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Abstract

Undoped and titanium-doped sapphire (Ti:Al,O3) single-crystal rods were grown using the
micro-pulling-down (u-PD) technique to investigate the effect of Ti incorporation on bubble
defect formation. Crystals with Ti concentrations of 0, 500, and 1000 ppm were obtained with
uniform geometry and good optical quality. Microstructural analysis revealed a strong
dependence of bubble distribution and morphology on Ti dopant. Undoped sapphire exhibited
only a thin peripheral layer of small spherical bubbles (0-20 pm), whereas Ti-doped crystals
showed a significant increase in bubble layer thickness (up to ~370 um), accompanied by the
appearance of elongated and irregular bubble shapes. A quasi-steady-state numerical model,
including heat transfer, melt convection, and thermocapillary (Marangoni) effects, was
developed to clarify the governing mechanisms. Simulations indicate that increasing Ti
concentration enhances the meniscus height and intensifies Marangoni convection, with melt
velocities rising from ~5.6 to 20 mm-s™'. The resulting flow structure promotes bubble transport
toward the crystal periphery and contributes to their deformation under strong shear near the
meniscus. These results provide a consistent interpretation of the relationship between titanium
doping, melt flow, and bubble distribution during pu-PD sapphire growth.
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1. Introduction

Sapphire single-crystal (a-Al,O3) is a technologically important material due to its exceptional
mechanical strength, high melting point (=2050 °C), excellent chemical stability, and wide
optical transparency extending from the ultraviolet to the infrared region. These properties
make sapphire widely used in optics, electronics, high-temperature devices, and laser host
materials. In particular, sapphire doped with transition metal ions such as titanium has attracted
considerable attention because of its outstanding spectroscopic and optical properties [1-3].

Among laser crystals, titanium-doped sapphire (Ti:Al,O3) is one of the most important
materials for tunable and ultrafast laser systems. The incorporation of Ti** ions into the
corundum lattice gives rise to a very broad emission band ranging approximately from 650 nm
to 1100 nm, enabling tunable laser operation and generation of femtosecond pulses [4]. These
characteristics have made Ti:sapphire the cornerstone of ultrafast laser technology and an
essential component in applications such as high-power amplifiers, lidar transmitters,
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spectroscopy systems, and biomedical procedures including ophthalmic surgery. The opticalcs~nine

performance of Ti:sapphire for lasers applications strongly depends on the concentration and
distribution of Ti*" ions in the crystal lattice as well as the structural perfection of the host
crystal [5-7].

Several techniques have been developed for the growth of sapphire and Ti-doped sapphire
crystals, including the Czochralski (Cz), Kyropoulos (Ky), Edge-Defined Film-Fed Growth
(EFG), and micro-pulling-down (u-PD) methods [7-10]. The p-PD technique has attracted
increasing attention because it enables the rapid growth of small-diameter rods or fibers with
controlled geometry and high growth rates [11]. Moreover, the reduced melt volume in pu-PD
growth facilitates detailed experimental investigations and numerical modeling of the thermal
and hydrodynamic phenomena occurring during solidification [12].

However, sapphire crystals grown from the melt frequently contain structural defects such as
dislocations, inclusions, voids, and gas bubbles that can degrade the optical quality of the
material. Bubble defects are particularly problematic because they act as scattering centers,
generate optical haze, and reduce laser efficiency [13,14]. These bubbles typically originate
from gas entrapment at the solid—liquid interface or from chemical reactions involving residual
impurities, crucible materials, or dissolved gases in the melt [15-18]. During crystal growth,
bubbles may be transported by buoyancy forces or melt convection and can eventually become
trapped at the growth interface, where they are incorporated into the crystal structure [7].

Several studies have investigated bubble formation and propagation in sapphire crystals grown
by different techniques. Experimental observations have shown that bubble incorporation
depends strongly on growth parameters such as pulling rate, thermal gradients, interface
curvature, and melt convection [6]. In the pu-PD process, the complex thermo-fluid dynamics
within the melt, including Marangoni convection and forced convection induced by the pulling
process, play a key role in determining the trajectories and capture probability of bubbles. In
addition, the shape and stability of the crystal-melt interface strongly affect the interaction
between bubbles and the growing crystal [19].

Recent investigations combining experimental observations and numerical modeling have
significantly improved the understanding of bubble behavior during sapphire growth.
Numerical simulations have shown that temperature distribution, melt flow patterns, and
electromagnetic heating conditions strongly affect bubble motion and interface interactions
[8,19,20]. These multi-scale studies have also demonstrated that bubble characteristics, such as
size distribution and spatial arrangement, can evolve during crystal growth due to complex
interactions between hydrodynamic forces and solidification dynamics.

Although many studies have focused on the influence of growth parameters on bubble
formation, the effect of dopant concentration, particularly titanium, on bubble behavior in
sapphire crystals remains insufficiently explored. Titanium incorporation can modify the
thermodynamic and kinetic conditions in the melt, influence defect formation mechanisms, and
alter the optical absorption properties of the resulting crystal [5,21]. A better understanding of
how titanium concentration affects bubble formation and propagation during crystal growth is
therefore essential for improving the quality of Ti:sapphire laser materials.

The objective of the present study is to investigate, experimentally and numerically, the
influence of titanium concentration on bubble behavior in sapphire rods grown by the pu-PD
technique. Sapphire rods with a diameter of 5 mm were grown with different initial titanium
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concentrations (0, 500, and 1000 ppm). The rods were subsequently cut into 5 mm-thick wafeis s>
and polished for microstructural analysis. Bubble morphology and size distribution were
examined using high-resolution optical microscopy in both longitudinal and transverse
orientations. To complement the experimental observations, a global finite-element numerical
model was developed using the exact geometry of the growth furnace. The model calculates the
electromagnetic field, temperature distribution, and melt velocity field, enabling detailed
analysis of the thermo-hydrodynamic conditions that govern bubble transport and capture at the
growth interface. By combining experimental characterization with numerical modeling, this
study aims to provide new insights into the mechanisms controlling bubble behavior in undoped

and Ti-doped sapphire crystals grown by the u-PD method.

2. p-pd growth of undoped and Ti-doped sapphire rods

Undoped sapphire (Al,O3) and titanium-doped sapphire (Ti:Al,O3) single-crystal rods with Ti
concentrations of 500 and 1000 ppm were successfully grown using pu-PD technique. The as-
grown crystals exhibited a uniform cylindrical morphology with a diameter of approximately 5
mm. The undoped rod was optically transparent and colorless, whereas the Ti-doped samples
displayed a homogeneous light-red coloration, characteristic of Ti** incorporation within the
corundum lattice.

Crystal growth was carried out in a radio-frequency (RF) induction-heated p-PD furnace (figure
1). The growth assembly consisted of a molybdenum crucible (outer diameter 22 mm, inner
diameter 20 mm, height 60 mm) equipped with a capillary die at its base (die diameter 5 mm,
orifice diameter 1 mm). An after-heater of similar dimensions surrounded the lower part of the
crucible, extending the high-temperature zone below the die and thereby reducing the axial
thermal gradient at the solid—liquid interface. This configuration minimized thermally induced
stresses and promoted high crystalline quality.

Thermal insulation of the hot zone was ensured by graphite components surrounding the
molybdenum crucible and after-heater. Graphite was selected because of its excellent thermal
stability at high temperatures and its widespread use in crystal growth furnaces employing
molybdenum hot-zone components, providing efficient thermal shielding and reducing heat
losses from the growth zone. A transparent quartz tube was positioned below the insulated
region, providing a controlled atmosphere and optical access to the growth zone, particularly
the region beneath the die where the crystal is pulled. A narrow observation channel was
incorporated through the graphite insulation to enable direct visualization of the molten zone,
part of the crystal and the die.
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The starting charge (~5.2 g) consisted of high-purity (99.999%) Al,Oj3 in the form of crackle
and microbeads, including both undoped and Ti-doped compositions. Prior to growth, the
chamber was evacuated to approximately 10™* mbar and then backfilled with high-purity argon
under continuous flow to prevent oxidation of the molybdenum components. Melting was
achieved using an RF induction system operating at 11.2 kHz with a maximum power of 25
kW. Two preliminary melting cycles were performed to stabilize the molten zone and establish
a reproducible pendant drop at the die orifice.

Crystal growth was initiated by gently bringing an undoped sapphire seed crystal into contact
with the molten drop at the die exit. Due to the steep thermal gradients inherent to the p-PD
process, the approach velocity was carefully controlled to avoid thermal shock. Slight remelting
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of the seed tip enabled the formation of a stable liquid meniscus, which is gssentialsfot
controlled growth. The pulling rate was maintained at 0.5 mm-min™" throughout the process.

The meniscus height and shape, governed by surface tension, growth angle, and the relative
position of the solid-liquid interface, were carefully controlled to maintain a constant rod
diameter. Stable growth conditions were ensured through precise regulation of the melt
temperature and interface position. Real-time monitoring of the meniscus and rod diameter was
carried out using a CCD camera through observation windows. Further details of the
experimental procedure can be found in previous studies [8,19,22,23].

The resulting sapphire rods exhibited smooth surfaces, uniform diameter, and high optical
quality, with no visible macroscopic defects such as cracks demonstrating the reliability of the
u-PD technique for the growth of high-quality undoped and Ti-doped sapphire single crystals
(figure 2 a). Wafers of 5 mm in height were then cut from the middle region of each of the three
crystal rods, including the Ti:Al,O3 crystal, and subsequently well-polished for
characterization, ensuring representative sampling despite the known dopant segregation along
the growth direction. Figure 2b shows a top and a side view for these wafers.

(a) (b)

Argongas —»

Insulation :
” >
Copper coil - ™ L |
- !Q - Molgbdenum
- e mucible
Crucible e
Melt - %
Afterheater i %
Crystal <y ¢
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Quartz tube

Figure 1. Schematic of the u-PD furnace employed for the growth of undoped and titanium-doped
sapphire, with the principal components indicated in (a). In (b), photographs of the molybdenum
crucible are shown, including front and bottom views, together with the corresponding dimensions of
the crucible diameter (D, civie = 22 mm), die diameter (Dg,. = 5 mm), and the orifice through which the
melt is withdrawn (Dj,. = 1 mm).
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Figure 2. Undoped and titanium-doped sapphire rods (500 and 1000 ppm Ti, 5 mm diameter) grown
using the u-PD technique. (a) As-grown crystals after solidification. (b) Polished wafers (5 mm
thickness) obtained after cutting, showing side view (left) and top view (right).

Ty

Growth direction

3. Microstructural characterization of bubble defects in Al,O; and Ti:Al,O; rods

Gas bubbles in undoped sapphire crystals typically originate from gas entrapment at the solid—
liquid interface or from chemical reactions involving residual impurities, crucible materials,
raw material and dissolved gases in the melt during heating [15—18]. Such mechanisms are well
documented in sapphire growth studies, where gas rejection and interfacial instability lead to
bubble incorporation within the crystal lattice. In titanium-doped sapphire, the presence of Ti
introduces additional complexity through its interaction with the melt and the evolving crystal.
In particular, Ti doping modifies key thermophysical properties such as viscosity, optical
absorption coefficient, emissivity and thermal conductivity, which in turn influence bubble
nucleation, growth, shape, and spatial distribution.

To investigate bubble distribution, morphology, and size within the sapphire crystals, an optical
microscope equipped with transmission and reflection light sources was used, along with
various objectives (x50, X100, x200, x500, x1000, and x2000). The microscope was coupled
to a video camera connected to a computer for image acquisition and processing. Transverse
and longitudinal cross sections of the rods were prepared by cutting and subsequent polishing
to reduce surface roughness, resulting in surfaces suitable for detailed bubble analysis (figure
2b). Low-magnification images allowed visualization of the overall cross section and the
peripheral bubble layers (figure 3), while high-magnification images enabled precise
measurement of bubble sizes and detailed observation of bubble shapes (figures 4 and 5). The
morphology and size distribution (diameter and length) of bubbles in undoped and Ti-doped
sapphire are summarized in Table 1.
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The microstructural analysis reveals pronounced differences in bubble formation, size,
morphology, and distribution between undoped and titanium-doped sapphire rods (figures 3-5,
Table 1). Transverse micrographs show that the cores of all rods are essentially bubble-free. In
undoped sapphire (0 ppm Ti), only a few small spherical bubbles are present at the periphery,
forming a thin bubble layer of 020 um, with bubble diameter ranging from 4 to 9 um, and the
crystal exhibits a uniform light color. This bubble size in undoped sapphire rods consistent with
previous studies [19,23,24] for sapphire rods with 3mm in diameter which was found typically
in the range of 2—8 pm.
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Figure 3. Transverse optical micrographs of undoped and titanium-doped sapphire wafers cut from
rods. Low-magnification images (%50, a—c) show the overall cross-section, while higher magnification
(%x200; d—f) highlights the bubble layer thickness. The cores of all three rods are essentially bubble-
free. At the periphery, only a few isolated bubbles are observed in the undoped sample (a, d). In contrast,
titanium-doped rods exhibit a continuous cylindrical bubble layer at the periphery, with thicknesses of
approximately 220 um and 370 um for 500 ppm (b, e) and 1000 ppm (c, f) Ti concentrations,
respectively. Bubble density increases with titanium content, correlating with regions of darker
red/brown coloration.

Titanium doping markedly increases both the thickness and complexity of the peripheral bubble
layer. At 500 ppm Ti, the layer expands to 220-240 um, with bubbles displaying a wide range
of shapes, including spherical, elliptical, tailed, elongated, bean, and heart-shaped forms, with
spherical bubbles ranging from 4-42 pm and non-spherical bubbles from 10-200 pm (figure
4). These various bubble shapes have also been reported in large Ti:sapphire crystals [8]. At
1000 ppm Ti, the peripheral layer further increases to 310-370 um, and bubbles reach extreme
dimensions, with spherical bubbles of 4-50 um and non-spherical bubbles extending up to 500
pum, including extremely elongated and highly extended structures (figure 5). High-
magnification transverse micrographs (x2000) highlight the diversity of bubble morphologies,
reflecting interactions between titanium segregation, melt convection, and local
supersaturation. Longitudinal micrographs reveal that, in undoped sapphire, spherical bubbles
are arranged along nearly linear features that are generally parallel to the crystal growth
direction (figure 5a). Similar bubble-line structures in undoped sapphire rods have previously
been reported in the literature [23,24]. In contrast, titanium-doped rods contain elongated
bubbles (figure 5b) and, at higher Ti concentrations, excessively long bubbles (figure 5¢) with
more irregular orientations that are not consistently aligned with the growth direction. This
behavior is likely associated with the presence of Ti and its non-uniform distribution within the
crystal resulting from segregation during growth. In addition, the peripheral bubble-rich region
coincides with a darker red-brown coloration, whereas the core remains lighter in color,
suggesting titanium enrichment near the crystal periphery. This segregation may contribute to
both the observed color variation and the changes in bubble morphology.

Y ﬁ rticle Online
9 E00327C
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100 pm

Figure 4. High-magnification (x2000) transverse micrographs of titanium-doped sapphire rods
illustrating the diversity of bubble morphologies. The observed defects include spherical and elliptical
bubbles, as well as irregular forms such as bean-shaped, tailed, and heart-shaped structures.

Figure 5. Longitudinal micrographs of undoped (a) and titanium-doped (b and c) sapphire wafers.
Images (a, b) were acquired at <1000 magnification, and (c) at X500 to capture the full length of
elongated bubbles. In the undoped sapphire, spherical bubbles are observed to align along linear
features, whereas titanium-doped rods exhibit elongated and extensively long bubbles. The reduced
magnification in (c) highlights the total length of an exceptionally long bubble.

Table 1. Morphology and size distribution of bubble defects in undoped and Ti-doped
sapphire rods

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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concentration
(ppm)

Ti Peripheral bubble

layer thickness
(nm)

bubble
morphologies

Spherical
bubble
diameter (um)

Non-spherical
bubble size
range (um)

0

0-20

Spherical

49

500

220-240

Spherical;
elliptical;
elongated; tailed;
irregular (bean-
/heart-shaped)

442

10-200

1000

310-370

Spherical;
elongated; highly
elongated;
irregular (bean-
/heart-shaped)

4-50

10-500
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4. Numerical Analysis of Thermocapillary Flow and Bubble Dynamigs in psPDcson0e

E

Sapphire Growth

Building on the preceding discussion of crystal growth dynamics and bubble formation,
numerical simulations of sapphire growth by the u-PD method were performed to investigate
the interactions among melt flow, meniscus shape, and bubble behavior. A quasi-steady-state
(QSS) global finite-element model was employed, accounting for heat conduction in solid
components, natural convection in the melt and surrounding argon atmosphere, thermocapillary
(Marangoni) flow along the melt free surface and meniscus, and radiative heat transfer within
semitransparent media (melt, crystal, and quartz tube) as well as across argon-filled gaps. The
simulated furnace geometry reproduced the experimental setup, with key parameters such as
rod diameter, seed dimensions, and meniscus height matching the measured values.

The computational geometry was constructed using the exact dimensions of all furnace components
(Fig. 1). The measured rod diameter (Fig. 2) and meniscus height (Fig. 6, left) were also incorporated
into the model. Assuming axisymmetric and quasi-steady-state conditions, the governing
equations are given below.

In the solid parts of the furnace:

—V(kVT) =Q (1
In the melt:
V.(pV) =0 (2)
WV.V)pV = —=Vp +uv.(pVV) +p g(1 — B(T — Tr)) 3)
V.(ocpVT) +V.(—=kVT ) + ap,(47l, —G) = 0 (4)

In the crystal:
V.(=kVT )+ a.(4nl, —G) =0 (5)

where T is the temperature, V is the velocity vector p is the pressure, g is the gravitational
acceleration, T, is the melting temperature, and Q is the volumetric heat source associated with
Joule heating. The source term Q is applied only in electrically conductive regions (crucible
and after heater), while it is set to zero in non-conductive materials. The parameters p, u, cp, k
and S denote the density, dynamic viscosity, specific heat, thermal conductivity, and thermal
expansion coefficient, respectively; a,, and a. are the absorption coefficients of the melt and
crystal; I, the blackbody intensity, and G the incident radiative flux.

Additional details regarding the mathematical formulation and numerical implementation are
available in our previous work [19]. Furthermore, the computational domain was discretized
using an unstructured mesh with strong local refinement near the melt—solid (solidification
front) and melt—gas (meniscus) interfaces, where steep gradients of temperature, velocity, and
electromagnetic forces occur. The minimum element size in these regions was approximately
0.002 mm. A mesh independence study was performed using progressively refined grids up to
1.5 x 10° elements, and variations in key monitored quantities (maximum temperature and peak
velocity) between the two finest meshes were below 5 %. The coupled governing equations
were solved iteratively until the normalized residuals for governing equations decreased below
107°. Validation of the numerical model is provided in our previous papers [19, 22]. Table 2

8
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summarizes the thermophysical properties for sapphire melt and crystal, molybder&w&m%
and afterheater, graphite insulation, copper coil and argon gas used for computations. Using the

ideal gas law at atmospheric pressure, the density of argon is approximated by the temperature-

=489/T, where p is in g.m> and T is the temperature in Kelvin [25]. The

absorption coefficient of sapphire increases with higher titanium (Ti) doping concentrations.

Values for undoped and doped sapphire are 19 m™! and 100 m™! as shown in Table 2.

dependent relation pgys

Table 2 Thermophysical properties used in simulation.

Property System Phase | Value / Function of temperature T(K) References
Al,O3 S 3.96 [19, 26]
Al,O3 L 3.00 [19, 26, 27]
Insulation S 1.2 [28]
Density p (g.cm™) Copper S 8.96 [29]
Molybdenum S 10.28 [30]
Quartz S 2.65 [30]
Argon G 489 x 10T [25]
Meltmg( Ig;)mt T ALO, o 2323 [26]
Al,O3 L 0.058 [26, 27]
Dynamic viscosity p 107 exp[-3.36 + 0.73 In(T) - 1.37 x 1073
(Pa‘s) Argon G (In(T))2 + 1.30 x 107° (In(T))? - 4.6 x [28]
107° (In(T))*]
Al;O3 S 0.9 [26, 27, 32]
Al,03 L 0.33 [26, 27, 33]
Insulation S 0.9 [29, 31]
Emissivity & Quartz S 0.85 131]
Copper S 0.2 [29]
Molybdenum S 0.2 [31, 34]
Absorption Al,03 S 19.2 26,27, 35-37]
: -1
coefficient a (m!) TEALO; S 100
Thermal expansion 5
coefficient p (K-') Al,0O3 L 1.8 x 10 [20, 29,38]
Electrical Copper S 5.81 x 107 [28]
°°“d“°twl')ty ¢ Sm |\ folybdenum S 1.97 x 107 20, 30]
3.5 [19, 20, 26]
Thermal Al,O5 L
conductivity k Al, 04 S 5 [27,33]
(W/m-K) Argon G 0.01 +25x105T [31]
Molybdenum S 10 [31]
Al,O3 L 767 [19, 20, 26]
Heat capacity cp Quartz S 74 [31]
(J/kg'K) Molybdenum S 10 [31]
Argon G 521 [31]
Temperature
surface tension Al,O3 L -3.5x107* [19,20,38]
gradient do/dT [19, 20, 26,
(N/m-K) 27]
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Figure 6. Comparison between (a) undoped sapphire and (b) titanium-doped sapphire (1000 ppm)
during u-PD crystal growth. Left: Photographs captured through the furnace observation window,
showing the bottom of the die (D, = 5 mm), the molten zone, the meniscus, and the most recently grown
crystal. The meniscus height is approximately h[] = 0.1 mm for (a) and = 0.4 mm for (b). The crystal
diameter is D,,q = 4.96 mm for (a) and = 4.8 mm for (b), at a pulling rate of 0.5 mm-min ™. Right:
Simulated temperature and velocity fields in the melt, crystal, and surrounding atmosphere. Red lines
represent isotherms, with the blue line indicating the melting temperature (T,, = 2323 K). Black arrows
denote gas velocity vectors near the meniscus, while white arrows indicate velocity vectors in the melt;
their magnitudes are given by the color bar (in the bottom of each case). Insets at the bottom of each
case provide a zoomed view of the flow field near the meniscus (red velocity vectors). Red arrows
indicate velocity vectors in the molten zone. Strong Marangoni convection near the meniscus is
identified as a primary mechanism driving bubble formation and entrapment at the crystal periphery,
particularly in the titanium-doped case.
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The computed temperature field exhibits strong spatigl non-uniformities as showrb an figuig 6 onie
with peak temperatures near the molybdenum crucible wall at the mid-height plane of the
induction coil [22] and a gradual decrease toward the furnace boundaries, where the argon
temperature approaches ambient conditions. These temperature gradients naturally generate
surface tension variations along the melt surface, inducing thermocapillary convection that
dominates transport within the molten zone under pu-PD conditions, as buoyancy effects remain
negligible due to the small system size and stable thermal stratification [19]. The intensity of
. . . R AT .
this flow, quantified by the Marangoni number Ma = |Z—; T where h,, the meniscus length,
AT the temperature difference along the meniscus, and u and a are the dynamic viscosity and

thermal diffusivity of the melt, respectively [11,19,20,22].

Numerical results (figure 6) indicate that increasing the meniscus height from 0.1 mm in
undoped Al,O3 to 0.4 mm in Ti:Al,O3 leads to a marked rise in the Marangoni number from
40 to 160, accompanied by an increase in melt velocity from 5.6 to 20 mm-s™ and a transition
in meniscus shape from slightly convex to highly convex. This amplified thermocapillary flow
directly influences bubble formation and transport: in undoped sapphire, the experimentally
observed small meniscus height (~0.1 mm) produces a weak Marangoni vortex with very low
intensity (5 mm-s™'), resulting in a thin peripheral bubble layer of only 0-20 pm. Most of the
molten zone remains dominated by heat diffusion, with melt particles moving primarily in the
horizontal direction, limiting bubble transport and peripheral accumulation. In contrast, in Ti-
doped sapphire with 1000 ppm Ti and a meniscus height of ~0.4 mm, the Marangoni-induced
vortex 1is significantly larger, approximately matching the meniscus height and the
experimentally observed thickness of the bubble-rich layer (~0.4 mm), as shown in the insets
of figure 6. In this region, the melt exhibits a vertically downward velocity close to the
meniscus, which facilitates the transport of bubbles from the molten zone to the periphery of
the crystal. This mechanism accounts for the substantially thicker peripheral bubble layer (220—
370 um) populated by bubbles of varied sizes and complex morphologies, including spherical,
elongated, tailed, and irregular forms, while the core remains largely bubble-free. Together,
these results demonstrate a direct correlation between meniscus height, Marangoni-induced
vortex size, and the thickness and morphology of the peripheral bubble layer, confirming that
thermocapillary convection is the key factor controlling bubble distribution, growth, and
deformation during sapphire u-PD crystallization.
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Moreover, in the case of Titanium doped sapphire at the meniscus line, flow intensity is stronger
(about 20mm/s) than in the case of undoped sapphire (about 5.4 mm/s) and velocity vectors are
mainly directed downward. This can be directly related to the elongated and very long bubbles
observed at the crystal outer surface in figure 5b and 5c.

It should be emphasized that, at the relatively low pulling rate used in this study (0.5 mm-min™),
the forced convection generated in the melt core remains weak, with velocities below 0.2
mm-s~!' for both undoped and Ti-doped sapphire. These values are significantly lower than
those predicted near the meniscus, where Marangoni-driven velocities reach 5.6 mm-s™ and 20
mm-s~', respectively. Consequently, bubble transport is controlled predominantly by
thermocapillary convection in the meniscus region, leading to preferential bubble accumulation
at the crystal periphery, while the crystal core remains largely bubble-free. This prediction is in
excellent agreement with the experimental observations presented in the previous section,
which revealed the formation of a peripheral bubble-rich layer and the absence of significant
bubble incorporation in the crystal core.
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Table 3 Comparison of Al,O3 and Ti:Al,O3 growth characteristics.

Parameter Al,O43 Ti:Al,O3
Pulling rate 0.5mm/min 0.5mm/min
Crystal diameter (mm) 4.96 4.8
Meniscus height (mm) 0.1 0.4
Meniscus shape slightly convex highly convex
Molten zone velocity (mm.s™!) 5.6 20
Marangoni number 40 160

Furthermore, the difference in absorption coefficients between undoped and titanium-doped
crystals (19 m™ vs. 100 m™) significantly enhances the thermal gradients at the crystal-melt
interface, particularly in the vicinity of the meniscus. This effect can be attributed to the
intensification of Marangoni-driven convection. As illustrated in Fig. 7, the temperature
gradient in this region ranges from 70 to 80 K-mm™ for the undoped crystal, while it increases
to 105-120 K-mm™ in the doped case.

In the initial portion of the crystal-melt interface, the temperature gradient remains nearly
uniform for both compositions. This observation is consistent with the absence of bubbles in
the crystal core, suggesting a relatively stable thermal and hydrodynamic environment in this
region. Such stability is typically associated with limited convective perturbations and a well-
controlled solidification front. The magnitude of the temperature gradients obtained in this
study is in good agreement with values reported in the literature. For instance, gradients on the
order of ~100 K-mm™ have been reported for sapphire/YAG eutectic fibers [11], while a
broader range between 60 and 120 K-mm™ has been found for sapphire rods [20] depending
on parameters such as thermal insulation thickness.
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Figure 7. Comparison between temperature gradient at the melt-crystal interface for undoped
sapphire and titanium-doped sapphire (1000 ppm) in black and red colors respectively.
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5. Conclusion

This study demonstrates that titanium doping strongly modifies bubble formation during pu-PD
growth of sapphire by altering melt hydrodynamics. While undoped sapphire exhibits only a
thin peripheral layer of small spherical bubbles, Ti-doped crystals show a substantial increase
in bubble layer thickness, accompanied by the formation of elongated and highly irregular
bubble morphologies as the Ti concentration increases.

Numerical results reveal that this behavior is governed by thermocapillary (Marangoni)
convection. The increase in Ti content leads to a higher meniscus height and a significant rise
in Marangoni flow intensity, generating a strong vortex localized near the meniscus. This flow
structure promotes downward flow along the free surface and drives bubbles toward the crystal
periphery. The good agreement between the calculated vortex size and the experimentally
observed thickness of the bubble-rich layer confirms that bubble distribution is primarily
controlled by Marangoni-driven convection.

In addition, the increase in flow intensity and velocity gradients near the meniscus, as revealed
by numerical simulations, explains the progressive transition from small, spherical to larger,
elongated bubbles, through shear-induced deformation, while the experimental observation of
a nearly bubble-free rod core combined with these numerical results, demonstrates that this
incorporation mechanism remains confined to the peripheral regions close to the meniscus.

These results establish that bubble incorporation in p-PD sapphire is mainly governed by the
coupling between meniscus geometry and thermocapillary flow, both of which are strongly
influenced by titanium doping.
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