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ABSTRACT

NUMERICAL SIMULATION OF GERMANIUM SINGLE CRYSTALS
GROWN WITH A LOW MELT HEIGHT AND AN AXIAL
VIBRATION

In this study, antimony-doped germanium (Ge-Sb) crystal growth from the melt
using three directional growth methods, the vertical Bridgman (VB), the axial heat
processing (AHP), and the axial vibrational control (AVC), is investigated. In the VB
method, the radial heat flux from furnaces leads to a natural convective flow near the s/l
interface. The convective flow results in an inhomogeneous solute distribution. In the AHP
method, immersing a high thermal conductivity baffle in the melt reduces the melt height
and changes the convective flow pattern near the s/l interface. Consequently, the solute
segregation is reduced and the single crystal length is increased. In the AVC method, axial
vibration of the immersed baffle generates a forced convective flow in growth region which
affects the crystals quality. Varying amplitude and frequency of vibration results in various
convective flow patterns near the s/l interface. Appropriate adjusted amplitude and

frequency of vibration can improve the crystal quality.

Six Sb-doped Ge crystals are grown experimentally with the aforementioned
methods to investigate the effect of the melt height, pulling velocity, and amplitude and
frequency of the vibrating baffle on the solute distribution, achieved single crystal length,
and morphological stability of the grown crystals. Numerical simulations for all of the three
mentioned methods with different growth parameters are performed and compared with experimental
results. The interface shape obtained from the experimental results is verified by simulations. Extra
simulations with parameters different than experiments are performed to better understand the melt
flow characteristics and its influence on crystal growth from the melt. The flow pattern and
temperature distribution are investigated by simulations with varying pulling velocities, melt heights,
and vibrational parameters. The influence of natural convection flow in the VB and AHP methods
and of forced flow in the AVC method on the solidification rate, interface shape, and grown crystal
quality is analyzed. A reduced melt height and properly adjusted axial vibration amplitude and

frequency improve crystal quality and production yield.



OZET

DUSUK SIVI YUKSEKLIGIYLE VE EKSENEL TiTRESIMLE
BUYUTULMUS GERMANYUM TEK KRISTALLERIN NUMERIK
SIMULASYONU

Bu calismada Vertical Bridgman (VB), Axial Heat Processing (AHP), ve Axial
Vibrational Control (AVC) olmak lzere ¢ tek yonli buyitme yontemiyle eriyikten antimon
katkili germanyum (Ge-Sb) kristallerinin biiyiitiilmesi incelenmistir. VB yonteminde, radyal
1s1 girdisi dogal konvektif akisa sebep olmaktadir. Konvektif akis homojen olmayan katigki
dagilimma neden olmaktadir ve bu yiiksek kalite kristallerde istenmemektedir. AHP
yonteminde yiiksek iletkenlige sahip bir aparatin (baffle) eriyike daldirilmasiyla eriyik
yiiksekligi azaltilir ve kati/sivi ara yiizlinlin yakinindaki konvektif akisi degistirir. Sonug
olarak, katiski segregasyonu azaltilmis ve tek kristal boyu arttirilmig olur. AVC yonteminde,
eriyike daldirilmis aparatin eksenel titresimi biiyiime bolgesinde konvektif akis yaratir ve bu
da kristal kalitesini etkiler. Titresim frekansindaki ve genligindeki degisimler kati/s1v1 ara
yiiziiniin yakininda cesitli konvektif akis tiirleri olusturur. Titresim frekansi ve genliginin

dogru sekilde ayarlanmasi kristal kalitesini arttirabilir.

Eriyik yiiksekligi, cekme hizi, ve titresen aparatin genligi ve frekansinin katigki
dagilimina, elde edilen tek kristal boyuna, ve morfolojik kararliligina etkisini goérmek i¢in
altr antimon katkili germanyum kristal yukarida bahsedilen yontemlerle biiyiitiilmiistiir. Her
tic yontem i¢in de farkli biiylitme parametreleriyle niimerik simiilasyonlar yapilmis ve
sonuglar1 deneylerin sonuglartyla karsilastirilmistir. Deneysel sonuglarda goriilen arayiizey
sekli simiilasyonlarla desteklenmistir. Eriyik akisinin karakteri ve kristal biiyiimesine
etkilerini daha 1yl anlamak i¢in deney parametrelerinden farkli parametrelerle ilave
simiilasyonlar yapilmistir. Akis modeli ve sicaklik dagilimi, gesitli ¢ekme hizlari, eriyik
yiikseklikleri ve titresimsel parametrelerle tespit edilmistir. Dogal konvektif akisin VB ve
AHP yontemlerinde, yaratilmis konvektif akisin ise AVC yonteminde katilagma orani, ara
yiiz sekli, ve biiyiitiilmiis kristal kalitesi tizerindeki etkisi analiz edilmistir. Azaltilmis eriyik
yiiksekligi ve uygun sekilde ayarlanmis eksenel titresim genligi ve frekansi kristal kalitesini

ve Uretimini arttirdigl gézlenmistir.
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1. MOTIVATION

Single crystals of semiconductor materials with precisely controlled compositions
are vital to modern technologies, especially for telecommunications, electronics, energy
harvesting, and energy conversion. They are used in many modern electronic devices such
as transistors, lasers, and solar cells. One of the well-known semiconductors is germanium
(Ge) which is a key material for a wide variety of applications as a result of its unique
material characteristics. Integrated circuits (IC), lenses and windows for infrared optics,
substrates for I11-V based optoelectronic devices, detectors for gamma radiation, temperature
sensors, high-resolution y ray spectroscopy, triple-junction solar cells, terahertz emitters,
modulation-doping field effect transistors (MODFETS), and modern complementary metal-
oxide semiconductor (CMQS) technology have brought special attention to Ge-based
structures in recent years. Recently the quality of Ge crystals has dominated the
semiconductor market, and its improvements have mostly focused on detectors and the solar
cells market. For example, the semiconductor industry currently faces problems with scaling
down the transistor dimensions and achieving higher performance at lower cost per function
with silicon technology. Germanium with its properties can help to solve these kind of
problems [1,2].

Low melting point (938.3 °C) [3], resistance against oxygen [1], negligibly low vapor
pressure at the melting temperature [4], low toxicity [5], moderate reactivity of molten
germanium with graphite and quartz crucible materials [6], high crystallographic perfection
[7], recyclability [8], and high mechanical strength [9] make Ge a popular substance and a
practical competitor for other semiconductors in the industry. On the other hand, because of
the problems such as the high density, fragility of bulk wafers, and high price, the use of

bulk germanium wafers in the aforementioned applications is limited [1].

Large-scale crystals of semiconductor materials are attainable via melt growth
techniques. Single crystal growth from the melt is a very complicated procedure that can be
analyzed and controlled by many different techniques, all of which focus on parameters like

temperature distribution and convective flow in the melt, formation of defects in the growing



crystal, shape and morphological stability of the solid/liquid (s/l) interface, and
thermochemical reactions in the growth chamber. Moreover, the electrical properties of
semiconductors can be altered in a controllable way by doping. Dopant homogeneity in the
melt grown bulks is vital to guarantee reproducibility of wafer cuts with uniform electronic

properties.

Segregation and morphological instability are two phenomena causing non-
homogeneities in bulk single crystals. A homogeneous dopant distribution can be obtained
with a planar and stable s/l interface. Thus, solidification conditions should be carefully
controlled in a directional solidification setup to keep the s/l interface as flat as possible in
order to reduce the amount of such defects. Several approaches such as the Czochralski (Cz)
[10], floating zone (FZ) [11], travelling magnetic field (TMF) [12], and vertical Bridgman
(VB) [13], etc. have been suggested to control the s/l interface shape [14,15]. These
conventional methods do not satisfactorily fulfill this goal. In all these methods, radial heat
flux from the furnace results in a radial temperature gradient in the melt, convective flow
near the s/l interface, a non-planar interface, and a non-homogeneous dopant distribution. It
also increases the defect density and interface instability.

The new axial heat processing (AHP) method and the submerged heater (SHM)
method have been developed as alternative growth methods to improve the quality of grown
crystals by reducing the melt height and generating axial heat flux to the s/l interface in a
modified VB configuration [16]. Axial heat is supplied to the growth interface by either
manufacturing the baffle from a high thermal conductivity material or by placing a heater
inside the baffle. The axial vibrational control (AVC) is another novel method which is

successful in controlling the melt flow to improve the crystal perfection [17-20].

This research is focused on antimony-doped germanium (Ge-Sb) single crystal
growth from the melt. The Bridgman method and its derivatives are the best choice among
the conventional crystal growth methods to grow germanium crystals. Since the ratio of the
melt surface tension (591 mJ/m?) to the density (5500 kg/m?®) in germanium is too small, it
cannot support a floating zone of more than 1 cm diameter. Therefore, the floating-zone
method cannot be used to grow germanium crystals commercially [1]. Although mostly the
Czochralski method is being used to grow germanium single crystals, high radial



temperature gradient in the melt and strong convective flow lead to high solute segregation
as well as non-planar s/l interfaces [21]. In addition, complexity of the growth system is a

disadvantage in Czochralski method [21].

In the current study, antimony-doped germanium crystals have been grown
experimentally in the VB, AHP, and AVC configurations with similar growth parameters.
The homogeneity of the solute and stability of the interface in the grown single crystals have
been investigated with regard to growth parameters such as the pulling velocity and
temperature gradient which are common to all the methods, the effective melt height which
is relevant to the AHP and AVC methods, and the amplitude and frequency of the vibrating
baffle which are relevant to the AVC method. These influence the radial temperature
gradient, convective motion of the melt near the s/l interface, and growth rate to control the
shape of the interface.

Optimizing the directional solidification parameters such as melt height and
convection can help to increase the growth rate, and simulations offer a low-cost alternative
to experimental optimization. Therefore, in addition to growing crystals experimentally, the
same growth procedures have been simulated with the solidification module in ANSYS
Fluent v15 to better understand the experimental outcomes. Moreover, in order to enhance
single crystal length and quality, optimal combinations of the aforementioned solidification
parameters are sought.



2. SCIENTIFIC BACKGROUND

Crystal growth is a process of arranging atoms, ions, or molecular assemblies into a
periodic solid structure. Mainly, the presence of different types of disorder and defects make
crystals imperfect. Since solids are polycrystalline in nature, numerous methods have been

employed to obtain high quality and perfect single crystals of a preferred shape and size.

2.1.  Crystal Growth Methods

Crystalline materials can be grown from bulk to small and even nanoscale sizes with
various physical properties. They can be grown from solid, liquid, and gas. Due to a broad
range of crystal growth processes, this section briefly covers most important growth

techniques. The specific methods used in this research are described in more detail.

2.1.1. Solid Phase Growth

The solid phase growth is based on atomic diffusion. It is usually a slow process
except in the case of fast ionic (superionic) conductors. The common solid phase growth
methods are devitrification [22], annealing (sintering) [23], heat treatment [24], strain
annealing [25], polymorphic phase transformations [26], precipitation hardening [27], etc.

These methods are being used for adapting material properties.

2.1.2. Solution Growth

Solution growth is being used to grow a variety of crystalline products in technology
and daily life e.g. foods, pesticides, medicines, etc. Growth of a crystal from solution can be
divided into three types: flux (high-temperature solution) growth, hydrothermal (superheated
agueous solution) growth, and low-temperature aqueous solution growth [28]. This division

Is contingent on the nature of the solvent and solute, the temperature, and the pressure.

The Flux growth [29] is advantageous for growing crystals below their melting

temperature and it supports an extensive range of substances. This method is useful for



growth of single crystals and liquid phase epitaxies (LPES). In this method, the presence of
flux ions in the final crystals (as impurities) is inevitable which is a disadvantage. The basic
oxides, fluorides, or a mixture of them are commonly used fluxes. Flux growth can be
achieved through spontaneous nucleation on a seed, and numerous types of flux growth such
as slow cooling bottom growth (SCBG) to grow high-quality and large tetragonal lysozyme
crystals [30], traveling solvent zone growth (TSZG) to grow GaAs [31] and Lax-xSrxCuOs,
Sr,CuOs, and SrCuO; [32], top-seeded solution growth (TSSG) to grow single crystals of
KHo(WOs). [33] and LiNbOs [34], etc., are developed.

The hydrothermal growth is applicable for mixtures with low solubility and phase
transitions. It is the means of many large size single crystals formed in nature like beryl
crystals and created by man like quartz crystals [35]. The hydrothermal growth happens in
the presence of aqueous solvents under high- temperature and pressure conditions [36]. If

there are non-aqueous solvents in the system, this method is called solvothermal growth [37].

The low-temperature aqueous solution growth methods [38] are beneficial due to
accurate control of supersaturation and growth conditions in ambient temperature and
pressure which helps to minimize both equilibrium and non-equilibrium defects and thermal
shocks [28]. These methods are applicable to materials with moderate and high solubility
[28]. Small thermally generated strains in the grown crystals are due to low temperature
gradient. The main disadvantage of this method is the slow growth rate (0.1 to 10 mm per
day) [39].

2.1.3. Melt Growth

This method is the most popular one to grow large scale single crystals of
semiconductors, metals, halides, oxides, chalcogenides, etc. with high rate of growth. In this
method, the material needs to be melted without decomposition. Moreover, chemical
reactions are undesired. Thus, the crystallization process has to occur in vacuum or in an
atmosphere neutralized by helium, argon, or nitrogen. The temperature gradient in the melt
results in convective flows which cause some defects (physical and chemical) in bulk melt
growth methods. Crystals grown from small melt volumes are affected by diffusion, though.
The proper melt growth method is selected depending on the physical and chemical features



of the materials to be crystallized. Typically, the Bridgman-Stockbarger method is used to
grow single crystal of metals (germanium melt shows metallic characteristics) with melting
points less than 1800 T while metals with melting points greater than 1800 C are grown by
floating zone method [28]. For growing semiconductors, Czochralski and floating zone are
the popular methods. To produce single crystals of dielectrics the Bridgman-Stockbarger or
Czochralski methods (for melting points less than 1800 ‘C) and Verneuil method (for higher
melting points) are more useful. The Kyropoulos method is another melt growth method,
very similar to Czochralski method, which was very popular for growing large scale crystals.
The aforementioned methods are useful to grow a wide range of materials, such as SiGe
[40], CdTe [41], Pb3AMgNb209 [42], SrTiO3 [43]. The melt growth methods are explained

more specifically in sections 2.2.1 and 2.2.2.

2.1.4. Vapor Phase Growth

Vapor phase growth is known as a low cost method to produce crystals for electronic
devices (especially semiconductors) and epitaxial structures [44]. Growing crystals with this
method results in few of point defects and low dislocation densities in comparison to melt
grown crystals. This is because growth occurs at temperatures much lower than the melting
temperature. Vapor phase growth is commonly used to grow substrates, thin films, and
epitaxial layers in the semiconductor industry. Vaporization, transportation, and deposition
are three steps of crystal growth with this method [44]. A solid or liquid is vaporized by
heating. The kinetic energy of vaporization drives the vapor through a vacuum. Then,

condensation or chemical reaction deposits the vapor to the growing crystal surface.

Vapor phase growth methods are distinguished according to their source material and
the mechanisms of deposition. The most popular method is the vapor phase epitaxy (VPE)
for growing I11-V compounds of semiconductors such as GaAs [45], AlGaAs [46], GalnP
[47], InGaAs [48], and GaSe [49], which are hard to attain by other methods. Metalorganic
vapor phase epitaxy (MOVPE), plasma assisted molecular beam epitaxy (MBE),
metalorganic chemical vapor deposition (MOCVD), etc. are suitable to grow these

compounds as well [50].



2.2.  Bulk Crystal Growth from the Melt

Bulk crystal growth of metals, especially semiconductors, with controlled
microstructure is possible with melt growth methods. Different methods for growing crystals
from the melt have been proposed. In these methods, an imposed temperature gradient forms
the s/l interface at the position of the melting temperature isotherm. Then, by moving the
crystal container or the temperature gradient, the crystal starts to grow. To achieve the
desired compositional properties and high quality crystals, the thermodynamics and kinetics

that govern solidification phenomena should be considered.
2.2.1. Available Methods

This section introduces some conventional methods to grow high quality crystals
from the melt which are not utilized in this research. The next section describes the

crystalized methods in detail.

2.2.1.1. Verneuil Method. The Verneuil (flame fusion) method is a conventional method to

grow large amounts of high quality single crystals such as rutile, corundum, spinel, and
strontium titanate in the laser industry and as substrates in thin film technologies. However,
it was primarily developed by Auguste Verneuil [51] (a French chemist) in 1902 for
producing synthetic gemstones. As it is shown in Figure 2.1, in a Verneuil setup, there is a
furnace in which a seed crystal on a support rod is being fed from a highly fine powder
material charge from the top. The system is supplied with oxygen and hydrogen. The oxygen
from the top continuously release the source material through a tube into a hydrogen/oxygen
flame (about 2200 C) above the growth region. The fine powder melts as it passes through
the flame and falls on the growing crystal. As droplets are feeding the seed, the support rod
will be pulled down slowly while rotating letting a cylindrical single crystal grow. Normally,
the grown crystal is about 100 mm long and 15 to 20 mm wide. The cross section of the

grown crystal is not essentially circular.



Figure 2.1. Simplified diagram of the Verneuil process [52].

2.2.1.2. Czochralski (Cz) Method. Jan Czochralski in 1917 [10] invented a method for
crystal growth from a melt which was one of the first methods to grow large size single

crystals which could not be grown by other melt growth methods in large quantities. This
method is the most popular method for silicon single crystal production in the electronics
industry [53-55]. The Czochralski method is schematically illustrated in Figure 2.2. The
chamber, which is surrounded by a constant temperature furnace, contains the charge melt.
A rotating rod, called the pull rod, holds a single crystal seed which is dipped in the feed
melt. By pulling the rod up, crystallization at the s/l interface starts with a virtually constant
growth rate. In this method, since the crystal has no contact with the crucible’s wall, the
thermal expansion coefficient difference cannot cause stress-induced defects in the crystal.
This is the main advantage of the Czochralski method. The absence of crucible in this method
results in problems such as difficulty in shape control and reproducibility, although adjusting
the pull rate, rotation rate, and heating power can help to control the growing crystal’s
diameter. This method is being used for growing several semiconductor alloys like Ge-Si
[56-58], Bi.ZnOB,0¢ [59], YAG [60], and Zn,Te30g [61]. However, high radial temperature
gradient in the melt and strong convective flow cause a high solute segregation other than a

non-planar s/l interface [21]. Moreover, the growth system is complicated in this method.

2.2.1.3. Kyropoulos Method. The Kyropoulos method invented by Spiro Kyropoulos [62] in

1926 was one of the most popular methods to grow large single crystals.
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Figure 2.2. Schematic setup of the Czochralski method [63].

In this method, similar to the Czochralski method, the source material should be melted
inside a crucible. However, in this method instead of pulling the seed out of the melt inside
a constant temperature heater, the crystal grows towards the melt while the melt smoothly
cools down. As a result, crystal’s diameter increases and the melt level decreases. The s/l
interface and the final crystal shape are the main difference between these two methods. The
final crystal has a diameter at most equal to the diameter of the crucible and an ellipsoid
shape. Thus, crystals grown by Kyropoulos method can obtain larger diameters than the
crystals grown by Czochralski method. The most important use of this method is growing

alkali halides to produce optical components [64,65]. Figure 2.3 shows a schematic of crystal

il
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growth by this method.
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Figure 2.3. Schematic of the Kyropoulos crystal growth [66].
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2.2.1.4. Floating Zone (FZ) Method. William Gardner Pfann [67] invented this method in

Bell Laboratories for the purification of semiconductor alloys. In this method, as it is shown

in Figure 2.4, initially a single crystal seed is in contact with a polycrystalline ingot charge.
A heating coil, which is positioned around the seed-ingot contact interface melts a thin layer
of the seed and the charge. Thus, two s/l interfaces will be formed. By pulling the seed
downward, the melt above the seed starts to solidify through the lower s/l interface, and the
polycrystalline ingot feeds the melt zone between the two s/l interfaces. Keeping the melt
zone stability is the main difficulty of this method. However, this method is very
advantageous for growing pure semiconductors and alloys with high segregation coefficients
[68-74]. Nevertheless, germanium with a very small ratio of the melt surface tension (591
mJ/m?) to the density (5500 kg/m®) cannot support a floating zone of more than 1 cm

diameter [1].

2.2.2. VB, AHP, and AVC Methods

Since this study is about antimony-doped germanium semiconductor crystal growth
using the VB, AHP, and AVC methods, this section is focused on the growth methods

suitable to grow Ge single crystals.

Polycrystalline
ingot

Molten silicon

RF coil

Grown single
crystalline material

-4— Single crystalline seed

Figure 2.4. Schematic of the floating zone method [75].
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2.2.2.1. Vertical Bridgman (VB) Method. The VB method was invented by Percy Williams
Bridgman [76] in 1928 with a single heating zone. Donald C. Stockbarger [77] developed

the method in 1936 further by adding a lower temperature heater below the first (each
controlled independently) and creating a positive axial temperature gradient in the melt
chamber. This method with the final configuration, shown in Figure 2.5, is still one of the
popular single crystal growth methods. In this method, the polycrystalline charge is placed
on a single crystal seed positioned on the bottom of the crucible. A tubular furnace,
surrounding the crucible, applies heat in such a way that the charge and a portion of the seed
melt. By pulling the crucible down inside the furnace, the crystallization process begins. This
method, due to the simplicity of the apparatus and its control, is very common in growing
compound semiconductor crystals [78-82]. Germanium is usually grown with the vertical
Bridgman method. This method supplies heat radially to the melt, leading to a radial
temperature gradient, a non-planar interface, and a non-homogeneous dopant distribution.
Still, this method is the best choice among the other conventional crystal growth methods

for growing Ge crystals.

2.2.2.2. Axial Heat Processing (AHP) Method and Submerged Heater Method (SHM). The
AHP method was designed and patented by Vladimir D. Golyshev and Michael A. Gonik
[83].
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Figure 2.5. Schematic representation of the VB crystal growth method.
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This method is a modification of the VB method by immersing a baffle in the melt. Thus,
the melt height is decreased. Axial heat is supplied to the growth interface by manufacturing
the baffle from a high thermal conductivity material and/or by placing a heater inside the
baffle. Concurrently, the SHM method was developed and patented by Aleksandar G.
Ostrogorsky [84,85] which is essentially the same as the AHP method. Reducing the melt
height and axial heating over the entire s/l interface decrease the radial temperature gradient
and the buoyancy driven convection in the melt near the interface [86-88] and consequently
promotes a planar interface. The submerged baffle separates the melt into two regions. A
small annular gap between the baffle and the crucible, which allows the bulk liquid to flow
from the feeding region to the growth region, minimizes any back diffusion of the solute into
the bulk liquid above the baffle, and improves the uniformity of the dopant distribution. The
AHP and SHM methods are schematically demonstrated in Figure 2.6. These methods have
been successfully used to grow many semiconductor alloys such as GeSb [21,87-92], Ga-
doped Geg.98Sio.02 [93], Li2B4O7[94], BisGes012[95], GaSb [96], and GeSi [40,97,98].

2.2.2.3. Axial Vibrational Control (AVC) Method. The AVC method has the same
equipment configuration as the AHP and SHM methods. As it can be seen in Figure 2.7, the

only difference in this method is the axial vibrational motion of the baffle. In the VB, AHP,

|_wbaffle

|_wcrucible

v heater

\

é,vpedestal

Figure 2.6. Schematic representation of the AHP crystal growth method.
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Figure 2.7. Schematic representation of the AVC crystal growth method.

and SHM methods, the fluid flow close to the s/l interface leads to solute accumulation in
the middle of the growing crystal. Since the solute concentration changes the melting
temperature, the center of the interface deflects into the solid and increases the instability of
the interface. The axial oscillation of the submerged baffle during crystallization, by stirring
the melt in the growth region, can suppress or modify these convective flows [17] providing
more homogeneous solute distribution and promoting stable planar interface during growth.
This method has been used to grow PbTe [99], CdTe [100], and NaNO3 [101] crystals in the
VB configuration and is also applicable in the Czochralski [102-104] and floating zone
[105-107] configurations. In this study, the term “AVC” has been used for the AVC in the
VB configuration for simplicity. Several numerical simulations have been also performed to
analyze the growth parameters and flow pattern in this method with different configurations
[18,19,102,103,108,109].

2.2.3. Thermodynamics and Kinetics of Growth

The phase transformation process from liquid to solid is called solidification, and
involves many physical effects. This process can be analyzed mathematically by using
thermodynamics and kinetics. Many studies have been conducted to understand this complex
phenomenon, especially at the solid/liquid (s/l) interface where the transformation occurs.
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Thermodynamics is very powerful at predicting whether a solidifying system is in
equilibrium. Estimating the solidification path, and the slopes of liquidus and solidus phase
boundaries. However, it cannot determine the rate at which equilibrium is reached. The
following subsection briefly explains the thermodynamics and kinetics of the solidification

process at equilibrium. This content is comprehensively covered in [110,111].

2.2.3.1. Equilibrium. A phase transformation occurs because of the relative stability of a

system in its final state, which can be determined by thermodynamics at constant
temperature and pressure. This relative stability is determined by the Gibbs free energy (G)

of the system.

G=E+PV-TS (2.1)

where E is the internal energy, P is the pressure, V is the volume, T is the absolute

temperature, and S is the entropy of the system. The most stable state of the system occurs

when it has the lowest value of the Gibbs free energy, that is called the equilibrium state.

In metallic alloys, the solid and liquid compositions can be determined with an
assumption of local thermodynamic equilibrium. The result of this assumption is equilibrium
phase diagrams which describe a system as a function of composition and temperature,
assuming the transformation rate is extremely slow or species diffusion rate is very fast. The
free energy of a pure metal varies with temperature at a constant pressure as shown in Figure
2.8. In this figure, the line with greater slope is the liquid free energy line, the other one is
the solid free energy line, and the intersection point shows the melting temperature. For
temperatures higher than the melting temperature, the free energy of the solid is more than
the free energy of the liquid, while for temperatures lower than that, this relation is reversed.
This indicates that at temperatures higher than the melting temperature, the liquid phase is
the stable phase and vice versa. For the solidification process to start, a finite undercooling
AT from the equilibrium temperature is required. In appropriate conditions, the liquid can
stay undercooled with no phase transformation. Thermodynamics relates the undercooling
to the driving force for solidification, but fails to give information about the rate of the phase

transformation. In fact, kinetics determines this rate.
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Figure 2.8. Variation of the Gibbs free energy versus temperature in pure metals.

2.2.3.2. Nucleation and Atomic Scale Growth. The nucleation phenomenon is the creation

of stable clusters of solid in the liquid at the atomic scale, and is the basis of the solidification
process. When the solid is nucleated, the s/l interface dynamics and the grain growth rate
affect the solidification undercooling, diffusive/convective energy transfer, and interface

shape.

Homogeneous nucleation in a liquid occurs when atoms of the liquid randomly
fluctuate and cluster together to form a spherical solid [112]. In this nucleation, the free
energy associated with the transformed volume and created s/l interfacial area of the atomic
spherical cluster (AG) changes the free energy of the initial homogeneous liquid system (Gz).

Thus, the free energy of the system after nucleation (G,) is:

G, =Gy — Vs -AGy + Ag, V1 (2.3)
AGy = AH; AT /Ty, (2.4)

where Vs is the volume of the formed solid, Ag; is the s/l interfacial area of formed solid,
vsL is the s/l interfacial free energy, AGy is the free energy change per unit volume of formed
solid, AH; is the latent heat of fusion per unit volume, and T, is melting temperature.

According to the Equation 2.3, the transformed volume has a negative contribution in free



16

energy change, while the interfacial free energy increases the total free energy. By assuming
a spherical cluster and equating the first derivative of Equation 2.3 with respect to r, to zero,

a critical radius 7,,,- can be derived as:

Ter = 2Ysi/AGy (2.5)

The free energy of the system decreases as atoms add to the spherical cluster and increase
the radius. Thus, a solid particle with r > re is stable. This particle is called a nucleus. In
addition, the required free energy to form a nucleus with critical size AG,, can be derived
from Equations (2.3) and (2.5):

167T)/SL3Tm2 1
Aler = 3AH¢%  AT2
f

(2.6)

For n; atoms per unit volume of the liquid which attach to the solid nucleus, the

homogeneous nucleation rate I, is:

AGcr+AGA
kpT

) (2.7)

Inom = fnnLeXp (_

where f,, is the frequency with which atoms from liquid attach to the solid nucleus, AG, is
the free energy of activation for the transfer of atoms from liquid to solid, and kg is
Boltzmann’s constant. The nucleation typically takes place when AG, is greater than AG,,
and is defined by the probability of adequate energy fluctuation to overcome the activation
boundary. Kinetics dictates that the system has to overcome a critical undercooling to form

a nucleus while thermodynamics suppose that solidification occurs at any undercooling.

In real solidification, because of the relatively large required activation energy to
form a nucleus (AGM™), homogeneous nucleation is a hard way to form crystals.
Homogeneous nucleation occurs within the bulk, while heterogeneous nucleation occurs at
interfaces like the walls of the container or solid impurity particles in the liquid. The free

energy required to form a heterogeneous nucleus of critical radius (AG¢) on a nucleant can



17

be expressed as a product of the nucleus shape factor (f) and the critical free energy of

homogeneous nucleation (AGEo™):
f£(6) = 0.25(2 + cosB)(1 — cosh)? (2.8)
AGRet = f(B)AGHO™ (2.9)

where 6 is the wetting angle which is defined as the angle between the growing nucleus
surface and the substrate nucleant wall. f(6) is always less than one, which means that
heterogeneous nucleation starts at a lower undercooling. This fact is shown in Figure 2.9 by

comparing AG™™ and AG"et.
Similar to homogeneous nucleation, the heterogeneous nucleation rate is defined as:

AGZ-l-ret+AGA
kpT

) (2.10)

Ipet = funsexp (_

where ng is the number of atoms in contact with heterogeneous sites per unit volume, and

Ie¢ 1 the homogeneous nucleation rate.

Figure 2.9. Free energy required for homogeneous and heterogeneous nucleation.
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2.2.3.3. The solid/Liquid Interface in Crystal Growth. The next step after nucleation is

growth, where the s/l interface grows toward the melt. For this process, two types of
interfaces can be considered; atomically rough (diffuse) interfaces and atomically smooth
(flat) interfaces. Diffuse interfaces migrate by continuous growth, whereas flat interfaces
typically advance by the lateral growth of ledges resulting from surface nucleation or
dislocations intersecting the interface. Continuous growth leads to a non-faceted s/l interface
while lateral growth results in a faceted s/l interface. Figure 2.10 illustrates a schematic of

these two types of interfaces.

Whether an interface is faceted or non-faceted depends on the non-dimensional ratio
(o) of the entropy of fusion (4Sf) and the ideal gas constant (R). This value is less than 2 for
regular metals and some organics, which have non-faceted interfaces. For semi-metals and
semiconductors such as Bi, Sb, Ga, Ge, and Si, with faceted s/l interfaces, this value is
between 2.2 and 3.2. For most inorganics including carbides and nitrides, o is more than 3.5
and they grow with faceted interfaces [113]. The rate of continuous growth is typically
controlled by heat transfer to the interfacial region for pure materials and by solute diffusion

for alloys.

In diffuse interfaces, atoms can be received anywhere on the solid interface and the
equilibrium configuration of the interface will not be disrupted. The kinetics of continuous
growth was described by David Turnbull in 1949 [114]. He defined the continuous growth

velocity as:

Veg = kegATy (2.11)

lateral growth continuous growth |_|1
nm

=t L A

Figure 2.10. Types of solid/liquid interfaces.
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where k., is the continuous growth constant, and ATj, is the required Kinetic undercooling

very low kinetic interfacial undercooling (ATj) results in normal rates of solidification.
Therefore, the s/l interface can be assumed to be at the equilibrium melting temperature and
AT, can be ignored. Pure metals grow at a rate controlled by heat diffusion while alloys
solidify controlled by solute diffusion [115].

Smooth s/l interfaces are expected to advance by the lateral growth of ledges and
jogs. Since these sites are non-equilibrium features of the interface, atoms arriving to them
minimize the number of broken solid bonds and the free energy. Different equations can
describe the kinetics of lateral growth according to the growth mechanism. Here, growth by
screw dislocations and growth by surface nucleation are discussed. Screw dislocations create
a step or ledge on the surface of the crystal. The ledge rotates about the point where the
dislocation intersects the interface as atoms attach to it, and never leaves the interface.
Subsequently, as growth continues, the ledge develops into a growth spiral with a constant
angular velocity until it reaches equilibrium with the surrounding liquid and stops growing.
The normal spiral growth rate (V;,,) has a parabolic relation with the kinetics undercooling

(ATy).
Vip = kigATy (2.12)
where k,, is the lateral growth constant.

Surface nucleation occurs when adequate amount of atoms reaches the s/l interface,

bundle and form an island. The critical free energy required for surface nucleation is:

_ maysL*Tm

AG, = sty 37 (2.13)

and the relation between the growth velocity and kinetic undercooling for surface nucleation
is given by David Turnbull [116] as:



20

continuous growth
(rough interface)
g
2 | screw dislocations
8 | (smooth interface)
g
=
=
o .
o surface nucleation
(smooth interface)
fo

kinetic undercooling, AT;,
Figure 2.11. Growth velocities versus kinetic undercooling for different mechanisms.

1
Veu X exp (E) (2.14)

The variations of growth velocity according to the kinetic undercooling for continuous
growth, spiral growth, and surface nucleation are given in Figure 2.11. Note that for a given
solid growth velocity, the required undercooling at the interface for the continuous growth
of rough interfaces is the least. For a given undercooling, the growth with screw dislocations

mechanism normally is more significant than surface nucleation.
2.2.4. Solute Redistribution and Interface Instability

Since large scale semiconductor materials with homogeneous dopant distribution in
microelectronic industry are widely demanded, prediction and control of solute distribution
in the crystal growth process is essential. During growth, solute redistribution, heat transfer,
and fluid flow significantly affect the interface morphology and result in perturbation at the

s/l interface.

2.2.4.1. Solute Redistribution. Several theoretical models have been developed to predict the

solute distribution in the crystal growth process. Some of the most important ones are
reviewed in this section. The equilibrium partition coefficient (K) is the ratio of the solute

concentration in the solid (C*s) and the solute concentration in the liquid (C*,) at the s/l
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interface in local equilibrium conditions at constant pressure and temperature. The

superscript “*” represents the values at local equilibrium near the s/l interface.

C*
K= ( *5) (2.15)
C'L/rp

According to the Ge-Sb phase diagram, for this system K is less than 1. Therefore, the
equations in this section are considered for K < 1. In this condition, solute concentration of
the solidifying liquid in the diffusion (solutal) boundary layer ahead of the interface
decreases from C*, to the concentration in the bulk liquid. The thickness of the diffusion
boundary layer (5.), by assuming no convection in the liquid, is the distance from the
interface determined by the growth velocity (V) and the solute diffusivity in the liquid (D)

as follows.

(i) When either there is enough time for the solute to become homogeneously
distributed in the solid and the liquid, the solidification is in equilibrium conditions and the
solute completely diffuses in the liquid (D, = o) and in the solid (Dg = o). As it is shown

in Figure 2.12, during the solidification process, Cs and C, vary as temperature changes.

T
T PR L
I |
T* ___I_
: S+1L
Ts ———:——— \——-———— I
|
S | |
| |
| |
KC, CS* Co CL* Co/K

Figure 2.12. Solute composition in a schematic phase diagram.
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Figure 2.13. Equilibrium solute redistribution.

Figure 2.13 shows the solute distribution at the beginning, in the middle, and at the
end of solidification process. The composition in the liquid, at the beginning of
solidification, is equal to the total amount of the solute (C, = C,) and in the solid it is KC,,.
When the interface temperature is T*, Cs is still less than C, and C, is more than C,

(Cs=KC,). Conservation of solute at T* results in the equilibrium lever rule equation [117]:

Csfs + CLfy = Co (2.17)

fs+i=1 (2.18)
___KC

G = Tasere (2.19)

where fg and f; are mass fractions in the solid and the liquid respectively. At the end of
solidification process, due to the fast solid diffusion, the solute is uniformly distributed along
the solid (Cs = C,). Equation (2.19) is valid when the densities in the solid and the liquid are
equal (ps = pr). When ps # p;, by using volume fractions, gs and g,, instead of mass

fractions, a similar equation can be derived [117]:

1-(1-ps/pL)9s
C; = KC, 2.20
s °1-(1-ps/pL)gs (2.20)
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Figure 2.14. Solute boundary layer with convection near the interface.

Diffusion in the solid can be assumed to be negligible. Even then, the mixing in the
liquid can be diffusional or convectional. A temperature gradient in the liquid, due to the
density difference between the hot and cold material, results in thermal convection. Thus,
mass transfer in most cases is due to both diffusion and fluid flow (convection). In fact,
solute transport in the diffusion layer of thickness & is only diffusional (the convection is
ineffective) and beyond that, convection homogenizes the solute in the liquid. The boundary
layer thickness (&) at this condition is schematically shown in Figure 2.14. In this case, the

solute distribution in the solid is given by the following:
Cs = KeppCo(1 — fo)Kerr™t (2.21)

The concept of effective partition coefficient (K, (), is introduced by Jonathan A. Burton et
al. from boundary layer theory [118] as follows to account for the convective solute

transport.

K
Koor =
I K+(1-K)exp(-Vy8/Dr)

K <Kyp<1 (2.22)

When the solute transfer in the liquid is only via convective flow and the melt above

the interface is completely mixed (D, is infinity), K,r; is equal to K and the following

equation results:

Cs = KCo(1 — f)¥ ™ (2.23)
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This equation is known as the non-equilibrium lever rule or the Scheil equation [117]. This
case is seen in most of the directional solidification experiments under the earth’s
gravitational field. When the convective mixing in the melt is prevented, such as in
microgravity, a diffusional-mixing model is more accurate. In this case, the solute

distribution in the solid is given by the following expression [117]:

Cs = Co[1 — (1 — K)exp(—KxV,/D,)] (2.24a)
The solute redistribution in the AHP method, however, resembles that in the floating zone
(FZ) method. In this case, an active melt region solidifies at one boundary and melts at the
opposing boundary. In this configuration, the solute content in the solid during initial
transient is given as follows [117]:

Cs = Col1 — (1 — K)exp(—Kx/lLy)] (2.24b)

where L, is the length of the molten zone. Figure 2.15 plots the solute distribution during

the solidification in all aforementioned models together.

2.2.4.2. Interface Instability. The compositional and thermal fields ahead of s/l interface

affect its morphological stability. If any interface perturbation is controlled and damped
during growth, the interface will be stable, otherwise it is unstable and results in crystal

defects.

equilibrium partial mixing
(Lever) (convection)

/

CO p— ——— —

KerrCo ﬁnal mixing \:omplete mixing

KCy I (Scheil)

Figure 2.15. Solute distribution during solidification for different mechanisms.
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(i) In pure materials, there is no constitutional undercooling. Therefore, instabilities result
from the thermal field. In a positive thermal gradient in which the temperature increases
continuously from the solid to the liquid, a local perturbation at the s/l interface will be
located in a temperature higher than its melting temperature and it cannot grow. Accordingly,

the interface remains stable and morphologically planar.

Sudden and high undercooling makes nuclei form in the bulk liquid away from the
crucible wall and the s/l interface. Thus, due to isotropic growth conditions equiaxed crystals
(spherical nuclei) grow in the bulk liquid. The latent heat of fusion at the grain surface cause
a negative temperature gradient at which the s/l interface temperature is higher than the bulk
liquid. Therefore, the equiaxed crystal surface will grow and form a dendritic interface which

is unstable.

In alloy crystal growth, constitutional (compositional) undercooling (AT,) is defined
based on the difference between the solid and liquid solubility. The composition of the solid
(K Cy) at the s/l interface at temperature Ts and the composition of the bulk liquid far away
from the interface (C,) are less than the composition of the liquid at the interface (C,/K) as
shown in Figure 2.12. According to Figure 2.16, the composition of the liquid (C;) decreases
from the interface toward the liquid. The composition profile given by C; can be converted
to temperature profile (T,) ahead of the interface as seen in Figure 2.16. The line tangent to
the temperature profile at the interface is the liquid (solutal) temperature gradient (G,). If
this gradient becomes greater than the externally generated thermal gradient in the liquid

(Gy), the liquid will be at a lower temperature than its liquidus.

/ -
Solid

A
Y

X

Figure 2.16. Comparison of thermal and compositional gradients.
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This case is called constitutional undercooling, and can promote interface instability. When
the applied thermal gradient in the liquid (G7) at the s/l interface is greater than the solutal
temperature gradient (G, ), the interface is compositionally stable and remains planar. By
assuming the liquidus as a straight line, the liquidus slope (m;) will be constant and the

result is:
(G ine = (ATL/dx) ine = m(dCL/dX) ine (2.25)
The composition in the solute boundary layer is [117]:
C, = Cy + AC exp(—V,/D,)Col1 + (1 — k/k)exp(—Vx/Dy)] (2.26)

This formula with the boundary conditions in (2.25) results in the composition gradient at
the s/l interface [119]:

(dCp/dx)in: = —Co(1 — K)V, /KD, for steady state (2.27a)
(dC/dx) i = —C,(1 — K)V, /D, for non-steady state  (2.27b)

Then, the criterion for constitutional undercooling is defined as [120]:

G Co(1-K
T < miCo(1-K) for steady state (2.28a)
G CL(1-K
T < mCLAK) for non-steady state (2.28b)

At the steady state condition when the imposed temperature gradient from the furnace into
the s/l interface is less than the equilibrium liquidus temperature gradient, there will be a
supercooled region in front of the interface which changes a planar interface to a cellular
one. Equations 2.26 and 2.27 imply that high temperature gradient (G;) and low pulling

velocity (V,) lead to a planar and stable s/l interface.
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2.2.5. Boundary Layers

Interaction of flows with interfaces can stimulate morphological instabilities. Near
the s/l interface, the temperature, velocity, and solute concentration have boundary layer
thicknesses of &, 6y, and &, respectively. When the melt flow is unsteady, temperature and
concentration fluctuations near the s/l interface result in the variation of boundary layer
thicknesses and change in the growth rate and striations. Indeed, fluctuation in melt motion
causes crystalline inhomogeneity. Davis and Schulze [121] have studied the effects of flow
on morphological stability during directional solidification. According to this study 8, 8y,

and J are related.

The temperature evolution from the bulk liquid (T, ) to the solid interface (T,) defines
the thermal boundary layer thickness (6;) which relates the convection to the thermal
diffusion by the thermal conductivity. The thermal boundary layer thickness (&) is related

to the ratio of the thermal diffusivity in the liquid (z,) to the pulling velocity (V).

T
5p X V—L (2.29)

p

Whether the segregation coefficient (K) is less than one (the interface rejects components)
or greater than one (the interface accumulates components), the developing concentration
gradient causes diffusive flow into the diffusion (concentration) boundary layer whose

thickness (&¢) is related to the ratio of the solute diffusivity (D,) to the pulling velocity (V).

D
e (2.30)
Vp

Coriell et al. [122] by imposing plane Couette flow upon the s/l interface defined the velocity
boundary layer thickness (6,,) from the continuous transition of the flow velocity parallel to
the interface from stagnation (u,) to the bulk liquid (u.). The velocity boundary layer
thickness (dy/), which is related to the ratio of the kinematic viscosity (v) to the pulling

velocity (V},), is related to the other two boundary layer thicknesses [123]:
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Figure 2.17. Schematic comparison between boundary layers in metallic melts.

v
by (2.31)
6C = 6V(DL/V)0.33 = 6V SC_0'33 (232)
67‘ =~ 6V(TL/V)O'33 = 6V PT_0'33 (233)

where the Schmidt number (Sc) is the ratio of the kinematic viscosity (v) to the solute
diffusivity (D) and the Prandtl number (Pr) is defined as the ratio of the kinematic viscosity
(v) to the thermal diffusivity (z). The boundary layer thicknesses vary amongst systems.
For metal alloys, which have low viscosity and high thermal conductivity (like germanium
alloys), the Prandtl number is small (Pr < 1). Accordingly, metallic melts have conductive
heat transport rather than convective. These materials have wider thermal boundary layer
than velocity boundary layer (67 > &y). In addition, in metallic melts convection does not
affect the temperature gradient near the s/l interface. Multicomponent melts have a large
Schmidt number [123] (Sc > 1), i.e. the velocity boundary layer is much broader than the
solute boundary layer (6 > 8.). Figure 2.17 briefly demonstrates the boundary layers in

metallic melts.
2.2.6. Convection in the Melt
According to the previous sections, melt convection is significantly important in

semiconductor crystal growth processes to obtain the desired dopant segregation and s/l

interface shape. The melt flow affects the crystal growth conditions. It can lead to
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inhomogeneous radial/axial dopant distribution and undesired temperature oscillations near
the s/l interface which cause defects. It can also improve the crystal quality if it is present in
a controlled way. In crystal growth from the melt, the rate of diffusion is typically slower
than the convective mass transport velocity. Consequently, the convection in the melt has an
important role in the growth and segregation. Crystallization will be mostly controlled by
mass transport in forms of Marangoni convection, buoyancy-driven (natural) convection, or

artificially evoked forced convection.

2.2.6.1. Natural Convection. Temperature variations in a melt volume under gravitational

acceleration result in natural convection in the system by augmenting heat and mass transfer.

The thermal Rayleigh number (Ra;) determines the strength of this convective motion.

_ gBTATLC3 _ convective heat transfer _buoyancy force (2.34)
B vk B dif fusive heat transfer "~ viscous force '

Rar

where g is gravitational acceleration, L. is the characteristic length, B is thermal expansion
coefficient, and AT is the temperature difference. It should be noted that two systems with
the same thermal Rayleigh number can have different convection patterns. Actually, heat
and mass transfer depends on temperature distribution and system configuration. The natural
convective flow depending on the growth conditions can be categorized as Buoyancy-driven
convection or Thermo-solutal-capillary (Marangoni) convection. The buoyancy-driven
convection results from radial/axial temperature gradient caused by the interface
deformation or heat flux and density difference in binary liquids. It can be suppressed in the
microgravity. For the buoyancy-driven convection, the orientation of the body force with
respect to the thermal gradients characterizes the growth configurations. The Marangoni
convection is driven by surface tension which depends on both temperature and

compositional gradient at the free surface.

In the Czochralski method, the heated crucible wall results in radial Buoyancy-driven
convection which joins the Marangoni flow at the melt free surface. Moreover, the rotating
crystal takes the melt up at the center of the s/l interface. These three flows together make a
complicated flow structure [124]. The crucible rotation makes this flow more complicated
[125]. In the VB method, the radial heat flux from the furnace and the s/l interface
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deformation result in a small buoyancy-driven convection in comparison to the CZ method.
In the horizontal configuration of Bridgman and FZ methods, the buoyancy-driven
convection as well as Marangoni convection, due to perpendicularity of gravitational force
and the applied temperature gradient from the furnace, is much stronger than that in the
vertical configuration [126]. Thus, the dopant can be well mixed. The s/l interface shape is
intensely affected, though. In the VB configuration, the convection flow is typically stable
and weak, and it does not have a strong effect on the interface shape compared to the heat
transfer. In addition, the dopant diffusivity is insignificant and is affected by the convective
flow. Therefore, the melt convection should be carefully controlled to achieve a desired

dopant distribution in this method.

2.2.6.2. Forced Convection. Forced convective flow in the melt to control the crystal growth

conditions can be obtained from external fields such as static magnetic fields [127,128],
dynamic magnetic fields [129,130], electromagnetic fields [131,132], rotation [133,134],
centrifugation [135-137], reduced gravity [138,139], and vibrational effects [140-143].
Static magnetic fields apply Lorentz force to electrical conductive materials and have a
damping effect on melt flow to suppress temperature fluctuations and reduce growth velocity
oscillations. Dynamic magnetic fields mix the melt more effectively and consume less power
in comparison to static fields. Electromagnetic fields stir the melt azimuthally in a fixed
crucible by an electromagnetic force to control the convective motion. Mechanical vibration
stimulates convection in the melt grown methods. In these systems, the material should not
necessarily couple to the electrical conductivity (unlike magnetic field applications) and can
be selected more easily. The only limitation is that the vibrating device should be connected
to the crystal or melt, and the vibrational parameters (amplitude and frequency) should be
selected properly. Mixing the melt during crystallization can be critical in homogenizing the
solute distribution in the solid and liquid, and decreasing the diffusional boundary layer
thickness to avoid constitutional supercooling, morphological instability, and other

undesirable defects.

There are several types of mechanical vibration. Gershuni and Lubimov [144]
differentiated them as translational, rotational, swinging, submerged body vibrations,
harmonic and nonharmonic, and low-frequency and high-frequency vibration. Crystal
growth methods utilizing different types of vibration generate a variety of forced convective
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flows. In this study only translational vertical vibration, which has been used in the axial
vibrational control (AVC) method (introduced in section 2.2.2.3), is considered. This type
of vibrational motion, which was used by Evgeny Zharikov [17] with low frequency (tens
of Hz) and small amplitude (tens to hundreds of microns), forms a vortex near the sharp
edges of vibrating device perpendicular to the direction of vibration. Periodic movement of
the vibrating device results in a stationary flow. The applied vibrations are assumed to have

a small amplitude and a harmonic sinusoidal velocity as:

Vvib = AfSln((A)t) (235)

where f is the vibration frequency and A is the vibration amplitude.

2.3.  Numerical Simulation of Crystal Growth from the Melt

Bulk crystal growth including a diverse range of physical phenomena is amongst the
most complicated processes to numerically model. In melt growth systems, a continuum
model can determine the interface shape, flow pattern, chemical composition, and
temperature distribution. In order to reasonably model these phenomena, understanding the
fundamentals as well as numerical methods is required. Consequently, many studies cover

transport phenomena, heat transfer, and convective flow in crystal growth modelling.

Brown [145] has reviewed the analytical models of transport process in single crystal
growth from the melt until the 1980s. Later, many authors, such as Miller and Ostrogorsky
[146], Derby [147,148], Polezhaev [149], Kakimoto [150], and others discussed this issue in

more details. Lately, Lan [151] has provided an update on recent crystal growth modellings.

Since this study is about crystal growth with VB, AHP, and AVC methods and in
these configurations the melt free surface is far from the s/l interface (in contrast to the
Czochralski method), the Marangoni convection has insignificant effects on growth
parameters. Therefore, this effect is ignored and only buoyancy-driven convection and
conductive heat transfer are considered for modelling. In addition, in these methods, the

centrifugal, angular, rotational, and magnetic fields are not used.
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Radiative heat transfer has a very important role in melt growth systems due to high
temperatures [152]. It involves heat fluxes from surfaces (surface radiation) and through the
medium itself (internal radiation). Since the melt free surface in the methods practiced in
this study is far away from the s/l interface and molten germanium is an opaque material and
its emissivity at melting temperature is 0.17 [153], the radiation effect is not considered for

simplicity.
2.3.1. Governing Equations

The heat transfer, mass flow, and composition distribution in crystal growth from the
melt are governed by the conservation of mass, momentum, and energy. Here, the commonly
used form of the governing equations for modelling crystal growth are summarized. Behind
these equations, the fluid is assumed to be incompressible (Newtonian flow), and energy and
species transport is dominated by convection effects, rather than diffusion-induced flow. For
easy interpretation, dimensionless forms of these governing equations are also provided. In

this form, the mass conservation continuity equation is [154]:
V.V =0 (2.36)
The momentum conservation equation is based on the Boussinesg approximation, in
which the density is assumed to be constant everywhere except in the body force term, and

Newtonian flow, in which the density is independent of pressure and temperature in the
dimensional and dimensionless forms. This gives [136,154]:

oV /ot + (V.VIV — (u/py)V?V = Vit + § dimensional (2.37a)
oV /ot + V.YV = —VP + Prv2V + F dimensionless (2.37b)
respectively. The Boussinesq approximation is necessary in order to include the effect of

density variations arising from the temperature and concentration gradients across the liquid

phase. The density variations as a function of temperature and concentration can be shown
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by expanding the density into a Taylor series about the reference concentration C,.r and

temperature T,..r [129,147]:

p = po[l— BT(T - Tref) + ﬁs(C - Cref)] (2.38)
The dimensionless body force per unit volume in Equation 2.36 is given as [154]:

F = —Pr[Rar(T — Tror) + Ras(C — Cref)18, (2.39)

The dimensional and dimensionless forms of the conservation equation of energy and

composition are presented as [148,154]:

poC, (0T /0t + V.VT) = V. (k VT) dimensional (2.40a)
dT /ot + V.VT = V2T + S dimensionless (2.40b)
aC/dt +V.VC = V.(D VC) dimensional (2.41a)
aC /ot + V.VC = (Pr/Sc)VAC dimensionless (2.41b)

respectively. In these equations, w is the specific thermodynamic work, g is the gravitational
force, V is the flow velocity, t is the time, P is pressure, T is temperature, k is thermal
conductivity, C is concentration, D is diffusion coefficient, T,..r is the dimensionless
reference temperature, C..r is the dimensionless dopant concentration, S is the source term,
and ey is the unit vector in the gravitational field. The thermal Rayleigh number (Rar) is
mentioned in Equation 2.32. The solutal Rayleigh number (Ra) is similar to the thermal
one but the driving force is based on SsAC, where B is the solutal expansion coefficient,
and AC is the concentration difference. As mentioned in section 2.2.5, the Prandtl number
(Pr) is the ratio of the kinematic viscosity to the thermal diffusivity and the Schmidt number
(Sc) is the ratio of the kinematic viscosity to the solute diffusivity. Since in semiconductors

and metals the Prandtl number is less than one, 0.0075 [155] for germanium, the flow does
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not affect the heat transfer and the interface shape too much and conductive heat transfer
dominates convective heat transfer. Instead, because of large ratio of the kinematic viscosity
to the solute diffusivity in these materials (Sc > 1), 7.6743 [155] for germanium, the dopant
segregation is mostly affected by convective flow rather than atomic diffusion. Therefore,
conductive and convective heat transfer both have an important role in semiconductors

crystal growth.

In case of existence of the centrifugal, angular, rotational, and magnetic fields, in
addition to the gravitational field, the related terms should be added to the dimensionless
body force (F) in the momentum conservation equation (Equation 2.36) [151]. Since these
fields are not used in this study, the related terms are not mentioned here. Moreover, if the
material is not transparent and has a low emissivity (like germanium), the source term S in

Equation 2.40 can be ignored for simplicity.
2.3.2. Boundary Conditions

To solve the governing equations numerically for a specific growth system, boundary
conditions should be defined appropriately. The energy and solute equilibrium at the
interface are very important to consider. For the VB configuration in which the crucible
moves down with a speed of 1}, the energy and dopant balances at the s/l interface, by

ignoring internal radiation and solid state diffusion, are [135,151]:
Qs — Q; + ySt[(V, — dh./dt)(#.é,)] = 0 (2.42)
A.VC, + = (1 = K)C[(V, — dh/dt) (7. 8,)] = 0 (2.43)

respectively, where Q is the thermal heat flux in the solid, Q; is the thermal heat flux in the
liquid, y is the density ratio of the solid and the liquid, St is the Stefan number or the ratio
of sensible heat to latent heat, h,. is the dimensionless interface position, &, is the unit vector
in axial direction, and K is the dopant segregation coefficient. The no-slip boundary

condition is considered at the walls where the liquid is in contact with the crucible. The walls
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are also impermeable to the solute in the liquid. Therefore, in a two dimensional cylinderical

system, boundary conditions at the wall are [155]:

V=0, V,=0, aC/or=0 (2.44)

At the centerline the symmetry boundary condition is applied. Thus,

V.=0, aC/ar=0, dT/dr=0, dV,/or=0 (2.45)

More details about specific boundary conditions applied to the simulated system in
this research will be provided at section 3.3, and since pure germanium is the only material
in all simulations, the solute equilibrium equations and boundary conditions are not

discussed.

2.3.3. Available Methods/Approaches in Phase Change Problems

There are several numerical methods with different merits and disadvantages to
discretize and solve the governing equations of phase change problems. These problems deal
with time-dependent boundaries where the position of the boundary needs be determined as
a function of time and space. Accordingly, they are known as moving boundary problems or

Stefan problems.

Many numerical methods are proposed for solving the moving boundary problems;
for instance, fixed grid methods, variable grid methods, methods of latent-heat evolution,
apparent heat capacity methods, effective capacity method, heat integration method, source
based method, and enthalpy method are comprehensively explained by Henry Hu and
Stavros Argyropoulos [156]. In fixed grid method, the heat flow equation is approximated
by finite difference substitutes for the derivatives to calculate temperature and time on a
fixed grid. The major problem with this method is the zero velocity condition at phase change
area. Since the fixed grid methods sometimes fail as the boundary excels a space increment
in a time step, variable grid methods where the exact location of the moving boundary is
evaluated on a grid at each step will be more useful. Methods of latent-heat evolution focus

on applying finite difference methods to the formulation of the process, locating moving
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boundaries, and finding temperature outlines at each time step. They are applicable to the
problems involving one or two phases in one space dimension. In effective capacity method,
rather than determining an apparent capacity in terms of the temperature of nodes, an
effective capacity is calculated based on the integration over the control volume. In the heat
integration method, the temperatures of all control volumes are monitored. The source based
method allows any additional heat from either a heat sink or a heat source to be introduced
into the general form of the energy equation as an extra term (the source term). In the
enthalpy method, the latent heat evolves by the enthalpy in addition to the relationship
between the enthalpy and temperature. In the enthalpy formulation, there is no explicit
conditions on the heat flow at the s/l interface which simplifies the numerical modelling

requirements.

2.3.4. The Enthalpy-Porosity Method

The enthalpy method is a numerical formulation for solving moving boundary
problems under conduction and convection. This method employs a temperature formulation
for problems with deforming grids treating the moving s/l interface, and uses an enthalpy
formulation for a fixed grid in which the s/l interface is not tracked explicitly. There are
some examples of fixed grid solutions of convection-diffusion phase change in the literature
[157-160]. The main problem with fixed grids is the zero velocity when the liquid turns to
solid. Voller et al. [158,159] suggested the enthalpy-porosity method dealing with this
problem in fixed grids. In this method, the grids are modelled as pseudo porous media with
a quantity defined as liquid fraction increasing from 0 to 1 as the enthalpy (AH) increases
from zero to the latent heat of the phase change (L). The porosity decreases to zero for the
solid region and therefore the velocity of the cell drops to zero. The cells with a liquid
fraction between 0 and 1 form a region known as the mushy zone in which the latent heat of

fusion is a function of temperature, AH = f(T).

2.3.5. ANSYS Fluent Simulation

Several codes and software packages have been developed to model phase change

problems due to their importance in industry and technology. CGSim [161], CrysVUn [162],
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CrysMAS [163], STHAMAS [164], ORCAN [165], and FEMAG [166] are some specialized
codes developed by companies for crystal growth simulations. ANSYS Fluent (a
computational fluid dynamics software developed by ANSYSS Inc. in Pennsylvania, United
States) is an alternative with its strong solvers for simulating solidification/melting processes
in crystal growth. It can simulate phase change problems for pure materials as well as alloys
with complicated geometries and is capable of including radiation. This software has been
successfully used to simulate different melt grown crystal methods such as Czochralski [167-
169], floating-zone [170], RVT [171], Bridgman [172], and AVC-VGF [173], AVC-CZ
[104]. ANSYS Fluent uses the well-known enthalpy-porosity method for modeling such
problems. All of the mentioned codes and packages use the finite volume method (FVM) for
representing and evaluating partial differential equations at discrete places on a meshed

geometry.

In the following subsections, a general approach for solving the fluid dynamics
problems is provided. This approach is used by most of the aforementioned software
packages including ANSYS Fluent. All of the provided information is obtained from the
theory guide of the ANSYS Fluent software [174]. The simulation of the current study is

specifically explained in section 3.3.3.

2.3.5.1. Navier-Stokes (NS) Equations. In order to obtain the temperature profile and the
velocity field in a fluid flow problem, the Navier-Stokes equations have to be solved. The
Navier-Stokes equations include the conservation equations of mass, momentum, and
energy. These equations should be solved to find the pressure, density, velocity, and

temperature. Thus, there is one unknown more than equations.

2.3.5.2. ANSYS Fluent Solvers. There are two solvers in ANSYS Fluent to solve the

required equations; the density-based solver and the pressure-based solver. The density-
based solver solves the governing equations simultaneously and coupled together, whereas
the pressure-based solver uses an algorithm based on the projection method [175]. In this
method, the continuity of the velocity field is attained by solving an equation for the pressure
correction. This equation results from the continuity and the momentum equations in such a
way that continuity is satisfied by the velocity field and corrected by the pressure. The

governing equations are nonlinear and coupled. Therefore, the solution implies an iterative
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procedure in which all of governing equations are solved together repetitively until the

solution converges to the set residuals.

2.3.5.3. Solution Methods. The continuity equation should be reformatted by an additional

condition for pressure via pressure-velocity coupling. The pressure-based solver solves the
problem using a segregated or coupled algorithm. In ANSY'S Fluent, there are four pressure-
velocity coupling algorithms: SIMPLE (Semi-Implicit Method for Pressure Linked
Equations), SIMPLEC (SIMPLE-Consistent), PISO (Pressure-Implicit with Splitting of
Operators), and Coupled. All of these algorithms use the prediction-correction approach,
except the “coupled” algorithm. These schemes are referred to as the pressure-based
segregated algorithm. Steady-state calculations normally use the segregated algorithms
(SIMPLE, SIMPLEC, and PISO). PISO is also useful for transient scheming on highly
skewed meshes. The Coupled algorithm supports complete pressure-velocity coupling.

2.3.5.4. Spatial Discretization Schemes. Gradients are used to construct values of a scalar at

the cells and to compute velocity derivatives. There are three available gradients in ANSYS
Fluent; Green-Gauss cell based, Green-Gauss node based, and least-squares cell based. The
correctness of the least-squares gradient method on skewed and distorted meshes is similar
to that of the other two gradients. However, calculating the least-squares gradient is

computationally less expensive than the other two.

Among the available pressure interpolation schemes in ANSYS Fluent, when the
pressure-based solver is employed, mostly the second-order scheme is a suitable choice.
However, the body-force-weighted scheme is suggested for the problems including
significant body forces.

The scheme for the convection terms of the flow equations of single-phase problems
is the second-order upwind discretization, while, the first-order upwind discretization is used
by default for multiphase flows. Although, the first-order upwind discretization enhances the
numerical diffusion/error, it is still acceptable when the flow is allied with the mesh, as for
a laminar flow in a geometry with a quadrilateral/hexahedral mesh. For triangular/tetrahedral
meshes, the flow does not align with the mesh. Thus, generally the second-order

discretization provides more accurate results for this kind of mesh. Obviously, the second-
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order discretization also gives better results for quad/hex meshes, particularly for complex
flows. Briefly, while the first-order scheme produces better convergence than the second-

order discretization, it usually yields less precise results.
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3. MATERIALS AND METHODS

High quality single crystal production requires accurate monitoring and control of
growth parameters to obtain interface morphological stability via homogeneous solute
distribution. This study has utilized the VB, AHP, and AVC methods to experimentally grow
antimony-doped germanium (Ge-Sh) semiconductor single crystals. The resultant buoyancy
driven convection and concave s/l interface in the VB method can benefit from the
submerged baffle in the bulk liquid in the AHP method and the vibrational motion of the
baffle in the AVC method. In fact, the materials used for manufacturing the growth unit and
the growth parameters are carefully determined. In addition, simulations helped to better
investigate the flow pattern in the melt in all methods to choose the dimensional parameters

more efficiently.

This chapter introduces the VB/AHP/AVC experimental equipment and describes the
experimental procedures, characterization of the grown crystals, and the numerical

simulations.

3.1. The VB/AHP/AVC Unit

In the present study, a specific unit designed by Dr. Ercan Balikci and constructed by
Thermo (a liquidated company located in Moscow, Russia) is used. The control system is
designed by Dr. Ercan Balikci and implemented by a former M.Sc. student, Mr. Aidin Dario
for the VB and AHP methods and developed by current M.Sc. student, Mr. Pouya Y ousefi
and Ph.D. student, Mr. Aidin Sheikhi for the AVC method.

The experimental unit is illustrated in Figure 3.1. It is comprised of four main parts;

growth cell, translation mechanism, control system, and vacuum enclosure.
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3.1.1. Growth Chamber

The growth chamber contains a four-zone tubular furnace with 80 millimeter
diameter and around 450 millimeters total height. The furnace is made by winding
molybdenum wires covered by high purity alumina ceramic. Compact rounded wires make
each cylindrical heating zone of the furnace. The furnace is placed inside a cylindrical steel
chamber. Between the furnace and the steel chamber, first there are two molybdenum sheets
and then a thick three-layer cylindrical insulator of graphite felts to protect the steel chamber
from radiation and minimize the heat loss of the furnace (Figure 3.1b). Since the top heaters
are hotter than the bottom heaters (to provide a positive temperature gradient), the thickness
of the graphite felt insulator is more at the top. Inside the furnace, a crucible-pedestal
assembly made of a high density graphite [176] is positioned. The inner diameter of the
crucible is 40 mm and its length is 180 mm. The pedestal at the bottom and a graphite cap at
the top are mounted to the crucible. In the AHP and AVC methods, a baffle shaft goes
through a hole at the center of the cap to be positioned inside the crucible. The hole makes
the baffle centered in the crucible. The baffle of 39 mm diameter and 20 mm height has six
small tabs at the bottom touching the inner wall of the crucible to keep a constant 0.5 mm
annular gap between the crucible and the baffle. The external wall of the crucible has some

annular and vertical grooves for thermocouple placement.

3.1.2. Vacuum Enclosure

The vacuum enclosure contains the aforementioned steel cylindrical chamber and
two plates at the top and bottom of the chamber. They are manufactured of double-walled
stainless steel and cooled by circulating water between the walls. The water is cooled and
circulated via a Julabo made chiller. The bottom plate is attached onto a stainless steel
platform. Silicon O-rings are used to enclose the gaps between the chamber and the two
plates. Then, the chamber is assembled to the plates with bolts and nuts. The bottom plate
has four inlet/outlet ports. These ports are used for the pressure gauge, furnace thermocouple
wires, incoming inert gas, and evacuation. At the beginning of each experiment while the
furnace is heating up, the enclosure is pumped down to 10~3 mbar via an llmvac mechanical
vacuum pump to prevent oxidization. After vacuuming the enclosure, it is fed of 99.999%

purity argon gas.
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Figure 3.1. the VB/AHP/AVC growth unit (a), vacuum enclosure and growth chamber (b),
baffle-crucible-pedestal assembly (c). Labels are described in the text [177].
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During the experiments, the enclosure is continuously purged with fresh argon gas and the
used gas escapes at a constant rate through a pneumatic hose from the valve of the gas outlet
flange on top of the vacuum enclosure into a beaker filled with water to let the operator see
the outgoing gas. The flange of the vacuum port is connected to a vacuum ball valve and the
flange of the inert gas is connected to pneumatic ball valve. The flanges are also sealed with
O-rings. The crucible shaft passes through a hole at the middle of the bottom plate, and a
brass rod connected to the baffle shaft passes through a hole at the middle of the top plate.
These shafts move through Wilson seals without disturbing the vacuum or inert gas

environment inside the vacuum enclosure (Figure 3.1a).

3.1.3. Translation Mechanism

In order to move the crucible upward and downward, a translation mechanism is
positioned underneath the platform. This mechanism transfers the crucible shaft from the
bottom of the system through the enclosure. The crucible shaft is a stainless steel double-
walled water-cooled shaft which is connected to the pedestal via a molybdenum rod. The
molybdenum rod cools the pedestal in order to facilitate an axial heat escape from the bottom
of the crystal. The bottom of the shaft is enclosed with a flange. The crucible thermocouple
wires go inside the system from the bottom flange which is sealed with silicon O-ring. A
power screw converts the rotational motion provided by a KEB servo motor and servo drive
to vertical movement in order to move the crucible shaft vertically. To minimize the
transmission of the motor’s vibration to the crucible shaft, a gearbox coupled with a rubber

connector to the power screw is used to reduce the frequency of rotation of the motor.

3.1.4. Control System

The growth system has been controlled with an in-house program written in LabVIEW
(provided by National Instruments Corporation, Texas, USA) used for data acquisition.
Setting up the thermocouples temperature, heating up the heaters in the furnace, and
translation and speed of the servomotor are controlled by this system. Of the thermocouples
used in the system, two K-type sheated thermocouples are purchased and the rest were C-
type thermocouples made by hand. For the C-type thermocouples Tungsten-5%Rhenium and
Tungsten-26%Rhenium wires, both with 0.5 mm diameter, are used. The tips of the wires
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are welded to each other by a TIG welder to make the thermocouples. Each wire was
thermally and electrically insulated with proper insulators. Double hole ceramic sleeves
made by OMEGA (a company supplying highly engineered products) are used to cover the
thermocouple wires inside the furnace, and the remainder outside the furnace is covered with
OMEGA-made fiber glass insulators. These C-type thermocouples are collected in two
screw terminal boxes, as cold junction points, outside of the system. These boxes and the
data acquisition system are connected to the system via copper wires. The two purchased K-
type thermocouples measured the cold junction temperature in these boxes to be used in the

software for cold junction compensation.

A Keithley 7700 differential multiplexer module collect the data coming from the
thermocouples. This module is plugged into a Kiethley 2700 data acquisition and switching
system. An IEEE-488 (GPIB) interface read the data coming from the data acquisition
system. The visual program developed in the LabVIEW interface monitors all these data to
ease the control process. The user interface in this platform has three pages; the setup page,
the monitoring page, and the error page. The setup page is used to set the temperature for
each thermocouple, the conforming PID (proportional integral derivative) values of each
furnace zone, and the velocity and the displacement of the servomotor. Software can control
the furnace heaters in three modes; manual heating, PID heating, and cooling. According to
the desired set temperatures the software calculates the required output voltage to heat up
the heaters and keep them at that temperature. The PID control can keep the heaters at their
temperature set values with 0.3 C offset. Software sends a voltage ranged from 0 to 10 Volts
using a Kiethley PCI3130 analog output card to four Eurotherm single phase power thyristor
SCR (Silicon-Controlled Rectifier) units. These thyristors send a current to the heating
furnace zones up to 60A, proportional to the incoming control voltage. The software also
sends a constant voltage to the motor inverter to keep the translation motor rotating at a
constant rate. The monitoring page display the furnace temperatures versus time on a
graphical screen. It also contains a table showing the cold junction temperatures, the
thermocouple temperatures, heaters set temperatures, relative position of the crucible shaft,
and time. These data are recorded in an excel workbook file. The error page shows any

problems that the software encounters.
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3.2.  Experimental Procedures

All crystals are grown in a 40mm inner diameter cylindrical graphite crucible.
Initially, a cylindrical germanium seed with (111) orientation and 10 mm height is placed
at the base of the crucible. The seed, which is an optical grade high purity single crystal
germanium ingot of 40mm diameter, is purchased from Novotech Inc., Boston, USA. The
determined single crystal seed is cut from the ingot by an ATM GmbH (Mammelzen,
Germany) precision slicing device and both sides of it are ground with silicon-carbide
grinding papers. Since the melting temperature of the antimony (630°C) is much lower than
that of the germanium (938.3 °C), a master charge of a Ge-Sb alloy is prepared in vacuum
and placed between the seed and germanium chunks to avoid vaporization of antimony
during melting of the germanium chunks. The master charge was placed on top of the seed
and below the Ge chunks. The germanium chunks are also evaporation grade high purity
polycrystalline. The amount of antimony in each grown crystal is 102° atom/cc
(0.24 at%).

3.2.1. The Vertical Bridgman (VB) Method

In the VB method, since there is no baffle used inside the crucible, after putting the
master charge and the Ge chunks on the seed, the crucible is closed with a graphite cap and
then the top cap of the chamber is mounted up on the system. The crucible is surrounded by
the furnace with four heaters, each adjusted individually to establish a 20 °C /cm positive
axial temperature gradient (Gr) along the crucible. The bolts for fixing the bottom plate, the
chamber, and the top cap are placed into their holes in order to align these three parts, but
are not tightened. The vacuuming process is started before tightening bolts of the chamber
to let the silicon O-rings be squeezed (about 3 mm) during this process. All the valves and
flanges are closed except the vacuum valve. Then the vacuum pump is turned on. When the
vacuum gauge reached 10 mbar, the bolts and nuts of the chamber are tightened. At this
time, the heaters were turned on to reach their set points in the software. The heaters are
heated up in manual mode until about 500 ‘C under vacuum to remove degassing impurities,
and then the argon gas of 99.999 % purity is purged into the system. By closing the vacuum

valve and opening the argon gas valve, the chamber is filled with argon gas with a maximum
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pressure of 0.5 atm. The system is vacuumed and filled with argon twice more to purge the
system of impure gases. Subsequently, the heaters are heated up to their set temperatures
with the PID control. The argon gas pressure inside the chamber is kept almost 1 atm above
the ambient pressure during the experiment.

The crucible is positioned inside the furnace to melt all of the Ge chunks, Sh-Ge
charge, and half of the seed. The temperature profile inside the growth chamber is measured
beforehand in some sample tests and the position of the initial s/l interface is estimated.
When the furnace thermocouples reached the set temperatures, the crucible is remained at
that position for 20 minutes to let the melting process become stable and the solute distribute
throughout the melt. Then, the motor starts to rotate and the solidification process begins.
The solidification process is continued by pulling the crucible down with a constant velocity.
After the solidification is completed and the motor is stopped, the control system is switched
to PID cooling while continuing to feed argon gas to the system until the heater temperatures

fell below 250 C to protect components from oxidation.

The described procedure so far is common to the initial setup preparation of all the
VB, AHP, and AVC methods. The following subsections are about the specific procedures

of each method.

3.2.2. The Axial Heat Processing (AHP) Method

The difference between the VB and AHP method is the baffle used in the AHP
method inside the crucible to adjust the effective melt height. The baffle in the AHP method
has a wide cylindrical lower part facing the bottom of the crucible with 39 mm diameter and
20 mm height. This part is attached to a 15 mm long rod from the top passing through a hole
in the middle of the graphite enclosure cap of the crucible. This rod is connected to a brass
rod in the center line of the top cap of the vacuum enclosure going through a Wilson vacuum
seal out of the system. At the beginning of each experiment due to existence of germanium

chunks, the baffle should be placed at its maximum position inside the crucible.

In all AHP experiments, after closing the system, the vacuum and gas purging processes are
carried out the same as for the VB method. After heating the heaters up, the crucible is
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gradually moved upward to the calculated initial position where the s/l interface would form.
Next, the baffle is immersed to the melt until it touched the top of the seed. Then, it is pulled
up to make the desired initial melt height above the s/l interface. Similar to the VB method,
at this situation the crucible is kept steady to have a stabilized system before moving it down.

The same procedure is performed for the solidification process as in the VB method.

Figure 3.2. The VB/AHP/AVC unit at BUSCGLAB.
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3.2.3. The Axial Vibrational Control (AVC) Method

Preparing the setup for the AVC experiments is very similar to the AHP experiments.
The only difference is the vibrating baffle. In fact, a MODAL SHOP shaker model 2060E is
assembled on top of the growth unit connected to the brass rod to shake the baffle inside the
melt. This shaker gets its power from a SmartAmp power amplifier. The desired amplitude
and frequency of the vibration are generated by an Agilent model 33220A signal generator
Is minitored by an Agilent oscilloscope model 54621A during crystal growth. In this method,
the baffle vibrates with a sinusoidal pattern. The vibration amplitude is measured by a laser
doppler velocimeter. Figure 3.2 shows the VB/AHP/AVC growth unit in Solidification and
Crystal Growth Laboratory at Bogazici University (BUSCGLAB).

3.2.4. Characterization of the Grown Crystals
After growth, each crystal is analyzed to obtain its characterizations including and

axial and radial dopant distribution, single crystal length, and the interface shape during
growth through striation lines.

3.2.4.1. Metallography. To do this, each crystal is axially cut into two halves using a diamond
blade cutter. The surface of one of the halves is prepared for characterization by the standard
metallography processes, which are grinding, polishing, and etching. For grinding the
surface Beuhler SiC grinding papers (from P-120 grit to P-2000 grit) are used. Then the
ground surface is polished on Beuhler polishing cloths and a suspension of Beuhler alumina
powders. All samples are polished with 5um powder and continued with 1 and 0.3pum
powders. After each step, the surface is washed with water to prevent scratches on the finer

polishing step. The grinding and polishing time is approximately 2 hours for each surface.

3.2.4.2. Dopant Distribution Measurement. The final polished surface of the longitudinal

half of each crystal is used to measure its electrical resistivity employing the four-point probe
technique. The resistivity is measured on different points on the surface. The first row of the
selected points is 5 mm above the seed base and the other points are selected above the first
row with 4 mm intervals. In the radial direction, the points are selected with 4 mm intervals

from the center line up to 16 mm to the right and left sides.
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The probe tip is kept 4 mm away from the sides to prevent edge effect. Figure 3.3 is a
schematic illustration of these grid points. Measurements are taken by lowering the head of
a JANDEL micro-position probe (provided by Jandel Engineering Ltd., UK) onto each grid
point on the surface and applying 30 mA. For measuring the resistivity, the forward and
reverse polarity voltages are taken from a JANDEL RM3 nanovoltmeter. These

measurements are converted to resistivity via the following relationship [178,179]:

Rs = 2nsV, /I, (3.1)
where Rs is the resistivity, s is the distance between the probe needles (0.72 mm in this
case), I, is the applied current, and V. is the measured voltage. This resistivity is converted
to dopant concentration [180] in order to obtain the axial and radial dopant distribution in

each crystal.

3.2.4.3. lllustration of Striation Lines. After the four-point probe measurements, the polished

surface is electrolytically etched in a dilute solution of 150 mL of H20 and 1.9 g of Na2SOs
using a graphite cathode with 2 A current [181] to reveal the single/polycrystalline regions
as well as the striations that show the interface position and shape during the solidification.
In this process, the entire polished surface of the specimen is longitudinally immersed into
the solution facing the graphite cathode as shown in Figure 3.4. The specimen as an anode
(positive electrode) and the graphite cathode (negative electrode) are connected to a TDK-

Lambda (Tokyo, Japan) voltage generator.
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Figure 3.4. Electrolytical etching system for striation lines illustration. (a) the solution (b)
the TDK-Lambda voltage generator.

The current is kept constant (2 amps). To illustrate striation lines, the voltage generator is
turned on for about 2 minutes to corrode the surface. Then the surface is cleaned and
examined. This 2-minute process continued until the surface features appears persistently.

3.3.  Numerical Simulation of the Grown Crystals

In order to better understand and analyze the experimental observations, the crystal
growth process is simulated to provide a reasonable prediction of the melt flow behavior,
temperature distribution, and the interface shape and position in the grown crystals. The

simulations are performed in ANSYS Fluent v15.

The material properties listed in Table 3.1 are used in all of the simulations. Since
the dopant concentration in the grown crystals is 10%2° atom/cc (0.24 at%), there is a
correspondingly small difference between the solidus and liquidus temperatures at this
composition [3]. Therefore, the solutal effect [182] on melting temperature and natural
convection is neglected, and simulations in the VB/AHP/AVC configuration are performed
with pure germanium. Simulations were conducted corresponding to each experiment, and
two extra simulations in the AHP configuration were performed to analyze the effect of the
melt height on crystal growth. Furthermore, a modified baffle shape was used in the AVC

configuration in five simulations to see its effect on melt flow characteristics.
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Table 3.1. Material properties [21,181]

Substance Property Value Unit
Density 5500 kg/m3
Specific Heat 380 J/kg-K
Thermal Conductivity 39 W/m-K
Germanium (melt) Viscosity 7.3255e-4 kg/m-s
Thermal Expansion Coef. 1.1e-4 1/K
Latent Heat of Fusion 465000 J/kg
Melting Temperature 1211 K
Germanium (crystal) Thermal Conductivity 17 W/m-K
Density 1840 kg/m3
Graphite Specific Heat 770 J/kg-K
Thermal Conductivity 65 at 1000C W/m-K

3.3.1. Geometry and Mesh Generation

As seen in Figure 3.5, a solid (seed) is placed at the bottom of the simulated
cylindrical domain (crucible). Molten Ge is present above the solid, and the solid and liquid
are separated by the s/l interface. The baffle is not present in the VB simulation. For the AHP
method, the baffle together with the temperature gradient moves upward with a predefined
velocity relative to the stationary crucible. Note that in the experiments, the baffle and the
temperature gradient are stationary and the crucible is pulled down due to practical
necessities. For the AVC method, the baffle vibrates axially while moving upward with the
temperature gradient. The vibrational motion of the baffle follows a sinusoidal form. Two
imaginary interior surfaces are defined within which the baffle’s axial movement and
vibration take place. A dynamic mesh is used between the imaginary surfaces, while a static
mesh is used in all other regions.

The simulations are performed in a 2D axially symmetric geometry meshed with
non-uniform quadrilateral elements as shown in Figure 3.5 except for the VB which uses
uniform elements. All the geometries are meshed in ANSYS Gambit 2.4.6 software. In the
VB case, the size of the uniform elements is 0.04 mm?. In the AHP cases, the maximum cell
size is 0.04 mm? in the liquid and less than 1 mm? in the baffle. In the AVC cases, because
of high frequency and accordingly high fluid motion, the maximum cell size is 0.02 mm? in
the liquid and less than 0.5 mm? in the baffle to get more accurate results.
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Figure 3.5. Dimensions of simulated domain and its discretization.

In both AHP and AVC cases, the cell size near the walls is consistently less than the other

regions, and all edges of the baffle are sharp as it is demonstrated in Figure 3.5.
3.3.2. Governing Equations and Boundary Conditions
The simulated domain is under a positive temperature gradient of 20 K /cm from the

bottom up. The gradient is applied at the vertical interior wall of the crucible (left vertical

boundary in Figure 3.5). A symmetry boundary condition is applied at the radial center (right



53

vertical boundary). A no-slip condition is satisfied at all the walls. All fluids are assumed to
be incompressible and the flow is laminar.

The solidification/melting module in Fluent which uses enthalpy-porosity method
[183] has been used for the solidification process. In this method, the enthalpy (H) results
from the sensible enthalpy (h), and the latent heat, AH:

H=h+AH (3.1)
T
h=hyer +f;  cpdT (3.2)

where h,..r is the reference enthalpy, T;..f is the reference temperature, and c,, is the specific
heat capacity. The latent heat, AH, can be written in terms of the enthalpy of the liquid L and
the liquid fraction f;:

AH = fL (3.3)

f takes the following values at the given temperatures:

fi=0 T < Tliquidus
fi=1 T> Tliquidus
T—Tsolid
fl S Tsolidus <T< Tliquidus (3-4)

Tliquidus_Tsolidus

The velocity components of the melt flow in the r and z directions (V. and V,) are obtained
from the continuity (Equation 3.5) and momentum equations (Equations 3.6 and 3.7) [184].

dp | 9pVp) | 9(pV) | pVr

ot 0z or T

0 (3.5)
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a(pVy) . 10(rpVyvy) . 19(rpVyVy) 0P 1 a[Tu[Zf’Vz/aZ—Z(17-17)/ 3]]
+2 +2 =—=4z +
at T 0z r or 0z r 0z
1 6[ru[6V2/6r+6Vr/az]] +E (3.6)
T or
a(pVy)  19(rpVyvy) . 10(rpVyVy) P 1 5[Tu[25Vr/ar—2(V-‘7)/3]]
+2 +2 =—=4= +
at r 0z T or or r or
o[ru[av,/or+av, /o .,
% [ruovz/ a’; Ll | P 2u(V.V)/3r + pV,2/r + E, 3.7)

The body forces (F, and F,) in the momentum equations depend on the liquid fraction as
[183]:

E, = gﬁT(T - Tref) + Apusn (V) (1 — f)z/(f3 + ¢€) (3.8)

E = Apmusn () (1 — f)z/(f3 +¢€) (3.9)

The first term in F, is the gravitational force using Boussinesq approximation where By is
the thermal expansion coefficient of Ge (0.00011 [1/K]). The second term is the momentum
descend due to the reduced porosity in the mushy zone. 4,,,,.s, is a constant (10°) that forces
velocities in solid to zero and ¢ is a small number (0.001) to keep the term finite. The energy
equation for solidification/melting process in a cylindrical coordinate system is written as
[183]:

d(pH) 10(rpVyH) . 0(pVzH) 1 9(rk(9T/or))
+ - + = S
at r ar dz r ar

+ kd*T/0z* (3.10)
where r and z are radial and vertical coordinates and p is the density.

3.3.3. Numerical Modeling and Discretization

In all simulations the pressure-based approach is used to obtain the velocity field.

According to this solver, the pressure equation is derived from the continuity and the
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momentum equations in such a way that the velocity field, corrected by the pressure, satisfies
the continuity. The pressure-based solver uses a solution algorithm where the governing
equations are solved sequentially (i.e., segregated from one another). Since the governing
equations are non-linear and coupled, the solution loop must be carried out iteratively in
order to obtain a converged numerical solution. Two pressure-based solver algorithms are
available in ANSYS Fluent, a segregated algorithm and a coupled algorithm. In the
segregated algorithm, the individual governing equations for the solution variables are
solved one after another. Each governing equation, while being solved, is decoupled or
segregated from other equations, as its name. The segregated algorithm is memory-efficient,
since the discretized equations need only be stored in the memory one at a time. Among the
algorithms that ANSY'S Fluent provides for segregated pressure-based solvers, the SIMPLE
(Semi Implicit Method for Pressure Linked Equations) is used. This algorithm is adopted
because in calculations the pressure and velocity fields are coupled with each other, while
neither field is given. The pressure field which is the driving force for flow is initially set.
The velocity field is calculated by using the set pressure field such that the continuity
equation is satisfied. The SIMPLE algorithm iteratively corrects the calculated pressure and
velocity fields. Therefore, as the pressure field converges to an accurate pressure field
according to the set residuals, the velocity field approaches an accurate velocity field as well.

through the addition of a pressure and velocity correction factors [185].

For the VB, AHP, high amplitude/low frequency AVC simulations, the scaled
absolute residual of the continuity and momentum equations is set to 10~> while this value
for energy equation is set to 10~7 and the solution control under-relaxation factors are 0.3,
1,1,0.7, 0.9, and 1 for pressure, density, body forces, momentum, liquid fraction update,
and energy respectively. For the low amplitude/high frequency AVC simulations, the
residuals are set to 10~3 for the continuity equation, 10~* for the momentum equation, and
107% for the energy equation. The solution control under-relaxation factors in AVC
simulations are 0.3, 1, 1, 0.6, 0.9, and 0.8 for pressure, density, body forces, momentum,

liquid fraction update, and energy respectively.

The second order upwind discretization scheme for the momentum and energy

equations, and the body force weighted discretization for the pressure have been used. In the
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AVC cases, the layering dynamic mesh method has been employed to simulate the vibration.
For calculations, an adaptive time step is used for the VB, AHP, and high amplitude/low
frequency AVC simulations whereas a fixed step of 0.00125 seconds is used for the low
amplitude/high frequency AVC case.

It should be noted that in all simulations, the steady solution of the governing
equations provides the shape and the position of the initial s/l interface. Then, the solver is
switched to transient mode when the baffle and the temperature gradient move upward to
initiate the solidification. After getting the simulated results from ANSYS Fluent, they are
post processed using ANSYS CFD-Post module to generate useful data and plots to better

illustrate and analyze the effective parameters.
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4, RESULTS

This section provides experimental results for crystals grown with the VB, AHP, and
AVC methods with varying growth parameters, and the simulation results performed with
the same growth parameters for validation and with different parameters for prediction and
control of crystal quality. Experimentally, one crystal with the VB, three with the AHP, and
two with the AVC methods are grown with varying growth parameters. The total length of
every grown crystal is about 60 cm. Two extra simulations with different melt heights are
also performed to analyze the effect of the melt height on crystal growth in the AHP method.
In addition, five more simulations with various baffle size and shape were performed for the
AVC method to analyze the effect of baffle shape modification on melt flow and interface
stability. This gives a total of thirteen simulations. In each subsection the experimental
results (striations and dopant distribution) and simulation results (temperature profile and
convective flow) for each sample are provided separately. They are analyzed and compared

in the discussion section.

For simplicity, the samples are named as “mmm-Ww-xX-yy-zz”, where “mmm”
stands for the growth method (VB: vertical Bridgman; AHP: axial heat processing; AVC:
axial vibrational control), “ww” the pulling velocity in millimeters per hour, “xx” the initial
melt height in millimeters, “yy” the vibrational amplitude in millimeters in AVC cases, and
“zz” the vibration frequency in Hertz in AVC cases. In most of the simulations, the annular
gap between the baffle and the crucible wall is 0.5 mm. In two simulations where the baffle
shape was modified and the gap size is other than 0.5 mm, a “g” term is used in the name of
the sample following a number which represents the gap size in millimeters. Moreover, in
three simulations of the AVC method a chamfered baffle base was used. In the name of these
simulations an “a” term is used following a number indicating the angle of the chamfer. The
heights of all chamfers are 5 mm from the baffle base. Table 4.1 presents a complete list of
grown samples with their corresponding parameters. The single crystal length in all the
crystals is measured from the initial s/l interface to the end of the single crystal region at the

center of the crystal.
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Table 4.1. Grown/simulated crystals and their growth parameters.

Name Parameters

Vp h A f g a Gr H Ix107*
AHP-20-2 20 2 05 20
AHP-20-5 20 5 05 20 35
AHP-20-10 20 10 05 20
AHP-20-15 20 15 05 20 334
VB-20-58 20 58 0.5 20 14
AHP-10-10 10 10 0.5 20 415
AVC-20-10-2-0.25 20 10 2 025 05 20 39 1.25
AVC-20-15-0.25-25 20 15 025 25 0.5 20 215 1562.50
AVC-20-10-2-0.25-g1 20 10 2 025 1 20 1.25
AVC-20-10-2-0.25-g2 20 10 2 025 2 20 1.25
AVC-20-10-2-0.25-a10 20 10 2 025 05 10 20 1.25
AVC-20-10-2-0.25-a20 20 10 2 025 05 20 20 1.25
AVC-20-10-2-0.25-a30 20 10 2 025 05 30 20 1.25

Vp: pulling velocity (mm/h), h: initial melt height in simulations (mm), A: amlitude of vibration
(mm), f: frequency of vibration (Hz), g: annular gap between the baffle and the crucible (mm),
a: angle of the chamfer of the baffle base (degree), Gr: furnace temperature gradient in
simulations(°C/cm), H: single crystal length measured from initial interface to the last portion
of thze single crystal region at the center of the crystal (mm), I: vibration intensity parameter
(m/s°).

The etched half of each grown crystal indicates the single and poly crystalline regions
and the position and shape of the striations during the growth. The initial s/l interface shape
was expected to be flat, however, the crystals grown with the AHP method have slanted
initial interfaces. After their growth, it is realized that the initial s/l interface of these crystals
is positioned at the top boundary of a furnace zone being affected by an asymmetric heat
flux. After identifying this issue, the initial s/l interface position is altered to solve this
problem for the subsequent VB and AVC samples. Consequently, the VB and AVC crystals
have relatively flat initial interfaces, except for the AVC crystals with concavity at the sides

due to vibration effects. The concavity of the interface in the AVC crystals is discussed later.

41. VB-20-58

The VB method is just used to grow one crystal with 20 mm/h puling velocity to

compare with crystals grown with the other two methods. Figure 4.1a shows the longitudinal

etched surface illustrating the striations and single length of the crystal. The single crystal
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length in this crystal is 14 mm, which is the lowest among all the grown crystals. According
to the striations, the concavity of the s/l interface during growth increases and due to
instabilities, develops a polycrystalline structure at the center, while the single crystalline
structure continues at the sides.
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Figure 4.1. The etched surface of the VB-20-58 showing the single/poly crystal regions

and striations (a). The initial temperature distribution, interface shape and flow pattern
simulation (left-hand-side) and after 600 seconds (right-hand-side) (b). Longitudinal solute
distribution (c). Radial solute distribution (d).
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Figure 4.1b represents the simulated results for the s/l interface shape, the flow
pattern, and the temperature distribution along VB-20-58 crystal after steady state (h58) and
600 seconds of solidification. It shows stronger flow after pulling the crucible down. The
convective flow at the beginning is concentrated more towards the crucible wall, while it is

radially wider after the onset of pulling. The s/l interface is at the left-hand-side.

Figure 4.1c shows the axial dopant concentration along VB-20-58 crystal at the
center and 16 mm away from the center at both sides. The vertical dashed line indicates the
single/poly boundary at the longitudinal center line. This concentration is measured in
atoms/cc. The concentration at the center is more than at the sides since the convective flow
in the melt concentrates the solute in the center of the crystal. This figure shows that from 5
mm until 13 mm above the seed base, the concentration at right side (+16 mm) is more than
the left side (-16 mm), which is consequence of weaker convective flow on the right side. In
the poly crystalline region, the concentration at the center is still more than at the sides.
However, the difference between concentration at the sides is less than the difference with

the axial levels in this region.

In addition, the dopant concentration along the whole crystal is shown in Figure 4.1d.
Different symbols show radial concentrations at different axial levels. This figure also shows
that the center of the crystal has a higher dopant concentration than the sides at all axial

positions.

4.2. AHP-20-15

The etched surface of AHP-20-15 in Figure 4.2a show an increasing concavity of the
s/l interface during growth. The striations indicate that the concavity of the interface in this
crystal is more than that in other AHP crystals. The single crystal length in this crystal is the
least among the AHP cases, but it is still about 2 times longer than that in VB-20-58. Figure
4.2b shows a very little difference in flow velocity between the initial condition and after

600 seconds after pulling the crucible.

The axial dopant concentration along AHP-20-15 in Figure 4.2c at the center as

before is more than sides. A sharp jump in the concentration at left side of the crystal is
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related to an early onset of poly-crystallinity on this side, and is visible in Figure 4.2a as
well. The radial dopant concentration along this crystal shown in Figure 4.2d is disordered
on the left side, which is a consequence of the poly crystal structure in this region. Less
dopant at lower axial levels in comparison to the other AHP cases shows that the larger melt
height mixes the melt above the s/l interface more effectively, and reduces the solute build-

up at the s/l interface and hence the solute in the solid.
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Figure 4.2. The etched surface of the AHP-20-15 showing the single/poly crystal regions
and striations (a). The initial temperature distribution, interface shape and flow pattern
simulation (left-hand-side) and after 600 seconds (right-hand-side) (b). Longitudinal solute
distribution (c). Radial solute distribution (d).
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4.3.  AHP-20-10 (S)

This sample is just simulated (not grown) to better understand the melt height effect
on the s/l interface shape and the flow motion above it. Thus, only the flow pattern and the
temperature distribution at the initial condition and after 600 seconds growth are shown in
Figure 4.3. In this sample, as well as the other mentioned VB and AHP samples, the
convective flow above the interface is stronger after pulling the crucible down. The
convective flow is more concentrated toward the crucible wall compared to AHP-20-15.

Temperalure  Velocity

480
453
1307 429
404
379 |4
354 HOf =~ %
328
3
278
253
227
202

- 1316

1299
1291

1282

1274
1265
1257
1248
1240 L7
g 1.52
1232 1.26
121 ror |8
076 B
1215 051
1206 0.25
1108 0.00
K] [mm s*-1]

h10 AHP-20-10

Figure 4.3. Temperature distribution, interface shape and flow pattern in AHP-20-10
simulation after steady state (left) and 600 seconds (right).

44. AHP-20-5

The striations and single crystal length of AHP-20-5 with 20 mm/h puling velocity
and 5 mm melt height are shown in Figure 4.4a. The single crystal length in this crystal is
about 2.5 times that of VB-20-58 with higher melt height. A relatively strong convective cell
near the crucible wall below the baffle in this sample is shown in Figure 4.4b, and could
justify the linages that develop in the vicinity of the crucible wall in Figure 4.4a. The
convective cell is stronger after pulling the crucible. The longitudinal dopant concentration
along AHP-20-5 is shown in Figure 4.4c and illustrates a relatively significant difference in

dopant concentration between the center and the two sides at the initial s/l interface (5 mm
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axial position). At this axial level, the concentration at the center is lower than the sides and
the left side has more dopant than the right one. Above the first axial level (5 mm), the dopant
concentration becomes more uniform, although the concentration at the right side is
consistently slightly lower. The compact lines in Figure 4.4d show more dopant at the same
axial levels than in AHP-10-10.

Temperature  Velocity

480
435
429
4.04
379
354
328
303
278
253
227
2.02
1.77
1.52
1.26

1223 1.0

0.76
1215 051

1206 025 :

- 1316
1307
1299

1291

1282

1274
1265
1257
1248
1240
1232

1198 0.00 a8
K] [mm ¢*-1]
AHP-20-5
(@ (b)
AHP-20-5 ,E/E’/B/B/ 3 AHP-20-5
o s e
X i § )
) iy 2
> 5
5 | 15
=1 = S
= ; = S S S Q- m— ——
= ' 5} A—a & a2, 7 %
2 s Sos A+
§ g 8 e U
8 R=-16 mm —e—R=0mm +—+— R=16mm 0 ! ! ! ' ! ! ! ‘
—o—Scheil —=— AHP-DM ‘= AHP-CM -16 -12 -8 4 0 4 8 12 16
0 J S SR a2 ki RS T A b lod AT . ik Radius (mm)
—<+—5mm —=—-9mm —+—13mm e 17mm
0 5 10 15 20 25 30 35 40 45 50 55 21mm S omm samm
Axial length (mm) 37mm 41mm
(©) (d)

Figure 4.4. The etched surface of the AHP-20-5 showing the single/poly crystal regions
and striations (a). The initial temperature distribution, interface shape and flow pattern
simulation (left-hand-side) and after 600 seconds (right-hand-side) (b). Longitudinal solute
distribution (c). Radial solute distribution (d).
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45.  AHP-20-2 (S)

This sample is just simulated (not grown) to better understand the influence of the melt
height on the s/l interface shape and the flow pattern above it. Therefore, for AHP-20-2 only
the flow pattern and the temperature distribution are obtained and shown in Figure 4.5. In
this figure, the increase in flow velocity and radial temperature gradient is visible. After
pulling the crucible down for 600 seconds, the flow covers the melt region above the s/l

interface more in radial direction and also the melt height increases significantly.
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Figure 4.5. Temperature distribution, interface shape and flow pattern in AHP-20-2
simulation after steady state (left) and 600 seconds (right).

4.6. AHP-10-10

AHP-10-10 with 10 mm/h puling velocity is grown to examine the effect of pulling
velocity on the quality of the crystal in comparison to the higher velocity of 20 mm/h. Figure
4.6a shows the striations and single crystal length of this crystal. This crystal has the highest
single crystal length of all grown crystals, about 3 times longer than the VB-20-58. The
striations in this crystal show that the initial slanted interface changes to become symmetric
during growth. The simulation results for this crystal are given in Figure 4.6b. The s/l
interface shape after 600 seconds shows a relatively strong convective flow that affects the

interface.
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Figure 4.6. The etched surface of the AHP-20-5 showing the single/poly crystal regions
and striations (a). The initial temperature distribution, interface shape and flow pattern
simulation (left-hand-side) and after 600 seconds (right-hand-side) (b). Longitudinal solute
distribution (c). Radial solute distribution (d).

The convective cell after pulling is stronger and also more concentrated at the sides than for

the initial condition. The radial temperature gradient also increases after pulling the crucible.

The axial dopant concentration along the VVB-10-10 sample at the center and 16 mm
away from the center at both sides is shown in Figure 4.6¢c. The dopant concentration at the
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center is very similar to that of the sides of this crystal which furthermore shows a uniform
radial dopant distribution in all axial levels in Figure 4.6¢. Figure 4.6d confirms that the
radial dopant distribution is uniform. The compact lines below 33 mm show a higher quality
of the single crystal in this region.

4.7. AVC-20-10-2-0.25

AVC-20-10-2-0.25 with a 20 mm/h puling velocity, 10 mm melt height, 2 mm
vibrational amplitude, and 0.25 Hz vibrational frequency is grown to examine the effect of
high amplitude and low frequency vibrations. Figure 4.7 shows the striations and single
crystal length of this crystal. The initial s/l interface is expected to be flat. However, the
forced convective flow due to the vibration melts the interface at the sides. The striations
changes slightly in shape and the concavity of the s/l interface decreases slightly at the sides
during growth. The asymmetric concavity might be due to the tilted vibrating baffle resulting
in unsymmetrical forced convective flow. The single crystal length in this sample is close to

that of AHP-10-10, while the pulling velocity is twice as high.

Figure 4.8a shows a higher concentration of dopant in the center of AVC-20-10-2-
0.25 as compared to the sides at the initial s/l interface. This might be because of convective
motion at sides. After the initial position, the dopant accumulation at the left side is more
than at the center or the right side. Figure 4.8b shows the dopant concentration along the
whole crystal. Even if the radial dopant distribution at lower levels are not symmetric, these
compact lines represent a relatively uniform axial dopant distribution in most parts of the

single part of the crystal and shows a comparatively low segregation in the solid.

Figure 4.9 shows the temperature distribution, interface shape, and flow pattern in
the AVC-20-10-2-0.25 after 601s at the top, 602s at the middle-down, 603s at the bottom,
and 604s at the middle-up positions of the baffle. At the top position, the forced convective
cell is closer to the interface rather than the other ones. The top position generates a wider
cell. The middle-down position has stronger flow at the center, with a weak clockwise cell
induced by the main counterclockwise forced cell. This double-cell side-by-side

configuration persists at the bottom position, but the weaker cell vanishes again by the
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middle-up position. Despite having different flow cell shape and strength in different axial
baffle positions, the interface shape at a cycle of vibration remains unchanged.

Figure 4.7. The striations and single crystal length of the AVC-20-10-2-0.25.
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Figure 4.9. Temperature distribution (right), interface shape (left), and flow pattern (left) in
the AVC-20-10-2-0.25 after 601s at the top, 602s at the middle-down, 603s at the bottom,
and 604s at the middle-up positions.

48. AVC-20-15-0.25-25

Figure 4.10 shows the striations and single crystal length of AVC-20-15-0.25-25 with
20 mm/h puling velocity, 15 mm melt height, 0.25 mm vibrational amplitude, and 25 Hz
vibrational frequency grown to examine the effect of low amplitude and high frequency of
vibration on quality of grown crystal. In this crystal, asymmetric striations might be due to
tilted vibrating baffle throughout the growth. More concavity at the left side is observable.
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Figure 4.10.The striations and single crystal length of the AVC-20-15-0.25-25.

This also is expected to have a flat initial s/l interface. But, because of the induced vibrational
flow, sides are melted after starting the vibration while pulling the crucible down. However,

the striations below the poly/single boundary has become symmetric.

The axial dopant concentration along the AVC-20-15-0.25-25 at the center is more
than the right side and less than the left side, as it is shown in Figure 4.11a. Figure 4.11b
shows the dopant concentration along the entire crystal. This figure shows a low difference
in dopant distribution in axial level. The dopant distribution in radial direction in accordance
to the striation in Figure 4.10 is not uniform, though.
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Figure 4.11. Longitudinal solute distribution (a) and Radial solute distribution (b) in AVC-
20-15-0.25-25.



70

Velocity

700.00
663.16
626.32
58947
552.63
51579
47895
44211
40526
360842
33158
20474
257.89
221.05
184.21
147.37
110.53
- 7368

36.84

0.00

mm s™-1]

Temperature

- 1316
1307
1299
1291

1282

1274
1265
1257
1248
1240
1232
1223
1215
1206
1198

[K]

. bottom : fniddle-
Figure 4.12. Temperature distribution (right), interface shape (left), and flow pattern (left)
in the AVC-20-15-0.25-25 after 120.01s at the top, 120.02s at the middle-down, 120.03s at
the bottom, and 120.04s at the middle-up positions.

As it is shown in Figure 4.12, in AVC-20-15-0.25-25, there are two developed strong
convective cells, one on top of the other one in the melt region below the baffle. The smaller
one is a strong counterclockwise forced cell and is attached to the sharp edge of the baffle
base near the annular gap [17,100]. The larger induced one circulates within the melt region
below the baffle.



49. AVC-20-10-2-0.25-g1 (S)

AVC-20-10-2-0.25-g1 is simulated to examine the effect of the increased annular

gap between the baffle and the crucible on flow pattern and the s/l interface shape during the

growth. The temperature distribution, the interface shape, and the flow pattern of this case
after 601s at the top, 602s at the middle-down, 603s at the bottom, and 604s at the middle-
up positions of the baffle are shown in Figure 4.13. Similar to AVC-20-10-2-0.25, at the top

position, the forced convective cell is closer to the interface rather than the other positions.

The top position generates a wider cell. This cell melts the sides of the interface in such a

way that the interface looks flat in most parts. The interface shape at a cycle of vibration

remains consistent. A second cell is not induced as is seen in Figure 4.13 for AVC-20-10-2-

0.25.
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Figure 4.13. Temperature distribution (right), interface shape (left), and flow pattern (left)
in the AVC-20-10-2-0.25-g1 after 601s at the top, 602s at the middle-down, 603s at the

bottom, and 604s at the middle-up positions.
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4.10. AVC-20-10-2-0.25-g2 (S)

AVC-20-10-2-0.25-g2 is also simulated to examine the effect of the increased
annular gap between the baffle and the crucible on flow pattern and the s/l interface shape
during the growth. The temperature distribution, the interface shape, and the flow pattern of
this case after 601s at the top, 602s at the middle-down, 603s at the bottom, and 604s at the
middle-up positions of the baffle are shown in Figure 4.14. Similar to AVC-20-10-2-0.25
and AVC-20-10-2-0.25-g1, at the top position, the forced convective cell is wider and more
influential to the interface rather than the other positions. The interface shape at a cycle of
vibration still remains consistent. In contrast to the two other mentioned cases, the
convective motion in this sample generates a more concave s/l interface. An induced cell is

not observed.
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Figure 4.14. Temperature distribution (right), interface shape (left), and flow pattern (left)
in the AVC-20-10-2-0.25-g2 after 601s at the top, 602s at the middle-down, 603s at the
bottom, and 604s at the middle-up positions.
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4.11. AVC-20-10-2-0.25-a10 (S)

AVC-20-10-2-0.25-a10 has a chamfer at the base of the baffle with 5 mm height and
10 angle. This chamfer changes the flow pattern in comparison to the similar case AVC-20-
10-2-0.25. Figure 4.15 illustrates the temperature distribution, the interface shape, and the
flow pattern of this case at different positions of the baffle. Resembling the AVC-20-10-2-
0.25, at the top position, the forced convective cell is wider and more influential to the
interface rather than the other positions. The interface shape at a cycle of vibration is not

changed and its shape seems mostly flat. An induced cell is not observed.
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Figure 4.15. Temperature distribution (right), interface shape (left), and flow pattern (left)
in the AVC-20-10-2-0.25-a10 after 601s at the top, 602s at the middle-down, 603s at the

bottom, and 604s at the middle-up positions.
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4.12. AVC-20-10-2-0.25-a20 (S)

AVC-20-10-2-0.25-a20 has a chamfer at the base of the baffle with 5 mm height and
20 angle. This shape of the baffle also changes the flow pattern in comparison to the similar
case AVC-20-10-2-0.25 resulting in a concave interface. Figure 4.16 shows the temperature
distribution, the interface shape, and the flow pattern of this case after 601s at the top, 602s
at the middle-down, 603s at the bottom, and 604s at the middle-up positions of the. In this
sample the flow strength at the top position is higher than the other positions while it has a
small effect on the interface in comparison to the flow in other positions of baffle. The

bottom position is very quiescent. An induced cell is not observed.
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Figure 4.16. Temperature distribution (right), interface shape (left), and flow pattern (left)
in the AVC-20-10-2-0.25-a20 after 601s at the top, 602s at the middle-down, 603s at the
bottom, and 604s at the middle-up positions.
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4.13. AVC-20-10-2-0.25-a30 (S)

The chamfer in AVC-20-10-2-0.25-a30 has 5 mm height and 30" angle resulting in
weakened forced flow at the top position. However, in this case, the flow at the bottom and
the middle-up positions is more effective on the interface, as shown in Figure 4.17. In this

sample the interface is undesirably concave. An induced cell is not observed.
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Figure 4.17. Temperature distribution (right), interface shape (left), and flow pattern (left)
in the AVC-20-10-2-0.25-a30 after 601s at the top, 602s at the middle-down, 603s at the
bottom, and 604s at the middle-up positions.
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5. DISCUSSION

Figure 5.1 shows the experimentally grown crystals (left) with simulated results
(right). The simulated results are presented after 600 seconds to illustrate the influence of

the crucible/baffle pulling and baffle vibration on the interface shape.

The simulations for the VB and AHP crystals are stopped after 4200 seconds. For
the AVC crystals, the simulations are continued only until 600 seconds for AVC-20-2-0.25
and 120 seconds for AVC-20-15-0.25-25 due to high computational time and memory cost.
The simulations are believed to yield useful data with regard to real experiments (as will be

shown later) since the melt flow already becomes stable within the simulated times.
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0.0

AHP-10-10 AVC-20-10-2-0.25 AVC-20-15-0.25-25
Figure 5.1. The interface shapes observed in the grown crystals (left) and obtained by the
simulation (right).
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5.1. Convective Flow

Significant improvement in the single crystal length in the grown crystals is believed
to be a result of controlled melt flow near the s/l interface. The temperature distribution, flow
velocity, and initial s/l interface shape at the initial (stationary) equilibrium for different melt
heights are shown in Figure 5.2. A single convective cell consistently develops [186] above
the s/l interface. Since the thermal conductivity of the solid Ge (17 W/m-K) is less than that
of the liquid Ge (39 W/m-K), the direction of this cell is downward near the crucible wall,
which gives a counterclockwise flow centered near the crucible wall [187]. With the largest
melt height (h = 58 mm), the flow is more localized toward the crucible wall. While in the
other melt heights, the flow strength in the center is more significant. This indicates that as
the melt volume between the baffle base and the interface decreases, the melt flowing down
through the gap is dictated more efficiently toward the interface. An exception is the h =
2mm case where the solid boundaries surrounding the fluid are believed to slow down the

melt flow.

5.1.1. Gap Flow

During crucible pulling in the AHP method, the melt region below the baffle is fed
from the region above the baffle. The upper melt flows down to the lower melt through an
annular gap between the baffle and the crucible. This small (0.5 mm) gap is used to prevent
back diffusion [181] of the dopant to the region above the baffle, and is the same for the
AHP and AVC cases for a better comparison. The velocity of the downward flow in the
annular gap is almost independent of the axial position. The maximum velocity magnitude
of this flow is 0.07 mm/s in AHP-10-10 (V = 10mm/h), and 0.15 mm/s in the other AHP
simulations (V = 20mm/h). This indicates that in the AHP cases, the velocity magnitude in
the annular gap depends on the pulling velocity rather than the melt height and the annular
flow in all AHP cases is so weak that it only slightly increases the strength of the convective
cell below the baffle. This means that the convective cell below the baffle is mainly
generated by the radial temperature gradient, since the system experiences a positive axial

temperature gradient.
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Figure 5.2. Initial stationary temperature distribution (right), interface shape (left) and flow
pattern (left) in the VB, AHP, and AVC simulations obtained in the steady state solution.
Note that h58 does not use a baffle.

5.1.2. Radial Temperature Gradient

Figure 5.3 shows the radial temperature profile on a horizontal line 6 mm above the seed
base after 600 seconds (solid lines) and on a horizontal line 4 mm above the seed base after
the stationary, steady state solution before the growth (dashed lines). These positions are
nearest to the s/l interface from the liquid side at the respective times. The temperature
profiles merge to the same value on the crucible wall because of the same boundary applied
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in all cases; the value is greater for AHP-10-10 due to a lower pulling velocity. The
temperatures in the center show that the decrease in the melt height results in more axial heat
flux to the interface at that location via the high thermal conductivity baffle (k = 65 W/m-K
at 1000°C) [181]. However, the temperatures are closer at the side.

The radial temperature gradient in the crystals after 600 seconds at different axial
positions from the base of the crystals is shown in Figure 5.4. For AHP-20-10 and VB-20-
58, the radial temperature gradient for longer times is also presented in this figure. The
reduced melt height gives rise to a higher radial temperature gradient. This result is in
contradiction with our original purpose of using a conductive baffle to have a uniform heat
supply over the entire interface [90]. Nevertheless, as can be seen in Figure 5.2, the
temperature on the baffle is lower at the sides than the center. This becomes more apparent
as the melt height decreases. Thus, the high thermal conductivity baffle without a heater is
unable to generate a uniform heat flux over the interface. Furthermore, the radial temperature

gradient increases with longer solidification time.
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Figure 5.3. Radial temperature profile in the VB and AHP simulations after 600 seconds at
6 millimeters above the seed base (solid curves) and after the initial steady state solution at

4 millimeters above the seed base (dashed curves).
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Figure 5.4. Radial temperature gradient in the VB and AHP simulations after 600 seconds

at different axial positions from the seed base. Longer times for AHP-20-10 and VB-20-58

are also shown. Large symbols show the s/l interface position and last data point is about 1
millimeter below the baffle base.

In addition, at the given time of 600s in Figure 5.4, the radial temperature gradient does not
vary noticeably in the axial direction in the melt with low melt height, while it decreases
significantly for the larger melt heights. Again, the longer solidification times increases the

radial temperature gradient in the axial direction.

In contrast, increasing the melt height, which means the baffle is farther away from
the interface, reduces the radial temperature gradient. Thus, a stronger convective flow is
observed in the crystals with a lower melt height. This stronger flow centered toward the
crucible wall does not allow the interface on the wall to advance and enables a flatter
interface. Possibly, a baffle with a side ring heater in contrast to a uniform base heater can

promote a flat interface by reducing the radial temperature gradient.

Figure 5.5 shows the radial temperature profile in the AVC simulations of modified

baffle shape after 600 seconds at 7 millimeters above the seed base.
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Figure 5.5. Radial temperature profile in the AVC simulations of baffle shape modification

after 600 seconds at 7 millimeters above the seed base.

Since the lines in this figure resemble the temperature on a line near the interface, they are a
fair representation of the interface shape, as well. AVC-20-10-2-0.25 shows the least
temperature at the center and the most temperature at sides. Increasing the annular gap in
AVC-20-10-2-0.25-g1 and AVC-20-10-2-0.25-g2 decreases the temperature at the center
and lowers it at sides and results in a flatter interface. Use of the chamfer at the base of the
baffle also increases the temperature at the center and decreases it at sides. In AVC-20-10-
2-0.25-a10 is hotter at the center compared to AVC-20-10-2-0.25 and AVC-20-10-2-0.25-
gl. However, it is colder at the center than AVC-20-10-2-0.25-g2. Increasing the angle of
the chamfer leads the hot flow coming from the gap to the center and makes the interface
more concave. Furthermore, AVC-20-10-2-0.25-g1 and AVC-20-10-2-0.25-a10 have a
similar pattern. It is apparent that a wider gap can help to reduce the radial gradient while

the chamfer increases it.

5.1.3. Flow Velocity (V)

Figure 5.6a shows the velocity magnitude of the flow at 1 millimeter above the s/l

interface after the initial (stationary) equilibrium solution (dashed lines) and after 600
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seconds of pulling (solid lines). In all the cases, after applying the pulling velocity, the
strength of the convective cells increases. This is a result of increased radial temperature
gradient with crucible pulling as seen in Figure 5.3. The flow velocity magnitude peaks in
the region from 10 mm to 20 mm radial positions in all the cases. The magnitude is smallest
in AHP-20-2. Interestingly, it is maximized with AHP-20-5, and then the magnitude
decreases as the melt height increases. It is shown that the magnitude after 15 mm melt
height stays roughly the same; AHP-20-15 and VB-20-58 have a similar trend and value for
the velocity magnitudes. Furthermore, the radial position of the maximum velocity
magnitude shifts toward the center as the melt height increases. In the radial range from 0
mm to 8 mm, the lower the melt height, the greater the velocity magnitude. Thus, a better
mixing is obtained with lower melt height, resulting in a flatter interface. A weaker flow
towards the center with increased melt height is also mentioned above and seen in Figure
5.2 for the stationary conditions. The time varying velocity magnitude profiles in Figure 5.6b
indicate the stability of the flow after about 2400 seconds, and that the flow is nearly stable

already after 300 seconds.

The variation in the maximum velocity magnitude of the flow during solidification
for the VB and the AHP simulations is shown in Figure 5.7. Following an initial increase,
the flow becomes stable after about 2400 seconds in the crystals with 20 mm/h pull velocity
and after about 600 seconds in AHP-10-10. As deduced from Figure 5.6, Figure 5.7 also
indicates that flow approaches stability after about 300 seconds. The trend of the curves in
Figure 5.7 shows that the weakest flow belongs to the highest melt height (VB-20-58),
providing further evidence that an immersed baffle increases the flow velocity for an
efficient melt mixing. A comparison between AHP-20-10 and AHP-10-10 both in Figures
5.6 and 5.7 shows that the flow velocity is mostly dictated by the melt height rather than the

pulling velocity.

For the simulated cases of modified baffles in the AVC configuration the maximum
flow velocity when the baffle is at the top position and the gap flow velocity in the radially
middle of the annular gap at the axial position of 10 mm above the baffle base during the
baffle’s middle-up stroke are given in Table 5.1. The data indicate that increasing the gap

size decreases both the gap flow velocity and the flow velocity below the baffle at the top
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position. In contrast, an increased chamfer yields an initial drop and then an increase in both

the maximum flow velocity and the gap flow velocity.
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Figure 5.6. Velocity magnitude in the VB and AHP simulations for initial stationary
solution (dashed curves) and after 600 seconds (solid curves) 1 millimeter above the
interface at the center (a). Velocity magnitude in AHP-20-10 simulation from initial
stationary condition (0 seconds) to 3000 seconds at 1 millimeter above the interface at the
center. The lines at 2400s and 3000s overlap (b).
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Figure 5.7. Maximum fluid velocity magnitude in all the VB and AHP simulations.

Table 5.1. The maximum flow velocity when the baffle is at the top position, and the flow

velocity in the annular gap when the baffle is at the middle-up position.

Case Maximum Velocity (mm/s) | Gap Velocity (mm/s)
AVC-20-10-2-0.25 23.99 80.95
AVC-20-10-2-0.25-g1 16.35 40.26
AVC-20-10-2-0.25-g2 11.52 17.86
AVC-20-10-2-0.25-a10 14.22 59.68
AVC-20-10-2-0.25-a20 16.26 81.08
AVC-20-10-2-0.25-a30 20.23 81.02

Increasing the gap from 0.5 mm to 1 mm decreases the maximum velocity
significantly (32%), while this change in velocity is relatively smaller for a further increase
from 1 mm to 2 mm (29%). The gap flow velocity decreases for 50% by increasing the gap
from 0.5 mm to 1 mm and similarly it has 55% decrease when the gap increases from 1 mm
to 2 mm. Comparing the AVC-20-10-2-0.25 case with chamfered baffle base shows that the
maximum flow velocity below the baffle is lowest for the lowest angle of chamfer (al0)
while the related figures in Results section shows that the baffle with lower chamfer angle
affects the s/l interface more. While, the lower angle decreases the flow velocity

significantly, flow accelerates when the chamfer angle increases. From the gap flow velocity,
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it can be seen that the lower chamfer angle has an important effect on lowering the flow in
the gap. In AVC-20-10-2-0.25-a10, the gap flow velocity is 26% less than the case without
chamfer while the other two cases with 20 and 30 degree chamfer do not change the gap
flow velocity. It shows that the flow in the gap deaccelerates when hits the strong convective

flow below the baffle in middle-up position shown in Figure 4.15.

5.1.4. Growth Rate

The interface position in the center of the crystals at different times is shown in
Figure 5.8. The inset in this figure shows the beginning of the solidification. The interface
is sluggish at the beginning as reported experimentally [188], and begins advancing after
about 100 seconds. The growth rate approaches the pulling rate after about 2400 seconds as
seen in Figure 5.8b, which shows the deviation between the pulling velocity and the
simulated interface growth velocity. The deviation here indicates a recession in the interface
growth rate. Thus, the reduced interface growth velocity with low melt height can be justified
on the basis of the axial heat flux to the interface through the thermally conductive baffle.

The percent deviation is similar in all cases in later times.

AHP-10-10, AHP-20-10, and AVC-20-10-2-0.25 have equal initial seed and melt
heights, but after applying the pulling velocity they grow with different initial rates because
of differently evolved convective cells. In AVC-20-10-2-0.25, the forced convective cell has
the highest effect at the 16 mm radial position, and even arrests interface growth in this
region for a while. After 180 seconds the interface starts growing in this region, as shown in
Figure 5.2. At the center, the growth rate in AVC-20-10-2-0.25 is greater than all the other
cases indicated by the lowest deviation in Figure 5.8b. As a result of the forced convective
cell at the sides, the interface in AVC-20-10-2-0.25 generates a deep side concavity at the
beginning and since the growth rate at the side increases in time, the concavity near the
crucible wall vanishes in time. Then, the interface takes a more planar form in the later stages
of the growth, as seen in Figure 5.1. Most of the seed in the AVC-20-15-0.25-25 melts in
approximately 15 seconds, due to very strong convective cell. All available algorithms and
discretization methods in Fluent are tested to conduct the most accurate simulation in this

crystal. In addition, several under relaxation factors and residuals are tried to test their
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influence on solidification. The variation in different simulation approaches is insignificant,

and none resulted in solidification within the simulated time of 120 seconds in this crystal.
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Figure 5.8. The interface position during the solidification process (a). Deviation between

the pulling velocity and the interface velocity (b).
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Figure 5.9. The interface position during the solidification process. Measured at the center

line relative to the seed base.

Figure 5.9 shows the interface position of the AVC cases with modified baffle shape
from the beginning of the solidification to 600s. The slope of these lines represent the growth
rate of the s/l interface. In AVC-20-10-2-0.25 which has a strong flow at sides rather than
the center, the growth rate is the most. Increasing the gap size conducts the flow coming
from the gap to the center of the interface and lowers the growth rate. Likewise, increasing
the angle of the chamfered baffle increases the effect of flow at the center. This actually
melts the interface back at the beginning of the pulling of crucible in AVC-20-10-2-0.25-
a20 and AVC-20-10-2-0.25-a30.

5.1.5. Melt Height (h)

Figure 5.10a demonstrates the melt height versus time during the crucible pulling.
The melt height in the AVC crystals is calculated at the middle position of the baffle’s
vibration cycle. The melt height increases during the growth in all the simulations, but tends

to stabilize after about 2400 seconds. The variation in the melt height is a direct consequence
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of the deviation between the s/l interface velocity and the pulling velocity. As the relative
velocity of the baffle to the crucible is constant, a change in the melt height indicates a

different interface growth velocity.
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Figure 5.10. The melt height during the solidification process (a). Simulated rate of

increase in the melt height (b).
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Figure 5.11. The melt height during the solidification process of AVC simulated cases with
modified baffle shape.

Figure 5.10b shows that for a constant pulling velocity, the eventual change in the
melt height (hr) is smaller for larger initial melt heights. For a consistent melt height of 10
mm, AVC-20-10-2-0.25-center shows the least change in the melt height, AHP-10-10
follows it, and AHP-20-10 shows the greatest change. This reflect itself in the form of
striations. Faint striations can be observed in AVC-20-10-2-0.25 and sharp ones in the other

crystals [181] in Figure 5.1.

Figure 5.11 which shows the melt height (measured from the center of the interface
to the center of the baffle at the middle-up position) from the beginning to the 600s of growth

in AVC cases with modified baffle shape, justifies the results discussed about Figure 5.9.
5.1.6. Vibrational Amplitude (A) and Frequency (f)
Increasing the pulling velocity to raise the growth rate also increases the radial

temperature gradient and the concavity of the s/l interface which, in turn, increases the solute

segregation [181]. However, uniform convective mixing can decrease the solute segregation
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and lead to a more uniform concentration in the solid[90]. The AVC method is used to better
stir the melt near the s/l interface. A properly selected amplitude and frequency of the

vibration can provide controlled melt flow and redistribute the solute homogeneously.

In contrast to the AHP method, in the AVC method there is a melt mixing between
the regions below and above the baffle [98,100]. There is a melt flow up and down through
the annular gap with the vibration of the baffle. This flow, in contrast to that for the AHP
method, generates a forced vortex attached to the baffle base which then can induce a vortex
in the melt below the baffle. The simulations show that the maximum velocity magnitude of
the downward flow in the annular gap in the AVC-20-10-2-0.25 in the upward motion of the
baffle is 81.22 mm/s. This value is 786.7 mm/s for the AVC-20-15-0.25-25. Recalling that
this value is maximum 0.15 mm/s in the AHP cases, the downward annular flow in the AVC
cases will clearly have a significant effect on the melt flow below the baffle. This high
velocity annular flow is a result of a high baffle to crucible relative velocity, which is 2 mm/s
(7200 mm/h) in the AVC-20-10-2-0.25 and 25 mm/s (9x10* mm/h) in the AVC-20-15-0.25-
25. This relative velocity in the AHP cases is maximum 20 mm/h. In addition, it is clear that
in the AVC cases, the velocity magnitude in the annular gap depends on the vibrational

parameters rather than the pulling velocity and the melt height.

The vibrational vortices under the baffle are characterized by the vibrational
Reynolds number [20], defined as:

Re, = 2nfrA/v (5.1)

where f is the vibrational frequency in Hertz, A is the vibrational amplitude, r is the radius
of the baffle, and v is the kinetic viscosity of the melt. A higher vibrational Reynolds number
corresponds to a stronger convective cell in the space between the baffle and the s/l interface.
Thus, a high amplitude, A, and a high frequency, f, are preferred. However, according to the
vibration intensity [102] (I = A x f2), the effect of the frequency is more than that of the
amplitude. The value of this parameter (1) for the cases used in this study is given in Table
4.1, which indicates that the flow intensity in the AVC-20-15-0.25-25 is much greater than
that in the AVC-20-10-2-0.25.



91

In the AVC method, a variation in the vibrational amplitude and frequency generates
different types of forced convection cells. Even for the same set of vibrational parameters,
the flow cell shape and strength vary with baffle position in the oscillation cycle which is
comprised of the top, middle-down, bottom, and middle-up. For example, the strongest cell
in the AVC-20-10-2-0.25 is generated after 601s at the top of the cycle with a maximum
velocity of 24 mm/s. Although the size and the velocity magnitude of this cell during the
vibration changes, its counterclockwise direction persists. Figure 5.12 shows the velocity
magnitude in the AVC-20-10-2-0.25 at a line 8.3 mm above the seed base after 601s at the
top, 602s at the middle-down, 603s at the bottom, and 604s at the middle-up position. Since
the velocity is measured at a fixed axial position, the two peaks of the top position are related
to the velocity of the sides of the cell and implies that at the top position, the forced

convective cell is closer to the interface than the other ones. This can be seen in Figure 4.9,

as well.
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Figure 5.12. Velocity magnitude in the AVC-20-10-2-0.25 at 8.3 millimeter above the seed

base after 597s at the top, 598s at the middle-down, 599s at the bottom, and 600s at the
middle-up positions.



92

Vibration with a high amplitude and a low frequency mixes the melt moderately,
avoids high vibrational intensity, and provides a flatter interface with more homogeneous
solute redistribution [181]. In fact, two side-by-side convective cells in opposite direction at
the middle-down and the bottom positions contribute to a more homogeneous solute

distribution according to the experimental results.

Very high frequency vibrational motion brings the hot liquid via the annular gap
close to the interface, increasing the concavity and solute segregation [181]. Figure 4.12
demonstrates that the flow induced above the interface in different cycle stages does not
change and has a constant form and trend. The velocity magnitude for this induced flow is
also almost invariant with the baffle position in the oscillation cycle, unlike in the previous

AVC crystal that is shown in Figure 5.12.

Simulations demonstrate that the vibration with low amplitude and high frequency
generates a uniform constant induced convective cell which covers the entire melt domain
under the baffle. Experimental results show though that in this case, the length of the single
crystal is about a half that of the other AVC sample with high amplitude and low frequency.
On the contrary, the AVC with high amplitude and low frequency generates a moderate
convective cell near the crucible wall accompanied by a second cell at two cycle positions.

This creates a good melt mixing in the region below the baffle.

By controlling the forced convective flow with an appropriate amplitude and
frequency, a single crystal length close to that in AHP-10-10 can be achieved in AVC-20-
10-2-0.25 even while doubling the pulling rate, Figure 5.1. That is an appropriate choice of
the vibrational parameters can improve crystal quality by suppressing or modifying the
buoyancy and forced flow. Comparison of Figures 4.9 and 4.12 shows that with higher
frequency, the forced flow vortices become smaller and move away from the interface
toward the baffle base. Further experimental and simulation efforts could test the effect of
varies frequency and amplitude couples on the induced flow above the interface. Since the
smaller forced flow vortices are expected to be distant from the interface, their adverse effect
on the interface morphology is expected to vanish. Still, the dimensionally small forced flow

vortices can induce a flow above the interface that may mix the melt more uniformly.
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5.2. Axial and Radial Solute Distribution

By reducing the melt height with the immersed baffle in the AHP and AVC methods,
the convective cells created by the buoyancy and the flow through the annular gap between
the crucible and the baffle are squeezed vertically and elongated parallel to the interface.
This provides more effective mixing in the melt which delays selective solute accumulation
at the center of the crystal. Therefore, as shown in the longitudinal solute distribution plots
in the results section, the solute concentration at the center lies between the complete mixing
and diffusional mixing for all the crystals except for the VB-20-58. Furthermore, in the AHP
growth, at the low melt height (AHP-20-5), due to reduced effective bulk melt volume below
the baffle, the crystal solidifies with a higher solute content; compare the radial solute
distribution in AHP-20-5 and AHP-20-15. The solute incorporation in the solid is normally
greater with increased solidification velocity. Therefore, AHP-20-15 is expected to have a
greater solute content than AHP-10-10, but because of a lower melt height in the latter, its
concentration is approximately equal to the former. A similar consequence is seen in the
radial segregation plots of these samples in Figure 5.13. This outcome is not observed for
the other crystals (VB or AVC), probably because of a more rigorous melt flow in them.
Also, the average radial solute segregation plots along the crystals given in Figure 5.13 show
that the radial solute segregation is less in the crystals grown with a lower melt height, and
the value of the segregation remains the same along the crystal. This shows that reducing the
melt height provides both radial and axial homogeneity in the grown crystals.

The flow behavior in the melt above the s/l interface is very influential in the solute
redistribution, as discussed above, and in the single crystal length of a grown crystal. The
melt can experience mixing due to a buoyancy-driven convection from temperature and
solute gradients in the melt. A stabilizing, positive axial temperature gradient is applied
during the growth of the crystals. In addition, since the density of the solute (Sb) is higher
than the solvent (Ge) in the Sb-doped Ge crystals, the solute does not float, so the system is
solutally stable. Thus, the convection in the melt should arise from the radial temperature
gradients. Although the graphite baffle inside the melt did not contain a heater, because of
its high thermal conductivity, an axial heat flux is produced close to the interface however,
lower side temperature leads to a greater radial temperature gradient as explained in Results.

Figure 5.1 show that insertion of the baffle significantly enhances the achieved single crystal
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length in the grown crystals. Therefore, the breakdown of the interface occurs earlier in the
VB20-58 crystal compared to the other crystals grown in this study. When the melt height
is reduced to 15 mm (AHP-20-15), the single crystal length increases to 30.6 mm. A further
reduction of the melt height to 5 mm (AHP-20-5) increases the single crystal length to 35
mm. A similar trend is seen for the AVC crystals, although obscured by the vibration effect.
Hence, although the radial temperature gradient increases with a reduced melt height, it

causes better mixing and more uniform solute distribution in the solid.

The uniformity of the solute redistribution in both the radial and axial directions is an
important object in the single crystal growth of semiconductors. During solidification, the
solute Sb in the solvent Ge is rejected to the interface due to the segregation coefficient (K)
which is less than one (k = 0.003) [90]. The rejected solute at the interface can either be
distributed in the melt homogeneously by completely mixing (CM) the melt (Scheil model)
or collected in front of the s/l interface and leads to a boundary layer formation (diffusional
mixing, DM [120]). In the presence of convective flow the solute will be partially mixed in
the liquid. The solute distribution along the solidified crystals is collected by the four-point-
probe technique and presented in the previous section. The radially averaged solute
segregation for the grown crystals along the length is calculated as (C,,0x — Cimin)/Cav @nd
plotted in Figure 5.13, where C,,4x, Cimin, @nd C,,, are respectively the maximum, minimum,

and average solute concentration in a radial plane.

The buoyancy driven thermal convection in the melt redistributes the rejected solute
from the solidifying interface into the bulk fluid. However, this convection does not
effectively mix the melt to redistribute the solute homogeneously. As shown by the
longitudinal solute distributions in Results, while the axial solute redistribution for the VB-
20-58 crystal at the center is close to that of diffusional mixing, the solute concentrations at
the sides are between the Scheil and VB-DM curves. This shows diffusional mixing at the
center and partial mixing at the sides due to creation of a convective cell at each side that do

not disturb the center appreciably.
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Figure 5.13. Averaged radial solute segregation along the crystals. The values in the
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It is also shown in Figure 4.1d that the solute concentration in VVB-20-58 is progressively
higher at the center as solidification continues. Due to a weak convection at the center, solute
accumulates in the vicinity of the interface and the melt solidifies with a higher solute
content. Figure 5.13 also shows that the lowest segregation is observed in AHP-10-10 and
AHP-20-5. These two crystals very nicely illustrate the importance of growth parameters
and a positive role of the baffle in single crystal quality. AHP-20-5 is pulled with a velocity
twice that of AHP-10-10. Thus, production efficiency is increased while the crystal quality

is the same.

5.3. Interface Shape and Stability

The striation has been mentioned before as a marker of the interface. Actually, it is a
type of crystal defect which is often observed in melt-grown crystals because of oscillations
in the temperature and/or in the composition field at the interface. Thus, the sudden
temperature and concentration variations, the melt convection, or the melt-back can yield
these intrinsic crystal defects. Several approaches have been adopted to suppress the

striations by sustaining a constant segregation coefficient, interface velocity, and solute
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boundary layer during the solidification.[189] Crystal growth in the microgravity, magnetic
fields, and reduced melt height solidifications have aimed at decreasing the convection, yet
mixing the melt can homogenize the solute field and thermal field. Indeed, a controlled
mixing can push the segregation coefficient toward unity that can suppress the striations
[189]. Presence of the faint striations in the AVC-20-10-2-0.25 sample indicates that mixing
in this sample by the axially vibrating baffle results in a uniform solute distribution in front
of the interface and hence prevents sudden changes in the interface velocity. In contrast,
when the mixing is severe as in the other two AVC crystals, a melt-back and regrowth take
place repeatedly yielding sudden changes in the interface velocity. Moreover, the striations
in the AHP samples are more visible than those in the AVC20-10-2-0.25 but less than those
in the high frequency AVC samples. This indicates that the convection in a reduced melt
height is still significant to cause the oscillations, but a properly adjusted axial vibration can
provide a better solute uniformity to yield a constant interface growth rate.

Figure 5.14 shows the simulated interface shapes at different times from the start of
the pulling. The vertical scales are equal in all cases, and only the radial profile of the
interface is shown. The vertical line at the left side is the crucible wall. The crucible is
initially positioned within the axial temperature gradient to obtain the interface 5 mm above
the seed base. However, because of the varying strength of the convective cells in the crystals
even before pulling (Figure 5.2), different seed heights in the center result. The simulated
interface profiles are reasonably close to the experimental ones in the initial growth period
as seen in Figure 5.1 and explained in the results section. However, the simulated results do
not match the experimental ones in later times. The real interface shape is shown by the
striations in real crystal photos in Figure 5.1. The current simulations provide a general idea
about flow pattern during solidification of studied crystals. Furthermore, in the AVC-20-15-
0.25-25 simulation, an intense flow created by the high vibration frequency melts back the
seed leaving a very thin seed layer. This issue is not observed in the corresponding
experiment because the cooling system chills the bottom of the seed, and this cooling is
neglected in the simulations. The intense vibrational flow also creates deep concavity at the
sides of the AVC-20-10-2-0.25.

Comparison of the single crystal lengths in Figure 5.1 shows that a decrease in the
effective melt height results in an increase in the single crystal length in the grown crystals.
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The single crystal length of VB-20-58 is the lowest owing to its greatest melt height. AHP-
20-15 and AHP-20-5 show the same trend for a constant pulling velocity. The AVC crystals
have a reduced melt height and a greater single crystal length than the VB crystal, though
the comparison is complicated by varying vibration parameters. The enhanced stability
(single crystal length) is of course a result of uniform solute distribution and prevention of

the melt undercooling during solidification with a baffle.
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Figure 5.14. The interface shape at different times during the solidification process in all
the simulations. The lines shown in each sample (bottom-up) represent the interface
position respectively at 0, 180, 420, 600, 1200, 1800, 2400, 3000, 3600, and 4200 seconds.
In the AVC-20-15-0.25-25, the shown lines (top-down) represent the interface position
respectively at 0, 5, 10, 20, 30, and 120 seconds. In this sample interfaces at 30 and 120 are
overlapped, thus there are four visible lines.
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6. CONCLUSIONS

Numerical simulations have been performed to characterize the flow in the melt of
crystals grown by the VB, AHP, and AVC methods. The implications of the flow on the
temperature distribution, the interface shape, the solute distribution, and the single crystal
quality have been analyzed. By the AHP method, the effect of the melt height on the
convective flow above the s/l interface has been investigated. Experimental results show that
decreasing the melt height generally increases the single crystal length. Simulations further
reveal that a lower melt height increases the radial temperature gradient in the melt which
generates a better mixing near the interface. It is also determined that the real interface

growth velocity deviate more from the pull velocity with lower melt heights.

While a radial temperature gradient in the VB method leads to high solute
segregation, an immersed baffle with high thermal conductivity in the melt can decrease the
melt height effectively and reduce the solute segregation. In addition, a gentle mixing of the
melt by an axial vibration of the baffle homogenizes the solute concentration and provides
more flat interface at the center of the crystal. Therefore, an improved single crystal length
has been obtained by a reduced melt height (AHP) and appropriately adjusted axial vibration
in the melt (AVC). Furthermore, the AVC makes it possible to increase the growth rate and
achieve almost the same single crystal quality that is normally obtained with the lower

pulling velocities in the other growth methods.

Applying an axial vibration to the baffle in the AVC method gives two more
parameters to adjust the flow characteristics. Specifically, the melt can be more thoroughly
mixed near the s/l interface to achieve a uniform solute distribution by appropriately
adjusting the amplitude and frequency of the vibration. In contrast to the AHP method, the
AVC method has a high velocity melt flow through the annular gap between the baffle and
the crucible generating a forced flow. The flow cell shape and strength vary with baffle
position throughout the vibration cycle for a given set of vibrational parameters. Increasing
the amplitude and frequency of vibration increases the strength of the forced flow. Vibration
with a high amplitude and a low frequency generates a more moderate flow, and is observed
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in this study to result in a more homogeneous solute redistribution. Although vibrational
motion with a high frequency generates a uniform constant convective flow and covers the
entire melt domain under the baffle, the hot liquid from the annular gap is driven close to the
interface, and increases the concavity and solute segregation. In addition to vibration
amplitude and frequency, shape modifications to the baffle do modify melt flow pattern.

This also provides means to control melt flow to produce high quality crystals.
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7. FUTURE WORK

This research can be continued to have a better prediction on the s/l interface shape and
dopant segregation in addition to the convective flow and its effect in different
configurations of the AHP and AVC methods with various melt heights and amplitudes and
frequencies of vibration. Several different baffle shapes can be examined and analyzed to

grow crystals with larger diameters while increasing the crystal quality.

In AHP cases making a cavity below the baffle can decrease the axial heat flux from the
high conductivity baffle through the center of the s/l interface and effectively help to have a

more planar and accordingly a more uniform dopant distribution in radial direction.

Making axial holes in the baffle with different sizes in high amplitude and low frequency
AVC case to let the hot melt passes from the top region of the baffle through the s/l interface
to mix the melt uniformly can be an effective way to increase the quality of the crystals with

much larger diameters.
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