers were successfully grown
directly from green-body feed rodsby LHPG. Thesecrystal
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Figure6. Resistivity asafunction of temperature of SrTiOzfibers. Curve
a SrTiOg3 fibers from batch F (colorless). Curve b: SrTiOg3 fibers from
batch E (yellow).

fibers were transparent and colorless, and no external oxy-
gen atmosphere was used during crystal growth or by
high-temperature annealing after growth.

Dark-colored crystals grown by conventional growth
techniques presented non-stoi chiometry, which occurs due
to feed-rod-oxygen loss during the synthesis and sinteriza-
tion process. Furthermore, these methods present larger
surface-to-volume ratio of melt than LHPG does. For this
reason, the oxygen loss may be depressed during the LHPG
process, which minimizes this effect.

Primary fibers, grown directly from feed rods, demons-
trated a high dependence on the feed rod geometry. The
growth was highly stable when using cylindrical section
feed rods, as compared to what occurred when using the
squared section rods. In the first case, the melting zone
volume was maintained constant, which lead to regular
diameter fibers. The laser beam diameter was adjusted to
the feed rod geometry, thus avoiding the formation of
corners and their periodic falls that produce very unstable
growth.

Different preparation conditions of the cylindrical sec-
tion feed rods showed that treating them at high tempera
tures worsened the quality of the final fiber, even though
thefeed rodspresented ahigh density. Thebest quality fiber
was grown directly from green-body feed rod, without any
thermal treatment. Therefore, the sintering process of the
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feed rodsdid not improve any crystal growth conditions, as
had been expected. Indeed, it is a known fact that most of
materials were grown as high quality fibers when sintered
feed rods were used'®#, Furthermore, there are few com-
pounds that presented a behavior similar to that of SITiOs
with respect to the influence of feed rod density on fiber
quality, i.e. alumina??.

Additionally, it was demonstrated that the synthesis of
the starting materials before the growth process by LHPG
did not improve any of its conditions but, on the contrary,
it lead to larger amounts of oxygen vacancies. It ispossible
that, if cooling had been carried out slowly from 1000 °C
to 850 °C (the “freezing-in” temperature for the diffusion
of oxygen in SrTiOg) during synthesis, the S'TiOs powder
would have been stoichiometric. Nevertheless, it seems
better to bypass this previous synthesis stage.

A comparison of the different batches of feed rods (A
to F) shows that grain size, size distribution and the green
density did not significantly affect thequality of thecrystal.
In the case of batch F, the best conditions for growing the
high quality stoichiometric SITiOs single crystal fibers
were found to be by LHPG, using a faster and ssimpler
procedure. It must be pointed out that the cylindrical ge-
ometry of the feed rods and alocal oxidation atmosphere
dueto apartial dissociation of CO» are the most important
contributions.
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