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4.1 Semiconduction

 The electrical conductivity of semiconducting materials is not as high as that of 
metals; nevertheless, they have some unique electrical characteristics that render 
them especially useful.

 An extremely pure semiconductor is called as Intrinsic Semiconductor. On the basis of 
the energy band phenomenon, an intrinsic semiconductor at absolute zero 
temperature is shown below..

 A semiconductor to which an impurity at controlled rate is added to make it 
conductive is known as an extrinsic Semiconductor.



4.2 Intrinsic Semiconduction
 Intrinsic Semiconduction Its valence band is completely filled and the conduction band is 

completely empty. When the temperature is raised and some heat energy is supplied to it, 
some of the valence electrons are lifted to conduction band leaving behind holes in the 
valence band as shown below see Figure 1. 

 a completely filled valence band, separated from an empty conduction band by a relatively 
narrow forbidden band gap, generally less than 2 eV.

 The two elemental semiconductors are silicon (Si) and germanium (Ge), having band gap 
energies of approximately 1.1 and 0.7 eV.

 In addition, a host of compound semiconducting materials also display intrinsic behavior. 
One such group is formed between elements of Groups IIIA and VA, for example, gallium 
arsenide (GaAs) and indium antimonide (InSb); these are frequently called III–V compounds. 
The compounds composed of elements of Groups IIB and VIA also display semiconducting 
behavior; these include cadmium sulfide (CdS) and zinc telluride (ZnTe).



4.2 Intrinsic Semiconduction

Figure 1



4.2 Intrinsic Semiconduction

Figure 2. Electron-bonding model of electrical conduction in intrinsic silicon: (a) before excitation, (b) 

and (c) after excitation (the subsequent free-electron and hole motions in response to an external electric 
field).
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Table 1
Band Gap Energies,

Electron and Hole Mobilities, 

And Intrinsic Electrical 

Conductivities at Room Temperature

for Semiconducting Materials



4.2 Intrinsic Semiconduction

Electrical conductivity for an intrinsic semiconductor— dependence on electron/hole 
concentrations and electron/hole motilities'

𝝈 = 𝒏 𝒆 𝝁𝒆 + 𝒑 𝒆 𝝁𝒉

where p is the number of holes per cubic meter and 𝝁𝒉 is the hole mobility. The 
magnitude of 𝝁𝒉 is always less than 𝝁𝒆 for semiconductors.
For intrinsic semiconductors, every electron promoted across the band gap leaves behind a 
hole in the valence band.

𝒏 = 𝒑 = 𝒏𝒊
where, 𝒏𝒊 is the intrinsic carrier concentration

𝝈 = 𝒏𝒊 𝒆 (𝝁𝒆 + 𝝁𝒉)



4.3 Extrinsic Semiconduction

 Virtually all commercial semiconductors are extrinsic—that is, the electrical behavior is 
determined by impurities that, when present in even minute concentrations, introduce 
excess electrons or holes. For example, an impurity concentration of 1 atom in 1012 is 
sufficient to render silicon extrinsic at room temperature.

There are two types of extrinsic semiconductors 
1) n-Type Extrinsic Semiconduction
2) p-Type Extrinsic Semiconduction



n-Type Extrinsic Semiconduction
 When pentavalent   خماسيييلتكافؤيييا impurity is added to an intrinsic or pure 

semiconductor (silicon or germanium), then it is said to be an n-type semiconductor. 
Pentavalent impurities such as phosphorus, arsenic, antimony etc. are called donor 
impurity or dopant atom.

 Only four of five valence electrons of these impurity atoms can participate in the 
bonding because there are only four possible bonds with neighboring atoms. 

 The extra nonbonding electron is loosely bound to the region around the impurity 
atom by a weak electrostatic attraction, as illustrated in Figure 3.

 The binding energy of this electron is relatively small (on the order of 0.01 eV); thus, it 
is easily removed from the impurity atom, in which case it becomes a free or 
conducting electron as shown in Figure 3.
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 A material of this type is said to be an n-type extrinsic semiconductor. The electrons are 
majority carriers by virtue of their density or concentration; holes, on the other hand, are the 
minority charge carriers

 Each excitation event supplies or donates a single electron to the conduction band; an 
impurity of this type is aptly termed a donor. Because each donor electron is excited from an 
impurity level, no corresponding hole is created within the valence band.

 the number of electrons in the conduction band far exceeds the number of holes in the 
valence band (or n p) hence;

𝝈 ≅ 𝒏 𝒆 𝝁𝒆

 the Fermi level is shifted upward in the band gap, to within the vicinity of the donor state; its 
exact position is a function of both temperature and donor concentration see Figure 4 
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4.3 Extrinsic Semiconduction

Figure 3 Extrinsic n-type semiconduction model (electron bonding). (a) An impurity atom such as phosphorus, 
having five valence electrons, may substitute for a silicon atom. This results in an extra bonding electron, 
which is bound to the impurity atom and orbits it. (b) Excitation to form a free electron. (c) The motion of this 
free electron in response to an electric field.



4.3 Extrinsic Semiconduction

Figure 4 (a) Electron energy band scheme for a donor impurity level located within the band 
gap and just below the bottom of the conduction band. (b) Excitation from a donor state in 
which a free electron is generated in the conduction band



4.3 Extrinsic Semiconduction

p-Type Extrinsic Semiconduction
 A P-type semiconductors are created by doping an intrinsic semiconductor with an electron 

acceptor element during manufacture. The term p-type refers to the positive charge of a 
hole. 

 When the trivalent كافؤا  تثالثلت impurity is added to an intrinsic or pure semiconductor (silicon 
or germanium), then it is said to be an p-type semiconductor. Trivalent impurities such as 
Boron (B), Gallium (G), Indium(In), Aluminium(Al) etc are called acceptor impurity.

 For p-type semiconductors the Fermi level is below the intrinsic Fermi level and lies closer to 
the valence band than the conduction band .

 Let us consider, trivalent impurity boron is added to silicon as shown in below figure. Boron 
atom has three valence electrons and silicon has four valence electrons. The three valence 
electrons of each boron atom form 3 covalent bonds with the 3 neighboring silicon atoms.



4.3 Extrinsic Semiconduction

p-Type Extrinsic Semiconduction
 In the fourth covalent bond, only silicon atom contributes one valence electron, while the 

boron atom has no valence electron to contribute. Thus, the fourth covalent bond is 
incomplete with shortage of one electron. This missing electron is called hole. See figure 12 

 the electron and the hole exchange positions. A moving hole is considered to be in an 
excited state and participates in the conduction process, in a manner analogous to an excited 
donor electron,

 This hole may be liberated from the impurity atom by the transfer of an electron from an 
adjacent bond, as illustrated in Figure 4.

 the electron and the hole exchange positions. A moving hole is considered to be in an 
excited state and participates in the conduction process



4.3 Extrinsic Semiconduction

p-Type Extrinsic Semiconduction

Figure 4 Extrinsic p-type semiconduction model (electron bonding). (a) An impurity atom such as boron, 
having three valence electrons, may substitute for a silicon atom. This results in a deficiency of one valence 
electron, or a hole associated with the impurity atom. (b) The motion of this hole in response to an electric 
field.



4.3 Extrinsic Semiconduction

p-Type Extrinsic Semiconduction
 Extrinsic excitations, in which holes are generated, may also be represented using the band 

model. Each impurity atom of this type introduces an energy level band gap, above yet very 
close to the top of the valence band (Figure 13).  

 For this type of extrinsic conduction, holes are present in much higher concentrations than 
electrons (i.e., p n), and under these circumstances a material is termed p-type because 
positively charged particles are primarily responsible for electrical conduction.

 For a p-type extrinsic semiconductor, dependence of conductivity on concentration and 
mobility of holes.

 For p-type semiconductors, the Fermi level is positioned within the band gap and near to the 
acceptor level  see Figure 5.

𝝈 ≅ 𝒑 𝒆 𝝁𝒉
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p-Type Extrinsic Semiconduction

Figure 5 (a) Energy band scheme for an acceptor impurity level located within the band gap 
and just above the top of the valence band. (b) Excitation of an electron into the acceptor 
level, leaving behind a hole in the valence band.



4.5 The Hall Effect

 The Hall effect is a result of the phenomenon by which a magnetic field applied 
perpendicular to the direction of motion of a charged particle exerts a force on the 
particle perpendicular to both the magnetic field and the particle motion directions.

 The main task of the determine the mobility To demonstrate the Hall effect, consider the 
specimen geometry shown in Figure 6—a parallelepiped متوازي السطوح specimen having 
one corner situated at the origin of a Cartesian coordinate system. In response to an 
externally applied electric field, the electrons and/or holes move in the x direction and 
give rise to a current )Ix(. When a magnetic field is imposed in the positive z direction 
(denoted as Bz), the resulting force on the charge carriers causes them to be deflected in 
the y direction—holes (positively charged carriers) to the right specimen face and 
electrons (negatively charged carriers) to the left face, as indicated in the figure. Thus, a 
voltage, termed the Hall voltage VH, is established in the y direction. The magnitude of 
VH depends on Ix, Bz, and the specimen thickness d as follow:



2.5 The Hall Effect

Figure 6 Schematic demonstration of the Hall 
effect. Positive and/or negative charge carriers 
that are part of  the Ix current are deflected by the 
magnetic field Bz and give rise to the Hall voltage, 
VH.



2.5 The Hall Effect

RH is termed the Hall coefficient, which is a constant for a given material. For metals, in which 
conduction is by electrons, RH is negative and is given by:

Thus, n may be determined from the two equations. Then the electron mobility me is just  



4.6 Semiconductor Devices

The unique electrical properties of semiconductors permit their use in devices to perform 
specific electronic functions. Diodes and transistors, which have replaced old-fashioned 
vacuum tubes, are two familiar examples. Advantages of semiconductor devices (sometimes 
termed solid-state devices) include small size, low power consumption, and no warmup time. 
Vast numbers of extremely small circuits, each consisting of numerous electronic devices, may 
be incorporated onto a small silicon chip. The invention of semiconductor devices, which has 
given rise to miniaturized circuitry, is responsible for the advent and extremely rapid growth 
of a host of new industries in the past few years.



The p–n Rectifying Junction
PN Junction Theory 
 A PN-junction is formed when an N-type material is joined with a P-type material creating a 

semiconductor diode.
 When the N-type semiconductor and P-type semiconductor materials are first joined together a very 

large density gradient exists between both sides of the PN junction. The result is that some of the free 
electrons to migrate across this newly formed junction to fill up the holes in the P-type material 
producing negative ions.

 However, because the electrons have moved across the PN junction from the N-type silicon to the P-
type silicon, they leave behind positively charged donor ions ( ND ) on the negative side and now the 
holes from the acceptor impurity migrate across the junction in the opposite direction into the region 
where there are large numbers of free electrons. As a result, the charge density of the P-type along 
the junction is filled with negatively charged acceptor ions ( NA ), and the charge density of the N-type 
along the junction becomes positive see Figure 6.

4.6 Semiconductor Devices
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Figure 7 Schematic of A PN-junction  



4.6 Semiconductor Devices

 This charge transfer of electrons and holes across the PN junction is known as diffusion. 
Since no free charge carriers can rest in a position where there is a potential barrier. The is 
area around the PN Junction is now called the Depletion Layer.

 However, if we were to make electrical connections at the ends of both the N-type and the 
P-type materials and then connect them to a battery source, an additional energy source 
now exists to overcome the potential barrier.

When a battery is used, the positive terminal may be connected to the p-side and the 
negative terminal to the n-side; this is referred to as a forward bias. The opposite polarity 
(minus to p and plus to n) is termed reverse bias.

 If a suitable positive voltage (forward bias) is applied between the two ends of the PN 
junction, it can supply free electrons and holes with the extra energy they require to cross 
the junction as the width of the depletion layer around the PN junction is decreased.



4.6 Semiconductor Devices

 By applying a negative voltage (reverse bias) results in the free charges being pulled away 
from the junction resulting in the depletion layer width being increased. This has the effect 
of increasing or decreasing the effective resistance of the junction itself allowing or blocking
current flow through the diode.

 Then the depletion layer widens يتسع with an increase in the application of a reverse voltage 
and narrows with an increase in the application of a forward voltage.

 A PN Junction Diode is one of the simplest semiconductor devices around, and which has 
the characteristic of passing current in only one direction only. However, unlike a resistor, a 
diode does not behave linearly with respect to the applied voltage as the diode has an 
exponential current-voltage ( I-V ) relationship as shown in Figure 8 and therefore we can 
not described its operation by simply using an equation such as Ohm’s law
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Figure 8 The current–

voltage characteristics of 

a p–n junction for forward

and reverse biases. The 

phenomenon of 

breakdown is also shown



4.6 Semiconductor Devices

 There are two operating regions and three possible “biasing” conditions for the standard 
Junction Diode and these are:

1. Zero Bias – No external voltage potential is applied to the PN junction diode.
2. Reverse Bias – the positive terminal of a battery or voltage source is connected to the n-

side and the negative terminal to the p-side this has the effect of Increasing the PN 
junction diode’s width. Hence, it lead to the current flow freely.  

3. Forward Bias – the positive terminal of a battery or voltage source is connected to the p-
side and the negative terminal to the n-side this has the effect of Decreasing the PN 
junction diodes width. Hence, it block the current to flow.



4.6 Semiconductor Devices

Forward Biased PN Junction Diode

When a diode is connected in a Forward Bias condition, a negative voltage is applied to the 
N-type material and a positive voltage is applied to the P-type material. If this external
voltage becomes greater than the value of the potential barrier, approx. 0.7 volts for silicon 
and 0.3 volts for germanium, the potential barriers opposition will be overcome and current 
will start to flow.

 This is because the negative voltage pushes or electrons towards the junction giving them 
the energy to cross over and combine with the holes being pushed in the opposite direction 
towards the junction by the positive voltage. This results in a characteristics curve of zero 
current flowing up to this voltage point, called the “knee” on the static curves and then a 
high current flow through the diode with little increase in the external voltage as shown in 
Figure 9.
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Figure 9 Forward Characteristics 
Curve for a Junction Diode



4.6 Semiconductor Devices

This condition represents the low resistance path through the PN junction allowing very 

large currents to flow through the diode with only a small increase in bias voltage. The 

actual potential difference across the junction or diode is kept constant by the action of 

the depletion layer at approximately 0.3v for germanium and approximately 0.7v for silicon 

junction diodes.

Since the diode can conduct “infinite” current above this knee point as it effectively 
becomes a short circuit, therefore resistors are used in series with the diode to limit its 
current flow. Exceeding its maximum forward current specification causes the device to 
dissipate more power in the form of heat than it was designed for resulting in a very quick 
failure of the device.
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Figure 10 Forward bias for a 
Junction Diode.



4.6 Semiconductor Devices

Reverse Biased PN Junction Diode

When a diode is connected in a Reverse Bias condition, a positive voltage is applied to the 
N-type material and a negative voltage is applied to the P-type material.

 The positive voltage applied to the N-type material attracts electrons towards the positive
electrode and away from the junction, while the holes in the P-type end are also attracted 
away from the junction towards the negative electrode as shown in Figure 11.

 The net result is that the depletion layer grows wider due to a lack of electrons and holes 
and presents a high impedance path, almost an insulator. The result is that a high potential 
barrier is created thus preventing current from flowing through the semiconductor material.

 This condition represents a high resistance value to the PN junction and practically zero 
current flows through the junction diode with an increase in bias voltage. However, a very 
small leakage current does flow through the junction which can be measured in micro-
amperes, ( μA ).



4.6 Semiconductor Devices

Reverse Biased PN Junction Diode

 One final point, if the reverse bias voltage Vr applied to the diode is increased to a 
sufficiently high enough value, it will cause the diode’s PN junction to overheat and fail due 
to the avalanche انهيار  effect around the junction. This may cause the diode to become 
shorted and will result in the flow of maximum circuit current, and this shown as a step 
downward slope in the reverse static characteristics curve below. See Figure 12.



4.6 Semiconductor Devices

Figure 11 Reverse bias of a 
Junction Diode.
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Figure 12 Reverse Characteristics 
Curve for a Junction Diode



4.6 Conduction in Ionic Materials

Both cations and anions in ionic materials possess an electric charge and, as a consequence, are capable of 
migration or diffusion when an electric field is present. Thus, an electric current results from the net 
movement of these charged ions, which are present in addition to current due to any electron motion. 
Anion and cation migrations are in opposite directions. The total conductivity of an ionic material stotal is 
thus equal to the sum of electronic and ionic contributions, as follows:

Either contribution may predominate, depending on the material, its purity, and temperature. A mobility 
𝝁𝑰 may be associated with each of the ionic species as follows:

where nI and DI represent, respectively, the valence and diffusion coefficient of a particular
ion;



4.7 Dielectric Behavior

 A dielectric material is one that is electrically insulating (nonmetallic) and exhibits or may 
be made to exhibit an electric dipole structure—that is, there is a separation of positive 
and negative electrically charged entities on a molecular or atomic level.. As a result of 
dipole interactions with electric fields, dielectric materials are used in capacitors.

 When a voltage is applied across a capacitor, one plate becomes positively charged and
the other negatively charged, with the corresponding electric field directed from the
positive to the negative plates. The capacitance C is related to the quantity of charge
stored on either plate Q by

where V is the voltage applied across the capacitor. The units of capacitance are 
coulombs per volt, or farads (F).



4.7 Dielectric Behavior

Now, consider a parallel-plate capacitor with a vacuum in the region between the plates 
(Figure 13). The capacitance may be computed from the relationship. Now, consider a 

where A represents the area of the plates and l is the distance between them. The 
parameter 𝝐𝒐, called the permittivity of a vacuum, is a universal constant having the 
value of 8.85  10-12 F/m.
If a dielectric material is inserted into the region within the plates (Figure 18.28b), then

where 𝝐 is the permittivity of this dielectric medium, which is greater in magnitude than 

𝝐𝒐. The relative permittivity 𝝐𝒓, often called the dielectric constant, is equal to the ratio
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Figure 13 A parallel-plate capacitor (a) when a vacuum is present and (b) when a dielectric material 

is present.
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Dielectric Constants and 

Strengths for Some Dielectric

Materials



4.7 Dielectric Behavior

Field vectors and polarization
Perhaps the best approach to an explanation of the phenomenon of capacitance is 
with the aid of field vectors. To begin, for every electric dipole, there is a separation 
between a positive and a negative electric charge, as demonstrated in Figure 14. An 
electric dipole moment p is associated with each dipole as follows:

where q is the magnitude of each dipole charge and d is the distance of separation between them. A 

dipole moment is a vector that is directed from the negative to the positive charge, as indicated in 

Figure 14. In the presence of an electric field e, which is also a vector quantity, a force (or torque) 

comes to bear on an electric dipole to orient it with the applied field; this phenomenon is illustrated in 
Figure 15. The process of dipole alignment is termed polarization االستقطرب.
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Figure 14 Schematic representation of an 

electric dipole generated by two electric 

charges (of magnitude q) separated by the 

distance d; the associated polarization 

vector p is

also shown.

Figure 15 (a) Imposed forces (and

torque) acting on a dipole by an electric

field. (b) Final dipole alignment with the

field.



4.7 Dielectric Behavior

the surface charge density D, or quantity of charge per unit area of capacitor plate (C/m2), 
is proportional to the electric field. When a vacuum is present, then

where the constant of proportionality is P0. Furthermore, an analogous expression exists
or the dielectric case—that is,

Sometimes, D is also called the dielectric displacement.
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Figure 16 Schematic representations of (a) the charge stored on capacitor plates for a 

vacuum, (b) the dipole arrangement in an unpolarized dielectric, and (c) the increased 
charge-storing capacity resulting from the polarization of a dielectric material.



4.7 Dielectric Behavior

In the presence of a dielectric, the charge density between the plates, which is equal to 
the surface charge density on the plates of a capacitor, may also be represented by

 where P is the polarization, or the increase in charge density above that for a vacuum
because of the presence of the dielectric; or, from Figure 18.31c, P Q/A, where A is
the area of each plate. The units of P are the same as for D (C/m2).

 The polarization P may also be thought of as the total dipole moment per unit volume 
of the dielectric material, or as a polarization electric field within the dielectric that 
results from the mutual alignment of the many atomic or molecular dipoles with the
externally applied field e. For many dielectric materials, P is proportional to E through
the relationship


