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ABSTRACT 

 

 

 

 

Titanium-doped sapphire single crystals with 0.20 weight percentage of 

dopant were successfully produced by using the Automatic Diameter Control-

Crystal Growth System based on the Czochralski technique. Group A crystals were 

produced at a constant pulling rate of 1.50 mm h
-1

 and a rotational speed (8-24) rpm 

and Group B crystal were produced at a constant rotational speed of 15 rpm and 

pulling rate (0.75-1.75) mm h
-1

. The presence of macroscopic defects such as gas 

bubbles and inclusions were found in the crystals produced at low rotation speed and 

at high pulling rate. XRD spectra of the crystals identified synthetic corundum as the 

main phase of the crystals and Al2TiO5 as the second phase. EDAX analysis showed 

the presence of Al, O and Ti element. Temperature, control power and growth rate 

were investigated for their correlation on the growth process and crystal diameter 

profile. When the rotation speed was increased, Group A crystals showed an increase 

in density from 3.963 g cm
-3

 to 3.999 g cm
-3

. For group B crystals, the density 

decreased from 3.988 g cm
-3

 to 3.955 g cm
-3

 with increasing pulling rate. The 

porosity of the Group A crystals was found to decrease from 0.27% to 0.08% with 

increasing rotation speed. Group B crystals showed an increase in porosity from 

0.09% to 0.44% with increasing pulling rate. From Vickers hardness test, the 

hardness of Group A crystals increased from 855 HV to 1698 HV with an increase in 

rotational speed.  A decreased in hardness from 1439 HV to 845 HV was observed 

with increasing pulling rate for Group B crystals. The Young’s Modulus of Group A 

crystals increased from 1542 MPa to 2069 MPa with increasing rotation speed. 

However, when the pulling rate was increased for the Group B crystals, the Young’s 

Modulus was found to decrease from 2002 MPa to 1311 MPa.  
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ABSTRAK 

 

 

 

 

Hablur tunggal safir yang didop dengan titanium dengan peratusan berat 

dopan 0.20 telah berjaya dihasilkan dengan menggunakan Sistem Pertumbuhan 

Hablur-Kawalan Diameter Automatik berdasarkan kepada teknik Czochralski. 

Hablur Kumpulan A telah dihasilkan pada kadar tarikan malar 1.50 mm per jam dan 

kelajuan putaran (8-24) putaran per minit dan hablur Kumpulan B telah dihasilkan 

dengan kelajuan putaran malar 15 putaran per minit dan kadar tarikan (0.75-1.75) 

mm per jam. Kehadiran kecacatan makroskopik seperti gelembung gas dan 

bendasing telah ditemui dalam hablur yang dihasilkan pada kelajuan putaran yang 

rendah dan kadar tarikan yang tinggi. Spektrum XRD daripada hablur telah 

mengenalpasti korundum sintetik sebagai fasa utama hablur dan Al2Ti2O5 sebagai 

fasa kedua. Analisis EDAX menunjukkan kehadiran elemen Al, O dan Ti. Suhu, 

kuasa kawalan dan kadar pertumbuhan telah dikaji untuk hubungkaitnya pada proses 

pertumbuhan dan profil diameter hablur. Apabila kelajuan putaran bertambah, hablur 

Kumpulan A menunjukkan peningkatan dalam ketumpatan dari 3.963 g cm
-3

 ke 

3.999 g cm
-3

. Bagi hablur Kumpulan B, ketumpatannya susut dari 3.988 g cm
-3

 to 

3.955 g cm
-3

 dengan meningkatnya kadar tarikan. Keporosan hablur kumpulan A 

didapati susut dari 0.27% ke 0.08% dengan meningkatnya kelajuan putaran. Hablur 

Kumpulan B menunjukkan pertambahan keporosan dari 0.09% ke 0.44% dengan 

peningkatan kadar tarikan. Daripada ujian kekerasan Vickers, kekerasan hablur 

Kumpulan A bertambah dari 855 HV ke 1698 HV dengan peningkatan kelajuan 

putaran. Penyusutan kekerasan dari 1439 HV ke 845 HV telah diamati dengan 

peningkatan kadar tarikan bagi hablur Kumpulan B. Modulus Young bagi hablur 

Kumpulan A meningkat dari 1542 MPa ke 2069 MPa dengan peningkatan kelajuan 

putaran. Bagaimanapun, apabila kadar tarikan ditingkatkan bagi hablur Kumpulan B, 

Modulus Young didapati susut dari 2002 MPa ke 1311 MPa.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Problem Background 

 

  

 Crystals are one of the unrecognized backbones of modern technology. For 

the past few decades, crystal has profound yet prominence importance in electronic 

industry, photonic industry, communication industry, which rely on semiconductors, 

superconductors, polarizers, transducers, radiation detectors, ultrasonic amplifiers, 

ferrites, magnetic garnets, solid state lasers, non-linear optics, piezoelectric, electro-

optic, acousto-optic, photosensitive, refractory of different grades, crystalline films 

for microelectronics and computer industries. Crystal growth is a highly-diverse 

subject that covers physics, chemistry, material science, chemical engineering, 

metallurgy, crystallography, mineralogy and many more (Caroline, 2009).  

 

 

 With the increasing demands to fulfil the needs of large size and high yield of 

crystal for commercial purposes and technological applications, the understanding on 

the crystal growth process was the major interest.  Therefore, research on the 

development of crystal growth process was extensively carried out among the 

industrial crystal growers and scientific researchers within the past few decades. 

With the technological advancement of scientific instruments and analytical methods 
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such as x-rays, electron microscopy, FTIR and NMR, crystal growth research has 

embarked into atomic level, which makes it possible for further understanding of the 

physical, chemical, optical and other properties of the structural nature of various 

crystals (Zhang, 1999). 

 

 

 Single crystal is a solid with the structure of the atoms that are perfectly 

arranged in periodic and repetitive manner which extends in long-range atomic order. 

A single crystal is formed by the growth of a crystal nucleus without secondary 

nucleation or impingement on other crystals. As the crystal grows, differences in 

chemical composition and temperature cause variations. The atomic structure 

determines the chemical and physical properties of the single crystal, including 

colour (Glazer, 1987). The occurrence of single crystals can be found in nature, but 

they may also be produced synthetically. They are ordinarily difficult to grow, 

because the environment must be carefully controlled. Nowadays, single crystals are 

produced synthetically in order to fulfil the demands of commercial purposes and 

scientific interests. 

 

 

 Generally, single crystal growth methods are classified into three categories 

which are growth from melt, growth from solution and growth from the vapour 

phase. The most widely employed method on production of single crystal is the 

growth from melt. Basically, all materials can be solidified into single crystal form 

from melt under these conditions; they melted congruently, they do not disintegrate 

into simpler chemical compounds during pre-melting and they are not subjected to a 

phase transformation between the melting point and room temperature (Srivastava, 

2005).  One of the growth methods from melt, the Czochralski is the most dominant 

process of single crystal growth in the industry nowadays. This technique is widely 

used in the large-scale production of semiconductor and optical single crystals such 

as silicon, GaAs, Sapphire, Ti:Sapphire, Nd:YAG,  LiNbO3, and many more 

(Brandle, 2004). 
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 Much of the crystal growth process is considered as an art and technique 

rather than science. The process is remains an extremely delicate process due to its 

nature (Burgers, 1963). This difficulty arises from the complexity of relationships 

between the phenomena involved in the process such as heat transfer, phase 

transformations and fluid flow transitions (Duffar, 2000). The control of crystal-melt 

interface in Czochralski crystal growth has its crucial governance on the produced 

crystal. Thus, it is essential to take special measure of the growth parameters that 

modify the crystal-melt interface, especially the axial temperature gradient, the 

crystal rotation speed and the pulling rate (Takagi et. al, 1976: Dhanaraj et al., 2010). 

Negligence to the mentioned growth parameters would probably lead to undesirable 

defect formations to the grown crystals such as dislocations, crystal cracking, gas 

bubble entrapment and much more (Buckley, 1951; Carruthers, 1967; Jackson 1967). 

These defects would preferably affect the quality of the crystals, regarding to their 

physical, structural, optical, and their mechanical properties. Thus, profound 

understanding on the growth parameters is essential on optimization of the crystal 

growth process. 

 

 

Titanium-doped sapphire (Ti
3+

:α-Al2O3) also known as Ti:Sapphire is a 

candidate for lasing medium with supreme physical and optical properties with 

broadest lasing range. Lasers based on Ti:Sapphire crystals were first constructed in 

1982 (Moulton, 1986). It has a very large gain bandwidth, allowing the generation of 

very short pulses and also wide wavelength tunability. The possible tuning range is 

about 650 nm to 1100 nm. The absorption band of Ti:Sapphire centered at 490 nm 

makes it suitable for variety of laser pump sources  such as argon ion, frequency 

doubled Nd:YAG and YLF and copper vapour lasers. Despite the huge emission 

bandwidth, Ti:Sapphire has relatively high laser cross sections, which reduces the 

tendency of Ti:Sapphire lasers for Q-switching instabilities (Xing et al., 1995). With 

an appropriate design, Ti:Sapphire can also be used in continuous wave lasers with 

extremely narrow linewidths tunable over a wide range (Albers et al., 1986). In 

addition, the host structure itself, sapphire, the single crystal form of Al2O3, is well-

known for its excellent mechanical strength, high thermal resistance and inertness 

against chemical attack (Dobrovinskaya et al., 2009). 

  

http://en.wikipedia.org/wiki/Linewidth
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 In this research, an Automatic Diameter Control – Crystal Growth System 

(ADC-CGS) with a Czochralski (Cz) technique was utilized to grow single crystals 

of Titanium doped Sapphire, Ti:Sapphire. Besides that, the inter-relationship of the 

growth parameters to the diameter of the crystal was studied. In addition, the effect 

of the growth parameters (the rotation speed and the pulling rate) on the properties of 

the crystal such as their structure, physical and mechanical characteristics was also 

analysed and reported. 

 

 

 

 

1.2 Problem Statement 

 

 

 The Ti:Sapphire single crystal have been the major interest both either in 

research purposes or industrial applications. It is well known for its lasing properties 

and its outstanding mechanical properties.  However, extensive study needs to be 

done on the optimization of Ti:Sapphire single crystal by Czohcralski technique in 

order to grow high quality crystals.  Rotation speed and the pull rate are the growth 

parameters that are directly influential to the formation of the crystal from the melt in 

a Czochralski crystal growth. These parameters are usually associated with the 

formation of growth defects such as bubbles entrapment, inclusions and crystal 

cracks. These defects affect the quality of the crystal in terms of their physical and 

mechanical properties. However, for some reasons, the exact optimization for 

growing the Ti:Sapphire crystal with low dislocations yet not undisclosed because it 

is a well-kept secret for some companies and researcher. In addition, the study of the 

influence of rotation speed and the pull rate on the of the Ti:Sapphire properties 

especially on physical and mechanical properties characterization are not splendidly 

mentioned in literature. Therefore, the aims of this research are to use the 

Czochralski technique with the aid of automatic diameter control system namely 

ADC-CGS for growing the Ti:Sapphire single crystal. In addition, the correlation of 

the growth parameters during the crystal growth process is studied. The physical 

properties of the crystal in reference to the growth parameters (the rotation speed and 

the pulling rate), are also studied. 
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1.3 Objectives of Research 

 

 

The objectives of the research are as follows: 

 

 

i. To grow Ti:Sapphire single crystals by Czochralski method using 

Automatic Diameter Control – Crystal Growth System 

ii. To study the inter-correlation between control power, temperature, 

diameter and growth rate on Ti:Sapphire crystal growth process. 

iii. To determine the structural phase of the grown Ti:Sapphire crystals. 

iv. To ascertain the chemical composition of the grown Ti:Sapphire crystals  

v. To study the effect of rotation speed and pulling rate on the physical 

properties of Ti:Sapphire crystals by means of density, porosity, Vickers 

hardness and Young’s Modulus. 
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1.4  Scope of Research 

 

 

To achieve the objectives that have been listed, the scope of research is outlined. 

 

 

i. Growth of Ti:Sapphire single crystal of 0.20 wt.% Ti dopant by 

Czochralski Method using ADC-CGS (Automatic Diameter Control-

Crystal Growth System) with implementation of changing variable of 

the rotation speed and the pulling rate. 

ii. Finding the correlation of temperature, control power, growth rate to the 

diameter profile in respect to specified growth parameters (the rotation 

speed and the pulling rate) 

iii. Determining of structural phase using X-Ray Diffraction 

iv. Determining of composition of the crystal using Energy Dispersive X-

Ray analysis. 

v. Determining the physical properties such as density, porosity, hardness 

and Young’s Modulus by means of Archimedes Principles test, Vickers 

hardness test and compressive test. 

 

 

 

 

1.5 Significance of Research 

 

 

 It is hoped that this study could give researchers and crystal growers some 

profound insight about the inter-relationship of the temperature, control power, 

diameter and growth rate on the growth process of Ti:Sapphire and also the effect of  

both  rotation speed and the pull rate on the physical properties of Ti: Sapphire 

grown by Czochralski technique. Thus, give more understanding for the Czochralski 

crystal growers on the optimization of rotation speed and pulling rate for Ti: 

Sapphire crystal growth process by this technique.  
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1.6  Thesis Plan 

 

 

 The thesis describes the growth process of titanium doped sapphire crystal 

prepared by Czochralski technique using Automatic Diameter Control – Crystal 

Growth System. This thesis is categorized into five chapters. Chapter 1 is the 

introduction of the research, which emphasizes the research problem statement, 

objective and scope of the study. Chapter 2 briefly reviews the works done by 

previous researcher on related crystal material, the rudimentary principles of 

Czochralski growth technique, fundamental theories on the characterization 

assessments and some basic knowledge regarding the grown materials. For Chapter 

3, the details of the crystal growth experiments and measurement techniques are 

explained. In Chapter 4, the experimental results accompanied with discussions are 

represented. Within this chapter, the correlation of control power-temperature, 

control power-diameter, and diameter-growth rate on the crystal growth process are 

explained. The structural phase and elemental composition of the grown crystals is 

discussed. The effect of the growth parameters (the rotation speed and the pulling 

rate) on the physical attributes such like density and porosity, hardness and Young’s 

Modulus are also reported. As the epilogue of the thesis, Chapter 5 presents the 

major conclusions of the research and suggestions for future studies. 
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1.7 Research Flow Chart 

 

 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1:   Research flow chart. 
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