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       Semiconductor Devices and their Applications 

 

 
In years before the second world war, vacuum tubes were used in the process 

of electrical signal generation, amplification and transmission. After the invention 

of transistor in 1944 and subsequent improvement of the transistor and other solid 

state electronic devices, vacuum tubes were replaced by these solid state devices in 

many fields of applications. A solid state electronic device mainly consists of a 

semiconducting material. Some semiconductor devices and their applications are 

dealt in this chapter. 

9.1 Semiconductors 

It has been observed that certain materials like germanium, silicon 

etc. have resistivity between good conductors like copper and insulators like 

glass. These materials are known as semiconductors. A material  which  

has  resistivity  between  conductors  and  insulators is 

known as semiconductor. The resistivity of a semiconductor lie 

approximately between 10-2 and 104  m at room temperature. The 

resistance of a semiconductor decreases with increase in temperature 

over a particular temperature range. This behaviour is contrary to that 

of a metallic conductor for which the resistance increases with increase 

in temperature. 

The elements that are classified as semiconductors are Si, Ge, In, 

etc. Germanium and silicon are most widely used as semiconductors. 

9.1.1 Energy band in solids 

In the case of a single isolated atom, there are various discrete 

energy levels. In solids, the atoms are arranged in a systematic space 

lattice and each atom is influenced by neighbouring atoms. The 

closeness of atoms results in the intermixing of electrons of 

neighbouring atoms. Due to this, number of permissible energy levels 

increases. Hence in the case of a solid, instead of a single energy level 



 

 

 

 
 

associated with single atom, 

there will be bands of energy 

levels. A set of such closely 

packed energy levels is called an 

energy band. The bands of 

energy levels are referred to the 

entire solid as a whole and not to 

the single atom. 

The concept of energy 

bands can be understood from 

Fig 9.1a and Fig 9.1b.  The 

energy levels of a single isolated 

atom of silicon  are  shown  in  

Fig 9.1a. Each silicon atom has 

14    electrons,    two    of   which 
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Fig 9.1a Energy levels of a single 

isolated atom 

occupy K shell, 8 occupy the L shell and 4 occupy the M shell. The 

electrons in the M shell are distributed as 2 electrons in the subshell  

3s and 2 electrons in the subshell 3p. This subshell 3p is partially 

filled because it can accommodate a 

total of 6 electrons. The completely filled 

levels are known as core levels and the 

electrons filling these levels are called 

core electrons. The electrons in the 

outermost level are called valence 

electrons. The partially filled outermost 

level is valence level and the permitted 

levels which are vacant are known as 

conduction levels. 

In a solid, there are large number 

of atoms, which are very close to each 

other. The energy of s or p level is of the 

order of eV, therefore the levels are very 

Fig 9.1b Energy bands 

in a solid 

closely spaced. The first orbit electrons 

form a band called first energy band. 

Similarly second orbit electrons form 

second energy band and so on as shown in Fig 9.1b. 
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9.1.2 Valence band, conduction band and forbidden energy gap 

The atoms of a solid are arranged in a regular repeated geometric 

pattern and the electrons 

of the atom revolve around 

the nucleus in certain 

permitted energy levels. 

The electrons in the inner 

shells are strongly bound 

to the nucleus. A band 

which  is  occupied  by the 
valence    electrons    or   a 

Conduction band 

 

 
Valence band 

empty or partially 
filled band 

 

fully or partially 
filled band 

 
completely 
filled band 

band having highest 

energy  is defined as 

Fig 9.2 Valence band and 

conduction band 

valence band (Fig 9.2). The valence band may be partially or completely 

filled. This band can never be empty. 

In some materials, the valence electrons are loosely attached to 

the nucleus. Even at room temperature, some of the valence electrons 

can leave the valence band. These are called as free electrons. They are 

responsible for conduction of current in a conductor and are henceforth 

called as conduction electrons. The band occupied by these electrons is 

called conduction band. This band may be an empty band or partially 

filled band. 

The separation between valence band and conduction band is 

known as forbidden energy gap. If an electron is to be transfered from 

valence band to conduction band, external energy is required, which is 

equal to the forbidden energy gap. 

9.1.3 Insulators, semiconductors and conductors 

Insulators 

In  an  insulator,  the  forbidden  energy   gap   is   very   large  

(Fig 9.3a). In general, the forbidden energy gap is more than 3eV and 

almost no electrons are available for conduction. Therefore, a very large 

amount of energy must be supplied to a valence electron to enable it to 

move to the conduction band. In the case of materials like glass, the 

valence band is completely filled at 0 K. The energy gap between valence 

band and conduction band is of the order of 10 eV. Even in the 

presence of high electric field, the electrons cannot move from 
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valence band to conduction band. If the electron is supplied with high 

energy, it can jump across the forbidden gap. When the temperature is 

increased, some electrons will move to the conduction band. This is the 

reason, why certain materials, which are insulators at room 

temperature become conductors at high temperature. The resistivity of 

insulator approximately lies between 1011 and 1016  m. 

Semiconductors 

In semiconductors (Fig 9.3b), the forbidden gap is very small. 

Germanium and silicon are the best examples of semiconductors. The 

forbidden gap energy is of the order of 0.7eV for Ge and 1.1eV for Si. 

There are no electrons in the conduction band. The valence band is 

completely filled at 0 K. With a small amount of energy that is supplied, 

the electrons can easily jump from the valence band to the conduction 

band. For example, if the temperature is raised, the forbidden gap is 

decreased and some electrons are liberated into the conduction band. 

The conductivity of a semiconductor is of the order of 102 mho m–1. 

Conductors 

In conductors, there is no forbidden gap available, the valence  

and conduction band overlap each other (Fig 9.3c). The electrons from 

valence band freely enter into the conduction band. Due to the 

overlapping of the valence and conduction bands, a very low potential 

difference can cause the continuous flow of current. 

 

 
 
 

 
 

 
(a) Insulator  (b) Semiconductor (c) Conductor 

Fig 9.3 Energy band of solids 

9.1.4 Electrons and holes in semiconductors 

Fig 9.3b shows the energy band diagram of an intrinsic 

semiconductor (pure semiconductor). Fig 9.4a and Fig 9.4b represent 

charge carriers at absolute zero temperature and at room temperature 

respectively. 
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The electrons in an intrinsic semiconductor, which move 

in to the conduction band at high temperatures are called as 

intrinsic carriers.  In the valence band, a vacancy is created at 

the place where  the electron was present, before it had moved 

in to the conduction band. This vacancy is called hole. Fig 

9.4c helps in understanding the  creation of a hole. Consider 

the case of pure germanium crystal. It has four electrons in its 

outer or valence orbit. These electrons are known  as valence 

electrons. When two atoms of germanium are brought close to 

each other, a covalent bond is formed between the atoms. If 

some additional energy is received, one of the electrons 

contributing to a covalent  bond  breaks  and  it  is  free  to  

move  in  the  crystal  lattice. 

   
(a) (b) 

Fig 9.4a&b Electrons and holes in 

semiconductors 

(c) 

Fig 9.4c Formation of a hole 

While coming out of the bond, a hole is said to be created at its place, 

which is usually represented by a open circle. An electron from the 

neighbouring atom can break the covalent bond and can occupy this 

hole, creating a hole at another place. Since an electron has a unit 

negative charge, the hole is associated with a unit positive charge. The 

importance of hole is that, it may serve as a carrier of electricity in the 

same manner as the free electron, but in the opposite direction. 

9.1.5 Intrinsic semiconductor 

A semiconductor which is pure and contains no impurity is 

known as an intrinsic semiconductor. In an intrinsic semiconductor, 

the number of free electrons and holes are equal. Common examples    

of intrinsic semiconductors are pure germanium and silicon. 
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The forbidden energy gap is 

so small that even at 

ordinary room temperature, 

there are many electrons 

which possess sufficient 

energy to cross the 

forbidden energy gap and 

enter into the conduction 

band. Schematic band 

diagram of an intrinsic 

semiconductor at room 

temperature is represented 

in Fig 9.5. 

9.1.6 Doping a semiconductor 

 

 

Fig 9.5 Energy band diagram of an 

intrinsic semiconductor 

Electrons and holes can be generated in a semiconductor crystal 

with heat energy or light energy. But in these cases, the conductivity 

remains very low. The efficient and convenient method of generating  

free electrons and holes is to add very small amount of selected 

impurity inside the crystal. The impurity to be added is of the order of 

100 ppm (parts per million). The process of addition of a very small 

amount of impurity into an intrinsic semiconductor is called doping. 

The impurity atoms are called dopants. The semiconductor containing 

impurity atoms is known as impure or doped or extrinsic 

semiconductor. 

There are three different methods of doping a semiconductor. 

(i) The impurity atoms are added to the semiconductor in its 

molten state. 

(ii) The pure semiconductor is bombarded by ions of impurity 

atoms. 

(iii) When the semiconductor crystal containing the impurity 

atoms is heated, the impurity atoms diffuse into the hot crystal. 

Usually, the doping material is either pentavalent atoms  

(bismuth, antimony, phosphorous, arsenic which have five valence 

electrons) or trivalent atoms (aluminium, gallium, indium, boron which 

have three valence electrons). The pentavalent doping atom is known as 

donor atom, since it donates one electron to the conduction band of 

pure semiconductor. The trivalent atom is called an acceptor atom, 

because it accepts one electron from the pure semiconductor atom. 
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9.1.7 Extrinsic semiconductor 

An extrinsic semiconductor is one in which an impurity with a 

valency higher or lower than the valency of the pure semiconductor      

is added, so as to increase the electrical conductivity of the 

semiconductor. 

Depending upon the type of impurity atoms added, an extrinsic 

semiconductor can be classified as N-type or P-type. 

(a) N-type semiconductor 

When a small amount of pentavalent impurity such as arsenic is 

added to a pure germanium semiconductor crystal, the resulting crystal 

is called N-type semiconductor. 

Fig 9.6a shows the crystal structure obtained when pentavalent 

arsenic impurity is added with pure germanium crystal. The four 

valence electrons of arsenic atom form covalent bonds with electrons of 

neighbouring four germanium atoms. The fifth electron of arsenic atom 

is loosely bound. This electron can move about almost as freely as an 

electron in a conductor and hence it will be the carrier of current. In  

the energy band picture, the energy state corresponding to the fifth 

valence electron is in the forbidden gap and lies slightly below the 

conduction band (Fig 9.6b). This level is known as the donor level. 

When the fifth valence electron is transferred to the conduction 

band, the arsenic atom becomes positively charged immobile ion. Each 

impurity atom donates one free electron to the semiconductor. These 

impurity atoms are called donors. 

In N-type semiconductor material, the number of electrons 

increases, compared to the available number of charge carriers in the 

intrinsic semiconductor. This is because, the available larger number of 
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Fig  9.6a N-type semiconductor Fig 9.6b Energy band diagram 

of N-type semiconductor 
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electrons increases the rate of recombination of electrons with holes. 

Hence, in N-type semiconductor, free electrons are the majority charge 

carriers and holes are the minority charge carriers. 

(b) P-type semiconductor 

When a small amount of trivalent impurity (such as  indium, 

boron or gallium) is added to a pure semiconductor crystal, the 

resulting semiconductor crystal is called P-type semiconductor. 

Fig 9.7a shows the crystal structure obtained, when trivalent 

boron impurity is added with pure germanium crystal. The three 

valence electrons of the boron atom form covalent bonds with valence 

electrons of three neighbourhood germanium atoms. In the fourth 

covalent bond, only one valence electron is available from germanium 

atom and there is deficiency of one electron which is called as a hole. 

Hence for each boron atom added, one hole is created. Since the holes 

can accept electrons from neighbourhood, the impurity is called 

acceptor. The hole, may be filled by the electron from a neighbouring 

atom, creating a hole in that position from where the electron moves. 

This process continues and the hole moves about in a random manner 

due to thermal effects. Since the hole is associated with a positive 

charge moving from one position to another, this is called as P-type 

semiconductor. In the P-type semiconductor, the acceptor impurity 

produces an energy level just above the valence band. (Fig 9.7b). Since, 

the energy difference between acceptor energy level and the valence 

band is much smaller, electrons from the valence band can easily jump 

into the acceptor level by thermal agitation. 

In P-type semiconductors, holes are the majority charge carriers 

and free electrons are the minority charge carriers. 
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Fig  9.7a P-type semiconductor Fig 9.7b Energy band diagram 

of a P-type semiconductor 
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9.2 PN Junction diode 
 

If one side of a single crystal of pure semiconductor (Ge or Si) is 

doped with acceptor impurity atoms and the other side is doped with 

donor impurity atoms, a PN junction is formed as shown in Fig 9.8.      

P region has a high concentration of holes and N region contains a large 

number of electrons. 

As soon as the junction is formed, free electrons and holes cross 

through the junction by the process of diffusion. During this process, 

the electrons crossing the junction from N-region into the P region, 

recombine with holes in the P-region very close to the junction. 

Similarly holes crossing the junction from the P-region into the N-

region, recombine 

with electrons in the 

N-region very close to 

the junction. Thus a 

region is formed, 

which does not have 

any mobile charges 

very close to the P 

junction. This region 

is called depletion 

+
– 

Donor atom 

–
+ 

Acceptor atom 

Holes 

Electrons 
N 

Fig 9.8 P N Junction diode 

region. In this region, on the left side of the junction, the acceptor  

atoms become negative ions and on the right side of the junction, the 

donor atoms become positive ions (Fig 9.8). 

An electric field is set up, between the donor and acceptor ions in 

the depletion region. The potential at the N-side is higher than the 

potential at P-side. Therefore electrons in the N-side are prevented to go 

to the lower potential of P-side. Similarly, holes in the P-side find 

themselves at a lower potential and are prevented to cross to the N-side. 

Thus, there is a barrier at the junction which opposes the movement    

of the majority charge carriers. The difference of potential from one side 

of the barrier to the other side is called potential barrier. The potential 

barrier is approximately 0.7V for a silicon PN junction and 0.3V for a 

germanium PN junction. The distance from one side of the barrier to the 

other side is called the width of the barrier, which depends upon the 

nature of the material. 
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9.2.1 Forward biased PN junction diode 

When the positive terminal 

of  the  battery  is  connected  to 

P-side  and  negative  terminal  to                                                 

the N-side, so that the potential 

difference acts in opposite 

direction to the barrier potential, 

then  the  PN  junction  diode  is 
said to be forward biased. 

When the PN junction is 

forward biased (Fig 9.9), the 

Fig 9.9 Forward biased PN 

junction diode 

applied positive potential repels the holes in the P-region, and the 

applied negative potential repels the electrons in the N-region, so the 

charges move towards the junction. If the applied potential difference is 

more than the potential barrier, some holes and free electrons enter the 

depletion region. 

Hence, the potential barrier as well as the width of the depletion 

region are reduced. The positive donor ions and negative acceptor ions 

within the depletion region regain electrons and holes respectively. As   

a result of this, the depletion region disappears and the  potential 

barrier also disappears. Hence, under the action of the forward  

potential difference, the majority charge carriers flow across the 

junction in opposite direction and constitute current flow in the forward 

direction. 

9.2.2 Reverse biased PN junction diode 

When the positive terminal of the battery is connected to the N-

side and negative terminal to the P-side, so that the applied potential 

difference is in the same direction 

as that of barrier potential, the 

junction is said to be reverse 

biased. 

When the PN junction is 

reverse biased (Fig 9.10), 

electrons in the N region and 

holes in the P-region are 

attracted away from the junction. 
Fig 9.10 Reverse biased PN 

junction diode. 
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Because of this, the number of negative ions in the P-region and 

positive ions in the N-region increases. Hence the depletion region 

becomes wider and the potential barrier is increased. 

Since the depletion region does not contain majority charge 

carriers, it acts like an insulator. Therefore, no current should flow in 

the external circuit. But, in practice, a very small current of the order  

of few microamperes flows in the reverse direction. This is due to the 

minority carriers flowing in the opposite direction. This reverse current 

is small, because the number of minority carriers in both regions is very 

small. Since the major source of minority carriers is, thermally broken 

covalent bonds, the reverse current mainly depends on the junction 

temperature. 

9.2.3 Symbol for a semiconductor diode 

The diode symbol is shown in Fig 9.11. 

The P-type and N-type regions are referred to 

as P–end and N–end respectively. The arrow 

on the diode points the direction of 

conventional current. 

9.2.4 Forward bias characteristics 

Fig 9.11 Circuit 

symbol for a 

semiconductor diode 

 

 
 
 

 
If 

 

 

 
(a) Diode circuit–Forward bias 

(volt) 

 
(b) Forward characteristics 

Fig 9.12 Forward bias characteristics of a diode 

The circuit for the study of forward bias characteristics of PN 

junction diode is shown in Fig 9.12a. The voltage between P–end and N–

end is increased from zero in suitable equal steps and the 

corresponding currents are noted down. Fig 9.12b shows the forward 

bias characteristic curve of the diode. Voltage is the independent 

variable.  Therefore,  it  is  plotted  along  X–axis.  Since,  current  is  

the dependent variable, it is plotted against Y–axis. From the 
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characteristic curve, the following conclusions can be made. (i) The 

forward characteristic is not a straight line. Hence the ratio V/I is not   

a constant (i.e) the diode does not obey Ohm’s law. This implies that the 

semiconductor diode is a non-linear conductor of electricity. (ii) It can 

be seen from the characteristic curve that initially, the current is very 

small. This is because, the diode will start conducting, only when the 

external voltage overcomes the barrier potential (0.7V for silicon diode). 

As the voltage is increased to 0.7 V, large number of free electrons and 

holes start crossing the junction. Above 0.7V, the current increases 

rapidly. The voltage at which the current starts to increase rapidly is 

known as cut-in voltage or knee voltage of the diode. 

9.2.5 Reverse  bias characteristics 

The circuit for the study of reverse bias characteristics of PN 

junction diode is shown in Fig 9.13a. The voltage is increased from zero 

in suitable steps. For each voltage, the corresponding current readings 

are noted down. Fig 9.13b shows the reverse bias characteristic curve of 

the diode. From the characteristic curve, it can be concluded that, as 

voltage is increased from zero, reverse current (in the order of 

microamperes) increases and reaches the maximum value at a small 

value of the reverse voltage. When the voltage is further increased, the 

current is almost independent of the reverse voltage upto a certain 

critical value. This reverse current is known as the reverse saturation 

current or leakage current. This current is due to the minority charge 

carriers, which depends on junction temperature. 
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(a) Diode circuit–Reverse bias (b) Reverse characteristics 

Fig 9.13 Reverse bias characteristics of a diode 
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9.3 PN junction diode as rectifier 

The process in which alternating voltage or alternating current is 

converted into direct voltage or direct current is known as rectification. 

The device used for this process is called as rectifier. The junction diode 

has the property of offering low resistance and allowing current to flow 

through it, in the forward biased condition. This property is used in the 

process of rectification. 

9.3.1 Half wave rectifier 

A circuit which 

rectifies half of the a.c 

wave is called half 

wave rectifier. 

Fig 9.14 shows 

the circuit for half 

wave       rectification. 

The  a.c.  voltage  (Vs) 
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to be rectified is Fig 9.14 Half wave rectifier 

obtained across the secondary ends S1 S2 of the transformer. The P-end 

of the diode D is connected to S1 of the secondary coil of the 

transformer. The N-end of the diode is connected to the other end S2     

of the secondary coil of the transformer, through a load resistance RL. 

The rectified output voltage Vdc appears across the load resistance RL. 

During the positive half cycle of the input a.c. voltage Vs, S1 will 

be positive and the diode is forward biased and hence it conducts. 
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Fig 9.15 Half wave rectifier signals 
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Therefore, current flows through the circuit and there is a voltage drop 

across RL. This gives the output voltage as shown in Fig 9.15. 

During the negative half cycle of the input a.c. voltage (Vs), S1    

will be negative and the diode D is reverse biased. Hence the diode 

does not conduct. No current flows through the circuit and the voltage 

drop across RL will be zero. Hence no output voltage is obtained. Thus 

corresponding to an alternating input signal, unidirectional pulsating 

output is obtained. 

The ratio of d.c. power output to the a.c. power input is known   

as rectifier efficiency. The efficiency of half wave rectifier is 

approximately 40.6% 

9.3.2 Bridge rectifier 
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AC power 
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S2 

 
 
 

 
Vdc 

 
RL 

Fig 9.16 Bridge rectifier 

A bridge rectifier is shown in Fig 9.16. There are four diodes D1, 

D2, D3 and D4 used in the circuit, which are connected to form a 

network. The input ends A and C of the network are connected to the 

secondary ends S1  and S2  of the transformer. The output ends B and  

D are connected to the load resistance RL. 

During positive input half cycle of the a.c. voltage, the point A is 

positive with respect to C. The diodes D1 and D3 are forward biased and 

conduct, whereas the diodes D2 and D4 are reverse biased and do not 

conduct. Hence current flows along S1ABDCS2 through RL. During 

negative half cycle, the point C is positive with respect to A. The diodes 

D2 and D4 are forward biased and conduct, whereas the diodes D1 and 

D3 are reverse biased and they do not conduct. Hence current flows 

along S2CBDAS1 through RL. The same process is repeated for 

subsequent half cycles. It can be seen that, current flows through RL 
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in the same direction, during both half cycles of the input a.c. signals. 

The output signal corresponding  to  the  input  signal  is  shown  in  

Fig 9.17. The efficiency of the bridge rectifier is approximately 81.2%. 
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Fig 9.17 Full wave bridge rectifier signals 
 

9.3.3 Filter circuits and regulation property of the power supply 

Both in half wave and full wave rectifiers, it is observed that the 

output  voltage  across  RL   varies  from  zero  to  a  maximum  value. 

Eventhough, unidirectional current through RL  is obtained, the  output 

voltage fluctuates. This fluctuation in output voltage is not desirable, 

when pure d.c. voltage is required. Hence they must be removed or 

smoothened. This can be achieved with the help of suitable networks 

called filters such as capacitor filter, inductor filter etc., and we can get 

almost a steady d.c. voltage. But this steady d.c. output voltage from     

a rectifier is not constant due to the following reasons. 

(i) As the load varies, the d.c. output voltage is not constant. That 

is, as the current drawn from the rectifier increases, the output voltage 

decreases and vice versa. The variation of d.c. output voltage as a 

function of d.c. load current is called regulation. 

The percentage of regulation = 
Vno load  Vload 

Vload 

 100 

(ii) The d.c. output voltage varies directly as the a.c. input voltage 

to the rectifier. The line voltage from a.c. power (220 V) may not be a 

constant and may vary from 200 V to 240 V. Hence the d.c. output 

voltage will also vary. To overcome these difficulties, Zener diodes are 

used as regulators and are used along with rectifier and filter circuits. 

They are called ‘regulated power supplies’. 
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9.4 Breakdown mechanisms 

There are two mechanisms which give rise to the breakdown of     

a PN junction under reverse bias condition. They are (i) avalanche 

breakdown and (ii) zener breakdown. 

(i) Avalanche breakdown : When both sides of the PN junction are 

lightly doped and the depletion layer becomes large, avalanche 

breakdown takes place. In this case, the electric field across the 

depletion layer is not so strong. The minority carriers accelerated by the 

field,  collide  with  the  semiconductor  atoms  in  the  crystal.   

Because of this collision with valence electrons, covalent bonds are 

broken and electron hole pairs are generated. These charge carriers, so 

produced acquire energy from the applied potential and in turn produce 

more and more carriers. This cumulative process is called avalanche 

multiplication and the breakdown is called avalanche breakdown. 

(ii) Zener breakdown : When both sides of the PN junction are 

heavily doped, consequently the depletion layer is narrow. Zener 

breakdown takes place in such a thin narrow junction. When a small 

reverse bias is applied, a very strong electric field is produced across  

the thin depletion layer. This field breaks the covalent  bonds,  

extremely large number of electrons and holes are produced, which   

give rise to the reverse saturation current (Zener current). Zener  

current is independent of applied voltage. 

9.5 Zener diode 

Zener diode is a reverse biased heavily 

doped semiconductor (silicon or germanium) 

PN junction diode, which is operated 

exclusively in the breakdown region. 

The symbol of a Zener diode is shown 

P N 

Fig 9.18 Symbol for 

Zener diode 

in Fig 9.18. For normal operation of a Zener diode, in  breakdown 

region, the current through the diode should be limited by an external 

circuit. Hence the power dissipated across the junction is within its 

power-handling capacity. Unless this precaution is observed, a large 

current will destroy the diode. 

The V-I characteristic curve for the Zener diode is shown in Fig 

9.19. It can be seen from the figure, that, as the reverse  voltage  

applied to the PN junction is increased, at a particular voltage, the 



 

 

 

 
 

current increases enormously from 

its normal cut off value. This voltage 

is called zener voltage or breakdown 

voltage (Vz). 

9.6 Zener diode as voltage 

regulator 
V 

To maintain a constant  voltage 

across the load, even if the input 

voltage or load current varies, voltage 

regulation  is  to  be  made.  A   Zener 
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diode working in the breakdown 

region can act as voltage regulator. 

The circuit in which a Zener 

characteristic 
curve 

Fig 9.19 V - I characteristics 

of a Zener diode. 

diode is used for maintaining a constant voltage across the load RL is 

shown in Fig 9.20. The Zener diode in reverse biased condition is 

connected in parallel with the load RL. Let Vdc be the unregulated dc 

voltage and Vz  be Zener voltage  (regulated  output  voltage).  Rs  is   the 

current limiting resistor. It is chosen in such a way that the diode 

operates in the 

breakdown region. 

Inspite of changes 

in the load current or in 

the input voltage, the 

Zener diode maintains a 

constant voltage across 

the load. The action of 

RS 

+ I 

 
IZ 

Vdc 

 

 
IL 

 
RL 

Vz 

the circuit can be 

explained as given below. 

Fig 9.20 Zener diode as 

a voltage regulator 

(i) load current varies, input voltage is constant : Let us 

consider that the load current increases. Zener current hence 

decreases, and the current through the resistance Rs  is a constant.  

The output voltage is Vz = Vdc – IRs, since the total current I remains 

constant, output voltage remains constant. 

(ii) input voltage varies : Let us consider that the input voltage 

Vdc increases. Now the current through Zener increases and voltage 

drop across Rs increases in such a way that the load voltage remains 

the same. Thus the Zener diode acts as a voltage regulator. 
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9.7 Light Emitting Diode (LED) 

A light emitting diode (LED) is a forward biased PN junction diode, 

which emits visible light when energized. 

When a junction diode is forward biased, electrons from N-side 

and holes from P-side move towards the depletion region and 

recombination takes place. When an electron in the conduction band 

recombines with a hole in the valence band, energy is released. In the 

case of semiconducting materials like 

gallium arsenide (GaAs), gallium  

phosphide  (GaP)  and  gallium  –   arsenide 

phosphide (GaAsP), a greater percentage of 

energy is given out in the form of light. If 

Fig 9.21 Symbol 

of LED 

the semiconductor material is transluscent, light is emitted and the 

junction becomes a light source (turned ON). The LED is turned ON, 

when it is forward biased and it is turned OFF, when it is reverse 

biased. The colour of the emitted light will depend upon the type of the 

material used. By using gallium arsenide phosphide and gallium 

phosphide, a manufacturer can produce LEDs that radiate red, green, 

yellow and orange. Fig 9.21 shows the symbol of LED. LEDs are used for 

instrument displays, calculators and digital watches. 

9.8 Junction transistor 

A junction transistor is a solid state device. It consists of silicon  

or germanium crystal containing two PN junctions. The two PN 

junctions are formed between the three layers. These are called base, 

emitter and collector. 

(i) Base (B) layer : It is a very thin layer, the thickness is about 

25 microns. It is the central region of the transistor. 

(ii) Emitter (E) and Collector (C) layers : The two layers on the 

opposite sides of B layer are emitter and collector layers. They are of the 

same type of the semiconductor. 

An ohmic contact is made to each of these layers. The junction 

between emitter and base is called emitter junction. The junction 

between collector and base is called collector junction. 

In a transistor, the emitter region is  heavily  doped,  since  

emitter has to supply majority carriers. The base is lightly doped. The 

collector region is lightly doped. Since it has to accept majority charge 



 

 

 

 
 

carriers, it is physically larger in size. Hence, emitter and collector 

cannot be interchanged. 

The construction of PNP  and  NPN  transistors  are  shown  in  

Fig 9.22a and Fig 9.22b respectively. 

base base 

 

N 
 

emitter collector 

Fig 9.22a Construction of PNP 

transistor 

emitter collector 

Fig 9.22b Construction of NPN 

transistor 

For a transistor to work, the biasing to be given are as follows : 

(i) The emitter-base junction is forward biased, so that majority 

charge carriers are repelled from the emitter and the junction offers  

very low resistance to the current. 

(ii) The collector-base junction is reverse biased, so that it 

attracts majority charge carriers and this junction offers a high 

resistance to the current. 

9.9 Transistor circuit symbols 

The circuit symbols for 

a  PNP  and NPN transistors B
 

C 
collector 

C 
collector 

 

B 

are shown in Fig 9.23. The 

arrow on the emitter lead 

pointing towards the base 

represents a PNP transistor. 

When the emitter-base 

base  
 

E 

emitter 
 

(a) PNP 

base  
 

E 

emitter 
 

(b) NPN 

junction of a PNP transistor Fig 9.23 Symbol for transistors. 

is forward biased, the direction of the conventional current flow is from 

emitter to base. NPN transistor is represented by arrow on the emitter 

lead pointing away from the base. When the emitter base junction of     

a NPN transistor is forward biased, the direction of the conventional 

current is from base to emitter. 

9.9.1 Working of a PNP transistor 

A PNP transistor is like two PN junction diodes, which are placed 

back-to-back. At each junction, there is a depletion region which gives 

rise to a potential barrier. The external biasing of the junction is 

P N P P N 



 

 

 

 
 

provided by the batteries VEE and 

VCC as shown in Fig. 9.24. The 

emitter base junction is forward 

biased and the collector base 

junction is reverse biased. 

Since the emitter-base 

 
 

 
VEE 

 
 

 
VCC 

junction is forward biased,  a large Fig 9.24 PNP Transistor Action 

number of holes cross the junction and enters the base. At the same 

time, very few electrons flow from the base to the emitter. These 

electrons, when they reach emitter, recombine with an equal number   

of holes in the emitter. The loss of total number of holes in the emitter  

is made by flow of an equal number of electrons from the emitter to the 

positive terminal of the battery. The flow of holes from the emitter to 

base gives rise to emitter current IE. In the emitter, IE  is due to the   

flow of holes. But in the external circuit the current is due to the flow 

of electrons from the emitter to the positive terminal of the battery 

VEE. The holes diffuse through the base. These holes take a very small 

time to flow through this region before they reach the depletion region. 

During this time, a very small number of holes recombine with an  

equal number of electrons in the base. Because the base is lightly  

doped and very thin, this number is very small. The loss of  total 

number of electrons per second is made up by the flow of an equal 

number of electrons from the negative terminal of VEE into the base.  

The flow of these electrons contribute the base current IB. 

The remaining numbers of holes, which do not undergo 

recombination process in the base, reach the collector. These are 

neutralised by an equal number of electrons flowing from the negative 

terminal of the battery VCC  into the collector. At the same time, an 

equal number of electrons flows from the negative terminal of VEE and 

reach the positive terminal of VCC. The flow of holes per second from  

the base to the collector gives rise to the collector current Ic from the 

base to the collector. In the external circuit, it is due to the flow of 

electrons from the negative terminal of the battery VCC into the 

collector. 

Applying Kirchoff’s current law to the circuit, the emitter current 

is the sum of collector current and base current. 

i.e IE = IB + IC 
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This equation is the 

fundamental relation between the 

currents in a transistor circuit. 

This equation is true 

regardless of transistor type or 

transistor configuration. 

The action of NPN transistor 

 
 

 
VEE 

 

 
Fig 9.25 NPN transistor action 

 
 

 
VCC 

(Fig 9.25) is similar to that of PNP transistor. 

9.9.2 Transistor circuit configurations 

There are three types of circuit  connections  (called  

configurations or modes) for operating a transistor. They are (i)  

common base (CB) mode (ii) common emitter (CE) mode and (iii) 

common collector (CC) mode. 

The term common is used to denote the lead that is common to 

the input and output  circuits.  The  different  modes  are  shown  in  

Fig 9.26 for NPN transistor. 
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(a) CB mode (b) CE mode (c) CC mode 

Fig 9.26 Three modes of transistor circuit 

In a similar way, three configurations can be drawn for PNP 

transistor. 

9.9.3 Current amplification factors  and  and the relation 

between them 

The current amplification factor or current gain of a transistor is 

the ratio of output current to the input current. If the transistor is 
IC 

connected in common base mode, the current gain  =  IE   
and if the 

transistor  is  connected  in  common  emitter  mode,  the  current  gain 

  = 
IC

 

IB 
. Fig 9.27 shows a NPN transistor connected in the common 

base and common emitter configurations. Since, 95% of the 

 
 

 

IE 
 

  

IB 

  

 

 

 
   

 

 

 

 

 

 

 

 

 



P N 

 

 

 

 

 
 

 

 
 

 

 
VEE 

E B C 
E I

C 

N 

 
 

IB 

 
(a) CB mode 

 

 
VCC V 

 

 
 
 

 
 
 

 
(b) CE mode 

Fig 9.27 CB and CE modes of an NPN transistor 

injected electrons reach the collector, the collector current is almost 

equal to the emitter current. Almost all transistors have     in  the 

range 0.95 to 0.99. 

We know that 
 

 

IC 
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Usually  lies between 50 and 300. Some transistors have  as 

high as 1000. 

9.9.4 Characteristics of an NPN transistor in common emitter 

configuration 

The three important characteristics of a transistor in any mode 

are (i) input characteristics (ii) output characteristics and (iii) transfer 

characterstics. 

The circuit to study the characteristic curves of NPN transistor    

in common emitter mode is as shown in Fig 9.28. 
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Fig 9.28 Transistor circuit in CE mode. 

(i) Input characteristics 

Input  characteristic  curve  is  drawn  between  the  base  current 

(IB) and voltage between base and emitter (VBE), when the voltage 

between collector and emitter (VCE) is kept constant at a particular 

value. VBE is increased in suitable equal steps and corresponding base 

current is noted. The procedure is repeated for different values of VCE. 

IB values are plotted against VBE for 

constant VCE. The input characteristic 

thus obtained is shown in Fig 9.29. 

The input impedance of the IB 

transistor   is   defined  as  the  ratio  of A 
small change in base – emitter voltage 

to the corresponding change in base 

current at a given VCE. 
 VBE 

 Input impedance, ri = 
IB 




CE 

VBE(volt) 

The input impedance of the 

transistor in CE mode is very high. 

(ii) Output characteristics 

Fig 9.29 Input characteristics 

Output characteristic curves are drawn between IC and VCE,  

when IB is kept constant at a particular value. 

The base current IB is kept at a constant value, by adjusting the 

base emitter voltage VBE. VCE is increased in suitable equal steps and 

the corresponding collector current is noted. The procedure is repeated 

for  different  values  of  IB.  Now,  Ic  versus  VCE   curves  are  drawn for 

different  values  of  IB.  The  output  characteristics  thus  obtained are 
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represented in Fig 9.30. The three 

regions of the characteristics  can 

be discussed as follows : 

Saturation region : The 

initial part of the curve (ohmic 

region, OA) is called saturation 

region. (i.e) The region in between 

the origin and knee point. (Knee 

O 
VCE (volts) 

point is the point, where Ic 

to become a constant). 

is about 

Fig 9.30 Output characteristics 
Cut off region : There is very 

small collector current in the transistor, even when the base current    

is  zero  (IB  =  0).  In  the  output  characteristics,  the  region  below the 

curve for IB = 0 is called cut off region. Below the cut off region, the 

transistor does not function. 

Active region : The central region of the curves is called active 

region. In the active region, the curves are uniform. In this region,     E-

B junction is forward biased and C-B junction is reverse biased. 

The output impedance ro is defined as the ratio of variation in   

the collector emitter voltage to the corresponding variation in the 

collector current at a constant base current in the active region of the 

transistor characteristic curves. 

 
 output impedence, r = 

 VCE 


o   IC 


 I 
 

The output impedance of a transistor 

in CE mode  is low.  

(iii) Transfer characteristics 
C 

The transfer characteric curve is (mA) 
drawn between I and I , when V is kept 

C B CE 

constant  at  a  particular  value.  The  base 

current IB is increased in suitable  steps 

and the collector current IC is noted down 

for each value of IB. The transfer 

characteristic curve is shown in Fig 9.31. 

 
 
 

Fig 9.31 Transfer 

characteristic curve 
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The current gain is defined as the ratio of a small change in the 

collector current to the corresponding change in the base current at a 

constant VCE. 

  current gain,  = 
  IC 
  I 
 B  V 

The common emitter configuration has high  input  impedance, 

low output impedance and higher current gain when compared with 

common base configuration. 

9.10 Transistor as a switch 

+VCC 
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Fig 9.32 NPN Transistor 

as a switch. 

Transistors are widely used in 

switching operations. In the Fig 9.32, 

NPN transistor is connected in 

common emitter configuration and a 

resistor RB is connected in series 

with the base. The load resistance Rc 

is connected in series with the 

collector. A pulse type waveform is 

applied as the input to the transistor 

through RB. When the input is high, 

base   emitter   junction   is   forward 

biased and current flows through RB 

into the base. The values of RB and RC are chosen in such a manner that 

the base current flowing, is enough to saturate the transistor. When the 

transistor is saturated, it is said to be ON (maximum current). When the 

input is low (i.e.) at 0 V, the base emitter junction is not forward biased. 

So, no base current flows. Hence the transistor is said to be OFF. 

9.11 Transistor amplifier 

The important function of a transistor is the amplification. An 

amplifier is a circuit capable of magnifying the amplitude of weak 

signals. The important parameters of an amplifier are  input  

impedance, output impedance, current gain and voltage gain. A good 

design of an amplifier circuit must possess high input impedance, low 

output impedance and high current gain. 

9.11.1 Operating point 

For the given values of the load resistance Rc and supply voltage 
 

0,
Vcc Vcc, two points A (VCC, 0) and B  RC 

 are located on the axes of VCE 

 

5V 
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and IC respectively, of the 

output   characteristics  of 

the transistor (Fig 9.33). 

Joining A and B, load line 

 

0, 
VCC 

B 

RC 

 

 

IB=100 A 

IB=80 A 

AB is obtained. The point 

of intersection Q of this 

line in the  active  region  

of the output charac- 

teristics   with   a  suitable 
value  of  the  base current 
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Fig 9.33 load line and operating point 
voltage is symmetrical is 

called operating point or quiescent point for the amplifier. IB(Q) is the 

input base current at the operating point. VCE(Q) and IC(Q) are the 

collector to emitter voltage and the  collector  current  respectively at 

the operating point. 

9.11.2 Working 

A basic circuit of an amplifier in common  emitter  mode  with 

NPN transistor is shown in Fig 9.34. The emitter-base junction is 

forward  biased  by  a  supply  voltage  VBB.  The  input  ac  signal  to be 

amplified is applied between base and emitter of the transistor. RC is 

the load resistance. 

The amplifying action  of 

a transistor can be  explained 

as follows. When the a.c. signal 

is not applied, the base current 

is available in small  quantity 

in microamperes, which is 

 

 
 
 

 
 
 
 

Fig 9.34 Transistor amplifier 

VCC 

represented by OP and the 

corresponding collector current 

in milliamperes is represented 

by PQ (Q is the operating point). 

When the ac signal voltage is 

applied, the  potential 

difference between the  base 

and emitter changes 

continuously. This results in 

RC 

Vout 

 

 

 

+ - 

VBB 



 

 

 

 
 

increase of base current (IB) 

from OP to OA, then decrease 

of base current from OA to OP 

(during positive half cycles of IC 

the input a.c. voltage) and (mA) 

then to PB and  once  again 

increase from OB to OP 

(during negative half cycle of 

the input a.c. voltage) for each 

cycle of the input signal 

voltage. This variation in base 

current is reflected in the 

collector current as shown in 

Fig 9.35. The collector current 

(IC) increases from PQ to AA1, 

falls   from   AA1    to   BB1 and 

again  increases  from  BB1   to 

PQ. Thus a variation in the 

base      current      in    micro- 

 
 
 
 
 

O 

 
 
 
 
 

 
Fig 9.35 Variation in output 
current (IC) with variation in 

input current (IB) 

amperes produces a corresponding variation in the collector current in 

milliamperes. This produces a corresponding potential  difference  

across  RC.  The  increase  of  potential  difference across Rc makes a 

decrease in the output voltage. 

Therefore, there is always a phase reversal of 180o between the 

input and output voltages in CE amplifier. 

9.12 Transistor biasing 

In order to amplify the input signal using a transistor, the signal 

is to be applied at an operating point called Q point in the active   

region. Once the operating point is established, its position should not 

change. If the Q point shifts near the saturation line or near cut off 

region of the output characteristics, the signal will be distorted after 

amplification. 

The proper selection of operating point of a transistor and 

maintenance of proper emitter voltage during the passage of the signal 

is known as transistor biasing. 

The most commonly used methods of obtaining transistor biasing 

are (i) base bias, (ii) base bias with emitter feedback, (iii) base bias 
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B P  
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with collector feedback and (iv) voltage divider bias. 

The principle involved in all these types is to obtain the required 

base current corresponding to the operating point under zero signal 

conditions. 

In all the bias circuits except voltage divider bias, the collector 

current depends on the current gain () of the transistor. But  of a 

transistor is very sensitive to temperature changes.   For this reason,    

it is desirable to have a bias circuit whose action is independent of . 

The requirement is met by the voltage divider bias circuit. 

9.12.1 Voltage divider bias 

This is the  most  widely  used 

method of providing bias and 
R 

stabilization  to  a  transisitor.  In  this  1 

method, two resistances R1 and R2 are 

connected across the supply voltage VCC 

(Fig 9.36) and provide biasing. The 

emitter resistance RE provides 

stabilization. The voltage drop across R2 

forward biases the base emitter 

junction. This causes the base current R2 

and  hence  collector  current  to  flow  in 

zero signal conditions. 

The stabilization provided by RE 

can be explained as follows. Since  is 

very  sensitive  to  temperature changes, 
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Fig 9.36 Voltage 

divider bias 

the collector current IC increases with rise in temperature. 

Consequently, it can be seen that IE increases. This will cause the 

voltage drop across emitter resistance RE to increase. The voltage drop 

across R2 = VBE + VRE
. As voltage drop across R2 is independent of IC, 

VBE decreases. This decreases IB and the reduced value of IB tends to 

bring back IC to the original value. Hence any variation of   will have  

no effect on the operating point. 

9.13 Single stage CE amplifier 

Fig 9.37 shows a single stage CE amplifier. The different circuit 

elements and their functions are described as follows. 

(i) Biasing circuit : The resistances R1, R2 and RE form the biasing 
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Fig 9.37 Single stage CE amplifier 

and stabilization circuit. 

(ii) Input capacitance Cin : This is used to couple the signal to the 

base of the transistor. If this is not used, the signal source resistance 

will come across R2 and thus change the bias. The capacitor Cin allows 

only a.c. signal to flow. 

(iii) Emitter bypass capacitor CE : This is connected in parallel 

with RE to provide a low reactance path to the amplified a.c. signal. If it is 

not used, then amplified a.c. signal flowing through RE will cause a 

voltage drop across it, thereby shifting the output voltage. 

(iv) Coupling capacitor C : This is used to couple the amplified 

signal to the output device. This capacitor C allows only a.c. signal to 

flow. 

Working 

When a weak input a.c. signal is applied to the base of the 

transistor, a small base current flows. Due to transistor action,  a  

much larger a.c. current flows through collector load RC, a large  voltage 

appears across RC and hence at the output. Therefore, a weak signal 

applied to the base appears in amplified form in the collector circuit. 

Voltage gain (Av) of the amplifier is the ratio of the amplified output 

voltage to the input voltage. 

Frequency response and bandwidth 

The   voltage   gain   (Av) of  the amplifier for different input 

frequencies can be determined. A graph can be drawn by taking 
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frequency (f) along X–axis and voltage gain (Av) along Y–axis. 

The frequency response curve obtained will be of the 
form as shown in 

Fig 9.38. It can be seen that the gain decreases at very low 

and very high frequencies, but it remains constant over a 

wide range of mid- frequency region. 
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Fig 9.38 Frequency response curve 

Lower cut off frequency (fL ) is defined as the frequency in the low 
1 

frequency range at which the gain of the amplifier is 
2   

times the 

mid frequency gain (AM). Upper cut off frequency (fU) is 

defined as the frequency  in  the  high  frequency  range  at  

which  the  gain  of  the 

1 
amplifier is 

2 
times the mid frequency gain (AM). 

Bandwidth is defined as the frequency interval between 

lower cut off and upper cut off frequencies. 

 BW = fU – fL 

 


