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Semiconductor Physics 

We have discussed properties of conductor and insulators in the unit on electrostatics. We 

assumed that there is a large number of almost free electrons in a conductor which wander 

randomly in the whole of the body, whereas, all the electrons in an insulator are tightly bound to 

some nucleus or the other. 

In other words a semiconductor material has an electrical conductivity value falling between 

that of a conductor, such as metallic copper, and an insulator, such as glass. Its resistance falls 

as its temperature rises; metals are the opposite. If an electric field Ē is established inside a 

conductor, the free electrons experience force due to the field and acquire a drift speed. This 

results in an electric current. The conductivity is defined in terms of the electric field Ē existing 

in the conductor and the resulting current density j.The relation between these quantities is  

j = �Ē.  

Larger the conductivity, better is the material as a conductor. The conductivity of a 

conductor such as copper is fairly independent of the electric field applied and decreases as the 

temperature is increased. This is because as the temperature is increased, the random collision 

of the free electrons with the particles in the conductor become more frequent. The electrons get 

less time to gain energy from the applied electric field. This results in a decrease in the drift 

speed and hence the conductivity decreases. The resistivity of a conductor increases as the 

temperature increases.  

Almost zero electric current is obtained in insulators unless a very high electric field is 

applied. We now introduce another kind of solid known as 'Semiconductor'. These solids do 

conduct electricity when an electric field is applied, but the conductivity is very small as 

compared to the usual metallic conductors. Silicon is an example of a semiconductor, its 

conductivity is about 10 11times smaller than al of copper and is about 1013 times larger than 

that of fused quartz. Another distinguishing feature out a semiconductor is that its conductivity 

increases as the temperature is increased, to understand mechanism of conduction in solid, let us 



discuss qualitatively, the formation of energy bands in solids. 

Energy Bands  

The electrons of an isolated atom can have certain definite energies labeled as ls, 2s, 2p, 3s etc. 

Pauli Exclusion Principle determines the maximum number of electrons which can be 

accommodated in such energy level. An energy level consists of several quantum states and no 

quantum state can contain more energy level. An energy level more than one electron. Consider 

a sodium atom in its lowest energy state. It has 11 electrons, the electronic configuration is 

1s,2,2s2,2p6,3s1The level is. 2s and 2p are completely filled and the level 3s contains only one 

electron although it has a capacity to accommodate 2. The rest allowed energy level is 3p which 

can contain 6 electrons, but is empty. All the energy levels above 3s are empty. 

Now consider a group of N sodium atoms separated from each other by large distances such as 

in sodium vapour. There are all together 11 N electrons. Assuming that each atom is in its 

ground state what are the energies of these 11 N electrons? For each atom, there are two states 

in energy level 1s. There are 2 N such states which have identical energy and are filled by 2 N 

electrons. Similarly, there are 2 N states having identical energy labeled 2s, 6 N states having 

identical energy labeled 2p and 2 N stated having identical energy labeled 3s. The 2 N states of 

1s, 2 N states of 2s and 6 N states of 2p are completely filled whereas only N of the 2 N states 

of 3s are filled by the electrons and the remaining N states are empty. These ideas are shown in 

Table (1) and Fig. (1).  

Table 1 Quantum states in sodium vapour 

Energy 

Level 

Total states in a variable  Total states occupied  



1s 

2s 

2p 

3s 

3p 

2N 

2N 

6N 

2N 

6N 

2N 

2N 

6N 

N 

0 

 

 

Fig. 1The value of energy of particular state 

The value of energy in a particular state of an isolated sodium atom is determined by the 

mutual interactions among nucleus and the 11 electrons. In the collection of the N sodium 

atoms that we have considered, it is assumed that the atoms are widely separated from each 

other and hence the electrons of one atom do not interact with those of the others to any 

appreciable content. 

As a result, the energy of ls states of each atom is the same as that for an isolated atom. All the 

1s states, therefore have identical energy.similarly for 2s, 2p 3s etc. Now suppose, the atoms are 

drawn closer to one another to the extent that the outer 3s electrons of one atom starts 

interacting with the 3s electrons of the neighboring atoms. Because of these interactions, the 

energy of the 3s states will change. It turns out that the changes in energy in all the 2 N states of 

3s level are not identical. Some of the states are shifted up in energy and some are pushed 

down. The magnitude of change is also different for different states of the 3s level. As a result, 

what was a sharply defined 3s energy, now becomes a combination of several closely spaced 



energies. We say that these 2 N states have formed an energy band. We label this band as 3s 

band. The inner electrons interact weakly with each other so that this splitting of sharp energy 

levels into band in less for inner electrons.  

 

   Fig.2 schematically this splitting of energy levels in bands. 

 Figure 2 shows schematically this splitting of energy levels in bands. We have a 3s band which 

contain 2 N states with slightly different energies, N of them are occupied by the N electrons of 

sodium atoms and the remaining N states are empty. Similarly, we talk of the 2p band which 

contains 6 N states with slightly different energies and all these states are filled, similarly for 

other inner bands. The difference between the highest energy in a band and the lowest energy 

next higher band is called the band gap between the two bands.  

Sodium was taken only as an example, We have energy bands separated by band gaps in all 

solids At 0°K, the energy is the lowest and the electrons fill bands from the bottom according to 

the Pauli exclusion principle till all the electrons are accommodated. As the temperature is 

raised, the electrons may collide with each other and with ions to exchange energy. At an 

absolute temperature T. the order of energy exchanged is KT, where R is the Boltzmann 

constant. This is known as thermal energy. At room temperature (300 K), KT is about 0.026 eV. 

Suppose the band gaps are much larger than KT. An electron in a completely filled band does 

not find an empty state with a slightly higher or a slightly lower energy. It therefore, cannot 

accept or donate energy of the order of KT and hence does not take part in processes involving 

energy exchange. This is the case with inner bands which are in general completely filled. The 

outer most electrons which are in the highest occupied energy bands may take up this energy 



KT if empty states are available in the same band. For example, 3s electrons in sodium can take 

up thermal energy and go to an empty state at a slightly more energy.  

Similarly is the scenario when an electric field is applied by connecting the sodium metal to a 

battery. The electric field, in general can supply only a small amount of energy to the electrons. 

Only the electrons in the highest occupied band can accept this energy. These electrons can 

acquire kinetic energy and move according to the electric field. This results in electric current. 

The electrons in the inner bands cannot accept small amounts of energy from the electric field 

and hence do not take part in conduction.  

The energy band structure in solids may be classified in four broad types as shown Fig. 3 

(a) The highest occupied energy band is only partially filled at 0°K Fig.3 (a) sodium is an 

example of this kind. If the electronic configuration is such that the outer most sub shell 

contains odd number of electrons. We get this type of band structure. They are good conducts 

of electricity because as an electric field is applied, the electrons in the partially filled band can 

receive energy form the field and drift accordingly.  

(b) The highest occupied energy level is completely filled at 0°K and the next higher level is 

completely empty when the atoms are wellseparated. But as the atoms come closer and these  

 



Fig. 3 The energy band structure in solids may be classified in four broad types 

CB = Conduction band VB = Valence band  

Levels split into bands, the bands overlap with each other Fig. 5.3 (b). Zinc is an example of 

this kind. The electronic configuration of zinc is 1s 2s 2p 3s 3p 3do 4s. The highest energy 

level-that contains any electrons when the zinc atoms are well separated is the 4s level and all 2 

N states in it are occupied by electrons. However, in solid zinc, the 4p band overlaps with the 4s 

band. In this case also, there are empty states at energies close to the occupied states and hence 

these solids are also good conductors.  

(c) The highest occupied energy band is completely filled and the next higher band, which is 

empty, is well above it Fig. 3 (C). The band gap between these two bands is large. The electrons 

do not have empty states at energy slightly above or below their existing energies. If an electric 

field is applied by connecting the two ends of such a solid to a battery, the electrons will refuse 

to receive energy from the field. This is because they do not find an empty state at a slightly 

higher energy. Diamond is an example of this kind. The gap between the lowest empty band 

and the highest filled band is about 6 eV. The electric field needed to supply 6 eV energy to an 

electron is of the order of 107 V/m in copper. Assuming the same value for 10 cm slab of 

diamond, we will have to use a battery of 10 volts to get response from an electrons. These 

solids are, therefore, insulators.  

(d) The highest occupied band is completely filled at 0°K about the next higher band, which is 

empty, is only slightly above the filled band Fig. 3 (d). The band structure is very similar to that 

of an insulator but the band gap between these two bands is small. An example is silicon in 

which the band gap is 1.1 eV. It is still difficult for an ordinary battery to supply an energy of 

the order of 1.1 eV to an electron. However, at temperatures well above 0°K, thermal collisions 

may push some of the electrons from the highest occupied band to the next empty band. These 

few electrons in the otherwise empty band, can respond to even a weak battery because they 



have a large number of empty states just above their existing energy. As electrons from a filled 

band are pushed up in energy to land into a higher energy band, empty sates are created in this 

filled band.  

These empty states allow some movement of electrons in that band and thus promise 

conduction. As the total number of electrons that can receive energy from the electric field is 

small, the conductivity is quite small as compared to common conductors. Such solids are 

called semiconductors.  

The energy bands which are completely filled at 0°K are called valence bands. The bands with 

higher energies are called conduction bands. We are generally concerned with only the highest 

valence band and the lowest conduction band. So when we say valence band it means the 

highest valence band. Similarly when we say conduction band it means the lowest conduction 

band study the labels "Conduction Band (CB)" and 'Valence Band (VB)'in Fig. 3.  

Intrinsic Semiconductor  

A pure semiconductor (free form any impurity) is called intrinsic semiconductor examples, pure 

germanium, silicon. As discussed in last section, in semiconductors the conduction band and the 

valence band are separated by a relatively small energy gap. For silicon this gap is 1.1 eV. For 

another common semiconductor germanium the gap is 0.68 eV.  

Silicon has an atomic number of 14 and electronic configuration 1s 2s 2p 3s 3p. The chemistry 

of silicon tells us that each silicon atom makes covalent bonds with the four neighboring silicon 

atoms. To form a covalent bond, two silicon atoms contribute one electron each and the two 

electrons are shared by the two atoms. Both of these electrons are in the valence band. Due to 

collisions one of these valence electrons may start orbiting the silicon nucleus at a larger radius. 

Thus the bond is broken. One electron has gone into the conducting band; it is moving in an 

orbit of large radius and is frequently jumping form one nucleus to another.  



The electron corresponding to this bond has acquired sufficient energy and has jumped 

into the conduction band. So there is a vacancy for an electron at the side of the broken bond. In 

a semiconductor, a number of such broken bonds and conduction electrons exist. Now consider 

the situation shows in Fig.4(c). The bond between the atoms A and B is broken. A bonding 

electron between A and C can make a jump towards the left and fill the broken bond between A 

and B. Not much energy is needed to induce such a transfer. This is because, the electron makes 

transition from one bond to other only and all bond electrons have roughly the same energy.  

 

Fig4 Figure 4 (a) represents a model of solid silicon (b) shows a broken bond represented by 

the dashed 

Line. (c)The bond between the atoms A and B is broken. (d) The vacancy has shifted towards 

the right 

As the broken bond AB is filled, the bond AC is broken Fig. 4 (d). Thus, the vacancy 

has shifted towards the right. Any movement of a valence electron form one bond to a nearby 

broken bond may be described as the movement of vacancy in the opposite direction. It is 

customary in semiconductor physics to treat a vacancy in valence bond as a particle having 

positive charge +ve. Movement of electrons in valence band is then described in the terms of 

movement of vacancies in the opposite directions. Such vacancies are also called holes.  

Whenever a valence electron is shifted to conduction band, a hole is created. Thus in a 



pure semiconductor the number of conduction electrons equals the number of holes. When an 

electric field is applied, conduction electrons drift opposite to the field a holes drift along the 

field. That is why holes are assumed to have positive charge. Conduction takes place due to the 

drift of conduction electrons as well as of holes. Such pure semiconductors are also called 

intrinsic semiconductors. The chemical structure of germanium is the same as that of silicon 

and hence the above discussion is equally applicable to it.  

Extrinsic Semiconductor (p Type and n Type) 

In an intrinsic semiconductor, like pure silicon only a small fraction of the valence electrons are 

able to reach the conduction band. The conduction properties of a semiconductor can be 

drastically changed by diffusing a small amount of impurity in it. The process of diffusing an 

impurity is also known as doping. Suppose a small amount of phosphorus (Z= 15) is diffused 

into a silicon crystal. Each phosphorus atom has five outer electrons in the valence band, some 

of the phosphorus atoms displace the silicon atoms and occupy their place. A silicon atom has 

four valence electrons locked in covalent bonds with neighboring four silicon atoms. 

Phosphorus comes in with five valence electrons. 

Four electrons are shared with the neighboring four silicon atoms. The fifth one moves 

with a larger radius (30 Å) round the phosphorus ion. The energy of this extra electron is much 

higher than the valence electrons locked in covalent bonds. In fact, the energy levels for these 

extra electrons known as impurity levels are only slightly below the conduction band (0.045 eV 

for phosphorus in silicon). This small gap is easily covered by the electrons during thermal 

collisions and hence a large fraction of them are found in the conduction band. Figure. 5.6 

shows qualitatively the situation in such a doped semiconductor.  



 

Fig. 5 qualitatively the situation in such a doped semiconductor 

When a phosphorus atom with five outer electrons is substituted for a silicon atom, an extra 

electron is made available for conduction. Thus, the number of conduction electrons increases 

due to the introduction of a pentavalent impurity in silicon. The conduction properties are, 

therefore, very sensitive to the amount of the impurity. The introduction of phosphorus in the 

proportion of 1 in 106 increases the conductivity by a factor of about 10%. Interesting desired 

result may be obtained by controlling the amount and distribution of impurity in a 

semiconductor.  

Such impurities, which donate electrons for conduction, are called donor impurities. As the 

number of negative charge carriers is much larger than the number of positive charge carriers, 

these semiconductors are called n-type semiconductors. What happens if a trivalent impurity—

such as aluminum is doped into silicon? Silicon atom with four valence electrons is substituted 

by an aluminum atom with three valence electrons. These three electrons are used to form 

covalent bonds with the neighboring three silicon atoms but the bond with the fourth neighbor 

is not complete. The broken bond between the aluminum atom and its fourth neighbor can be 

filled by another valence electron if these electrons obtained an extra energy of about 0.057 eV. 

A hole is then created in the valence band. We say that impurity levels are created a little above 

the valence bond (0.057 eV) for aluminum in silicon  

As the energy gap between the valence band and the impurity levels is comparable to KT, large 

number of holes are created. The number of holes in such a doped semiconductor is much larger 



than the number of conduction electrons. As the majority charge carriers are holes, i.e., positive 

charges, these semiconductors are called p-type semiconductors. The impurity of this kind 

creates new levels which can accept valence electrons, hence these impurities are called 

acceptor impurities.Semiconductors with an impurity doped into it are called extrinsic 

semiconductor 

 

Fig.6 valence electrons can cross over to these levels leaving behind the holes, which are 

responsible for conduction 

 

CB= conduction band, VB=valance band, IL= impurity level 

Fig 7 schematic representation of intrinsic and extrinsic semiconductors 

Density of Charge Carries And Conductivity  

Due to thermal collisions, an electron can take up or release energy. Thus, occasionally a 

valence electron takes up energy and the bond is broken. The electron goes to the conduction 

band and a hole is created. And occasionally, an electron form the conduction band loses some 



energy, comes to the valence band and fills up a hole. Thus, new electron hole pairs are formed 

as well as old electron hole pairs disappear. A steady state situation is reached and the number 

of electron hole pairs takes a nearly constant value. For silicon at room temperature (300°K), 

the number of these pairs is about 7 x 10's/m. For germanium, this number is about 6 x 1019 /m.  

P-N Junction  

When a semiconducting material such as silicon or germanium is doped with impurity in such a 

way that one side has a large number of acceptor impurities and the other side has a large 

number of donor impurities, we obtain a p-n junction. To construct a p-n junction, one may 

diffuse a donor impurity to a pure semiconductor so that the entire sample becomes n-type. The 

acceptor impurity may then be diffused in higher concentration from one side to make that side 

p-type 

 

Fig.8The physical structure of a typical p-n junction 

The symbol e represents a conduction electron and h represents a hole. Suppose that at the time 

of formation, the left-half is made p-type and the right-half n-type semiconductor. These two 

portions may be called p-side and n-side respectively.  



 

Fig 9the idealized situation of a p-n junction at the time of its formation 

 This cannot be the equilibrium situation. As there is a large concentration of holes in the left-

half and only small concentration of holes in the right-half, there will be diffusion of holes 

toward the right. Physically, this means that some of the valence electrons just to the right of the 

junction may fill up the vacancies just to the left of the junction. Similarly, because of the 

concentration difference conduction electrons diffuse from the right to the left. The ions as such 

do not move because of their heavy masses. As the two halves (left-half and right-half) were 

electrically neutral in the beginning, diffusions of holes towards the right and diffusion of 

electrons towards the left make the right-half positively charged and the left-half negatively 

charged.  

This creates an electric field E near the junction form the right to left. Any hole near the 

junction is pushed by the electric field in to left half.  

Similarly, any conduction electron near the junction is pushed by the electric field into the right 

half. Thus, no charge carrier can remain in a small region near the junction. This region is called 

the depletion layer Fig. 10 

 



Fig. 10 Depletion layer in p-type and n type semiconductor 

Diffusion Current  

Because of the concentration difference, holes try to diffuse from the p-side to the n-side. In 

Fig. 10 this is from the left to the right. However, the electric field at the junction exerts a force 

on the holes towards the left as they came to the depletion layer. Only those holes which start 

moving towards the right with a high kinetic energy are able to cross the junctions. Similarly, 

diffusion of electrons from the right to the left is opposed by the field and only those electrons 

which start towards the left, with high kinetic energy are able to cross the junction. 

 

Fig.11 The electric potential of the r-side is higher than that of the p-side, the variation in 

potential is sketched 

We say that there is a potential barrier at the junction which allows only a small amount of 

diffusion. Nevertheless, there are some energetic holes sand electrons which surmount the 

barrier and some diffusion does take palace. This diffusion results in an electric current form the 

p-side to the n side known as diffusion current.  

Drift Current  

Because of thermal collisions, occasionally a covalent bond is broken and the electron jumps to 

the conduction band. An electron hole pair is thus created. Also, occasionally a conduction 

electron fills up a vacant bond so that an electron hole pair is destroyed. These processes 

continue in every part of the material. However, if an electron hole pair is created in the 



depletion region, the electron is quickly pushed by the electric field towards the n-side. There is 

almost no chance of recombination of a hole with an electron in the depletion region. As 

electron hole pairs are continuously created in the depletion regions, there is a regular flow of 

electrons towards the n-side and of holes towards the p-side. This makes a current form n-side 

to the p-side. This current is called the drift current.  

The drift current and the diffusion current are in opposite directions. In steady state, the 

diffusion current equals the drift current in magnitude and there is no net transfer of charge at 

any cross-section.  

P-n Junction Diode  

Let us now discuss what happens if a battery is connected to the ends of a p-n junction. If the 

positive terminal of the battery is connected to the p-side and the negative terminal to the n-

side, we say that the junction is forward-biased 12 (b). The potential of the n-side is higher than 

that of the p-side when no battery is connected to the junction. Due to the forward-bias 

connection, the potential of the p-side is raised and hence the height of the potential barrier 

decreases. The width of the depletion regions is also reduced in forward bias Fig. 12(b).  

 

Fig12 shows situations when (a) no battery is connected to the junction, (b) a battery is 

connected with its positive terminal connected to the p-side and the negative terminal connected 

to the n-side and (c) a battery is connected with its positive terminal connected to the n-side and 



the negative terminal connected to the p-side. 

This allows more diffusion to take place. The diffusion current thus increases by connecting a 

battery in forward bias. The drift current remains almost unchanged because the rate of 

formation of new electron hole pair is fairly independent of the electric field unless the field is 

too large. Thus, the diffusion current exceeds the drift current and there is a net current form the 

p-side to the 7-side. The diffusion increases as the applied potential difference is increased and 

the barrier height is decreased. When the applied potential difference is so high that the 

potential barrier is reduced to zero or is reversed, the diffusion increases very rapidly. The 

current in the circuit thus changes nonlinearly with the applied potential difference. A p-n 

junction does not obey ohm's law.  

If the p-side of the junction is connected to the negative terminal and the n-side to the positive 

terminal of a battery, the junction is said to be reverse biased. In this case, the potential barrier 

becomes higher as the battery further raises the potential of the n-side Fig. 12(c).  

The width of the depletion region is increased. Diffusion becomes more difficult and hence the 

diffusion current decreases. The drift current is not appreciably affected and hence it exceeds 

the diffusion current. So, there is a net current from the n-side to the p-side. However, this 

current is small as the drift current itself is small and the net current is even smaller. Thus 

during reverse bias, only a small current is allowed by the junction. We say that the junction 

offers a large resistance when reverse biased.  

This is known as an I-V characteristic of the p-n junction. Note that the scales for the current 

are different for positive and 

negative current.  

 



 

Fig. 13 a qualitative plot of current versus potential difference for a p-n junction (adopted from 

https://www.toppr.com/ask/question/figure-shows-a-qualitative-plot-of-current-vs-potential-

difference-for-a-pn-junction-which/) 

The junction offers a little resistance if we try to pass an electric current form the p-side to the 

n-side and offers a large resistance if the current is passed from the n-side to the p-side. Any 

device which freely allows electric current in one direction but does not allow electric current in 

the opposite direction is called a diode. Thus, a p-n junction acts as a diode. An ideal diode 

should not allow any current in the reverse direction. 

Half Wave Rectifier  

A rectifier is a device which converts an alternating current into a direct current. A p-n junction 

can be used as a rectifier, 

 

Fig.14an AC source connected to a load resistance through a p-n junction. 

Because it permits current in one direction only. The potential at the point A is taken to be zero. 

The potential at B varies with time as V = V 

During the positive half-cycle, V> 0 and B is a higher potential than A. In this case, the junction 

is forward biased and a current is established in the resistance in the direction C to A.  

The current through the resistance during this half cycle is given by  



� =
�� sin(�� + ∅)

� + �	��������
 

And the potential difference across it is  

��� sin(�� + ∅)

� + �	��������
 

Here, R junction is the resistance offered by the p-n junction. 

In forward bias, R junction << R so that  

� =
��
�
sin(�� + �) 

During the next half-cycle, V<0 and the potential at the point B becomes smaller than 

that at A. The junction is thus reversed biased and offers a large resistance during this half-cycle 

and there is only  

Ap-n junction diode is close to an ideal diode because the current in reverse bias is very small. 

The diode is symbolized as              the arrow pointing in the direction in which the current can 

pass freely. For a p-n junction diode, the arrow points form the p-side to n-side.  

References:- 

1. https://www.computerhope.com/ 

2. https://www.electronics-notes.com/ 

3. https://byjus.com/ 

4. https://courses.lumenlearning.com/ 

5. https://circuitglobe.com/ 

6. https://www.pveducation.org/ 


