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1.1. Clasification of Solid-state matter
In Solids, there are many electronic bands that can be occupied by electrons. These bands may overlap each other or there is a gap between them where no possible electronic states exist. This gap is called forbidden gap (Eg). Electrons in the matter fill the electronic bands from the lowest energetic states (preferably). The last electronic band occupied by electrons is called valence band in that it consists of valence electrons from individual atoms. The first unoccupied electron band is called conduction band because the electrons in the fully filled valence band cannot contribute to the electrical conductivity of the material.
According to the width of the forbidden gap Eg.

Conductors (metals) (Eg≤0, bands overlap), Semiconductors (0<Eg<5eV), Insulators (Eg>5eV) (see Fig.1).
1.2. Clasification of semiconductors: 

a) According to the position of elements in the periodic table of elements: elementary - IV, Compounds III-V, II-VI (Fig.2).
b) According to the width of the forbidden gap Eg: Narrow gap (0<Eg<1eV), Wide gap (1<Eg<5eV) (Fig.2)
c) According to the shape of valence and conduction bands: direct (maximum of the valence band lies in the k-space below the minimum of the conduction band), indirect (maximum of the valence band is shifted in the k-space out of the minimum of the conduction band) (Fig.3)
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Fig.2. Clasification of semiconductors according to the position in the periodic table, to the width of the forbidden gap and to the lattice constant, respectively.
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Fig.3. Clasification of semiconductors according to the relative position of the valence and conduction band.
2. Single crystal growth methods of semiconductor materials
2.1 Growth from Melt
2.1.1. Czochralski method, CZ
In 1916, Czochralski demonstrated that the single crystals can be grown from the melt by a pulling mechanism. Three decades later, the first silicon (Si) single crystals were grown using the CZ technique. In case of Si, the polycrystalline silicon feed material is loaded into a cylindrical, bowl-shaped highly purified silica crucible and melted at approximately 1413 oC an inert gas (6N argon) atmosphere, see Fig.4.a.. Crystal growth is initiated by dipping an oriented silicon seed crystal (which is mounted on a moveable pull rod) into the free surface of the silicon melt. The rotational movement of the seed in the range of 0.5–20 rpm according to a predefined program (mostly counterrotation to the crystal rotation) is used to create certain convective melt flows and the temperature of the melt is also very carefully monitored and controlled. The seed is then slowly withdrawn from the melt, which causes the crystallization of silicon atoms at the melt–crystal interface of the seed by forming a new crystal portion. The diameter of the growing crystal is first increased until a nominal diameter is achieved. This diameter is kept constant to provide a cylindrical shape of the crystal body throughout the total growth process. Finally, when most of the melt is consumed, the crystal diameter is decreased again to form the shape of a cone and the crystal is removed from the residual melt. After cooling down, the as-grown crystal is removed from the growth facility. The resulting product (ingot), which consists of a single crystal, can reach up to 450 mm in diameter and up to 3 m in length.

Modification Fig.4b-c.:
a) Liquid Encapsulated Czochralski - LEC CZ (GaAs, CdTe, InP...) 

A boron trioxide (B2O3) has turned out to be best suited to fully encapsulate the charge for synthesis and growth of compound semiconductors. Boron oxide lid is used to prevent melt decomposition due to the leak of the more volatile component and to form a separating layer between crucible and charge.
b) Using nonstacionary magnetic field for melt mixing – Foucault’s eddy currents
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Fig.4. Czochralski growth of Si, LEC CZ growth of GaAs, Mixing of the melt by Eddy currents
2.1.2. Floating zone method (Pfann method, FZ)

[image: image39.png]


Zone melting is a technique that was invented for purifying congruently melting materials in a physical way. Originally, a narrow local induction heating (induction coils) generates a molten zone in the solid substance being in a horizontal boat-like crucible made of a material that must not pollute that substance. The coil generates a high-frequency magnetic field and eddy currents are induced in the conductive object in the middle of the coil, which heats it. Even for small coils, a current of tens A is required. If the molten zone is continuously shifted through the material in the boat by the relative movement between boat and heater, impurities are partly gathered in the molten zone due to their almost higher solubility in the liquid state according to the segregation coefficient ko= CS/CL, where CS and CL are the solubilities in the solid and in the liquid states, respectively. In that way, impurities are traveling with the molten zone to one end of the rod where they are concentrated in the last solidifying material. As a result, most material of the rod becomes purer excluding the end part, which is cutted-off. Multiple zone melting enables to produce high purity grades semiconductors.
2.1.3. Segregation (distribution) coefficient
Crystal growers are usualy interested to the segregation of impurities and dopants occurring in melt-grown semiconductor crystals, which include directional solidification/crystal growth, and purification achieved by zone refining. During solidification (crystallization), the solubility of the impurities is different in the solid and liquid phases, and therefore the melt is enriched or depleted by the impurity during solidification. The different solubility of the impurity for a given temperature T is expressed by an equilibrium segregation (distribution) coefficient[image: image40.emf] ko= CS/CL, where CS and CL are the soluble impurity concentration in the solid and in the liquid phase, respectively, at the crystal–melt interface. The ko is a fundamental thermodynamic property of a binary solid–liquid system and not a function of the temperature or hydrodynamic melt properties. In case of ko<1, impurity-enriched melt layer is formed at the crystal–melt interface, since the rate of crystallization is generally faster than the diffusion of the impurity in the melt. In case of ko>1, impurities are preferably absorbed into the crystalline phase. The former case is more common than the latter, but both situations occur.
Actually solute boundary layer having some thickness δ, develops ahead of the crystal–melt interface. The concentration of impurities, CL(x), within this boundary layer changes from its initial equilibrium value, CL(0) =C0 at the interface, to a lower, or higher, value CL(δ) = CL in the bulk melt, depending, of course, on the value of ko relative to unity. Therefore, an effective segregation coefficient keff  is introduced 
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[image: image43.emf]If we sugest perfect mixing of the melt, we can calculate the Gulliver–Scheil segregation coefficient, as a function of the fraction of the molten charge solidified g, which is given by 
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The standard horizontal floating zone method fails for silicon growth, because any material for the boat including quartz markedly reacts with the silicon melt, and silicon adheres mostly at the boat causing cracks during cooling down due to different thermal contraction. Therefore the special crucible-free vertical FZ method using a seed crystal had to be invented for silicon, where the “floating” molten zone is neatly stabilized by the strong surface tension and is located between the vertically positioned growing crystal at the bottom and the melting silicon feed rod at the top. It is commonly generated by the contactless inductive heating via the RF magnetic field of a one-turn induction coil. The zone “floats” upward due to the relative movement between the heating coil and the silicon rods. The induction coil and the RF generator are fixed and crystal and rod are moved downward while rotating. At a suitably selected speed of rotation and shift of the zone, a monocrystalline ingot is formed. At the beginning of the growth, a high-quality oriented seed without cracks and dislocations is used, where the grown crystal retains the crystallographic orientation of the seed. Silicon single crystals can be grown in a dislocation-free structure after eliminating all dislocations by the thin-neck method. Because the FZ method does not use a crucible, the grown crystal is not in contact with anything, it is only in a vacuum or an inert atmosphere, therefore there are very few impurities in the grown single crystal compared to the CZ method. The main problem of the FZ method is holding of the widest possible molten zone.
2.1.4. Bridgman-Stockbarger method
In the Bridgman method, the polycrystal or individual elements are placed in a crucible and/or in the growth ampule, where they are sealed after evacuation. The crystal growth is performed in a multi-zone growth furnace with a temperature in the separate zones above and below the melting point of the substance to be crystallized. The zones with different temperatures defines the position and shape of the solid/liquid interface and the temperature gradients in the melt and the crystal. The ampoule is placed to the zone, where a temperature higher than the melting point is gradually set. At this temperature, the material is completely melted and, in the case of individual elements, they are compounded at the same time. The ampule is then gradualy shifted to the second zone in the furnace with the temperature below the melting point. Single crystal begins to grow from the coldest end of the ampule. The temperature gradient is shifted by a downward or upward movement either of the furnace with the stationary ampule or the ampule with the stationary furnace, respectively. There are both horizontal and vertical arrangements of the furnace. With a horizontal arrangement, the vapor pressure balance above the melt is established more quickly due to the larger area. On the other hand, the resulting ingot has a semicircular cross section. At the beginning of growth, a high-quality oriented seed without cracks and dislocations is often used, where the grown crystal retains the crystallographic orientation of the seed. The growth process is followed by a controlled cooling to room temperature in which the cooling rate is determined such that thermal stress is below the critical shear stress for dislocation multiplication and glide processes.
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Fig.8. Bridgman method
Modification: 
a) Liquid Encapsulation (GaAs, CdTe, InP...) - vertical configuration
Similar to CZ method, a boron trioxide (B2O3) has turned out to be best suited to fully encapsulate the charge for synthesis and growth of compound semiconductors. Boron oxide lid is used to prevent melt decomposition due to the leak of the more volatile component and to form a separating layer between crucible and charge.
b) Addition of a source of more volatile component as a source of saturated vapor pressure over the melt. of more volatile element as a source of saturated vapor over the melt. The vapor pressure is the same everywhere in the ampoule according to Pascal's law and depends on the lowest temperature in the ampoule. Increased vapor pressure prevents decomposition of the compound and leakage of volatile components.

c) High vapour pressure of the inert gas (6N Ar) over the melt also prevents decomposition of the compound and leakage of volatile components.
d) Vertical Gradient Freeze method (VGF).
This method is a modification of the Bridgman method, where the temperature gradient is created and controled electronically in the furnace and the furnace itself and the ampule do not move.
2.1.5. Traveling heater method (THM) (Similar to FZ)
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The traveling heater method (THM) has been the most popular form of traveling solvent techniques for the last decades. It combines zone melting and growth from solutions. In THM, a molten zone is made to migrate through a solid homogeneous source material by the slow movement of the ampoule relative to the heater. Different types of solvent zone heaters were used, either with electrical resistance heating (RH) or radio frequency heating (RF) or optical heating. The solvent zone dissolves the source material at its hot upper interface and deposits, in near equilibrium conditions, a material of nearly the same composition at the lower interface, which is colder than the upper interface because of the movement of the heater. Matter transport from the source to the growing crystal occurs by convection and diffusion across the solvent zone under the influence of the temperature gradient resulting from the movement of the ampoule relative to the heater. Significant prerequisite of this method is an appropriate temperature profile of the growth furnace. It has to possess a sharp temperature peak producing a narrow molten zone (roughly of length close to the ampoule diameter) and a sharp temperature gradient at the growth interface to prevent constitutional supercooling. One of two arrangements is ussualy used as a pulling system: either traveling down the ampoule in a stationary heater or moving up the heater along a stationary ampoule. There are again both horizontal and vertical arrangements of the furnace.
2.2. Epitaxial methods (Thin film preparation)

Epitaxy is a process in which a thin crystalline layer grows on the surface of a substrate, in which the crystal lattice of the newly formed layer is directly connected to the crystalline lattice of the substrate. The term epitaxy comes from the Greek words epi "on" and taxis "ordered". Epitaxial layers can be grown from gaseous, liquid or solid precursors (substances from which we want to grow the layer). If the layer is deposited on a substrate with the same composition, we call it homoepitaxy, otherwise heteroepitaxy. In homoepitaxy, a thin layer grows on a substrate of the same material. We used this method if we want to grow a cleaner layer than the substrate or if the new layer should be doped by different elemens.

Epitaxy is used in silicon-based manufacturing processes in the manufacture of bipolar transistors and modern CMOS, but is also impotant for the preparation of compound semiconductors such as silicon germanide (Si-Ge, gallium arsenide (GaAs), indium phosphide (InP), cadmium telluride (CdTe), gallium nitride (GaN)) and others.
2.2.1. Vapour Phase Epitaxy (VPE, MOVPE, MOCVD)
(Vapour Phase Epitaxy, Metal-Organic Vapour Phase Epitaxy, Metal-Organic Chemical Vapour Deposition)
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2.2.2. Liquid phase epitaxy (LPE)
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Liquid Phase Epitaxy is a method of growing semiconductor crystalline layers on solid substrates from the molten material. The semiconductor is dissolved in a melt of material enriched in one of the components. Under conditions that are close to the equilibrium of the liquid material and the substrate, the growth takes place slowly and evenly. This occurs at temperatures well below the melting point of the deposited semiconductor. LPE forms a monocrystalline layer from the liquid phase, typically at a rate of 0.1 to 1 μm per minute. Equilibrium conditions are highly dependent on the temperature and concentration of the disolved semiconductor in the melt. Forced cooling of the molten mixture can control the growth of the layers and the intential doping is performed by adding dopants to the melt. 
This method is mainly used for the growth of compound semiconductors. It is thus possible to produce very thin, uniform and high-quality layers. 
A typical example of the use of this epitaxial method is the growth of ternary and quaternary compounds (groups III-V) on gallium arsenide (GaAs) substrates. In this case, gallium is often used as a solvent. Another frequently used substrate is indium phosphide (InP). The first LEDs and lasers in the world were prepared on GaAs heterostructures using LPE. Other substrates such as glass or ceramics can be used for special purposes. For a good adhesion and to avoid stress in the interface of the grown layers, lattice constant and the thermal expansion factors of the substrate and the layer should be similar.
2.2.3. Molecular beam epitaxy (MBE)
Molecular beam epitaxy takes place in a high vacuum (10−8 Pa). The most important feature of MBE is the low material deposition rate, which allows epitaxial growth. However, the low growth rate requires a proportionally higher vacuum to achieve the same levels of impurities as other growth techniques. 

For MBE, the source materials are solids. Very pure elements such as gallium or arsenic are heated in the closed Knudsen cells until they begin to sublime slowly. The gaseous material then condenses on the substrate, where different substances can react with each other. For example, single crystal of gallium arsenide (GaAs) is formed from gallium and arsenic atoms. [image: image21.jpg]SUBSTRATE HOLDER
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The term beam in the name of the method means that the evaporated particles do not react with each other or with any other gases in the vacuum chamber until they reach the substrate. This is due to the long mean free paths of the atoms due to extremly high vacuum. The high vacuum is created and maintained in the growth chamber by a system of cryogenic pumps and cryopanels which are cooled with liquid nitrogen or cold nitrogen gas to a temperature close to 77 K (-196 ° C). Surfaces with such a low temperature act as a trap of the atoms in a vacuum, so the high degree of vacuum required to deposit the material on the substrate is achieved. At the same time, the substrates on which the layers grow are attached to a rotating substrate, which can be heated to several hundred degrees Celsius during the process.
The RHEED (Reflection High Energy Electron Diffraction) method is often used in MBE to monitor the growth of individual crystalline layers. The computer controls the shutters in front of each whole (furnace), which very gently affects the thickness of each layer up to the level of one atomic layer. A RHEED system requires an electron source (gun) and photoluminescent detector screen. We use low-angle electrom beam as a probing beam and we measure directly in the growth chamber under high vacuum (long free electron lenght between electron scattering with other atoms) intensity of the output RHEED signal scattered from the surface. The highest intensity of the RHEED signal is in case of the smooth surface. If atomic layer starts to grow, intensity decrease and after filling of the half surface intensity starts to increase.
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A complex heterostructures consist of the layers with different materials can be produced by this method. MBE made it possible to create heterostructures where electrons are enclosed in a small volume - quantum wells or even quantum dots. Such layers are now a critical component of many modern semiconductor devices such as semiconductor lasers and LEDs. Molecular beam epitaxy is also used for the growth of some types of organic semiconductors. In this case, molecules are deposited on the substrate instead of atoms. 
Materials produced by MBE:

IV: Si, Ge, stranged Si, Si-Ge

III-V: AlGaAs, AlGaInP, AlGaN, AlGaP, GaAsP, GaAs, GaN, GaP, InAlAs, InSb, InGaN, GaInAlAs, GaInAlN, GaInAsN, GaInAsP, GaInAs, GaInP, InN, InP

II-VI: ZnSe, HgCdTe, CdTe, ZnO, ZnS,

3. Materials
3.1. Silicon – Si
After oxygen, silicon is the second most abundant element in the Earth's crust. According to the latest available data, they make up 26-28% of the earth's crust. Silicon is not found in its pure form and may only be found in compounds. In seawater, its concentration is relatively low: only 3 mg Si/l, in space there are about 30,000 hydrogen atoms per one silicon atom. Silicon is a basic component of the most rocks forming the earth's crust – for example sandstone rocks, clays, granites and especially aluminosilicate rocks based on orthoclase or plagioclase. 
	Atomic number
	14

	Atomic weight
	28.0855 g·mol−1

	Crystal structure
	Diamond

	Lattice constant
	5.43 Å

	Density
	2,328 g.cm-3

	Atomic density
	5x1022 atomů/cm3

	Hardness
	6,5

	Elektronegativita
	1.90 (Pauling scale)

	Thermal conductivityt
	149 W·m−1·K−1 (300K)

	Melting temperature
	1415°C

	Forbidden band width
	1.12 eV (300K)

	Electron mobility
	1500 cm2/Vs (300K)

	Hole mobility
	600 cm2/Vs (300K)

	Relative permitivity
	11.9


Silicon has the diamond cubic crystal structure with a lattice parameter of 0.543 nm. The nearest neighbor distance is 0.235 nm. Diamond lattice structure - two Face centered cubic (FCC) structures one shifted by a 1/4 of body diagonal. Si atoms are located in all lattice points. Zink Blende structure (ZnS) - Diamant lattice structure for compounds, where elements occupied diferent FCC structure.
Why silicon won the competition for the best material for the electronics industry? Highly abundant element, high electron mobility, relatively large forbidden gap width, easy to prepare p and n type materials and p-n junctions, existence of the semiinsulating native oxide.
3.1.1. Production of the metallurgical grade silicon
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The greatest amount of silicon worldwide is consumed in the metallurgic industry, which is followed by solar cells, and only a small part of the production is used in the semiconductor industry. This is the reason why basic silicon is called metallurgical grade silicon (metallurgical grade Si or MG-Si for short). In 2020, global world production reached 8 million metric tons per year, 5.4 million metric tons in China, 0.54 million metric tons in Rusia, 0.34 million metric tons in Brasil and Norway. The raw material for the production of metallurgical silicon is mineral silica (a silicon dioxide) with very high purity in the form of silica sand, which can be mined only in Brazil, China and a few other countries. Industrially, MG-Si silicon is produced by reduction (deoxidation) of the silica melt in an electric arc furnace on the graphite electrode, where the sand and carbon in the form of coal is continuously added. Electric current of about 10,000 A passes through the electrodes. The supplied carbon and electrodes are burned to carbon monoxide gas according to the following reaction:

SiO2 + 2C → Si + 2CO.
The reduction process takes place at the temperatures of 1500-2000oC and metallurgical silicon is formed in the purity of about 97% – 99% - so called 2N purity (one foreign atom per 99 Si atoms). For the purposes of electrotechnical industry, however, this purity is entirely insufficient, as even a very low concentration of foreign impurities in silicon significantly affects the quality of the produced electronic components. High purity semiconductor-grade sillicon has to be produced by purification of the MG-Si.
3.1.2. Production of polycrystalline semiconductor-grade silicon
Zonal melting is one of the oldest methods used in the production of high-purity silicon. The material is first adjusted into the shape of a long thin rod, which is then gradually remelted so that the molten zone moves from one end to the other. In this proces, the impurities present in the material are concentrated in the molten zone and they gradually move to the end of the rod, which is finally removed by cutting. By repeating this process several times material of high purity is created.
Currently, chemical methods are used to prepare extremely pure semiconductor-grade polycrystalline silicon (SG-Si). In the so-called Siemens method, invented in the early 1960s, the powdered MG-Si reacts with hydrogen chloride gas (HCl) at temperature 300oC to form trichlorsilane (SiHCl3), a highly volatile liquid, as intermediate product. Considerable part of impurities in MG-Si are removed by forming chlorides (BCl3, FeCl3 ..) and high purity SiHCl3 is obtained. For futher purification, rectification (multiple destilation) of SiHCl3 is performed (boiling point of SiHCl3 is 31.8oC). The purified SiHCl3 reacts with high-purity hydrogen gas and decomposes at temperature over 1100°C back to Si, which form the polycrystalline silicon in the form of the U-rod (CVD - chemical vapor deposition). The reaction of trichlorosilane is illustrated by the following equations: 
Si + 3 HCl → SiHCl3 + H2

SiHCl3 + H2 → Si + 3 HCl

This process finaly produces extremely purified polycrystalline Si with the purity so called 10N-11N, which fully meets the requirements for the production of semiconductor components. In such purified silicon the number of impurities is about 5x1012 in 1cm3. For comparison, the number of Si atoms in the Si crystal is 5x1022 in 1cm3.
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                   Industrial polysilicon plants in China
3.1.3. Production of Si single crystals
3.1.3.1 Czochralski method, CZ
Polycrystalline silicon is unusable for the production of semiconductor devices due to the disorder of the crystal lattice (low carrier mobility). Therefore, single crystalline silicon has to be produced from polycrystalline one, which has a regularly arranged lattice over a long distance. The dominant method for the production of Si single crystals is controlled crystallization from the melt using the Czochralski method. Pure Si polycrystal is inserted into a quartz crucible, which is placed in a protective graphite crucible. The polycrystal is melted in a crucible, and then a high-purity oriented single crystaline silicon seed is introduced into the silicon melt. Both the seed crystal and the crucible rotate in the opposite direction according to a predefined program, while the melt temperature is also very carefully monitored and controlled. Then, pulling of the seed crystal from the melt starts, and new layers of extraordinarily pure monocrystalline silicon begin to grow at the end of the seed crystal. The whole process takes place in a crucible made form a very pure quartz in inert argon atmosphere of the purity of 6N. The melted Si also reacts with the quartz crucible according to the reaction[image: image48.wmf]odpad
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Silicon monoxide is a highly volatile substance. About 80% of SiO evaporates and is carried away into waste by the argon stream. The rest, i.e., about 20% of SiO remains in the Si melt and passes into the growing monocrystal. In it, the oxygen from SiO deposits between Si atoms into an interstitial position. Hence the name interstitial oxygen with the designation Oi. The content of Oi is usually 3 x 10-3 %. 
The final silicon ingot, which is made up by only one single crystal, may reaches up to 400 mm (16") in diameter and the length of 2 m. After cooling, the produced ingot is cut into thin wafers (typically 0.5 mm), polished and used as a substrate for the production of semiconductor devices.
Tab.1 Development of the size of Si ingots produced by the CZ method.

[image: image26.emf]
3.1.3.2 Floating zone method (Pfann method, FZ, )

The method was developed for the purification of polycrystalline Si, which uses a small segregation coefficient of many impurities. The purified material is first shaped into a long thin rod, which is then gradually remelted in a special oven so that the molten zone moves from one end to the other. In this proces, the impurities presented in the starting material are concentrated in the molten zone and gradually reach the end of the rod, which is finally removed by cutting off. Highly pure material is created by multiple repetition of this process. If we choise a suitable speed of rotation and movement of the melted zone, a singe crystalline ingot is formed at the same time. As no crucible is used in the FZ method, the grown crystal is not in contact with anything, it is only in a vacuum or an inert atmosphere. Therefore there are very few impurities in the grown single crystal compared to the CZ method, where oxygen and carbon are dominant impurities. The main problem of the FZ method is to maintain the largest possible molten zone. At present, crystals with a diameter of up to 150 mm, very rarely up to 200 mm, are produced by this method. FZ crystals are therefore used only in applications where a very low concentration of impurities is required (PV photovoltaics, radiation detectors and others). 
Only Si single crystals grown by Czochralski method are suitable for the production of integrated circuits, because: 
· They contains a certain amount of dissolved oxygen (about 0.003% atomic) because of the contact of the Si melt (> 1420°C) with the crucible material (SiO2). This so-called interstitial oxygen in silicon strengthens the Si crystal lattice, which becomes more resistant to the thermal shocks during high-temperature operations of Si production. Interstitial oxygen is also used to get unwanted heavy metals in Si single crystals. 
· Si single crystals with a diameter greater than 150 mm (6") cannot be grown by the FZ method. 
For PV applications, there are two major advantages of FZ-Si.

1) The long lifetime of the carriers and better microcrystalline quality. These parameters increase the efficiency of solar cells by 10-20%.

2) Lower cost of production (no crucible, faster growth).

The main disadvantage is the necessity of the high quality homogeneous seed without cracks, which is one of the main financial costs. In Si PV technology, approximately 30% of the cost is crystal production, 20% is cutting, 20% is cell production and 30% is module production. FZ-Si is therefore used for the production of high-quality solar cells and CZ-Si for the production of large-area cells of average quality. High-speed multi-wire saws are used in cutting, which are able to cut around 500 wafers / hour opposite to the the saw with an internal cut (25 wafers / hour). They also make it possible to cut thinner wafers with a less damaged surface. 
Parameters of the CZ a FZ growth methds for Si single crystal production
	Characteristic 
	CZ 
	FZ 

	Growth Speed (mm/min) 
	1 to 2 
	3 to 5 

	Dislocation-Free? 
	Yes
	Yes

	Crucible? 
	Yes
	No 

	Consumable Material Cost 
	High 
	Low 

	Heat-Up/Cool-Down Times 
	Long 
	Short 

	Axial Resistivity Uniformity 
	Poor 
	Good 

	Electrical power requirements
	60kWh/kg
	30 kWh/kg

	Oxygen Content (atoms/cm3) 
	>1x1018 
	<1x1016 

	Carbon Content (atoms/cm3) 
	>1x1017 
	<1x1016 

	Metallic Impurity Content 
	Higher 
	Lower 

	Bulk Minority Charge Carrier Lifetime (s) 
	5-100 
	1,000-20,000 

	Mechanical Strengthening 
	1017 Oxygen 
	1015 Nitrogen 

	Production Diameter (mm) 
	150-300 (400) 
	100-150 (200) 

	Operator Skill 
	Less 
	More 

	Polycrystalline Si Feed Form 
	Any 
	Crack-free rod


3.1.4. Si wafer procesing

The wafer processing after growth of the Si single crystal has roughly the next steps:

	Step number
	Operation
	
	Purpose of the operation

	STEP 1
	Ingot CUTTING
	
	Shoulder and tail parts are removed using a sawing machine

	STEP 2
	Ingot GRINDING
	
	Achieving the exact the same diameter of the whole ingot



	STEP 3
	Facets GRINDING
	
	1 to 4 longitudinal facets for the purpose of crystalografic identification (X-ray diffraction) and production of IC.


	STEP 4
	Ingot SLICING into slices
	
	Making of a raw Si slices using saw with inner diameter blade or multi-wire saw.



	STEP 5
	LAPPING of Si wafers
	
	Lapping of Si wafers on both sides to remove the surface layer demaged while cutting.



	STEP 6
	LAPPING of Si wafer edges
	
	Rounding of wafer edges to remove places on the circumference of Si wafers prone to chipping


	STEP 7
	ETCHING of Si wafers
	
	Removal of demaged surface and impurities from the surface of Si wafers by etching in HNO3 + HF


	STEP 8
	POLISHING of Si wafers
	
	One-sided polishing to mirror shine



	STEP 9
	WASHING of Si wafers
	
	Removal of remain parts of organic substances, dust particles and heavy metals from the surface in alkali-acid baths.


STEP 2 – Grinding of Si ingot to the desired diameter

The ingot of Si single crystal never has an exact diameter throughout its whole length. This is why it has to be grinded to a desired diameter and the surface damage from the grinding operation has to be removed by etching. The original ingot diameter therefore exceeds the desired diameter by a few mm. 

STEP 3 – Grinding of facets on the Si ingot
1 to 4 longitudinal facets are grindied on the surface of the ingot. These facets serve to the purpose of the orientation of Si wafers during positioning in technical devices (the main facet) and for the identification of the crystallographic orientation and conductivity type of Si wafers (the ancillary facet). The facets look on Si wafers (example of 1 to 2 facets) are shown in following figure. The main facet is always longer than the ancillary one. Also the 3rd or 4th facet may be present on Si wafers – depending on customers’ requirements.

[image: image27.wmf](111) - P typ

(111) - N typ

(100) - N typ

(100) - P typ


STEP 4 – Slicing of facetted Si ingot 

The slicing is done using a diamond saw with the inner diameter blade with the rotation velocity of about 1 mm/s. The slice with the diameter of 100 mm is cut in about 100 s. Recently, the slicing has been done with a multi-wire saw.

STEP 5 – Lapping of Si slices

The surface of Si slices is very rough and demaged from the slicing operation. This is the reason why slices are grinded on both sides. The purpose is to achieve a finer surface, flatness of the wafer, the best possible planarity of both sides and desired thickness. 

STEP 6 – Lapping the edges of Si slices

The edges of Si slices are rounded to remove the sharp edges as places prone to chipping in IC production.
STEP 7 – Cleaning of the Si surface by etching

Si slice defects and impurities on the surface are removed by etching in a mixture of nitric acid (HNO3) and hydrofluoric acid (HF).
STEP 8 – Polishing of Si slices
Polishing is done only on 1 side of the Si wafer. The goal is to achieve a mirror shine on the surface, without scratches and other surface defects. The procedure uses a polishing paste on the basis of a very fine aluminium oxide. The result is a silicon wafer.

STEP 9– Final washing of Si wafers
The goal is to remove the remains of organic substances, dust particles and h heavy metals from the surface of the entire Si wafer. The operation is performed in baths based on 

a) hydrogen peroxide H202 and hydrochloric acid HCl

b) hydrogen peroxide H202 and ammonium hydroxide NH4OH

3.1.5. Production of the Si thin layers (Chemical Vapor Deposition-CVD)
Most of the integration circuits, ie transistors, diodes, resistors, capacitors, etc. are fabricated in the thin epitaxial Si layers produced on Si wafers. The silicon layer is most often formed by decomposition of silicon tetrachloride SiCl4 in pure hydrogen gas at a temperature of about 1200 °C using phosphine PH3 as a dopant[image: image50.emf]:

SiCl4(g) + 2H2(g) ↔ Si(s) + 4HCl(g)

2PH3(g) ↔ 2P(s) + 3H2 (g)

The heart of the epitaxial reactor is the graphite holder of Si wafers in the shape of a polygonal pyramid, which is placed in a quartz bell. The holder is made from very pure graphite (99.9995%), covered with a 100 µm thick protective layer of silicon carbide SiC (99.9999%). A copper coil located around the bell mediates the heating of graphite holder and thereby also Si wafers by induction currents with a frequency of 4000 Hz. The reacting substances i.e. H2, H2 + HCl, H2 + SiCl4 + PH3, H2 flow separately into the bell from above with help of the very pure carrier gas H2 and finally inert N2 gas for cleaning. 
Unreacted waste gases and vapors are replaced from hydrogen by spraying with water, which removes > 99.9% of SiCl4 and HCl. The growth rate of the layers depends on the ratio of the two dominant source gases, SiCl4 and HCl. Growth rates above 2 micrometers per minute produce polycrystalline silicon. A negative growth rate (etching) can occur if too much HCl is present as a second product of the reaction in the reactor. Sometimes HCl is added intentionally to etch the material.
Vapor phase epitaxy of silicon can also use silane SiH4, dichlorosilane SiH2Cl2 or trichlorosilane SiHCl3 as source gases. For example, the reaction with silane proceeds at temperature of 650 ° C as follows: 
SiH4 → Si + 2H2
This reaction does not etch the material and occurs at lower temperatures than the deposition from silicon tetrachloride. However, if the reaction is not strictly monitored, a polycrystalline layer will form and the oxidation of reaction products that can contaminate the epitaxial layer with undesired compounds such as silica occures.
3.1.6. Si wafers oxidation
Layrer of amorphous silica (SiO2) is commonly used as a separating insulating layer in the manufacture of integrated circuits and also as a protective layer in ion implantation, thermal diffusion and surface passivation. SiO2 layer is created on the surface of Si wafers by thermal oxidation. This layer is formed both on the front mirror-like side and on the back matt side of the Si wafer, respectively. The oxidation process takes place at high temperatures (900 °C – 1200 °C) and can be very well controlled. Thickness of SiO2 layers may range between 0.01 µm to 1 µm. The SiO2 layer has a number of unique properties that allow for production of large numbers of IC chips on the Si wafer at the same time. One of the important parameters is the layer’s good stability against various acids and bases. SiO2 dissolves only in the solutions of hydrofluoric acid (HF). Therefore, HF is used for etching of SiO2 layers on Si wafers. Si wafer itself is inert against diluted HF solutions. The properties of the Si-SiO2 interface is among the best described and measured among solid substance in general. 
Tab.1. Some properties of SiO2 in comparison with pure Si
	Characteristic
	SiO2
	Si

	Specific weight
	2,25 g/cm3
	2,33 g/cm3

	Resistivity
	> 1015 cm
	2,3 × 105 cm

	Melting point
	~ 1700 °C
	1420 °C


Layers of amorphous SiO2 on Si wafers are used for the following purposes:

· as a protection mask against the ion implantation and diffusion of elements into Si
· for passivation of Si surface (protection of Si surface from environmental influences)

In principle, oxidation of Si wafers occurs in 2 ways:

a) oxidation by oxygen
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b) oxidation using water steam
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Si + 2H2O

SiO2 + 2H2
Water steam is obtained by burning of H2 in O2 before entering the oxidation furnace. 

Reaction a) 
is relatively slow. It is used mainly for preparation of very thin and precise SiO2 layers.

Reaction b)
is several times faster than reaction a). It is used mainly for the preparation of thick SiO2 layers.

Regardless the specific reaction type, both types of oxidation consume Si from the surface of the Si wafer. Let sey, from a layer of SiO2 with 0.1 µm thickness, 44% of the Si wafer thickness is consumed; i.e., 0.044 µm. The thickness of SiO2 increases with the root of time (slows down gradually).
It may be illustrated as follows:
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The processes of preparation of SiO2 layers on Si wafers take place in the furnace with the tubes from very pure fused quartz, which chemically is pure SiO2. If oxidation is combined with diffusion, tubes from SiC are used. Both types of tubes are heated externally by resistance heating made from kanthal wires. Kanthal is an alloy of Fe – Cr – Al – Co (iron – chrome – aluminium – cobalt). Kanthal heating wires are wound on a ceramic tube made from aluminium oxide. Heating wires, however, are also a source of contamination by heavy metals; the ceramic unit is a source of Na.

3.1.7. Doping
3.1.7.1. Doping during the growth
Silicone belongs to the 4th group of the periodic table. For the preparation of Si with a defined specific electrical resistivity and type of conductivity (n or p-type), doping of Si by elements of the 3rd and 5th group is used. These elements are characterized by the fact that they significantly affect the electrical conductivity of Si even in very small quantities. Let’s imagine a hypothetical situation when the arrangement of Si atoms in the single crystal is absolutely perfect without any crystalographic defects, and the single crystal contains no foreign atoms (impurities). Then, at the temperature of 20°C, the electrical resistivity of Si will be  = 2.3x105 cm. At the same temperature,  of metals (conductors) is > 10-6 cm, and  of insulators > 1015 cm. For the production of semiconductor devices, however, it is necessary to obtain Si with specific electrical resistance in the range of 102 cm to 10-3 cm. If we, for example, want to obtain Si with  = 1 cm, we have to insert doping atoms (dopannds) into Si with the volume concentration in Si of 10-5 %. This means that in every 10 million atoms, there will be 1 doping atom. This single atom in 10 million atoms of Si may decrease electric resistivity by more than 100 000 times! This is why polycrystalline and monocrystalline Si has to be so pure. In addition, the dopand in Si not only decreases the electrical resistivity of Si but also change the temperature dependence of the resistivity. In ultrapure Si, electrical resistivity drops with increasing temperature. In doped Si, on the other hand, electrical resistivity increases with temperature due to decreasing of the mobility. The lower doping concentration, the steeper the change.

High-resistivity Si with a low concentration of electrically active impurities may only be produced using the FZ method. In the Czochralski method, oxygen originating from the crucible is built into the lattice and behaves like a donor. According to customers’ requirements, crystals may be intentionaly doped by an electrically active impurities (dopants). Arsenic (As), antimony (Sb) and phosphorus (P) are used for donor n-type doping. Boron (B) or gallium (Ga) is a typical acceptor p-type dopants. Dopant atoms are added to the melted silicon before the crystal is pulled (CZ) or directly blown into the molten zone (FZ).
N-type (electron conductivity)
: arsenic (As), phosphorus (P) or antimony (Sb)
P-type (hole conductivity)

: boron (B)
For the production of bipolar integrated circuits, P-type Si wafers with the electrical resistivity of 7-12 cm are used. This value of resistivity is equivalent to a boron concentration of 4 x 10-6 %. For each 1 billion Si atoms, there is therefore only 40 atoms of boron. 
3.1.7.2. Post grown doping - Ion implantation
Ion implantation is a very precise and reproducible process of incorporation impurities in the form of elements at shallow depths of Si wafers. It is a process when electrically charged atoms (B+, P+ As+, Sb+) are being accelerated in applied electric field toward the Si wafer. The energy of the positive ions is very high, typically in the range of 40 keV – 180 keV. 1 eV (electron volt) is the energy that an electron obtains when passing through a voltage drop of 1 volt. When the voltage drops is 100 kV in ion implantation device, the electron energy will be 100 keV. At this energy, the electron has the speed of 187 000 km/s. At the voltage drop of 3 MV, the electron’s speed would be close to the speed of light in a vacuum, i.e. to 300 000 km/s. If we, for example, apply a 100 kV voltage drop on As+ ions, its speed will be 500 km/s because the speed of the charged particles in the electric field is in an inverse proportion to the square root of their weight.
As mentioned above, B+, P+ As+ and Sb+ ions have high energies when being shot into Si wafers, and thereby also high speeds – hundreds of km/s. When these ions hit the surface of Si, they penetrate its surface layers. It is obvious that the depth of penetration of implanted ions will be strongly dependent on their energy and the type of ions. The same applies to the penetration of implanted ions into the masking layer of SiO2.
3.1.7.3. Post grown doping - Diffusion of dopands at high temperature
In the production of the integrated circuit chips, we need to get electrically active dopands (B, P, As, Sb) to a certain and precise depth at the selected parts of the Si wafer with a specific profile of the doping concentration. We use high temperature diffusion of dopands into Si wafers at temperatures range between 1100°C to 1200°C. For incorporation of impurities into the Si wafer, we need high temperatures, as the diffusion of impurities in Si at the room temperature is extremely slow. 
The diffusion length of impurities in Si depends on:

· Diffusion coefficient of the impurity
· Temperature of the Si wafer
· Time of the diffusion
· O2 in the diffusion atmosphere (O2 + N2)

An amorphous SiO2 layer application on the surface of Si wafers to protect the diffusion of impurities into Si wafers is a key attribute of Si IC production technology. The speed of the diffusion of B, P, As and Sb impurities in SiO2 is 10 to 10,000 × lower than in the case of Si. 
Essentially, dopands are added into Si wafers in 2 forms:

-
as elements (B, P, As, Sb) or

-
as oxides (B2O3, P2O5)

While elements as B, P, As, and Sb may be directly diffused into Si after being applied to an Si wafer, dopands in the form of oxides such as B2O3 (boron trioxide) or P2O5 (phosphorus pentoxide) are first need to reduce to the respective elements by silicone:
3.1.8. Porous silicon – por-Si
Porous silicon (por-Si) is a nanocrystalline material, which is composed of thin silicone columns with the diameter of less than 3 nm, which have a crystalline structure and are surrounded by a layer of SiO2. It was first created in 1956 in Bell’s laboratories in the USA during research into electric polishing of Si. However, it was not before 1990 when Leigh Canham found out that when exposed to radiation, por-Si effectively emits light in the visible spectrum, unlike the common crystalline silicone, which emits no light at all. Unfortunately, its electroluminescence is very weak. The main advantage of por-Si is its relatively easy production; its disadvantages are, on the other hand, low chemical stability, fast photo-degradation, large dispersion of diameter od nanocrystals and poor chemical controllability. 
Porous Si is currently still in the research stage. Its application in the area of sensors seems the most promising, as por-Si has, as every nanocrystalline material, large surface area and is therefore sensitive to the presence of various substances in its environment. The perspective application of por-Si is combination of Si substrate with with porous surface for epitaxial growth of materials with different lattice constants. Porous surface is very elastic and accommodates to the epitaxial layer, where no dislocations occur. Other potential use is the gradual release of medical drugs into a patient’s body. Human bodies are able to effectively metabolize nanocrystalline silicone. If the pores of por-Si are filled with a medical drug, the drug is released into the body by gradual degradation of nanocrystals, and it is therefore present in the body in small concentration over a long time. Porous silicone is a material emitting light, and there are ongoing efforts to create, e.g., LED diodes using it, which are as of now still manufactured using significantly more expensive materials. Silicone LED diodes could also be easily incorporated into the current microelectronics which is entirely based on silicone.
Production of porous Si
Porous Si is prepared by electrochemical etching of Si in a HF (hydrofluoric acid) solution. Upon passing the interface Si-electrolyte, electric current changes its nature from an electron to the ionic one. In the connection, where “holes are directed into the electrolyte”, decomposition of Si takes place. At a low current density, a system of deep pores emerges in silicone, which penetrates deep into the material. The creation of pores may be described by the following equation:
Si + 6 HF → H2SiF6 + H2 + 2 H+ + 2 e-

If high current density is applied, electrical polishing occurs, and new flat smooth surface of Si is created. This mode is used to create the so-called self-bearing layers of porous Si, where short-term increase of potential at the end of etching leads to a separation of porous Si from the substrate. Porosity (P) is the main parameter of porous Si, which can be established, e.g., by the weight method from the weight of the silicone wafer before etching m1, weight right after etching m2 and weight m3 after the full decomposition of the porous Si layer (e.g. in KOH or NaOH):

P = (m1 − m2) / (m1 − m3)
Porosity can be effectively controled by changing the production parameters. The most important parameters are:

· current density

· electrolyte chemical composition

· etching time

· time and way of oxidation
3.1.9. Quartz glass – production
Quartz (SiO2) is a very stable crystalline material, which is very widespread in the Earth’s crust. Quartz glass (commonly only quartz) contains pure SiO2 in an amorphous phase. It is producing by melting of highly pure quartz sands in the electric arch furnace at the temperature above 1700°C. After the cooling down of the melt, an amorphous modification of quartz is created – quartz glass. Quartz glass has the highest softening point (1200°C) of all glasses and has a considerably higher melting point (1610°C). General glass also contains SiO2 but different additives such as soda (sodium carbonate Na2CO3) or potassium carbonate (K2CO3), which form eutectic mixture with quartz glass are added for lowering of the melting point down to the temperatures around 600°C. Quartz glass is usually produced in clear form, but also exists in matt form or with different colouring (optical filters). 
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Crystalline SiO2
Quartz glass – amorphous SiO2
Quartz glass has some typical chemical properties:

· It is made from pure quartz – high content of SiO2 > 99.5 %

· Very low coefficient of thermal expansion: 20°C - 1000°C = 5.5 x 10-7 m/ K
· Extreme resistance against thermal shock and ability to sustain temperatures of up to 1300°C.
· High thermal conductivity: 1.46 W/m K
· Specific weight: 2.2 x 10³ kg/m³
· Dielectric constant ε = 38

· Resistant against most acids and bases, (suitability for chemical industry).
· Refractive index of quartz glass is 1.544. Different additives usually increase the refractive index of quartz glasses, which then usually ranges between 1.5 and 2.0.
Quartz glass transmits a broader spectrum of radiation than additive-based glasses, especially on the ultraviolet side of the spectrum (< 350 nm). In additive-based glasses, transmittance ends around the wavelength of 400 nm; therefore, these types of glass are impermeable for UV light. In the infrared part of the spectrum, pure quartz glass has such low attenuation that light is able to pass through it from the distance of tens or hundreds of kilometres. The areas of wavelength transmittance are called quartz windows. Quartz glass has several such windows, with the most important ones being between the wavelengths of 650-750 nm, 850-1000 nm and 1300-1500 nm. 

Applications:
Chemical devices and apparatuses – High resistance against most acids and bases and other aggressive chemicals. Semiconductor industry, chemical industry. 

UV radiation transmittance of quartz glass is used in the production of bulbs of ultraviolet gas-discharge lamps and tubes and other accessories of UV light sources, but also for the production of greenhouse windows so that the plants in greenhouses are able to accept the whole natural sunlight spectrum. In the area of UV technology, quartz glass plates are used mainly to screen out the space between the UV lamp and the radiated area, serving mainly to separate different air flows or as a protection against pollution.
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The low attenuation in infrared parts of the spectrum is used in the production of optical fibres. For this purpose, quartz is highly cleaned by similar processes as those used for the cleaning of semiconductors for the production of semiconductor devices. As, however, ultrapure quartz has a low refraction index and high refraction index, on the other hand, is needed in the cores of optical fibres, ultrapure germanium glass (GeO2) is usually added to ultrapure quartz glasses, which moves the refraction index towards higher values. Such optical fibres have the lowest attenuation and dispersion for the wavelength window between 1.3µm and 1.55µm and are optimal for production of optical fibres for communication.
3.2. Germanium - Ge
Germanium was predicted by Newlands in 1864 as the missing element in the triad between silicon and tin. Mendeleev predicted its properties in 1871 based on its position in the periodic table and called it “ekasilicia”. In 1886, Winkler isolated germanium from the mineral argyrodite and named it to honour his homeland, Germany (Germania in Latin). Inorganic germanium is a necessary element, similarly to iron or calcium in nature. It is contained in small amount in many plants and in Earth’s crust, where it is a rather rare element. The average content only amounts to 5 - 7 ppm (mg/kg). In seawater, the concentration of germanium is extraordinarily low, only 0.07 micrograms/l. It is estimated that in the universe, there are 30 million atoms of hydrogen for one atom of germanium. In minerals, germanium is present only as an additive in zinc or silver ores, but it is also contained as a trace additive in numerous coal bearing. Germanium’s properties are important for the electrotechnical industry. In 1948, the first transistor and integrated circuit were made of germanium, and later entire computer chip. The current studies showed that germanium is important for the human organism. Doctors and researchers are trying to verify that germanium has similar effects as selenium and may be of significance as a nutritional supplement.
3.2.1. Physical properties of germanium
Germanium is a fragile, dark grey substance crystalizing in diamong structure like silicon (FCC double structure). In the solid state, Ge behaves as a semiconductor, both in the crystalline and amorphous phase. In the liquid state, on the other hand, germanium is a metal. Ge is more reactive than Si. It creates compounds in the following valency: Ge-4, Ge+2 a Ge+4. At room temperature, it easily reacts with chlorine and fluor, with sulphur vapours creates GeS. After slight heating in Cl2 and Br2, germanium tetrachloride (GeCl4) and germanium tetrabromide (GeBr4) emerge. Germanium does not create carbides, which is why it is able to melt in graphite crucibles. If no oxidation agent is present, it does not react with water or diluted acids and alkalic hydroxides. When exposed to air, it oxidizes into germanium dioxide (GeO2) with the emergence of red heat. Ge dissolves in hot concentrated sulfuric acid and nitric acid: 

	Atomic number
	32

	Atomic weight
	72.63 g·mol−1

	Crystal structure
	diamond

	Lattice constant
	5.65 Å

	Density
	5.323 g.cm-3

	Atomic density
	4.4x1022 atoms/cm3

	Hardness
	6.0

	Electronegativity 
	2.0 (Pauling scale)

	Heat conductivity
	60.2 W·m−1·K−1 (300K)

	Melting point
	937°C

	Forbidden band width
	0.67 eV (300K)

	Electron mobility
	3900 cm2/Vs (300K)

	Hole mobility
	1900 cm2/Vs (300K)

	Relative permitivity
	16


Ge + 2H2SO4 → GeO2 + 2SO2 + 2H2O

Ge + 4HNO3 → GeO2 + 4NO2 + 2H2O

3.2.2. Production of germanium
The only industrially exploited germanium bearing is in Congo (Kinshasa), which is among the world’s richest sources of germanium. However, the main sources for Ge production are ashes emerging in metallurgical processing of zinc ores in the zinc production and ashes after combustion of certain types of coal. For instance, coal from the Pilsen basin contain 20 to 70 g of Ge per 1 ton. The ashes are dissolve din sulphuric acid, and from the obtained solutions, it coagulates by zinc dust with the simultaneous effect of aqueous solution of sodium hydroxide (NaOH). The coagulate is again dissolved in sulphuric acid, and the process is repeated. The second coagulate contains about 7% Ge in the form of GeO2. From this concentrate, germanium in the form of volatile germanium tetrachloride (GeCl4) is obtained due to the effect of the mixture of hydrochloric acid and chlorine.

GeO2 + 4 HCl → GeCl4 + 2 H2O

GeO2 + 2 Cl2 → GeCl4 + O2
Pure GeCl4 hydrolyses to GeO2.xH2O, which after filtration at the temperature of 150 to 200°C gets rid of water and passes into waterless germanium dioxide (GeO2). Metallurgical Ge is made from GeO2 by reduction in an electric furnace with the presence of carbon 
GeO2 + C → Ge + CO2
Global world production of Ge in 2020 was 130 metric tons per year, China was the world’s largest producer, whose refinery production was 86 metric tons. 
Prepared germanium contains 5-10% impurities and is unsuitable for the purposes of semiconductor production and production of germanium glass. For this reason, Ge is further cleaned using zonal purification. By the repetition of zonal refinement (6 to 10 times), Ge purity reaches extreme values of 12N (for one atom of impurity there are 1012 atoms of Ge). This is in present one of the purest industrially produced materials.
Fraction distillation of highly volatile germanium tetrachloride GeCl4 is another method of obtaining highly pure Ge. Before hydrolysis, GeCl4 is distilled, when impurities (such as AsCl3) are removed from the distillate by fraction distillation in the refraction column. After hydrolysis, GeO2 is reduced by hydrogen in an electric furnace (without any oxygen content) at the temperature of approximately 600°C:

GeO2 + 2H2 → Ge + 2H2O

3.2.3. Aplikace:
•
The interest in germanium started in the 1950s, when the first transistors and other electronic components on the basis of pure germanium were invented. During two other decades, germanium was replaced by silicone, which is found in nature in much greater quantity. Germanium is, however, still used for special semiconductor diodes.
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The transistor effect was discovered and the transistor was invented on 16 December 1947 in Bell’s laboratories. In 1956, .B.Shockley, J.Bardeen and W.H.Brattain were awarded the Nobel prize for the research into semiconductors and the discovery of the transistor effect.
•
Currently, germanium is used in industrial production of semiconductors mainly as Si-Ge compound (SiGe) for the production of integrated circuits with high speed of signal transmission. It is also part of circuits, which react to electromagnetic waves in the infrared part of the spectrum. It is thus used in radar technology. Currently, this type of use is decreasing in favour of application in optics, where SiGe started to replace GaAs in devices for wireless communication.

•
High purity germanium (HPGe-high purity Ge) is used as a detector of X-ray and gamma-ray radiation. 

•
Ge has an important application in the production of light-distributing optics, as its presence in glass and other materials for optical fibres significantly increases the material’s refraction index (similarly also GeO2). Ge is also transparent for infrared radiation. These properties are useful in the production of special optical components as lenses for wide-angle cameras or optics for the processing of signal in the infrared part of the spectrum (such as in devices for night vision). Due to the high refraction index (4.0), however, all optical devices have to be equipped with anti-reflexive diamond-based layers. 

•
GeO2 is of great significance as a catalyst in polymer (plastic) production, but it can also be replaced by titanium.
•
Ge epitaxial layers are a part of the heterostructures produced for the most effective solar cels in the world.
•
Ge generators change heat into electricity.

•
Ge alloys have interesting properties – the alloy with gold (the so-called jeweller’s solder) expands when cooling down. The alloy which copper and gold is suitable in dental medicine.

•
Gadolinium gallium garnets (GGG) are used in laser technology.
In 2007, 35% of Ge production was used in fibre optics, 30% in infrared optics, 15% was used as polymerization catalysts, and 15% was used for electronic and photovoltaic purposes. The remaining 5% was used in metallurgy and medicine. 
3.3. Galium arsenide – GaAs
	Material
	Density
(g/cm)
	Atomic numbe
	Forbiden gap width
(eV)
	Lattice constant (A)
	Electron mobility
(cm2/Vs)

	Si
	2.328
	14
	1.12
	5.43
	1 500

	Ge
	5.323
	32
	0.67
	5.658
	3 900

	GaAs
	5.316
	31+33
	1.45
	5.65
	8 500

	CdTe
	5.85
	48+52
	1.45
	6.482
	1 000

	InP
	4.81
	49+15
	1.344
	5.869
	54 000

	InSb
	5.775
	49+51
	0.17
	6.479
	77 000

	SiC
	3.21
	14+6
	2.3-3.2
	4.35
	900
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Fig. 5. FZ method





Efective segregation coefficient


R = Crystal growth velocity


δ= Difusion length, fit. parameter


D = Dif. coeff. of impurityin the melt





�


Fig.7. Distribution of the impurity concentration in silicon.
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Arc furnace
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Poly-Si production
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Czochralski method, FZ method
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