BASIC ELECTRONICS AND DEVICES 

UNIT 1

REVIEW OF SEMICONDUCTOR PHYSICS
1.0 INTRODUCTON

Based on the electrical conductivity all the materials in nature are classified as insulators, semiconductors, and conductors.
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Insulator: An insulator is a material that offers a very low level  (or negligible) of conductivity when voltage is applied. Eg: Paper, Mica, glass, quartz. Typical resistivity level of an insulator is of the order of 1010 to 1012 Ω-cm. The energy band structure of an insulator is shown in the fig.1.1. Band structure of a material defines the band of energy levels that an electron can occupy. Valance band is the range of electron energy where the electron remain bended too the atom and do not contribute to the electric current. Conduction bend is the range of electron energies higher than valance band where electrons are free to accelerate under the influence of external voltage source resulting in the flow of charge.

The energy band between the valance band and conduction band is called as forbidden band gap. It is the energy required by an electron to move from balance band to conduction band i.e. the energy required for a valance electron to become a free electron.

1 eV = 1.6 x  10-19 J

For an insulator, as shown in the fig.1.1 there is a large forbidden band gap of greater than 5Ev. Because of this large gap there a very few electrons in the CB and hence the conductivity of insulator is poor. Even an increase in temperature or applied electric field is insufficient to transfer electrons from VB to CB.
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FiG:1.1 Energy band diagrams 
insulator, semiconductor and conductor
Conductors: A conductor is a material which supports a generous flow of charge when a voltage is applied across its terminals. i.e. it has very high conductivity. Eg: Copper, Aluminum, Silver, Gold.  The resistivity of a conductor is in the order of 10-4 and 10-6 Ω-cm.  The Valance and conduction bands overlap (fig1.1) and there is no energy gap for the electrons to move from valance band to conduction band. This implies that there are free electrons in CB even at absolute zero temperature (0K). Therefore at room temperature when electric field is applied large current flows through the conductor.
Semiconductor: A semiconductor is a material that has its conductivity somewhere between the insulator and conductor. The resistivity level is in the range of 10 and 104 Ω-cm. Two of the most commonly used are Silicon (Si=14 atomic no.) and germanium (Ge=32 atomic no.). Both have 4 valance electrons. The forbidden band gap is in the order of 1eV. For eg., the band gap energy for Si, Ge and GaAs is 1.21, 0.785 and 1.42 eV, respectively at absolute zero temperature (0K). At 0K and at low temperatures, the valance band electrons do not have sufficient energy to move from V to CB. Thus semiconductors act a insulators at 0K. as the temperature increases, a large number of valance electrons acquire sufficient energy to leave the VB, cross the forbidden bandgap and reach CB. These are now free electrons as they can move freely under the influence of electric field. At room temperature there are sufficient electrons in the CB and hence the semiconductor is capable of conducting some current at room temperature.

Inversely related to the conductivity of a material is its resistance to the flow of charge or current. Typical resistivity values for various materials’ are given as follows.

	Insulator
	Semiconductor
	Conductor

	10-6 Ω-cm (Cu)


	50Ω-cm (Ge)
	1012 Ω-cm (mica)



	
	50x103 Ω-cm (Si)


	


Typical resistivity values

1.0.1 Semiconductor Types
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A pure form of semiconductors is called as intrinsic semiconductor. Conduction in intrinsic sc is either due to thermal excitation or crystal defects. Si and Ge are the two most important semiconductors used. Other examples include Gallium arsenide GaAs, Indium Antimonide (InSb) etc.


Let us consider the structure of Si.A Si atomic no. is 14 and it has 4 valance electrons. These 4 electrons are shared by four neighboring atoms in the crystal structure by means of covalent bond. Fig. 1.2a shows the crystal structure of Si at absolute zero temperature (0K). Hence a pure SC acts has poor conductivity (due to lack of free electrons) at low or absolute zero temperature.



At room temperature some of the covalent bonds break up to thermal energy as shown in fig 1.2b. The valance electrons that jump into conduction band are called as free electrons that are available for conduction.

 







The absence of electrons in covalent bond is represented by a small circle usually referred to as hole which is of positive charge. Even a hole serves as carrier of electricity in a manner similar to that of free electron.


The mechanism by which a hole contributes to conductivity is explained as follows:


When a bond is in complete so that a hole exists, it is relatively easy for a valance electron in the neighboring atom to leave its covalent bond to fill this hole. An electron moving from a bond to fill a hole moves in a direction opposite to that of the electron. This hole, in its new position may now be filled by an electron from another covalent bond and the hole will correspondingly move one more step in the direction opposite to the motion of electron. Here we have a mechanism for conduction of electricity which does not involve free electrons. This phenomenon is illustrated in fig1.3



 







 





 




 Fig 1.3a show that there is a hole at ion 6.Imagine that an electron from ion 5 moves into the hole at ion 6 so that the configuration of 1.3b results. If we compare both fig1.3a &fig 1.3b, it appears as if the hole has moved towards the left from ion6 to ion 5. Further if we compare fig 1.3b and fig 1.3c, the hole moves from ion5 to ion 4.  This discussion indicates the motion of hole is in a direction opposite to that of motion of electron. Hence we consider holes as physical entities whose movement constitutes flow of current.

In a pure semiconductor, the number of holes is equal to the number of free electrons.

1.0.2 EXTRINSIC SEMICONDUCTOR:

Intrinsic semiconductor has very limited applications as they conduct very small amounts of current at room temperature. The current conduction capability of intrinsic semiconductor can be increased significantly by adding a small amounts impurity to the intrinsic semiconductor. By adding impurities it becomes impure or extrinsic semiconductor. This process of adding impurities is called as doping. The amount of impurity added is 1 part in 106 atoms. 
N type semiconductor: If the added impurity is a pentavalent atom then the resultant semiconductor is called N-type semiconductor. Examples of pentavalent impurities are Phosphorus, Arsenic, Bismuth, Antimony etc.

A pentavalent impurity has five valance electrons. Fig 1.3a shows the crystal structure of N-type semiconductor material where four out of five valance electrons of the impurity atom(antimony) forms covalent bond with the four  intrinsic semiconductor  atoms. The fifth electron is loosely bound to the impurity atom. This loosely bound electron can be easily 

 









excited  from the valance band to the conduction band by the application of electric field or increasing the thermal energy. The energy required to detach the fifth electron form the impurity atom is very small of the order of 0.01ev for Ge and 0.05 eV for Si.

The effect of doping creates a discrete energy level called donor energy level in the forbidden band gap with energy level Ed slightly less than the conduction band (fig 1.3b). The difference between the energy levels of the conducting band and the donor energy level is the energy required to free the fifth valance electron (0.01 eV for Ge and 0.05 eV for Si). At room temperature almost all the fifth electrons from the donor impurity atom are raised to conduction band and hence the number of electrons in the conduction band increases significantly. Thus every antimony atom contributes to one conduction electron without creating a hole.

In the N-type sc the no. of electrons increases and the no. of holes decreases compared to those available in an intrinsic sc. The reason for decrease in the no. of holes is that the larger no. of electrons present increases the recombination of electrons with holes. Thus current in N type sc is dominated by electrons which are referred to as majority carriers. Holes are the minority carriers in N type sc

P type semiconductor: If the added impurity is a trivalent atom then the resultant semiconductor is called P-type semiconductor. Examples of trivalent impurities are Boron, Gallium , indium etc.


The crystal structure of   p type sc is shown in the fig1.3c. The three valance electrons of the impurity (boon) forms three covalent bonds with the neighboring atoms and a vacancy exists in the fourth bond giving rise to the holes. The hole is ready to accept an electron from the neighboring atoms. Each trivalent atom contributes to one hole generation and thus introduces a large no. of holes in the valance band. At the same time the no. electrons are decreased compared to those available in intrinsic sc because of increased recombination due to creation of additional holes.


 






Thus in P type sc , holes are majority carriers and electrons are minority carriers. Since each trivalent impurity atoms are capable accepting an electron, these are called as acceptor atoms. The following fig 1.3d shows the pictorial representation of P type sc 











· The conductivity of N type sc is greater than that of P type sc as the mobility of electron is greater than that of hole.
· For the same level of doping in N type sc and P type sc, the conductivity of an Ntype sc is around twice that of a P type sc
Generation and recombination of carriers
Generation of carriers (free electrons and holes)
The process by which free electrons and holes are generated in pair is called generation of carriers.

When electrons in a valence band get enough energy, then they will absorb this energy and jumps into the conduction band. The electron which is jumped into a conduction band is called free electron and the place from where electron left is called hole. Likewise, two type of charge carriers (free electrons and holes) gets generated.

Recombination of carriers (free electrons and holes)
The process by which free electrons and the holes get eliminated is called recombination of carriers. When free electron in the conduction band falls in to a hole in the valence band, then the free electron and hole gets eliminated.
Electron and hole mobility
Electron mobility
The ability of an electron to move through a metal or semiconductor, in the presence of applied electric field is called electron mobility.

It is mathematically written as 

                                         Vn = µnE
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                    Where vn = drift velocity of electrons
                                µn = mobility of electrons
                                 E = applied electric field   

Let us consider a semiconductor that consists of large number of free electrons. When there is novoltage or electric field applied across the semiconductor, the free electrons moves randomly. 

However, when the voltage or electric field is applied across the semiconductor, each free electron starts to move more quickly in particular direction. Electrons move very fast in vacuum. However, in metals or semiconductors, free electrons do not move very fast instead they move with a finite average velocity, called drift velocity. 

Drift velocity is directly proportional to electric field. Hence, when the electric field increases drift velocity also increases. However, mobility of electrons is independent of applied electric field i.e. change in electric field does not change the mobility of electrons.

The SI unit of electric field is V/m, and the SI unit of velocity is m/s. Thus, the SI unit of mobility is m2/ (V.s).

Hole mobility
The ability of an hole to move through a metal or semiconductor, in the presence of applied electric field is called hole mobility.

It is mathematically written as             

                                         Vp = µpE
                                                  [image: image4.png]


                       

       Where vp = drift velocity of holes 
                   µp = mobility of holes   
                   E = applied electric field    
Diffusion current
The process by which, charge carriers (electrons or holes) in a semiconductor moves from a region of higher concentration to a region of lower concentration is called diffusion.  

The region in which more number of electrons is present is called higher concentration region and the region in which less number of electrons is present is called lower concentration region. Current produced due to motion of charge carriers from a region of higher concentration to a region of lower concentration is called diffusion current. Diffusion process occurs in a semiconductor that is non-uniformly doped.

Consider an n-type semiconductor that is non-uniformly doped as shown in below figure. Due to the non-uniform doping, more number of electrons is present at left side whereas lesser number of electrons is present at right side of the semiconductor material. The number of electrons present at left side of semiconductor material is more. So, these electrons will experience a repulsive force from each other. 
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The electrons present at left side of the semiconductor material will moves to right side, to reach the uniform concentration of electrons. Thus, the semiconductor material achieves equal concentration of electrons. Electrons that moves from left side to right side will constitute current. This current is called diffusion current. In p-type semiconductor, the diffusion process occurs in the similar manner.

Both drift and diffusion current occurs in semiconductor devices. Diffusion current occurs without an external voltage or electric field applied. Diffusion current does not occur in a conductor. The direction of diffusion current is same or opposite to that of the drift current.

Concentration gradient
The diffusion current density is directly proportional to the concentration gradient. Concentration gradient is the difference in concentration of electrons or holes in a given area. If the concentration gradient is high, then the diffusion current density is also high. Similarly, if the concentration gradient is low, then the diffusion current density is also low.

The concentration gradient for n-type semiconductor is given by
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The concentration gradient for p-type semiconductor is given by

                                                     [image: image7.png]



          Where Jn = diffusion current density due to electrons
                      Jp = diffusion current density due to holes

Diffusion current density
The diffusion current density due to electrons is given by
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Where Dn is the diffusion coefficent of electrons

The diffusion current density due to holes is given by

                                              [image: image9.png]



Where Dp is the diffusion coefficent of holes

The total current density due to electrons is the sum of drift and diffusion currents.

                                             Jn = Drift current + Diffusion current
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 ( read topic : drift current)

The total current density due to holes is the sum of drift and diffusion currents.

                                            Jp = Drift current + Diffusion current
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The total current density due to electrons and holes is given by

                                              J = Jn + Jp
1.0.3 CONDUCTIVITY OF SEMICONDUCTOR:


In a pure sc, the no. of holes is equal to the no. of electrons. Thermal agitation continue to produce new electron- hole pairs and the electron hole pairs disappear because of recombination. with each electron hole pair created , two charge carrying particles are formed . One is negative which is a free electron with mobility  µn . The other is a positive i.e., hole with mobility µp . The electrons and hole move in opppsitte direction in a an electric field E, but since they are of opposite sign, the current due to each is in the same direction. Hence the total current density J within the intrinsic sc is given by
J = Jn + Jp

  =q n µn E  + q p µp E

  = (n µn + p µp)qE
  =σ E

Where n=no. of electrons / unit volume i.e., concentration of free electrons


P= no. of holes / unit volume i.e., concentration of holes


E=applied electric field strength, V/m

q= charge of electron or hole I n Coulombs


Hence, σ is the conductivity of sc which is equal to (n µn + p µp)q. he resistivity of sc is reciprocal of conductivity.

Ρ = 1/ σ


It is evident from the above equation that current density with in a sc is directly proportional to applied electric field E.

For pure sc, n=p= ni where ni = intrinsic concentration. The value of ni  is given by 
ni2=AT3 exp (-EGO/KT)

therefore,    J= ni ( µn +  µp) q E

Hence conductivity in intrinsic sc is   σi= ni ( µn +  µp) q
Intrinsic conductivity increases at the rate of 5% per o C for Ge and 7% per o C for Si.

Conductivity in extrinsic sc (N Type  and P Type):


The conductivity of intrinsic sc is given by σi= ni ( µn +  µp) q = (n µn + p µp)q

For N type , n>>p

Therefore σ= q n µn 

For P type ,p>>n

Therefore σ= q p µp
1.0.4 FERMI LEVEL:

1.0.5  CHARGE DENSITIES IN P TYPE AND N TYPE  SEMICONDUCTOR:

Mass Action Law:

Under thermal equilibrium for any semiconductor, the product of the no. of holes and the concentration of electrons is constant and is independent of amount of donor and acceptor impurity doping.
n.p= ni2
where n= eleetron concentration


p = hole concentration


ni2= intrinsic concentration

Hence in N type sc , as the no. of electrons increase the no. of holes decreases. Similarly in P type as the no. of holes increases the no. of electrons decreases. Thus the product is constant and is equal to ni2 in case of intrinsic as well as extrinsic sc.
The law of mass action has given the relationship between free electrons concentration and hole concentration. These concentrations are further related by the law of electrical neutrality as explained below.

Law of electrical neutrality:

Sc materials are electrically neutral. According to the law of electrical neutrality, in an electrically neutral material, the magnitude of positive charge concentration is equal to tat of negative charge concentration. Let us consider a sc that has ND donor atoms per cubic centimeter and NA acceptor atoms per cubic centimeter i.e., the concentration of donor and acceptor atoms are ND and NA respectively. Therefore ND positively charged ions per cubic centimeter are contributed by donor atoms and NA negatively charged ions per cubic centimeter are contributed by the acceptor atoms. Let n, p is concentration of free electrons and holes respectively. Then according to the law of neutrality
ND + p =NA + n





             …………………………………eq 1.1
For N type sc, NA =0 and n>>p. Therefore ND ≈ n         

………………………………….eq 1.2
Hence for N type sc the free electron concentration is approximately equal to the concentration of donor atoms. In later applications since some confusion may arise as to which type of sc is under consideration a the given moment, the subscript n or p  is added for Ntype or P type respectively. Hence eq1.2 becomes ND ≈ nn 

Therefore current density in N type sc is J = ND µn q E

And conductivity σ= ND µn q

For P type sc, ND = 0 and p>>n. Therefore NA ≈ p         







Or NA ≈ pp        

Hence for P type sc the hole concentration is approximately equal to the concentration of acceptor atoms.

Therefore current density in N type sc is J = NA µp q E

And conductivity σ= NA µp q

Mass action law for N type, nn pn= ni2




pn= ni2/ ND     since (nn≈ ND)
Mass action law for P type, np pp= ni2




np= ni2/ NA   since (pp≈ NA)


1.5 HALL EFFECT
NTRODUCTION

The Hall effect is observed when a magnetic field is applied at right angles to a rectangular sample of material carrying an electric current.  A voltage appears across the sample that is due to an electric field that is at right angles to both the current and the applied magnetic field.  The Hall effect can be easily understood by looking at the Lorentz force on the current carrying electrons.  The orientation of the fields and the sample are shown in Figure 1.  An external voltage is applied to the crystal and creates an internal electric field (Ex).  The electric field that causes the carriers to move through the conductive sample is called the drift field and is in the x-direction in Figure 1.  The resultant drift current (Jx) flows in the x-direction in response to the drift field.  The carriers move with an average velocity given by the balance between the force accelerating the charge and the viscous friction produced by the collisions (electrical resistance).  The drift velocity appears in the cross product term of the Lorentz force as shown in equation 1.  The transverse (y) component of the Lorentz force causes charge densities to accumulate on the transverse surfaces of the sample.  Therefore, an electric field in the y-direction results that just balances the Lorentz force because there is no continuous current in the y-direction (Only a transient as the charge densities accumulate on the surface).  The equilibrium potential difference between the transverse sides of the sample is called the Hall voltage. 
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Figure 1
(Signs shown for the case of positive charge carriers)





A good measurement of the Hall voltage requires that there be no current in the y-direction.  This means that the transverse voltage must be measured under a condition termed “no load”.  In the laboratory you can approximate the “no load” condition by using a very high input resistance voltmeter.

THEORY

The vector Lorentz force is given by:
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(1)

where F is the force on the carriers of current, q is the charge of the current carriers, E is the electric field acting on the carriers, and B is the magnetic field inside the sample.  The charge may be positive or negative depending on the material (conduction via electrons or “holes”).  The applied electric field E is chosen to be in the x-direction.  The motion of the carriers is specified by the drift velocity v.  The magnetic field is chosen to be in the z-direction (Fig. 1).

The drift velocity is the result of the action of the electric field in the x-direction.  The total current is the product of the current density and the sample’s transverse area A (I = JxA; A = wt).  The drift current Jx is given by;
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(2)
where n is the number density or concentration of carriers.  The carrier density n is typically only a small fraction of the total density of electrons in the material.  From your measurement of the Hall effect, you will measure the carrier density.

In the y-direction assuming a no load condition the free charges will move under the influence of the magnetic field to the boundaries creating an electric field in the y-direction that is sufficient to balance the magnetic force.
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(3)
The Hall voltage is the integral of the Hall field (Ey=EH) across the sample width w.
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              (4)


In terms of the magnetic field and the current:
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(5)

Here RH is called the Hall coefficient.  Your first task is to measure the Hall coefficient for your sample.  This equation is where you will begin.  The measurements you will take will be of VH as a function of drift current I and as a function of magnetic field B.  You will need to fix one parameter in order to intelligibly observe VH.  This experiment is setup to measure VH as a function of I, so you will fix B for each trial you perform. 

Other important and related parameters will also be determined in your experiment.  The mobility μ is the magnitude of the carrier drift velocity per unit electric field and is defined by the relation: 
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(6)
or,


[image: image19.png]



(7)
This quantity can appear in the expression for the current density and its practical form.
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(8)
We have the relations:
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(9)
Where σ is the conductivity and ρ is the resistivity.  The total sample resistance to the drift current is:
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   (10)
Not only does the Hall coefficient give the concentration of carriers it gives the sign of their electric charge, by: 
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  (11)
1.6 Fermi level in extrinsic semiconductor
In extrinsic semiconductor, the number of electrons in the conduction band and the number of holes in the valence band are not equal. Hence, the probability of occupation of energy levels in conduction band and valence band are not equal. Therefore, the Fermi level for the extrinsic semiconductor lies close to the conduction or valence band.

Fermi level in n-type semiconductor
In n-type semiconductor pentavalent impurity is added. Each pentavalent impurity donates a free electron. The addition of pentavalent impurity creates large number of free electrons in the conduction band. 

                            [image: image24.png]



At room temperature, the number of electrons in the conduction band is greater than the number of holes in the valence band. Hence, the probability of occupation of energy levels by the electrons in the conduction band is greater than the probability of occupation of energy levels by the holes in the valence band. This probability of occupation of energy levels is represented in terms of Fermi level. Therefore, the Fermi level in the n-type semiconductor lies close to the conduction band.

The Fermi level for n-type semiconductor is given as
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          Where EF is the fermi level.
                     EC is the conduction band. 
                     KB is the Boltzmann constant.
                     T is the absolute temperature. 
                    NC is the effective density of states in the conduction band.
                    ND is the concentration of donar atoms.

Fermi level in p-type semiconductor
In p-type semiconductor trivalent impurity is added. Each trivalent impurity creates a hole in the valence band and ready to accept an electron. The addition of trivalent impurity creates large number of holes in the valence band. 
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At room temperature, the number of holes in the valence band is greater than the number of electrons in the conduction band. Hence, the probability of occupation of energy levels by the 
holes in the valence band is greater than the probability of occupation of energy levels by the electrons in the conduction band. This probability of occupation of energy levels is represented in terms of Fermi level. Therefore, the Fermi level in the p-type semiconductor lies close to the valence band.


The Fermi level for p-type semiconductor is given as
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Where   NV is the effective density of states in the valence band.
              NA is the concentration of acceptor atoms.  
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Fig. 1.2a crystal structure of Si at 0K

















Fig. 1.2b crystal structure of Si at room temperature0K
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Fig. 1.3a





Fig. 1.3b 

















Fig. 1.3c
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Fig. 1.3bEnergy band diagram of N type SC





Fig. 1.3a crystal structure of N type SC
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Fig. 1.3d crystal structure of P type sc
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Fig. 1.3c crystal structure of P type sc
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Fig 1.7d  VI characteristics of ideal diode
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