
 

 

 

 

 

Program : B.Tech 

Subject Name: Electronic Devices

Subject Code: EC-304 

Semester: 3rd 



Electronics & Communication Engineering, III-Semester 
EC-303Electronic Device 

UNIT-I: Semiconductor Material Properties: Elemental & compound semiconductor materials , Bonding forces and 
Energy bands in intrinsic and extrinsic silicon, Charge carrier in semiconductors , carrier concentration, Junction 
properties, Equilibrium condition, biased junction, Steady state condition, breakdown mechanism (Rectifying Diodes, 
Zener Diodes), Metal Semiconductor Junction. Special diodes: Tunnel diodes, Varactor diodes, Schottky diode, Photo 
diodes, Photo-detector, LED, solar cell.  
-------------------------------------------------------------------------------------------------------------------------------------- 
 
1.1. Introduction: Conductors, Insulators, and Semiconductors 
 

Conductors Materials with many free electrons. These electrons can easily be made to flow 
through the material. 

s: all metals, semi-metals like carbon-graphite, antimony and arsenic 

Insulators Materials that have very few free electrons. 

s: plastic, glass and wood 

Semiconductors These materials lie between the extremes of good conductors and good insulators.  

They are crystalline materials that are insulators when pure, but will conduct when  

 an impurity is added and/or in response to light, heat, voltage, etc.  

Examples: elements like silicon (Si), germanium (Ge), selenium (Se); compounds  

 like gallium arsenide (GaAs) and indium antimonide (InSb)  

1.1.1. Semiconductor Materials  

1. Semiconductors are  group of materials having electrical conductivities intermediate between metal and insulator. 

 2. The conductivity of these materials can be varied by changes in temperature, optical excitation and impurity 

content.  

3. This variability of electrical properties makes the semiconductor materials natural choices for electronic device 

investigation. 

4. Semiconductor materials are found in column IV and neighboring column of periodic table. The column IV 

semiconductor are called elemental semiconductor because they are composed of single species of atom. 

5. The elemental semiconductor Ge was widely used in the early days of semiconductor development for transistors 

and diodes. Silicon is now used majority in transistors, rectifiers and integrated circuits. 

In addition to elemental material, compounds of column III and V also can make up compound semiconductor. Most 

1.1.2. Compound Semiconductors:  

 

Compound semiconductors are from combinations of elements from Group III and Group V of the Periodic Table of 

the Elements (GaAs, GaP, InP and others). Other compound semiconductors are made from Groups II and VI (CdTe, 

ZnSe and others). It is also possible to use different elements from within the same group (IV), to make compound 

semiconductors such as SiC. Compound semiconductors provide capabilities in optoelectronics that cannot be 

obtained from silicon or germanium. Compound semiconductors exhibit strong absorption above their band gap 

energies. Typical wavelengths for band-edge absorption range from the ultraviolet to near-infrared. 

1.2. Concept of energy bands: 
 
The electrons in an isolated atom occupy discrete energy levels. When atoms are close to each other these electrons 
can use the energy levels of their neighbors. When the atoms are all regularly arranged in the crystal lattice of a solid, 
the energy levels become grouped together in a band. This is a continuous range of allowed energies rather than a 
single level. There will also be groups of energies that are not allowed, in what is known as a band gap.  
An atomic orbital of one atom may overlap with an atomic orbital of another atom forming two molecular orbital.  
One, called the bonding molecular orbital, is of low energy and the other with higher energy is called the anti-bonding 
molecular orbital.   
 
When two identical atoms are brought closer together, the quantized energy levels hybridize and split into two 

Downloaded from  be.rgpvnotes.in

Page no: 1 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


different levels because of the mutual interaction of the two atoms. More generally, when N atoms are moved closer, 
until they reach the equilibrium inter-atomic distance d, the energy levels split into N levels. These N levels are very 
close to each other if N is large (which is the case in a crystal) so that they eventually form a continuous energy band. 
Let's now consider silicon atoms arranged in a periodic lattice, but with a very large lattice parameter (or inter-atomic 
distance), in order to first consider each atom as isolated. The two levels with the highest energy are labeled E1 and 
E2. Now let's shrink the atom lattice: energy levels split and form two continuous bands known as the conduction 
band CB and the valence band VB, Figure 1.1 shows the formation of these bands as a function of the inter-atomic 
distance. 

 
Figure.1.1. Formation of energy bands for electrons in a silicon crystal 

In a silicon crystal, two continuous energy bands exist (CB and VB), separated by a forbidden band, which is not 
accessible for electrons. This forbidden region is called the  gap  and its width Eg is a characteristic of the material. 
The lowest energy level of the conduction band is denoted EC and the highest energy level of the valence band is 
called EV so that we have the relationship Eg=EC-EV. The conduction and valence bands CB and VB represent the 
energies accessible to electrons, or the energies of the states potentially occupied by electrons: they do not provide any 
information about the effective occupation of the energy states by electrons. 
 
Insulators: The valence band of insulators remains full of electrons. The conduction band of those materials remains 
empty. The forbidden energy gap between the conduction band and the valence band is widest. The difference is more 
than 10ev. Crossing the forbidden energy gap from valence band to conduction band large amount of energy is 
needed. 
Conductors: In conductors, as shown in figure 1.2(c) shows the energy band of good conductor or metal. The valence 
band and the conduction band is attached here on overlap each other. There is no forbidden energy gap here so Eg=0. 
At absolute zero temperature large number of electrons remains in the conduction band. The resistance of conductor is 
very low; large number charge carriers are available here. So, the electricity can pass easily through the conductors. 
Semiconductors: Semiconductors are those materials whose electrical conductivity is between conductors and 
insulators. The forbidden energy gap of a semiconductor is nearly same as insulator. The energy gap is narrower. The 
value of Eg =1.1eV for silicon crystal and Eg =0.7eV for germanium at 0k temperature. It can easily overcome due to 
thermal agitation or light. A semiconductor remains partially full valence band and partially full conduction band at 
the room temperature. The conduction band remains full empty of a semiconductor where the valence band remains 
full of electrons at absolute zero temperature. So, silicon and germanium are insulators at absolute zero temperature. 
On the other hand with the increasing of temperature the electrical conductivity of semiconductors increases.         
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Figure.1.2. Energy band diagram for insulator, semiconductor and conductors 

 

1.3. Concept of Holes 
 
When an electron leaves its position in the crystal lattice, there is a space left behind that is positively charged. This 
lack of an electron is called a positive hole. This hole may be filled by an electron from a neighboring atom, which 
will in turn leave a hole there. Although it is technically the electron that moves, the effect is the same as if it was the 
hole that moved through the crystal lattice. The hole can then be thought of as a positive charge carrier. 
 
1.4. Intrinsic Semiconductor: A semiconductor material in its purest form is known as an intrinsic semiconductor. 
An intrinsic semiconductor behaves as an insulator at 0 K but acts as a conductor at 300 K (room temperature). At 
room temperatures due to the thermal generation of electron-hole pairs, free electrons & holes are generated in equal 
numbers, these mobile charges help in the conduction of current in an intrinsic semiconductor. Since electron-hole 
pairs that are responsible for conduction of current in an intrinsic semiconductor are internal to the semiconductor 
crystal, the material is known as an intrinsic semiconductor. 
 
1.5. Doping: 
At low temperatures, intrinsic semiconductors are insulators since the number of electrons and holes is diminished.   
At absolute zero, an intrinsic semiconductor would have no electrons in the conduction band.  However, the most 
important semiconductors are of the extrinsic type, where some impurity (another element) has been intentionally 
added in the solid to increase the conductivity. The conduction in a semiconductor can be changed via doping. Doping 
is the introduction of foreign atoms such as B or As in Si.  
 
1.6. Extrinsic Semiconductor: An extrinsic semiconductor is obtained by doping an intrinsic Semiconductor with 
trivalent or pentavalent impurity atoms. Depending upon the valency of the impurity atoms added we obtain either p-
type or n-type extrinsic semiconductor. The concentration of dopant ranges from 1013 /cm3 to 1017/cm3. Since the 
number of pure atoms is usually about 1023/cm3, it is clear that the dopant concentrations are about 1 ppm to 0.1 ppb. 
 
1.6.1 N-Type semiconductor: 
Doping can produce two types of semiconductors depending upon the element added.  If the element used for doping 
has at least one more valence electron than the host semiconductor i.e. pentavalent, then an n-type (negative type) 
semiconductor is created. Silicon is a group IV element on the periodic chart and has four electrons in its outermost 
shell.  When silicon is doped with arsenic (As), a group V element, the arsenic atoms replace silicon atoms at a small 
number of points on the crystal lattice.  Since arsenic has 5 electrons in its outer shell, it adds a loosely-bound “extra” 
electron to the crystal.  This extra electron (often called a “donor” electron) is easily excited into the conduction band 
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as a freely roaming current carrier. Doping with donors: ND (donor concentration) gives an n-type semiconductor. 
Thus the density of free electrons nn is larger than the density of free holes pn in an n-type material. 

 

 
Figure.1.2. N-Type semiconductor 

1.6.2 P-Type semiconductor: 
If the semiconductor is doped with an element having at least one less electron than the host material i.e. trivalent, 
then a p-type (positive type) semiconductor is formed. If Silicon is doped with an element from group III of the 
periodic table, such as gallium (Ga), the impurity has only three electrons in its outermost shell so there is a deficiency 
of one electron at every point where a gallium atom replaces a silicon atom.  This is called an “acceptor site” since the 
gallium would very much like to have a fourth electron to complete its bonds.  The gallium often “steals” an electron 
from a neighboring silicon atom leaving a “hole” or empty state in the valence band of the silicon.  This “hole” is free 
to roam around in the valence band and effectively acts as a positive charge carrier. Doping with acceptors: NA 
(acceptor concentration) gives a p-type material. The density of free holes pp is larger than the density of free electrons 
np 

 
Figure.1.3. P-Type semiconductor 

1.7. Charge carriers in semiconductor 
For the intrinsic material, since electrons and holes are always created in pairs, 
                            n = p = ni  
where ni is the symbol for ”intrinsic carrier concentration.” (same density of free electrons and holes in an intrinsic 
semiconductor). 
N-Type Semiconductor: As the activation energy is low, at room temperature almost all of the donor atoms included 

in the crystal will give an electron to the conduction band. So if ND is the donor concentration, for an n-type material 

at equilibrium: n0 ≈ ND [ 1 /cm3 ] 

 

P-Type Semiconductor: The activation energy is low, at room temperature almost all of the acceptor atoms included 
in the crystal will accept an electron from the valence band. So if NA is the acceptor concentration, for a p-type 
material at equilibrium: p0 ≈ NA [ 1/ cm3 ] 
1.8. Law of Mass Action: 
 For both intrinsic and extrinsic materials, at equilibrium: 

n0p0 = n2 

The extrinsic n-type semiconductor: 
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The extrinsic p-type semiconductor 
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With n, p respectively the electron and hole density; ND,A respectively the donor and acceptor doping density 

(concentration). 

1.9. The Fermi-Dirac Distribution Function and Fermi Level 
The Fermi-Dirac distribution function, also called Fermi function, provides the probability of occupancy of energy 
levels by Fermions. Fermions are half-integer spin particles, which obey the Pauli Exclusion Principle. 
Mathematically the probability of finding an electron in the energy state E at the temperature T is expressed as 

     f (E) = + � −��  

 
                                  
k = 8.62×10−5 [eV/K] or 1.38 ×10-23 JK-1  is the Boltzmann constant  
T is the absolute temperature  
Ef is the Fermi level or the Fermi energy 
f(E) is the probability that a level with energy E will be filled by an electron 
 
 

The quantity EF is called the Fermi level, and it represents an important quantity in the analysis of semiconductor 

behaviour. It is determined as the energy point where the probability of occupancy by an electron is exactly 50%, or 

0.5.For an energy E = EF   the occupation probability is 

 

 

 

1.10. Fermi-Dirac Distribution Function for Intrinsic and Extrinsic Semiconductor 
 The F-D distribution function can be used to calculate the electron and hole concentrations in semiconductors, if the 

densities of available states in the conduction and valence bands are known. 
 In equilibrium, the concentration of electrons in the conduction band can be given by 

       n0 = ∫ � � � �∞��  

 
 

where N(E)dE is the density of available states/cm3 in the energy range dE. Nc = 2
���∗ ��ℎ2 /

 
 
 

n0 = Ncf(Ec)  = Nc
− ��−� /��

 

 

 Where Nc = 2
���∗ ��ℎ2 /

 
 

p0 = Nv f(1- Ev)  = Nv
− � −�� /��

 
 
 

 
where Nv is the effective density of states located at the valence band edge Ev. 

 Note: the only terms separating the expressions for Nc and Nv are the effective masses of electrons 
(mn

* ) and holes (mh* ) respectively, and since , hence, Nc Nv. 
 Thus, as (Ef – Ev)decreases, i.e., the Fermi level moves closer to the valence band edge, and the 

hole concentration increases. 
 These equations for n0 and P0 are valid in equilibrium, irrespective of the material being intrinsic 

or doped. 
 For intrinsic material Ef lies at an intrinsic level Ei (very near the middle of the band gap), and the 

intrinsic electron and hole concentrations are given by  
 
ni = Nc

− ��−�� /��
      and  pi= Nv

− ��−�� /�� 

f(E)

1

0.5

EEf

  1 1 1
( ) 1 exp ( ) /
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 Note: At equilibrium, the product n0p0 is a constant for a particular material and temperature, even 

though the doping is varied, 

i.e. n0p0 = �� =  ���� −� ��⁄  
 This equation gives an expression for the intrinsic carrier concentration ni as a function of Nc, Nv, 

and temperature: �� =  √����  −� ��⁄  
These relations are extremely important, and are frequently used for calculations. 

 Note: if Nc were to be equal to Nv, then Ei would have been exactly at mid gap  
i.e., Ec-Ei =Ei- Ev = Eg/2 

 However, since Nc, Nv ,Ei is displaced slightly from mid gap (more for GaAs than that for Si). 
 Alternate expressions for n0 and p0: 

n0= ni
� −�� /��

      and  p0= ni
��−� /�� 

 
Note: the electron concentration is equal to ni when Ef is at Ei, and n0 increases exponentially as Ef 
moves away from Ei towards the conduction band. 

 Similarly, the hole concentration p0 varies from ni to larger values as Ef moves from Ei towards the 
valence band. 

 
1.11. Energy band for intrinsic and Extrinsic Semiconductors 

Free electrons have energies in an allowed energy band higher in energy than the band gap, the conduction band Ec, 

whilst free holes have energies in an allowed energy band lower in energy than the band gap, the valence band Ev.  

The amount of electrons available at each energy value is determined by the density of states g(E) and the Fermi-

Dirac distribution function f(E) as illustrated in Figure 1.4. g(E) gives the distribution of energy levels (states) as a 

function of energy. Note that g(E)=0 in the bandgap (no energy levels). f(E) gives the probability of finding an 

electron at energy E. Thus 1-f(E) gives the probability of finding a hole. 

Intrinsic Semiconductor: In an intrinsic semiconductor, n = p. n = p implies that there is an equal chance of finding an 

electron at the conduction band edge as there is of finding a hole at the valence band edge: 

Remember the relationship between the position of the Fermi level EF and the density of carriers in the 

semiconductor (given by the Fermi-Dirac or Maxwell-Boltzman distribution functions):    
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with Ei the intrinsic level, Nc the effective density of states in the conduction band and Nv the effective density of 

states in the valence band. The intrinsic level Ei is an energy position within the forbidden gap that is determined by 

the intrinsic carrier concentration.  

Fermi level for an intrinsic semiconductor EFi: Since at room temperature kT is significantly lower than the 

energy gap, this level is located near the middle of the forbidden band : 

 
Even in intrinsic semiconductor, Fermi level is not exactly at centre between conduction and valence bands. 
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The Fermi level for Extrinsic semiconductor  

Now let us examine the Fermi energy level of extrinsic semiconductor. If we recall our discussion of 
Fermi levels, the Fermi energy level in the intrinsic semiconductor lies approximately halfway in 
between conduction and valance bands (Efi=(EV+Ec)⁄2).  
 
Let us re-write the expression  

 

which ultimately can be represented as  

 

Where EF and EFi stands for Fermi levels of extrinsic and intrinsic semiconductors respectively.  

 

 

Fermi level in n type semiconductor   

 

and for p- type it is  

 
 
This suggests that in n-type semiconductors, Fermi level (EF) is higher than Ei and close to the 
conduction band. Similarly, in p-type it moves down towards the valance 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.  

 
Figure.1.4. Fermi level in N-Type semi conductor 
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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 

Ef = Ec – kT log 
���  

Where EF is the fermi level. 
            EC is the conduction band.               
            K 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. 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 

Ef = Ev + kT log 
���� Where   NV is the effective density of states in the valence band.  

              NA is the concentration of acceptor atoms 

 
 

 
Figure.1.5. Fermi level in P-Type semiconductor 

 
 
 
1.9 Drift and diffusion currents: 
 
The flow of charge current through a semiconductor material is of two types namely drift & diffusion. The net 
current that flows through a (PN junction diode) semiconductor material has two components 
Drift current  
Diffusion current 
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1.9.1. Drift current: When an electric field is applied across the semiconductor material, the charge carriers attain a 
certain drift velocity Vd , which is equal to the product of the mobility of the charge carriers and the applied Electric 
Field intensity E ; 
 
          Drift velocity Vd = mobility of the charge carriers X Applied Electric field intensity. 
 
Holes move towards the negative terminal of the battery and electrons move towards the positive terminal of the 
battery. This combined effect of movement of the charge carriers constitutes a current known as the drift current. 
Thus the drift current is defined as the flow of electric current due to the motion of the charge carriers under the 
influence of an external electric field. Drift current due to the charge carriers such as free electrons and holes are the 
current passing through a square centimeter perpendicular to the direction of flow. 
 
1. Drift current density Jn , due to free electrons is given by                   Jn = q n μn E A / cm2 
2.Drift current density JP, due to holes is given by                                  JP = q p μp E A / cm2  
 
                                                                      Where, n -  Number of free electrons per cubic centimeter. 
       P -  Number of holes per cubic centimeter 
       μ n – Mobility of electrons in cm2 / Vs 
       μ p – Mobility of holes in cm2 / Vs 
        E – Applied Electric filed Intensity in V /cm 
        q – Charge of an electron  = 1.6 x 10-19 coulomb. 
 

 
Figure 1.6 Drift mechanism 

In a homogeneously doped semiconductor or a semiconductor with a constant carrier density, applying an electric 

field will cause drift currents to flow. Drift current can be carried by both electrons and holes. 

Drift current in a semiconductor is given by:   EpneAAEI pntottot  
 

With A the cross sectional area perpendicular to the current flow, E is the applied electric field. 

 
1.9.2 Diffusion current: 
It is possible for an electric current to flow in a semiconductor even in the absence of the applied voltage provided a 
concentration gradient exists in the material. A concentration gradient exists if the number of either elements or 
holes is greater in one region of a semiconductor as compared to the rest of the Region. In a semiconductor material 
the change carriers have the tendency to move from the region of higher concentration to that of lower concentration 
of the same type of charge carriers. Thus the movement of charge carriers takes place resulting in a current called 
diffusion current.  
Hole density gradients cause hole diffusion currents, electron density gradients cause electron diffusion currents 
and gradients in both carrier types will cause diffusion of both, creating a total diffusion current of: 




 
dx

dp
D

dx

dn
DeAI pntot  
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With Dn,p the diffusion constant of electrons respectively holes, x is the direction of carrier propagation. The Einstein 

equation gives the relationship between the diffusion constant and the mobility of the carrier: 

e

kTD                                
with, k the Boltzman constant, T the temperature in Kelvin. 

In the general case where both concentration gradients and electric fields are present the total current is the 
sum of both drift and diffusion currents: 




 
dx

dp
D

dx

dn
DEpEneAI pnpntot   

This equation is normally referred to as the drift-diffusion equation of carriers and is the basic equation that 
describes carrier movement in semiconductor devices. 
 
1.10. Hall Effect: 
When a magnetic field is applied to a current carrying conductor in a direction perpendicular to that of the flow of 
current, a potential difference or transverse electric field is created across a conductor. This phenomenon is known as 
Hall Effect. 

 
Figure.1.7. Hall effect in conductor 

If a magnetic field is applied to this current carrying conductor or semiconductor in a direction perpendicular to that of 
the flow of current (that is z-direction), an electric field is produced in it that exerts force in the negative y direction 
(downwards). This phenomenon is known as Hall Effect. Hall Effect was named after American Physicist Edwin Hall, 
who discovered the phenomenon in 1879. 
The electric field produced in the material pushes the charge carriers downwards. If the material is a conductor, the 
electric field pushes the free electrons downwards (that is in negative y-direction). As a result, a large number of 
charge carriers (free electrons) are accumulated at the bottom surface of the conductor.  
Because of this large accumulation of negative charges (free electrons) at the bottom surface and deficiency of 
negative charges (free electrons) at the upper surface, the bottom surface is negatively charged and the upper surface 
is positively charged. 
As a result, an electrical difference or potential difference develops between the upper surface and bottom surface of 
the conductor. This potential difference is known as Hall voltage. In a conductor, the electric field is produced due to 
the negatively charged free electrons. So the hall voltage produced in the conductor is negative. 
 
1.11. PN junction Diode: 

If  a junction between P-type and N-type semiconductor material is created within a single crystal, in such a way 
that the crystalline structure is preserved across the junction, the result is a junction diode. Electrons from the N-
region migrate across the junction into the P-region, filling holes as they go. This creates a net charge build-up 
around the junction positive in the N-region and negative in the P-region leading to an internal electric fi eld as 
shown. Since the diode is a two-terminal device, the application of a voltage across its terminals leaves three 
possibilities:   No bias (VD = 0 V),   Forward bias (VD>0 V),   Reverse bias (VD< 0 V).  
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Figure.1.8. Formation of depletion region 

1.11.1. Formation of Depletion Region: 

At the instant of the PN junction formation free electrons near the junction diffuse across the junction into the P region 
and combine with holes. Filling a hole makes a negative ion and leaves behind a positive ion on the N side. These two 
layers of positive and negative charges form the depletion region, as the region near the junction is depleted of charge 
carriers. As electrons diffuse across the junction a point is reached where the negative charge repels any further 
diffusion of electrons. The depletion region now acts as a barrier. 
  
1.11.2. Barrier Potential 

The electric field formed in the depletion region acts as a barrier. External energy must be applied to get the electrons 
to move across the barrier of the electric field. The potential difference required to move the electrons through the 
electric field is called the barrier potential. Barrier potential of a PN junction depends on the type of semiconductor 
material, amount of doping and temperature. This is approximately 0.7V for silicon and 0.3V for germanium. Once 
the holes are filled, the junction region becomes devoid of charge carriers and thus acts as an insulator, preventing 
further current flow. 
 
1.11.3. Energy Diagrams of PN Junction. 
The valence band and conduction band in N-Type material are slightly lower than that of P-Type material. 
 

 

Figure.1.9. Energy diagram of PN junction 

As diffusion occur the depletion region forms and the energy level of the N region conduction band drops, causing 
alignment of the top of the N region conduction band and the bottom of the P region conduction band.  At this point 
the energy bands are at equilibrium as shown in figure 1.9. There is an energy gradient across the depletion region that  
N region electron must climb to get to the P region. 
 
1.11.4. No Applied Bias (VD =0 V) 
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The p-region has negative immobile ions and their corresponding holes as the majority carriers, while the n-
region has positive immobile ions and their corresponding free electrons as the majority carriers. Thermally 
generated electron-hole pairs are also not shown for simplicity. In the equilibrium state no conduction takes place 
at the PN junction. The conduction of PN junction involves the majority charge carriers diffusion and minority 
charge carriers drift. Conduction of electrical current in PN junction physically involves in both conduction band 
and valence band. At zero voltage bias equilibrium condition, the minority concentration of holes and electrons 
will drift simply under the influence of incorporating electric field E. The diffusion of majority charge carriers 
have to cross the potential barrier VB of the PN junction formed as the effect of the depletion region. 

 
Figure.1.10.PN junction Energy diagram 

 
At the instant of junction formation, the p-material has excess holes and the n- material has excess electrons and 
the depletion region does not exist. As soon as the p & n regions are formed, electrons on the n-side recombine 
with holes by crossing onto the p-side of the junction due to diffusion. Soon after recombination both the 
electrons & the holes disappear and leave behind immobile positive ions on the n-side and immobile negative ions 
on p-side of the junction as shown in Fig.1.6. This electric field created by the immobile positive & negative ions 
on either side of the junction prevents further diffusion of charges. Thus a depletion region is formed at the 
junction even under unbiased conditions as shown in Fig.1.10. Once the electric field and the potential barrier 
develop to sufficient level, migration of carriers across the junction stops. At this point the p-n junction is said to 
have attained “thermal equilibrium”. An approximate idealized plot of the variation of the space charge density, 
the electric field and the electric potential along the device is shown in Fig 1.9. 
1.11.4.1. Built in Potential 
 
The existence of this double layer of charges on either side of the PN junction, potential barrier varies sharply 
within the depletion zone and the potential difference Vd, called the diffusion potential or built-in potential reach 
non-negligible values. Electrostatic potential is constant all over the crystal together with the space charge zone, 
because this potential takes into consideration not only the electric field but also the concentration of charge 
carriers. The built in potential due to the concentration of charge carriers compensates accurately for the 
electrostatic potential. 
The built-in potential or diffusion potential is proportional to the difference of the Fermi energies of the two 
unbounded semiconductors: 

i = (1/q)*{EFp – EFn} = (kT/q) ln {[N AND]/ni
2} 

 Where E is the zero bias junction voltage 
 (kT/q) the thermal voltage of 26mV at room temperature. 
 NA and NB  are the impurity concentrations of acceptor atoms and donor atoms 
 n is the intrinsic concentration. 
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Figure.1.11. Space charge density, electric field and electric potential inside a p-n junction in thermal 
equilibrium; (a) schematic diagram; (b) space charge density; (c) electric field; (d) electric potential. 
   

1.11.5. Reverse-Bias Condition (VD< 0 V) 
When a p-n junction diode is reverse biased ( ie. anode is at a lower potential than the cathode) a very small 
reverse current flows through the junction due to a small number of temperature dependent minority charge 
carriers (electrons in p-region &  holes in n-region). This minority current or leakage current is also known as the 
reverse saturation current & is temperature dependent. The leakage current which has a very small value (1 or 2 
µA) doubles itself for every 100 C rise in temperature. The diode therefore offers very high resistance (1 to 2 
Mohm). This means that the diode acts as an open switch under reverse biased conditions. The battery connection 
is such that majority carriers in both p and n regions are pulled away from the junction. Thus both the depletion 
width and the potential barrier increase under reverse bias conditions. 
 
 
 
 
 
 

 

 

 

 

 

Figure1.12. Reverse-biased p-n junction 

This reverse current flow until the reverse voltage is equal to the junction breakdown voltage. Beyond breakdown 
voltage, there is a drastic increase in the reverse current which is explained using the avalanche breakdown 
phenomenon. At voltages beyond VBD, minority carriers (electrons) on the p-side gain sufficiently high velocities 
to knock out valence electrons from the semiconductor atoms. This is a cumulative effect and is known as 
ionization due to collision. A large number of charges are thus available to constitute a large reverse current. If 
left uncontrolled, this reverse current can cause physical breakdown of the junction. A p-n junction diode under 
reverse biased condition is therefore operated well within its breakdown voltage. 
 

1.11.6. Forward-Bias Condition (VD>0 V) 
Figure 1.11 shows a p-n junction diode under forward biased condition (ie. anode is at a higher potential than the 
cathode). The battery polarity is such that majority carriers in both p & n regions are pushed towards the junction. 
Since electrons & holes enter the depletion region, it causes a reduction in the depletion width & hence height of 

A K 

IR 

VR 

- - + + 

- - + + 

- - + + 

P      Depletion layer    N 

Downloaded from  be.rgpvnotes.in

Page no: 13 Follow us on facebook to get real-time updates from RGPV

https://be.rgpvnotes.in
https://www.facebook.com/rgpvnotes.in
https://be.rgpvnotes.in


the potential barrier. The reduced potential barrier allows a few high- energy electrons on the n-side to cross the 
junction on to the p-side and constitute a small forward current. As the magnitude of forward bias voltage is 
increased the depletion width further reduces & thereby further increases the forward current. The depletion width 
& the potential barrier reduce to almost zero when the p-n junction is forward biased by a voltage greater than the 
cut-in voltage �� (0.7 V for Silicon diode & 0.3 V for Germanium diode). At voltages greater than �� the p-n 
junction diode acts like a closed switch and a heavy current starts flowing. At voltages greater than��, the p-n 
junction diode acts like a closed switch and a heavy current starts flowing. The thermally generated electron-hole 
pairs present in both p and n regions & the minority carriers also move in the same direction as majority carriers, 
i.e. they also add to the forward current. 
 

 

 

 

 

 

 

 

 

 

 

Figure.1.13. Forward-biased p-n junction 

 

When the forward bias voltage Vf = 0, the forward current If is also equal to 0. When the forward bias voltage is 
increased, current through the diode gradually increases because some high-energy electrons start crossing the 
junction. Any further increase in Vf causes an increase in forward current due to reduction in depletion width & 
potential barrier. When Vf =��, the depletion width is zero & potential barrier is also zero. Now a large current 
starts flowing through the diode. Thus beyond �� the diode acts as a closed switch and offers very low resistance 
resulting in a rapid rise in current.  
       
                                                             

 

 

 

 

 

 

 

Figure.1.14. Biasing circuit of PN junction diode 

1.12. VI Characteristics of PN Diode      

When the P-type material is at a more positive voltage than the N-type material, the diode is said to be ‘forward-
biased’; this corresponds to V > 0 in Fig.1.9 When the P-type material is more negative than the N-type material, the 
diode is said to be ‘reverse-biased’; this corresponds to V < 0 in Fig.1.15. 
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Breakdown Mechanism: 
1) Zener effect: when VZ < 5 V 

  As electric field increases, covalent bonds begin to break: new hole-electron pairs are 
created 

  Electrons are swept into n side and holes into p side 
  At V=VZ   very large number of carriers are generated and large reverse current appears 
  We can control over the value of reverse current  
  Voltage is capped at V=VZ 

2) Avalanche effect: when Vz > 7 V 
  Ionizing collision: under electric field minority charge carriers (electrons in p side and 

holes in n side) collide with atoms and break covalent bonds 
  Resulting carriers have high energy to cause more carriers to be liberated in further 

ionizing collision 
  Process keeps repeating as avalanche 
  We can control over the value of reverse current  
  Voltage is capped at V=VZ 

 
1.13. Temperature dependence of V-I characteristics: 
PN junction diode parameters like reverse saturation current, bias current, reverse breakdown voltage and barrier 
voltage are dependent on temperature. Mathematically diode current is given by 

I = Is (eeV /nk T  − 1)   

where Is is the ‘reverse saturation current’, e is the electron charge, V is the voltage across the junction, n is an 

empirical constant between 1 and 2, k is Boltzmann’s constant, and T is the junction temperature in kelvin.               

Rise in temperature generates more electron-hole pair thus conductivity increases and thus increases in current 
Increase in reverse saturation current with temperature offsets the effect of rise in temperature Reverse saturation 
current (IS) of diode increases with increase in the temperature the rise is 7%/ºC for both germanium and silicon and 
approximately doubles for every 10ºC rise in temperature. Thus if we kept the voltage constant, as we increase 
temperature the current increases. Barrier voltage is also dependent on temperature it decreases by 2mV/ºC for 
germanium and silicon. Reverse breakdown voltage (VR) also increases as we increase the temperature. 
 
 
 
 
 

Figure.1.15.V-I Characteristics of PN 
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Figure.1.16. Effect of temperature on VI characteristics of Diode 

1.14. Diode Resistance: 

A p-n junction diode allows electric current in one direction and blocks electric current in another direction. It allows 
electric current when it is forward biased and blocks electric current when it is reverse biased. However, no diode 
allows electric current completely even in forward biased condition. 
The depletion region present in a diode acts like barrier to electric current. Hence, it offers resistance to the electric 
current. Also, the atoms present in the diode provide some resistance to the electric current. 
When charge carriers (free electrons and holes) flowing through the diode collides with atoms, they lose energy in 
the form of heat. Thus, depletion region and atoms offer resistance to the electric current. 
When forward biased voltage is applied to the p-n junction diode, the width of depletion region decreases. However, 
the depletion region cannot be completely vanished. There exists a thin depletion region or depletion layer in the 
forward biased diode. Therefore, a thin depletion region and atoms in the diode offer some resistance to electric 
current. This resistance is called forward resistance. 
When the diode is reversed biased, the width of depletion region increases. As a result, a large number of charge 
carriers (free electrons and holes) flowing through the diode will be blocked by the depletion region. 
In a reverse biased diode, only a small amount of electric current flows. The minority carriers present in the diode 
carry this electric current. Thus, reverse biased diode offer large resistance to the electric current. This resistance is 
called reverse resistance. 
The two types of resistance takes place in the p-n junction diode are: 

1. Forward resistance 
2. Reverse resistance 

1.14.1. Forward resistance 
Forward resistance is a resistance offered by the p-n junction diode when it is forward biased. 
In a forward biased p-n junction diode, two type of resistance takes place based on the voltage applied. 
The two types of resistance takes place in forward biased diode are 

1. Static resistance or DC resistance 
2. Dynamic resistance or AC resistance 

1.14.2. Static resistance or DC resistance 
When forward biased voltage is applied to a diode that is connected to a DC circuit, a DC or direct current flows 
through the diode. Direct current or electric current is nothing but the flow of charge carriers (free electrons or holes) 
through a conductor. In DC circuit, the charge carriers flow steadily in single direction or forward direction.  
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The resistance offered by a p-n junction diode when it is connected to a DC circuit is called static resistance. 
Static resistance is also defined as the ratio of DC voltage applied across diode to the DC current or direct current 
flowing through the diode. 
The resistance offered by the p-n junction diode under forward biased condition is denoted as Rf. 
The resistance offered by the p-n junction diode under forward biased condition is denoted by Rf. 
1.14.3. Dynamic resistance or AC resistance: 
The dynamic resistance is the resistance offered by the p-n junction diode when AC voltage is applied. 
When forward biased voltage is applied to a diode that is connected to AC circuit, an AC or alternating current flows 
though the diode. 
In AC circuit, charge carriers or electric current does not flow in single direction. It flows in both forward and 
reverse direction. 
Dynamic resistance is also defined as the ratio of change in voltage to the change in current. It is denoted as rf. 
Dynamic resistance is also defined as the ratio of change in forward voltage to the change in forward current. It is 
denoted as rf. 
1.14.4. Reverse resistance 
Reverse resistance is the resistance offered by the p-n junction diode when it is reverse biased. 
When reverse biased voltage is applied to the p-n junction diode, the width of depletion region increases. This 
depletion region acts as barrier to the electric current. Hence, a large amount of electric current is blocked by the 
depletion region. Thus, reverse biased diode offer large resistance to the electric current. 
The resistance offered by the reverse biased p-n junction diode is very large compared to the forward biased diode. 
The reverse resistance is in the range of mega ohms (MΩ). 
 
1.15. Diode junction capacitance: 
There are two type of capacitance exist in diode: Transition and Diffusion capacitance. 
 
1.15.1. Transition capacitances: 
1. When P-N junction is reverse biased the depletion region act as an insulator or as a dielectric medium and the p-
type an N-type region have low resistance and act as the plates. 
2. Thus this P-N junction can be considered as a parallel plate capacitor. 
3. This junction capacitance is called as space charge capacitance or transition capacitance and is denoted as CT . 
4. Since reverse bias causes the majority charge carriers to move away from the junction, so the thickness of the 
depletion region denoted as W increases with the increase in reverse bias voltage. 
5. This incremental capacitance CT may be defined as 
CT = dQ/dV, 
Where dQ is the increase in charge and dV is the change or increase in voltage. 
6. The depletion region increases with the increase in reverse bias potential the resulting transition capacitance 
decreases. 
7. The formula for transition capacitance is given as CT = Aε/W, where A is the cross sectional area of the region, 
and W is the width. 
 
1.15.2. Diffusion capacitance: 
1. When the junction is forward biased, a capacitance comes into play, that is known as diffusion capacitance 
denoted as CD. It is much greater than the transition capacitance. 
2. During forward biased the potential barrier is reduced. The charge carriers move away from the junction and 
recombine. 
3. The density of the charge carriers is high near the junction and reduces or decays as the distance increases. 
4. Thus in this case charge is stored on both side of the junction and varies with the applied potential. So as per 
definition, change in charge with respect to applied voltage results in capacitance which here is called as diffusion 
capacitance. 
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5. The formula for diffusion capacitance is CD = τID / ηVT , where τ is the mean life time of the charge carrier, ID is 
the diode current and VT is the applied forward voltage, and η is generation recombination factor. 
6. The diffusion capacitance is directly proportional to the diode current.7. In forward biased CD >> CT . And thus 
CT can be neglected. 
 
1.16. Zener Diode:  
The Zener diode is also a P-N junction diode (silicon), the difference being that it has a sharp and well-defined break 
down under reverse biased condition. This breakdown voltage Vz is known as the Zener breakdown voltage. The 
Zener voltage can be precisely set by controlling doping level of P and N materials of the Zener during the 
manufacturing process. 
Under forward bias condition, the Zener diode behaves like a normal Silicon rectifier diode. The Zener diode is 
operated only beyond reverse breakdown region. When the junction breaks down, current flows through it. This 
heavy current may be due to Zener breakdown or Avalanche break down phenomenon or both. 
In the breakdown region, the voltage drop across the Zener diode is constant irrespective of current through it. This 
property of Zener diode makes it useful as a voltage-regulating device. 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure.1.17. Forward biased connection of Zener diode 

 

 

 

 

 

 

 

 

 

 

Figure.1.18. Reverse biased connection of Zener diode 
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The circuit diagram to plot the VI characteristics of a zener diode is shown. Zener diode is a special diode with 
increased amounts of doping. This is to compensate for the damage that occurs in the case of a pn junction diode when 
the reverse bias exceeds the breakdown voltage and thereby current increases at a rapid rate. 
Applying a positive potential to the anode and a negative potential to the cathode of the zener diode establishes a 
forward bias condition. The forward characteristic of the zener diode is same as that of a pn junction diode i.e. as the 
applied potential increases the current increases exponentially. Applying a negative potential to the anode and positive 
potential to the cathode reverse biases the zener diode. 
 As the reverse bias increases, the current increases rapidly in a direction opposite to that of the positive voltage 
region. Thus under reverse bias condition breakdown occurs. It occurs because there is a strong electric filed in the 
region of the junction that can disrupt the bonding forces within the atom and generate carriers. The breakdown 
voltage depends upon the amount of doping. For a heavily doped diode depletion layer will be thin and breakdown 
occurs at low reverse voltage and the breakdown voltage is sharp. Where as a lightly doped diode has a higher 
breakdown voltage. 
The maximum reverse bias potential that can be applied before entering the zener region is called the Peak Inverse 
Voltage referred to as PIV rating or the Peak Reverse Voltage Rating (PRV rating). 
1.17. Varactor Diode: 

Varactor or varicap diodes are used mainly in radio frequency (RF) circuits to be able to provide a capacitance that 
can be varied by changing a voltage in an electronics circuit. This can be used for tuning circuits including radio 
frequency oscillators and filters. 
Although both names: varactor and varicap diode are used, they are both the same form of diode. The name varactor 
meaning variable reactor, or reactance, and varicap meaning variable capacitance (vari-cap). 
1.17.1. Applications of Varicap: 
Varactor diodes are widely used within RF circuits. They provide a method of varying the capacitance within a circuit 
by the application of a control voltage. This gives them an almost unique capability and as a result varactor diodes are 
widely used within the RF industry. Although varactor diodes or varicap diodes can be used many different circuits, 
they find uses in two main areas: 

 Voltage controlled oscillators, VCOs:   Voltage controlled oscillators are used in many different circuits. One 
major area is for the oscillator within phased locked loops. In turn these can be used as FM demodulators or 
within frequency synthesizers. The varactor diode is a key component within the voltage controlled oscillator. 

 RF filters:   Using varactor diodes makes it possible to tune filters. Tracking filters may be needed in receiver 
front end circuits where they enable the filters to track the incoming received signal frequency. Again this can 
be controlled using a control voltage. Typically this might be provided under microprocessor control via a 
digital to analogue converter. 

Figure.1.19.V-I Curve of zener  
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1.17.2. Working: The capacitance of the capacitor is dependent upon the area of the plates - the larger the area the 
greater the capacitance, and also the distance between them - the greater the distance the smaller the level of 
capacitance. 
A reverse biased diode has no current flowing between the P-type area and the N-type area. The N-type region and the 
P-type regions can conduct electricity, and can be considered to be the two plates and the region between them - the 
depletion region is the insulating dielectric. This is exactly the same as the capacitor above. 
As with any diode, if the reverse bias is changed so does the size of the depletion region. If the reverse voltage on the 
varactor or varicap diode is increased, the depletion region of the diode increases and if the reverse voltage on 
varactor diode is decreased the depletion region narrows. Therefore by changing the reverse bias on the diode it is 
possible to change the capacitance. 
 

 

 

 

 

The varactor diode or varicap diode is shown in circuit diagrams or schematics using a symbol that combines the 
diode and capacitor symbols. In this way it is obvious that it is being used as a variable capacitor rather than a 
rectifier. 
When operated in a circuit, it is necessary to ensure the varactor diode remains reverse biased. This means that the 
cathode will be positive with respect to the anode, i.e. the cathode of the varactor will be more positive than the anode. 
As a result, one can conclude that the capacitance of the varactor diode can be varied by varying the magnitude of the 
reverse bias voltage as it varies the width of the depletion region, d. Also it is evident from the capacitance equation 
that d is inversely proportional to C. This means that the junction capacitance of the varactor diode decreases with an 
increase in the depletion region width caused to due to an increase in the reverse bias voltage (VR), as shown by the 
graph in Figure below. Meanwhile it is important to note that although all the diodes exhibit the similar property, 
varactor diodes are specially manufactured to achieve the objective. In other words varactor diodes are manufactured 
with an intention to obtain a definite C-V curve which can be accomplished by controlling the level of doping during 
the process of manufacture. Depending on this, varactor diodes can be classified into two types viz., abrupt varactor 
diodes and hyper-abrupt varactor diodes, depending on whether the p-n junction diode is linearly or non-linearly 
doped (respectively). 
 
 
 
 
 
 
 

 

 

 

 

 

Figure.1.20. Characteristic curves of varactor diode 
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1.18. Tunnel Diode: 

A tunnel diode or Esaki diode is a type of semiconductor diode that is capable of very fast operation, well into the 
microwave frequency region, by using the quantum mechanical effect called "Tunneling".  
A tunnel diode is a high conductivity two terminal P-N Junction diode doped heavily about 1000 times higher than a 
conventional junction diode. Tunnel diodes are useful in many circuit applications in microwave amplification, 
microwave oscillation and binary memory.   
The tunnel diode exhibits a special characteristic know as negative resistance. This feature makes it useful in oscillator 
and microwave amplifier applications. Tunnel diodes are constructed with germanium or gallium arsenide by doping 
the p and n regions much more heavily than in a conventional rectifier diode. 
 
 
 
This heavy doping allows conduction for all reverse voltages so that there is no breakdown effect as with the 
conventional rectifier diode. 
Working of Tunnel Diode: 
When a small forward bias voltage is applied across a tunnel diode, it begins to conduct current. As the voltage is 
raised, the current increases and attains a peak value known as peak current. If the current is increased a little more, 
the current actually begins to decreases until it reaches a low point called the valley current. If the voltage is increased 
further yet, the current begins to increase again, the time without decreasing into another “valley”. The region on the 
graph where the current is decreasing while applied voltage is increasing is known as the region of the negative 
resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure.1.21. Characteristic curves of Tunnel diode 
 
1.18.1. Mechanics behind working: 
According to classical mechanics theory, a particle must have an energy at least equal to the the height of a potential-
energy barrier if it has to move from one side of the barrier to the other. In other words, energy has to be supplied 
from some external source so that the electrons on N side of junction climb over the junction barrier to reach the P-
side.  
However if the barrier is thin such as in tunnel diode, the Schrodinger equation (Quantum Mechanics) indicates that 
there is a large probability that an electron will penetrate through the barrier. This will happen without any loss of 
energy on the part of electron. This quantum mechanical behavior is referred to as tunneling and the high-impurity P-
N junction devices are called tunnel-diodes. The tunneling phenomenon is a majority carrier effect. 
1.18.2. Why tunneling?  
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It is that the reduced depletion layer can form result in carriers “punching through” the junction with the velocity of 
light even when they do not possess enough energy to overcome the potential barrier. The result is that large forward 
current is produced at relatively low forward voltage (less than 100mv) such a mechanism of conduction in which 
charge carriers (possessing very little energy) punch through a barrier directly instead of climbing over it is called 
tunneling. That’s why such diodes are known as tunnel diodes. Because of heavy doping the tunnel diode can conduct 
in reverse as well as in formed direction but it is usually used in forward biased mode.  
1.18.3. Reverse Bias  
In the tunnel diode, the dopant concentration in the p and n layers are increased to the point where the reverse 
breakdown voltage becomes zero and the diode conducts in the reverse direction.   
 
1.18.4. Applications of Tunnel Diode  
The tunnel diode showed great promise as an oscillator and high-frequency threshold (trigger) device since it would 
operate at frequencies far greater than the tetrode would, well into the microwave bands.  
Applications for tunnel diodes included local oscillators for UHF television tuners, trigger circuits in oscilloscopes, 
high speed counter circuits, and very fast-rise time pulse generator circuits.  
The tunnel diode can also be used as low-noise microwave amplifier. 
Tunnel diodes are also relatively resistant to nuclear radiation, as compared to other diodes. This makes them well 
suited to higher radiation environments, such as those found in space applications. 
 
1.19. PIN Diode: 
A PIN diode has heavily doped p & n regions separated by an intrinsic semiconductor. PIN diodes are usually 
fabricated using Silicon or Gallium Arsenide. When reverse biased, it acts like a constant capacitance and when 
forward biased it behaves like a variable resistor at Radio frequencies. The forward resistance of the intrinsic region 
decreases with increasing current. A PIN diode is actually a DC controlled high frequency resistor which will act as an 
open circuit if no DC bias is applied. As the forward resistance of a PIN diode can be changed by changing the 
forward bias, it can be used as a modulating device for an AC signal. It is widely used in microwave switching 
applications. Thus we see that a PIN diode acts like a current controlled resistor ie. as the current increases the radio 
frequency resistance decreases.  
 
 
 

Figure.1.22. Symbol of PIN diode 
PIN diode can behave as an open switch at low currents & as a closed switch at high currents PIN diode acts as a 
rectifier only at low frequencies. The frequency at which it starts behaving as a resistor depends on the thickness of 
the intrinsic region. One of the most important advantages of a PIN diode is that a very small DC control current can 
control a very large current at microwave frequencies. PIN diodes are widely used in Radio frequency, Ultra high 
frequency & micro wave circuits. PIN diodes can be used as switches, attenuators, phase shifters and modulators 
 
1.20. Schottky Diode: 
A Schottky barrier diode is a metal semiconductor junction formed by bringing metal in contact with a moderately 
doped n type semiconductor material. A Schottky barrier diode is also called as known as Schottky or hot carrier 
diode. It is named after its inventor Walter H. Schottky, barrier stands for the potential energy barrier for electrons at 
the junction. It is a unilateral device conducting currents in one direction (Conventional current flow from metal to 
semiconductor) and restricting in the other. 
 
1.20.1. Physical construction: 
A Schottky barrier diode is shown in the figure below 
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Figure.1.23. Schottky diode 

A metal semiconductor junction is formed at one end, it is a unilateral junction. Another metal semiconductor contact 
is formed at the other end. It is an ideal Ohmic bilateral contact with no potential existing between metal and 
semiconductor and is non rectifying. The built-in potential across the open circuited Schottky barrier diode 
characterizes the Schottky barrier diode. It is a function of temperature and doping. It decreases with increasing 
temperature and doping concentration in N type semiconductor. The typical metals used in the manufacture of 
Schottky barrier diode are platinum, chromium, tungsten Aluminium, gold etc.  and the semiconductor used is N type 
silicon is used. 
1.20.2. Symbol of Schottky Diode: 
A Schottky barrier diode is a two terminal device with metal terminal acting as anode and semiconductor terminal 
acting as anode. The circuit symbol of Schottky barrier diode is shown in the figure. 
 
 
 
 
VI characteristics of Schottky barrier diode: 
The VI characteristics of Schottky barrier diode is shown below 

 

 

 

 

 

 

 

 

 

 

 

Figure.1.24. V-I Characteristics of Schottky diode 
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From the VI characteristics it is obvious that the VI characteristics of Schottky barrier diode is similar to normal PN 
junction diode with the following exceptions 
The forward voltage drop of Schottky barrier diode is low compared to normal PN junction diode. The forward 
voltage drop of Schottky barrier diode made of silicon exhibits a forward voltage drop of 0.3 volts to o.5 volts. The 
forward voltage drop increases with the increasing doping concentration of n type semiconductor. The VI 
characteristics of Schottky barrier diode is Steeper compared to VI characteristics of normal PN junction diode due to 
high concentration of current carriers. 
 

1.21. Light Emitting Diodes LED: 

Light Emitting Diodes (LEDs) are the most widely used semiconductor diodes among all the different types of 
semiconductor diodes available today. Light emitting diodes emit either visible light or invisible infrared light when 
forward biased. The LEDs which emit invisible infrared light are used for remote controls.A light Emitting Diode 
(LED) is an optical semiconductor device that emits light when voltage is applied. In other words, LED is an optical 
semiconductor device that converts electrical energy into light energy. 
When Light Emitting Diode (LED) is forward biased, free electrons in the conduction band recombines with the holes 
in the valence band and releases energy in the form of light. The process of emitting light in response to the strong 
electric field or flow of electric current is called electroluminescence. 
A normal p-n junction diode allows electric current only in one direction. It allows electric current when forward 
biased and does not allow electric current when reverse biased. Thus, normal p-n junction diode operates only in 
forward bias condition. 
Like the normal p-n junction diodes, LEDs also operates only in forward bias condition. To create an LED, the n-type 
material should be connected to the negative terminal of the battery and p-type material should be connected to the 
positive terminal of the battery. In other words, the n-type material should be negatively charged and the p-type 
material should be positively charged. The construction of LED is similar to the normal p-n junction diode except that 
gallium, phosphorus and arsenic materials are used for construction instead of silicon or germanium materials. 
In normal p-n junction diodes, silicon is most widely used because it is less sensitive to the temperature. Also, it 
allows electric current efficiently without any damage. In some cases, germanium is used for constructing diodes. 
However, silicon or germanium diodes do not emit energy in the form of light. Instead, they emit energy in the form 
of heat. Thus, silicon or germanium is not used for constructing LEDs. 
 
1.21.1. How Light Emitting Diode (LED) works? 
Light Emitting Diode (LED) works only in forward bias condition. When Light Emitting Diode (LED) is forward 
biased, the free electrons from n-side and the holes from p-side are pushed towards the junction. 
When free electrons reach the junction or depletion region, some of the free electrons recombine with the holes in the 
positive ions. We know that positive ions have less number of electrons than protons. Therefore, they are ready to 
accept electrons. Thus, free electrons recombine with holes in the depletion region. In the similar way, holes from p-
side recombine with electrons in the depletion region. 
Because of the recombination of free electrons and holes in the depletion region, the width of depletion region 
decreases. As a result, more charge carriers will cross the p-n junction.Some of the charge carriers from p-side and n-
side will cross the p-n junction before they recombine in the depletion region. For example, some free electrons from 
n-type semiconductor cross the p-n junction and recombines with holes in p-type semiconductor. In the similar way, 
holes from p-type semiconductor cross the p-n junction and recombines with free electrons in the n-type 
semiconductor. Thus, recombination takes place in depletion region as well as in p-type and n-type semiconductor.  
The free electrons in the conduction band releases energy in the form of light before they recombine with holes in the 
valence band.In silicon and germanium diodes, most of the energy is released in the form of heat and emitted light is 
too small.However, in materials like gallium arsenide and gallium phosphide the emitted photons have sufficient 
energy to produce intense visible light. 
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Figure.1.25.LED circuit 

 
Light emitting diode (LED) symbol: 
 
 
 
The symbol of LED is similar to the normal p-n junction diode except that it contains arrows pointing away from the 
diode indicating that light is being emitted by the diode. 
LEDs are available in different colors. The most common colors of LEDs are orange, yellow, green and red. 
The schematic symbol of LED does not represent the color of light. The schematic symbol is same for all colors of 
LEDs. Hence, it is not possible to identify the color of LED by seeing its symbol. 
 
1.21.2. Biasing of LED: 
 
 

 

 

 

 
 
The safe forward voltage ratings of most LEDs are from 1V to 3 V and forward current ratings is from 200 mA to 100 
mA. If the voltage applied to LED is in between 1V to 3V, LED works perfectly because the current flow for the 
applied voltage is in the operating range. However, if the voltage applied to LED is increased to a value greater than 3 
volts. The depletion region in the LED breaks down and the electric current suddenly rises. This sudden rise in current 
may destroy the device. To avoid this we need to place a resistor (Rs) in series with the LED. The resistor (Rs ) must 
be placed in between voltage source (Vs) and LED. 
The resistor placed between LED and voltage source is called current limiting resistor. This resistor restricts extra 
current which may destroy the LED. Thus, current limiting resistor protects LED from damage. The current flowing 
through the LED is mathematically written as 
Forward current in LED is 
           Where, If = Vs − Vd /Rs 
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                        If = Forward current 
                       Vs = Source voltage or supply voltage 
                       Vd = Voltage drop across LED 
                        Rs = Resistor or current limiting resistor 
Voltage drop is the amount of voltage wasted to overcome the depletion region barrier (which leads to electric current 
flow). The voltage drop of LED is 2 to 3V whereas silicon or germanium diode is 0.3 or 0.7 V. Therefore, to operate 
LED we need to apply greater voltage than silicon or germanium diodes. Light emitting diodes consume more energy 
than silicon or germanium diodes to operate. 
 
1.22. Photo Diode: 
Photo means light and diode means a device consisting of two electrodes. A photo diode is a light sensitive electronic 
device capable of converting light into a voltage or current signal. It works on the principle of photo generation. 
Symbol of Photo diode 
 
 
 
Photo diode has two terminals anode and cathode with the arrows indicating that the light rays falling on photo diode 
reflecting its significance as a photo detector. 
 
1.22.1. Types of photo diodes 
There are mainly three types of photo diodes 
 PN junction photo diode 
 Avalanche photo diode 

 PIN photo diode 
Normal PN junction photo diode is used in low frequency and low sensitive applications. When high frequency of 
operation and high sensitivity is needed avalanche photo diode or PIN photo diodes are used. 
 
1.22.2. Physical Structure of photo diode 
A normal PN junction photo diode is made by sandwiching a P type semiconductor into N type semiconductor. All the 
sides of PN junction diode is enclosed in metallic case or painted black except for one side on which radiation is 
allowed to fall. 
 
1.22.3. Modes of operation of Photo diode 
A photo sensitive diode can be operated mainly in two modes 

 Photo conductive mode 
 Photo voltaic mode 
The photo diodes used as photo detectors are optimized (in the physical construction of the device itself) to have fast 
response times whereas the photo diodes used in electrical energy generation are optimized to have high efficiency of 
energy conversion. The photo detectors are operated in photo conductive mode. Solar cells are operated in Photo 
voltaic mode. 
 
1.22.4. Principle of operation 
When a PN junction is illuminated with light, it ionizes covalent bonds and new hole, electron pairs are generated in 
excess of thermally generated pairs. If the photo generation occurs at a distance of the diffusion length order or less 
depletion layer the photo generated electron hole pairs are swept across by the applied reverse bias field. This mode of 
operation of photo diode is called photo conductive mode. The photo current varies almost linearly with incident light 
flux or optical power. The mode of operation of photo diode is called photo conductive diode. 
 
1.22.5. V-I characteristics of photo diode 
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A photo diode is always operated in reverse bias mode. From the photo diode characteristics it is seen clearly that the 
photo current is almost independent of applied reverse bias voltage. For zero luminance the photo current is almost 
zero except for small dark current. It is of the order of nano amperes. As optical power increases the photo current 
also increases linearly. The maximum photo current is limited by the power dissipation of the photo diode. 
 

1.22.6. Applications of photo diodes: 

Photo diodes are used as photo detectors 

Photo diodes are used in providing electric isolation using a special circuitry called as Opto-couplers. Opto-coupler is 

an electronic component which is used in coupling optically the two isolated circuits by using light. The two circuits 

are optically coupled but electrically isolated. It is a combination of light emitting diode and photo diode (or) 

avalanche diode (or) photo transistor. Opto-couplers are faster than the conventional devices. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure.1.26. The V-I characteristics of a photo diode 
1.23. Switching characteristics of diode: 
When  diode  is  switched  from  forward  biased  to  the  reverse  biased  state  or vice versa, it takes finite time to 
attain a steady state. 
This  time  consists  of  a  transient  and  an  interval  of  time  before  the  diode attains  a  steady  state.  The behavior 
of the diode during this time is called switching characteristics of the diode. In  the forward-bias state, there are a large 
number of electrons from the n side  diffusing  into  p  side  and  a  large  number  of  holes  diffusing  into  n  side 
from  p  side.  This diffusion process establishes a large number of minority carriers in each material. 
When forward biased, let n is concentration of electrons on p side at thermal equilibrium and p is concentration of 
holes on n side thermal equilibrium. This is concentration level far away from the junction. It  increases  towards  the  
junction  and  becomes  n  and  Pn  on  p  and  n  side respectively in steady state. These minority charge carriers are 
supplied from other side of the junction, where those carriers are majority in number. 
When  the  diode  is  reverse  biased,  again  far  from  the  junction  the  minority charge concentration is n on p side 
and Pno on n side. In reverse biased condition, as they approach the junction, they quickly cross the junction. Hence  
minority  carrier  concentration  decreases  to  zero  at  the junction in steady state.  
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Figure.1.27. Carrier profile for switching in diode 
Now when  a  forward  biased  diode is  suddenly reverse  biased, it  takes  finite time  to  change  the  minority  
charge  carrier  concentration  and  to  attain  new steady state value. The   diode   cannot   attain   steady   state   till   
the   minority   charge   carrier concentration changes from that corresponding to the forward biased to that 
corresponding to the reverse biased. Till the excess charge carrier concentration pn-pno and np-npo reduces to zero, 
the diode continues to conduct. This current is decided by the current limiting external resistance connected in the 
circuit. Hence in switching applications, the time required by the diode to attain new steady state, plays an important 
role. 
1.23.1.Diode switching time: In AC applications, when diode is instantaneously switched from a conduction state  to 
a non conduction state it needs some time to return to non conduction state and behaves short circuited for a little time 
period in reverse direction.  This occurs because when the diode biasing is suddenly changed, the majority charge 
carriers migrated to other region is the minority charge carriers in the region. Specifically, holes are the minority 
carriers migrated from p-type to n-type in reverse bias. . These holes require some time to return back to state of non 
conduction which is called as the ‘Reverse recovery time’. Reverse recovery time is the sum of storage time and the 
transition time. 
·         Storage time: The time period for which diode remains in conduction state even in the reverse direction. 
·         Transition time: The time elapsed in returning back to state of non conduction. 
It is desirable those diodes has minimum switching or reverse recovery time trr. Switching time of diodes is of the 
order of few nanoseconds to 1 microsecond. Now fast switching diodes with switching time up to few picoseconds are 
also available.   

 
Figure.1.28. Characteristics of diode witching time 
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Identification of diode:  
 
A diode is marked with a bar which indicates the cathode terminal of a diode which is as shown in the figure below: 

 
Solar Cell: 
A solar cell consists of a layer of p-type silicon placed next to a layer of n-type silicon (Fig. 1). In the n-type layer, 
there is an excess of electrons, and in the p-type layer, there is an excess of positively charged holes (which are 
vacancies due to the lack of valence electrons). Near the junction of the two layers, the electrons on one side of the 
junction (n-type layer) move into the holes on the other side of the junction (p-type layer). This creates an area around 
the junction, called the depletion zone, in which the electrons fill the holes  
When all the holes are filled with electrons in the depletion zone, the p-type side of the depletion zone (where holes 
were initially present) now contains negatively charged ions, and the n-type side of the depletion zone (where 
electrons were present) now contains positively charged ions. The presence of these oppositely charged ions creates 
an internal electric field that prevents electrons in the n-type layer to fill holes in the p-type layer. 
When sunlight strikes a solar cell, electrons in the silicon are ejected, which results in the formation of “holes”—the 
vacancies left behind by the escaping electrons. If this happens in the electric field, the field will move electrons to the 
n-type layer and holes to the p-type layer. If you connect the n-type and p-type layers with a metallic wire, the 
electrons will travel from the n-type layer to the p-type layer by crossing the depletion zone and then go through the 
external wire back of the n-type layer, creating a flow of electricity. 
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