SEMICONDUCTOR TECHNOLOGIES
Abstract
The fabrication of photo-voltaics and integrated circuits involves processes which constitute a highly developed semiconductor (planar diffusion technology). One has to have same basic knowledge in quantum mechanics, solid state physics and thin film deposition technology.
1.1 ADVANTAGES OF SEMICONDUCTORS
Semiconductor technologies have the following advantages:
1. Low cost due to the large quantities processed.
2. Small size
3. High reliability. All components are manufactured simultaneously and there are no soldered joints.
4. Improved performance.
1.2 CRYSTAL GROWTH OF A SUBSTRATE
The most important material needed is a semiconductor material into which all impurities are diffused into to form p-n junctions. These junctions are the fundamental building blocks of any electronic circuit. The most commonly used semiconductor is silicon and germanium is sometimes used depending on the availability of resources.
We shall discuss the process used to produce ultra-high pure silicon necessary for the micro-electronics industry. Silicon is obtained from sand or quatrtz rock in its natural form  which is very abundant in the world.
The sand is then de-oxidised that is; the silicon is separated from the oxygen by melting it in the presence of carbon (coke or charcoal) in an airtight electric furnace.
At this point the silicon is not in the most pure form, so it is necessary to react it with chlorine at temperatures of about 1200 degrees centigrade. This produces silicon tetrachloride. The silicon tetrachloride is then purified by fractional distillation after which it is reduced with hydrogen to produce solid silicon (pure) and hydrochloric acid gas. The reaction is:

(1.1)
The pure silicon is now ready for further purification which is known as zone refining. In this process the pure silicon is made into ultra pure silicon by making use of the melting properties of silicon. The solid silicon melts upon entering the high temperature zones created by induction in the high frequency coils surrounding the tube. This though is a very slow process hence multiple zones are used to increase the rate. In the molten form of silicon the impurities tend to remain in the molten form and the pure silicon emerges from the end of the zone. Each emerging rod is stored and cut into slices called WAFERS.
1.3 EPITAXIAL GROWTH
The epitaxial process prodeuces a thin film of single crystal silicon from the gas phase. This is done in a CVD reactor. The epitaxial layer may be either P-type or n-type. CVD is from Chemical vapor Deposition technique which is a branch of thin film deposition technology.
CVD REACTOR SYSTEMS

General requirements: A CVD system for depositing thin film materials must provide equipment that accomplishes the following functions.
1. Transport, meter, and time the diluent and reactant gases entering the reactor.
2. Provide heat to the site of reaction, namely the substrate material being coated, and control this temperature by automatic feedback to the heat source.
3. Remove the by product exhaust gases from the deposition zone and safely dispose of them.
When  is used, only air cooling is employed; walls reach upwards of 500 degrees centigrade but this is not enough to initiate deposition in the Si-Cl-H system.
The susceptor is the only intentionally heated area, mostly frequency heating is employed. Both 10 and 450 kHz frequencies serve for rf heating to temperatures of typically 1000-1300 degrtees centigrade. Susceptors are made of SiC-coated graphite. Reactor tubes are almost always constructed of fused silica.
The thickness of this layer is a function of the gas velocity and the reactor geometry. One of the problems of the displacement reactors is the depletion of the reactant in the downstream direction which results in thinner deposits downstream. One can correct this situation by slightly tilting the susceptor thus diminishing the reactror cross-section in the downstream direction.
INSERT: Fig 1.1 In this system, the carrier gas  is dried by using glass wool.
In the above system, a long cylindrical quartz tube is encircled by a radio-frequency induction coil. The silicon wafers are placed on a rectangular graphite rod called a boat. The boat is inserted in the reaction chamber and the graphite is heated inductively to about 1200 degrees centigrade. At the input of the reaction chamber a control console permits the introduction of various gases required for the growth of appropriate epitaxial layers. The basic chemical reaction used to describe the epitaxial growth of pure silicon is the hydrogen reduction of silicon tetrachloride.

(1.2)
Since it is necessary to produce epitaxial films of specific impurity concentration, it is necessary to introduce impuritis such as phosphine for n-type doping or biborane for p-type doping into the silicon tetrachloride hydrogen gas system.
The growth rate of epitaxial layers is a function of both temperature used and the gases used. Below is a rough sketch of the growth rate versus the temperature for various gases used .
1.4 MASKING AND ETCHING
The monolithic technique requires the selective removal of the  to form openings through which impurities may be diffused.
1. Silicon Oxide Growth-The reduction of  by carbon dioxide in the presence of hydrogen gas is a widely used method to obtain silicon dioxide at deposition rates of . This method is called Carbon or Phillips process.
During the photolithographic process the wafer is coated with a uniform film of a photosensitive emulsion (such as the Kodak photo-resist KPR). A large black and white layout of the desired pattern of openings is made and reduced photographically. This negative, or stencil of the required dimensions is placed as a mask over the photo-resist as shown below.
INSERT (a) Masking and exposure to ultra violet radiation or electron beam radiation. (b) The photo-resist after development.
By exposing the KPR to ultra violet light through the mask, the photo-resist becomes polymerized under the transparent regions of the stencil. The mask is now removed, and the wafer is developed by using a chemical (such as trichloroethylene) which dissolves the unexposed portions of the photo-resist film and leaves the required  surface pattern.  This method works well for small scale and medium scale integration but not so well for very large scale integration because  of the defraction properties of UV light. It is then necessary to use electron beam exposure equipment rather than UV light for large scale integration. 
In order to produce electron beams in sufficient quantities we make use of high powered lasers such as the carbon dioxide laser which when it bombards a noble gas such as zenon the gas releases a large number of electrons which can be guided into a beam and be used for the masking and etching process.
The emulsion which was not removed in development is now fixed, or cured, so that it becomes resistant to the corrosive etches used next. The chip is then immersed in an etching solution of hydrofluoric acid, which removes the oxide from the areas thrh which dopants are to be diffused. Those portions of silcon dioxide which are protected by the photo resist are unaffected by the acid. After etching and diffusion of impurities, the resist mask is removed (stripped) with a chemical solvent (hot ) and by means of a mechanical abrasion process.
1.5 DIFFUSION OF IMPURITIES
This is the most important process in the fabrication of integrated circuits. The solution of the diffusion equation will give the effect of temperature and time on the diffusion distribution.
The diffusion law is given as:

(1.3)
Where N is the particle concentration in atoms per unit volume as a function of distance x from the surface and time t, and D is the diffusion constant in area per unit time.
THE COMPLIMENTARY ERROR FUNCTION:
If an intrinsic silicon wafer is exposed to a volume of gas having a uniform concentration  atoms per unit volume of n-type impurities, such as phosphorous, these atoms will diffuse into the silicon crystal, and their distribution will be as shown below.
If the diffusion is allowed to proceed for extremely long times, the silicon will become uniformly doped with  phosphorous atoms per unit volume.
The basic assumptions made here are that the surface concentration of impurity atoms remains at for all diffusion times and that N(x)=0 at t=0 for x>0. If the diffusion equation (1.3) is solved and the above conditions applied:

(1.4)
Where erfcy means the error function complement of y, and the error function of y is defined by:

(1.5)
1.6 TYPICAL DIFFUSION APPARATUS
Reasonable diffusion times require high diffusion temperature ( Therefore a high temperature diffusion furnace, having a closely controlled temperature over the length (20m) of the hot zone of the furnace, is standard equipment in a facility for the fabrication of integrated circuits. Impurity sources used in connection with diffusion furnaces can be gases, liquids or solids, for example , which is used as a source of phosphorous is a liquid.
The figure below shows the apparatus; a carrier gas (mixture of nitrogen and oxygen) bubbles through the liquid diffusant source and carries the diffusant atoms to the silicon wafers. A two step procedure is used to obtain the Gaussian distribution. The first step involves predeposition; carried out at about 900 degrees centigrade-this is followed by drive in at about 1100 degrees centigrade.
1.6 METALLIZATION
Requirements: High conductivity, good adhesion, low contact resistance to p type as well as n type silicon.
All p-n junctions and resistors for the circuit have been formed in the preceding steps. It is now necessary to interconnect the various components of the integrated circuit as dictated by the desired circuit.
To make these connections, a fourth set of windows is opened into a newly formed silicon dioxide layer, at the points where contact is to be made. The interconnections are made first using magnetron sputtering of a thin even coating of aluminum over the entire wafer.
1.7 DEPOSITION TEHNIQUES
Vacuum evaporation is fast and simple for a single metal. The invention of magnetron sputtering has changed the situation. The electrons in the plasma are trapped near the cathode by magnetic fields, avoiding the undesirable bombardment of the substrate and greatly improving the deposition rate.
SPUTTERING
Several systems have been employed for deposition of films by sputtering. Variants are shown below.
INSERT (a) glow discharge (b) Anode
(a) The substrate in such a diode system is normally placed on the anode and kept at anode potential.
(b) On the other hand, if the substrate is held at a large negative potential, the film will be subjected to a steady ion bombardment throughout its growth, a process which effectively cleans the film of absorbed gases, otherwise trapped in it as impurities. This technique is called bias sputtering.
1.8 CURRET AND VOLTAGE DEPENDENCE
The sputtering rate is proportional to the current for a constant voltage which is thus a very important control parameter. Typical conditions employed for cathode sputtering are 1 to 5 kV potential with a current density 1 to 10mA/cm2
A high voltage current limiting series resistor is essential to prevent arching.
CATHODE: A plane cathode of area about twice that required for a uniform deposit is used. The cathode material may be a plate, foil or electroplated deposit onto a suitable (normally low yield materials such as stainless steel) support target material.
It is generally desirable to cool the cathode with running water or some other cooling fluid.
PRESSURE: The optimum pressure range for glow discharge sputtering is between 25 and 75 mTorr (or microns).
1.9 DEPOSIT DISTRIBUTION
The optimum conditions of deposition with uniformity of deposit extending to about half the area of the target are obtained when the cathode-anode distance is about twice the length of the cathode dark space. It is necessary to connect the support materials and any auxiliary electrode such as Al foil wrapped around the high tension lead wires to anode potential and keeping the distance between the cathode and the nearest anode less than the cathode dark-space.
The thickness of the cathode dark space is inversely proportional to the pressure p of the gas (Paschen’s law). Such that, for Ar gas, the product pd=0.3 Torr-cm. The number of collisions of this region is the same at all pressures and is about 8 for Ar gas.
1.10 MAGNETIC FIELD
The ionizing efficiency may be increased very conveniently by increasing the path length of the ionizing electrons, for example; by a transverse magnetic field normal to the electric field. Such a field, will however, concentrate discharge at one side of the planar cathode and this will reduce the uniformity of the deposit. This disadvantage may be overcome by using a cylindrical cathode and a magnetic field parallel to its axis. Much more uniform deposits; particularly on a substrate placed inside a hollow cathode is suitable for three-dimensional substrates.
A longitudinal magnetic field (50 to 100 G) is generally convenient to use for diode geometry. Such a field has no effect on electrons moving parallel to the field but it helps to concentrate the diffuse plasma by preventing lateral motion and also increases the path length of randomly moving electrons. Consequently, the current density is considerably increased and reasonable sputtering rates may be obtained at pressures down to a few mTorr. An increase in the sputtering rate by a factor of 30 was obtained.
1.11 CONTAMINATION PROBLEM
Even if a leak proof sputtering system is initially used and then sputtering gas of high purity (the commercially available high purity Ar generally requires passing through a cold trap to remove oil and water vapors)-the use of an optically dense baffle, preferably cooled, an some provision for throttling the diffusion pump are highly advisable.
1.12 SPUTTERING OVERVIEW
Sputtering is widely used in industrial work because of its excellent adhesion to the substrate and ease of control of the process parameters. In an evacuated chamber, a working gas is introduced to a pressure in the mTorr range. The working gas is usually inert i.e from the noble gases. The sputter yield is dependent on the mass of the atoms, and therefore a heavy atom is preferable. In practice, argon is used in most systems.
The target is made of the material that is going to be sputtered, and the substrate is placed a few centimeters away opposite the target. In the simplest version of sputtering units, a high potential is set between the target and the substrate as anode or ground.
The potential must be over the break-down voltage point of the gas. These steps in the sputter process can be distinguished.
(a) Electrons are emitted from the cathode and accelerated towards the anode.
(b) If an argon atom is hit by the electron it will be ionized and accelerated toward the cathode. After the impact in target, a secondary electron may be ejected and a self sustained glow discharge can be established.
(c) With sufficient energy in the impinging argon ion, a target atom will be knocked out of the target and sputtering is achieved. This event is most easily visualized as billards on an atomic scale as illustrated below.

1.13 LASERS
The helium-neon laser is not optically pumped but electrically pumped. The active medium is a gas mixture of about 5 parts helium to each part of neon, at a pressure of about 400 pa (3 Torr). Pumping takes place because  a glow discharge established in the tube. Helium is excited to a certain level by electron impact. The energy is transferred rapidly to a neutral neon atom, which has an energy level that is very slightly below that of the helium atom, as a result, the output of the He-Ne laser is continuous and stable. Usually the plasma tube is 15 or 20 cm.
ION LASERS
The argon laser can be made to oscillate at several wavelengths at blue and green ends of the visible spectrum. The important transitions take place between energy levels of the Ar+ spectrum. A high current arc discharge will produce enough singly ionized argon atoms to bring about the required gain.
CO2 LASERS
The molecular CO2 laser oscillates at 10.6 micrometre in the infrared region. The important transition occurs between vibrational energy levels of the CO2 molecule. (Because the beam must be blocked, it is important to use materials that do not release dangerous contaminants particularly beryllium into the air). CO2 lasers are in use today for cutting metal and fabric and for welding metals.
The electric discharge that excites most gas lasers is a glow discharge or an arc that is maintained by an anode and a cathode at the ends of a long, thin plasma or discharge tube. All such lasers operate with gas pressures well below atmospheric pressure.
LASER SAFETY
Probably the most dangerous aspect of many lasers is the power supply. Still the beam emitted by some lasers can be harmful to the eyes or skin. A thumb rule which is not necessarily accurate states that yellow or brown lenses are suitable.
1.14 PRODUCTION OF FUSED SILICA
Ultra pure fused silica glass is usually produced by deposition of silicon dioxide out of the vapor phase transforming the highly volatile silicon tetrachloride compound with oxygen giving off chlorine gas. The detour via  is chosen because in contrast to silicon dioxide, this compound can be produced in a very pure form by distillation. The reaction equation is:

(1.6)
BORON DIFFUSION
The normal diffusion temperatures are typically 1000-1400 degrees centigrade, so at these temperatures the dopant material must be introduced in a gaseous form, although the original source of the dopant may be a solid, liquid or gaseous form.
For a solid boron trioxide source, the reaction is:

(1.7)
A liquid source is boron tribromide which is heated and through which the nitrogen s bubbled, again resulting in a vapor form of the compound. In this case, the vapor reacts with the other carrier gases, oxygen and reacts according to:
 
(1.8)
The boron trioxide, again in a vapor phase can react with the silicon, as above to release the elemental boron, while the bromine gas is taken out with the exhaust gas.
Finally, boron dopant can be introduced to the system in gaseous form of boron trichloride, again with the oxygen as the reaction gas and nitrogen as the carrier gas.

(1.9)
1.15 AFTER ZONE REFINING
Once the material has been purified, there are two main techniques for producing the single crystal bar: both techniques require a seed crystal of the correct orientation. These two techniques are the Czochralski method and the float zone method.
The Czochralski method is illustrated below. The purified material is completely molten, and the seed crystal is dipped into the surface of the melt and slowly withdrawn and rotated.
The speed of pull and the rate of cooling will determine the diameter of the final rod or boule of material. Dopant material can be introduced into the melt in the required ratio.
This process takes a long time, as the cooking must be very gradual to achieve a consistent, crystal structure. Typically it takes sewveral hours to produce a boule of material.
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