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Chapter Two
Semiconductors

2.1: Introduction to Semiconductor

Certain substances like germanium, silicon, carbon is neither good conductors like
copper nor insulators like glass. Such substances are classified as semiconductors.
Semiconductors have some useful properties and are being extensively used in electronic
circuits.

For instance, transistor: a semiconductor device is fast replacing bulky vacuum tubes in
almost all applications.
In this chapter, we shall focus our attention on the different aspects of semiconductors.

* Low resistivity => “conductor”.
» High resistivity => “insulator”.
» Intermediate resistivity => “semiconductor”.

* Resistivity (p = R%) or Conductivity (o = -) lies between that of conductors and

D=

insulators.

» Semiconductors are materials which have electrical conductivities lying between
those of good conductors and insulators.

« The resistivity of semiconductors varies from 10 to 10** Qm as compared to the
values ranging from 108 t010® Qm for conductors and from 107 to 108 Qm for
insulators.

* There are elemental semiconductors such as Germanium and Silicon which belong to
group 1V of the periodic table and have resistivity of about 0.6 and 1.5x10° Qm
respectively.

» Besides these, there are certain compound semiconductors such as Galiumarsnide
(GaAs), Indium sulphide (InP), Cadmium sulphide (CdS), etc. which are formed
from the combination of the elements of group Ill and V, or group Il and VI.

1]l v '
Boron Carbon
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* Another important characteristic of the semiconductors is that they have small band
gap.

* The band gap of semiconductors varies from 0.2 to 2.5 eV which is quite small as
compared to that of insulators.

» The band gap of a typical insulator such as diamond is about 6 eV.

Q1: Why is Diamond important?!!!!

Answers: This property determines the wavelength of radiation which can be emitted or
absorbed by the semiconductor and hence helps to construct devices such as light emitting
diodes (LEDSs) and lasers.

Properties of Semiconductors:

(i)  The resistivity of a semiconductor is less than an insulator but more than a
conductor.

(i)  Semiconductors have negative temperature coefficient of resistance i.e. the
resistance of a semiconductor decreases with the increase in temperature and vice
versa.

For example, germanium is actually an insulator at low temperatures but it
becomes a good conductor at high temperatures.

(i)  When a suitable metallic impurity (e.g. arsenic, gallium etc.) is added to a
semiconductor, its current conducting properties change appreciably. This
property is most important and is discussed later in detail.

» The band gap energies for the elements of group 1V at OK are as follows:

Elements Band gap Energies
C (Diamond) 5.51 eV <@
Ge (Germanium) 0.75 eV
Si (Silicon) 1.16 eV
Sn (Grey) (Tin) (from Latin: Stannum) 0.08 eV
Pd (Palladium) OeV
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» At room temperature, diamond behaves as an insulator, Ge and Si as semiconductors
and Sn and Pd as conductors.

* The importance of semiconductors is further increased due to the fact that the
conductivity and the effective band gaps of these materials can be modified by the
introduction of impurities which strongly affect their electronic and optical
properties.

» The process of adding impurities to a semiconductor is known as doping.

Doping:

Depending on the nature of impurities added, the semiconductors are classified as follows:
* Pure or Intrinsic semiconductors
* Impurity or extrinsic semiconductors

» The intrinsic semiconductors are pure semiconductors in which no impurity atoms
are added.

» The extrinsic semiconductors are doped semiconductors in which suitable impurity
atoms are added to modify the properties.

In the present, the effect of impurities and charge carrier concentrations in semiconductors
are discussed.
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2.2: Pure or Intrinsic Semiconductors

As stated above, the intrinsic semiconductors such as pure Ge or Si are un-doped
semiconductor.

The electrical conductivity of this type of semiconductor is solely determined by thermally
generated carriers.

To understand the mechanism of conduction, we consider the bonding between atoms in
these semiconductors.

Consider, for example, the case of silicon with atomic number 14. Each silicon atom has
four valance electrons and can form four covalent bonds with our neighboring silicon
atoms which are directed along the corners of a regular tetrahedron.

Generation of an
electron-hole pair

Recombination of
an electron with
a hole

Valence electrons 3 . _ $$8323333333
Silicon Structure

Figure (1): () A two-dimensional representation of Si crystal.
(b) Electron-hole pairs in a silicon crystal. Free electrons are being
generated continuously while some recombine with holes.

Apparently, all the valence bonds and no electron are free to cause conduction particularly at
OK.

As the temperature increases above OK, some of the valence electrons may acquire
sufficient thermal energy to break their covalent bonds and become free from the influence
of cores of the atoms.

The electrons move randomly in the crystal and are referred to as the conduction
electrons. Each escaped electron leaves behind an empty space called a hole which also
acts as a current carrier.

Thus, when a valence electron breaks away from a covalent bond, an electron hole pair is
generated and two carriers of electricity are produced as shown in figure (1b).
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When a valence electron located adjacent to a hole acquires sufficient thermal energy, it
may jump in to the hole position to_reconstruct the broken covalent bond and a hole is
created at the initial position of electron.

—
FREE ELECTRONS

Thus, the motion of an electron may also be regarded I e e I
as the motion of a hole in the opposite direction. I I

Q2: How to create the current in semiconductor? — — |

Answers: These electrons and holes move in opposite direction under the effect of an
external electric field and constitute the current.

Qapp: Why the current in semiconductor is small?

The energy band diagram of the intrinsic semiconductor is shown in figure (2).

Conductionband

electrons \‘
- L]
[ ] [ ] - e
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e- h pair Band gap '.
! )
o ~ O ~ ‘_
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O o v
Valence band

Figure (2): Energy band diagram of an intrinsic semiconductor showing generation and
recombination of an electron and a hole.

At 0K, the valence band is completely filled and the conduction band is completely
empty. Therefore, the semiconductor behaves as an insulator. The electrons present in the
valence band do not conduct as these are bound to their cores.

As temperature increases, some of the valence band electrons acquire sufficient thermal
energy to jump to the conduction band leaving behind an equal number of holes in the
valence band. The electron in the conduction band and hole in valence band behave as free
carriers and increase the conductivity of the material.
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The conditions for the movement of electrons are different from the conditions for
movement of holes: the electrons move when the conduction band is nearly empty and the
holes move when the valence band is nearly full.

Thus, the electrons move mainly under the influence of the applied field while the holes move
under the combined effect of the applied electric field and the ionic field of the lattice.

Thus, the prosperities such as effective mass, mobility, etc. of a hole are quite different from
the corresponding properties of electrons.

For example, a hole has larger effective mass and lower mobility than the corresponding
values for an electron.

The charge of a hole is equal and opposite to that of an electron.

It is apparent that, in an intrinsic semiconductor, the number of electrons n;, in the
conduction band is always equal to the number holes p;, in the valence band, i.e., n; = p;,
and either one of these is called the intrinsic carrier concentration.

Besides the generation of free electron-hole pairs, there is another process called
recombination of carriers in semiconductors.

A free electron moving randomly in semiconductor may encounter a hole and combine with
it SO as to reconstruct the broken covalent bond.

Thus, the electron-hole pair is destroyed and the free electron is converted into the bound
electron.

This recombination process is equivalent to an electron jumping from the conduction band
to the valence band and occurs with the release of energy equal to the band gap energy in
the form of electromagnetic radiation as shown previous in figure 2.

In intrinsic semiconductor, the rate of generation of carriers (g) depends on the
temperature and nature of the material.
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The recombination rate (R) on the other hand, depends on the concentration of electrons
and holes in a material at that temperature. In equilibrium, the generation rate just equals
the recombination rate, i.e.,

g =R = Cn;p;
Where C is a proportionality constant which depends on the nature of the material. Since
in an intrinsic semiconductor n; = p;, we have:

g=R=Cn}
For a given temperature, the quantity n; is a constant and depends only on the nature of the
semiconductor. It will be recognized later that the constant C is related to the densities of
states of electrons and holes at the conduction band and valence band edged respectively.

2.3: Impurity or Extrinsic Semiconductors

The intrinsic semiconductor has little current conduction capability at room temperature.
To be useful in electronic devices, the pure semiconductor must be altered so as to
significantly increase its conducting properties.

This is achieved by adding a small amount of suitable impurity to a semiconductor. It is then
called impurity or extrinsic semiconductor.

The process of adding impurities to a semiconductor is_known as doping. The amount
and type of such impurities have to be closely controlled during the preparation of extrinsic
semiconductor. Generally, for 10° atoms of semiconductor, one impurity atom is added.

The purpose of adding impurity is to increase either the number of free electrons or holes
in the semiconductor crystal. As we shall see, if a pentavalent impurity (having 5 valence
electrons) is added to the semiconductor, a large number of free electrons are produced in
the semiconductor. On the other hand, addition of trivalent impurity (having 3 valence
electrons) creates a large number of holes in the semiconductor crystal.

Impurities that contribute to the carrier density of a semiconductor are called donors if they
supply additional electrons to the conduction band, and acceptors if they supply
additional holes to (i.e. capture electrons from) the valence band.

The addition of doping elements significantly increases the conductivity of a semiconductor.
In fact, impurity is accidentally present in semiconductors (even in low concentrations like
1 atom in 10'? atoms), which make it extrinsic.
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The impurity atoms are referred to as acceptor or p-type and donor or n-type impurities
as they contribute excess holes and electrons respectively to the semiconducting material.

The semiconductor is accordingly known as p-type or n-type semiconductor. The dopants
are added in the ratio of about 1 in 10° to 108 atoms of the semiconducting material.

Such a small quantity of dopants does not bring about any structural changes in the
semiconductor as the impurity atoms replace the regular atoms in the crystal.

However, the conductivity of the semiconductor is greatly affected by such substitution.

2.3.1: Donor or n-Type Semiconductor

When a pentavalent impurity atom of group V, such as
Phosphorus, Arsenic or Antimony, is introduced into silicon, four of
its five valence electrons from covalent bonds with the
neighbouring four silicon atoms while the fifth valence electron
remain loosely bound to its nucleus as shown in figure (3a).

BAND
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Semiconductors POSITIVELY |_FREE
CHARGED—— 42~ “ o~ * 5~ * 5 [ ELecTron

IMPURITY 3
ATOM ,_l M Wl e ey l»
{ Lar] @® @ \
@ @ D
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electrons
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Figure (3a): A pentavalent Impurity atom (P) in a silicon crystal.

A small but definite amount of energy is required to detach this fifth electron from its
nucleus and make it free to conduct. However, the energy required is_gquite small as
compared to the energy required for breaking a covalent bond and can be easily provided
by thermal agitation inside the crystal.

The energy level corresponding to the fifth valence electron lies in the band gap just
below the conduction band edge as shown in figure (3b). This level is called the donor level.
The depth of the donor level below the conduction band is merely about 0.01 eV for Ge
and 0.03 eV for silicon.
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Figure (3b): Energy level diagram of an n-type semiconductor.

The electrons are, therefore, easily transferred to the conduction band leaving behind
positively charged immobile impurity ions. Thus, each pentavalent impurity atom donates
one free electron to the semiconductor.

Such impurities are, therefore, known as donor or n-type impurities and the semiconductor
containing such impurity atoms is known as n-type semiconductor.

In these semiconductors, the current is carried mainly by electrons which are called
majority carriers.

The thermally generated holes are called minority carriers. The electron concentration (n)
Is obviously quite large as compared to hole concentration (p), but their product always
remains constant.

le.,

_ )
np =n;p; — n;

Where n; and p; are the intrinsic values of the carrier concentration. This relationship is
called the law of mass — action and will be derived later.
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2.3.2: Acceptor or p-Type Semiconductor

If a trivalent impurity atom of group Ill, such as Boron, Aluminum,
Gallium or Indium, is introduced into silicon, it forms three covalent
bonds with the neighbouring three silicon atoms while the fourth
bond is not completed due to the deficiency of one electron. This
incomplete bond is shown by broken line in figure (4a) where the
small circle (marked a) represents the electron deficiency. L
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Figure (4a): A trivalent impurity atom (B) in a silicon crystal.

Thus, the trivalent impurity atom has a tendency to accept one electron (Say b) from a
neighbouring silicon atom to complete the fourth covalent bond. This process requires a
small amount of energy which is easily provided by the thermal agitation in the crystal. The
transferred electron leaves behind a broken covalent bond, i.e., a hole at position b’ on
the silicon atom which acts as a current carrier.

The energy level corresponding to the electron deficiency of the type &’ is located just
above the valence band and is called the acceptor level. The acceptor levels are located at a
distance of about 0.01eV above the top of the valence band in Ge and about 0.046 to 0.16
eVin Si.

An electron can be easily transferred from the valence band to the acceptor level by
providing this small amount of energy. This creates a hole in the valence band which acts as
a mobile current carrier.

The negatively charged impurity atom, however, remains immobile and does not contribute
to conduction. Thus, each trivalent impurity atom can accept an electron from a
neighbouring silicon atom to produce a hole in the semiconductor.
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Figure (4b): Energy level diagram of a P-type semiconductor.

Such impurities are, therefore, known as acceptor or p-type impurities and the
semiconductor containing such impurity atoms is known as a p-type semiconductor.

In these semiconductors, holes are the majority carriers and thermally generated electrons
are the minority carriers.

In this case, hole concentration (p) is quite large as compared to electron concentration
(n), but the law of mass action still holds.

ie.,

_ )
np =n;p; — n;

It may also be noted that in either type of semiconductors, the overall charge neutrality is
maintained as no charge is added to or removed from the material.
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2.4: Drift Velocity, Mobility and Conductivity of Intrinsic Semiconductors

2.4.1: Drift Velocity

If an electric field E (V/m) is applied to a metal, an electrostatic force is exerted on the free
electrons which causes a conduction current to flow. (The arrow indicates a vector
guantity.)

The force on an individual electron is given by F = —qE (N),

where (q) is the electronic charge (g = 1.602 x 10*° C). The electrostatic forces cause the
electrons to be accelerated in a direction opposite to that of the applied field.

Metal

+++I++

(a) (b)
Figure (5): Electric field applied on various metal shape.

Figure below illustrates the path that an individual electron might take under the influence
of the electric field. If the electron did not collide with the bound ions, its velocity would
increase indefinitely. However, energy is lost with each collision so that the average
velocity approaches a constant or steady-state value. The average velocity v; (m/s) is
called the drift velocity.

electron

—_—
Electric Field

-
Electron Drift Velocity

Figure (6): Path taken by a free electron in a metal under the influence of an applied electric field.
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The drift velocity is proportional to the applied field (¥4 « E) and is given by:
vd = —UE
Where ue (Mm? V1 s?) is the electron mobility.
(The minus sign is required because the negative charge on the electron causes it to move
Is a direction opposite to the field.)

The average distance that the electron travels between collisions with the bound ions is
called the mean free path.

As the temperature increases, the bound ions vibrate with increasing intensity, causing the
mean free path between collisions to decrease.

This effect causes the drift velocity (v) to decrease, which is modeled by a decrease in the
electron mobility (ue) with temperature.

2.4.2: Charge Density (p)

The charge density p(C/m?3) in a conductor is defined as the free charge per unit volume.

To relate the charge density in a metal to the density of free electrons, let n be the number
of electrons per m3. Because the charge per electron is -q, it follows that the free charge
per unit volume in the metal is given by

p=-nq
2.4.3: Current Density (i)

The current density J( A/ m2) in a conductor is defined as the \

Al

current per unit area flowing in a particular direction. \
I Current J
s _ 12
) =2

To relate the current density in a conductor to the drift velocity of the moving charges,
consider a section of wire of length Al in which a current I is flowing.

The charge in the section is AQ = pAV = pAAl, where (p) is the charge density and (A4)
Is the cross-sectional area of the wire.

Let (At) be the time required for the charge in the section to move the distance (Al). The
velocity of the charge is v = Al/Ata, where @ is a unit vector in the direction of current
flow.

Page 30



Electronics By Twana Kak Anwer | 2022-2023

The current I flowing in the area (4) is I = AQ/At.

It follows that the current density (j) can be related to the drift velocity (v,) as follows:
. I_  1AQ_ _pﬁlAl,\ _ <Al
I =A% an ™ Ant 2= P\ae

>a = pv, Prove it!
2.4.4. Conductivity (o)

We can relate the current density () to the electric field (E) in a metal as follows:
j=pv=(-nq)(-pE)
J =nqu.E = oE
This equation defines the conductivity o (Q* m*) of the metal. It is given by:
o =nqu.

2.4.5: Conductivity of a Semiconductor (o)

Where o represents the electronic conductivity of the material, we get:

an — nq”n
Similarly, we can write the expression for the conductivity due to holes in the valence band as:
Op = PqHyp

The conductivity of a semiconductor is given by:

0':0'n+0'p ﬁa:q(ﬂnn'k”pp)
Where u,, and p,, refer to the mobilities of the electrons and holes, and n and p refer to
the density of electrons and holes, respectively.

For an intrinsic semiconductor:n = p = n;
Therefore, equation of total conductivity reduces:

0= niq(ﬂn + ”p)
It is important to note that, in semiconductors, the movement of carriers or the flow of
current is, in fact, the consequence of the following two processes:
1. Drift of carriers under the effect of an applied field; the resulting current is called the drift
current.
2. Diffusion of carriers under the effect of concentration gradient of dopants presents inside
the semiconductor; the corresponding current is called the diffusion current.
In the above treatment, we have considered only the drift current contribution. The
diffusion current contribution is absent in semiconductor having a uniform distribution of
impurities.
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2.4.6: Resistance (R)

The current density is:

j=ga=,la ’;ﬁ’ p(5;)a= p%4 = (-ng)(~1.E) = nqu,E = oF
we can write: j= aAl a Prove it!
By equating the two relations for j , we obtain:
| S 4
Al =%

This equation can be solved for the resistance (R = %) of the section of wire to obtain:
_ Al
oA

Thus, the resistance is_directly proportional to the length of the wire and inversely

proportional to its area. Because the conductivity o decreases with temperature, it follows

from this equation that R increases with temperature. In most metals, the resistance
increases linearly with temperature (R; = Ro(1 + aAT)).

Prove it!

2.4.7: Variation of Conductivity with Temperature

Assuming mobilities to be independent of temperature, the temperature dependence of
conductivity arises because of the variation of intrinsic carrier concentration (n;) with
temperature. It will be proved that n; is given by:
3 2(21tKT)% 3 _Eg,

n; — T ("ln"lp)4 e “2KT
Where m,, and m,, represent the effective masses of an electron and a hole respectively,
E 4 is the band gap, K is the Boltzmann’s constant and T is the absolute temperature.
Substituting n; into total conductivity equation, we get: o = n;q(u, + up)

3
2(2nKT)? 3 _Lg,
o= e(ﬂn + ”p) T (mnmp)4 e "2KT I
We take In for both sides, we get: ino
Ino = (E‘q)l S InT + tant
no — 2K)T 2 n consian

1T —_—

The first term on the right-hand side is the dominant term.
The plot of In o versus 1/T is a right line as shown in this figure. The slope of the line gives
an estimate of the band gap of the semiconductor.
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Example 2.1: Aluminum has three valence electrons per atom, an atomic weight of 0.02698
Kg/mol, a density of 2700 Kg/m3 and a conductivity of 3.54x10" S/m™. Calculate the
electron mobility in aluminum. Assume that all three valence electrons in each atom are free.

Solution:

Recall from introductory chemistry that a mole of any substance is a quantity equal to its
atomic weight and contains a number of molecules equal to Avogadro’s number which is
6.02 x 10%, It follows that the number of aluminum atoms per m? is:

atoms Kg
N, N 6.02 x 1023 29MS o 57009
n=-A_ab_ m"lK m® _ 5,024 x 1028 m~3
V. m 0.02698 —4.
mol

Thus, the electron density in the aluminum is n=3x6.024x10% = 1.807 x 10%° m~3
The mobility is given by:
o 3.54 x 107

= —= _ e gt
nq 1.807 x 1029 x 1,602 x 10-1° 3.67 x 1073m?2y1s

He

Example 2.2: The conductivity of copper is 5.8x107 S/m. If a 1 m length of copper wire has a
resistance of 1 Q, what is the thickness of the wire? Assume a circular cross section.

Solution:
PO 2 (d)z & a=2 |2 —, 1 0.0148
= — = — = = —_ = —_— = o e .
oA AT er- TN TT\3) Ty ToR Tx58x107 x 1 mm

H.W: Q3: A 20m length of cable has a cross-sectional area of 1mm? and a resistance of 5Q.
Calculate the conductivity of the cable. Data given: DC resistance, R=5Q, cable length
LL=20m, and the cross-sectional area of the conductor is 1mm? giving an area of: A=1x10°m?,

Solution:
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2.5: Carrier Concentration and Fermi Level for Intrinsic Semiconductor

The concentration of electrons and holes in a semiconductor can be obtained from the
knowledge of the densities of available states in the valence band and the conduction band
as well as the Fermi-Dirac distribution function. The expression for the Fermi energy is
then obtained from this carrier concentration.

2.5.1: Electron Concentration in the Conduction Band

The number of free electrons per unit volume (dn) in an energy range E and (E + dE) can
be written as:

dn = D(E) f(E) dE (1)
Where D) is the density of states defined as the total number of allowed electronic
states per unit volume in a semiconductor and f ) is the Fermi distribution function
representing the probability of occupation of a state with energy E.

The expression for fg)is given as:

1

f@) = —EEN ..(2) (Save it)
e( KT ) +1

Whereas that for D gy, which is strictly valid for free electrons, is obtained:

a1 3.1
D) =77 (2m)2EZz ..(3)
It apparent that an electron occupying an energy state E in the conduction band, in fact,

possess the kinetic energy (E — Ec).
Thus, equation (1) becomes by using equations (2) and (3):

4T 3 1 1
dn = ﬁ (Zmn)z (E - EC)Z TdE . (4)
e(—> +1

KT
Where m,, is the effective mass of the electron in the conduction band.

The concentration of electrons (n) in the conduction band is obtained by integrating
equation (4) fromE =E, to E =0, i.e

(E- Ec)Z
(Zmn) f (E Ef> dE ..(5)
e +1

KT
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Now, near room temperature, KT ~ 0.026 eV. Therefore, for energies greater than E_,
E—Ef E—Ef
., 3(7) +1 = 6(7)
E—Ef

an 3 1 _(_)
=3 (2m,"): Jgp (E—E.)2e \ ¥T JdE

Add; +E. — E,
_am 3 oo 1 [ (M)}
n=_—(2my): fEC(E — E.)ze dE

E E -
n= :Z(Zmn )Ze f]j (E - E)Ze[( *)dE

Let (¢) = x,dE = KT dx ,For E = E;, x =0
el G = (-]
n= F(Zmn )ze f xZ[KT]ze *IKTdx,
3 Ec—Ey
n 22—7;(2mn*KT)5e[ ( )]f xze *dx,
1
Now: [~ xze~*dx = E]Z;

3
2nm;,KT12 _(ﬂ)
n=z2|=—| ) ®)

From equation (2), the probability of occupancy of level E.. is given by:

B Ec-Ef
Therefore, equation (6) becomes: f () = # =e ( Kkt )

e( KT >+1
3
2mm’KT2
nZZ[T] fey (1)

The first term on the right-hand side must represent the effective density of state of

3

an"KT] .(9). we have:

electrons at the conduction band edge. Denoting itby N, = 2 [

E, Ef) (8)

n= Nce_( KT
3

For silicon; N, = 2.8 x 10%° [300]_111_3
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Example 2.3: Calculate the energy relative to the Fermi energy for which the Fermi function
equals 5%. Write the answer in units of KT.
Solution: The problems states that:

1 ﬂ 1 E-E
e +1

Which can be solved yielding: E — Ef = In (19)KT = 3KT

Example 2.4: Calculate the effective densities (N.) of states in the conduction and valence
bands of germanium at 300K.

Solution: The effective density of states in the conduction band of germanium equals:
3

__ o [2mm;,KT]2
N.= 2[ h2 ] ’
3
2mx0.55%9.11x10731x1.38x10723x300]2 _
N, = 2 |2oemad 2800 S0 = 1.02 x 101%cm™3 .
(6.626x10~34)2

2.5.2: Hole Concentration in The Valence Band

An expression similar to equation (1) for the number of holes per unit volume in the energy
range E and E + dE can be written as:

dp = D(E) [1 - f(E)] dE (10)
Where we have replaced f g by [1 — f(g)] which represents the probability of an energy
state E not to be occupied by an electron, i.e., the probability of finding a hole in the energy

state E.
L W)

E—Ef - E—Ef
e(T>+1 e(T>+1
In the valence band, since E < Ef the exponential term in the denominator may be

neglected in comparison to unity. Thus, we get:
E-E;

1= f = o7T) i)

Now;1— fp) =1—

It follows that the probability of finding holes decreases exponentially with increase in depth
into the valence band. Also, in the kinetic energy of a hole in the energy state in the valence
band is (E, — E). Therefore, the density of states per unit volume in the valence band can
be written as:

41 L3 1
D(E) - ﬁ (Zmp)Z(Ev —-E)2 . (12)
Where m;‘, is the effective mass of a hole in the valence band.
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Using equations (11) and (12) in equation (10);
41 1 (E Ef)
dp = g (Zmp)Z(E —E)2e\ KT ) dE

and integratlng from E = o to E = E,,, we obtain the hole concentration in the valence
band as:
p _F(Z ) ) [ (E, - E)z e[( KT )]dE
Add; +E, — E,
3 1 E— Ef+E,, Ey
=2 (2m,")? [ (B, — E): e[( )]dE

E . 1 [/E-E,
p= %(Zmp*)ge f ]j (E — E)Z e[( K? )]dE

et (22) = x,dE = —KT dx ,For E, = E, x = 0
3 Ev—Ef 1 1
p = Z—’;(zmp*)zeK ) [° x2(KT): e*(—KTdx),

s [(Ev-Ef 3 o 1
p Z%(Zmp*)EeK KT ) (KT): fo xze *dx,

-0 1
Now: [, —~ x2e*dx = —]2;

p = z—Z(Zmp*KT)%e[(%)] (E)%

2mm,,"KT 3 _(ﬂ)]

p= 2(—h )Ze KT . (13)

The first term on the right-hand side must represent the effective density of holes at the

2m"”*KT)z .(15), we have:

valance band edge. Denoting it by N,, = 2(
p= N, e[_(%)] .. (14)

For silicon; N, = 2.8 x 10%° [% 23

The electron and hole concentrations (n;, p;) given by equations (8) and (14) respectively

are valid for intrinsic and extrinsic materials. For intrinsic materials, these equations can
also be written as:

(%) (%)
n;=N.e \ KT J p; = N, el \ KT .. (16)
Where the Fermi level E; has been replaced by the intrinsic level E;.
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2.5.3: Fermi Level

For an intrinsic semiconductor, N = n; = p;
Therefore, from equations (8) and (14), we get:

(Ec—Ef) (Ef—E,,)
NCe KT —_ NU e KT
OR:

2Ef~Ec—Ey N,
e KT = —,

N¢
2Ef—-E -E, —In (&)
KT N/’

E.+E, KT N,
Ep=———"+—"In <N_c) (7
Using equations (9) and (15) in equation (17), we obtain:

E.+E, 3KT (m,
AT =0K,  E;=="* . (19)
l.e., the Fermi level lies in the middle of the conduction band and valence band. This is also
true at all other temperatures provided m,, = my,.
However, in general, m,, > my, and the Fermi level is raised slightly as T exceeds OK. For Si
at 300K, the increase in Fermi energy is about 0.01eV only which may be neglected for all
practical purposes.

2.5.4: Law of Mass Action and Intrinsic Carrier Concentration

For an intrinsic semiconductor, N = n; = p;

The equations (8) and (14) yield:
E.—E,
np = niz = Nche_(T)
letE. — E, = E,

_(E_g)
n? = N.N,e \KT) . (20)
, . 2mKT ., 3 E
np = n; = 4( hZ )’ (m,my)Ze KT .. (21)
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This shows that, for a given semiconductor, the product of electron and hole concentration
Is a constant at a given temperature and is equal to the square of the intrinsic carrier
concentration. This is called the law of mass action and holds for both intrinsic and
extrinsic semiconductors. If impurity atoms are added to a semiconductor to increase n,
there will be a corresponding decrease in p such that the product np remains constant.
Thus, we always have:

np =n? ..(22)

The intrinsic carrier concentration can be directly obtained from equation (20) Or (21) as:
1 _(Eg
n; = (N.N,)Ze (ZKT) ..(23)
2nKT 3 . .3 _Eg
n; = 2(—5)2(mym;Yie T ... (24)

For a pure Ge a 300K, the intrinsic electron concentration is about 2.4x10°m when the
concentration of germanium atoms is 4.4x10%m3, This shows that, at ordinary
temperature, only about five covalent bonds per 10*° atoms of germanium are broken and
contribute to intrinsic conduction. On the other hand, in metals such as copper, about 10%
electrons per cubic meter are a available for conduction.
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2.6: Carrier Concentration, Fermi Level and Conductivity for Extrinsic Semiconductor

As described earlier, the donor or acceptor levels are present in an extrinsic semiconductor
depending on the type of impurity present. The concentration of donors or acceptors in
semiconductor affect the Fermi energy, the carrier concentration and the conductivity of
the semiconductor. We consider the following cases:

2.6.1: N-Type Semiconductor

The electron concentration must be equal to the
sum of the concentration of ionized donors, N4, in
the donor levels and the concentration of thermally &
generated holes in the valence band, i.e., Er
n=Ng+p
If a sufficient number of donors are present to
produce electrons in the conduction band, the e __—
concentration of thermally generated holes gets ‘bandValence band ////
suppressed as a consequence of the law of mass Rt “
action. Thus, p may be neglected in above equation
which, therefore becomes:

n=N}
The concentration of ionized donors is calculated as:
Ni=Nyf(1-Eg,)

The free electron concentration in the conduction band is:
AE
n= /NCNde_(m)

Where AE = E. — E 4 represents the ionization energy of the donors.

The position of the Fermi level at moderate temperatures is given by:
E Ed — EC 4 KT <Nd)

— n —_—

f N,

2 2 :
The only valid information obtainable from this equation is that the Fermi level lies
somewhere near the middle of the donor level and the conduction band edge v at
moderate temperatures.

The electrical conductivity of an n-type semiconductor can be calculated from:
o, = enp, = eNjpu,
Where pu,, is the electron mobility.
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2.6.2: P-Type Semiconductor

If n, p, N, and N, represents electron concentration in the conduction, hole concentration
in the valence band, total acceptor concentration, and concentration of ionized acceptors
respectively, then

p=Ng+n
Neglecting m in comparison with for p-type e
semiconductor, we get:

p=N, i S U £ s = s e 0 E,
The concentration of ionized acceptorsisgivenby: ¢ ... e o o o
N; =N, f(E,) B

The free hole concentration in the valence band is:
AE

p= NvNae_(m)

Where AE = E. — E 4 represents the ionization energy of the donors.

o = E,—E, KTl (Na)
f="2 2 "N,

The Fermi level at moderate temperatures lies near the middle of the acceptor level and the

top of the valence band.

The electrical conductivity of a p-type semiconductor is given by:
o, =epu, =eN,u,
Where p,, is the hole mobility.

2.6.3: Mixed Semiconductor

In semiconductor containing both n and p -type impurities, the law of electrical neutrality is
writtenas: Nj +p =N, +n
Taking and using equation (np = n;2), we obtain: n=p =n;

This shows that, for equal concentrations of donors and acceptors, the semiconductor
behaves as pure or intrinsic semiconductor. All the ionized acceptors combine with free
electrons of the donors and all ionized donors combine with free holes of the acceptors to
produce no net free carriers. For Ny = N or simply N; # N, (donors and acceptors are
assumed to be ionized), the semiconductor behaves as n-type or p-type depending on the
relative magnitudes of Nd and Na, and the cases described above become applicable.
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REVIEW Yourself!!!

H.W: Q4:

1. Inan intrinsic semiconductor, the number of free electrons
(a) Equals than the number of holes (b) Is greater than the number of holes
(c) Is less than the number of holes  (d) None of the above

2. In an intrinsic semiconductor,

(a) there are no free electrons (b) the free electrons are thermally produced
(c) there are only holes (d) there are as many electrons as there are holes
(e) answers (b) and (d)

3. The process of adding an impurity to an intrinsic semiconductor is called
(a) doping (b) recombination (c) atomic modification (d) ionization
4. A trivalent impurity is added to silicon to create
(a) germanium (b) a p-type semiconductor (c) an n-type semiconductor (d) a depletion region
5. The purpose of a pentavalent impurity is to
(a) reduce the conductivity of silicon (b) increase the number of holes
(c) increase the number of free electrons (d) create minority carriers
6. The majority carriers in an n-type semiconductor are
(@) holes (b) valence electrons (c) conduction electrons (d) protons
7. Holes in an n-type semiconductor are
(@) minority carriers that are thermally produced
(b) minority carriers that are produced by doping
(c) majority carriers that are thermally produced
(d) majority carriers that are produced by doping
8. In n-type semiconductors, holes are:
(a) majority carriers (b) minority carriers (c) absent (d) none of these

Q5: What is Intrinsic Semiconductor?
Pure form of semiconductors is said to be intrinsic semiconductor. Ex: germanium, silicon.

Q6: What is Extrinsic Semiconductor?
If certain amount of impurity atom is added to intrinsic semiconductor the resulting
semiconductor is Extrinsic or impure Semiconductor.

Q7: What are the types of Extrinsic Semiconductor?
1. p-type Semiconductor 2. n-Type Semiconductor.
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Q8: What is p-type Semiconductor?
The Semiconductor which are obtained by introducing trivalent impurity atom (gallium,
indium) are known as P-type Semiconductor.

Q9: What is n-type Semiconductor?
The Semiconductor which is obtained by introducing pentavalent impurity atom (phosphorus,
Antimony) are known as N-type Semiconductor.

Q10: What is doping?
Process of adding impurity to a intrinsic semiconductor atom is doping. The impurity is
called dopant.

Q11: Why n-type or pentavalent impurities are called as Donor impurities?
n- type impurities will donate the excess negative charge carriers (Electrons) and therefore
they are referred to as donor impurities.

Q12: Why p-type or trivalent impurities are called as acceptor impurity?
p- type impurities make available positive carriers because they create holes which can accept
electron, so these impurities are said to be as acceptor impurity.

Q13: Define drift current?

When an electric field is applied across the semiconductor, the holes move towards the
negative terminal of the battery and electron move towards the positive terminal of the
battery. This drift movement of charge carriers will result in a current termed as drift current.

Q14 Define the term diffusion current?

A concentration gradient exists, if the number of either electrons or holes is greater in one
region of a semiconductor as compared to the rest of the region. The holes and electron tend
to move from region of higher concentration to the region of lower concentration. This
process in called diffusion and the current produced due this movement is diffusion current.

Q15: Define mean life time of a hole or an electron.

The electron hole pair created due to thermal agitation will disappear as a result of
recombination. Thus, an average time for which a hole or an electron exist before
recombination can be said as the mean life time of a hole or electron.
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