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Preface
 This text, Electronic Devices and Circuits is primarily written according to the syllabus

of B.Sc. Electronics II- semester for all Universities of Andhra Pradesh (as per CBCS
scheme). The subject matter has been woven in such a systematic manner that the
students/readers may easily understand the basic concepts of the Electronic Circuits. The
problems discussed in this book will help in designing the Electronic circuits.

To check the knowledge and understanding of the subject, a large number of concept type
of exercises have been placed at the end of each chapter. A large number of questions of the
types- true/false, fill in the blanks, multi choice, short answer are given at the end of each
chapter. The problems and long answer type of questions based on the subject discussed in
the chapter are also given for practice purposes at the end of the respective chapters.

The whole matter has been divided in seven chapters. The first chapter deals with the
Introduction to Semiconductors, where the intrinsic and extrinsic semiconductors, Fermi
levels are given special attention. The second chapter contains the theory and functions of p-
n junction, its biasing, p-n junction diode, its characteristics, Zener and avalanche, Zener
diode, voltage regulations, microwave semiconductor diodes – varactor and tunnel diodes.
The bipolar junction transistors along with their configurations and characteristics, four
terminal networks with emphasis on hybrid parameters are given in chapter three.

The fourth chapter treats the transistor biasing and transistor amplifiers. The various
topics such as load line, bias stabilization, methods of biasing, common emitter amplifiers,
frequency response of RC- coupled common emitter amplifiers, BJT as a switch are given a
proper place. The fifth chapter deals with the Field Effect Transistors (FETs and MOSFETs),
their characteristics and uses as amplifier. Uni-junction Transistors and their use as a
relaxation oscillator are also discussed in detail in this chapter.

 The sixth chapter consists of the Photo Electric Devices, such as LDRs, Photo voltaic cell,
Photo diode, Photo transistor, LEDs, LCDs, and their comparison with LEDs and CRTs. The
most important equipment used in every electronics lab, the Power Supplies are given in
detail in the seventh chapter. The rectifiers, filter circuits and various methods (linear, IC,
switching) of voltage regulations have been discussed in detail. The theory and working of
the switch mode power supply (SMPS) is given at the end.

 We would like to thank M/s Himalaya Publishing House Pvt. Ltd., for their keen interest
in bringing out this separate text for Andhra State UG students of Electronics. M/s Times
Printographics deserve our appreciations for the nice type setting.

Any suggestions, criticisms for the betterment of the subject matter will be deeply
appreciated and incorporated with acknowledgement in the future editions.

Greater Noida Dr. D.C. TAYAL
11th, November, 2015 PRAVEEN TAYAL
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1 Introduction to Semiconductors

1.1. BAND THEORY OF SOLIDS

Bohr, in his atomic model described the electronic structure of a single atom, unaffected
by the proximity of any others. The energy state of the each electron was shown by an energy
level diagram, which is an one dimensional scale of energy, usually measured in eV. The
electrons tend to move downward on the scale so as to be in the lowest possible energy state.
When the atoms come closer to form solids, the forces surrounding an atom have an
important effect upon its neighbours. In the practical case the crystal containing about 1019

atoms, all of which interact. It is the combination of this enormous number of atoms and
fixed set of electronic states associated with each atom that gives rise to energy bands. It is
due to the energy level splitting.

The electron configurations of silicon and germanium atoms, used for the manufacture of
solid-state devices are :

Silicon, symbol Si, atomic number Z = 14, 1S2, 2S2 2P6, 3S2 3P2

Germanium, symbol Ge, atomic number  32, 1S2, 2S2 2P6, 3S2 3P63D10, 4S2 4P2.
The distributions of electrons show that the partially filled shell has four electrons in

both these cases, these materials are thus called tetravalent materials and are placed in the
fourth group of the periodic table. The last partially filled shell is called valence shell.

The energy-level diagram of two identical germanium type atoms in close proximity is
shown  in  Fig. 1.1.  The  actual  number  of  states  in  each  atom does not change, but shifts
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Fig. 1.1. Energy level diagram of two identical atoms in close proxity.
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slightly in energy. The outermost electrons share the two highest levels, known as valence
levels or valence electron levels. The levels above the valence levels are normally empty and
called excitation levels. The electron can jump to excitation levels, if gained sufficient energy
by absorbing a photon or phonon. The zero energy level is called ionization level.

The joining of atoms to form molecule does not alter the total number of quantum states
with a particular quantum number. Thus a crystal consisting of a large number of atoms
may be thought of as an infinitely large molecule and the total number of quantum states of
one kind that it contains is equal to the total number of atoms in the crystal. In a matter of
about 1 mg, there are ~1019 energy levels and the spacing between them  are  of  the  order of
10–19 eV. We call this group of levels as an allowed band, as no experiment can provide any
significance to the spacing between levels. The width of an allowed band does not increase
with the number of atoms. The increase in number only reduces the spacing between the
levels.

The phenomenon of energy splitting is very much like the frequencies of two tuned
circuits. The two identical tuned-circuits,  when  coupled  together  influence  each other and
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Fig. 1.2.  Identical Two tuned circuits.

they resonate at slightly altered frequency.  The
amount of spreading of the energy levels in atoms
depends upon the closeness of atoms, similar to the
frequency shift with the coupling K  in tuned
circuits which increases as the coupling K
increases. For large number of identical resonant
LC-circuits, the amplitude v/s frequency curve
reveals a series of resonance peaks at close but
different frequencies with the number of peaks
equal to the number of circuits.

The potential energy as a function of distance
along a line of eight evenly spaced hydrogen atoms
is shown in Fig. 1.3. The energies for all the
possible 1S and  2S  wave  functions  are  presented

R

V(r)
0 r

Fig. 1.3. Potential energy as a function of distance along a line of eight evenly spaced hydrogen atoms.

in Fig. 1.4 as functions of the interatomic spacing R. Eight energy levels are present where
only one 1S level occurred in an individual atom. Actually there are sixteen  quantum  states
in the 1S group for the array of eight atoms. Pairs of these wave functions differ only in spin,
two quantum states for s  = + 1/2 and s = – 1/2. This makes a very small difference in energy.
Therefore the sixteen states appear to be as eight energy levels.

If N atoms are brought together with eight possible n = 2 states in each atom, there are
exactly 8N states, even though the energies of the states may be altered considerably.
Similarly solid of N-atoms with n = 2 and l = 0 has 2N of the 2S-states.
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The one dimensional energy level diagram, the energy v/s atomic spacing for a
hypothetical substance of N-atoms is shown in Fig. 1.5. It shows that the highest energy
levels split first. It is due to the fact that they come under the influence of neighbouring
atoms most readily as the atoms come closer. The inner levels are successively affected. The
band structure for the crystal for the particular lattice spacing R0 is shown in Fig. 1.5.

The group of states containing the valence electrons of the atomic solid is called valence
band. There is an energy gap just above the valence band, which is called forbidden energy
band or forbidden energy gap, as no electron can exist with these energies. The band of
allowed energies (called allowed band) above the forbidden gap is called conduction band. It
corresponds to the first excited states or allowed energies and is normally almost empty. The
electrical properties of the solids are determined by the valence band, energy gap and
conduction band, similar to the chemical properties of atoms determined by the valence
electrons.
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Fig. 1.5. Energy levels for a hypothetical substance.

1.2. BONDS AND BANDS
Each atom of silicon or of a diamond structure element has four nearest neighbours.

Each atom has four outer-shell electrons. By sharing each of these electrons with one of the
nearest neighbours and by sharing equally one electron belonging to each of its nearest
neighbours, a given atom can achieve the magic eight complement of electrons in its vicinity.
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Fig. 1.6(a) represents electrons by the  sticks.  Each  stick  represents  a  shared  electron

Si Si Si

Si Si Si

Si Si Si

EG

Upper (conduction)Upper (conduction)Upper (conduction)
bandbandband

Lower (valence)Lower (valence)Lower (valence)
bandbandband

E

(a) Covalent bonds in Si-crystal (b) Energy bands in Si-crystal

Fig. 1.6. Bonds and Bands in a crystal.

bond, also known as covalent
bond. Such a bond is extremely
stable, accounting for certain
physical properties of the solid. In
organic chemistry a single stick is
used to represent two sharing
electrons. It is possible to break a
covalent bond or to separate one
of the electrons from the other.
An entire crystal of N atoms
would  have  4N  electrons  which
are  intact  by covalent bonds at a

low temperature.  These  4N   electrons  are  those  that  under  the  same conditions
precisely fill the lower band. The band thus filled with electrons that are incorporated into
covalent bonds is also called valence band.

At room temperature the vibrations may take place in silicon atoms due to thermal
energy. There is a small but finite probability that enough thermal energy may eject one of
the electrons from some of the covalent bonds. In pure silicon at room temperature, one in a
trillion will be broken in this manner. The electron thus ejected appears in the upper band.
It can respond to an electric field, thus contributing to conduction. It is due to this reason
that the upper band is also called conduction band. The minimum energy required to break a
covalent bond is called the binding energy. For an electron in a covalent bond it is
approximately equal to the band edge spacing, the band gap energy or forbidden energy gap.

1.3. CLASSIFICATION OF MATERIALS
The materials are classified as conductor, insulator and semi-conductor. In the

conductors, at 0°K all electrons lie in their lowest energy levels, represented by filled levels
of valance energy band. The higher unfilled levels, represented as conduction band are just
above the valence band. The forbidden energy gap between the valance and conduction
bands is zero. In a metal, the valence and conduction bands overlap each other. Without
supplying any external energy, a large number of valance band electrons become the number
of conduction band electrons and move freely inside the conduction band even at a room
temperature. On account of this reason, metals such as Cu, Ag, Au act as very good
conductors.

In an insulator, there is a wide energy gap between the valence and conduction bands,
i.e., the forbidden energy gap is very very large, generally 6 eV or more. Due to this large gap
of energy no electron can cross the gap and go from valance band to conduction band at a
room temperature. Insulators practically have no free electrons to act as charge carriers and
thus their conductivity is very low. Non-metallic solids such as glass, mica and porcelain are
the insulators. The conductivity of the insulator may increase if it is heated to a very high
temperature to provide enough energy to the electrons to cross the forbidden energy gap.
This is called breakdown of the insulators, it is different for different insulator materials.

Here we see that for the metallic conductors the conductivity is greatest at low
temperatures and on the other hand for the insulators the conductivity is extremely low.
Between these extremes, there is a group of substances, called semiconductors, which have
conductivity at the middle of the range on log-scale. A semiconductor is a material with a
filled valance band and an empty conduction band at 0°K, but with an energy gap between
the bands small enough (~ 1 eV) so that thermal excitation may provide sufficient energy to
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cross this energy gap. More and more valence electrons cross the forbidden gap and reach to
conduction band as the temperature increases. Hence the conductivity increases with the
temperature or the resistivity decreases consequently. This shows the negative temperature
coefficient of resistance of semiconductors. There are many semiconducting crystals. The
crystal materials of group IV are semiconductors. The energy gap decreases with atomic
number, for C (diamond) it is 5.3 eV, for Si 1.12 eV, for Ge 0.72 eV and for gray tin 0.01 eV.
Many semi-conductors are binary chemical compounds. Some are composed of one element
from III group and one from the V-group, the examples are InAs, In Sb, GaAs and GaP.

First element of IV group is C, which has a large band gap and mainly used in the
production of resistors. The semiconductors usually used in solid state devices are Si and Ge.
Silicon has a wider forbidden band gap energy (1.12 eV) compared with germanium (0.72 eV).
On account of lower value of EG, germanium produces more number of electrons in its
conduction band at the same temperature. Hence the leakage current is more in germanium
than that in silicon. Because of this reason, germanium devices are limited to low
temperature and the silicon devices are widely used as they may work to comparatively
higher temperatures with stable operation. The fourth element of this group, gray tin is not a
semiconductor. It acts as semi-metal having a very small forbidden band gap energy.

Table 1.1. The comparison of  metals, Insulators and semiconductors

S.N. Parameter Conductor (Metals) Insulator Semiconductor

1 Conductivity (σ) Very high Very low Moderate
2. Resistivity (ρ) Very low Very high Moderate
3. Forbidden gap (EG) Zero (No gap) � 6 eV ~ 1 eV
4. Temperature coefficient

of resistance (α)
Positive Negative Negative

5. Number of electrons in
the conduction band

Very large Extremely small Very small

6. Examples Al, Cu, Ag, Au Glass, mica, clay Silicon, Germanium, com-
pounds of III & V groups

7. Applications As conductors, wires Capacitor, insulation of wire Semiconductor devices

Germanium was mainly used for most of the early solid-state devices. Now-a-days it has
been replaced by silicon in most of the applications as it has better thermal stability, is
readily available and has an advanced technology. But its stability is the primary reason
that silicon is considered the number one semi-conductor material used in manufacturing
diodes, transistors and ICs.

The relative spacing between the valance band and the conduction band for the
conductor, insulator and semi-conductor materials are shown in Fig. 1.7.

FilledFilledFilled
Valence bandValence bandValence band

Empty
Conduction band

FilledFilledFilled
Valence bandValence bandValence band

Empty
Conduction band

EG (large) EG (small)

Conductor Metal Insulator Semiconductor

ValenceValenceValence
bandbandband

ConductionConductionConduction
bandbandband

ValenceValenceValence
bandbandband

ConductionConductionConduction
bandbandband

Fig. 1.7. Energy bands in a conductor, a metal, an insulator and a semiconductor.

The semiconductors are mainly of two types : (i) intrinsic, pure or natural
semiconductors and (ii) Extrinsic, impure or artificial semiconductors.



6 ELECTRONIC DEVICES AND CIRCUITS

1.4. INTRINSIC SEMICONDUCTORS

The intrinsic semiconductors are basically of two types : elemental and compound. Silicon
and germanium are intrinsic elemental semiconductors. Their crystals have cubic lattice
structure similar to diamond. They are tetravalent (member of fourth group of periodic table)
and consist of 14 and 32 electrons respectively. The outermost shell of each one is complete
and consists of 4 electrons, called the valence electrons. In the crystal lattice, as shown in
Fig. 1.8, each of germanium or silicon is bound to its four nearest neighbours by sharing four
of its valance electrons by four covalent bonds. Each of the bond consists two valance
electrons, one from each atom. Thus each atom is surrounded by a complete and stable shell
of eight electrons. Due to this configuration, there is no free electron available at absolute
zero for conduction and the semi-conductor behaves as an insulator.

Ge GeGe

Ge

GeElectron
Covalent bond

Fig. 1.8. Structure of germanium crystal.

At the room temperature, the
electrons are given thermal energy
which increases the kinetic energy of
the electrons. Due to this reason few of
the covalent bonds break and electrons
become free. As soon as electron leaves
the covalent bond an electron vacancy is
created in the covalent bond. This
empty space left behind by the electron
in the crystal structure is commonly
known as hole. Thus electron-hole pair
is produced, the number will increase
with the increase in temperature. Both
electron and the hole take part in the
electrical conduction, as the hole acts as

a particle carrying positive charge (equal to the electronic charge). However, a hole is not a
proton, but is a vacancy created in the covalent  bond of a semiconductor, while the proton is
a stable charge in the nucleus that is not free to move.

The hole motion really involves valance electron motion. Under the effect of thermal
agitation the electron from the nearby bond may fill up a hole and in turn leaves a new hole
in the position previously occupied by that electron.  In this way the hole is not destroyed but
its location is shifted. As clear from the Fig.
1.9, by ejecting an electron from atom C, the
hole is created there. Another electron from
atom B reaches to fill it and a new hole is
created at B , which is filled by another
electron from atom A , leaving hole at A.
Thus the hole moves in the direction
opposite to that of the valence electron.

electron

A

hole

electron

B

hole

electron

C

Fig. 1.9. Movement of electron and hole.

The hole in a sense is an artificial charged particle. To understand it, think about a
bubble in a glass of liquid. It has a shape and size. It also has a velocity and acceleration if it
is free. The bubble moves in the gravitational field in the direction opposite to the
corresponding liquid motion and hence exhibits an opposite or negative mass. Analogous to it
the hole moves in an electric field in a direction opposite to that of the corresponding electron
motion. Shockley offered a classical analogy. He likened the band structure of silicon to a two
level garage. When the lower level is parked full and the upper level is empty, no traffic is
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possible on either level. But the traffic becomes possible on both levels if one or more vehicles
are moved from the lower to the upper level.   

Thus we see that in the semiconductors, there are two charge carriers, negative charge
carriers (electrons) and positive charge carriers (holes). The currents in the semiconductor
crystal are thus called electron current and hole current corresponding to these carriers. The
flow of these carriers is due to two mechanisms. One called diffusion, which occurs when
there is a difference in the concentrations of similar carriers in adjacent regions of the
crystal. The other called drift, which occurs when there is a potential difference between two
surfaces of the crystal.

The electron and hole are created as a pair and the phenomenon is called pair
generation. There also exists a reverse process known as recombination in which both the
electron and hole disappear as a pair.

When a free electron encounters a hole it re-establishes the broken covalent bond, the
excess of energy is released in the form of photon or electromagnetic radiation (heat or light).
This released energy may further break another covalent bond and thus create new electron-
hole pairs. Any photon from the visible portion of the spectrum is capable of producing
electron-hole pairs. In silicon the cut off wavelength, beyond which photons have less than
the required 1.12 eV energy, falls in the near infrared (~ 1 µm). It is to be noted that not all
the free electrons and holes in the crystal contribute to current flow, there is a possibility of
recombination of these charge carriers, which depend on their densities.

When a sufficient thermal energy (the band gap energy EG) is absorbed by the electrons
occupying states at the top of valance band, it is possible to transfer energy to the empty
states of the conduction band. Such electrons contribute to electrical conductivity and the
crystal is called intrinsic semiconductor. Thus we see that electron-hole pairs are generated
by heat or light energy in such semi-conductors.

1.5. FERMI LEVELS IN AN INTRINSIC SEMICONDUCTOR

Since the crystal must be electrically neutral,
therefore the number of electrons/volume must be
equal to density of holes states, i.e.

ni = pi  or   NC      e
E E kTC F− −( )/ = NV    e

E E kTF V− −( )/

Taking the logarithm of both sides, we get
EC + EV – 2EF

kT = loge 
NC

NV

∴ EF = 
EC + EV

2  – 
kT
2  loge 

NC

NV
 · …(1)

In terms of effective mass, the Fermi level is
given by

1.0P(E)0

0.5

E

Fermi level   Eg

EC

EF

Valence bandValence bandValence band

Conduction bandConduction bandConduction band

EV

Fig. 1.10. Fermi level in intrinsic semiconductor.

EF = 
EC + EV

2  – 
3kT

4  loge (me

mh
)*

…(2)

Hence the Fermi level of an intrinsic semiconductor generally lies very close to the
middle of the band gap. Since the effective masses of a hole and a free electron are very close
and therefore be assumed equal. Hence NC � NV and we have

EF = 12 (EC + EV), …(3)

i.e., the Fermi energy (or level) lies half way between the top of valence band and the
bottom of the conduction band in an intrinsic semiconductor, as shown in Fig. 1.10. To have
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the Fermi level fall elsewhere would mean that the number of electrons in the conduction
band would be different from the number of holes in the valance band. This will cause an
abnormal situation as an intrinsic semiconductor has equal number of electrons and holes
which have equal and opposite charges.

1.6. SEMICONDUCTOR DOPING (EXTRINSIC SEMICONDUCTORS)

At normal temperature the intrinsic conductivity of a pure semiconductor is very small
and is of little importance. The conductivity of the intrinsic (pure or natural) semiconductors
can be increased by introducing/encorporating a very small percentage of selected impurities
in the host crystals (G e  or Si). The intentional introduction of impurities into
germanium/silicon type of semiconductor to increase either the number of free electrons or
holes is termed doping and the impurity is called dopant. The resulting material is known as
impurity or extrinsic semiconductor. A very small amount nearly one atom of impurity in 1
million atoms of pure semiconductor changes the concentration of holes and electrons to a
large extent. At this low density, the impurity atoms can be regarded as distantly spaced
from one another (by 100 atoms spacing on the average). These impurities are either of fifth
group [phosphorus P, arsenic As or antimony Sb] or of third group [boron B, aluminium Al,
gallium Ga or indium In]. The impurity atom replaces the silicon (or germanium) atom as
both have size of the same order. In extrinsic semiconductors, the impurity atoms reduce the
energy gap Eg.

[A] Pentavalent Impurity (donor atom) : If the impurity atom is pentavalent (V
group element of the periodic table), having five valence electrons, out of the five, only four
valence electrons of the impurity atom combine with the four nearest silicon or germanium
atoms by covalent bonds. The remaining fifth electron remains loosely bound with the parent
impurity. Only a very small amount of energy is sufficient to excite this electron. This
liberated electron is free to move in the crystal lattice and thus works as conduction electron.
As each impurity atom contributes or donates one free electron, hence it is called donor atom
[Fig. 1.11(a)]. The semi-conductor with donor impurity is known as donor type
semiconductor. As impurity charge carriers are electrons (negatively charged), therefore the
name n-type semi-conductor is also used for it.

Si Si

Si

Si

Excess
electron

Donor Atom
(phosphorus)

PPP
P

Si Si

Si

Si

Hole

Acceptor
Atom (Boron)

BBB
B

(a) (b)

Fig. 1.11. Structure of silicon crystal : (a) donor or n-type, (b) acceptor or p-type.

Donor Doping and Hydrogen model of a Donor State
The most common dopant is phosphorus in silicon. When a phosphorus atom is

introduced substitutionally into a silicon crystal, its four outer shell electrons complete the
covalent bonds with its nearest neighbours (the silicon atoms). The remaining fifth electron,
which has no room in the covalent structure, may be bound to the phosphorous atom by the
Coulomb force associated with its negative charge and  the  extra  positive  charge  (from  the
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silicon  point  of view)  located on the
phosphorus nucleus. This arrangement
may act as a hydrogen atom. The Bohr’s
model can be applied. The important
difference between the phosphorus atom
in silicon crystal and the hydrogen atom
is that the positive and negative charges
are immersed in silicon in the former
case while in free space in the latter
case. Because silicon is a dielectric
material (k = 11.7), the Coulomb force
between the pair of charges at a given
point is about (1/12)th of that in free
space. The hydrogen model of a donor
impurity in silicon is shown in Fig. 1.12.

Phosphorous atomPhosphorous atomPhosphorous atom

Silicon atomsSilicon atomsSilicon atoms

ElectronElectronElectron

Fig. 1.12. The hydrogen model of a donor impurity
(phosphorus) in silicon.

The ionization energy expression has permittivity squared in the denominator and the
ionization energy for hydrogen is 13.6 eV, therefore the ionization energy for the electron in
the phosphorus atom immersed in silicon will be 13.6 eV/(11.7)2 = 0.099 eV. Thus we see that
the ionization energy is so small that thermal energy in the silicon crystal at room
temperature  is  sufficient  to  dislodge  almost  all  of   the   fifth   electrons,   which   become
conduction electrons, free to move about the entire silicon crystal. Because of the high
probability of transfer (donation) of electron to the conduction band, the phosphorus is called
donor atom. Since the electron escaping from a donor atom becomes a conduction electron,
therefore the energy level for the donor atom is just below the conduction band, as shown in
Fig. 1.13(b).

The experimentally determined ionization energies are found approximately half the
value calculated above. The experimental value of ionization energy is 0.01 e V for
germanium with arsenic impurity and is 0.054 eV for silicon with phosphorus impurity. This
value is very very small in comparison to the energy required to break a covalent band
(which is 0.72 eV for Ge and 1.12 eV for Si). For a uniform doping, the phosphorus doping
density is one part per million, i.e., ND  = Na/106 = atomic density of silicon/106 = 5 ×
1022/cm3/106 = 5 × 1016/cm3. Assuming the silicon crystal as of simple cubic structure, the
lattice constant a0 = 1/Na

1/3 = 1/(5 × 1022/cm3)1/3 = 1.71 Å. Thus, the number of simple cubic
atom spacings or lattice constants a0 that lie between phosphorus (donor) atoms along a cube
edge can be found as

(Na/ND)1/3 = (5 × 1022/5 × 1016)1/3 = 100

or the separation of two phosphorus atoms along a cube edge is 100 times the lattice
constant a0. This relatively large spacing is significant. As the hydrogen model of a donor is
based upon the properties of an isolated hydrogen atom, phosphorus atoms must be spaced
sufficiently in the silicon crystal to function independently and must not interact.

The guarantee that the phosphorus atoms do not interact holds quite well upto the
doping densities 5 ×××× 1018 or 1019/cm3.

Since, most of the donor impurities donate an electron to the conduction band, therefore
the electron density in a uniformly donor doped specimen is given by

n � ND. …(4)
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[B] Trivalent Impurity (acceptor atom) : If the impurity atom is trivalent, having
three valence electrons, which form covalent bonds with the three neighbouring silicon
atoms, there is a lack of one electron to complete covalent bonds between this impurity atom
and surrounding four atoms of silicon. This lack of electron is known as hole. When the
impurity atom captures or accepts one electron from a neighbouring silicon atom, a hole is
created in that atom. Thus hole moves from one atom to another with in the crystal lattice
due to thermal effects. The holes act as mobile positive charge carriers. As each impurity atom
accepts one electron from a neighbouring silicon atom, hence it is known as acceptor type
semiconductor. As charge carriers are holes (positively charged), hence the semi-conductor is
also named as p-type semiconductor, Fig. 1.14(b).

Acceptor Doping and Hydrogen model of an Acceptor State
The boron (the element of III group of periodic table) is the most common doping element

in silicon applications. When a boron atom is placed substitutionally in the silicon crystal, its
three outer shell electrons enter covalent bonds. There is a probability close to unity that an
electron from elsewhere will come to complete a fourth covalent bond, resulting hole, which
can continue to move through the crystal. Since the boron atom accepts a nearby electron,
and is thus termed as acceptor impurity and the doping as acceptor doping.

The substitutional boron atom in a silicon acts as a negative boron ion. When a hole
comes into the vicinity of the boron ion, there is a small but finite probability (~2%) that the
hole will go into orbit about the negative charge centre that is locked in place in the silicon
crystal. This is the hydrogen model of an acceptor state, parallel to the donor model but with
signs reversed. When the hole falls up in analogy to a bubble on an energy diagram, there is
a small probability that the hole from the valence band will occupy the acceptor state. The
hole may be excited down to the valence band leaving the acceptor atom ionized.

The ionization energy of boron is the same as that for phosphorus with in about 2%,
which further strengthens the hydrogen model. The 100% ionization approximation gives a
parallel approximate relation for the hole density as

p � NA. …(5)

The boron state is situated a small distance (0.045 eV) above the valence band edge.

1.7. n-TYPE OF SEMICONDUCTOR

In an n-type of semiconductor, the energy levels of donors (Ed) are isolated states located
below but near (0.01 eV in Ge and 0.054 eV in Si) the bottom of the conduction band. The
forbidden gap for the donor electron is much narrower than the forbidden energy gap for the
valence electron. Thus it is much easier to cause electron  flow in an n-type of semiconductor.
In n-type semiconductors, the electrons are primarily the current carriers and are thus called
the  majority  carriers.  Since  the  semiconductor  doped  with  impurity  remains electrically

Conduction band

Valence band

EC
Ed

Eg

EV

(a) At temperature 0°K

Conduction band

Valence band

EC
Ed

EV

(b) At room temperature and above

– – – – – –

donor ions

Electrons from
donor atoms

+ + +
Thermally
produced holes

Fig. 1.13. Energy band structure for n-type of semiconductor.
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neutral, hence the negative charge of electrons donated by pentavalent atoms is exactly
balanced by the positive charge of the immobile ions. Thus the state is neutral when the
electron is in the donor state. Once the electron is emitted into the conduction band, the
donor remains a positive charge and is called ionized. The ions are called immobile as are
held tightly in the crystal with Si or Ge atoms with covalent bonds.

Effect of temperature. At T = 0°K, the valence band is filled with electrons, the donor
levels are filled, the donors are not ionized and the conduction band is empty. As the
temperature increases the donor electrons transfer leaving most donor atoms ionized. Thus
the intrinsic charges become important. At a high temperature the n-type conduction is
almost entirely due to extrinsically supplied electrons from the donors.

Few holes also exist, created by thermal energy. These holes are the minority carriers in
the n -type of semiconductors. As the concentration of electrons in the conduction band
exceeds the concentration of holes in the valence band. Therefore the electron density

n = ND – NA = net doping density. …(6)
Thus each minority impurity has effectively cancelled out one majority impurity. This

behaviour of opposite type of impurities is termed impurity compensation.

1.8. p-TYPE OF SEMICONDUCTOR

In the p-type of semiconductor, the trivalent impurity contributes holes to the valence
band by capturing an electron from this band and hence their associated energy states are
located just above the valence band. These are called acceptor levels or states. These states
are neutral when empty. These are negatively charged when they release their holes by
capturing an electron and are called ionized. The holes are called majority carriers in the p-
type semiconductor. The ions are immobile as are held tightly in the crystal with Si or Ge
atoms with covalent bonds.

Conduction band

Valence band

EC

Eg

EV

(a) At temperature 0°K

Conduction band

Valence band

EC

EV

(b) At room temperature and above

– – – Thermally produced
electrons

+ + holes from
acceptor atoms

Ea

+ + + +

acceptor ions

– – – – – –

Fig. 1.14. Energy band structure for p-type of semiconductor.

Effect of Temperature : The p-type material contains holes produced by trivalent
(impurity) material. At room temperature, electron-hole pairs are thermally generated as in
an intrinsic semiconductor (i.e., electron jumps to conduction  band  from  the  valence  band,
leaving the hole there). Thus the p-type semiconductor consists of large number of positive
holes and a very small number of thermally generated electrons. The majority carriers are
holes and minority carriers are electrons. The number of charge carriers can be controlled
simply by adding the right amount of impurity atoms to the semiconductor.

If the temperature of the crystal/semiconductor is raised, the intrinsically generated
electrons and holes become important. At very high temperature the intrinsic carriers
swamp out the extrinsic carriers (the carries due to impurity atoms) and the semiconductor
will work as intrinsic semiconductor.
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Bulk resistance : The doped semiconductor has a resistance, called bulk resistance. It is
high for a lightly doped semiconductor. As the doping increases the bulk resistance decreases.
It obeys Ohm’s law and is also known as ohmic resistance.

1.9. LAW OF MASS ACTION

The simplified version of the Fermi-Dirac probability function, known as the Boltzmann
approximation is given by

P (E) �    e
E E kTF− −( )/ . …(7)

The equivalent density of states approximation is valid or the constancy of band density
is a good approximation as long as the Fermi level is spaced away from the band edge by an
energy interval of more than 4 kT (or about 0.1 eV).

Thus, these two approximations permit the Fermi level to range widely in the central
region of the band gap, from ~ 4 kT above the valence band to ~ 4kT below the conduction
band.

Using these above approximations, the volumetric electron density in the conduction
band is given by

n = NC      e
E E kTC F− −( )/ . …(8)

Similarly, the volumetric hole density in the valence band is given by the relation

p = NV      e
E E kTF V− −( )/ . …(9)

The product of p and n

pn = NCNV    e
E E kTC V− −( )/ = NCNV   e

E kTg− / …(10)
is independent of Fermi level position EF (which may be anywhere in the band gap) and is a
constant, except near the band edges where the above two approximations are not valid.

This range obviously includes the centre of the gap where the Fermi level resides in the
intrinsic semiconductor, the case for which n = p = ni. From this observation, we get the
expression

pn = ni
2, …(11)

which is known as the law of mass action. This shows that under thermal equilibrium, the
product of the number of holes and the number of electrons in any semiconductor is constant
and is independent of the amount of donor or acceptor impurity doping. Thus for n-type
semiconductor, the number of electrons in the conduction band increases while the number
of holes in the valence band decreases below the level in the intrinsic semiconductor.
Similarly for p-type semiconductor, the number of holes in the valence band increases while
the number of electrons decreases in the conduction band below the level available in the
intrinsic semiconductor. This law highlights the importance of the intrinsic density ni. This
has major significance because it enables us to calculate minority carrier density.

1.10. CHARGE DENSITIES IN AN EXTRINSIC SEMICONDUCTOR

The electron and hole concentrations are related by the law of mass action, represented
by the equation np = ni

2. These densities are inter related by the law of electrical neutrality
in the semiconductors.

Let ND be the concentration of donor atoms. These are practically all ionized, thus ND
positive charges per unit volume (m3) are contributed by the donor ions. Hence the total
positive charge density is ND + p.
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Similarly for NA concentration of acceptor atoms, NA negative charges per unit volume
(m3) are contributed by the acceptor ions and the total negative charge density is NA + n.

Since the semiconductor is electrically neutral, therefore the magnitude of the total
positive charge density must be equal to the total negative charge density, i.e.,

ND + p = NA + n. …(12)

This is called neutrality equation, representing the principle of electrical neutrality.

For an n-type of semiconductor, the concentration of acceptor atoms NA = 0 and the
number of electrons is much greater than the number of holes (as majority charge carriers
are electrons in n-type of semiconductors), i.e., n >> p. Thus Eqn. (12) reduces to

n � ND. …(13)

Thus in an n-type of semiconductor material the free electron concentration is
approximately equal to the density of donor atoms.

If we put subscript n or p for an n-type or a p-type of semi-conductor, then we should
write the above relation as

nn � ND. …(14)

The concentration pn of holes in the n-type semiconductor is obtained using the mass
action law which may be written as nnpn = ni

2. Thus,

pn = 
ni

2

nn
 = 

ni
2

ND
 · …(15)

Similarly, for a p-type of  semiconductor, ND (the concentration of donor atoms) = 0 and
pp >> np.

Therefore from equation (12), we get
pp � NA.

The concentration of electrons in the p-type semiconductor is similarly obtained from
mass action law as

np = 
ni

2

pp
 = 

ni
2

NA
 · …(16)

1.11. FERMI LEVELS IN EXTRINSIC SEMICONDUCTORS

We have read that Fermi level is situated at the middle of the band gap in an intrinsic
semiconductor as electron and hole densities are equal. The Fermi level shifts due to
impurity doping. The Fermi level for an intrinsic semiconductor is given by

EF = 
1
2 (EC + EV) – 

kT
2  loge 

NC

NV
 · …(17)

The Fermi level depends on temperature and impurity concentration. If a donor type of
impurity is added to the crystal/semiconductor, then at a given temperature the ND states in
the conduction band will be filled (here we have assumed that all donor atoms are ionized).
Hence it will be more difficult for the electrons from the valence band to bridge the energy
gap by the thermal agitation. Thus the number of electron-hole pairs thermally generated
will be reduced. Since the Fermi level is a measure of the probability of occupancy of the
allowed energy states, thus EF must move closer to the conduction band. Similarly for a p-
type material, the EF must move closer to the valence band.
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The exact position of the Fermi level in an n-type material/semiconductor can be
obtained by substituting n = ND (the effective density of states of the donor levels).

n = ND = NC       e
E E kTC F− −( )/

or EF = EC – kT loge (NC/ND). …(18)

Similarly, for p-type material, p = NA and therefore we have

p = NA = NV       e
E E kTF V− −( )/

or EF = EV + kT loge (NV /NA). …(19)

The Fermi levels in extrinsic semiconductors are shown in Fig. 1.15.

Conduction band

Valence band

n-type semiconductor

EV

EF

Ed

Conduction band

p-type semiconductor

EC

EV

EF

Valence band

⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕

� � � � � � � � � � � � � � � � Ea

EC

Fig. 1.15. Fermi levels in extrinsic semiconductors.

If NA = ND, the material acts as  intrinsic  semiconductor.  Thus,  equations  (18) and (19)
added together yield Equation (17).

We know that EC – Ed is 0.01 eV in Ge and 0.054 eV in Si, that is fixed for a particular
semiconductor, while EC – EF depends on the temperature and the concentrations of the
donor atoms ND and the effective density of states in the conduction band. Thus in n-type
semiconductor, EC – Ed may be greater or smaller than EC – EF. In other words the Fermi
level may also be possibly in between the lower level of the conduction band and the donor
level Ed. Similarly EF in the p-type semiconductor may also be in between the upper level of
valence band and the acceptor level Ea.

Conduction
Band

Donor Level
Fermi Level

n

E

Intrinsic
EF

0 300 T°K

Filled valence
Band

p

Fermi Level
Acceptor Level

Fig. 1.16. Energy band structure in an extrinsic semiconductor.

Equation (18) shows that the
Fermi level drops as T increases in
n-type semiconductor. Similarly,
equation (19) shows that the
Fermi level rises as T increases in
p-type semi-conductor.

As the temperature increases,
the Fermi level falls off in the n-
type material and rises up in the
p-type material. At a sufficiently
high temperature the Fermi level in
either material reaches the   half
gap level, as in an intrinsic
semiconductor, as shown in Fig.
1.16.
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Table 1.2. Semi-conductor Constants

Constants Germanium Silicon

Atomic number 32 14
Atomic weight 72.6 28.1
Atoms/m3 4.42 × 1028 5.0 × 1028

Breakdown field V/m at 300°K ~107 ~ 3 × 107

Density gm/cm3, 25°C 5.32 2.33
Dielectric constant 15.8 11.7
Gap energy Eg, eV at 0°K 0.85 1.21

300° K 0.72 1.12
ni, m

–3, 300°K 2.5 × 1019 1.5 × 1016

µe, m
2/volt-sec 0.38 0.13

µh, m
2/volt-sec 0.18 0.05

Intrinsic resistivity at 300°K, Ω -m 0.45 2300

EXERCISES

Example 1. Calculate the resistivity of intrinsic Germanium with 3 × 1019 m–3 electrons
and holes.

We know that the relation for conductivity of a semi-conductor is given by
σ = e (n µe + pµh)

Given n = p = ni = 3 × 1019 m–3.
From table 1.2, we get µe = 0.38 m2/volt sec
and µh = 0.18 m2/volt sec,

∴ The resistivity ρ = 
1
σ = 

1
e (nµe + pµh) = 

1
eni (µe + µh)

= 
1

1.6022 × 10–19 × 3 × 1019 (0.38 + 0.18)
= 0.37 ohm m.

Example 2. Determine the concentration of holes in silicon crystals having a donor
concentration of 1.4 × 1024/m3. The intrinsic carrier concentration is 1.4 × 1018/m3. Also find
the ratio of electron to hole concentration.

From mass-action law np = ni
2, we get

p = ni
2/n.

In this case, n = concentration of electron = donor concentrationND

= 1.4 × 1024/m3.
ni = concentration of intrinsic carriers = 1.4 × 1018/m3.

∴ p = (1.4 × 1018)2/1.4 × 1024

= 1.4 × 1012/m3.

Therefore the ratio of electron to hole concentration = 
n
p = 

1.4 × 1024

1.4 × 1012 = 1012.

Example 3. Calculate the donor concentration in a sample of n-germanium having a
resistivity of 0.15 ohm/m at 300°K ?

For n -material, the resistivity 1/σ =1/n eµe = 0.15.
From table 1.2, we get µe = 0.38 m2/volt-sec. Therefore the donor concentration

ND � n = σ
eµe

 = 
(1/0.15)

1.6022 × 10–19 × 0.38
 = 1.095 × 1020 electrons/m3.
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The hole concentration p = ni
2/ND.

From table 1.2, we get ni = 2.5 × 1019 m–3. Therefore
p = (2.5 × 1019)2/1.095 × 1020 = 5.734 × 1018 holes/m3.

Example 4. A germanium p-n junction at 300°K has the following parameters : ND = 5
× 1018/cm3, NA = 6 × 1016/cm3, ni = 1.5 × 1010/cm3. Calculate the minority electron density in
the p-region and the minority hole density in the n-region.

The minority electron density in the p-region

np = 
ni

2

NA
 = 

(1.5 × 1010/cm3)2

6 × 1016/cm3

= 0.375 × 104/cm3 = 3.75 × 109/m3

The minority hole density in the n-region

pn = 
ni

2

ND
 = 

(1.5 × 1010/cm3)2

5 × 1018/cm3

= 0.45 × 102/cm3 = 4.5 × 107/m2.
Example 5. A sample of germanium has intrinsic electron density of 2.5 × 1019

electrons/m3 at 300°K. It is made of p-material by addition of indium at the rate of one
indium atom per 4 × 108 germanium atoms. Calculate the concentration of charge carriers.

We know from table 1.2 that the number of germanium atoms per cubic meter is 4.42
× 1028. Thus the density of acceptor atoms

NA = 
4.42 × 1028

4 × 108  = 1.105 × 1020 atoms/m3.

For the p-type material NA >> ND, hence we have the density of majority carriers

pp = NA + 
ni

2

NA
 = 1.105 × 1020 + 

(2.5 × 1019)2

1.105 × 1020

= 1.162 × 1020 atoms/m3

and the density of minority carriers

np = 
ni

2

NA
 = 

(2.5 × 1019)2

1.105 × 1020 = 5.66 × 1018 atoms/m3.

Thus we see that the addition of p-impurity reduces the density of minority charges to
about one-fifth of the value it would have in intrinsic material.

Example 6. Find the concentration of holes and electrons in a p-type germanium at
300°K if the conductivity is 100 per ohm-cm. Also find these values for n-type silicon, if the
conductivity is 0.1 per ohm-cm. Given that

for Ge; ni = 2.5 × 1013/cm3, Mn = 3800 cm2/V-s, Mp = 1800 cm2/V-s
for Si; ni = 1.5 × 1010/cm3, Mn = 1300 cm2/V-s, Mp = 500 cm2/V-s
For p-type germanium :  Given electron mobility µn = Mn = 3800 cm2/V-s = 0.38 m2/V-s

holes mobility   µp = Mp = 1800 cm2/V-s = 0.18 m2/V-s;
and ni = 2.5 × 1013/cm3 = 2.5 × 1019/m2.
Conductivity of p-type germanium σp = 100 per ohm-cm = 104 per ohm -m.
Since,  σp is related with µp as σp = peµp. Therefore, the concentration of holes in the p-

type Ge

p = 
σp

eµp
 = 

104

1.6022 × 10–19 × 0.18 = 3.47 × 1023 m–3.

For an extrinsic semiconductor ni
2 = np.
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∴    The concentration of electrons in the p-type Ge = n = ni
2/p

= (2.5 × 1019)2/3.47 × 1023 = 1.80 × 1015 m–3.`
n-type silicon :  Given electron mobility  µn = Mn = 1300 cm2/V-s = 0.13 m2/V-s,

hole mobility    µp = Mp = 500 cm2/V-s = 0.05 m2/V-s, ni = 1.5 × 1010/cm3 = 1.5 × 1016/m3.
and conductivity of n-type Si = σn = 0.1 per ohm-cm = 10 per ohm-m.

Therefore the concentration of electrons in n-type Si

n = 
σn

e µn
 = 

10
1.6022 × 10–19 × 0.13 = 4.8 × 1020 m–3

Since ni
2 = np, therefore the concentration of holes in n-type silicon

p = 
ni

2

n  = 
(1.5 × 1016)2

4.8 × 1020  = 4.69 × 1011 m–3.

Example 7. A potential difference of 5 V is applied across the pure bar of silicon of length
6 mm and cross sectional area 4 cm2. The semiconductor bar has intrinsic carrier
concentration of 1.5 × 1016 m–3. Calculate (a) the electric field intensity in the bar, (b) drift
velocities of the current carriers, (c) total current, conductivity, resistivity and bulk resistance
of the bar.

(a) For the specimen bar of length l, across which a potential difference of V volt is
applied, the electric field intensity is given by

E = V/l = 5/6 × 10–3 = 833.3 V/m.
(b) We know that the drift velocity of the charge carrier depends on the mobility and is

given by the relation v = µE.
From the table 2.2, µn = µe = 0.13 m2/volt-s, and µp = µh = 0.05 m2/volt-s.
∴   Drift velocity of electron ve = vn = µn E = 0.13 × 833.3 = 108.33 m/s.
and drift velocity of hole vh = vp = µpE = 0.05 × 833.3 = 41.67 m/s.
(c) Total current density j = (nµn + pµp) qE
For a pure bar of silicon = n = p = ni = 1.5 × 1016 charge carriers/m3.
∴ j = 1.5 × 1016 × (0.13 + 0.05) × 1.6022 × 10–19 × 833.3

= 0.36 amp/m2.
Therefore the total current = I = jA = 0.36 × 4 × 10–4 = 1.44 × 10–4 amp
(d) The conductivity σ = ni q (µn + µp)

= 1.5 × 1016 × 1.6022 × 10–19 (0.13 + 0.05) = 4.33 × 10–4 mho/m.
∴ resistivity ρ = 1/σ = 2.311 × 103 Ω m.
Bulk resistance of the specimen/bar = R = ρl/A

= 2.311 × 103 × 6 × 10–3/4 × 10–4 = 34.67 kΩ
Example 8. A bar of silicon 0.2 cm long has a cross sectional area of 9 × 10–8 m2, heavily

doped with phosphorus. What will be the majority carrier density resulting from doping if the
bar is to have resistance of 2 kΩ ? Given for silicon at room temperature µn = 0.14 m2/V-s, µp
= 0.05 m2/V-s, ni = 1.5 × 1010/cm3 and q = 1.6022 × 10–19 C.

Since the dopant is phosphorus, a penta-valent material, hence the semiconductor is of
n-type. The resistivity of n-type of semiconductor is related with the length, area of cross
section and the resistance of the specimen as given below :

Resistivity ρn = 
RA
l  = 

2 × 103 × 9 × 10–8

0.2 × 10–2

= 9 × 10–2 Ω-m.
Therefore the conductivity σn = 1/ρn = 100/9 = 11.11 (Ω-m)–1
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If ND is the carrier density of the majority carrier (electrons), then we have
Conductivity σn = n µn q = ND µn q

∴ ND = 
σn

µnq = 
11.11

0.14 × 1.6022 × 10–19

= 4.95 × 1020/m3

Using the law of mass action, the concentration of holes is given by

p = 
ni

2

n  = 
(1.5 × 1016)2

4.95 × 1020

= 4.55 × 1011/m3.
Example 9. In an n-type semiconductor, the Fermi level lies 0.5 eV below the conduction

band. If the concentration of donor atoms is tripled, find the new position of the Fermi level,
taking the value of kT = 0.03 eV. (S.V. University 2007)

The density of donor atom, Nd, depends on the Fermi level energy EF and the energy EC
corresponding to the bottom of the conduction band, as

Nd = NC e
–(EC – EF)/kT

.
Let initially, Nd = Nd1

 and EF = EF1
, then, we have

Nd1
= NC e

–(EC – EF1
)/kT

. …(1)
Let EF2

 be the Fermi level energy, when the concentration of donor atoms is tripled. Thus

Nd2
= 3Nd1

 = NC e
–(EC – EF2

)/kT
. …(2)

On solving equations (1) and (2), i.e., by dividing (2) by (1), we get

3 = e
–[EC – EF2

 – (EC – EF1
)]/kT

or loge 3 = – 
(EC – EF2

)

kT  + 
EC – EF

1

kT
or EC – EF2

= EC – EF1
 – kT loge 3.

Given that kT = 0.03 eV and EC – EF1
 = 0.5 eV, therefore on substitution of these values,

we get
EC – EF2

= 0.5 eV – 0.03 eV × 2.3026 × log10 3
= 0.5 eV – 0.033 eV
= 0.467 eV.

Thus we see that the Fermi level will lie 0.467 eV below the conduction band, when the
impurity is tripled.

Example 10 Find the density of impurity atoms that must be added to intrinsic silicon
crystal to convert it to : (i) 10–1 ohm-m p-type silicon and (ii) 10–1 ohm-m  n-type silicon. Given
that for silicon, µe = 0.13 m2/volt-sec and µh = 0.05 m2/volt-sec.

(Nagarjuna University, 2009)
(i) Density of acceptor atoms in p-type silicon crystal is given by

NA = σ
eµh

 = 
1

eµhρ

= 
1

1.6022 × 10–19 × 0.05 × 10–1

= 1.248 × 1021 m–3.
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(ii) Density of donor atoms in n-type silicon crystal

Nd = σ
eµe

 = 
1

eµeρ

= 
1

1.6022 × 10–19 × 0.13 × 10–1

= 4.8 × 1020 m–3.
TRUE/FALSE

(i) The term bulk properties refers to the qualities of the interior of a sample.
(ii) The pure semi-conductors are used in many useful electronic devices.
(iii) The doping makes the pure semiconductors useful for the development of electronic devices.
(iv) The semiconductor materials possess conductivities roughly halfway (logarithmically) between those of

good conductors and good insulators.
(v) The energy band is due to the combination of million trillion atoms and the fixed set of electronic states

associated with each such atom.
(vi) The band filled with electrons that are incorporated into covalent bonds is called conduction band.

(vii) The conduction electrons have enough energy to escape over the diminished interatomic barriers within
the silicon crystal.

(viii) The breaking of a covalent bond delivers an electron to the upper band and contributes to conductivity.
(ix) The hole is a positively charged electron.
(x) In a semiconductor, both the electrons and the holes contribute the electric current.

(xi) The creation of electron and hole in a semiconductor is called recombination.
(xii) The minimum energy required to break a covalent bond is the energy equal to the interval between the

band edges.
(xiii) At absolute zero, the upper band is completely empty of electrons in both the semiconductor and insulator

materials.
(xiv) Atoms of impurity element in a doped semiconductor provide fixed ion charges.
(xv) The energy gap is the minimum energy required to break a covalent bond.

(xvi) At absolute zero, a semiconductor may contain moderate numbers of electrons and holes in the upper and
lower bands respectively.

(xvii) The Fermi level is defined as the energy at which the probability of electron occupancy is one half.
(xviii) The net charge of an n-type semiconductor is negative.

(xix) Holes are the minority current carriers in a p-type semiconductor material.
(xx) The electrons in the conduction band have higher energy than those in the valence band.

(xxi) In an insulator the conduction band and valence band overlap each other at room temperature.
(xxii) Extrinsic semiconductor will work as intrinsic semiconductor at very high temperature.

ANSWERS

(i) T; (ii) F; (iii) T; (iv ) T; (v) T; (vi) F; (vii) T; (viii) T; (ix) F; (x) T; (xi) F; (xii) T; (xiii) T; (xiv) T; (xv) T; (xvi) F; (xvii)
T; (xviii) F; (xix) F; (xx) T; (xxi) F; (xxii) T.

FILL IN THE BLANKS
(i) The electrons in the outer most orbit of an atom are called …… electrons.

(ii) The band filled with electrons that are incorporated into a covalent bonds is called valence ……
(iii) The breaking of a covalent bond delivers an electron to the upper band and contributes to ……

(iv) In a semiconductor the conduction band is almost ……
(v) n-type silicon is obtained on doping intrinsic silicon by …… impurity of atoms.

(vi) The minimum energy required to break a covalent bond is equal to the ……
(vii) The energy gap in a semiconductor …… with the increase in temperature.
(viii) In an n-type semiconductor, the position of fermi level is …… the conduction band.

(ix) The semiconductor material used in solid state devices has …… structure.
(x) The gap between the conduction and valence bands is called ……

(xi) Electron …… exist in the forbidden energy band.
(xii) Most common donor impurity in silicon technology is …….
(xiii) A drift current is due to …… while a diffusion current is due to the difference ……
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(xiv) At temperature ……, the conduction band in monovalent metals is always empty.
(xv) In the semiconductors, the flow of charge carriers are due to two mechanisms namely …… and …… .

(xvi) As the temperature increases, the Fermi level falls off in the …… type and rises up in the …… type of
semiconductor.

(xvii) The net charge of an n-type semiconductor is ……
(xviii) The majority current carriers in p-type semiconductor material are ……

(xix) The holes exhibits a …… charge.
(xx) The semiconductors generally have …… bonds.

(xxi) The law of mass action enables us to calculate …… carrier concentration.
(xxii) In a semiconductor, the energy gap between valence and conduction band is ……(Andhra Univ. 2003, 2007)

ANSWERS

(i) valence; (ii) band; (iii) conductivity; (iv) empty; (v) penta valent; (vi) energy gap; (vii) decreases; (viii) closer to;
(ix) diamond; (x) forbidden energy gap; (xi) does not; (xii) phosphorus; (xiii) potential difference, in charge; (xiv) 0°K;
(xv) drift, diffusion; (xvi) n,  p;(xvii) zero; (xviii) holes; (xix) positive; (xx) covalent; (xxi) minority; (xxii) ~1 eV.

MULTIPLE CHOICE QUESTIONS
1. A pure semiconductor is often referred to as a (n)

(a) extrinsic semiconductor, (b) intrinsic semiconductor
(c) crystalline material (d) none of these.

2. A p-type of semiconductor is a semiconductor doped with
(a) trivalent impurity atoms (b) tetravalent impurity atoms
(c) pentavalent impurity atoms (d) none of these.

3. In a p-type of semiconductor, the majority current carriers are
(a) free electrons (b) free holes
(c) valence electrons, (d) none of these.

4. The sharing of valence electrons in a germanium crystal is called
(a) coupling, (b) doping
(c) covalent bonding (d) ionic bonding.

5. In the semiconductor materials used in solid state devices
(a) The crystal structure is tetrahedral or diamond
(b) The bonding between their atoms is covalent
(c) both of these (d) none of these.

6. The energy level diagram for hydrogen atom is due to the
(a) variation of energy with the orbit number (b) ionization of the valence electron
(c) scattering of electron with the hydrogen atom (d) none of these.

7. Which of the following  are the incorrect statements about the crystals ?
(a) The group of states containing the valence electrons of the atomic solid is called valence band.
(b) No electron exists in the forbidden energy gap.
(c) The band of allowed energies below the forbidden gap is called the conduction band.
(d) The levels above the valence levels are normally empty and called excitation levels.
(e) The valence band overlaps with upper bands in metals.
(f) No free electron is available for electrical conduction at 0°K in a semiconductor.
(g) The forbidden energy gap is least in semiconductor materials.
(h) The bulk properties of a material are the properties that are free of perturbations by surfaces.

8. Which of the following atoms may be used as p-type impurity ?
(a) antimony  (b) arsenic
(c) boron  (d) phosphorus.

9. In an intrinsic semiconductor the Fermi-level lies
(a) near conduction band (b) near valence band
(c) at the middle of these bands (d) None of these

10. The energy gap in a semiconductor
(a) decreases with temperature (b) increases with temperature
(c) does not change with temperature (d) is zero.
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11. With the increase of temperature, the resistivity of the semiconductor
(a) increases (b) decreases
(c) remains constant (d) becomes zero.

12. The substances with a vary high resistivity are called
(a) insulator (b) metal
(c) conductor (d) semiconductor.

13. The forbidden energy gap in the Si-crystal at room temperature is about
(a) 0.72 eV (b) 1.12 eV
(c) 5 eV (d) none of these.

14. The carrier mobility in silicon depends on the
(a) impurity concentration (b) temperature
(c) both of these (d) none of these.

15. An n-type semiconductor is electrically
(a) positive (b) negative
(c) neutral (d) both positive and negative.

(Andhra Univ. 2003)

ANSWERS
1. (b); 2.(a); 3. (b); 4. (c); 5. (c); 6. (a); 7. (c, g); 8. (c); 9. (c); 10.(a); 11. (b); 12. (a); 13. (b); 14. (c); 15. (c).

SHORT ANSWER QUESTIONS
1. Define the terms : atomic number, mass number and Avogadro’s number.
2. Explain, why the energy levels of an atom become energy bands in a solid.
3. Differentiate bonds and bands in a solid.
4. Define conduction band, valence band and forbidden energy gap.
5. Explain, how the conduction and valence bands can both contribute to conductivity in silicon.
6. Define conductor, insulator and semiconductor.
7. Distinguish three types of solids in terms of band structure.
8. What are III-V materials ? Give two examples of each.
9. How are holes created ? Are these positive ?

10. Distinguish holes and protons.
11. What do you mean by doping in semiconductors ?
12. What is donor impurity ? Name the common donors used for silicon material ?
13. What is acceptor impurity ? Name the common acceptors used for silicon material ?
14. What is meant by (a) intrinsic and (b) extrinsic semiconductors ?
15. Explain the use of (a) donor and (b) acceptor impurity.
16. Define the terms : (a) valence electron, (b) valence band, (c) conduction band and (d) conduction electrons.
17. What is meant by (a) p-type and (b) n-type semiconductors ?
18. What is meant by Fermi level ? Describe its analog in a conductor. (Nagarjuna Univ. 2008)
19. What is the position of Fermi level in (a) n-type and (b) p-type of semiconductor ? (Nagarjuna Univ. 2009)
20. What is the effect on donor, acceptor and Fermi levels when the semiconductor is heated ?
21. What will happen to the holes, if the intrinsic conductor is placed in an electric field ?
22. Draw the band diagrams of p- and n-type semiconductors.
23. Classify the following as conductor, semiconductor or insulator with reasons in not more than two

sentences.
gallium, germanium and carbon

PROBLEMS
1. Determine the resistivity of intrinsic germanium with 3 × 1013 per cm3 electrons and holes. [36 ohm cm]
2. The specimen of germanium has conductivity of 0.01 mho/cm. Calculate the density of electron-hole pairs.

Given that µe = 3800 cm2/V sec and µh = 1800 cm2/V sec. [1.12 × 1013 pairs]
3. Find the resistivity of intrinsic silicon at 300°K. For silicon µn = 1300 cm2/V.s., µp = 500 cm2/V-s, ni = 1.5 ×

1010 cm–3 at 300°K and electron charge e = 1.6 × 10–19 C. [2314.8 ohm-m] (Osmania Univ. 2007)
4. An impurity of phosphorus is added to a pure silicon sample in the amount of 1013 atoms/cm3. If all donor

atoms are activated, calculate the resistivity at 20°C. [5.22 ohm-m]
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5. Germanium has one arsenic atom added per 108 atoms of Ge. How many holes and electrons are present
for conduction at 300°K ? [1.42 × 1018/m3, 4.41 × 1020/m3]

6. Calculate the thermal velocity of an electron in the conduction band of a silicon sample that is at
equilibrium and at room temperature. [1.1 × 105 m/sec]

7. A germanium p-n junction at 300°K has the following parameters : ND = 5 × 1018 cm–3, NA = 6 × 1016 cm–3,
ni = 1.5 × 1010 cm–3. Calculate the minority electron density in the p-region and the minority hole density
in the n-region. [3.75 × 103 cm–3, 0.45 × 102 cm–3]

8. A sample of germanium has intrinsic resistivity of 0.54 ohm-m. If an impurity concentration of one
antimony atom per 108 germanium atoms is added. Find the Fermi energy level after this addition of
impurity. [falls, 0.186 eV]

9. A bar of silicon 0.2 cm long has a cross-sectional area of 9 × 10–8 m2. It is heavily doped with phosphorus. If
the bar has a resistance of 2 kΩ, calculate the majority carrier density due to doping. Given that for a
silicon at room temperature, µn = 0.14 m2/V – s, µp = 0.05 m2/V-s, ni = 1.5 × 1016/m3 and q = 1.6022 × 10–19 C.

[4.95 × 1020/m3]
10. A bar of silicon with a cross-sectional area of 5 × 10–4m2 has an electron density of 1.5 × 1016 electrons/m3.

What length of the bar should be used to produce a current of 1.5 mA due to a voltage of 12 V applied at
its ends ? Given that µn = 0.13 m2/V-s and µp = 0.05 m2/V-s. [1.73 mm]

 11. The mobilities for electrons and holes in a germanium sample are 3800 and 1800 cm2/V-s respectively. If
the intrinsic resistivity of the sample is 0.6 Ωm. Calculate the current density in an applied field of 1 V/m
if there are 1018 donors and 4 × 1017 acceptors/m3 added to the sample. [3.65 × 106 A/m2]

12. A bar of n-type silicon has length of 4 cm and cross-sectional area of 10 mm2. When it is subjected to a
voltage of 1 volt applied across its length, the current through it is 5 mA. Find the concentration of free
electrons and drift velocity of electrons. Given that for Si, µ = 0.13 m2/V-s. [9.602 × 1020 m–3, 3.25 m/s]

13. In n-type semiconductor, concentration of donor atoms in 4.14 × 1014 atoms/cm3. Calculate the conductivity
and resistivity of semiconductor. Given µn = 3800 cm2/V-s. [3.93 Ω-m]

14. A sample of germanium is doped to the extent of 1014 donor atoms/cm3 and 7 × 1013 acceptor atoms/cm3. At
the temperature of the sample, the resistivity of pure germanium is 60 Ω-cm. Find the total conduction
current density for the applied field E = 2 V/cm.

15. Ohmic contacts are made to the ends of a silicon resistor having a length 0.5 cm, width 1 mm and
thickness 1 µm. The silicon is uniformly doped with NA = 1014 cm–3, and ND = 3 × 1017 cm–3. Given µp = 230
cm2/V-s and µn = 510 cm2/V-s. Calculate the resistance R. [2042 Ω]

QUESTIONS
1. Show the energy levels diagram in insulator, semiconductor and conductor materials.
2. Distinguish between a conductor, semiconductor and insulator through energy band diagrams, clearly

showing the energy gap and Fermi-level. Give an example for each. (Nagarjuna Univ. 2008)
3. Differentiate between : (a) Donor and acceptor impurities, (b) Intrinsic and extrinsic semiconductors.
4. Differentiate semiconductors, conductors and insulators on the basis of band gap. What is the mechanism

by which conduction takes place inside the semiconductor ?
5. Briefly explain the following :

(i) Conductivity in semiconductor, (ii) Fermi level in an intrinsic semiconductor.
6. In a pure or intrinsic semiconductor, explain the mechanism of conduction of electrons and holes.
7. Explain the difference between intrinsic and extrinsic semiconductors, with examples of donors and

acceptors.
8. Sketch the energy band picture for (i) an intrinsic, (ii) an n-type and (iii) a p-type semiconductor. Indicate

the positions of the Fermi, the donor and the acceptor levels.
9. Explain the term doping of a semiconductor material. With an energy band diagram explain doping of a p-

type and n-type of semiconductors.
10. Describe the difference between majority and minority carriers.
11. What is meant by Fermi level in semiconductors ? Where does the Fermi level be in an intrinsic

semiconductor ? Prove that the Fermi level in n-type material is much closer to the conduction band.
12. Explain electrical properties of Ge and Si.
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