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ABSTRACT

Silicon Germanium, SiGe, is an important emerging semiconductor material. In

order to optimize growth techniques for SiGe production, such as Liquid Phase Dif-

fusion, LPD, or Melt Replenishment Czochralski, a good understanding of the trans-

port phenomena in the melt is required. In the context of the Liquid Phase Diffusion

growth technique, the transport phenomena of silicon in a silicon-germanium melt has

been explored. Experiments isolating the dissolution and transport of silicon into a

germanium melt have been conducted under a variety of flow conditions. Preliminary

modeling of these experiments has also been conducted and agreement with experi-

ments has been shown. In addition, full LPD experiments have also been conducted

under varying flow conditions. Altered flow conditions were achieved through the ap-

plication of a variety of magnetic fields. Through the experimental and modeling work

better understanding of the transport mechanisms at work in a silicon-germanium

melt has been achieved.
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Chapter 1

Introduction

1.1 Motivation

The SixGe1-x material system is of interest over its entire composition range [1–3]. The

material is currently in use in device layers for optoelectronics, radiation detectors,

heterojunction structures and other similar applications [4–7]. Bulk material for use

as a device substrate is not currently widely available [2, 8, 9]. Bulk material is very

difficult to produce using common melt growth crystal production techniques. This

is because the material exhibits a large separation between the solidus and liquidus

lines in its phase diagram. The miscibility gap makes controlling the composition in

the growing material very difficult when using typical melt growth techniques. SiGe

devices currently in use are typically grown by molecular beam epitaxy or chemical

vapor deposition on silicon substrates [1, 10].

Bulk SiGe wafers would have application in the solar energy industry as a substrate

material for a multi-junction solar cell [5,11]. In addition, bulk material could be used

as a substrate for system-on-a-chip applications where optoelectronic components are

integrated with other electronics on the same die. This principle has already seen

limited use in optoelectronics and detector applications where the radiation sensor

and the readout electronics are on the same SiGe die [12–15].

For SiGe, the band gap and lattice parameter vary with the composition of the

material [2, 16, 17]. This allows for the material to be tuned to specific applications

by adjusting the composition. The composition of the material can also be graded.

This creates material with a graded band gap such as that used in heterobipolar

transistors [8, 9, 18–20]. The variation of lattice parameter with composition allows
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the material to be adjusted to accommodate different device layers with little to no

strain from lattice mismatch. This can be used to integrate Type III-V semiconductor

materials, such as GaAs, directly on a SiGe die with other Si based electronics also

included [3, 21, 22].

In order to produce high quality bulk material, better understanding of the mass

transport properties of silicon germanium is required. Currently little data exists on

the properties of silicon germanium melts at high temperatures. The high melting

point of silicon germanium makes studying these properties in isolation very difficult.

The material system has a number of interesting properties from a transport

perspective. The material is fully miscible across its composition range. There is

a large separation between the solidus and liquidus lines. This leads to segregation

of germanium back into the melt as material solidifies. The silicon species exhibits

buoyancy in the melt. This leads to solutal driven flow structures in the melt [23–26].

The flow structure in the melt is also influenced by thermally driven buoyancy flows.

The combination of these features leads to material system with numerous mass

transport processes in effect during a growth process.

The Liquid Phase Diffusion crystal growth technique for producing silicon germa-

nium was previously developed at the University of Victoria [25]. In the course of this

work, graded blocks of single crystal SiGe were produced. In addition, a numerical

model for the growth system was developed [25, 26]. One of the difficulties encoun-

tered in this process was the rate of silicon transported through the melt. The growth

interface exhibited significant curvature evolution during growth. This made the ra-

dial composition gradients in most extracted wafers unsuitable for use. To flatten the

growth interface, the application of magnetic fields to alter the melt flow structure

was examined numerically. This showed that alteration of the flow field could aid in

flattening the growth interface.

The Liquid Phase Diffusion growth technique is an interesting crystal growth

technique as the growth process takes place very close to equilibrium. Growth is

driven by a thermal gradient applied to the growth system. The temperature gradient

is not moved nor is the sample translated. Instead growth is driven by diffusion of

silicon from a hot dissolution interface to a cold growth interface. The dissolution

interface is at the top of the melt where a silicon source is placed. The growth

interface is at the bottom of the melt where germanium single crystal seed is placed.

As transport proceeds, the silicon constitutionally super-cools the melt at the growth

interface and solidification occurs. The buoyancy of the silicon in the melt has been
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shown to suppress thermally driven convective buoyancy flows in the melt. This

leads to transport through the melt being diffusion dominated. The slow transport

of silicon through the melt, by a diffusion dominated process, leads to slow growth

rates but also means that there is very stable silicon transport in the melt and a very

stable growth interface due to the lack of flow.

Given the properties above, the Liquid Phase Diffusion process offers a good plat-

form for studying the transport properties of silicon in the melt. Any modification

in flow structure can be examined against the backdrop of a diffusion dominated

process. As the transport proceeds diffusion dominated, the growth rate of the crys-

tal and the dissolution rate of the silicon source should provide information on the

effective diffusion coefficient of silicon for the given conditions in the melt.

In addition to information relevant to the Liquid Phase Diffusion growth process,

the transport of silicon from a dissolution interface into the melt is of interest in other

crystal growth techniques. One specific application is melt-replenishment Czochralski

growth. The Czochralski melt growth technique is the technique of choice for pro-

ducing large bulk high quality crystals very efficiently. This technique is not easily

utilized in silicon germanium growth due to the large separation between the solidus

and liquidus lines. To keep the composition in the growing crystal constant, the melt

must be replenished with silicon [27]. One method of achieving this is to feed silicon

rods into the melt in an arrangement similar to the Liquid Phase Diffusion system. In

this case, the transport of silicon from the dissolution interface to the growth interface

is key in keeping the composition of the growing crystal constant.

The Liquid Phase Diffusion technique could be used to produce high quality seed

material for a successive growth technique, such as Czochralski growth. Ultimately

it will be a technique like melt replenishment Czochralski that makes the production

of SiGe substrates viable for widespread use. In order to achieve the optimization

of these techniques, good understanding of the transport of the silicon species in the

melt is required. In both Liquid Phase Diffusion and melt replenishment Czochralski,

the transport of silicon through the melt from a dissolution interface will determine

the quality of the grown material.

1.2 Approach

Two main experimental configurations were examined in the course of this work.

First a simplified Liquid Phase Diffusion, LPD, system was examined. This system
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isolated the dissolution interface as much as possible from flow effects present in the

LPD system. These experiments are titled the Dissolution Experiments. In addition

to these experiments, the full LPD system was examined under a variety of applied

stimuli including magnetic fields, translation and altered thermal field.

1.2.1 Dissolution Experiments

The Dissolution Experiments were designed to examine the dissolution of silicon into a

silicon germanium melt. To remove thermal flow effects, the experiments were carried

out at a constant temperature. To clearly define a time period for the experiments,

a system of rapidly heating and quenching the samples was developed. This allowed

the experiment start time and end time to be known with reasonable accuracy.

The starting material arrangement is a silicon source with pure germanium as the

melt. The experiments were conducted at a temperature consistent with the LPD

experiments. The diameter of the crucible was also kept consistent with the LPD sys-

tem. The effect of solutal buoyancy was investigated by varying the orientation of the

dissolution interface with respect to gravity. Marangoni convective flows were investi-

gated by varying the free surface condition of the melt. The Dissolution Experiments

were also conducted with a static magnetic field applied. The static magnetic field

should serve to suppress any remaining convective flow in the melt. The combination

of experimental conditions should make it possible to show the relative contribution

of each transport effect to the overall silicon transport in the system. Of specific

interest is the diffusion contribution to mass transport as this is the primary mass

transport mechanism in LPD growth of silicon germanium.

In addition to the samples processed on a similar scale to the LPD experiments,

small diameter samples were also processed. In these experiments, it is expected that

the flow structure in the melt will be further reduced due to the flow interaction with

the crucible wall. This should further limit transport in the melt to diffusion domi-

nated. The temperature dependence of the dissolution phenomena is also examined

in these experiments.

For the samples processed in the Dissolution Experiments, the dissolved height

of silicon is measured. This measure gives the amount of silicon dissolved in the

experiment time and should directly relate to the amount of silicon transport in the

melt. In addition to the dissolved height, the distribution of silicon in the melt can

be qualitatively analyzed by utilizing an anisotropic etchant to reveal structure in
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the solidified material. The structure of the samples change with the silicon concen-

tration. To quantitatively analyze the silicon composition in the melt, the samples

were analyzed with a scanning electron microscope, SEM, equipped with an energy

dispersive x-ray spectrometer, EDS.

To better understand the transport and flow phenomena observed in this work,

a variety of numerical models have been prepared by the author and collaborators.

These models and the insight they provide into the transport processes present in the

melt will be discussed. Specifically, a configuration similar to that used in LPD, with

silicon dissolving from the top of the melt, has been extensively modeled.

The height of silicon dissolved and the distribution of silicon in the melt gives

insight into the transport mechanisms at work. Better understanding of the effective

diffusion coefficient of silicon in the melt will be gained from the dissolved height

of silicon and its distribution through the melt. The parameters that affect the

transport in the melt and their relative contribution to the overall mass transport

will be analyzed. With better information on the factors affecting the transport of

silicon in the melt, the LPD growth system can be optimized to take advantage of

favorable mechanisms of silicon transport.

This work has been published by the author and collaborators in eight articles

[28–35].

1.2.2 Liquid Phase Diffusion Experiments

The Liquid Phase Diffusion experiments performed examine the growth process under

a variety of applied stimuli. Three magnetic field conditions were used to vary the

flow structure in the melt. In addition, the crucible was translated and a heat sink

was used with the crucible. Both of these conditions effectively modify the thermal

field of the growth system. The transport of silicon in the melt varies with each

stimulus. The effect of each stimulus to modify the growth process will be shown and

the change to the silicon transport analyzed and discussed. This work will provide

better direction in optimizing the LPD growth system.

A static magnetic field is used to suppress convective flow in the melt and increase

the relative contribution of diffusion to the silicon mass transport. A rotating mag-

netic field is used to induce controlled mixing in the melt and increase the transport

of silicon from tangential flow structure. The two fields are combined to see if the

suppression of convective flows in the melt, with the additional mixing induced by
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the rotating field, will increase or decrease the overall mass transport rate of silicon.

The LPD process currently produces a graded composition crystal. In order to

flatten the axial composition profile in the crystal, the growth interface must be

maintained at a constant temperature. This could be accomplished by translating

the LPD crucible with the growth rate. The crucible has been translated in this work

to see the effect of a time dependant temperature gradient on the transport in the

system. In these experiments, the translation velocity was not matched to the growth

rate. Instead, a fixed translation rate was used. These experiments provide insight on

the time evolution of the growth velocity. In the sections where the axial composition

profile flattens the translation velocity and the growth interface velocity are close in

value.

Previous LPD experiments were noted to have a significantly curved initial growth

interface. This is an undesirable condition for growth. To aid in flattening the growth

interface, a heat sink was utilized with the intent to extract heat from the center of

the growth interface, reducing the curvature of the interface.

The LPD samples were analyzed in the same fashion as the Dissolution Exper-

iment samples. Structure and qualitative composition information was obtained by

differential etching of the samples. Quantitative composition measurements were ob-

tained by analyzing the samples with a SEM equipped with an EDS system.

The most promising mechanisms to improve the transport of silicon in the melt

will be shown in this work. These will directly apply to the transport of silicon in the

Liquid Phase Diffusion growth of silicon germanium. The same principles that apply

to the LPD process will indicate the types of stimuli that produce desirable transport

in the melt for general crystal growth processes.

This work has been published by the author in five articles [24, 32, 36–38].

1.3 Outline

This work will begin with background material in Chapter 2. This includes a brief

overview of crystal structure and its relation to semiconductor materials and their

behavior. An overview of crystal growth processes and silicon germanium as a semi-

conductor material will then be discussed. A brief introduction to the foundation of

the numerical work presented here is also included.

In Chapter 3, the Dissolution Experiments will be discussed in detail. The exper-

imental procedure and design will be outlined. The results from each set of experi-
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mental conditions will be analyzed. This will be followed with a presentation of the

numerical work completed by the author and collaborators. Finally, the results from

the small diameter dissolution experiments will be presented.

In Chapter 4, the LPD experiments will be presented in similar form to the Dis-

solution Experiments. The experimental procedure and design will be outlined. The

results from each set of experiments will then be discussed in detail.

The contributions of this work will be discussed in Chapter 5. Specifically, the

insights into the understanding of silicon transport in a silicon germanium melt will be

presented. This will be followed by recommended improvements to the LPD system

and the new understanding gained applicable to the Liquid Phase Diffusion transport

processes. The application of these findings to other techniques will also be discussed.

Future work in the crystal growth of silicon germanium alloys will also be presented.
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Chapter 2

Background

This section introduces background information on topics that are related to the work

that will be presented in this dissertation. The information here will be discussed in

detail sufficient to the work being presented.

2.1 Crystal Structure

Crystal structure is a defining property of most semiconductor materials. As such,

good understanding of crystal properties is necessary in the optimization of semicon-

ductor materials.

2.1.1 Crystal Lattice

A crystalline material differs from an amorphous material in that it consists of a

pattern of constituents that repeats in space. An amorphous material lacks the pat-

tern of constituents. A result of the crystalline pattern is that all directions in the

crystal are not necessary equivalent. In an amorphous material, all directions are

statistically equivalent. One example of directions being inequivalent is the spacing

between the atoms in the crystal lattice. This distance may change depending on

what direction through the material is being considered. This anisotropic nature can

also extend to other physical properties of the crystal. This type of variation is not

seen in amorphous materials. The structure of the crystal is determined by the nature

of the bonding between the constituent materials [39].

The most basic structure in a crystal is the unit cell. The unit cell is what is

repeated in space to build the lattice. The unit cell and the lattice overall are patterns
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Figure 2.1: Shown is an example of a cubic crystal lattice. The lattice sites are
illustrated by the circles. The lattice translations are indicated by the arrows. Any
lattice site can be reached by a linear combination of the lattice translations.

of points in space. A lattice translation is defined as a vector that moves from one

point on the lattice to another. The set of the translation vectors are reduced to a

set of three vectors which correspond to the three closest unique lattice points. The

axes of the lattice are defined by the directions of the three lattice translations. A

basic unit cell and its lattice translations are shown in Figure 2.1.

The length of a lattice translation is defined as the lattice parameter. The lattice

parameter of a crystal is the physical distance between lattice points on a given crystal

axis. Due to the repeating nature of the lattice, all lattice points are equivalent and

the origin may be defined as any lattice point.

The lattice translations form a basis and can be written as vectors a, b and c. Any

lattice point can be defined, in relation to an origin, by a linear combination of the

lattice translation vectors, ua+vb+wc. In a given lattice, each lattice point is uniquely

defined by the numbers uvw. Each linear combination also defines a direction. The

direction is defined as [uvw]. In this notation scheme, negative numbers are indicated

by a bar over the affected number.

2.1.2 Crystal Planes

Three points are required to define a plane in 3D space. In crystallography, planes

are defined by use the three intersections of the plane with the lattice axes. These

points are represented as m, n and p. These three numbers fully define the plane in
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Figure 2.2: The diagram above shows a hexagonal crystal lattice. Three of its crystal
planes are indicated by the superimposed rectangles. The hexagonal crystal lattice
is found in quartz crystals. Quartz crystals take on the hexagonal shape at a macro-
scopic scale. This is typical of structure affecting the material morphology.

question. The general equation of a plane is the following,

X

x
+

Y

y
+

Z

z
= C

X, Y and Z are points in the plane. x, y and z are the intersections with the

axis. The constant C accounts for parallel planes. The plane passing through the

origin is considered for simplicity. In this case C is zero. The equation in terms of

the intercepts of the lattice axes becomes,

X

m
+

Y

n
+

Z

p
= 0

For simplicity, the planes are identified by the reciprocals the intercepts.

h =
1

m

k =
1

n

l =
1

p

These three numbers uniquely identify the crystal planes. These numbers are

normally written as integers, which usually only involves a change of origin. They are

often written in the form (hkl). In this form, the numbers are known as the Miller
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indices of the plane and are the common notation for specifying crystal planes.

Crystal planes are to be carefully considered in crystal growth. The lattice param-

eter can vary between planes which can affect the material’s suitability for specific

device structures. In addition, the growth rate of the material during production can

be affected by the crystal plane chosen for growth [40]. A hexagonal crystal and its

crystal planes are illustrated in Figure 2.2.

2.1.3 Symmetry Operations and Bravais Lattices

The repetitive nature of a crystal lattice leads to symmetry within the lattice. Types

of symmetry include inversion points, rotation axes and mirror planes. New lattice

sites can be added to a lattice provided they do not change its symmetry. The lattices

able to fill a three dimensional volume with a regular repeating pattern are generally

limited to the fourteen Bravais lattices. The fourteen lattices are illustrated in Figure

2.3. Most seemingly more complex patterns can be simplified to one of the Bravais

lattices. Generally all solid crystalline materials possess one of these lattices [39].

2.1.4 Crystal Defects

Crystal defects are very important to semiconductor materials. These defects directly

effect the electrical performance of the material. Some defects are intentional in order

to obtain a desired material property.

2.1.4.1 Point Defects

Point defects are errors in the lattice at a given point. These include vacancies, inter-

stitials, substitutional defects and Frenkel pairs. Vacancies are lattice points that are

unoccupied leaving a gap in the lattice. An interstitial defect is an atom or molecule

present between lattice points. The combination of a vacancy and an interstitial of

a lattice constituent is a Frenkel pair. A substitutional defect is where a lattice con-

stituent has been replaced with a different atom or molecule. The aforementioned

defects are illustrated in Figure 2.4.

Impurities in semiconductor materials often manifest as point defects, substi-

tutionally replacing lattice constituents or existing as interstitials between lattice

points. Often, impurities in semiconductors are intentional and referred to as dopants.
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Figure 2.3: The 14 Bravais Lattices are illustrated above. The P column shows the
primitive lattices. The other subtypes are generated by inserting new lattice points
at symmetry locations. The columns represent the different types of symmetry points
used.
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Figure 2.4: The four types of point defects are illustrated above.

Dopants are most often used to change electrical properties but can also effect prop-

erties like the lattice parameter.

2.1.4.2 Dislocations

Dislocations are line defects. These defects lower the critical shear stress of the

material and allow slip to more easily take place within the lattice. The dislocation

lowers the number of bonds to broken to allow slip to occur.

There are two main types of dislocations, edge and screw. An edge dislocation is

essentially an extra lattice plane that only extends partially through the lattice. In a

four by four square of lattice points, an edge location can be introduced by squeezing

an extra half plane into the middle of the lattice. This leaves four lattice points on

three edges and five on one edge. In the middle, five planes try to connect to four

leaving one dangling connection. This is extended to a three dimensional array by

stacking the planes on top of one another. When shear stress is applied on the two

lattice edges with four lattice sites opposite one another, the dangling connection

in the center will shift towards an edge and slip will occur. Due to the dangling

connection, fewer bonds need to be broken as the dangling edge can move within the

lattice facilitating slip. An edge dislocation is illustrated in Figure 2.5.

A screw dislocation marks the boundary between slipped and unslipped regions

of the lattice. In the transitional region between slipped and unslipped volumes, slip
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Figure 2.5: An edge dislocation and its relevant vectors are illustrated above.

Figure 2.6: A screw dislocation and its relevant vectors are illustrated above.
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more easily takes place. This type of dislocation moves into the unslipped region with

applied shear stress. The direction the dislocation moves is perpendicular to the slip

direction. A screw dislocation is illustrated in Figure 2.6.

Most dislocations present in a crystal are neither purely edge nor purely screw.

Instead, combinations of the two types are the most common dislocations present.

For semiconductors, dislocations weaken the lattice making the resultant crystals

structurally weakened and more prone to damage. In addition, electronically they

provide recombination centers for charge carriers, degrading device performance [41].

2.1.4.3 Stacking Faults

Stacking Faults are planar defects that occur when the crystal planes become dis-

ordered. For example, a lattice may have three unique planes A, B, and C which

are repeated in that order. The ideal stacking of planes would be ABCABCABC

continued throughout the material. However, this can become disordered such that

it looks like ABCACBABC. The swap of the C and B planes in the middle of the

pattern is a stacking fault. Stacking faults can lead to increased internal strain and

compromised electrical properties of the material [41].

A specific type of stacking fault is twinning. Twinning is where the stacking pat-

tern is mirrored around a plane. A twinning fault would appear as ABCABCBACBA.

The pattern reverses at the second C plane. A twin defect is shown in Figure 2.7.

2.1.4.4 Grain Boundaries

In polycrystalline material, grain boundaries are where two crystal orientations meet.

At these boundaries all crystal defects are common. The intersecting lattice ori-

entation cause high strain. This can cause the formation of other defects [41]. In

addition, dislocations are often trapped at these boundaries. An example of poly-

crystalline material is shown in Figure 2.7. Grain boundaries are usually undesirable

in semiconductor material to be used for devices. As such, various techniques are

used to produce single crystal material with no grain boundaries.

2.2 Semiconductors

Semiconductor materials exhibit conductivity between that of insulators and conduc-

tors. Rough divisions of the conductivity spectrum can be made as follows. Conduc-



16

Figure 2.7: The above is a section of polycrystalline CdTe. The grains differ in
colouring and have irregular boundaries. Twin defects can be seen in the individual
grains. The twins differ from the grain bulk in color and show a very regular boundary
through the grain. This boundary will be along a crystal plane. The above sample
has been etched to highlight the contrast between grains and twins. Even without
the etching, the grains are visible as the reflectivity of the material changes with
orientation.

tors are materials with conductivities at or above 104S cm−1. Insulators are materials

with conductivities below 10−8S cm−1. The gap between these two regimes is where

the semiconductors lie. An intrinsic semiconductor is neither a good insulator nor a

good conductor [41].

2.2.1 Energy Band Structure

A band structure of energy levels follows from the crystalline structure of semiconduc-

tors. Specifically, it is the periodic potential created by the regular spacing of atoms,

like that found in a crystal lattice, which gives rise to the energy band structure

found in semiconductors. The energy bands are groupings of energy levels separated

by gaps where no energy levels exist. The energy levels can be closely spaced while

the bands can be widely spaced. A basic illustration of the band structure is shown

in Figure 2.8. When the electrons are at their lowest energy level they are said to

be in the ground state. The highest energy band with electrons in their ground state

is said to be the valence band. The energy band above the valence band is referred

to as the conduction band. The gap between the conduction and valence bands is

referred to as the band gap. The band gap determines the relative conductivity of the

material. Good conductors will often have valence and conduction bands overlapping.
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Figure 2.8: Diagram of the energy band structure indicating the fine energy level
structure within a band.

A material with a large gap between the valence and conduction bands will tend to

be a good insulator. Semiconductors have a gap between the conduction and valence

bands somewhere between the two extremes. For electrons to conduct, they need to

gain enough energy to transition from the valence band to the conduction band. A

large band gap material requires electrons to gain relatively more energy to transition

to the conduction band. This makes the material less conductive. A small band gap

material requires much less energy for electrons to transition to the conduction band.

This makes the material a better conductor. Band gap is an important property for

semiconductors as it defines many of their electrical properties [41].

The mechanisms for exciting electrons across the band gap are numerous and

varied. Some examples include thermal effects, photon interactions and applied fields.

When designing a device such as a charge-coupled device, CCD, the band gap is taken

into account to ensure that many conduction electrons will be created when exposed

to incident photons of interest. It is the electrons excited into the conduction band

which are collected and the intensity of light deduced [42].

2.2.2 Conduction in Semiconductors

An intrinsic semiconductor is a material with very low impurity levels. They are

neither conductors nor insulators as previously explained. In this state, when an

electron transitions from the valence band to the conduction band, two charge carriers

are created. One is the electron now in the conduction band. The other is the hole
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Figure 2.9: A diagram of an intrinsic semiconductor where two electron-hole genera-
tion events have occurred. Electrons moving in the valence band will transport the
holes, effectively moving positive charge. The relevant band energy levels are also
illustrated.

in the valence band created by the transition of the electron into the higher band.

This is a pair production event. In intrinsic semiconductors, all charge carriers are

the result of pair production events. The hole in the valence band is often considered

to be a positive charge carrier. Like the electron in the conduction band, the hole

is mobile within the material and it exhibits a very similar behavior to a conduction

band electron. This is because the movement of the hole actually involves movement

of electrons in the valence band.

The energy associated with the lower edge of the conduction band is denoted

εC . The energy associated with the top edge of the valence band is denoted εV .

The difference between εC and εV is the band gap denoted εG. In a pair production

event, the energy transferred to the conduction electron must be at least εG for the

transition to the conduction band to be successful. There is a reference energy level

defined within the band gap called the Fermi energy and denoted εF . The Fermi

energy indicates whether the material will form holes or conduction electrons. When

it is in the middle of the band gap, the semiconductor is an intrinsic semiconductor

and will form hole-electron pairs [43]. An illustration of the relevant energy levels is

shown in Figure 2.9.

It is often desirable to increase the conductivity of a semiconductor. This is

accomplished by introducing excess charge carriers into the material. Doping the

intrinsic semiconductor with an impurity is usually the method employed to add

excess carriers. If the added dopant contains more electrons in its valence band than

the semiconductor atoms being replaced, then excess electrons have been added. This
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moves the Fermi energy up towards the conduction band. This type of doping makes

the semiconductor n-type. Instead, if the dopant has less electrons in its valence

band than the semiconductor material, then excess holes have been added. This

moves the Fermi energy towards the valence band and the semiconductor is said to

be p-type [41, 42].

2.2.3 Semiconductor Materials

2.2.3.1 Elemental

Two of the most common semiconductor materials are silicon and germanium. These

elements in their crystalline form are good semiconductor materials as they possess

favorable band structure. The majority of current semiconductor devices are based on

silicon semiconductor technology. Many of the first semiconductor devices were based

on germanium and its use continues today. Both elements are from the IV column

of the periodic table. Other elements in this column, such as carbon, also exhibit

semiconductor characteristics [41]. The periodic table, with the elements typically

found in semiconductor materials indicated, is shown in Figure 2.10.

Figure 2.10: The relevant columns of the periodic table to the semiconductor materials
discussed here are shown. The naming convention according to column is evident.
Elemental semiconductors are Type IV from their column label. The Type III-V
compound semiconductors include an element from column III and an element from
column V. Type II-VI semiconductors have elements from the II A column and the
VI column.
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2.2.3.2 Binary

Compounds as well as elements exhibit semiconductor properties. Binary semicon-

ductors are two element compounds usually formed between elements from the III

and V columns of the periodic table. In addition, compounds formed from the II

and VI columns and two elements from the IV column are also common. These ma-

terials are referred to as Type III-V, Type II-VI and Type IV-IV. Combinations of

the elements between these columns often have favorable band structure. Type III-V

semiconductors include GaAs, InAs, GaSb and InSb. Gallium and Indium are from

the III column and Arsenic and Antimony are from the V column. Type II-VI semi-

conductors include CdTe, ZnTe, CdSe and ZnSe. Cadmium and Zinc are from the II

column and Selenium and Tellurium are from the VI column. The common Type IV-

IV material is SiGe. Both silicon and germanium are found in the IV column of the

periodic table. For both the Type III-V and II-VI semiconductors listed, the elements

form a compound in a stoichiometric ratio, one to one, in all the compounds listed. In

contrast, SiGe does not form a compound but rather exists as a solid solution across

its composition range.

The binary semiconductors that exist as compounds are found in fixed ratios and

therefore have fixed physical properties. For semiconductors which exist for a range

of compositions, like SiGe, physical properties vary according the ratio between the

constituent elements [44].

2.2.3.3 Ternary and Quaternary Materials

Ternary semiconductors are mixtures of three elements. Often these can be considered

as a mixture of two binary materials, such as GaAs and InAs. The ratio of Ga and

In to As is fixed, but the ratio between Ga and In can vary. This type of material

is often described by a pseudo-binary phase diagram where the composition axes

reflects the ratio between Ga and In. This material is represented as Ga1-xInxAs,

where x represents the ratio between Ga and In. Another important ternary material

is Cd1-xZnxTe. Like SiGe, the physical properties of the semiconductor will vary with

the relative ratio between constituents [45].

As an extension of ternaries, quaternary materials can be thought of as mixtures

of ternary materials. For example, one quaternary material is AlGaAsSb. This mate-

rial can be represented as a mixture of AlGaAs and AlGaSb. Both of these ternaries

can be considered mixtures of the binary constituents. This allows for further manip-
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Figure 2.11: The above is an illustration of the quaternary AlGaAsSb system with
respect to lattice parameter and bandgap. The material’s properties can be varied
within the enclosed area by utilizing the quaternary alloy, but not all values may be
possible as discontinuities can exist. The edges of the enclosure represent the four
ternary systems, AlGaAs, AlGaSb, AlAsSb and GaAsSb.

ulation of the physical properties of the material above what is possible with ternary

materials. An illustration of the AlGaAsSb system, in relation to lattice parameter

and bandgap, is given in Figure 2.11.

2.2.4 Band Gap Engineering

Using a material with a variable composition allows for manipulation of physical

properties across the possible composition range. One property that can be varied

is the material’s band gap. A material’s band gap could be tailored for a particular

application by changing its composition. One such example of this could be material

for a CCD. The material’s band gap can be adjusted such that the highest response

is realized for the photon energy of interest. This could allow for production of tuned

sensitivity devices [46]. The variation of bandgap with composition in a quaternary

system is illustrated in Figure 2.11.
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2.2.5 Lattice Matching

Many semiconductor devices consist of multiple layers of differing semiconductor ma-

terials. The interfaces between the layers are often areas of high strain as the lattice

parameter changes between layers. By varying the composition of the material in a

layer, the lattice parameter can be adjusted leading to a less strained interface with

the adjacent layers. The variation of lattice parameter with composition in a quater-

nary system is illustrated in Figure 2.11. Strain will lead to dislocations and other

defects that may adversely affect the device’s electronic properties [47].

An example of lattice matching can be found in production of HgCdTe infrared

detectors. Producing a thick HgCdTe wafer is impractical so it is grown epitaxially

on a substrate wafer, usually CdTe. There is lattice mismatch between the layer

and the substrate leading to strain. Introducing zinc into the substrate, making

the substrate the ternary CdZnTe, changes the lattice parameter and leads to more

favorable matching between the device layer and the substrate [48].

2.3 Crystal Growth

Crystal growth is the production of crystalline materials. For semiconductor appli-

cations, single crystal material with very low defect density is usually the material of

choice. Some applications do exist where polycrystalline material is utilized. There

are numerous techniques for producing crystalline material. The main categories

relevant to semiconductor materials will be presented.

2.3.1 Bulk and Epitaxial Growth

Bulk growth is generally defined as material growth on the millimeter scale. The bulk

material grown by these techniques is often used as a substrate for further growth

processes. Additional growth processes may deposit device layers onto the substrate.

These layers are generally on the sub-millimeter scale in thickness. These layers

are often deposited by epitaxial techniques. The techniques of bulk growth will be

presented here.
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Figure 2.12: The above is an illustration of the Czochralski growth process.

2.3.2 Melt Growth Techniques

Melt growth is the most common and economical way to produce single crystal ma-

terial. Specifically, the Czochralski method is used to produce most of the semicon-

ductor material used in the device industry. Other important types of melt growth

are Bridgman and Vertical Gradient Freeze.

2.3.2.1 Czochralski Method

The Czochralski method is a seeded melt growth technique. A seed of the same or

similar material is lowered into a crucible of molten material. The seed is allowed to

touch the melt surface and slowly withdrawn. The system is setup such that the top

surface of the melt near the middle of the crucible is the coolest point. As the seed is

withdrawn, melt is drawn upwards around the seed by surface tension. As the melt

is drawn upwards, it further cools and solidifies resulting in additional crystal growth

on the seed. An illustration of a typical Czochralski system is shown in Figure 2.12.

The orientation of the grown crystal can be set by the orientation of the seed.

Similarly, defects from the seed can carry into the growing crystal. If no seed material

is available, then a substitute may be used. If there is mismatch between the seed

and the growing crystal material then there will be strain at the interface and this

will cause defects in the growing material. Therefore, the quality and supply of seed

material is of the utmost concern in this technique [49].

The pull speed of the seed and temperature of the melt can be manipulated to
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cause the growing crystal to spread out to larger diameters. Those variables can also

cause the growing crystal to neck in to smaller diameters.

At the start of a growth process, the growing crystal is often necked in to a very

small diameter to trap dislocations, preventing them from propagating from the seed

into the growing crystal. The crystal is then necked out to a large diameter for

the main growth stage. Current silicon semiconductor processes are usually based

on wafers of either 300mm or 400mm diameters. The final grown crystals are in

excess of 100kg. The grown crystal is never in contact with any crucible wall or other

constraint. This removes much of the thermal stress from the grown crystal when

compared to a crucible grown crystal [50].

The large diameter possible with Czochralski, along with fast growth rates, make

this a very attractive technique for producing bulk material. Growth rates in Czochral-

ski are on the order of 25mm/hr for silicon. Thousands of wafers can be produced

from a single boule. In addition, on a large diameter wafer more devices can be

produced in a production step. Devices are produced side by side on a single wafer

then diced up into final package size. A large diameter size allows more devices to be

produced in parallel.

As the source material for the technique is melted, the technique has some dis-

advantages. For silicon, the melt has to be held above silicon’s melting point of

approximately 1450oC. The high temperatures required for melt growth can lead to

thermal stresses in the grown material. The technique is very successful for single

element semiconductors, i.e. silicon and germanium. However, the phase diagrams

for compound semiconductors often make melt growth problematic [44].

In the case of a compound semiconductor like GaAs, the compound forms in a

one to one stoichiometric ratio. However, the solidus line is not completely vertical

at the x=0.5 point on the T-x phase diagram. Instead, the solidus line deviates from

vertical and diverges into two lines into both gallium rich and arsenic rich regions. As

material is solidified from an x=0.5 melt the grown crystal composition will diverge

from stoichiometry according to the solidus line. Melt growth cannot avoid this issue.

In addition, there are often volatile components, such as arsenic in this case, that

change the composition of the melt as growth proceeds. This can cause composition

fluctuations in the growing crystal. For GaAs, these issues are overcome by a variety

of techniques and Czochralski is still used as the primary means of production. These

techniques include high pressure inert atmosphere over the melt, arsenic overpressure

and encapsulating the melt in a material like boron oxide. These add significant cost
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Refeeding Material

Figure 2.13: The above is an illustration of a variation of Melt-Replenishment
Czochralski. Solid bars of feed material are fed into the melt to control composi-
tion.

and complexity to the growth process, but the high yield offered by Czochralski still

makes the technique attractive [51].

For a compound semiconductor that forms a solid-solution across its composition

range like SiGe, it is even more difficult to produce quality material by Czochralski

[49]. The separation between the solidus and liquidus lines causes the composition

of the melt to change as one constituent is rejected from the solidifying material at

the growth interface. The changing melt composition in turn changes the growing

crystal’s composition. The result is a grown crystal with a graded composition profile.

This is very difficult to overcome. Some type of melt replenishment is usually used

to compensate for the changes in the melt composition. For silicon germanium, this

can involve re-feeding solid silicon into the melt or a double crucible arrangement

[27]. The re-feeding of silicon rods is illustrated in Figure 2.13. In a double crucible

arrangement, the inner crucible is where growth is taking place and the outer crucible

contains a melt reservoir of fixed composition. The melt from the outer crucible

is fed into the inner in a controlled manner to compensate for the changing melt

composition. This type of arrangement is shown in Figure 2.14.
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Double Crucible

Figure 2.14: The above is an illustration of a double crucible melt replenishment
Czochralski growth process. The material in the outer crucible differs in composition
from that in the interior crucible. Material is fed from the outer crucible into the
inner in order to control melt composition in the inner crucible.

2.3.2.2 Bridgman and Vertical Gradient Freeze Methods

Bridgman and Vertical Gradient Freeze, VGF, methods both operate on a similar

principle to Czochralski. In these methods, the melt is contained in a crucible and

held in a temperature gradient. The temperature gradient over the crucible is such

that one end of the crucible is cool and the opposite end is hot. The gradient is

then shifted by some method such that solidification proceeds from the cool end. The

temperature gradient continues to move across the crucible and solidification proceeds

from one end of the crucible to the other. The method of changing the temperature

gradient is what differentiates Bridgman and VGF. In Bridgman growth, the crucible

or furnace is translated and the temperature gradient is fixed. In VGF growth, the

crucible and the furnace are stationary and the temperature gradient is moved by

adjusting the furnace temperature. Both of these techniques can be either seeded or

unseeded. In seeded growth, a seed crystal is placed in the crucible at the end where

solidification will begin. The grown crystal will pattern off this seed. In unseeded

growth, the melt will randomly nucleate onto the crucible wall and growth will proceed

from these points. This can often lead to polycrystalline growth. The geometry of the

crucible can be optimized to reduce the number of grains in a boule [52]. A typical

crucible arrangement is illustrated in Figure 2.15.
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Figure 2.15: The above is an illustration of a typical seeded Bridgman crucible. The
material is directionally solidified from the seed end.

Bridgman and VGF suffer from many of the disadvantages present in Czochralski

growth. One additional disadvantage is the need to use a crucible to contain the melt.

Strain may build up between the grown crystal and the crucible wall. This strain will

degrade the material quality. However, it is often easier to control volatile components

in these types of growth systems. This technique is often used for production of

compound semiconductors such as CdTe and GaAs [53].

2.3.2.3 Float Zone Method

Float Zone is another melt growth technique that does not require a crucible. Rather

than melt all the material, a small zone is melted in the middle and this zone is moved

through the column of material. Melting takes place at the advancing front of this

zone and the crystal is solidified at the trailing edge of the zone. There is no crucible

containment for the molten zone, instead surface tension keeps the melt confined.

The molten zone is generated by a sharp temperature spike usually produced by an

RF heating coil. A typical arrangement for Float Zone is illustrated in Figure 2.16.

The lack of crucible in this technique improves thermal stresses in the grown

material. In addition, the constant melting of source material lends this technique

to compound semiconductor growth. The composition of the molten zone can be

managed by choosing an appropriate composition for the feed material [54, 55].

Like other melt growth techniques, seed material is required for optimal growth.

Unlike both Czochralski and Bridgman, using small seeds and growing out to a large
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Figure 2.16: The above is an illustration of the Float Zone growth process.

diameter is not easily accomplished in Float Zone. Due to this, large high quality

seed material is required.

2.3.3 Solution Growth Techniques

Solution growth techniques generally reduce the high temperatures associated with

melt growth and some of the associated problems. They do so by using a solvent to

lower melt temperature. Rather than solidifying by cooling across the liquidus line

as in melt growth, the solution is forced to super-saturate and precipitation drives

solidification. The method of driving the super-saturation varies from technique to

technique.

2.3.3.1 Traveling Heater Method

The Traveling Heater Method, THM, moves a solvent zone through a column of

material. Dissolution takes place at the advancing side of the solvent zone. This

keeps the solvent zone saturated. At the receding side of the solvent zone, material

is precipitated out of solution. The solvent zone is isolated in the material by a

sharp temperature spike. The presence of solvent lowers the melting point in that

region. As the temperature spike is translated relative to the material column, the

solvent zone follows the temperature spike. The solution at the growth interface is
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Figure 2.17: The above is an illustration of the THM growth process.

supersaturated by the drop in temperature as the temperature spike moves. A typical

THM arrangement is illustrated in Figure 2.17.

CdTe is a material that is currently produced commercially by the THM method.

CdTe is difficult to produce by melt growth techniques as the constituents both readily

evaporate at high temperatures. In addition, the defects in CdTe have low energies

of formation. Therefore the additional thermal stresses incurred during melt growth

can significantly degrade material quality. THM has a significantly lower yield than

melt growth techniques. The value of CdTe material offsets the downsides of the

technique, which is why it is commercially produced this way [56].

Single crystal THM growth requires a seed crystal to initiate growth. Also, the

material is grown in a crucible, which leads to additional stresses between the ma-

terial and the walls. The growth rates for THM are significantly lower than melt

growth techniques, on the order of millimeters per day. Due to the temperature spike

required, the diameter of the crucible is limited. Large diameter crucibles would

require a thicker solvent zone resulting in slower transport of material from the disso-

lution to growth interfaces along with a host of other issues. A large diameter THM

crucible is on the order of 50mm.
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2.3.3.2 Liquid Phase Epitaxy

Liquid phase epitaxy, LPE, is another common solution growth technique. In this

method, the solution is saturated away from the seed. Once saturated, the solution is

introduced to the seed crystal. The temperature is lowered and the solution precip-

itates onto the seed crystal. The layer produced is relatively thin, on order of a few

millimeters maximum. It is often used to produce thick device layers. By saturating

the solution away from the seed, melt back of the seed is reduced or eliminated.

A variant of this technique is liquid phase electro-epitaxy. This technique uses

an electric current to drive the superaturation at the seed rather than a temperature

drop. In addition, the solution does not deplete of solute as it is in contact with

source material where dissolution can take place. This method has a very low yield

similar to LPE but is technically more difficult [57].

2.3.3.3 Liquid Phase Diffusion

Liquid Phase Diffusion, LPD, was the solution growth technique that was used for

experiments in this work. In this technique, a graded composition crystal is produced.

For silicon germanium growth, the solvent and the seed material are the same. The

source material contains the solute. The initial system material arrangement is the

seed separated from the source by a solvent zone. This is achieved by applying a steep

temperature gradient across the materials. The seed-solvent interface is formed on

the isotherm corresponding to the melting temperature of the seed. The dissolution

interface is at a higher temperature than the seed interface. The solvent dissolves

the source and the dissolved solute is mixed into the solvent. The saturation con-

centration of the solution is higher at the dissolution interface than it is at the seed

interface. As solute is mixed towards the seed interface it saturates then supersatu-

rates the solvent adjacent to the interface. Material is precipitated with a composition

determined by the temperature at which solidification took place. This temperature

varies during growth due to the applied temperature gradient. Each layer’s compo-

sition will gradually vary as growth proceeds [36–38]. The growth conditions and

crucible arrangement are illustrated in Figure 2.18.

In SiGe growth by LPD, a germanium seed and a silicon source is used. The

silicon is transported in a diffusion dominated manner to the growth interface. This

makes growth very slow and the composition varies with the solidus line of the SiGe

T-x phase diagram and the applied temperature gradient. The application for this
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Figure 2.18: The above is an illustration of the SiGe LPD growth process. The
temperature gradient and phase diagram are shown to illustrate the process. At
the dissolution interface, the temperature is higher and the liquidus is at a greater
Si composition than the solidification interface. The composition variation drives
diffusion of Si towards the solidification interface. At the cooler temperature of the
solidification interface, the melt is constitutionally super-cooled and solidification
takes place.

type growth would be to use the resulting bulk material to extract wafers at various

compositions of interest. Then subsequently use the wafers as seeds in further growth

processes. Often obtaining reliable seeds for growth techniques is a major issue. This

is true for silicon germanium. Czochalski growth techniques often use germanium or

silicon seed material. This results in additional strain in the crystal due to the lattice

mismatch [58,59]. The strain is minimized in LPD crystals as the composition varies

gradually and smoothly through the material.

2.3.4 Vapor Phase Growth Techniques

Vapor phase techniques are also utilized for bulk growth. Typically these techniques

have lower yields than solution growth techniques and slower growth rates. However,

they do offer the advantage of high quality growth of materials that are difficult

to produce by other techniques. For example, vapor phase techniques have been

examined for producing seeds for CdTe production. For both THM and Bridgman

growth of CdTe, a seed is required for optimal material quality. Obtaining good
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seeds is often difficult. Currently, they are often mined out of polycrystalline boules

from unseeded Bridgman growth. This results in significant defect density in the

seed. Using a physical vapor transport technique would allow the production of high

quality seed material. This type of technique is unlikely to become a viable bulk

growth technique on its own, but like LPD, could be valuable for producing seed

material.

2.3.5 Applied Magnetic Fields in Crystal Growth

The flow field in the melt profoundly effects the quality of the growing crystal. Strong

flow can lead to interface breakdown trapping impurities. Weak flow can lead to

a lack of mixing, resulting in the buildup of rejected constituents at the growth

interface and very slow growth rates. Control of the mixing in the melt can be

achieved to some extent through system geometry and temperature profile. To achieve

further control of the mixing in the melt, magnetic fields are often utilized. The

electrically conductive semiconductor melt experiences a Lorentz force in the presence

of a magnetic field.

Static magnetic fields can be used to suppress the formation of convective cells in

the melt. The Lorentz force disrupts the flow in the cell preventing strong convection

[60]. Rotating magnetic fields can be used to add additional mixing into the melt.

Other types of time varying fields also cause additional mixing in the melt. These

include travelling and alternating magnetic fields [61].

2.4 Silicon Germanium

As previously discussed, silicon and germanium are both elemental semiconductors.

As a compound, they form a solid solution across their composition range. This

allows for variation of the material’s physical properties to suit various use cases.

2.4.1 Applications

Silicon germanium has numerous applications. Epitaxial device layers are used to

produce high performance discrete devices, heterojunction devices, optoelectronic

components and photodetectors [2, 3, 5–7, 10, 62, 63]. In many cases, a SiGe layer is

grown on a Si substrate. The resulting layer is strained due to the lattice mismatch
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with the substrate [17,64]. The strain in the layer changes the electronic properties of

the material and requires that the device be engineered around the strained properties.

The advantage of using a layer is that the SiGe structure can be integrated onto

silicon wafers. In optoelectronics, the SiGe acts as the receiver and transmitter of the

optical signal [12, 13]. Standard silicon structures can be printed on the same chip

for additional signal processing. This type of system on a chip is also utilized for IR

detection. A SiGe layer for radiation detection and standard silicon readout circuitry

is contained on the same chip [14, 15].

Heterojunction devices are the most common use for SiGe device layers. The

heterojunction device takes advantage of the increased mobility found in SiGe to

improve switching performance [19, 20]. This property has made this type of device

very useful in production of high frequency electronics such as those found in Telecom

applications [8, 9, 18].

The applications discussed so far have involved SiGe layers on a Si substrate.

As there is no economical source of SiGe substrate material, significant work has

been focused on producing high quality devices on Si substrates. Despite the success

in producing SiGe structures on Si, the strain induced in the layers does limit the

performance and application of devices [2, 8, 9].

Bulk SiGe across its composition range would have application as a substrate

for epitaxy. Producing SiGe device layers on a SiGe substrate would offer different

material capabilities to the SiGe device layers in use today. In addition to SiGe

and Si device layers, a SiGe substrate can be lattice matched to III-V semiconductor

device layers such as GaAs [3, 21]. This would allow the integration of III-V device

layers into Si based devices. The lattice parameter of SiGe varies almost linearly with

composition between the value for Si and the value for Ge [17].

SiGe is sensitive to a range of radiation in the IR region, approximately 1.3μm

to 20μm [12, 13]. This property has lead to the material finding use as a solar cell

material and an infrared detector [46]. In solar cell technology, bulk SiGe can be used

as a substrate for other solar cell materials. Specifically, the SiGe substrate can be

lattice matched to GaAs and a GaAs solar cell structure grown [3,21]. Currently, this

type of cell is built on Ge substrates. The lattice mismatch between the GaAs and

Ge requires a buffer layer to be grown to distribute the strain. The use of the SiGe

substrate is desirable as it enhances the efficiency of the GaAs device. This is due to

its sensitivity in the infrared regime and carrier multiplication phenomena [65, 66].

SiGe is also proposed as a material for high energy photon detection [3, 67, 68].
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Current Ge based detectors for X-Rays require cryogenic temperatures due to the

material’s small band gap. Si possesses a more favorable band structure for this type

of detector. However, the atomic number of silicon is much lower than germanium.

The detection efficiency is proportional to the atomic number. So Si can operate

at higher temperatures but is less efficient while germanium is efficient but requires

low temperature. The band structure of silicon germanium varies with composition

relatively smoothly with one discontinuity where the structure changes from Si-like

to Ge-like [2]. By using a SiGe alloy, it has been proposed that high efficiency X-

Ray detectors can be produced that operate at higher temperatures, than Ge based

detectors.

Other applications of SiGe include optical materials. For both X-Ray regime and

IR regime optics, graded silicon germanium crystal optics has been proposed. Varying

the composition of the material allows for tuning of the optical properties [65, 69].

An early use of polycrystalline SiGe was as a thermoelectric material. The material

has been found to efficiently convert thermal energy into electric energy. SiGe based

power sources have been used on numerous NASA satellite missions converting heat

from radioactivity into electricity [3, 70–73].

2.4.2 Transport Properties

SiGe forms a solid solution across its composition range. There is a large separation

between the solidus and liquidus lines [16, 74]. This is evident in the phase diagram,

which is shown in Figure 2.19. This separation is a major issue when synthesizing the

highly uniform material required for semiconductor applications [75]. The composi-

tion in the grown crystal will tend to vary as the rejected constituent, germanium,

builds up at the growth interface. This is illustrated in Figure 2.20. The transport of

silicon into the growth interface is of utmost concern in ensuring the composition of

the growing crystal stays constant. The rejection of germanium from the solidification

interface will cause the melt to become dilute in silicon. Feeding silicon into the melt

can overcome this but detailed understanding of how the introduced silicon will mix

into the bulk melt is required.

Values for the physical properties of SiGe melts are not well documented. The

high temperatures involved with these types of studies along with the full composition

range have kept the system from being fully explored.

Focusing on the properties related to melt and solution growth, the SiGe system
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Figure 2.19: The figure above is a digitization of the SiGe phase diagram [74]. The
wide separation between the solidus and liquidus lines is visible.
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Figure 2.20: The diagram above illustrates the rejection of germanium into the melt
during solidification. The solid is at a higher Si concentration than the liquid, so
silicon is preferentially consumed during solidification. This changes the melt com-
position towards the Ge-rich side and the next layer will be solidified from a different
liquid composition and therefore have a different solid composition.
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possesses some interesting features. First, there is a wide gap between the densities

of the two constituents. Silicon is a much lighter material, 2.53g/cm3 at melting,

than germanium, 5.59g/cm3 at melting [53, 76]. At 300K the material density varies

according to 2.329+3.593x−0.499x2, where x is atomic % Ge [51]. A similar function

will exist for the melt at growth temperatures. A fluid element containing a higher

silicon composition will experience a buoyancy force in the presence of fluid elements

with lower silicon content. The solutal expansion coefficient of SiGe is reported as

5.3×10−3 per atomic % Si [25]. This is a significant effect in SiGe melts. Additionally,

SiGe melt has a thermal expansion coefficient reported as 1.2× 10−4 1/K [25]. Both

thermal and solutal driven convective flows can be strong transport mechanisms in

the melt. However, the buoyancy of the silicon can also have a stabilizing effect on

the melt. The solutal buoyancy force can stabilize the fluid against thermal driven

convection. This can make the transport mechanism in the melt effectively diffusion

dominated [25].

The diffusion coefficient in SiGe is reported in the range of 1 to 3 × 10−8 m2/s

[25, 58, 77]. This value is not well investigated or available in current literature.

Given that some processes can proceed diffusion dominated, better information on

the diffusion process of Si in Ge melts is needed to optimize growth conditions.

2.4.3 Crystal Growth

SiGe has been grown by numerous techniques with varying levels of success. The

melt growth techniques have seen the most focus as they provide the most practical

path to commercialization. Solution growth techniques have also been explored.

2.4.3.1 Czochralski

Czochralski grown SiGe crystals have been produced across the entire composition

range. Conventional Czochralski has been used to produce graded composition ma-

terial [4, 78–83]. To correct the composition variation, a method to control the com-

position of the melt is required. One method is to re-feed silicon into the melt. As

germanium is rejected back into the melt at the growth interface, solid silicon is fed

into the melt to keep the melt composition constant. Another group of melt replenish-

ment techniques are the double crucible methods [27]. The inner and outer crucibles

contain melts of differing compositions. The crystal is pulled from the inner crucible

and material from the outer crucible can be fed into the inner crucible to control
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composition.

The success of melt replenishment methods is determined by the mixing and

transport of the constituents in the melt. Specifically, the germanium rejected at

the interface and the silicon being replenished must both mix quickly back into the

melt to keep the material solidifying at a constant composition. This type of fast

mixing could be accomplished with strong convective flow. However, strong flow

around the growth interface will degrade the growth interface and result in unfavorable

growth conditions. Therefore a delicate balance must be struck to achieve optimal

growth. Melt replenishment techniques currently show compositional variations in

grown crystals due to these issues [27].

The availability of SiGe seeds also affects the melt growth techniques. Most studies

on Czochralski use Si seeds, for entire SiGe composition range. Some studies use Ge

seeds for Ge-rich SiGe growth. The use of matched SiGe seeds is limited as it is

difficult to produce material for seed stock [58,59]. It has been noted that the use of

Si and Ge seeds cause a high density of dislocations at the seed-crystal interface due

to the lattice mismatch [58]. In addition, the grown material can often transition to

polycrystalline growth [84, 85].

2.4.3.2 Bridgman

Bridgman has been used to a lesser extent to produce SiGe [85, 86]. The Bridgman

technique suffers from many of the problems of the Czochralski technique. In addition,

there is the strain from the contact of the grown crystal with the crucible. In the

Bridgman technique, it is also more difficult to institute a melt replenishment system.

This makes overcoming the variation of melt composition an even harder task than

for Czochralski.

2.4.3.3 Float Zone

The Float Zone technique is a promising candidate for the production of SiGe [87,88].

The melt is being continuously fed by new feed material as the melt zone moves. The

feed material can be SiGe of the same composition as that being grown [54]. In this

case, when the solidification and melting interface velocities are the same, the melt

composition should remain constant. This would eliminate compositional variations

in the grown crystal.

The same issues surrounding seed material for Czochralski also apply for Float
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Zone. Experiments often utilize Si or Ge seed material [54, 55]. An additional issue

for Float Zone is that the seed material is typically the same diameter as the material

being grown. For bulk production, large diameter seed crystals would be required.

In Czochralski growth, small diameter seeds can be used as the growing crystal can

be necked out to a much larger diameter than the seed diameter.

2.4.3.4 Solution Growth

For solution growth techniques, Liquid Phase Diffusion and Zone Melting have been

used to produce SiGe [36–38, 89–92]. Zone Melting is a very similar technique to

Liquid Phase Diffusion. Both have produced graded single crystal material. In ad-

dition, Zone Melting has been used to produce constant composition material by

translating the growth interface to maintain a constant temperature. In the LPD

and Zone Melting techniques, the composition of the growing material is determined

by the temperature at the growth interface. Both of these techniques are limited by

their growth rates as the transport is diffusion dominated. In addition, only small

diameter, 25mm and under, material has been produced.

2.5 Modeling Crystal Growth Processes

The modeling of growth processes is a very important topic in crystal growth. Crystal

growth processes are inherently expensive, time consuming and, due to high tempera-

tures and other factors, often unavailable for in-situ observation. The optimization of

a crystal growth process often involves numerous variables. The number of variables

involved is often too many to reasonably investigate experimentally. In addition, the

cause of experimentally observed phenomena is often not readily apparent from the

physical results. Due to these factors, numerical modeling techniques are applied to

crystal growth methods for optimization and greater understanding of the transport

mechanisms at work. Continuum models for crystal growth processes are well studied

and have been show to produce agreement with physical results.

2.5.1 Continuum Model for Binary Crystal Growth

Modeling of the crystal growth system is not the main topic of this work and will

only be presented in brief in this section.
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2.5.1.1 Balance Laws

The balance laws are presented in detail in many sources and their derivation will

not be covered. Presented below are the local balance equations for a multiple com-

ponent continuous material on both a discontinuity surface and a control volume [93].

Conservation of Mass for α Constituent

ρ

(
∂cα

∂t
+ cα,kvk

)
+ īαk,k = r̂α in V−σ (2.1)

‖ρcα(vk − uk) + īαk‖nk = ŝα on σ (2.2)

Conservation of Mass for Mixture

∂ρ

∂t
+ (ρvk),k = 0 in V−σ (2.3)

‖ρ(vk − uk)‖nk = 0 on σ (2.4)

Balance of Momentum

ρv̇l = tkl,k + ρbl + f em
l in V−σ (2.5)

‖ρvl(vk − uk)− tkl + temkl ‖nk = ∇slγ
σ + 2γσΩnl on σ (2.6)

Balance of Energy

ρε̇ = tklvl,k + qk,k + ρh +

N∑
α=1

ραbαl v̄
α
l + JkEk in V−σ (2.7)

∥∥∥∥∥12
(
ρ(vlvl + ε) + (E2 +B2) +

N∑
α=1

(cαv̄αl v̄
α
l )

)
(vk − uk)

−qk − (tkl + temkl )vl

∥∥∥∥∥nk = γσvσl 2Ωnl on σ (2.8)

Entropy Inequality

−ρ(Φ̇ + ηΘ̇) +

(
N∑

α=1

μαīαk

)
,k

+
1

Θ

(
qk −

N∑
α=1

μαīαk

)
Θ,k + tklvl,k + JkEk ≥ 0 (2.9)
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Table 2.1: Balance Equation Nomenclature

V Fluid volume
σ Discontinuity surface
v Fluid velocity
u Discontinuity surface velocity
cα Mass Concentration of α Constituent
īα Mass Flux term for α Constituent
r̂α Mass Source term for α Constituent
n Unit normal to discontinuity surface
t Stress tensor
b Body force term

f em Electromagnetic body force term
tem Maxwell stress tensor
γσ Thermodynamic surface tension
Ω Mean curvature
ε̇ Internal energy density
q Energy flux
h Energy source term
J Current density
E Electric field
B Magnetic field
Φ Helmholtz free energy function
η Entropy
Θ Temperature
μ Chemical potential

2.5.1.2 Field Equations for the Simulations

The governing equations for the numerical work presented here are given below. These

equations are subject to the following assumptions.

The liquid domains modeled are approximated as binary mixtures of heat and

electrical conducting Newtonian fluids. Additionally, Fick’s law for mass flux and

Fourier’s law for heat conduction are utilized as constitutive equations. The Boussi-

nesq approximation for inclusion of the gravitational body force is assumed valid. In

addition to the thermal buoyancy force, a solutal buoyancy force is also included in

the Bousinesq approximation. The Soret and Dufour effects are neglected as there is

no evidence of their significance in the growth process being considered. The solid

domains are assumed to be rigid heat conducting solids and therefore only the energy
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balance is considered.

Under these assumptions, the field equations take the following familiar form.

The magnetic field body force terms will be considered in the following section. The

gravitational acceleration vector is taken to be aligned with the z-axis.

Liquid Phase (in cylindical coordinates):

Continuity
1

r

∂

∂r
(ru) +

1

r

∂v

∂ϕ
+

∂w

∂z
= 0 (2.10)

Momentum

∂u

∂t
+ u

∂u

∂r
+

v

r

∂u

∂ϕ
+ w

∂u

∂z
− v2

r
= − 1

ρL

∂p

∂r
+ ν

(
∇2u− u

r2
− 2

r2
∂v

∂ϕ

)
+

f em
r

ρL
(2.11)

∂v

∂t
+ u

∂v

∂r
+

v

r

∂v

∂ϕ
+ w

∂v

∂z
− uv

r
= − 1

rρL

∂p

∂ϕ
+ ν

(
∇2v − v

r2
− 2

r2
∂u

∂ϕ

)
+

f em
ϕ

ρL
(2.12)

∂w

∂t
+u

∂w

∂r
+
v

r

∂w

∂ϕ
+w

∂w

∂z
= − 1

ρL

∂p

∂z
+ν∇2w+βT (T−T0)g+βC(C−C0)g+

f em
z

ρL
(2.13)

Energy
∂T

∂t
+ u

∂T

∂r
+

v

r

∂T

∂ϕ
+ w

∂T

∂z
=

kL
ρLγL

∇2T (2.14)

Mass Transport
∂C

∂t
+ u

∂C

∂r
+

v

r

∂C

∂ϕ
+ w

∂C

∂z
= DC∇2C (2.15)

Solid Phase (in cylindical coordinates):

Energy

∂T

∂t
=

kS
ρSγS

∇2T (2.16)

Typical Dissolution Interface Condition (in cylindrical coordinates):
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Table 2.2: Field Equation Nomenclature

u, v, w Velocity components
ρL Liquid phase density
ν Viscosity

f em
r , f em

ϕ , f em
z Magnetic field body force components

βT Coefficient of thermal expansion
T Temperature
T0 Reference temperature
βC Coefficient of solutal expansion
C Concentration
C0 Reference concentration
kL Liquid phase thermal conductivity
γL Liquid phase specific heat
DC Diffusion coefficient
ρS Solid phase density
kS Solid phase thermal conductivity
γS Solid phase specific heat

Continuity

The dissolution is considered small and as such the mass balance equation at the

interface is excluded.

Momentum

No slip condition is implemented.

u = v = w = 0 (2.17)

Energy

The heat flux is considered continuous at the interface. Latent heat is considered to

dissipate without disturbing the the continuity due to the slow rate of dissolution. n

is normal to the interface.

kS
∂TS

∂n
− kL

∂TL

∂n
= 0 (2.18)

Mass Transport

Cequilibrium determined from phase diagram.

C = Cequilibrium (2.19)
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2.5.1.3 Magnetic Fields

The Lorentz force for a metallic liquid solution that is non-magnetizable and non-

polarizable is given below:

Fem = J×B = σE (E+ v×B)×B (2.20)

The electric field term can be considered in two parts. First any applied electric

fields need to be included. Second, electric fields induced by the applied magnetic

field are included. In application to SiGe growth systems, the contribution of the

induced field has been shown to be insignificant [93]. There are also no applied

electric fields considered in this work, so the electrical field term is neglected. With

this approximation, the body forces take the form of the following equations.

f em
1 = σE(B2v +B3w)B1 − σE(B

2
2 +B2

3)u

f em
2 = σE(B1u+B3w)B2 − σE(B

2
1 +B2

3)v (2.21)

f em
3 = σE(B1u+B2v)B3 − σE(B

2
1 +B2

2)w

For a static magnetic field acting in the z direction only, the following body forces

are generated in cylindrical coordinates.

f em
r = σEB

2
zu

f em
ϕ = σEB

2
zv (2.22)

f em
z = 0

For a rotating magnetic field, with the axis of rotation as the z-axis, the following

assumptions lead to a simplified body force. The material is assumed to rotate at a

much lower velocity than the frequency of the applied field. This is a good approxima-

tion considering the inertia and viscosity of the fluid. This allows the removal of the

time dependant forces on the fluid elements and thus the elimination of the radial and

axial components. In addition, the magnetic field is assumed to be continuous and

the boundaries of the fluid are considered as electrical insulators. It has been shown

that this set of assumptions only result in an approximate 3% error. The advantage is

a considerably simpler body force that can be integrated into the momentum balance

equation without having to solve for the electric potential [94–96]. An illustration of
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Static B-Field

Rotating
B-Field

Radial and Tangential
Induced Body Forces

Figure 2.21: The above is a sketch of the applied magnetic fields and the induced
body forces. The center cylinder with the cutaway represents the melt zone. The
rotating magnetic field rotates around the vertical axis and the static field is aligned
with the vertical axis.

the applied fields and their body forces is shown in Figure 2.21.

f em
r = 0

f em
ϕ =

1

2
σErωB

2
RMF (2.23)

f em
z = 0

Table 2.3: Magnetic Body Force Equation Nomenclature

u, v, w Velocity components
σE Conductivity
ω Frequency of the rotating magnetic field

f em
r , f em

ϕ , f em
z Magnetic field body force components
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2.5.2 Dimensionless Analysis

When the field equations are nondimensionalized, the dimensionless parameters of

the field equations offer insight into the processes taking place. The most widely

recognized parameter is the Reynolds number, which classifies the flow as turbulent

or laminar. The parameters are computed, with values typical for the system, in order

to qualitatively grasp the importance of various effects in the melt. The dimensionless

parameters relevant to the model discussed in this work are presented following.

Table 2.4: Relevant Dimensionless Parameters

Symbol Name Definition
Re Reynolds Number Ratio of inertial to viscous forces.
Pr Prandtl Number Ratio of momentum diffusivity to

thermal diffusivity.
Sc Schmidt Number Ratio of momentum diffusivity to

solutal diffusivity.
GrT Thermal Grashof Number Ratio of buoyancy force to viscous

force.
GrC Solutal Grashof Number Ratio of buoyancy force to viscous

force.
Ha Hartmann Number Ratio of magnetic body force to

viscous force.
TaB Magnetic Taylor Number Ratio of rotational inertial force to

viscous force.
ReB Magnetic Reynolds Number Ratio of fluid flux to magnetic dif-

fusivity.
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Table 2.5: Dimensionless Parameter Values

Name Formula Value Result
Reynolds
Number

Re = vL/ν ≈ 5 Flow is in the laminar
regime.

Prandtl
Number

Pr = ν/κ ≈ 5× 10−3 Thermal transport is pri-
marily by conduction. κ
is the thermal diffusivity.

Schmidt
Number

Sc = ν/D ≈ 5 Convective and diffusive
mass transport will both
figure in the melt.

Thermal
Grashof
Number

GrT = gβTΔTL3/ν2 ≈ 1× 108 Thermal convective flow
is significant.

Solutal
Grashof
Number

GrC = gβCΔCL3/ν2 ≈ 1× 107 Solutal convective flow is
significant.

Hartmann
Number

Ha = BstL
√

σL/ρν ≈ 1× 103 The static field magnetic
body force is significant,
but not very high com-
pared to viscous forces.

Magnetic
Taylor
Number

TaB = σLB
2
rotωBL

4/2ρν2 ≈ 1× 108 The rotating magnetic
field body force is high
compared to viscous
forces.

Magnetic
Reynolds
Number

ReB = vL/η ≈ 5× 10−6 The flow in the melt does
not appreciable effect the
magnetic field. η is the
magnetic diffusivity.
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2.5.3 Numerical Solutions

Finite volume numerical techniques and finite element numerical techniques have

both been utilized with success for modeling growth processes. In this study, both

techniques were employed in modeling the transport processes. The two methods

differ in their method of discretizing the fluid balance equations [97]. The finite

volume formulation ensures conservation of the variable on the control volume and

therefore the entire volume. More care is needed in the finite element method to

ensure this conservation. However, the finite element formulation has been shown to

be more stable in many applications [98, 99].

Other considerations such as geometry can play a role in the technique used. In

this study, the crucible geometry was very simple but the melt is subject to high

body forces. The high body forces make the numerical stability of the technique a

priority. Solutions were obtained with finite volume and finite element methods for

comparison.

In the numerical work completed by the author, the ANSYS CFX commercial

software package was utilized. This is a finite volume based solver. Convergence of

the simulations with high body forces proved problematic. Simulations were also pre-

pared by a collaborator using the OpenFOAM open source software package, another

finite volume based solver. In this work, the software was optimized to handle the

body forces in the melt. Good numerical stability was achieved but some physical

phenomena were not resolved. Finally, simulations were prepared by a collaborator

using the finite element solver COMSOL. Again good convergence and stability was

achieved.
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Table 2.6: Physical Properties of the SiGe LPD System [25, 51, 53, 58, 76, 77, 99–101]

Property Si Source Ge Seed SixGe1-x Melt
(Solid) (Solid) (Liquid)

Specific Heat 967 967 380− 406
γ[J/kgK] at 1300K at 1210K

Thermal Conductivity 23.7 10.60 42.5
k[W/mK] at 1273K at 1210K

Mass Diffusivity 1− 3× 10−8

D[m2/s]
Mass Density 2301.6 5323 5633
ρ[kg/m3] at 1300K at 1210K

Thermal Expansion 1.2× 10−4

βT [1/K]
Solutal Expansion 5.3× 10−3

βC [1/atm % Si]
Viscosity 7.35× 10−4

μ[kg/ms]
Conductivity 4.25× 104 6.06× 105 1.7× 106

σ[1/Ωm]
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Chapter 3

Silicon Dissolution Processes

3.1 Introduction

In the LPD process, it is the dissolution of silicon into the melt and its subsequent

transport to the growth interface that determines the growth rate. The first part of

the process, the dissolution of silicon, is the process that is isolated from the rest of

the LPD system for study here. The rate of dissolution into the germanium melt will

be related to the transport of the silicon species in the melt.

3.2 Experimental Design

To examine the dissolution process a set of experiments were designed to study the

process. An isothermal system was used to limit the transport mechanisms in the

melt to diffusion. The dissolution of silicon into the melt and its subsequent transport

away from the dissolution interface should be dominated by diffusion. The thermal

convective transport will be minimized in an isothermal system. Solutal convection

will still be present in the melt. No growth of material will take place in these

experiments. Instead a solid silicon source is allowed to dissolve into the melt for a

given amount of time.

The amount of silicon dissolved will be proportional to the strength of the mass

transport in the melt. The dissolution process will slow as silicon enters the melt

and the concentration gradient around the interface decreases. The driving factor

in diffusion is the concentration gradient. Therefore as the melt gains in silicon

concentration the rate of mass transport will slow. The time of the experiments
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Silicon Source

Germanium Melt

Dissolving Silicon

Figure 3.1: Shown above is a schematic of the experimental material layout with
the dissolution interface at the top of the melt. The dissolving silicon is transported
downwards away from the interface.

is kept short such that the concentration of silicon does not rise to a point where

dissolution will have significantly slowed due to saturation of the melt.

The solutal convection in the melt will continue to be a significant effect despite the

lack of thermal gradients. The solutal buoyancy flows will, however, be affected by the

orientation of the system. The portions of the melt with higher silicon concentrations,

with respect to the bulk, will experience a buoyancy force opposite to the gravitational

force. This is because the presence of the silicon lowers the density in these areas

of the fluid. If the silicon source is at the bottom of the melt, with respect to the

direction of the gravitational force, as silicon enters the melt, those areas of melt

will experience a solutal buoyancy force. That force, in this situation, will aid the

transport of silicon away from the interface and higher dissolution rates should be

realized.

In this configuration, with the silicon dissolving from the bottom, the top of the

melt can be left as a free surface or capped to eliminate the free surface. The contri-

bution of Marangoni convection to the mass transport in the melt can be examined by

varying this condition. The extra mixing induced by the presence of the free surface

would be expected to increase the transport of the silicon in the melt. Marangoni

flows can be an important transport effect depending on the material and system

geometry [88, 102–104]

In the opposite orientation, the silicon enters the melt at the top with respect to

the gravity. This material configuration is illustrated in Figure 3.1. In this case, the

buoyancy force induced by the dissolving silicon acts to keep the silicon species at the

dissolution interface. The introduction of the lighter species at the top of the melt

leads to a density gradient in the melt that is stabilized against convection [25]. In this

situation, the solutal convective flows should be diminished in the melt. In addition,
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Experiment Level

Preheat Level

Zone 1

Zone 2

Zone 3

Insulation

Air Space

Quartz Guide Tube

Figure 3.2: The above is a diagram of the furnace system. The furnace has a large
bore (5in), compared to the experiment ampoule (1in). The airspace between the
furnace liner and the experiment is constrained such that there is little airflow out and
convection cells can form to aid with maintaining the 1000◦C isotherm. The preheat
and experiment positions of the crucible are indicated. The quartz guide tube serves
to make moving the sample between positions simple and to constrain the furnace
airspace.

any thermal flows that remain in the melt, despite the isothermal conditions, should

be damped by the solutal buoyancy. This should lead to the mass transport in this

configuration being diffusion dominated. Therefore, the amount of silicon dissolved

and its distribution in the melt should be a function of the diffusion coefficient.

3.2.1 Experimental Procedure

In order to conduct the experiments for a known length of time, a procedure for

rapidly melting and solidifying the germanium melt zone was developed. A crucible

containing the pure silicon source and pure germanium melt was sealed under vac-

uum and preheated to 800◦C. The preheat and experiment were conducted in the

same furnace. The isothermal zone at the experiment temperature of 1100◦C was

maintained throughout the experiment cycle. It is not feasible to change the furnace

temperature during an experiment as the time associated with such a change is on

the order of hours before the furnace fully stabilizes. Therefore, the 800◦C preheat
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zone had to be maintained with the 1100◦C isotherm established. The crucible was

preheated directly above the isothermal zone such that the minimum temperature it

was exposed to was 800◦C and the maximum was 900◦C. A diagram of the furnace

system with both crucible positions indicated is shown in Figure 3.2. This temper-

ature range was used as the thermal gradients in the preheat zone are unstable due

to the high gradients and air flow from the furnace. The chosen range guaranteed

no premature melting of the germanium and a high enough temperature to allow for

quick transition of the germanium into melt when introduced to the isothermal zone.

Diffusion between the solid phases will take place, but diffusion in the solid phase is

orders of magnitude less than the diffusion in the liquid. The lack of isotherm over

the crucible should not adversely affect the experimental results. Instead, it should

help in the quick transition of the solid germanium into a molten zone. Modeling of

this procedure has shown, for an isothermal 800◦C preheat, the time for the sample

to reach the experiment temperature is on the order of a minute.

The sample is rapidly dropped into the isothermal zone to start the experiment.

Rapid melting of the germanium melt will occur and thermal equilibrium is quickly

reached. The silicon source material has a much higher melting point than the ex-

perimental temperature and remains solid during the experiment. The silicon begins

dissolving once in contact with the melt. To halt the process, the samples were rapidly

pulled from the furnace and quenched in ice-water. Using this procedure the time

for the dissolution process could be limited to the desired experiment time with an

error of only 1 to 2 minutes. All samples were processed with the same procedure.

Standard experiment times of 10, 20 and 30 minutes were used.

The experiments were conducted in a 22mm diameter crucible, similar to the

conditions present in an LPD experiment. The experiment temperature of 1100◦C

also reflects the LPD process. In LPD growth, the source is held at approximately

1050 to 1100◦C. The depth of the melt was set at 25mm. Again, this reflects the

initial melt zone present in an LPD experiment. The geometry of the system will

allow for similar flow effects to those found in the LPD process to develop.

This type of dissolution process is not only applicable to LPD growth. In melt

replenishment Czochralski, one proposed technique uses silicon rods fed into the melt

in order to replenish the silicon content at the growth interface. In this growth

process, the mechanisms that transport silicon away from the dissolution interface are

very important in order to optimize the pull rate of the growing crystal. Similarly,

in Float Zone the transport of the silicon species from the melting interface to the
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Figure 3.3: The dissolution crucible is shown above. On the left is a sketch of the
crucible arrangement with measures. The photo on the right is of an experiment with
the source at the bottom of the melt. The materials are shown just after the crucible
has been loaded and sealed.

growth interface determines optimal growth rate.

The baseline Dissolution Experiments were run with no applied magnetic field.

The crucible was packed with a silicon source and the germanium for the melt. The

silicon sources used were 25mm diameter for the bottom orientation experiments

and 22mm diameter for top source experiments. The extra diameter for the bottom

source material allows it to be anchored at the bottom of the crucible. Only the

center 22mm of the source material is exposed to the melt in this case. The source

material is single crystal discs, 5mm thick. This thickness ensured that the melt

would not fully dissolve the source in any area. The germanium was in chunk form

and a sufficient mass was placed in the crucible to form the desired 25mm thick melt

zone. This arrangement is illustrated in Figure 3.3.

The crucibles used were clear fused quartz. The crucibles were evacuated to

approximately 1× 10−3 Pa and sealed with a quartz plug. For experiments with the

silicon source at the bottom of the melt, the plug was welded into place such that

it held the silicon on the bottom of the melt and prevented it from floating to the

surface.

The processed samples were sectioned axially into two bulk halves and a 2mm thick

centerline wafer. The centerline wafer was polished and mounted for obtaining EDS



54

composition profiles. One bulk half was polished and then etched to reveal structure.

The etch utilized to reveal the structure of the samples was H2O : H2O2 : HF, 3 : 1 : 1.

Samples were dipped in the etch for approximately 10 seconds. If the structure was

not apparent, the samples were re-dipped in the etch for additional time until the

structure became apparent.

The 2mm thick wafers were used for EDS, energy dispersive x-ray spectroscopy,

analysis. The wafers were prepared by polishing the samples surface to a sub-micron

finish. The 2mm thickness was chosen as it was the minimum thickness that still

retained enough strength to avoid easy breakage. The rapid cooling of the samples

made the material very brittle. The EDS technique was chosen for analyzing the

samples as it was readily available for use and is a non-destructive technique. The

accuracy of the EDS technique for silicon and germanium detection was maximized by

using the K-shell emission lines for silicon and L-shell emission lines for germanium.

These emission spectra are close in energy while not overlapping. This makes it

possible to obtain good count rates for each elements spectra [105, 106].

3.2.2 Magnetic Field

The experiments as described allowed for the examination of a variety of transport

effects. In the configuration with the silicon dissolution interface at the bottom of

the melt and the free surface uncovered, mass transport will be by a combination

of diffusion, solutal buoyancy flows and Marangoni convection. By capping the free

surface Marangoni convection is suppressed in the system and mass transport will be

by a combination of solutal buoyancy flows and diffusion. With the silicon dissolving

from the top of the melt the free surface is covered by the silicon and the solutal

buoyancy acts to stabilize the melt against convective flows. In this case, it is expected

that diffusion will be the primary mass transport effect.

To further investigate the effect of flows on the mass transport in the melt, a static

magnetic field was used to manipulate the flow structure in all three of the material

configurations. A static magnetic field of 0.8 T was applied, along the vertical axis, to

suppress convective flow. This arrangement is shown in Figure 3.4. The strength of

field was chosen based on previous work to suppress convective flow. The chosen field

strength is relatively high by design to ensure that a strong effect would be realized

in the experimental results.



55

Field Coil

B-Field

Growth Cell in

Uniform Area

of Field

Figure 3.4: The furnace and magnetic field generator arrangement is illustrated above.
The field lines are in opposite direction to gravity and aligned with the vertical axis
of the crucible.

3.3 Baseline Experiments

The following work was published by the author in the Journal of Crystal Growth [33].

The baseline experiments were run with no applied magnetic field. The crucible

was packed with a silicon source and the germanium for the melt. The first config-

uration is silicon source at the bottom of the melt. In this setup, the silicon source

is placed into the crucible with the germanium on top. The plug was welded into

place such that it held the silicon on the bottom of the melt and prevented it from

floating to the surface. This configuration is referred to as Configuration A. The three

experiment configurations are illustrated in Figure 3.5.

Configuration B is identical to Configuration A except a graphite disc is placed

on top of the germanium melt. The graphite will act to suppress surface convective

flows in the melt. Graphite was used as it does not wet to the germanium and the

graphite disk could be reused from experiment to experiment.

Configuration C is the inverse of Configuration A. In this case the melt and source

positions are reversed. The silicon source floats on top of the germanium melt from

the outset of the experiment. There is no free surface in this configuration as the

silicon source covers the top free surface.
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Configuration A Configuration B Configuration C

Si Source Si Source

Si Source

Ge Melt Ge Melt

Ge Melt

Graphite Cap

g

Figure 3.5: Shown are the three experimental configurations used. The direction of
the gravitation acceleration vector is shown.

3.3.1 Configuration A and B

Configuration A was run for the three experimental times, 10min, 20min and 30min.

In all of these experiments, a high dissolution rate was exhibited. The dissolved

height of silicon was in the 2-3mm range. The time evolution of the dissolution

height shows a decaying trend. This is shown in Figure 3.6. This is likely due to

the melt approaching its saturation limit. As the concentration in the melt rises,

the transport mechanisms of diffusion and solutal buoyancy will slow as they are

driven by the concentration gradients in the melt. The saturation concentration is

determined by the liquidus line on the phase diagram. The melt cannot accommodate

silicon above this saturation concentration. The saturation concentration does vary

with temperature. However, under the isothermal conditions imposed on the melt,

the saturation concentration is constant throughout the melt. Configuration B also

exhibited the same time dependant behavior, with the rate of dissolution falling with

time.

Comparing the dissolved heights of Configuration A and Configuration B, a trend

is clear. More silicon is dissolved in the presence of a free surface at the top of the

melt. The effect is small but consistent across all of the experiment times. This shows

that Marangoni convection is contributing to the mass transport in the system. Again

the system is in an isothermal environment. It is expected that radial temperature

gradients will be minimized. The graphite cap on the free surface will effect how the



57

10 15 20 25 30
1.5

2.0

2.5

3.0

3.5

 No Free Surface, Config. B
 Free Surface, Config. A

Di
ss

ol
ut

io
n 

H
eig

ht
 [m

m
]

Experiment Duration [min.]

Figure 3.6: Plot of the dissolution heights of Configurations A and B with respect to
experiment time.

system comes to thermal equilibrium when introduced to the experimental temper-

ature. During this short time, there are different thermal gradients present in the

melt. However the differences are minor and unlikely to be large enough to be the

source of the dissolution difference given the short time period in which they occur.

There is likely to be concentration gradients at the free surface. However, it is ex-

pected that silicon will preferentially build up at the free surface due to the buoyancy

force it experiences. The buildup of silicon should help minimize any concentration

gradients present. Given these factors, the extra mixing seen in Configuration A over

Configuration B seems attributable to Marangoni convection.

In the system under study, the free surface is only approximately 350mm2 in size.

The volume of the melt is approximately 9500mm3. This is a relatively high ratio of

volume to surface area when compared to growth techniques such as Czochralski and

Float Zone. As this ratio changes to higher surface area for similar volume, it would be

expected that the contribution of Maragoni convection to the overall transport would

increase. For Czochralski growth, where the melt has a lower ratio of volume to
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surface area, it is likely that Marangoni convection will play an important role in the

mass transport. The contribution of free surface convection to mixing is substantial

enough to warrant attention when considering SiGe growth systems.

In Configurations A and B, the dissolution interface shows signs of being unsta-

ble. This becomes very apparent with the samples processed for 30min. A sample

exhibiting this is shown in Figure 3.7. These samples show a very wavy dissolution

interface. This is likely due to strong flow across the interface. As the thermal gradi-

ents are minimized, this flow would seem attributable to the solutal buoyancy flows.

The presence of such an interface indicates the formation of unstable flow structures

in the melt and rapid chaotic mixing.

The boundary layer is visible adjacent to the dissolution interface. This is shown in

Figure 3.8. This is identified on the differentially etched samples. The etch highlights

a thin band of high silicon concentration adjacent to the dissolution interface. The

layer shows consistent thickness and uniformity across the processed samples. The

visibility of this layer highlights the concentration difference between the boundary

and the bulk of the melt. Rapid transport away from the dissolution interface is

taking place in order to make this transition so clear. In the diffusion dominated

boundary layer, the silicon concentration builds up. Then, as it diffuses into the bulk

of the melt, it is rapidly mixed by convective flows.

EDS composition measurements were taken for all processed samples. The ob-

tained composition profiles provide insight but are hindered by segregation in the

melt. On quenching, the silicon segregates out of the germanium melt. This results

in high silicon concentration zones within a germanium rich matrix. The silicon seg-

Silicon Source

Dissolution Interface

Figure 3.7: The dissolution interface for a sample processed for 30min is shown. The
interface is very wavy indicating the dissolution is an unstable process.
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Figure 3.8: The dissolution interface boundary layer is visible on the differentially
etched samples. The etch highlights the areas of higher silicon concentration. The
visibility of the layer indicates a sharp change in concentration at the boundary edge.
The photo above has been enhanced to increase contrast so the layer is more apparent.

regates as visibly identifiable needle like crystal structures. This is shown in Figure

3.9. The fast quenching process should help avoid macro-segregation. Microscopic

segregation will still occur even with a fast quench. In the case of the silicon ger-

manium melts here, it would appear that even with the fast quenching significant

macro-segregation has taken place. The grain size of the precipitated silicon is large

making accurate measurements difficult. The segregation can be smoothed somewhat

by using larger areas for the composition measurements. However, there is a limit to

the area that can be feasibly measured. In this work, a frame size of 450μm x 450μm

was utilized. With these limitations, the composition profiles show a relatively high

degree of scatter. However, some trends can still be identified.

The concentration profiles of both Configuration A and B exhibit a similar shape.

There is high silicon concentration adjacent to the dissolution interface. This is

consistent with the boundary layer observed in the differentially etched samples. The

EDS plots are shown in Figure 3.10. The silicon concentration then drops though the

center of the melt to a fairly even value. The top surface of the melt, both with and

without the free surface present, shows a marked increase in silicon concentration.
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Figure 3.9: The needle structure indicating the presence of silicon is visible in the
photo above. A uniform random distribution of the needle structure is apparent.
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Figure 3.10: EDS composition measurements of Configuration A. The three experi-
mental times are overlaid. The drop in composition through the center of the melt is
evident.
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This is consistent with the buoyancy force on the silicon causing the concentration

to increase at the top surface. The radial concentration profiles in the melt were

relatively flat. This supports the supposition that the concentration gradients at the

free surface will be low due to silicon species building up due to the buoyancy force.

3.3.2 Configuration C

Configuration C is similar to the material setup found in the LPD experiments. There

is no seed for these experiments and no thermal gradient is applied. However, the

silicon is placed at the top of the melt and the temperature at the interface is com-

parible to that used in the LPD system. The direction of transport into the melt with

respect to gravity is the same as the LPD system.

In a typical LPD experiment, a silicon source with a thickness of 2mm will last

for approximately 5 days. In Configurations A and B, dissolution of 2mm was seen in

around 10 minutes. This indicates that the convective transport was the predominant

transport mechanism in Configurations A and B. In LPD experiments, the buoyancy

of silicon acts to damp out convective flows. This effect is expected to be magnified

in Configuration C as the thermal gradient has been removed from the system. The

LPD system, in contrast, is subject to a high thermal gradient that can drive thermal

convective flows.

The dissolution heights recorded for Configuration C were in the 0.5mm to 1mm

range. This is substantially less than the heights recorded for the other configurations.

A plot of dissolution heights is shown in Figure 3.11. In addition, over the time period

measured it does not seem to exhibit the obvious decay behavior present in the other

configurations. This is expected as the lower amount of dissolved silicon indicates

the melt is not approaching the saturation concentration as quickly as the other

Configurations. Close examination of the results shows there is a slight trend to a

lower dissolution rate. This is likely due to the reduction in the concentration gradient

as the silicon is mixed into the melt.

The extent of the silicon transport into the germanium can be visibly seen in the

differentially etched samples. This is shown in Figure 3.12. The presence of silicon

in the melt is characterized by the presence of a needle like crystal structure. This

structure seems to form due to the macro-segregation silicon during the quenching

process. The EDS composition measurements verify the end of the needle structure

as the limit of silicon transport into the melt. A plot of the EDS data is shown in
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Figure 3.11: The dissolution heights for all three configurations are plotted versus
time. The dramatic reduction in dissolution for Configuration C is apparent.

Figure 3.12: The extent of the needle structure associated with silicon concentration
into the melt is illustrated by the dark lines in the photos above. The photo on the
left is material processed for 10min. The photo on the right is material processed for
20min.
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Figure 3.13: Shown above is a plot of the EDS composition values for Configuration
C. Plots for all three experiment times are overlaid. The extent of silicon transport
is evident.

Figure 3.13.

As it is expected that the transport in this system should be dominated by dif-

fusion, it should be possible to extract a reasonable value for the diffusion coefficient

in the system. There are thermal driven buoyancy flows in the melt during the start

of the experiments as the temperature rises from the preheat temperature to the ex-

periment temperature. Modeling of this process has shown that convective cells do

form but are quickly weakened and damped out as the silicon begins dissolving and

the temperature equilibrates. The system then precedes diffusion dominated. Given

this, it would be expected that the effective diffusion coefficient for this experiment

would be higher than the actual value due to the additional mixing at the start of

the experiment.

Numerically modeling a system with no convective flow so mass transport is only

by diffusion, it was found that the model predicts more dissolution than that observed.

This numerical model is discussed in detail in Section 3.5.3. The diffusion coefficient

that was used was 2.5 × 10−8 m2/s. This value for the diffusion coefficient has been

used in previous modeling of SiGe growth. The slope of the dissolution curve from
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the model is also different to that of the experiment results. By varying the diffusion

coefficient, the slope of the dissolution curve can be changed. Good agreement can be

found at a diffusion coefficient value of 5.0×10−8 m2/s. However, the curve from the

model is offset by approximately 0.4mm in dissolved height from the experimental

result. This data is plotted in Figure 3.14. Using a linear fit on both curves shows that

the slopes of the curves match well, but the intercepts are far apart. A likely cause for

this is non-equilibrium effects during the dissolution process. It has been suggested

that surface kinetics could play an important role in crystal growth [107]. These

effects are not accounted for in the equilibrium model used in this work. Inclusion of

these effects may be required for accurate modeling of the physical phenomena.

By including the solutal buoyancy body force into the numerical model, the com-

puted dissolved height curve is slightly altered. The buoyancy force acts to induce

weak flow in the melt. However, rather than limiting the amount of transport, it

serves to help mix the silicon species into the melt. This is shown in Figure 3.15.

With the inclusion of solutal buoyancy, the model result further diverges from the

experimental result. The mixing acts as an additional additive effect to the height

dissolved. The shape of the curve is maintained but the height dissolved is increased.

To better match the experiment results, the time for the dissolution interface to

reach saturation was varied. As the germanium melts and contacts the silicon source,

it will take time for the interface boundary layer to reach equilibrium. This interface

is usually modeled as being saturated to a composition determined by the liquidus

line. In this case, the concentration was varied linearly in time from zero to the

saturation composition. The time to reach saturation is unknown. However, as a first

approximation, the time for the system to reach thermal equilibrium, approximately

90 seconds, was used. This lowers the heights dissolved approximately 0.05mm,

a minor effect. By increasing this time further, the dissolved height continues to

trend downwards but the shape of the curve is affected. The physical validity of the

boundary requiring a long time to come into equilibrium requires further investigation.

In general this is a process that happens quickly as this region experiences large

concentration gradients at the start of dissolution and transport in the boundary layer

is primarily by diffusion. A fit using this approach is shown in Figure 3.16. While

the fit is still imperfect, the approach shows promise and a better fit could likely be

realized by utilizing a more complex ramp function for the saturation composition.

It is also possible that some mass transport effect has been left out of the model.

However, additional thermal or solutal flows would seem to only increase dissolu-
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Figure 3.14: Dissolution heights of the experimental data and a numerical model
using a diffusion coefficient of 5.0× 10−8 m2/s. The slopes of the curves are in good
agreement, but there is offset between them.
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Figure 3.15: Dissolution heights of the experimental data and two numerical models,
one with and one without solutal buoyancy included. The diffusion coefficient used
in the model was 5.0× 10−8 m2/s.
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Figure 3.16: Experimental dissolution heights and modeled dissolution heights are
shown. The interface condition in the model is time dependant. The concentration
is ramped to saturation following the equation 0.12/1020t + 0.03. Where t is the
experiment time in seconds. The interface is ramped over 17 minutes. Linear fits
have been overlaid both data sets to show the similarity.

tion and not reduce the dissolved height. A smaller diffusion coefficient does not

adequately explain the reduced dissolution exhibited in the experimental results. A

reduction in the diffusion coefficient flattens the dissolved height curve as well as

lowering the dissolved heights. Including the solutal flows with the reduced diffusion

coefficient has the effect of increasing the dissolution heights, but the flatness of the

curve remains. It would seem that the initial condition for the start of the dissolution

in the numerical model needs modification. The experiment curve proceeds like the

modeled diffusion dominated system with a diffusion coefficient of 5.0 × 10−8 m2/s.

However, the initial rapid dissolution that takes place in the numerical model does

not occur in the experimental system. It is possible that the buoyancy of the silicon

has a strong effect during this time period to keep the dissolution low.

The buoyancy of the silicon has a strong effect on the dissolution and transport

in the system. It should be expected that the orientation of the silicon dissolution

interface will profoundly affect the effective diffusion coefficient in a SiGe growth

system. In other orientations, it is likely that buoyancy driven flows will become the
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primary mass transport mechanism and diffusion will be secondary. This was seen in

Configurations A and B.

3.3.3 Discussion

Applying these results to the LPD and melt replenishment Czochralski crystal growth

techniques, a number of issues become apparent. In both techniques, transport of the

dissolving silicon to the growth interface is the main determinant of growth velocity.

In LPD, the dissolving silicon must supersaturate a fluid layer at the growth interface

for growth to occur. The speed at which this occurs determines the growth velocity.

For melt replenishment Czochralski, in order to keep the growing crystal at a constant

composition, the pull speed must be set such that the added silicon can mix into

the melt and keep the melt near the interface at constant composition. The rate at

which silicon mixes through the bulk of the melt and replenishes the silicon consumed

at the solidification interface will determine the maximum pull rate for a constant

composition crystal.

For both techniques, fast growth velocities require that the transport of silicon be

increased as much as feasible. It would seem that orientating the dissolution interface

to take advantage of the silicon buoyancy effect would help achieve higher growth

rates. The mixing of silicon into the melt is clearly improved with the dissolution

interface at the bottom of the melt. However, it has been observed that the strong

flow induced in this orientation has made the dissolution interface unstable. Given

this, it is likely that the strong flow structure could destabilize the growth interface

as well and therefore degrade the quality of the grown crystal.

Utilizing the silicon buoyancy effect to aid transport, while controlling the induced

buoyancy flows, may be possible by utilizing a static magnetic field. The static field

should act to suppress convective flow. This would allow for more control of the solutal

driven mixing and therefore lead to more stable dissolution and growth interfaces. In

a technique like LPD, the distance between the dissolution interface and the growth

interface could be increased to help control mixing. For Czochralski growth, the use of

a double crucible type arrangement may be more beneficial than feeding solid silicon

into the melt. The buoyancy force on the melt being fed into the growth crucible

would be controlled by the composition of the melt in the outer crucible. A large

difference in composition would lead to strong buoyancy flows while decreasing the

amount of melt that has to be fed into the inner crucible during a growth run. A small
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composition difference would require more material to be fed into the inner crucible

during a growth run but a lower buoyancy force on the introduced material would be

realized. Careful modeling of this process will be necessary to find the appropriate

balance of factors.

3.4 Static Magnetic Field Experiments

A static magnetic field of 0.8T was applied to the experimental setups discussed

in the previous section. The field strength was chosen based on previous work to

suppress convective flows in a semiconductor melt. A field strength on the higher

end of what has been used was chosen to highlight the effect of the static field. All

other parameters of the experiments were maintained. The field was aligned along

the vertical axis of the experiment and the sample was placed in a radially uniform

area of the field.

3.4.1 Configurations A and B

The following work was published by the author in the Journal of Crystal Growth [35].

The applied magnetic field will first be discussed for Configurations A and B. The

dissolution interface is at the bottom of the melt and the transport is characterized

by strong solutal buoyancy flows. The application of a static magnetic field should

act to suppress the convective flows in the melt. The magnetic field does not directly

act on the axial component of the flow. Instead, the field influences the radial and

tangential components which in turn suppress the formation of large convection cells.

This would reduce mixing and therefore reduce the dissolved height of silicon. What

is evident from the experimental results is that the application of the static field acted

to enhance the dissolution of silicon into the melt. This can be seen in Figure 3.17.

The flow structure in the melt is being altered by the applied field in such a way as

to increase the transport of silicon.

The trend of the free surface acting to enhance the transport in the melt is evident

in the experiments conducted under the static magnetic field. More silicon is dissolved

when the top of the melt is a free surface. This implies that the Marangoni convection

is unaffected by the application of the field as the same effect was observed with no

applied field. However, the body force induced by the magnetic field will affect

Marangoni flows. Therefore, it is possible that another flow effect is present in the
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Figure 3.17: Dissolution height plots of Configurations A and B with and without
magnetic field. The increased dissolution with application of the magnetic field is
evident.

melt. One possibility could be stronger solutal driven Marangoni flow due to an

altered concentration field in the melt. Another possible effect could be enhanced

azimuthal flow from thermoelectromagnetic convection.

The mechanism of the magnetic field aiding in the transport of silicon in the melt

could be explained as follows. During the heat up to the experiment temperature,

thermal flows will occur in the melt. Fluid will flow up the hot crucible wall and

downward through the center of the melt. The downward flows will return silicon back

towards the dissolution interface. The returned silicon will reduce the concentration

gradients in the area of the dissolution interface. This will slow the dissolution rate.

When these currents are strong, it is expected that this could help reduce the height

of silicon dissolved.

When the magnetic field is applied, the flow structure is changed and the formation

of large convective cells is suppressed. This will reduce the mixing of the dissolved

silicon back towards the dissolution interface. In this case, the buoyancy of the silicon

causes it to rapidly transport away from the dissolution interface. The silicon will

tend to build up at the top of the melt due to its buoyancy in the germanium melt.
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Figure 3.18: Above is an illustration of possible flow phenomena in the dissolution
of silicon with (right) and without (left) magnetic field. In the sketch on the left,
flow acts to remix silicon from the top of the melt back to the dissolution interface.
This reduces the concentration gradients around the interface. In the sketch on the
right, the flow is suppressed from remixing silicon from the top surface back to the
dissolution interface. Therefore the concentration gradients around the dissolution
interface remain high and more dissolution is realized.

Without the magnetic field, the build up of silicon at the top surface of the melt is

partially remixed into the bulk by convective flow and acts to reduce the dissolution

rate. With the magnetic field applied, the reduction in dissolution rate does not

occur and larger dissolved heights of silicon are observed. The remixing of silicon

from the top surface towards the dissolution interface is suppressed. This change in

flow structure is illustrated in Figure 3.18. This could be the phenomena observed in

both Configuration A and B.

This explanation is supported by the silicon concentration profiles in the processed

samples. In the differentially etched samples, the areas with a reasonable concentra-

tion of silicon show the macro-segregation of the silicon species into a needle like

structure. This reliably indicates the presence of silicon in the melt. In the samples

processed without an applied magnetic field, an even distribution of the needle struc-

ture is observed. In the samples processed with the applied field, a marked reduction

in the concentration of the needle structure is noted in the middle of the melt. This

can be seen in Figure 3.19. This would indicate that the concentration of silicon in

the center of the melt in the samples processed under the applied magnetic field is

lower than the surrounding areas. The anisotropy of the silicon distribution is related
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Figure 3.19: The above are photos of material from Configuration B processed for
20min. The sample on the left was processed without magnetic field and exhibits a
uniform distribution of the needle structure that indicates silicon concentration. The
sample on the right was processed with the magnetic field applied. The reduction of
the needle structure in the center of the melt is evident.

Figure 3.20: EDS composition plot of Configuration B sample processed for 20min
with applied magnetic field. The centerline plot is from the center of the sample
starting at the dissolution interface. the 6mm offset plot is another axial composition
profile offset 6mm radially from the centerline profile. The drop in silicon concentra-
tion through the center of the melt is very evident by comparing these data plots.
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Figure 3.21: The above photos show the dissolution interface shape with and without
the applied magnetic field. The sample on the left was processed without the magnetic
field. The wavy interface indicating unstable dissolution is evident. The sample on
the right was processed with the applied magnetic field. In this case, the dissolution
interface is much smoother indicating a more stable process.

to the application of the magnetic field. This would support the earlier explanation

that the magnetic field is preventing remixing of silicon back towards the dissolution

interface through the center of the melt. This results in a lower concentration of

silicon in the center of the melt.

This is further supported by the concentration profiles obtained from the EDS

analysis. For the sample processed with the applied field, the composition profile

near the crucible edge shows a relatively even concentration profile over the extent

of the melt. However, the centerline concentration profile of the samples processed

with the applied field show a distinct drop in silicon composition through the center

of the melt. This is shown in Figure 3.20.

In the previous examination of the samples processed in Configurations A and B,

it was noted that the dissolution interface was wavy. This indicates that the flow

across the interface may have caused instabilities. It is likely that the instabilities

are due to strong radial and azimuthal flow. With the application of the magnetic

field these flows should be suppressed and the interface should stabilize. This effect

was seen in the samples processed under the magnetic field. The samples show a far

flatter dissolution interface when the magnetic field is applied. This can be seen in

Figure 3.21.

The application of the magnetic field has a number of effects on the transport and

flow in the melt. The dissolution interface is stabilized. This is likely due to reduce

radial and tangential flows. The amount of dissolution is increased. Again, the radial

and tangential flows are reduced and less silicon is mixed from the top surface of the

melt back towards the dissolution interface. This keeps the concentration gradients

around the dissolution interface high and drives more dissolution. Finally, the effect

of the free surface on transport is not impacted by the applied magnetic field.
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3.4.2 Configuration C

The following work was published by the author in the Journal of Crystal Growth [31].

In Configuration C with the dissolution interface at the top of the melt, the same

effect of the dissolution increasing with the application of the static magnetic field

was observed. This is shown in Figure 3.22. Without the field, in this material con-

figuration, the transport proceeds as a diffusion dominated process. The dissolution

interface is also very flat, indicating that the flow structure is relatively weak.

Figure 3.22: Dissolution heights of Configuration C with and without magnetic field.
The trend of higher dissolution with magnetic field applied is apparent.

There will be thermally driven flows at the start of the experiment as the crucible

reaches thermal equilibrium. The magnetic field is expected to help reduce these flows

and keep the system diffusion dominated for the entire duration of the experiment.

This is not what was observed. The magnetic field acts to disrupt the dissolution

interface. Specifically, the rate of dissolution near the crucible walls is significantly

enhanced over the silicon dissolution in the center of the melt. This can be seen in

Figure 3.23. This implies the addition of flow structure in the melt.

With the application of the magnetic field, silicon is being mixed away from the

dissolution interface more rapidly at the crucible walls than at the center of the
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Figure 3.23: Dissolution interfaces in Configuration C with and without applied mag-
netic field. The photo on the left is of a sample processed without the magnetic field.
The dissolution interface is very flat. The photo on the right is a sample processed
with the applied magnetic field. The areas of high dissolution near the crucible wall
are visible.

interface. This indicates significant alteration of the flow field. The extent of the

silicon transport into the melt is only slightly affected by this modified flow structure,

while the dissolution interface is dramatically altered. This would indicate that the

magnetic body force is serving to enhance radial and azimuthal flows while axial flow

is unaffected. The radial and azimuthal flow structure could act to mix silicon away

from the crucible edge and into the center of the melt. This would drive dissolution

at the crucible walls while slowing the dissolution in the center of the interface. This

could lead to the deformation of the interface observed in experiments. Stronger

radial and azimuthal flows could also account for the additional mixing of silicon into

the melt. If the axial flows are not enhanced to the same extent as the radial and

tangential, a significant increase in dissolution would not be expected.

The magnetic field was applied to suppress any natural convection that may be

present in the melt. However, this was not the effect observed. Instead it seems that

the field enhances radial and azimuthal flow structure in the melt. This strengthens

the flow and the convective mass transport in the system.

This type of effect may be useful in crystal growth techniques. For LPD, the

growth interface shape evolves with time as the silicon is not transported equally

across the melt. Instead, silicon is transported more quickly through the center.

The LPD growth interface starts concave to the melt. As silicon is transported faster
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through the center, this shape evolves from concave into convex to the melt as growth

proceeds. A flat growth interface is optimal. Enhancing the radial and tangential

flows to help reduce the concentration gradients in the radial and tangential plane

would ensure that silicon is transported evenly through the melt, reducing the growth

interface shape evolution.

3.5 Numerical Modeling

3.5.1 Configuration C under Static Magnetic Field

The following work was published by the author in Fluid Dynamics and Materials

Processing [32].

In order to further examine the disruption of the dissolution interface in Con-

figuration C with the application of a magnetic field, a three dimension numerical

model was developed. The material parameters, governing equations and body forces

discussed in Section 2.5 were utilized. The numerical solution was obtained using the

commercial ANSYS CFX finite volume based solver. The simulated domain is shown

in Figure 3.24.

With high body forces present in the melt from the magnetic field as well as the

buoyancy body force terms, it was not possible to acheive a converged solution for a

reasonable time length. To overcome this issue, the gravitational and magnetic body

forces were scaled down while maintaining the ratio between them. The forces were

both scaled down by a factor of ten. Utilizing this approach, a converged solution

was obtained for a 20 minute experiment time.

The dissolving boundary is taken as stationary and saturated in silicon accord-

ing the phase diagram. The thermal field is initialized at 800◦C with boundaries

of 1100◦C. This simulates the drop from the preheat zone into the isotherm of the

furnace. In order to achieve a converged solution, the thermal expansion contribution

to the buoyancy body force term was neglected. Thermal modeling showed that the

system comes to thermal equilibrium quickly, less than 90 seconds. The method of

heat transfer from the outer crucible wall to the material was considered to be entirely

by conduction. Given that quartz is transparent in the infrared, radiation can be a

significant factor to the initial heating. Inclusion of the radiation effect would serve

to reduce the time for the system to come to equilibrium. Therefore the 90 seconds

for the system to come to equilibrium should be considered an upper limit. Given the
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Figure 3.24: The model domains are illustrated on the left. The mesh used for the
problem is diagrammed on the right.

20 minute time frame for an experiment, it would seem a reasonable approximation

to neglect the effect of thermal driven flows. The effect of thermal expansion on the

concentration field was checked for short simulation times to verify it did not have a

notable effect.

The following is a summary of the boundary and initial conditions used.

Temperature

• All domains initialized with: T = 800◦C

• Quartz crucible outer wall: T = 1100◦C

• Domain interfaces are continuous.

Flow

• Melt domain initialized with zero flow velocity.
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Figure 3.25: The plot on the left shows the velocity intensity through the melt volume.
The dark areas represent stronger flows. Strong flow is evident in the radial tangential
slices. Only weak intensity is visible in the axial planes. The vector plot on the right
shows the velocity vectors and magnitude around the dissolution interface. The strong
tangential and radial flows are evident.

• No slip boundary condition presumed along the melt edges: vr = vϕ = vz = 0

Concentration

• Melt is initialized as pure germanium.

• Dissolution boundary at fixed concentration determined by the following equa-

tion for silicon mass fraction: cdis = 1−(1.05513×10−8T 3−3.446005×10−5T 2+

0.038741T − 14.749675) (this equation is calculated from the phase diagram).

• Zero flux is assumed along the quartz-melt boundaries.

With the above conditions, a solution with and without the applied magnetic field

was obtained. The solution without magnetic field exhibits the predicted behavior.

The concentration profile evolves like a diffusion dominated system. There is weak

flow structure around the interface but it does not seem to strongly affect the transport

in the system, diffusion remains dominant.

With the application of the magnetic field, the flow structure in the melt is sig-

nificantly altered. Strong flow structure develops in the radial-azimuthal plane while
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Figure 3.26: The plot on the left shows the concentration in the system modeled
without the applied field. The diffusion dominated behavior is apparent. There
is some weak disruption to the concentration isolines due to weak flow around the
interface. The plot on the right shows the concentration field when the field is applied.
The mixing of silicon towards the center of the melt is evident. The low concentration
gradients in the center of the dissolution interface will slow dissolution. The high
gradients near the crucible edge will accelerate dissolution.

weak flow structure remains in the axial direction. The flow is illustrated in Figure

3.25. The strengthened flow serves to mix silicon away from the edges of the crucible

and towards the center of the melt. The concentration field reflects this, with steep

concentration gradients at the edge of the dissolution interface near the crucible wall

and shallow concentration gradients around the center of the interface. This can be

seen in Figure 3.26.

The shape of concentration field will drive accelerated dissolution around the

interface edges and lead to the interface observed in the experiments. However,

the flow structure present in the model evolved significantly with time and does

not appear to be a stable structure. The accuracy of the flows are not certain.

The radial concentration profile the flow structure generates does not fully match

the observed experimental result. Based on the model, it would be expected that

the silicon concentration should be higher in the center of the melt. This was not

observed in the differentially etched samples. The distribution of the needle structure

indicating the presence of silicon was radially uniform. This can be seen in Figure

3.23.

In the model with no applied field, the centerline concentration profile exhibits a

diffusion dominated shape. This is illustrated in Figure 3.27. With the application of
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Figure 3.27: The concentration profiles from the model with and without magnetic
field are overlaid. The application of the magnetic field has increased the distance
that silicon has been transported into the melt.

the field this shape becomes significantly flattened and the silicon now extends further

into the melt due to the additional mixing. The further extent of the silicon into the

melt is seen in the experimental results. This is illustrated in the EDS compositional

profiles shown in Figure 3.28.

The application of a static magnetic field inducing mixing in the melt is contrary

to what has been observed in other systems. The application of a static field is usually

associated with suppression of convective flows. Instead, the application of the field

is seen to enhance mixing in the melt. This seems to be a characteristic of the SiGe

system and may be related to the strength of the buoyancy flows in the material

system.

The additional mixing incurred by applying a static magnetic field could be useful
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Figure 3.28: The plot at the top shows the EDS concentration profiles for the sample
processed without magnetic field. The plot on the bottom shows the EDS concen-
tration profiles for the sample processed with magnetic field. The silicon extent into
the melt has increased with application of the magnetic field. Both profiles are for
samples processed for 20 minutes.
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in LPD growth of SiGe. The enhanced transport could lead to faster growth rates

and improved interface shape. In melt replenishment Czochralski, this effect could

also be utilized. Silicon introduced into the edge of the melt near the crucible wall

would potentially experience additional mixing towards the center of the melt. This

is where the crystal is being pulled. The mixing of silicon from the crucible wall to

the growth interface is desirable in this technique as the crucible edge will be the most

convenient place to replenish the melt with silicon. It is possible that the additional

flow may adversely affect the stability of the growth interface.

The simulations conducted show that the magnetic field body force can act to

enhance mixing in the system. The flow structure present in the melt seems to be

enhanced by the magnetic field. The radial and azimuthal flows become strengthened

mixing silicon away from the crucible wall. This would drive higher dissolution rates

at the crucible wall.

3.5.2 Additional Treatments of Configuration C under Static

Magnetic Field

The following work was primarily undertaken by A. Kidess and F. Micheghal with

the author collaborating. The same system as examined in the previous section was

studied using different numerical methods to better handle the body forces in the

melt. The work with A. Kidess was published in the Journal of Crystal Growth and

Fluid Dynamics and Materials Processing [30, 34]. The work with F. Micheghal was

published in TWMS Journal of Applied and Engineering Mathematics [28].

As the flow structure obtained in the previous section was determined to be un-

satisfactory, more in depth numerical analysis was undertaken. Two methods were

followed. The OpenFOAM and FASTEST finite volume solvers were utilized by A.

Kidess to solve for the flow structure and concentration field. A finite element ap-

proach was utilized by F. Micheghal to obtain the flow structure and concentration

field.

3.5.2.1 Finite Volume Approach

From the simulations by A. Kidess, the following results were achieved. The system

was again shown to reach thermal equilibrium quickly, less than 90 seconds. The

concentration profiles exhibited a more stable profile. Both with and without the

magnetic field, the system proceeded diffusion dominated. Curvature in the concen-
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tration field did develop near the dissolution interface with the application of the

magnetic field. This is shown in Figure 3.29.

The flow is significantly affected by the application of the magnetic field. It

is noted that the flow velocity directions are more effected than the flow intensity.

These changes are attributable to the magnetic body forces. Stable flow is visible

close to the dissolution interface in thin Hartmann layers that have formed. Outside

the Hartmann layer, there is no visible flow. This is illustrated in Figure 3.30.

The model predicts very small radial concentration gradients. Even within the

flow structure, the radial concentration gradients are low. There is a very slight trend

to higher axial concentration gradients near the crucible wall when compared to the

center. However, this effect is very small and not sufficient to explain the change in

the dissolution interface observed experimentally when the magnetic field is applied.

While the correct trend is predicted, the magnitude is too small to adequately predict

the experimental phenomena.

To try to replicate the experimental results, an artificial heat leak was added to the

top of the source material. This would cause non-isothermal conditions and possibly

enhance the mixing around the crucible walls. While the experiments were designed

to minimize temperature gradients, the system was modeled with a large heat loss in

order to see if heat loss could contribute to the dissolution observed in the system. In

examining the experimental design, the most probable location for heat loss would be

the top of source. The sample is lowered into the furnace from the top which requires

there is no insulation directly above the source. This is counteracted by sealing the

sample in its crucible under vacuum. There is a thick region of vacuum above the

source which should limit heat transfer. However, this is still the most likely location

for a heat leak.

A large heat leak of 420W was applied which corresponded to a temperature

reduction of 30K at the top of the source. The computed concentration profiles show

significant change over the results from the simulations with no heat leak. There is a

stronger radial concentration gradient at the dissolution interface. This can be seen in

Figure 3.31. However, there is little to no change in the concentration profile between

the simulation with the heat leak and no applied magnetic field and the simulation

with the heat leak and the magnetic field applied. This would suggest that this does

not reflect the experimental conditions. A strong dependence on field was noted in

the experiments.

The flow field exhibits the same dependence on magnetic field that was seen in
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No Applied Magnetic Field 0.8T Applied Magnetic Field

Figure 3.29: The concentration isolines with and without the applied magnetic field
are shown. The calculated fields are very similar to one another. There is a very
slight curvature in the concentration isolines near the dissolution interface.

 

No Applied Magnetic Field 0.8T Applied Magnetic Field

Figure 3.30: The flow fields with and without the applied magnetic field are shown.
The velocity field develops thin Hartmann layers with the application of the magnetic
field. The flow in the melt is isolated to this layer.
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No Applied Magnetic Field 0.8T Applied Magnetic Field

Figure 3.31: The concentration isolines are plotted with and without the applied
magnetic field. The results above are from the model with the 420W heat leak. The
additional curvature of the isolines compared to the plots in Figure 3.29 is apparent.
However, the application of the field does not significantly alter the concentration
distribution.

the simulations without the heat leak. These results coupled with the large heat

leak required to create the effect, would seem to indicate that the experiments are

in fact very close to isothermal. This implies that there is a phenomena that is

not included in the present model. One possible effect is thermoelectric convection.

Thermoelectric currents promote convection in the melt and can change the shape

of the interface and the concentration field [23, 108]. In systems with a Hartmann

number close to that found in the dissolution system, enhancement of the azimuthal

flow has been observed [109]. Further investigation of this effect in the dissolution

system is warranted.

Another interesting aspect of this work was to test the sensitivity of the results to

the solutal expansion coefficient. The physical parameters of the SiGe system are not

well investigated and the solutal buoyancy referenced has not been rigorously inves-

tigated. Simulations were conducted with two values of solutal expansion coefficient,

5.3× 10−3 and 0.17× 10−3. Visibly the produced concentration profiles are identical,

both with and without the applied magnetic field. The plots of the concentration

profiles are shown in Figure 3.32. This supports the conclusion that the transport in

the system is proceeding as a diffusion dominated system. The diffusion dominated

behavior is due to the silicon stabilizing the melt against convection. This work shows

that there is a range of solutal body force magnitude that could generate the diffusion
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Figure 3.32: The concentration isolines are plotted for two systems without applied
magnetic field. The plot on the left is the model with the solutal expansion coefficient
set at 5.3 × 10−3. The plot on the right is the model with the solutal expansion
coefficient set at 1.7× 10−3. The plots are virtually identical.

dominated behavior. The solutal Grashof number relates the strength of the solutal

buoyancy force to the viscous forces and scales with the solutal expansion coefficient.

Therefore it is likely that only a change in the magnitude of the solutal buoyancy

may affect the diffusion dominated behavior observed.

3.5.2.2 Finite Element Approach

In the work by F. Micheghal, the flow structure in the melt is better resolved. In this

work, a finite element based numerical solution was implemented. The same set of

field equations and the same physical parameters were utilized.

In the case with no magnetic field, a weak flow structure of one large convection

cell forms. The melt rises up the crucible wall and down the center of the melt. The

cell is characterized by stronger flows by the crucible wall and more diffuse flow in the

center of the melt. The strong flow near the edge of the crucible will be incident on

the dissolution interface and mix dissolved silicon away from this region and towards

the center of the melt. However, as indicated from the concentration profile the flow

structure in the melt is very weak and does not significantly contribute to transport.

The concentration profiles in the melt are flat and the transport proceeds like a

diffusion dominated system. This is illustrated in Figure 3.33.

With the introduction of the magnetic field, the flows near the crucible wall are
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Figure 3.33: The above plot is after 30 minutes of simulation time with no applied
magnetic field. The vector plot indicates the flow field and the isolines indicate the
concentration.

Figure 3.34: The above plot is after 30 minutes of simulation time with a 0.8T applied
magnetic field. The vector plot indicates the flow field and the isolines indicate the
concentration.
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Figure 3.35: The above plot is after 30 minutes of simulation time with a 0.3T applied
magnetic field. The vector plot indicates the flow field and the isolines indicate the
concentration.

enhanced. This can be seen in Figure 3.34. These flows now have a visible effect on

the concentration profile. They serve to mix silicon away from the crucible wall and

into the center of the melt. In the center of the melt, the transport still precedes

diffusion dominated as the flow structure in the center remains weak. The mixing

of silicon away from the crucible wall will increase the concentration gradient in this

area and drive more dissolution. This will lead to the interface shape observed in the

experimental work.

The magnetic field level was varied to see the effect on the flow structure and

concentration field. At the 0.8T field level, the upwards flow is confined very close

to the crucible wall and the concentration gradients at the dissolution interface are

similarly confined at the crucible wall. This type of scenario should produce a very

similar dissolution interface shape to that observed in the experimental results. By

reducing the field to 0.3T , the flow is not as confined to the crucible wall. This is

shown in Figure 3.35. The resulting concentration gradients are spread out further

into the dissolution interface as well. This should spread the areas of high dissolution
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further towards the center of the melt. The 0.8T field level model results agree better

with the observed experiment results than the 0.3T field level.

In the experiments conducted, the areas of high dissolution were localized to the

crucible wall. The areas of diffusion dominated transport are characterized by low

radial composition gradients and the shift from the diffusion regime to the convec-

tive regime is well delineated in the model results. This compares well with the

experimental results where the extra dissolution was very localized.

It appears from this work that the magnetic field is enhancing the already present

weak flow structure present in the melt. This enhanced flow results in the altered

dissolution interface shape observed. The evolution of the dissolution interface could

not be replicated in this work. This is possibly due to the fact that the domains

considered were 2-D axisymmetic and as such tangential flows were not considered.

The inclusion of the tangential flows may allow for more accurate modeling of the

dissolution interface evolution.

3.5.3 Dissolution Height

The dissolution trend observed in Configuration C should be directly related to the

diffusion coefficient as it has been shown that the system appears to precede diffusion

dominated. To extract information about the diffusion coefficient, a numerical model

of the experimental setup was solved using the ANSYS CFX finite volume solver. A

variety of parameters were varied in order to gain a good fit with the experimental

values.

As the system is presumed diffusion dominated, the flow field and temperature

field were not solved. Only the species mass transport by diffusion was considered.

The dissolution interface was taken as an equilibrium saturation condition for the

experiment temperature of 1100◦C. The other boundaries were considered imperme-

able. The model was calculated for the 30min experiment time. The intermediate

time steps were recorded for comparison to the experimental data. The concentration

profile from the model was integrated to determine a mass of dissolved silicon in the

melt. This can then be correlated to a dissolved height.

The results show a much different phenomena than that observed in the exper-

iments. During the initial stages of the model, the dissolution is rapid as the con-

centration gradients are high. As time proceeds this rate slows. The experimental

results seem to be missing this initial period of high dissolution. The diffusion coeffi-
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Figure 3.36: The graph above illustrates the dependance of the dissolution height
curve on the diffusion coefficient. The inability to match the experimental results
with the current diffusion dominated model is apparent.

cient used in the model effects the slope of the dissolution curve after the initial high

dissolution period. It does not markedly affect the initial quick dissolution. Diffusion

coefficients of 5.0× 10−8, 2.5× 10−8 and 1.0× 10−8 m2/s were modeled. The results

are shown in Figure 3.36.

The slope of the curve generated with the 5.0 × 10−8 m2/s diffusion coefficient

follows the experimental result almost perfectly. However, the model experiences the

time of quick dissolution and is thus offset from the experimental data. In order to

explain this difference, two additional effects were considered in the model. Firstly,

solutal buoyancy was introduced and the flow field solved.

The introduction of the solutal buoyancy into the model generated weak flow

around the interface. This added additional transport into the system and as a result

the dissolution heights increased slightly. This did not affect the overall shape or

slope of the curves. It only offset the curve to a slightly higher dissolution height.

This is shown in Figure 3.15.

Another effect explored was a time dependant dissolution interface. The disso-

lution interface boundary condition was initially set to the saturation concentration
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value. Rather than have the interface saturated at the beginning of the simulation,

the interface was started at zero concentration and then linearly ramped to reach the

saturation concentration. This may account for non-equilibrium effects rate limiting

the silicon dissolution into the melt during the initial phases of dissolution. It was

found that a long ramp period was required in order to get a curve that approximated

the experimental curve, on the order of 15min. An example of this is shown in Figure

3.16. While the modeled curve does not perfectly align with the experimental data,

this does show that a rate limiting effect at the beginning of the experimental time

could produce a dissolution height curve similar to the one observed.

This illustrates that the initial dissolution period may include non-equilibrium

effects not included in this continuum model. This may be important to understand-

ing the silicon transport rate in the melt. To investigate this further, the effective

diffusion coefficients for the Configuration C experiments conducted with and with-

out magnetic field were determined. These were calculated by using the analytical

solution of Fick’s Law in one dimension. This is shown in Equation 3.1.

CSi = CSi(x=0)erfc

(
x

2
√
Dt

)
(3.1)

The concentration profile defined by this equation can be used to calculate the

total silicon dissolved and therefore the height of silicon source dissolved. Using an

iterative solve process, the height dissolved from the analytical equation is matched to

the experimental result by varying the diffusion coefficient. These results are plotted

in Figure 3.37.

The effective diffusion coefficient increases with time in both the experiments

conducted with and without applied magnetic field. In the experiments conducted

with the magnetic field, the effective diffusion coefficient seems to be asymptotically

approaching a diffusion coefficient of approximately 2.5×10−8 m2/s. The experiments

conducted without the magnetic field could also be displaying the same behavior, but

the time frame of the experiments are not sufficient to show the trend to the same

extent as the experiments conducted with the magnetic field. This phenomena is not

unexpected as the diffusion coefficient will vary with silicon composition in the melt.

At the start of the experiment there is no silicon in the melt. As the experiment

proceeds the silicon concentration increases as does the effective diffusion coefficient.

Therefore it would seem that the diffusion coefficient is increasing to a stabilized

value with increasing silicon concentration. The application of the magnetic field
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Figure 3.37: The graph above shows the variation of the calculated effective diffusion
coefficient for Configuration C with and without applied magnetic field.

would seem to accelerate the rate at which the effective diffusion coefficient increases.

This is likely due to modification of the flow structure around the interface.

3.6 Small Diameter Dissolution Experiments

The following work was presented at the International Symposium on Physical Sci-

ences in Space and published in the Journal of Physics CS [29]

In order to extract more information about the diffusion coefficient a series of

experiments were performed in small diameter crucibles. The smaller diameter helps

to suppress flow in the melt and ensure that mass transport is diffusion dominated.

The crucible setup was similar to the experimental configurations presented earlier

with two key differences. The diameter was reduced to 8mm and the length of the

melt was increased to 60mm. The increase in height was to ensure that little to no

silicon would reach the bottom of the melt and dissolution rate should be independent

of melt composition.

Diameters smaller than 8mm were trialed but the surface tension of the melt

caused technical issues. The source material would often not wet to the melt or voids

would form in the melt column. This could be overcome by applying a force to the top
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Figure 3.38: The plot above shows the modeled concentration profile for two crucible
configurations. Both the 4mm and 8mm diameter crucibles are shown.

of the source to ensure proper contact, however this introduces significant complexity

to the system. Both the 4mm and the 8mm system were modeled to investigate

the effect of diameter on transport. The model included diffusive mass transport

and solutal buoyancy flows. The resulting composition profiles from the two modeled

systems were virtually identical. As such, it was decided to use the 8mm system.

This result is shown in Figure 3.38.

Two material configurations were utilized, one with the silicon at the top of the

melt and one with the silicon at the bottom of the melt. Rather than examine the time

dependence of the dissolution heights, these experiments examined the temperature

dependence of the dissolution height. Three temperatures were used for this work,

1000◦C, 1050◦C and 1100◦C. The experiments were all conducted for one hour.

The dissolution heights obtained for the samples with the silicon at the top of the

melt show a weak trend to higher dissolution with temperature. This is shown in

Figure 3.39. As the experiments were conducted in an isothermal environment, this

would indicate that the diffusion coefficient also weakly depends on temperature. The

trend is not well resolved in this set of experiments. Additional experiments to better

resolve this effect are required. It is possible that allowing the samples to dissolve for

a longer time would help this issue. However, the length of the melt was calculated

based on the one hour experiment time. If the experiment time is to be increased,

the length of the melt would need to increase in order to keep the condition of the
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Figure 3.39: The graph above shows the dissolved height versus temperature. A
trend to higher dissolution with higher temperature is evident. However, for the
experiments conducted this dependance is weak.

bottom of the melt having minimal silicon concentration or this requirement would

need to be relaxed.

The samples with the silicon at the bottom of the melt exhibited drastically differ-

ent behavior. This is illustrated in Figure 3.40. The silicon was completely dissolved

during the experiment time. This provides a good illustration of the dependence

of the dissolution rate on the orientation of the interface. The formation of strong

solutal buoyancy flows seems unaffected by the smaller diameter crucible utilized.

Another reason for using a long column of melt was to extract composition in-

formation to compare to diffusion dominated composition profiles. The composition

information could then be used to directly measure the diffusion coefficient. However,

due to the low concentration of silicon in the melt, there is significant thermal expan-

sion of the germanium rich melt during solidification. The presence of silicon in the

melt helps to reduce this effect. The thermal expansion causes the melt column to be

significantly disturbed during cooling due to cracking of the crucible and subsequent

melt leakage. This makes it impossible to reliably correlate a position in the quenched

material to a position in the melt column. It may be necessary to use a shear cell

type arrangement to obtain this information. This would eliminate the uncertainty

about the material’s position in the melt column. In addition, it would help to reduce

macro-segregation issues.
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Figure 3.40: Material samples processed in the 8mm crucible. The sample on the
left had the silicon at the bottom of the melt. The source material has completely
dissolved and there is a strong uniform needle structure though the melt. This sample
has been differentially etched. The needle structure indicates the presence of silicon
in the melt. The sample on the right had the silicon at the top of the melt. There
has been little dissolution and little transport of silicon into the melt. The lack of
transport is evidenced by the lack of needle structure in the melt. This sample was
also differentially etched.
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Chapter 4

Liquid Phase Diffusion Growth of

SiGe

4.1 Introduction

The Liquid Phase Diffusion, LPD, growth process will be examined in this section

under a variety of flow and thermal conditions. Through variation of these parameters,

better understanding of their impact on the growth process will be determined. In the

LPD system, growth takes place under equilibrium conditions. There is no translation

or temperature change required to initiate growth. A strong temperature gradient

is imposed over the growth cell. Solute is introduced at the hot end of the growth

cell and a concentration gradient develops across the growth cell. The concentration

gradient induces transport from the hot end to the cold end of the growth cell. As

solute is transported to the cooler end of the growth cell, the solution will surpass its

saturation concentration and growth will initiate through precipitation.

In silicon germanium growth by LPD, it is expected that any modified flow struc-

ture should have significant impact on the growth process. SiGe growth by LPD

proceeds as a diffusion dominated process. The buoyancy of the silicon species in

the melt effectively damps convective flow and the transport is predominantly by

diffusion. As diffusive transport is a relatively slow process, any additional mass

transport induced by the modified flow conditions should have an observable effect

on the growth rate.
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4.2 Experimental Design

The LPD system setup is very simple. The material is loaded in the crucible in

three pieces. From top to bottom, there is a silicon source, germanium melt material,

and a germanium seed. The silicon seeds used were 25mm diameter single crystal

cylinders 5mm thick. The germanium melt material was a 25mm diameter cylinder

of polycrystalline material, 30mm thick. The germanium seed was a 25mm diameter

single crystal cylinder 15mm thick. All the material is contained in a clear fused

quartz crucible.

The silicon source was sized to ensure that not all silicon would be dissolved during

the growth period. The silicon utilized was single crystal. This was only because that

was the material readily available commercially. Polycrystal material could also have

been utilized. Commercial zone refined germanium was cored into 25mm diameter

cylinders to produce the melt zone material. The cylinders were 30mm long, setting

the melt zone depth as the same. This length was used to keep the experimental time

to the desired length. Single crystal germanium seed material was utilized to allow

for single crystal growth. The Ge seed’s length was 15mm. This was necessary to

allow for melt back of the seed during the heating period prior to the start of growth.

All materials were chemically cleaned and etched. The starting materials were all

99.999% pure.

The materials were placed in a cleaned quartz crucible. The crucible is placed in

a quartz ampoule which is then evacuated 1 × 10−3Pa. The ampoule is then sealed

with a quartz plug welded in place. The crucible is spaced from the bottom of the

ampoule with a thin piece of quartz tube. A diagram of a typical growth ampoule is

shown in Figure 4.1.

The crucible is placed in a three zone DC furnace and heated to the growth

temperature. The growth temperature environment is a steep, minimum 25◦C/cm,

temperature gradient over the crucible. The crucible is positioned such that the seed

melts back between 1 and 5mm. There is a range of melt back due to the curvature of

the initial interface. Depending on the temperature gradient, the dissolution interface

is at a temperature of between 1030 and 1100◦C. Once growth temperature is reached,

the system is left for the desired amount of growth time then slowly ramped down to

room temperature.

In the baseline system used in this work, the temperature gradient used was

steeper than that used in previous LPD work at the University of Victoria. The
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Figure 4.1: The arrangement of a typical LPD experiment is diagrammed above. A
photo of a typical sealed ampoule is also shown. The ampoule pictured was used for
finding the initial growth interface. The source material in the photo is smaller than
the source used in the experimental setup.

use of a smaller bore furnace along with a redesigned insulation package allowed for

the increased gradient. The gradient used was approximately 40◦C/cm. The steeper

gradient should drive a faster growth process.

The experiments here were not processed for a full LPD growth run. Instead

the experiments were shortened to approximately one half the normal experimental

time. It was expected that the growth may proceed somewhat faster than in previous

experiments. In addition, it was desirable to have both a section of quenched melt

and grown crystal for analysis. The experiments were allowed to run for 72 hours

rather than a full LPD run of 144 hours.

The furnace system used in this work was a new platform for LPD. This was

necessary as the platform had to fit inside the static magnetic field generator. In

addition, the furnace was wrapped with magnet coils to produce a rotating magnetic

field. The platform was also equipped to translate the sample. The addition of all

these features required a new furnace platform be designed and built. In the process

of these modifications, the thermal profile of the system was improved and the higher
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Figure 4.2: The arrangement of the LPD growth system is diagrammed above. The
uniform region of the static field is centered on the crucible growth position. The
peak strength of the rotating magnetic field is similarly centered on the crucible. The
rotating field coils are supported independently of the furnace as the interaction of
the static and rotating fields produces vibration. The furnace is supported inside the
magnet on a stand equipped with a stage that can translate the crucible in the axial
direction.

growth zone gradients were achieved.

The platform was designed such that all of these stimuli could be applied at once

to the sample being processed. The various configurations possible are illustrated in

Figure 4.2. In this work, the following combinations were investigated.

• Baseline LPD, no applied stimuli

• 0.4T Static Magnetic Field

• 5mT at 40Hz Rotating Magnetic Field

• Combined Static and Rotating Magnetic Fields

• Translated LPD

In addition, modification of the thermal field around the seed was investigated

by inserting a graphite block underneath the seed. The details of each case will be

discussed in the following sections.
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The processed samples were sectioned axially into two bulk halves and a 2mm

thick centerline wafer. The centerline wafer was polished and mounted for obtaining

EDS composition profiles. One bulk half was polished and then etched to reveal

structure. More information on the analysis is given in Section 3.2.1.

The following work has been presented by the author in four articles [24, 36–38].

4.3 Baseline Experiments

The Baseline LPD experiments were conducted following the same basic procedure

as in previous work [25]. The samples exhibited the expected phenomena. The

etched materials’ melt region exhibited the presence of silicon, although with much

less macro-segregation than that observed in the dissolution experiments. In the

dissolution experiments, the presence of silicon was indicated by the presence of a

needle structure in the melt region. Here the needle structure is not as evident. In

the LPD experiments, the samples are slowly cooled after growth and not quenched

as was the case for the Dissolution Experiments. This likely explains the change in

structure. The presence of silicon causes the grain size in the melt’s polycrystalline

structure to be very small. In regions of low silicon concentration, the grain size is

significantly enlarged.

The dissolution interface shows increased dissolution around the crucible edge

and relatively flat shape through the center of the melt. This can be seen in Figure

4.3. This is typical of what has been seen in previous LPD work. The seed has

melted back between 9 and 11mm. The initial seed-solution interface is concave to

the melt as was observed in previous LPD experiments. This interface is visible in

the the differentially etched segments. However, it is only apparent at certain angles

of reflection and as such is indicated by a dark line in Figure 4.3. The curvature

has been significantly reduced over the original LPD setup. This is likely due to the

improved thermal characteristics of the new LPD growth platform.

Over the 72 hour duration of growth, there has been approximately 5mm of single

crystal growth. After this point, the quenched melt is visible. The exact same plat-

form parameters, including crucible position, will be utilized in the other experiments

conducted. A plot of the EDS composition profiles of these samples is shown in Fig-

ure 4.4. The approximate extent of growth for each sample is indicated on the plot.

There is less scatter present in these EDS composition results when compared with

the results obtained for the dissolution experiments. This is due to a more controlled
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Figure 4.3: The photo above shows the differentially etched sections of the baseline
experiment samples. Baseline Experiment #1 is on the left and Baseline Experiment
#2 is on the right. The initial growth interface and the extent of single crystal growth
is indicated on the photos as dark lines.
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Figure 4.4: The EDS composition profiles for the Baseline Experiments are shown
above. The “Distance from the Dissolution Interface” is referenced to the point in
the center of the sample where the material transitions from silicon source to the
melt. This is used as the reference as it is a feature easily visible on the samples when
viewed in the SEM.
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Figure 4.5: The graph above shows the radial composition profiles in the melt for
the Baseline Experiment #1 sample. The position of the three profile lines are di-
agrammed on the right. The center of the melt is determined for each sample by
measuring the distance from the dissolution to the bottom of the sample. This mea-
sure is then halved to determine the center point.

cooling process for the LPD samples. The level of macro-segregation is far lower. The

radial composition plots are shown in Figure 4.5. The radial composition profiles in

the samples show a relatively flat profile throughout the melt.

4.4 Static Magnetic Field Experiments

The application of a static magnetic field to the LPD growth of silicon germanium has

been previously examined numerically [26,110]. This was primarily aimed at altering

the transport through the melt to affect the curvature of the growth interface. In

previous experimental work, it was observed that the growth interface shape evolves

from concave to the melt at the start of growth, to convex into the melt near the end

of the growth process. The desired interface shape is flat. Controlling the transport

of silicon through the melt could aid in establishing, then maintaining, a flat growth

interface.

In this work, a static field of 0.4T was applied. This was the optimal value found

in the previous numerical work. The field level is consistent with previous crystal

growth experiments where a magnetic field has been used to suppress flow in the
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Figure 4.6: The photo above shows the samples processed with the static magnetic
field applied. The sample on the left is the Static Field Experiment #1 and the
sample on the right is the Static Field Experiment #2. In the Static Field Experiment
#2 sample, there was no melt back of the seed and the melt did not fully wet the
germanium seed. In Static Field Experiment #1, the seed did wet and there was
minor melt back of the seed. The initial growth interface and the limit of silicon in
the melt is indicated on the sample by the dark lines overlaid.

melt. All the other experimental parameters used for the baseline experiments were

repeated.

Examining the differentially etched samples and then comparing to the baseline

samples, a dramatic difference is noted. The samples etched for structure are shown

in Figure 4.6. The extent of silicon transport into the melt has been dramatically

reduced. In fact, the silicon has not transported far enough into the melt to initiate

growth on the germanium seed. The dissolution and transport mechanisms have been

dramatically slowed over the baseline experiments. This is contrary to what was seen

in the dissolution experiments. However in the case of LPD, the flow structure in the

melt would be expected to be quite different from the Dissolution Experiments due

to the thermal gradient present.

In the Dissolution Experiments conducted under isothermal conditions, the mag-

netic field seemed to act to strengthen weak flow structures increasing transport. In

the LPD system, as there is stronger flow structure present due to the thermal gra-
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Figure 4.7: The plots above compare the composition measurements in the baseline
samples with the samples processed with the static magnetic field applied. The
reduced transport of silicon in the melt is clearly visible.

dient, the magnetic field is acting to suppress silicon transport. It would appear that

the stronger flow structure in the LPD system is being suppressed by the magnetic

field.

The lack of silicon dissolution in the samples processed with the magnetic field is

also evident from the amount of silicon source remaining. The silicon source shows

very little dissolved height. In addition, it does not show accelerated dissolution

around the crucible walls. This is evident in the photos in Figure 4.6. Instead, the

samples exhibit a very flat dissolution interface. This is again contrary to the phe-

nomena seen in the Dissolution Experiments. There, the application of the magnetic

field increased the dissolution of silicon around the crucible edge. The additional

dissolution observed in these experiments was explained by increased tangential and

radial flows. In the LPD samples, the opposite is observed. The reduction of radial

and tangential flows is leading to a flatter dissolution interface. This is consistent with

the behavior expected from the application of a magnetic field. A static magnetic

field is often used to suppress convective flow in a growth system.

Another effect is also evident from the differential etched samples. The applica-

tion of the magnetic field has had a strong impact on the thermal field in the system.

There has been much less, only approximately 1mm, of melt back of the germanium

seed. This shows that the temperature gradient in the sample has been altered. The
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Figure 4.8: The plot above shows the radial composition profiles in the Baseline #1
sample and the Static Field #1 sample. The position of the profiles is shown for
reference. The baseline and the static field experiments exhibit similar flat profiles.

temperatures around the seed have been lowered resulting in the initial growth inter-

face moving towards the source. The initial growth interface is entirely determined

by the thermal field. The seed melts back such that the interface is along an isotherm

corresponding to the melting temperature of germanium, approximately 940◦C.

The EDS composition profiles of the processed samples support the observations

from the etched samples. A plot of these profiles is shown in Figure 4.7. The base-

line experiments exhibit the expected steadily increasing compositional profile. The

samples processed with the magnetic field show a much quicker drop to zero silicon

concentration. The profile shows that no silicon has yet transported to the region

around the growth interface.

Radial composition profiles were also analyzed. A plot of the radial composition

profiles is shown in Figure 4.8. The composition profiles of both the baseline and

static magnetic field samples were found to be relatively flat. This is counter to what

was seen in the previous LPD work and seems to be a product of the improved thermal

characteristics of the new LPD system. In the previous LPD experiments, the growth

interface shape evolved with time due to curvature in the radial composition profiles.

Silicon was transported faster through the center of the melt. This phenomenon was

not seen in the current work.

Also evident on the composition profiles is that the application of the magnetic
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field seems to have lowered the saturation composition around the dissolution inter-

face. A shift in the thermal field has already been noted around the growth interface.

If the dissolution interface has also been shifted to a lower temperature this could also

explain the drop in the saturation composition. The LPD ampoule is supported in

the furnace by a quartz tube that runs completely through the furnace. This results

in a path for heat loss directly above and below the crucible. While steps have been

taken to reduce heat loss at these locations, some loss will occur.

A numerical model of the LPD system, considering fluid flow and heat loss top and

bottom was examined. Thermally driven convection was considered in one version of

the model and removed in another. This was to qualitatively examine the effect of the

magnetic field on the thermal field in the system. It is expected that the application

of the magnetic field will suppress the convective fluid flow. The modeling shows that

in such a situation, with heat leaks top and bottom, the removal of the flow field does

indeed induce the effects seen in the experimental results. The dissolution interface

moves to a lower temperature and the temperature around the growth interface shifts

as well. Plots of the modeled thermal field with and without convection are shown in

Figure 4.9.

In this configuration, it may be necessary to further insulate the crucible to elim-

inate any heat leaks. Currently the top and bottom of the crucible are insulated by a

thick vacuum zone. Therefore the primary means of heat loss would be by radiation.

More consideration of possible heat loss may be necessary in future growth work.

It would also be possible to simply reposition the crucible in the thermal gradient

according to the new flow conditions in the melt.

It appears that the application of a static magnetic field to the LPD process may

not be beneficial to the growth process. The radial composition profiles in the melt

did not show any significant improvement with the application of the field. The

application of the field did, however, significantly slow the transport of silicon into

the melt and would therefore reduce the growth rate. A general problem in solution

growth of material is that the growth rates are slow when compared to melt growth.

Additionally slowing the growth process with no clear benefit does not seem to justify

the expense and complexity of processing samples under a static magnetic field. It

may be possible that, under different experimental conditions, the static field could

improve the growth conditions. As has been noted here, the magnetic field does seem

to effectively suppress the convective flow in the melt.



106

Figure 4.9: The above are plots of the thermal fields with and without the thermal
buoyancy force considered. In the plot on the left, the temperature field is calculated
with the buoyancy force. A vector plot of the flow field in the melt is overlaid. In
the plot on the right, the thermal field has been calculated with no flow in the melt.
Boundary conditions consistent with the LPD process were utilized in both cases.
The shift of the thermal field with the change in the flow field is evident. This is
similar to the effect expected with the static magnetic field being applied. The static
magnetic field should suppress convective flow in the melt.

4.5 Rotating Magnetic Field Experiments

The application of a rotating magnetic field to LPD growth of silicon germanium

has been previously examined numerically [26]. This work was, primarily aimed at

altering the transport through the melt to affect the curvature of the growth interface.

The application of a rotating magnetic field should induce extra mixing in the melt,

aiding the transport of silicon.

A magnetic field strength of 5mT rotating at 40Hz was utilized for this work.

These parameters were selected based on the modeling work. This combination of

field strength and frequency was shown to help reduce radial composition gradients

in the melt. The rotating field is centered on the middle of the melt zone. The field

rotates around the vertical axis with the field lines aligned with the crucible’s radial-

tangential plane. The field is generated by three sets of electromagnets. The coils in

each set are placed directly opposite one another. Each set is rotated 60◦ from the

other. A three phase sine wave signal is produced to drive each set of electromagnets.

Each phase of the signal is offset 120◦. This produces a rotating field at the frequency
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Figure 4.10: The chart above illustrates the creation of the rotating magnetic field
from three sets of magnet coils. Each set of coils is connected in series across a bridge
of a delta 3-phase load arrangement. The changing field from each set of coils is shown
as the ”Three Phase Field from Coils” lines. Each sine wave is the field created by
one set of coils. The resultant field in the X and Y directions created by the coil
fields are also plotted. The directions X and Y are defined as 90◦ from each other
arbitrarily. The resulting fields in the X and Y directions are sine waves 90◦ out of
phase. These fields result in a constant magnitude field with a vector that rotates in
a complete circle over a cycle of the driving waveforms.

of the three phase signal. This is illustrated in Figure 4.10

Examining the differentially etched samples, it is clear that there is a change

in structure over the baseline samples. The samples processed with the RMF are

shown in Figure 4.11. There has been additional melt back of the germanium seed.

This is the opposite effect to what was observed when the static magnetic field was

applied. In this case, the additional mixing induced by the rotating field has shifted

the thermal field downwards. This in turn has moved the initial growth interface

towards the bottom of the crucible. In fact, the shift in temperature has caused a

complete melt back of the seed in the center of the crucible. The edges of the seed

are still intact.

There is also a significant increase in the amount of material grown during the ex-

periments. In the baseline experiments, approximately 5mm of growth was observed.
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Figure 4.11: The samples processed with the rotating magnetic field are shown above.
The sample on the left is Rotating Field Experiment #1 and on the right is the
Rotating Field Experiment #2. In the Rotating Field Sample #2, the seed completely
melted back and has made the growth material highly polycrystalline. In the Rotating
Field Experiment #1 sample, the seed did not melt back fully around the edge of the
crucible. This resulted in regions of single crystal being produced around the outside
of the crucible. The initial growth interface and extent of growth are indicated by
dark lines on the photo.

In the experiments conducted with the rotating magnetic field, approximately 15mm

of growth was observed. This is a significant increase in growth rate and indicates

that the silicon transport in the melt has been enhanced.

The grown material is not fully single crystal. Due to the full melt back of the

seed in the center of the crucible, polycrystalline growth is initiated in the crucible

center. However, single crystal growth is initiated at the sides of the crucible from the

remaining germanium seed crystal. These single crystal grains preferentially grow out

the polycrystalline section. This is easily visible on the differentially etched sample.

The silicon dissolution interface is modified as well. The center of the dissolution

interface is convex into the source material. The sides of the source exhibit accelerated

dissolution similar to that observed in the baseline samples. The additional dissolution

in the center of the melt is likely due to the modified flow structure in the melt caused
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Figure 4.12: The plots above show the axial composition profiles of the baseline
samples and the samples processed with the rotating magnetic field. The trend to
more transport of silicon with the application of the rotating magnetic field is evident.

by the application of the rotating magnetic field.

The EDS composition profiles through the center of the material reflect these

observations. This data is plotted in Figure 4.12. The silicon transport is enhanced

when compared to the baseline condition. The extent of silicon transport also shows

the additional melt back of the seed. In addition, the profile shows that the saturation

composition at the dissolution interface has increased over the baseline experiments.

This indicates that the temperature gradient has been shifted in this region of the

crucible as well. As in the case of the static magnetic field, the alteration in flow

structure is the likely cause of the change in the thermal field. The thermal field in

the melt seems to be very sensitive to changes in flow structure. The change in the

thermal field could most easily be accounted for by repositioning the crucible in the

furnace to reflect the flow conditions imposed by the magnetic field.

The radial composition profiles of the sample show the same flat profile seen in

the baseline samples. This can be seen in the plot in Figure 4.13. The application

of the magnetic field has not affected the radial distribution of silicon. Instead, the

transport is enhanced in the axial direction while the uniform distribution in the

radial direction is maintained.

The rotating magnetic field has a strong effect on the transport in the melt. The
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Figure 4.13: The plot above shows the radial composition profiles in the baseline
samples and the samples processed with the rotating magnetic field. The profiles are
very close in shape and both exhibit low composition gradients.

addition of the rotating magnetic field to the system has significantly improved the

transport of silicon and increased the growth rate. This is the opposite effect to

that seen with application of the static magnetic field where the growth rate was

significantly slowed. Both applied fields strongly affected the thermal field in the

system. In the design of future experiments, it will be imperative to consider this

coupling between the application of the magnetic field and the thermal field.

The use of a rotating magnetic field may be of significant benefit to LPD growth

of silicon germanium. The increased transport could be used to significantly reduce

the growth time required for a bulk crystal. In addition, the distance between the

seed and source could be increased. The increased transport would keep growth times

similar to those currently typical in LPD while allowing the growth of material at

higher silicon compositions.

In addition to LPD, application of an RMFmay have benefit in melt replenishment

Czochralski growth. As the additional mixing did not significantly impact the radial

composition profiles, the additional transport induced may not impact the stability

of the growth interface. This could be useful in increasing the transport of silicon

from the edge of the crucible, where silicon is being introduced, into the top center

of the melt. The center of the melt, around the growth interface, is where rejected

germanium from the growth process is causing the melt to become dilute in silicon
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requiring additional silicon to be introduced.

4.6 Combined Magnetic Field Experiments

The combined field effects of an applied rotating magnetic field along with a static

magnetic field has been examined experimentally. A magnetic field of 5mT rotating at

40Hz was applied in the radial-tangential plane of the crucible while a 0.4T static axial

field was applied. There was significant interaction between the rotating field coils and

the static field generator. While the fields would ideally be perfectly perpendicular to

one another, this is not possible in practice. As such the changing field in the rotating

coils produces a force that vibrates the system. To mitigate this effect, the furnace

was isolated from the rotating coils such that little vibration could be transferred.

The static magnetic field has been shown to suppress the flow structure in the

melt. This reduces transport by convection. The rotating field induces tangential

flow, essentially stirring the melt. The mixing induced by the rotating field has

been shown to be advantageous in increasing the amount of silicon transported in

the melt. By combining the effect of these fields, it was hoped that the reduced

natural convection in the system caused by application of the static magnetic field

would allow the mixing induced by the rotating magnetic field to more strongly affect

silicon transport in the melt.

The differentially etched samples again show that the thermal field in the system

has been significantly altered. The samples can be seen in Figure 4.14. The seed

in this case has been completely melted back. This shows that the melting point of

germanium has been shifted downwards outside the crucible. The new flow structure

present in the melt is presumed to be the cause of this behavior. At the dissolution

interface, a higher saturation concentration will be expected in keeping with the trend

seen in the other field conditions.

There has been significantly more silicon dissolved in these experiments over the

baseline experiments. This is clear from the amount of silicon source material remain-

ing. The increase in dissolved silicon will partially be due to the higher temperature

at the dissolution interface. In addition, it would appear that the flow in the melt

has been enhanced speeding the dissolution of the silicon.

The structure of the material produced is polycrystalline with small grains. The

grain size is typical of a melt solidified with a relatively high concentration of silicon.

This was observed in the baseline experiments and the static magnetic field experi-
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Figure 4.14: The samples above were processed with both the static magnetic field
and the rotating magnetic field applied. The seed completely melted back resulting
in growth starting with the material self-seeding around the crucible bottom. This
has resulted in the material being highly polycrystalline.

ments. This would seem to imply that there has been significant transport of silicon

into the melt.

The EDS composition profiles obtained for these samples support the above ob-

servations. The EDS data is plotted in Figure 4.15. There has been a significant

increase in silicon transport into the melt over the baseline experiments. In addition,

there has been an increase in transport over the rotating field alone experiments. The

addition of the static magnetic field would seem to have enhanced the effect of the

rotating field, thereby increasing the transport of silicon into the melt. The suppres-

sion of the convective flow in the melt would seem to have enhanced the effect of the

rotating magnetic field.

As there is no seed interface in these experiments, due to the complete melt back of

the seed, the melt has self seeded at the bottom of the crucible. The spontaneous nu-

cleation at the bottom of the crucible is indicated by the small grained polycrystalline

material observed. Other indications of this process are visible on the composition

profiles. At the bottom of the profiles, near the bottom of the crucible, there is a

distinct upturn in the composition profiles. This implies that the melt in this area

was significantly super-cooled prior to solidification. This would be consistent with
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Figure 4.15: The centerline composition profiles for the samples processed with both
static and rotating magnetic fields as well as the data for the baseline experiments
are plotted above. The trend to higher silicon transport over the baseline samples
with the application of the magnetic fields is evident. The upturn in composition at
the bottom of the melt is a distinct feature. This is most likely due to the self-seeding
process in this area of the melt.

a lack of nucleation sites due to the absence of the seed crystal. The melt is con-

stitutionally super-cooled by the transported silicon. Once the melt is super-cooled

spontaneous nucleation can take place. The melt in general has to be super-cooled

further to initiate self-seeding than if there was a seed present. This is due to the ex-

tra energy of formation associated with spontaneous nucleation. Once nucleation has

taken place, solidification takes place with less super-cooling of the melt as there are

lattice sites to facilitate growth. The self seeding process would explain the upturn

in the measured composition profiles while the growth after nucleation leads to the

fine grain polycrystalline structure.

The radial composition profiles show the same flat distribution seen under the

previous experimental conditions. This can be seen in Figure 4.16. Given the inde-

pendence of the radial composition profiles from the magnetic field conditions applied

to the experiments, it would appear that the altered flow structure in the melt has

little impact on radial composition. It would seem that other factors in the exper-

imental design are more critical. Strong radial composition gradients were noted in

the previous LPD apparatus. The current experimental design improved the thermal
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Figure 4.16: The plots above compare the radial composition profiles of the Combined
Field Experiment #1 with the Baseline Experiment #1. Both samples exhibit a
similar flat profile.

design over the original system. The change in thermal design seems to have had

the most impact on the radial composition profiles. The change to a flat profile was

noted in every configuration including the baseline samples.

While the combined field did increase the silicon transport in the melt over the

rotating field alone, it did not provide as significant increase as was seen with the

rotating field alone over the baseline. This is illustrated in Figure 4.17. The use

of a static magnetic field generator adds significant complexity to a crystal growth

experiment. The entire apparatus must fit within the bore of the field coil. In

addition, the waste heat from the furnace must be managed such that the bore of

the magnetic is not significantly heated. Creating a strong field, such as the one

used in this work, requires a superconductor based field coil that requires cryogenic

temperatures for operation. There is significant cost for integrating a field generator

like this into a crystal growth process. Therefore, the benefit from the applied field

must be significant.

A rotating magnetic field generator, with lower field strength, is much easier to

implement. As can be seen in the composition profiles, a significant improvement in

silicon transport is noted with the application of the rotating magnetic field over the

baseline experiments. Adding the static magnetic field on top of this only produces

a minor increase over the rotating field alone. It would seem that this small increase



115

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40 45 50

Si
lic

on
 C

on
ce

nt
ra

�o
n 

[A
to

m
ic

 %
]

Distance from Dissolu�on Interface [mm]

RMF #1 RMF #2 Combined Field #1 Combined Field #2

Figure 4.17: The plots above are the centerline composition profiles for the samples
processed with rotating magnetic field alone and the samples processed with both
magnetic fields applied. The minor increase in silicon transport with the addition of
the static magnetic field is evident.

in transport is not worth the extra cost and complexity of the static field. However,

the static field does impact the effectiveness of the rotating magnetic field. As such,

there may be a combination of fields that produces an optimal result with significant

improvement to transport in the system. Additional numerical modeling of the system

could be used to optimize the field levels with the goal of increasing silicon transport

through the melt.

4.7 Translated Experiments

A significant drawback of the LPD technique is that it produces a bulk crystal with

graded composition. As the growth interface advances, the temperature at the inter-

face changes due to the temperature gradient applied to the system. The temperature

increase at the growth interface will increase the silicon composition of the growing

material in accordance with the phase diagram. This results in the silicon composition

in the grown material being graded from pure germanium to a maximum composi-

tion that is determined by where growth terminates in the temperature gradient. The

solidus line composition associated with this temperature will be the maximum com-
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position in the graded block. Growth is usually terminated by cooling the furnace

after the desired experiment duration has been reached. Growth will terminate on its

own when the concentration gradient between the dissolution and growth interfaces

is not steep enough to drive the constitutional super-cooling required for growth.

It has been shown in the Zone Melting technique that if the temperature of the

growth interface can be held at a constant temperature, the composition gradient

in the grown crystal can be greatly reduced [89, 90, 111]. In that work, the growth

interface was monitored optically and the feedback used to control a translation mech-

anism. Using this method the growth interface could be confined to a narrow range

of temperature. The Zone Melting technique is very similar to LPD.

To explore this type of approach in the LPD system, a much simpler method

was devised for the preliminary investigation. The crucible was simply translated the

entire melt length over a 71 hour period. The 1 hour at the beginning of the exper-

iment’s 72 hour duration was set aside to allow the system to come to equilibrium.

A linear stage lowered the crucible through the temperature gradient at a constant

rate of 0.429mm/hr. The addition of the pedestal for lowering the crucible had the

effect of introducing heat into the system. This resulted in the complete melt back of

the seed. Growth was not initiated on a seed crystal. However, the material did self

seed on the crucible wall and polycrystalline growth proceeded. The sensitivity of

the experiments to the thermal design is apparent. The time to optimize the thermal

conditions for an experiment is considerable. Therefore it was deemed impractical for

this part of study. In addition, it was desirable to maintain the same experimental

conditions as the baseline samples for comparison purposes. In the translated sam-

ples, growth velocity will be determined by the translation velocity and the silicon

transport in concert. Without translation, the melt is constitutionally super-cooled

by diffusion driven silicon transport to induce solidification. With translation, the

melt is aided in this process by the reduction in temperature as the sample moves in

the temperature gradient. This should lead to faster growth rates than the baseline

condition.

The EDS composition profiles for the two samples processed exhibit the same

behavior. There is an upturn in composition at the bottom of the melt attributable

to the self-seeding process at the crucible wall. The EDS plots are shown in Figure

4.18.

The baseline samples consist of two areas. One is the grown material and the other

is the quenched melt. The grown material extends from the zero percent silicon point,



117

0

5

10

15

20

25

0 5 10 15 20 25 30 35 40

Si
 A

to
m

ic
 C

on
ce

nt
ra

�o
n 

[%
]

Distance from Dissolu�on Interface [mm]

Baseline #1 Baseline #2 Transla�on #1 Transla�on #2

Figure 4.18: The centerline composition profiles of the translated LPD experiments
are shown above. For comparison, the baseline experiments composition profiles are
also shown. The region of plateau in the samples that were translated is clearly
evident.

the initial growth interface, to approximately 5mm into the melt. The rest of the

material is formed during the cool down of the sample. The slope of the concentration

plot across the material is relatively constant.

In the translated samples, the composition profile after the self seeding feature

proceeds with a slope close to the slope observed in the baseline samples. The ve-

locity of the crucible effectively continuously reduces the saturation concentration for

any given area of melt. Around the growth interface, growing material will reject

germanium back into the melt. This dilutes the melt in silicon around the inter-

face. Without translation, the dilution will decrease the growth velocity as more

silicon must be transported into this region before the melt can be constitutionally

super-cooled. With translation, the temperature in the melt is being reduced, so the

amount of silicon to constitutionally super-cool the melt is also decreasing. This helps

to increase the growth velocity. Additionally, with translation, the melt adjacent to

the growth interface boundary layer is always moving to a higher silicon composition

than the previous time step. This will increase the diffusion rate of silicon into the

boundary layer as the concentration gradient is increased. The rate of germanium

segregation at the solidification interface is kept more uniform during growth with
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translation as the temperature at the growth interface does not vary as much as it

would in a standard LPD process. These factors serve to help increase the growth

rate in the system. It is expected that the growth rate in the translated system should

be faster than the growth rate in the baseline LPD system.

If the growth velocity becomes too high, it would be expected that regions of

germanium melt dilute in silicon could become trapped in the advancing solid. De-

pending on the size of the inclusion, this should appear as scatter on the composition

profile. No significant scatter was noted in the profile. The inclusions could be well

distributed and small such that they do not cause any discernible scatter. It is also

possible that a translation rate faster than that examined here may be feasible.

After the sloped region of the translated samples’ composition profiles, the com-

position in the growing material reaches a plateau value. In this region, it would

appear that the position of the growth interface in relation to the temperature field

has stabilized. Solidification seems to be taking place at a relatively constant tem-

perature. This indicates that the growth rate and the translation rate have matched

up. As the translation rate is constant, the growth rate must be constant through

this region of growth.

For the growth rate to become constant, the following condition must be reached.

The rate of silicon transport to the growth interface must be such that the composition

there is kept relatively constant. The melt side of the growth interface tends to become

dilute in silicon as germanium is segregated back into the melt during solidification.

The rate of germanium segregation during solidification must be matched by the

silicon transport.

At the dissolution interface, the saturation composition at the melt boundary is

dropping in accordance with phase diagram as the temperature drops. This will slow

the overall dissolution rate into the melt. The slowing of the silicon dissolution should

reduce the composition gradient in the melt. In addition, there is a narrowing gap

between the growth and dissolution interfaces. The conditions above should cause the

silicon composition gradient in the melt to stabilize, resulting in a constant rate of

silicon transport. A constant rate of silicon transport is necessary in order to achieve

a plateau in the growing materials composition profile with an applied constant rate

of translation.

The plateau in the composition of the growing material indicates that the above

conditions have been met. The growth interface temperature has stabilized around

a single value. The composition gradient in the melt in front of the growth interface
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Figure 4.19: The radial composition profiles for Translated LPD Experiment #1 is
plotted with the profiles from the Baseline Experiment #1. The flat composition
profile is maintained despite the translation of the crucible.

has stabilized due to the reduced temperature at the dissolution interface and the

shrinking melt length. A constant rate of germanium segregation from the solidifying

melt and a constant rate of silicon replenishment has established.

With the addition of translation, the radial concentration profiles remained flat.

This can be seen in Figure 4.19. The translation process will tend to induce radial

thermal gradients in the system as the crucible will cool from the outside to the inside.

This will induce radial temperature gradients in the area of the growth interface. The

translation velocity would seem to be low enough to have not induced large radial

temperature gradients that would affect the composition profile.

The structures of the two samples processed under translation are very similar.

This can be seen in the photos of the etched sections shown in Figure 4.20. The shape

of the dissolution interface shows increased dissolution around the crucible edge. The

dissolution interface is not smooth but instead appears very ragged. This is possibly

due to the translation process. As the melt temperature at the dissolution interface is

dropping during the growth process, it is likely that the melt in this area will become

constitutionally super-cooled and some solidification will occur back onto the silicon

source.

The body of the material is large grain polycrystal despite the self seeding. The

directional nature of the solidification will serve to increase the size of the grain
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Figure 4.20: The photo above depicts the translated LPD samples. The sample on the
left is Translated LPD Experiment #1 and the sample on the right is Translated LPD
Experiment #2. In the Translated LPD #2 sample, there is a discontinuity in color
visible midway through the sample. This indicates a distinct change in composition.
In both samples, large grain structure is visible.

structure as preferential orientations for growth over take less suitably orientated

grains. In one of the samples, a distinct change in color is observed in the center

of the sample. The location of color change in the solid aligns with the transition

from the linear increasing part of the composition profile to the flat region of the

profile. In the sample with this feature, there is a drop in silicon composition as

the profile transitions to the flat section. The color of the sample is strongly tied to

the silicon content. As the color transition is sharp, it is expected that the drop in

silicon composition will be equally as abrupt. Due to the sample spacing of the EDS

composition measurements, this sharp drop was not clearly resolved.

4.8 Modified Thermal Field Experiments

The initial growth interface of the LPD process is concave to the melt. This is

apparent in the experimental results as well as thermal modeling of the system. This

indicates the thermal field around the growth interface has isothermal lines of similar

shape. A curved interface is not optimal for growth.
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With increasing curvature in the isothermal lines, the radial composition gradients

in the solidified material will also increase. In order to extract material from a graded

composition block of material, a flat radial composition profile is needed. In the LPD

experimental work previously conducted, the growth interface shape changed during

growth from concave to the melt to convex into the melt [25]. During this transition,

there was a short area where the growth interface was relatively flat. The area of a flat

interface could be extracted to produce a wafer with relatively constant composition

over its surface. In this case, only a small region of the grown material was suitable for

further use in other growth experiments. In addition, the composition of the extracted

material is set by where the flat growth interface occurs rather than a composition of

interest. This is illustrated in Figure 4.21.

In order to improve the flatness of the growth interface in the LPD system, a

number of changes to the growth system were investigated. The first changes were

necessitated by the experiments to be conducted in the magnetic fields. A new furnace

arrangement had to be utilized. This furnace had shorter zone lengths and a reduced

bore size. The shorter zone lengths allowed a higher axial gradient to be achieved

and the reduced bore size flattened the radial temperature gradients. A simplified

numerical model was prepared to show the improved trend with reducing the bore size.

Plots of the calculated thermal fields are shown in Figure 4.22. With these changes

alone, a significant improvement to the growth interface shape and its evolution was

achieved. Radial composition plots show that the silicon concentration is relatively

constant. This implies that the radial temperature gradients in the melt are small.

The initial growth interface can be observed in the baseline LPD samples. It appears

as a striation in the differentially etched samples. The interface in these samples

continues to show curvature, concave to the melt.

To further improve the shape of the interface, a heat sink was placed below the

crucible in the outer quartz ampoule. The heat sink was produced from graphite

as it has high thermal conductivity and is compatible with the environment of the

ampoule. The ampoule is subject to high temperature and is evacuated into the high

vacuum regime. The heat sink was shaped into a ”top hat” like configuration. There

is a wide base in contact with the bottom of the ampoule where the temperature

is lower than above. A narrow central peak extends up and contacts the bottom

of the crucible in the center. This arrangement is illustrated in Figure 4.23. The

idea with this arrangement was to remove heat from the center of the system. This

should additionally flatten the radial temperature gradients and therefore the growth
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Figure 4.21: The diagram above illustrates the evolution of the growth interface seen
in the previous LPD experiments.

interface.

This effect was not observed in the experiments. The graphite efficiently absorbed

the radiation from the furnace and added heat into the system. This is evidenced by

the complete melt back of the seed material in the samples processed with the heat

sink in place. In order to utilize a heat sink in the current configuration, it will be

necessary to shield the heat sink from radiative heat transfer or change the material

of the heat sink.

The samples processed with the heat sink in place produced dramatically different

results from what has been seen in other experiments. The samples are shown in

Figure 4.24. The change is likely attributable to a significant rise in the temperature

at the bottom of the crucible. The silicon source is completely dissolved in one sample

and almost totally consumed in the other. This indicates a substantial increase in

the transport in the system. The other notable change is that sample is divided into

a top and bottom section by a distinct abrupt color change in the material. Near the

bottom of the crucible the material is a dark polycrystalline material. At the top near

the dissolution interface, the material is much lighter in color and shows evidence of
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Figure 4.22: To qualitatively show the improvement in the temperature profile with
the reduction of the furnace bore size, a simplified numerical model of the furnace
bore was prepared. A diagram of the modeled domain is shown in the left. The result
for the 2.5in furnace bore is shown in the center and the result for the 5in furnace
bore is shown on the right. Zone lengths were kept the same. The domain used is
typical of a furnace setup for LPD growth. Boundary conditions typical of an LPD
growth system were used in both models. The temperature contours are plotted with
a vector plot of the flow field in the air space overlaid. The improvement in the axial
gradient is very apparent in the results.

macro-segregation of silicon in the form of needle like crystals.

The EDS composition profiles support the observations from the samples. The

EDS data is plotted in Figure 4.25. In the region near the bottom of the crucible, the

silicon composition is much higher than that observed in any other LPD experiment.

The profile rises in silicon concentration from this point to the discontinuity line noted

in the etched samples. There is a slight turn up in composition around the bottom

of the crucible. This is indicative of self seeding on the bottom of the crucible due to

a lack of seed material. The upturn is due to additional constitutional super-cooling

needed to trigger a nucleation process. On the other side of the discontinuity, the

melt composition drops to a much lower silicon concentration. The measurements are
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Figure 4.23: The diagram above illustrates the LPD ampoule with the heat sink
inserted. The position and shape of the heat sink in the applied thermal gradient
should aid in heat extraction from the center of the seed material. This would have
the effect of flattening the initial growth interface.

Figure 4.24: The photo above shows the samples processed with the heat sink in
place. The discontinuity line midway through the samples is clearly evident. The
sample on the left is Heat Sink Experiment #1 and the sample on the right is Heat
Sink Experiment #2. The large grain structure of the grown material is visible in
the lower area of the samples. The needle structure in the segregated section of the
sample is also clearly evident.
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Figure 4.25: The centerline composition profiles of the samples processed with the
heat sink are shown above. The Baseline Experiments’ composition profiles are also
included for comparison. The discontinuity visible in the etched samples is also very
evident on the composition profiles.

scattered in this region of the melt due to the segregation. However, there is a rising

trend in the silicon composition towards the dissolution interface.

The observed profile can be explained as follows. The discontinuity line would

seem to indicate that this was the point that growth had reached when the cooling of

the furnace was begun at the end of the 72 hour experiment time. The segregation

in the solid above the discontinuity is indicative of a quenched melt.

The high silicon region of the material below the discontinuity is considered to

have been solidified during the experiment time by the same mechanism as LPD

growth. The melt in front of the growth interface is constitutionally super-cooled

by transported silicon and solidification takes place on the growth interface. Using

the SiGe phase diagram, the liquidus composition values can be calculated for the

observed solidified material composition. This is shown in Figure 4.26. This indicates

the required silicon concentration in the melt for solidification to occur by constitu-

tional super-cooling. Due to the large separation between solidus and liquidus in the

SiGe phase diagram, these values are much lower than the solid composition values.

In this system, the mass transport is assumed to be dominated by diffusion. A

numerical model of a pure diffusion process for this system geometry was prepared.
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Figure 4.26: In the plot above, the centerline composition profile of the heat sink
samples is shown truncated at the discontinuity. To more easily compare the slopes
of the lines, the distance measure has been reoriented to measure from the bottom of
the crucible. The liquidus compositions, corresponding to the solidus compositions
measured in the sample, are also plotted. The gap between the liquidus and solidus
profiles indicates the segregation coefficient in the material system. Also plotted is a
diffusion only transport model of silicon into the melt. This has been plotted from
the dissolution interface to the crucible bottom.

Solidification effects were ignored. The time for the composition of the melt at the

bottom of the crucible to reach the calculated liquidus composition was solved. This

was found to be approximately 3 hours. The composition that the bottom of the

melt had to reach was only approximately 2% silicon. This corresponds to a liquidus

temperature of approximately 967◦C. The solidus composition at this temperature

is approximately 10.5% silicon. As all flow effects are not included in the model, the

3 hour time for the initiation of growth is not accurate. However, it should provide

at least an order of magnitude estimate. This shows that the composition profile

observed is possibly due to an LPD process. Growth can be initiated long before the

end of the experiment time.

The calculated liquidus composition profiles for the solidified material match the

calculated diffusion profile quite well. This indicates that the growth could have been

driven by a diffusion dominated process. The high degree of germanium rejection
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back into the melt will drive high concentration gradients in the growth interface

boundary layer. This should speed transport of silicon from the bulk melt to the

interface, allowing growth to proceed quickly. This is additionally helped by lower

axial temperature gradients in the melt. The reduced gradient is expected due to

the introduced heat from the graphite and it is evidenced from the shallow slope of

the liquidus compositions. The flatness of the axial temperature gradient means the

saturation composition of the melt increases less quickly as growth proceeds. The

primary effect limiting growth rate would seem to be the germanium segregated at

the growth interface. These factors could allow the growth to proceed faster than

seen in other experiments.

The total dissolved silicon incorporated in the solid during the experiment time

can be estimated by integrating the composition profile using the discontinuity as

the upper bound. Using this method, both samples show similar amounts of incor-

porated silicon, approximately 4.5g. This weight is a lower bound on the amount of

silicon that must be dissolved during the growth period. The silicon sources used in

the experiments weigh approximately 5.7g. By integrating the calculated diffusion

model’s compositional profile, the total dissolved silicon in the melt is found to be

3.85g. Based on this model, the majority of the silicon dissolution occurs during the

beginning of the growth process. Given the small difference between the calculated

weight of silicon in the grown material and the total weight of the source material, it

is possible that growth may have proceeded further if more silicon was available for

dissolution. In one of the samples, the silicon source did completely dissolve. In the

other, the size of the source was greatly reduced. As the source material dissolves, the

surface area in contact with the melt will eventually decrease, limiting the dissolution

rate.

Once growth is initiated, the majority of the required silicon to produce the ob-

served concentration profile is dissolved in the melt. This will aid in a fast growth

rate once growth begins. The dissolution rate can be significantly slower after the

initiation of growth and the observed profile achieved. If the dissolution rate does

not keep up with the rate of silicon incorporation into the growing solid, the melt will

slowly become dilute in silicon and the growth rate will slow. The melt becoming

dilute by such a mechanism is likely the cause for the low silicon concentration region

observed in the samples. The discontinuity observed between the regions was origi-

nally stated as to have been induced by the cooling of the furnace. It is also possible

that this was simply the point where the melt became too dilute in silicon to support
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Figure 4.27: The plot above shows the radial composition profiles of the Heat Sink
Experiment #1 sample and the Baseline Experiment #1 sample. The radial gradients
are again low in both samples. The modified thermal field has not adversely affected
the radial distribution of silicon. There is scatter in the Heat Sink ”C+10mm profile
line. This is because that profile line runs through the highly segregated area of the
sample.

any further growth.

The radial composition gradients remain flat despite the alteration to the thermal

field. This can be seen in Figure 4.27. Given the addition of heat at the center of

the bottom of the crucible, it was expected that strong radial temperature gradients

would form and possibly disrupt the radial composition gradients. It is possible that

additional measurements at other locations in the grown material may show a more

significant gradient. The discontinuity line between the two regions of material is

very flat. This interface indicates that the radial gradients in this area of the melt

are low.

These experiments show that the LPD technique could be extended to much

higher silicon concentrations than those that have been currently produced. Despite

the high segregation of silicon, the growth proceeds in a similar manner to previous

experiments. The issue of seeds for growth at higher compositions could be overcome

by utilizing successive LPD experiments, increasing the temperature between runs.

The first run could produce material high enough in composition to be used as seed

material for the next run. Higher concentrations could also be achieved with a longer

melt zone. In that case, a pure germanium seed could be used. The growth time
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would have to be extended to allow the silicon to diffuse across the greater distance

between the dissolution and growth interfaces. It is predicted that this approach

would significantly slow the growth rate at the start of the process, potentially making

the technique infeasible.
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Chapter 5

Conclusion

The work in this dissertation explored the transport of silicon through silicon germa-

nium, SiGe, melts by a variety of transport mechanisms. This work was conducted

in environments similar to the conditions for Liquid Phase Diffusion, LPD, growth

system. The results of this work will directly affect the future direction for the op-

timization of the LPD growth technique for SiGe. In addition, many of the trends

and phenomena observed will have application beyond LPD growth. LPD is seen as

a first stage growth process. In this role, the material produced by LPD would be

utilized for seed feedstock for successful growth by a high-yield crystal growth tech-

nique. A technique like melt replenishment Czochralski is a good candidate for this

next growth step.

5.1 Contributions

The experiments conducted in this work can be divided into two catagories. First the

dissolution of silicon into a silicon germanium melt was examined in isolation. The

second part of the work examined the Liquid Phase Diffusion technique specifically.

The effect of a number of applied stimuli on the system were investigated.

5.1.1 Dissolution

The Dissolution Experiments examined the effect of the orientation of the dissolu-

tion interface on the rate of dissolution of the silicon seed into the melt. When the

dissolution interface is at the top of the melt, the dissolving silicon entering the melt

serves to stabilize the melt against convection and the transport in the melt proceeds
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as a diffusion dominated system. This is due the solutal buoyancy of silicon in the

heavier germanium melt. This was noted in previous work with the LPD system [25].

The growth rate in LPD is slow as the growth rate is fixed by the transport rate of

the silicon species through the melt. When the transport is diffusion dominated the

growth rate is slow.

In order to improve the growth rate in LPD, enhancing the diffusion of silicon

in the melt is desirable. By reversing the orientation of the dissolution interface,

such that silicon is dissolving at the bottom of the melt, the mass transport will

be increased as the solutal buoyancy force is now acting to push the silicon away

from the dissolution interface. The amount of silicon dissolved into the melt was

significantly enhanced when the dissolution interface was placed at the bottom of the

melt. However, the enhanced transport seems to disrupt the flow in the melt such

that conditions are not favorable for crystal growth.

With the dissolution interface at the bottom of the melt, the transport appears to

be primarily driven by flow in the melt. There appears to be strong flow across the

dissolution interface. This is evidenced by a wavy interface. The destabilization of

the interface is a negative effect for crystal growth where the stability of the growth

interface will have a strong effect on the quality of the grown material. The rate

of transport would seem too high for stable crystal growth. The effective diffusion

coefficient, as calculated from the height of silicon dissolved, has increased by a factor

of ten over the diffusion dominated experiments.

With the dissolution interface at the bottom of the melt, the condition at the top

surface of the melt could be varied. With the free surface uncovered, the melt could

be subject to additional mixing by surface tension driven convection and higher flow

velocity with no fixed boundary present. By covering the top of the melt, the surface

convective flows are eliminated and the flow velocity in this region will be slowed due

to the presence of the boundary. The effect of the free surface on silicon transport

was found to be significant. The presence of a free surface enhanced the mixing of

silicon in the melt.

To better control the flow in the system and retain some of the enhanced trans-

port, a static magnetic field was applied to suppress the flow in the melt. The effect

of the field was to enhance the silicon dissolution for both orientations of the dissolu-

tion interface. Enhanced dissolution was observed with and without the free surface

present. The alteration of the flow structure by the magnetic field serves to create

a condition where more dissolution is realized. For the cases where the dissolution
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interface is at the bottom of the melt, the disruption of convective flow in the melt

could lead to the silicon building up at the top of the melt rather than the silicon

being remixed back towards the dissolution interface like a convective cell would do.

This would lead to higher concentration gradients around the dissolution interface

and therefore a higher dissolution rate. The samples processed under these condition

exhibit evidence of this change in flow structure.

With the silicon dissolving from the top of the melt, the same effect of enhanced

transport with application of the magnetic field was observed. The amount of sili-

con dissolved increased with the magnetic field applied. Again, the change in flow

structure is acting to increase dissolution. In this case, the interface also exhibits a

dramatic change in shape. The dissolution around the crucible wall has been sig-

nificantly increased compared to the center of the melt. This implies strong flow

structure in this area. Numerical modeling of this phenomena has suggested that the

application of the field strengthens the axial flow and confines it against the crucible

wall. This could lead to the dissolution interface observed.

In these cases, the magnetic field is not having the effect usually associated with

applied static magnetic fields. Rather than suppressing the flow, the flow structures

in the melt are altered such that transport is increased. The field strength used in this

work was not optimized to obtain any specific effect. Instead, a high field strength

was chosen such that an observable effect would be produced. It is possible that a

different field strength could modify these effects. In one of the numerical studies,

the effect of enhanced dissolution around the crucible wall was increased with a lower

field strength.

For the system with silicon dissolving from the top, the dissolved height of silicon

was compared to the calculated distribution of silicon from the numerical models. It

was found that it was not possible to match the trend seen in the experiments with

the trend from the numerical model. The interface condition used in the numerical

model was equilibrium saturation of the melt with silicon. This condition, combined

with a constant diffusion coefficient, does not produce the experimental trend. To

better match the experiment trend, a number of time dependant interface conditions

were investigated. It was found that a slow ramp of concentration at the dissolution

interface to the saturation value could produce a better fit to the observed results.

Correlating the experimental dissolution heights to an effective diffusion coefficient

produces a similar trend. The effective diffusion coefficient increases with time and

appears to asymptotically approach a stable value. The diffusion coefficient is ex-
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pected to vary with composition in the melt so this result is not unexpected. These

experiments were conducted over a relatively short time period when compared to a

full LPD experiment. Over these short time periods, the kinetics of the dissolution

process and the variation of the diffusion coefficient seem to have a significant impact

on the concentration in the melt.

The temperature dependence of the diffusion in the system was also investigated.

A trend to increased diffusion was observed with increased temperature.

5.1.2 Liquid Phase Diffusion Growth

The transport and growth of silicon germanium by LPD was studied with a variety of

magnetic field conditions applied to the system. The thermal field in the LPD system

was improved through the redesign of the system to be compatible with the magnetic

field generators. This significantly improved the radial composition gradients in the

melt. Significant coupling between the magnetic fields and the thermal field was also

noted. The application of the field shifted the temperature field resulting in either

more or less melt back of the initial seed material. The strength of this coupling re-

quires that the initial position of the growth system be determined with the magnetic

field condition for the experiment in mind. For this work, the position of the system

was not altered between experiments to allow for direct comparison.

The application of a static magnetic field to the system significantly slowed the

rate transport in the melt. In addition, the temperature field in the melt shifted

towards the dissolution interface. This resulted in little to no melt back of the initial

seed crystal. The reduction of flow structure in the melt is likely the cause of these

effects. The reduced flow structure in the melt will slow the growth rate. This is

evidenced by the reduced transport of silicon in the melt noted in the experimental

results. The initial LPD system is already stabilized against natural convection due

to the buoyancy of the silicon species in the germanium rich melt. The addition of

the magnetic field to further suppress the flow may be undesirable as the growth rate

is negatively impacted.

A rotating magnetic field, RMF, was also utilized with the LPD system. The RMF

should induce addition radial and tangential flow structure in the melt resulting in

increased controlled mixing. This was the effect seen in the experiments conducted.

The rotating field also impacted the thermal field in the system. The additional

mixing induced by the field shifted the temperature field towards the growth inter-
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face. This resulted in almost complete melt back of the seed material. The amount

of material grown during the experiment time was significantly increased with the

application of the rotating field. The addition of a rotating magnetic field could be

of significant advantage in LPD growth of silicon germanium. The controlled mixing

induced by the magnetic field could be used to significantly increase the growth rate.

This could shorten the time for an experiment or a larger melt length could be used.

A longer melt length could allow LPD to reach higher compositions of silicon while

utilizing a Ge seed crystal.

To improve the performance of the rotating field, a static magnetic field was

applied to the system at the same time as the rotating magnetic field. The static

field should suppress the convective flows and allow the induced mixing from the

rotating field to become a more prominent feature in the melt flow field. This effect

was seen in the experimental results. The transport of silicon in the melt is enhanced

over the rotating field alone case with the addition of the static field. However, the

improvement to the transport is not as significant as the case where the rotating

field is applied to the baseline case with no applied fields. The same coupling with

the thermal field that was observed in the rotating field alone case was observed

in these experiments. This is consistent with the effect of the rotating field being

enhanced by the applied static magnetic field. The application of the static field and

the rotating field together does enhance the transport seen in the rotating field only

case. However, with only a small increase in transport realized, it is unlikely the

increase in complexity and expense that the use of the static field generator causes

can be justified. It is possible that, with further optimization of the field levels in

combination, an even greater increase in transport could be achieved that would

justify the use of the combined field.

The LPD system was also translated to see if the axial composition gradients

in the system could be reduced. This was achieved with no optimization of the

translation velocity. Ideally the growth interface would be maintained in the same

position in the furnace at all times resulting in a constant composition in the grown

material. In these experiments, the crucible was simply translated at a constant

velocity. Even under these conditions, significant flattening of the axial composition

gradient was achieved. The growth of an extended section of constant composition

material should be possible utilizing this technique. The matching of the translation

velocity to the growth interface could be optimized through modeling and experiment

or more dynamically through direct observation of the growth interface position. This
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could make LPD growth a far more attractive method for producing seed material

for successive growth techniques.

The final experimental condition involved altering the thermal field to produce

a flatter initial growth interface. A graphite heat sink was inserted below the seed

to extract heat from the center of the material system. However, this was not the

effect achieved as the the graphite introduced additional heat into the bottom of the

crucible, completely melting back the seed. What these experiments did show was

the very strong dependence of the growth on the thermal conditions in the melt. In

addition, the silicon composition in the material grown during these experiments was

very high compared to the normal LPD experiments. This shows that if SiGe seed

material can be obtained, the LPD technique could be used to grow material to higher

silicon compositions. The large miscibility gap present in the material system allows

the silicon concentrations in the melt to be quite low yet the solidified material can

have a high silicon concentration. The additional transport of silicon required for

growth of higher composition material may lower the growth rate.

5.2 Future Work

5.2.1 Dissolution

The Dissolution Experiments will be continued with an emphasis on the small di-

ameter experiments. The reduced flow structure with the smaller diameter should

hopefully make it easier to separate out various transport effects and better study the

diffusion coefficient. The time dependence of the effective diffusion coefficient should

be examined with increasing experiment times to identify if there is an asymptotic

value being approached. This information can be used to improve the numerical

model of the dissolution process. If the observed experimental results can not be

numerically duplicated, it may be necessary to further investigate the dissolution

kinetics for another effect contributing to the observed experimental data.

To facilitate this work, a 8mm crucible platform for performing this work was

developed by the author. This was briefly used in the small diameter dissolution

height experiments. This apparatus can be utilized with the static magnetic field to

suppress flow structure in the melt. To avoid issues with segregation and therefore

allow better analysis of the melt’s composition, the development of a shear cell type

system should be undertaken. This would allow for much more accurate determination
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Figure 5.1: The above is a photo of the current MICAST furnace (center) its controls
(right) and the static magnetic field generator (left). The infrared camera for moni-
toring the growth interface position is mounted just in front of the furnace. A mirror
redirects the image from the furnace allowing the furnace to be used inside the static
magnetic field.

of the composition in the quenched melt.

5.2.2 Liquid Phase Diffusion

The Liquid Phase Diffusion experiments should proceed forward with a focus on

the rotating magnetic field and improving the growth rate. In addition, the field

conditions studied here should be revisited with the crucible repositioned for each

magnetic field condition. This way the initiation and evolution of the growth process

can be studied. The translated LPD experiments should also be considered.

A 8mm crucible platform equipped with a rotating magnetic field generator and

translation was developed by the author for this future work. This is similar to the

dissolution platform above but with a furnace more suited for producing high axial

gradients. Again this system can be used inside the static magnetic field.

In addition to the platform above, a new furnace was recently developed by the

author as part of the MICAST project to investigate cast aluminum microstructure.
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This furnace is pictured in Figure 5.1. This furnace, in addition to the same features

as the new 8mm LPD system, has an optical window allowing for in-situ monitoring

of the solidification velocity. This system was designed with the LPD experimental

requirements in mind and can be adapted to allow for direct growth velocity mea-

surement and eventually translation to hold the growth interface static with respect

to the temperature field. An additional benefit of this platform is that it utilizes a

silica aerogel crucible to provide a clear view of the solidifying sample. The aerogel

essentially acts as an adiabatic zone and allows for very high temperature gradients

between the heaters. This could provide another aspect of the LPD growth system

to investigate.

5.2.3 Melt Replenishment Czochralski

During the course of this work, a complete refurbishment of a full scale crystal puller

was undertaken. The system was completely rebuilt with the intent to use it as a melt

replenishment research platform. The hot zone was redesigned for a 4 inch crucible

and facilities were placed inside to allow for melt replenishment apparatus. The

puller was originally designed as a silicon puller and as such this work would begin

with work at the silicon rich end of the material system. In addition, growth from the

germanium rich side would be possible with very little rework of the system. There

are numerous configurations of melt replenishment that could be utilized within this

platform to take advantage of the transport mechanisms investigated in this work.

The furnace in its current form is shown in Figure 5.2.

Eventually this process could utilize seeds from the Liquid Phase Diffusion projects.

SiGe seed material is not currently commercially available. Therefore, seed material

would need to be produced or growth would need to be started with either a pure

silicon or germanium seed.
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Figure 5.2: The refurbished Czochralski furnace at the University of Victoria is shown
above. The furnace has been design and equipped with facilities to allow for the future
integration of melt replenishment apparatus.
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Appendix A

Preparation of Materials for

Experiment
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Germanium and Silicon Materials

The materials were prepared according to the following process:

1. Cut, core and weigh materials to experiment requirements.

2. Ultrasonic wash the materials in water.

3. Ultrasonic wash the materials in acetone.

4. Ultrasonic wash the materials in methanol.

5. Wet etch the materials. A solution of 3 : 1, HNO3(70%) : HF (40%), was used

to etch the silicon. The silicon was left in the etch for 2-3 minutes then rinsed

in water. A solution of 3 : 1 : 1, H20 : H2O2(30%) : HF (40%), was used to

etch the germanium. The germanium was left in the etch for 3-5 minutes then

rinsed in water.

6. Materials are placed in methanol after the water rinse.

7. Prior to loading into the growth system, materials are dried with compressed

nitrogen (4N8 purity).

Quartz Parts

All quartz parts were prepared according to the following process:

1. The quartz parts are placed into an Aqua Regia bath (3 : 1, HCl(37%) :

HNO3(70%)).

2. The Aqua Regia reaction is allowed finish, approximately 8 hours for a typical

quantity.

3. The parts are rinsed with water and then left to soak in water for approximately

2-4 hours.

4. The parts are then rinsed with methanol and dried with compressed nitrogen

(4N8 purity).

5. The parts are allowed to dry in air approximately 1-2 hours before use.
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Graphite Parts

Post machining of the graphite parts, the following cleaning procedure was used:

1. The parts are wiped down with acetone.

2. Ultrasonic wash the parts in a methanol bath.

3. Allow the parts to dry in air for at least 24 hours prior to use.
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Appendix B

Preparation of Materials for

Analysis
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Procedure

The Diffusion Experiment and Liquid Phase Diffusion samples were all prepared

according to the following procedure:

1. Samples broken apart during the quench process are reassembled as best as

possible with a quick set epoxy. This maintains the spatial arrangement.

2. Samples are wax mounted on plate for sectioning. Cuts made on the sample

will be parallel to the plate.

3. Approximately 2mm slice removed from edge of sample opposite the plate. This

will provide a flat for polishing the segment in a later stage.

4. Second cut made 1mm offset from center of the sample towards the plate. This

splits the sample into two bulk halves. The bulk half mounted on the plate is

demounted and stored. The bulk half remaining has a large flat near the center

of the sample and a small flat near its outer edge.

5. The large flat face of the remaining bulk half is wax mounted to the plate for

the last section.

6. The last section is made 2mm offset from the plate face. This produces a 2mm

thick wafer with parallel faces for SEM analysis and a bulk piece of sample with

two parallel flats that will be etched to reveal structure.

7. The 2mm wafer and bulk segment are wax mounted for polishing. The small

flat on the bulk segment is mounted to the polishing jig. The face towards the

center of the sample will be polished.

8. Both samples are polished to a submicron finish with diamond suspensions and

a final step of colloidal silica.

9. The bulk segment is wet etched in a solution of 3 : 1 : 1, H2O : H2O2(30%) :

HF (40%). The material is checked every 1-2 minutes, for the LPD samples,

more frequently for the Dissolution samples, to see if the material’s structure

is apparent. Once the material’s features are prominent, the segment is rinsed

and dried.
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10. The 2mm wafer is mounted to a SEM sample stub with the backside painted

with graphite to ensure good conductivity between stub and sample. The sam-

ple is now prepared for analysis.
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Appendix C

Equipment Utilized for

Experiments and Analysis
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Experiments

• Dissolution experiment furnace. Mellen Company DC Tube Furnace; 3 zone

layout with 3”-6”-3” zone lengths; 5” bore; water cooled exterior.

• LPD experiment furnace. Mellen Company DC Tube Furnace; 3 zone layout

with 3”-6”-3” zone lengths; 2.5” bore; water cooled exterior.

• Static magnetic field generator. American Magnetics superconductor magnet

core and controls; Custom enclosure for conduction cooled operation; 13” bore;

Maximum field 1.25T.

• Rotating magnetic field generator. Custom wound coils and PLM signal gen-

erator; Magnet array has 13” OD and 8” ID; Frequency range 1 to 100Hz;

Maximum field 10mT.

• Translation mechanism. Custom step motor driven stage; National Instruments

microstepping controller.

• Vacuum pump systems. Varian or Leybold turbomolecular pump with rotary

vane backing pump. Thermal conductivity and cold cathode gauges for vacuum

measurement.

Analysis

• Sample Sectioning. Buehler IsoMet saw with low concentration diamond OD

blade.

• Sample Polishing. MR Semicon LabOne polisher with South Bay Technology

polishing fixture.

• SEM for analysis of Dissolution Experiments. FEI DualBean Strata 235 SEM

with EDAX EDS system.

• SEM for analysis of LPD experiments. Hitachi S-3500N SEM with Oxford

Instruments EDS system.
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Appendix D

Materials Used in Experiments
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Experiment Materials

• 5N Zone Refined Polycrystalline Germanium, material origin Russia or China.

• 5N Single Crystal Germanium rods, un-doped, OD ground to 25mm, 100mm

long. Material from Lattice Materials LLC.

• 5N Single Crystal Silicon rods, un-doped, OD ground to 25mm, 125mm long.

Material from Lattice Materials LLC.

• Quartz material is Heraeus or GE/Momentive clear fused quartz.

• Graphite material utilized is from POCO Graphite, grade DFP3.

Chemicals

• Deionized Water, 5MΩ

• Methanol, Reagent Grade

• Acetone, Reagent Grade

• Hydrogen Peroxide (30%), Reagent Grade

• Hydrochloric Acid (37%), Reagent Grade

• Nitric Acid (70%), Reagent Grade

• Hydrofluoric Acid (40%), Reagent Grade
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