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2. Semiconductor Physics

Intrinsic Semiconductors - Energy band diagram - direct
and indirect semiconductors - Carrier concentration in
intrinsic semiconductors - extrinsic semiconductors -
Carrier concentration in N-type & P-type semconductors
- Carrier transport: Velocity-electric field relations - drift
and diffusion transport - Einstein’s relation - Hall effect
and devices - Zener and avalanche breakdown in p-n
junctions - Ohmic contacts - tunnel diode - Schottky
diode - MOS capacitor - power transistor.

Introduction

Semiconducting material has electrical conductivity between
a good conductor and a good insulator. It is simply called
semiconductor. It is a special class of material which is very
small in size and sensitive to heat, light and electricity.

Semiconducting materials behave as insulators at low
temperature and as conductors at high temperature. Moreover, these
materials have two types of charge carriers i.e., electrons and
holes.

Germanium and silicon are two important elemental
semiconductors. They are used in diodes and transistors.

Gallium arsenide (GaAs) and indium phosphide (InP)
are two important compound semiconductors. They are used in
LEDs and Laser diodes.

The study of semiconducting materials is essential for
engineers due to their wide applications in semiconductor devices

in engineering and technology.

The invention of semiconductors opened a new branch of

technology called solid state electronics.
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It leads to the development of ICs, microprocessors,
computers and supercomputers.

In short, semiconductors play a vital role in almost all
advanced electronic devices.

Definition
Based on Electrical resistance

Semiconductor has electrical resistance which is
lesser than an insulator but more than that of a
conductor. Its electrical resistivity is in the order of

10°* to 0.5 ohm metre.

Based on Energy band

A semiconductor has nearly an empty conduction
band and almost filled valence band with a very small

energy gap (= 1 eV). (Fig 2.1)
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Fig. 2.1 Energy band diagram of a semiconductor

General properties of the semiconductors

e They have crystalline structure.

e Bonding between the atoms is formed by covalent bond.

e They have empty conduction band at OK.

e They have almost filled valence band.

e The energy gap is small.

e They exhibit a negative temperature coefficient of
resistance. ie., increase in temperature leads to decrease
in resistance.
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e If impurities are added to a semiconductor, its
electrical conductivity increases. Further, if
temperature of the semiconductor is increased, its

electrical conductivity increases.

This property is in contrary to that of metals in
which if temperature is increased or impurities are

added, their electrical conductivity decreases.

Classification of semiconductors

The semiconductors are classified mainly into two types

based on the composition of materials. They are
(i) Elemental semiconductors

(ii) Compound semiconductors

Semiconductors
I
v v
Elemental Compound
semiconductors semiconductors

Elemental Semiconductors
(Indirect band gap semiconductor)

The semiconductors which are made from a single
element of fourth group elements in periodic table are

known as elemental semiconductors.

They are also called as indirect band gap

semiconductors.

Example

Two important elemental semiconductors and their energy
band gaps are given in table 2.1.
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Table 2.1

S.No. Element E 2 in eV
1 Germanium 0.72
2 Silicon 1.1

Compound semiconductors
(Direct band gap semiconductors)

Semiconductors which are formed by combining
third and fifth group or second and sixth group elements
in the periodic table are known as compound
semiconductors.

They are also called as direct bandgap semiconductors.

Characteristics

e The compound semiconductor have large forbidden gap
and carrier mobility.

e They are formed by both ionic and covalent bonds.

e The recombination of electron and hole takes place
directly. During this process, the light photons are
emitted in visible or infrared region.

Some important compound semiconductors are given in
table 2.2.

Table 2.2
S.No. Group Compound semiconductor
1. |Combination of Gallium Phosphide (GaP)
third and fifth Gallium Arsenide (GaAs)
group elements Indium Phosphide (InP)
(ITIT and V) Indium Arsenide (InAs)

2. |Combination of Magnesium Oxide (MgO)
second and sixth Magnesium Silicon (MgSi)
group elements Zinc Oxide (ZnO)

(IT and VI) Zinc Sulphide (ZnS)
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Uses

The compound semiconductors are used in photovoltaic

materials, photoconductive cell, LEDs [Light Emitting Diode] and

Laser diodes.

The differences between elemental and compound
semiconductors are given in table 2.3.
Table 2.3
Differences between elemental and compound
semiconductors (indirect and direct band gap
semiconductor)
S.No Elemental Compound

- Semiconductors Semiconductors

1. |They are made of a single|They are made of
element compounds
Example: Germanium (Ge),|Example: GaA, GaP, CdS,
Silicon (Si). MgO.

2. They are known as|They are known as direct
indirect band gap |band gap
semiconductors. semiconductors.

3. Electron - hole Electron - hole
recombination takes place|recombination takes place
through traps which are|directly with each other.
present in band gap.

4. |Life time of charge carriers|Life time of charge carrier
is more due to indirect|is less due to direct
recombination. recombination.

5. |Heat energy is produced|Light photons are emitted
during recombination. during recombination.

6. |They carry more current. |They carry less current.

7. |They are used for making|They are used for making
diodes and transistors. LED’s and Laser diodes.
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@ DIRECT AND INDIRECT BAND GAP
SEMICONDUCTORS

Semiconductors are also classified into

(a) Direct band gap semiconductor

(b) Indirect band gap semiconductor.

Semiconductors

| |

Direct band gap Indirect band gap

The electrons and holes in a semiconductor have energy
and momentum. The momentum (k) depends on energy (E). A
plot of energy versus momentum is as shown in fig. 2.2

The lower curves represent energy and momentum values
of holes in valence band of semiconductor. Similarly upper curves

denote corresponding values for electrons in conduction band.

In direct band gap semiconductor, the energy maximum of
valence band and the energy minimum of the conduction band
are having same momentum value.

During the recombination of electron from conduction band
with hole in valence band, the momentum of the electrons
remains vitually constant. The energy equal to band gap energy
is released as light photon.

But, in the case of indirect band gap semiconductor, the
maximum energy of valence band and minimum energy of
conduction band are having different values of momentum.

During recombination, electron firstly loses momentum
such that it has momentum equal to the momentum
corresponding to energy maximum of valance band.



Semiconductor Physics 2.7

To conserve the momentum, emission of third particle
known as a phonon is generated. Thus, in this type of

recombination phonon is produced.

N A electron
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electron J\f\/\//\’ Phonon (heat)
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Filled
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Fig. 2.2 Energy - momentum diagram
(a) Direct band gap semiconductor
(b) Indirect band gap semiconductor

Types of Semiconductors

When a suitable impurity is added to a pure
semiconductor, its electrical conductivity changes. Based
on this property, the semiconductors are classified into two types.

They are

(i) Intrinsic semiconductor or pure semiconductor

(i1) Extrinsic semiconductor or impure semiconductor
or Doped semiconductor

Semiconductors

A\ 4 A 4

Intrinsic (or) Extrinsic (or)
Pure Semiconductors Impure Semiconductor
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@ INTRINSIC SEMICONDUCTORS

A semiconductor in extremely pure form is known as
intrinsic semiconductor. Its electrical conductivity is

changed only by thermal excitation.

The common examples for intrinsic semiconductors are pure
silicon (Si) and germanium (Ge). They belong to fourth group
elements in the periodic table. Germanium has 32 electrons and

silicon has 14 electrons in their atomic structures.

They are tetravalent atoms since they have four valence
electrons. The neighbouring atoms form covalent bonds by
sharing four electrons with each other so as to form a stable

structure.

ENERGY BAND DIAGRAM

Fig. 2.3 shows a two-dimensional crystal structure of
germanium and energy band representation of intrinsic

semiconductor at very low temperature.

Conduction band
(vacant)

Valence band

(filled)

(@ (®)
Fig. 2.3 Germanium crystal at 0K
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Fig. 2.3(a) Two-dimensional representation of germanium solid.
No free electron is available as all the valence
electrons are engaged in covalent bonds.

Fig. 2.3(b) Energy band representation. Valence band is fully
occupied and conduction band is completely vacant.

At very low temperature say OK, no free electrons are
available for conduction. Hence, this semiconductor behaves as
an insulator at very low temperature.

Charge carriers in intrinsic semiconductor

To get free electrons, covalent bonds must be broken. There
are many ways of breaking covalent bond and setting the
electrons free. One such way is to increase crystal temperature
above OK.

When the temperature of intrinsic semiconductor is increased,
some of the electrons get sufficient energy to break covalent bonds.

Once the electrons are liberated from bond, they
become free electrons. These free electrons move
randomly through crystal. (Fig. 2.4(a))

As shown in fig. 2.4 (b), the energy required to break a
covalent bond and to set an electron free is equal to band gap
energy Eg. It is about 0.72 eV for germanium and 1.1 eV for

silicon.

When an electron acquires energy Eg, it jumps from valence

band to conduction band. As a result, a vacant site (empty space)
is created in valence band.

This vacant site is called as a hole. The absence of
an electron in covalent bond is known as hole. A hole
can attract an electron and hence it acts as a positive
charge.
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Fig. 2.4 Germanium crystal at temperature above OK.

(a) Thermal vibrations of atoms lead to breaking up of
covalent bonds. Consequently, a free electron and a
vacancy are produced simultaneously.

(b) Energy band representation. Energy E,(=E,-E,) causes

transition of electrons from valence band to conduction
band, leaving vacancies (hole) behind.

When an electrical field is applied, these free electrons
acquire directional motion and contribute to electrical conductivity.

For every electron freed from covalent bond, one hole is created
in the crystal. It is relatively easy for a valence electron in a
neighbouring atom to leave its covalent bond and fill this hole.

As a result, an electron moving from a covalent bond to
fill a hole leaves behind a hole in its original position.

The hole effectively moves in a direction opposite to that
of an electron. The hole in its new position may now be filled
by an electron from another covalent bond.

Thus hole will correspondingly move one more step in the
direction opposite to the motion of the electron.
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Therefore, in intrinsic semiconductor, current conduction is
due to the movement of both electrons and holes.

Here, the number of electrons is equal to the number of
holes at any given temperature.

2.3 l CARRIER CONCENTRATION IN INTRINSIC
SEMICONDUCTORS

Definition

The number of electrons in conduction band per unit
volume of the material is called as electron
concentration (n).

Similarly the number of holes in valence band per unit
volume of the material is called hole concentration (p).

In general, the number of charge carriers per unit
volume of the material is called carrier concentration.
It is also known as density of charge carriers.

Density of Electrons in Conduction Band (Derivation)

The number of electrons per unit volume in conduction
band for energy between E and E + dE is given by

dn=Z7Z (E)F (E)dE ..(1)
where Z (E)dE - Density of states in energy between
E and E +dE
F (E) — Probability of electron occupancy.

Number of electrons in conduction band for the entire
range is calculated by integrating eqn (1) between energy E,

and + oo.

+ oo

[dn=n = [ z&wF®dE

B,

(2)
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E_ is energy corresponding to the bottom most level and

+ o is energy corresponding to the upper most level in conduction
band. (Fig 2.4).

o010
plo|®
o919

Fig. 2.5 Energy band diagram of intrinsic semiconductor

Density of states in conduction band between the energy
range E and E + dE is given by

Z B)dE = = @m))"* BV dE (3)
h

The bottom edge of the conduction band (E,) denotes the
potential energy of an electron at rest. Therefore, (E -E,) is

the kinetic energy of conduction electron at higher energy levels.

Thus, in eqn (3), E is replaced as (E -E)

Z(E)dE = %(2;71:)3’2 E-Ep"" dE -4

The electrons in conduction band are not totally free. They
move in a periodic potential of the crystal lattice. Therefore, in
eqn (3), the mass of the electron (m) is replaced by its effective

mass m: according to band theory of solids.
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The probability of electron occupation is given by Fermi

distribution function

1
FE) = —F—77
14 & Ep/ET ..(5)

Substituting eqns (4) and (5) in (2), we get

+ oo
47 x 3/2 1/2 1
n=_[—(2m) (E-E.) X ———77 dE
h3 e c 1 +e(E E,)/kT
EC
+ oo
1/2
an 32 C__JE..(6)

n = =5 (2m) f —
e e 1+ B EDIRT
C
Since kT is very small and (E - Ej) is greater than kT,
e(E_EF)/kT is very large compared to ‘1’ Hence, ‘1’ from the

denominator of eqn (6) is neglected.

. E-E_)/kT E-E_)/kRT
ie., 1+e( 2 e e( P .

Now, eqn (6) becomes

+ oo
1/2
_4n 9 *3/2.[ (E-Eg) dE
n =—(@2m,) B~ EQ/RT
EC
+ oo
4 * —(E-
W = _7;(2me)3/2 j (E—Ec)l/ze (E EF)/deE
h E,
+ oo
4 " _
0 = —7;(27718)3/2 j (E—EC)1/2 e(EF E) | kT dE
h B,

4m « 3/2 E_/ET 1/2 -E/kT
n==2em) 2 [ E-Ey) 2 M aE (D
h E,



2.14 Physics for Electronics Engineering

To evaluate above integral in eqn (7), let us assume

when when
E—Ec=x E=EC E=+
E=Ec+x EC—Eczx +°°—Ec=x
dE =dx x=0 SX = tee

Substituting above values in eqn (7), we have

47 % 3/2 E_IkT 1/2 - (E,+x)/kT
n=-—502m,) "ef o e Eer I gy
h 0

8

_4n % 3/2 (E.-E)kT 1/2 -x/kT
n—h3(2me) e F ¢ x e dx (8)
0
Using the gamma function, it is shown that
3/2 1/2
- k
'[ 2P g = (T)% .. (9)
0
Substituting eqn (9) in eqn (8), we have
3/2
4n «3/2 (E.-E)/kT | (RT) 12 e
n=—5@2m) e r e R
h
2 . _
0 - _g(zme)wz (kT)3/2 /2 JEpmEQ/RT
h
omr? (2m:)3/2 (kT)3/2 o ErEIRT
n= 2.3/2
(h")
. 3/2
2nm_ KT _
n=2| —2— | T EHM ..(10)
h
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Equation (10) is the expression for concentration of
electrons in the conduction band of intrinsic semiconductor.

Density of holes in Valence Band of Intrinsic
Semiconductor (Derivation)

We know that if an electron is transferred from valence
band to conduction band, a hole is created in valence band.

Let dp be the number of holes per unit volume in valence
band between the energy E and E + dE.

dp=Z(E)(1-F (E))dE (1)

where Z (E) dE — Density of states in the energy
range E and E + dE.

Since F (E) is the probability of electron occupation
1-F (E) is the probability of an unoccupied electron state, i.e.,
probability of presence of hole.

1
1-FE)=1- —————
1+ oE-Ep /AT
14 JE-ERIRT _ 4
1+ B EQIET
E-E,)/kT
1-FE) = — (@2
1+ B EATFT

Since E is very small when compared to E, in valence

band, (E -E,) is a negative quantity. Therefore, e(E_EF)/kT is

very small and it is neglected in the denominator term of eqn

(2).

eE—EF/kT

ie., 1+ =1

e(E—EF) /RT (3)

1-F (E)
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Density of states in valence band,

4r

Z (E)dE = —5 2m;)" " E'* dE
h

..(4)
Here, m:l is the effective mass of the hole in valence band.

E , top of energy level in valence band is the potential
energy of a hole at rest. Hence, (E - E) is the kinetic energy
of the hole at level below E . So the term E in eqn (4) is replaced
as (E -E).

Z (E)dE = % em)”* &, -E)'"* dE (5)

Substituting eqns (3) and (5) in (1), we get

E-E,) /kT

dp = 4—7;(2m2)3/ *(E,-E)e dE
h

...(6)

The number of holes in valence band for the entire energy
range is obtained by integrating eqn (6) between limits — o« to
E

v*

EU
4 * _
J' dp =p = .[ h_g(zmh)s/z (EU—E)1/2 JEEIT op
EU
4 . _
b= _1;(2mh)3/2 o B/ HD) J. (EU—E)UZ LT g

h (T

— oo
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To evaluate the integral in eqn (7), let us assume,

when when
EU—E= E =—-= E =E,
E=E -x E —(—~)=x E -E =
dE =-dx E +o0o=x x =0
X = oo

Substituting these values in eqn (7), we have

0
4n *8/2 (-E,lk 1/2 (E -x)/kT
p = — (2my) e D J. i 2 eE (- dx) ...(8)
h
4 - _
b= _n( h)3/z (E, ~E,)/kT J' L2 T g
A ..(9)
0
[ —ve sign is omitted by interchanging the limits]
Using the gamma function, it is shown that
K 3/2 1/2
I xl/z e_x/dex _ (RT) . o .. (10)
0

Substituting eqn (10) in eqn (9), we have

1
b= 4n *)3/2 E -E, )/kT{ (kT)3/2 /2}
P 2

* 3/2 3/2 1/2 (E -E)/kT
p=h3(2mh) RT) m e F

% 3/2 3/2 (E -E)/kT
172 @my) - (RT) " e ¥
4

p = an 372

()
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3/2

_ 9 2n m, kT B ED I KT
p= e ..(11)

The equation (11) is the expression for the
concentration of holes in valence band of intrinsic
semiconductor.

INTRINSIC CARRIER CONCENTRATION

In an intrinsic semiconductor, the number of electrons in
conduction band is equal to the number of holes in valence band.

In general, intrinsic carrier concentration n; is equal to

electrons concentration in conduction band (r) or holes
concentration in valence band (p).

ie., n.=n=p (1)
n;xn,=n.=np ..(2)

Substituting the expressions of n and p in eqn (2), we have

. 32 . 32
2 2nm kT (E_-E)/ET 2mm, kT (E -E)/kT
. 9 e F ¢ X 2 72 e Vv F

12

h h

2nkT - _
”'2:4L n ] (memh)3/2e(Ev E)/RT

3
2 2nkT %« %3/2 —E /kT
=4 (mm,) e ¢

(3)

where E,-E =E o is forbidden energy gap.
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Taking square root on both sides in eqn (3), we have

3 1/2
2n kT - _
(niz)uz _ (4[ 7;2 ] - mh)3/2e Eg/kTW

\

3/2
172 2n kT % %.3/21/2  -E /ET.1/2
((m, £

S
1l
N

m;) ) (e )

..(4)

3/2
2nkT * *38/4 —E | 2T
n. =2 (mm,) e =

The eqn (4) is expression for intrinsic carrier concentration

Limitations of intrinsic semiconductor

Intrinsic semiconductors cannot be directly used to
fabricate devices due to the following limitations:

o Electrical conductivity is low. Germanium has a

conductivity of 1.67 Q 'm ' which is nearly 10’ times

smaller than that of copper.

e Electrical conductivity is a function of temperature and

increases exponentially as temperature increases.

In intrinsic or pure semiconductors, the -carrier
concentration of both electrons and holes is very low at normal

temperatures.

In order to get sufficient current density through
semiconductor, a large electrical field should be applied. This
problem is overcome by adding suitable impurities into intrinsic

semiconductors.
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(ﬂ] EXTRINSIC OR IMPURE SEMICONDUCTORS

In a semiconducting material, if the charge carriers
originate from impurity atoms which are doped to the
original material, then this type of semiconductor is
known as extrinsic or impure semiconductor.

It is also known as doped semiconductor.

Extrinsic semiconductor is obtained by adding trivalent or
pentavalent impurities atoms to a tetravalent semiconductor.
The electrical properties of pure semiconductors can be easily
changed even with the addition of very little amount of
impurities.

Doping
The addition of impurities to a pure semiconductor is

known as doping and added impurity is called as doping agent
or dopant.

The addition of impurities increases the number of free
electrons and holes in semiconductor and hence increases its
electrical conductivity.

Some of the common doping agents are arsenic, antimony,
phosphorus, gallium, aluminium and boron. These elements have
either five or three valence electrons in the outermost orbit.

Advantages of Extrinsic semiconductors
e Electrical conductivity is high.

e Electrical conductivity can be altered to any desired
value by controlling of doping concentration.

e Electrical conductivity is not a function of temperature.

Types of Extrinsic semiconductors

The extrinsic semiconductors are classified into two types
based on the type of impurity added.
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(1) n - type semiconductor

(il) p - type semiconductor

Extrinsic
semiconductor
v v
n-type p-type
semiconductor semiconductor

n - type semiconductor

When a small amount of pentavalent impurity (group V
element) is doped to a pure semiconductor, it becomes n - type

semiconductor.

Such impurities are known as donor impurities because
they donate free electrons to semiconductor crystal.

Typical examples of pentavalent impurities are phosphorus,
(Atomic No. 15) and antimony (Atomic No. 51).

Covalent bond in n - type semiconductor

A pentavalent impurity (phosphorus) having five valence
electrons is added to a pure semiconductor having four valence
electrons (silicon or germanium).

Now, four electrons of germanium form a covalent bond
with four valence electrons of phosphorus (impurity atom). The
fifth electron which is now free finds no place in covalent bond
structure as shown in fig. 2.6 (a).

We have one electron left free. This acts as a conduction
electron. A very small amount of energy (0.01 eV for germanium
and 0.05 eV for silicon) is needed to detach this fifth electron.

The addition of pentavalent impurity gives a large
number of free electrons (negative charges) in
semiconductor. Therefore, it is called n - type
semiconductor where n stands for negative type.
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Since every pentavalent atom contributes one free electron,
in addition to thermally generated electron-hole pairs, the number
of free electrons is more than the number of holes in n-type

semiconductor.

Thus in this case, electrons are majority charge carriers

and holes are minority charge carriers.

Energy band of n - type semiconductor

The energy band diagram of n -type semiconductor is
shown in fig.2.6 (b). When the donor impurities are added, the
allowable energy levels (donor energy levels) are introduced.

E Conduction band
. -
|7 i U
Donor energy level E .
E
v v_
Valence band

(b)
Fig. 2.6 n-type semiconductor
(a) crystal structure (b) Energy band diagram

These donor energy levels are slightly below the conduction
band. They are discrete and do not form a band because the
impurity atoms are far away in the crystal and hence their

interaction is small.

The donor energy level for germanium is 0.01 eV and for
silicon it is 0.05 eV below the conduction band. Therefore, even
at room temperature, almost all the fifth electrons enter into

the conduction band.
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@ CARRIER CONCENTRATION IN n- TYPE
SEMICONDUCTORS [Derivation]

2.23

The energy band diagram of n -type semiconductor is

shown in figure 2.7. In n - type semiconductor, the donor level
is just below conduction band.

Density of electrons per unit volume in conduction band
is given by

3/2

ne9 2nm, kT o B Eg) IRT

h” (1)

E_, — Energy corresponding to the bottom most level of
conduction band.

Density of ionised donors = N, [1-F (E )]

Conduction band L free electron

A A A EC

Eg @ positive
j_'_'_'_t_'_'_t_t_',_t_'_t\- E;  ionised
donor
~ fifth electron of
E impurity donor

Fig. 2.7 Energy band diagram of n-type semiconductor

Since, F (E ) is the probability for finding electron in donot

energy level (unionised donor), therefore 1-F (E; is the

probability for finding ionised donors.
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E , represents the donor energy level and N, denotes donor

concentration i.e., the number of donor atoms per unit volume

of the material.

1
=N, 1 - 1+e(Ed_EF)/kT ...(2)
. |f 1+e(Ed_EF)/kT_ 1'I
=N, —
] 1+e(Ed E)/kT ]
i Nde(Ed—EF)/kT o
- 1+e(Ed—EF)/kT

E -E)/kT . .
eFa ERIFT very small in eqn (3) when compared to ‘1’.

Hence, it is neglected.

oBa=EDIRT _

1+ 1

Density of ionised donor =N, eFaEp/RT -.(4)

At equilibrium, the density of electron in conduction band
is equal to the density of ionised donors.

Equating (1) and (4), we get

3/2

2nm, kT B EQIRT _

h2

2 N, e Fa ERHT ..(5)

rearranging the terms, we have,

e(EF—EC)/kT ) Nd
E,-E)JET ~ . 372
€ 2nm, kT
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N
o B~ EQIRT = (B ~Ep/kT _ d -
2n m: kT
52
N
E_ -E_ —E +E)/kT
e( F C d+ F) = j 379 ...(6)
2nm, kT
2 2
Taking log on both sides, we have
_E - N
lOgee(EF E, Ed+EF)/kT=lOge d -
2nm kT
2 2
h
E,.-E, Ed+EF_1 N,
BT 08, 3/2
2nm, kT
2 2
h
['.'logeexzx}
Ny
2E; - (E,+E,) = kT log, 372
2n m: kT
2 2
h
Ny
or 2E,=E,+E,+kT log, 373
2n m: kT
2 - =

h2
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E. = Ed+EC kT 1 Nd
F= o9 1t o 108 3/2 ()
*
2nm, kT
2 - -
2
h
Substituting the expression of E, from (7) in (1), we get
(Ed *E) kT N,
—5  t3 loge - EC
3/2
3/2 2nm, kT
2nm kT .
n=2 h2 exp BT . (8)
. \3/2 .
ey 2nmekT . Ed+EC—2EC llo Nd
- 2 2kT 2 &
h . 13/2
2nm kT
2 2
h ]
. 3/2 1/9
- 2nm, kT . Ed_EC+lo N,
- 2 P 0T 8e
onm BT P2 |12
2 e
2
h
. 32 s |
2nm, kT E -E_/2kT N,
n=2|——,— ed ¢ o log,
h . 3/2 |1/2
2nm, kT
2 2
h
. 3/2 1/9
2nm kT E -EV/2%T N
n=2 7; A 4 -9
A 3/4
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Rearranging the expression (9), we get

n=2

n

=2 X2

3/2
21 mekT
1/2 2
N, h (E,~E)/2kT
172 3/ €
2 (onm kT
2
h

1/2 s N2 . N34
12 12N, 2m mekT (an kT) E,-E)/2kT
e C

21/2 h2 k h2 )
. 3/4
2nm kT _

=9 1/2 Nd1/2 ; e(Ed E_)/2kT

h ... (10)
N 3/4
2nm kT
1/2 —AE / 2RT

n=@2N,)) 7}; e A1)

where AE = E,-E, is the ionisation energy of the donor. i.e.,

AE denotes the amount of energy required to transfer an electron
from donor energy level E, to conduction band E.

Results

The density of electrons in conduction band is
proportional to the square root of the donor
concentration. The equation (11) is valid only at low
temperatures.

At high temperature, we must take into account of
intrinsic carrier concentration of semiconductor due to
breaking of covalent bond along with electron
concentration produced by donor impurity.
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e At very high temperatures, intrinsic carrier concentration
which is generated thermally due to breaking of covalent
bond over takes electrons due to donor impurity.

e That is, at very high temperature, n - type semiconductor
behaves like intrinsic semiconductor and donor

concentration becomes insignificant.

p-type semiconductor

When a small amount of trivalent impurity is doped
to a pure semiconductor, it becomes p -type
semiconductor.

The addition of trivalent impurity provides a large number
of holes in semiconductor.

Typical examples of trivalent impurities are gallium
(Atomic No: 31) and indium (Atomic No. 49). Such impurities
are known as acceptor impurities because holes created can
accept electrons.

In a pure semiconductor (germanium) having 4 valence
electrons, if a trivalent impurity (boron) having ‘3’ valence
electrons is added, then 3 valence electrons of trivalent impurity

form a covalent bond with three valence electrons of germanium.

The fourth valence electron of Ge atom is unable to form
a covalent bond. The incomplete covalent bond is being short of
one electron. This missing electron is called a hole.
(Fig. 2.8(a))

Every trivalent impurity atom contributes one hole in
addition to thermally generated electron - hole pairs. Therefore,
number of holes is more than number of electrons.

The addition of trivalent impurity creates large number of
holes (positive charge carriers) in semiconductor and hence it is
called p-type semiconductor where p stands for positive type.
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Conduction band

. -
Eg
Acceptor energy level
E Y

v Valence band

®)

Fig. 2.8 p - type semiconductor (a) crystal structure
(b) energy band diagram

Hence in this type of semiconductor, holes are majority
charge carriers and electrons are minority charge carriers.

In this case, allowable energy level (acceptor energy level)
is created just above valence band (fig. 2.8(b)).

A very small amount of energy is needed for an electron
to enter acceptor energy level from valence band. Thus, a hole
is generated in the valence band corresponding to each ionised
acceptor.

In other words, a large number of positive charge carriers
are created.

72.6 l CONCENTRATION OF HOLES IN VALENCE BAND
OF p-TYPE SEMICONDUCTORS [Derivation]

In p-type semiconductor, acceptor energy level is just above
valence band (fig. 2.9).

Density of holes per unit volume in valence band is given by

By 3/2
b2 2nm, kT o B~ Ep) IKT (1)
= 2
h

E, — Energy corresponding to top most level of valence band.



2.30 Physics for Electronics Engineering

Conduction band

Eg

ionised >!!QQQQQQQQQQQQ6
E

acceptor 7 Y\ a

holer*'oo' oo °_o°, o.o .. v
e o Valence bandg o o

Fig. 2.9 Energy band diagram for p-type semiconductor
Density of ionised acceptors = N_F (E ) D
N, — the number of acceptor atoms per unit volume.

1
o B E/RT

FE) =
1+

E, — acceptor energy level

Here, F (E ) is probability for finding electron in acceptor

energy level ie., ionised acceptor.

The eqn (1) becomes, density of ionised acceptors

N, (2
& -E)/kT
e a

1+

P L S large quantity and thus ‘1’ from the

denominator of R.H.S. of eqn (2) is neglected.

Now, the eqn (2) is modified as,

Na
N,FE) = E_-E)/kT
e a
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N.FE) = N, o~ E,Ep/RT
Density of ionised acceptorsV, e(EF ~EJIRT -.(3)
At equilibrium,
Density of holes | _ ( Density of
in valence band | = | ionised acceptors
. 3/2
2nm, kT _ _
9 ;z o EDIRT _ (B =E)IRT
a
h (4)

rearranging eqn (4), we have

E -E )/kRT
e( v F) B Na
E,-E)/RT — B 3/2
e a
2nm, kT

e(EU—EF)/kT ' e—(EF—Ea)/kT N,

e(Ev_EF_EF+Ea)/kT 3 N,
. 372
2nm, kT
9| — & .. (B)

h2

Taking log on both sides in eqn (5), we have

(E —E_,—-E_+E)/kT Na
10gee v F F a —

. 372
2n m, kT

2
X
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E -2E,+E, ) N,
ET = 108, 3/2
2n m;, kT
2 2
h
_ N,
E +E -2E, = kTlog 373
2n mz kT
2 2
L h
Rearranging,
N

a

on m, kT |*'?

2E, = E,+E,~kTlog,

2

B2
E,+E, pT N,
Ep=—5— -5 log, 3/2
2n my, kT
2
(D

Substituting eqn of E, from (7) in (1), we get

3/2
. 2nmhkT 5 Ea+EU H] Na
b= 2 exp | L - 2 T 9 08, 3/2
h 2nmhkT
2 2
h
EU—E’a Na
E-\lm—5 |+ glg 77—~ 372
2nmhkT
2
Y2 7
2nmhkT
p=2 h2 exp T

. (6)
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3/2
2nm, kT 2E -E -E [ N
p=2 A exp| ——— + llog 2
= 2 e 372
h 2kT 2 2ﬂ:mhkT
2 2
| h
_ N 1/2
. 3/2 ?"]
9 2n mhkT E -E
p = exp| ——+1lo
h2 2kT & . 32
{ZTEm kT]
a
2
L h
) 1/2 .
N
3/2 -2
on m, kT 2
T my, E, -E,
p = exp + loge
hZ 2kT T
2nmhkT
2
h ]
1/2
Na
. N\3I2 >
2 m,, kT (E -E) /2T log
p=2|——7H e’ ¢ e ¢
h . 3/4
2nm, kT
2
L h
1/2
N
. 3/2 _a
2nm, kT (E -E) /2kT 2
p — 2 - - e v a
hz . 3/4
2nmy kT
2
h
. 3/2
2nmy, kT
1/2 hZ
_g a (E -E) /2kT
b = o172 R 374 ©
2nmy kT
2
h
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, 3/2 . 34
29" N (ommrr | [ 2nmkT) & g e
p = e v a
1/2 h2 h2
. 3/4
2nm, kT
1/2 h (E —-E)/2kT ...(9)
p=©2N) — e v e
h
2
1, | 2mmy kT ~ AE/2kT ...(10)
P2 ) T | e
h

where AE = E_-E_is the ionisation energy of acceptors.

Results

e Density of holes in valence band is proportional to the
square root of acceptor concentration.

e At high temperature, we must take into account of the
intrinsic carrier concentration of semiconductor due to
breaking of covalent bond along hole concentration
produced by acceptor impurity.

e At very high temperature, intrinsic carrier concentration
over takes holes due to acceptor concentration.

e i.e., At very high temperature, p - type semiconductor
behaves like an intrinsic semiconductor and acceptor
concentration becomes insignificant.

Differences between
intrinsic and extrinsic semiconductors

Intrinsic . . .
S.No. . Extrinsic semiconductor
semiconductor

1. (It is a pure form of|An impurity or doping agent is
semiconductor. added in the pure semiconductor
forms extrinsic semiconductor.

2. |Number of electrons|Number of electrons and holes are
and holes are equal. |not equal because of doping.

3. [Conductivity is poor.|Conductivity is improved.
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Table 2.5

Differences between

n - type and p - type

semiconductors

S.No.

n-type semiconductor

p-type semiconductor

When pentavalent impurity
is doped to intrinsic
semiconductor, n - type
semiconductor is formed.

When trivalent impurity is
doped to intrinsic
semiconductor, p - type
semiconductor is formed.

is
since

The impurity called
donor impurity it
donates electron.

The impurity is called
acceptor impurity since it
accepts electron.

Majority charge carriers

are electrons.

Majority carriers

are holes.

charge

Minority charge carriers

are holes.

Minority charge carriers

are electrons.

The donor energy level is
very close to the bottom of
the conduction band.

The acceptor energy level is
very close to the top of the
valence band.

Fermi energy decreases with
increase of temperature.

Fermi energy increases with
increase of temperature.

27)

CARRIER TRANSPORT VELOCITY - ELECTRIC

FIELD RELATIONS

Mobility and Intrinsic Electrical Conductivity

When an electrical field is applied in a semiconducting
material, the free charge carriers such as free electrons and

holes attain drift velocity v,,.

The drift velocity attained by the carriers is proportional
to the electrical field strength E.

ie., < K

Vg

uwk

Vg

(1)

where U is a proportionality constant and it is known as the
mobility of the charge carrier.
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This velocity v, is different for different semiconductors and

for different types of charge carriers.

If E=1V/m then u=v, Thus, mobility p is defined as the

velocity of a charge carrier per unit electrical field strength.

w, and W, denote electron mobility and hole mobility
respectively.
Since the types of drift of electrons and of holes are

different, the mobility of an electron at any temperature is
different from (greater than) that of the hole.

Table 2.6 gives the values of electron and hole mobilities
at 300K.

Table 2.6
Electron and hele—snobilities at 300 K
. Electron—mebility Hole mobility
Material 2 2
m-/volt-sec m-/volt-sec
Silicon 0.135 0.048
Germanium 0.39 0.19

Expression for Electrical conductivity

If the density of free electrons in the material is n, the
net charge available per unit volume of the material for the
conduction is equal to ne, where e is the charge of the electron.

When an external electrical field E is applied, the electrons
move with a drift velocity v, . Thus,

Vg, = W, E ...(2)

where u, is the mobility of electron.

The drift current density <, due to electrons is defined as

the charge flowing across unit area of cross-section per
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unit time due to their drift under the influence of an
electrical field E. It is given by,

J, = nev,, ..(3)

n

If o, is the conductivity of a semiconductor due to free
electrons, the current density J/, is related to the applied electric
field E by

J =oc E (4)

n n

nev, ...(5)
E

Substituting eqn (2) in eqn (5), we have

or o =

In
E

neu E
S, =g
c,=ne\y, ...(6)

If p is the number of holes per unit volume and o, the
conductivity due to the drift of holes, then

o, = pe |, (7

where W, is the mobility of holes in the material.

Thus, total conductivity o due to a free electrons and holes

G=Gn+Gp

C=ne\, +pe W,

o=e (nm, +p () (8)

where o is the total conductivity of the material and it is
generally expressed in mho/m.
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For the intrinsic semiconductor which contains the same

number of free electrons and holes, n = p = n..

Therefore, the electrical conductivity o, of an intrinsic
semiconductor having n, electron-hole pairs per unit volume is

given by
From eqn (8)

o, =e(nu +n up)

o, = en; (U, + W) ..(9)

2.8 DRIFT AND DIFFUSION TRANSPORT

[_J‘he net current flows across a semiconductor has two
components:

(1) Drift current

(ii) Diffusion current.

Drift Current

Definition
The electric current produced due to the motion of

charge carriers under the influence of an external electric
field is known as drift current.

When electrical voltage is applied to a material as shown
in fig. 2.10, electric field is produced at every point within the
material.

The charge carriers are forced to move in a particular
direction due to the electric field. This is known as the drift
motion and the current is known as drift current.



Semiconductor Physics 2.39
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Fig. 2.10 Drift of charge carriers in a semiconductor

Drift current density in a semiconductor due to electrons

J, (drift) =np eE ..(1)

Drift current density due to hole

Jp (drift) =p w,e E ..(2)

where n and p are number of electrons and holes per unit
volume. u, and w, are the mobilities of electrons and holes

respectively, e is charge of electrons and E is electric field.

So total drift current density
J =dJ, (drift) + Jp (drift)

J=neu, E+peyu E ..(3)

For intrinsic semiconductor

Jznie(un'l'MP)E (..'H,:p:ni)

Diffusion Current

Definition
The non-uniform distribution of charge carriers

creates the regions of uneven concentrations in the
semiconductor.

The charge carriers move from the regions of higher
concentration to the regions of lower concentration. This process
is known as diffusion. The current is known as diffusion current.
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Consider a semiconductor having a concentration gradient

of electrons fl—z within the semiconductor.

The electrons diffuse from high concentration to low
concentration due to the concentration gradient as shown in
Fig. 2.11.

Diffusion of electrons —»

T et o Y
o .

'. 'o.'.'.'..-: 0, %
Concentration gradient of electrons —y—‘

B (&)

Fig. 2.11 Uneven distribution of electrons in a semiconductor

Rate of flow of electrons through unit area o< —(3—2]

Here, negative sign denotes that the electrons are diffusing
from higher concentration to lower concentration region.

Rate of flow of electrons through unit area =—Dn[3—2]

where D, is a proportionality constant and it is known as

diffusion coefficient of electrons.

Rate of flow of electrons through unit area

=_eX_D”(Z_Zj

Rate of flow electrons through unit area is the diffusion
current density of electrons J/ (diffusion)

J_ (diffusion) =e D ( dn J
n n dx
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Similarly, the diffusion current density of holes is given by

p dp
Jp (diffusion) =-e Dp ( dr ]

where Dp is diffusion constant of holes.

2.9 l EINSTEIN'S RELATION

Definition

The relation between the mobility (W) and diffusion
coefficient (D) of a semiconductor is known as Einstein’s
relation.

Derivation

We know that

Drift current density due to electrons

J, (drift) =np eE (1)

Diffusion current density due to electrons

J  (diffusion) =eD [9_’1) (2)
" nlox

The drift and diffusion currents balance with each other
at equilibrium.

J (drift) =J (diffusion)

nuneEzeDn(%J
Rearranging,
Dn dn
neEzeM—n[a]
D, (dn ..(3)
k)
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where FF=neE is the force on the charge carriers due to the
internal electric field.

The diffusion of electrons in a material is just like that of
gas molecules in a chamber.

From kinetic theory of gases, according to Fick’s law the
force on excess of electrons

dn
= i ...(4
F kT[dx] @)

where £ — Boltzmann constant
T — absolute temperature

From eqns. (3) and (4), we get

22

ET = e—2

W,
D, kT ()
u, e

Similarly for holes, we get

D, p

_Db
e
Hp

...(6)

Comparing eqns (5) & (6), we get

b, D, ()
W, W,
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D

n n

D, n

..(8)

=

This relation (8) is known as Einstein’s relation.

Note:

At T = 300K, k7 = 26 mV.

For silicon D, = 36x10 ° m’/s and D, = 13x10 " m’/s

For germanium D= 10 x 10 °m®/s and D, =5x 10 ° m7s.

2.10 } HALL EFFECT

e The electrical conductivity measurements are not
sufficient for the determination of number of charge
carriers and their mobilities. = Moreover, these
measurements do not indicate whether -current
conduction is due to electrons or holes.

e Hence, it is very difficult to distinguish between p - type
and n-type semiconductors. Besides, the electrical
conductivity measurements do not give any information
about the sign of the majority (p type or n type) charge
carriers.

e Therefore, Hall effect is used to distinguish between two
types of charge carriers (electrons and hole). It also
provides information about the sign of charge carriers.

Statement

When a conductor carrying a current (I) is placed
perpendicular to a magnetic field (B), a potential
difference is produced inside the conductor in a direction
perpendicular to both current and magnetic field.
(Fig. 2.12)
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This phenomenon is known as Hall effect. The

voltage thus generated is called Hall voltage.

s «— VYoltage
<
Magnet
N Conductor
C_urr»ent ‘A/ _» Current
| Zd
vy,
S

+ =
| I
Fig. 2.12 Hall Effect

Hall effect in n - type semiconductor

Consider a n -type semiconductor in the form of a
rectangular slab. In this slab, the current flows in X - direction
and magnetic field B is applied in Z-direction. Due to Hall effect,

voltage is developed along Y - direction as shown in fig. 2.13.

Y
n-type T
semiconductor
T ®
: @ Face2®
Current (———— ace _________ L, Hall
— SFace 16 X Voltage
— | 55555555 ©
Magnetic
Z field

Fig. 2.13 Hall effect

The current flow is entirely due to the flow of electrons
moving from right to left along X-direction.
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When a magnetic field (B) is applied in Z-direction, then
the electrons moving with velocity v experience a downward
force.

Downward force experienced by the electrons = Bev .. (1)

This downward force deflects the electrons in downward
direction. Hence, there is an accumulation of negative charge
(electrons) on the bottom face of the slab (fig 2.14).

It causes bottom face to be more negative with respect to
top face.

Current =} -------. l« €
ér@
SESESESESS

Fig. 2.14 Hall effect in n-type semiconductor

Now, a potential difference is developed between top and
bottom faces of the slab.

This potential difference produces an electric field E, in
negative Y - direction. It is called Hall field.

This electric field develops a force (Lorentz force). This force
is acting in the upward direction on each electron.

Upward force acting on each electron = eE

. (2)
At equilibrium, downward force balances upward
force.

Bev = eE

&
[
se
c

(3)
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The current density (J) along X - direction is related to

velocity v as

Jx = —nev ...(4)
where n is concentration electrons.

- ...(5)

X

v =
ne

Substituting eqn (5) in eqn (3), we have

e -BdJ, ...(6)
H ™ ne
E, =R,J B (7
where R, = _L (for electrons)
H ™ ne
E ...(8)
R, - _H
J B

R, is a constant and it is known as Hall coefficient.

The negative sign indicates that the electric field is

developed in negative Y — direction.

Hall effect in p-type semiconductor

Similar to n-type semiconductor, we can write for p-type
semiconductor

E, = R,J B

where Hall coefficient.

1
= 4+ —

Ry e

where p is concentration of holes.
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The positive sign indicates that the electrical field (Hall
field) is developed in positive Y - direction.

Hall coefficient in terms of Hall voltage
If ¢ is the thickness of the sample and V, is the voltage
developed, then
Vy = Egt
where E, is Hall field. (D)
Substituting eqn (7) in eqn (8), we have
Vy=RydJ Bt ..(2)

If b is breadth of the sample, then
Cross sectional area of the sample (A)
Breadth (b) x Thickness ()

= bt
. Ix
Current density  J, = Area of the sample (A)
_ L (3
bt

Substituting eqn (3) in eqn (2), we get

R, I Bt
Vi = "y
R, I B
H “x
Vy = b
Vg, b
Hall coefficient R, = 5] ...(4)

Note:
For n-type, the polarity (sign) of V, is opposite to that of
p-type.
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Determination of Hall coefficient
The experimental arrangement to measure Hall-coefficient
is shown in fig. 2.15.

A semiconductor is taken in the form of a rectangular slab
of thickness ¢ and breadth b. A suitable current I ampere is

passed into this sample along X-axis by connecting it to a battery.

Now, it is placed in between north and south poles of an
electromagnet. The magnetic field is applied along Z-axis.

Magnetic field along z-axis

Rectangular Slab .
(semiconductor) - .

> ° T o > Vg
Current lt !
v _
A
k
| B (o)—ph—
mA R,

Fig. 2.15 Experimental arrangement to measure Hall coefficient

Due to Hall effect, Hall voltage (V) is developed in the

sample. This voltage is measured by fixing two probes at the
centers of the bottom and top faces of the sample.

By measuring Hall voltage, Hall coefficient is determined
from the formula

From Hall coefficient, carrier concentration and mobility
can be determined.
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Applications of Hall effect

(i) Determination of semiconductor type
The sign of the Hall coefficient is used to to find whether
a given semiconductor is n-type or p-type.

(ii) Calculation of carrier concentration

By measuring Hall coefficient R, carrier concentration is

determined from the relation

1
eR

n =
H

(iii) Determination of mobility

We know that electrical conductivity,

C, = neu,.
L%
e ne
Me = GeI%H

Thus, by measuring electrical conductivity and Hall coefficient
of a sample, the mobility of charge carriers can be calculated.

[ 2.11 ) HALL DEVICES

The device which wuses the hall effect for its
application is known as Hall device.

There are three types of Hall devices.
They are

(a) Gauss Meter

(b) Electronic Multiplier

(¢) Electronic Wattmeter
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(a) Gauss Meter

RyBy1,

The Hall voltage V; = . In this, V;, =< B, for a given

hall element; R, and ¢ are constant. The current / through Hall

element is also kept constant.

This principle is used in Gauss meter. It is used for
measuring magnetic field. (Fig. 2.16)

Fig. 2.16 Gauss Meter

The variation of Hall voltage with magnetic field is shown
in fig. 2.17. The voltmeter which is used to measure V, can be
directly calibrated in terms of Gauss. The graph can be also
used to measure any unknown magnetic fields.

A

v

By '

Fig. 2.17 B, Verses Vg
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(b) Electronic Multipliers
Ry By 1,

From Hall effect, we have V, = ;

Since RH and ¢ are constant for an element

v

g < B

I

zZ"1

But, the magnetic field B, is proportional to current (I,)
through the coil.

ie.,, V,; is a measure of the product of two currents. This

is the basic principle used in analog electronic multipliers. The
fig. 2.18 shows the circuit diagram for electronic multiplier.

]

Y
(T
11
Q)
3

( I

ralll=

Fig. 2.18 Electronic multiplier

(¢) Electronic Wattmeter

Hall effect is used to measure electrical power dissipated
in a load. The instrument used to measure the power in a circuit
using Hall effect principle is known as Hall effect - Watt meter.
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S is Hall effect sample. It is placed in a magnetic field
B, produced by the load current I, passing through the coils

CC as shown in fig. 2.19.

Wattmeter

IL
>—Te _ &
o

<"> Source N4 Ry

Vi o— i n—
Vi, - Load voltage I - Load Current C, C - Coils to set magnetic field B
Fig. 2.19 Hall effect wattmeter

The voltage across the load V, drives the -current

\%
Iy = fL through the sample. R is a series resistance which is

>> than the resistance of the sample and that of the load.
Also Iy <<I.

If ‘¢ thickness of the sample, then the measured Hall
voltage

v - RHBZIy
H ¢
Vg o BZ'Iy (Since Ry and t are constant)s

Since BZ oc IL and Iy oc VL

\%

g <1

LVL

This is the electric power dissipated by the load. The
voltmeter that measures V, can be calibrated to read power

directly.
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Semiconductor devices

PN junction diode

A PN junction is formed from a piece of
semiconductor (Germanium or Silicon) by doping P-type
material (acceptor impurity atoms) to one half and N-type
material to (donor impurity atoms) other half side.

The plane dividing the two zones is known as a junction.
It is called PN junction diode.

The immobile positive and negative ions set up a potential
across the junction. This potential is called potential barrier
(V) or junction barrier.

Symbol of diode:

The symbol of PN junction diode is shown in fig. 2.20. The
P-type and N-type regions are known as anode and cathode.

A K A - Anode
’ K - Cathode

Fig. 2.20 Diode symbol

Working of PN Junction Diode

The behaviour of the P-N junction diode is studied by
applying a bias (voltage) across its terminals.

The voltage is applied in two ways
(i) Forward bias

(ii) Reverse bias

Forward bias:

When a positive terminal of the external battery is
connected to P-region and a negative terminal to N-region, the
PN junction is said to be forward biased as shown in fig. 2.21.
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When the junction is forward biased, the holes in the
P-region are repelled by the positive terminal of the battery and
they are forced to move towards the junction.

Similarly, the electrons in the N-region are repelled by the
negative terminal of the battery and they are forced to move
towards the junction.

P N

(o0 2 o ¢ 40 <+

+ - +, -
|
v \%
Fig. 2.21 PN junction under forward bias

This reduces the width of the depletion layer and barrier
potential. When the applied voltage is greater than potential
barrier Vg, then the majority carriers (holes in P-region and

electrons in N-region) cross the barrier.

Now, the current flows in the forward direction. The PN
junction offers very low resistance under forward biased condition.

Reverse bias:

When the positive terminal of the battery is connected to
the N-region and negative terminal to the P-region, PN junction
is said to be reverse biased as shown in fig. 2.22.

P N

“0!6(9@@@@!"

| | A K
«j000le® || P

_||+
'
v

Fig. 2.22 PN junction under reverse bias
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When the junction is reverse biased, the holes in the
P-region are attracted by the negative terminal of the battery.

Similarly, the electrons in the N-region are attracted by
the positive terminal of the battery. This increases the width
of the depletion layer and barrier potential (Vj).

The increased barrier potential makes it very difficult for the
majority carriers to diffuse across the junction. Thus, there is no
current due to majority carriers. In otherwords, PN junction offers
very high resistance under reverse biased condition.

In a reverse biased PN junction, a small amount of current
(in pnA) flows through the junction due to minority carriers.

V-I Characteristics of PN junction diode

A graph is drawn between voltage applied across its
terminals and the current flows through it.

The complete graph consists of parts, namely forward and
reverse characteristics. Fig. 2.23 shows the V-I characteristics
of PN junction diode.

A
I n Forward
(mA) characteristic
<—Vr(V)
V- 1
V.
< I 1|) [ I [ .
< . T T T T T 1 >
! 1
1
]
L Vf(V)—>
L (nA)
<«—— Reverse I
characteristic l
v

Fig. 2.23 V-I characteristics of PN junction diode
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Advantages of semiconductor diodes
o They are light in weight.
e They are smaller in size and occupy less space.
e They have longer life.
e They are mechanically strong.
e Their operating efficiency is very high.
Applications & uses of Diode
e They are used as rectifier elements in DC power supplies.

e They are used as signal diodes in communication circuits
for modulation and demodulation.

e They are used in clipper and clamper circuits.

e They are used as a switch in logic circuits used in computers.

2.12 ) BREAKDOWN IN PN - JUNCTIONS

If the reverse bias applied to a P-N junction is increased,
a point is reached where the junction breakdown occurs. The
reverse current rises sharply. This critical value of the
voltage is known as breakdown voltage (V).

Definition
The reverse voltage at which the PN junction break down

with sudden rise in reverse current is called breakdown
voltage.

The breakdown voltage depends on the width of the depletion
region which, in turn, depends on the doping concentration.

The following two mechanisms are responsible for junction
breakdown under increasing reverse voltage:

(i) Zener break down

(ii) Avalanche break down
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(i) Zener Breakdown

Definition
In a heavily doped junction diode, breaking of covalent

bonds occurs due to increase in reverse voltage which leads
to junction breakdown. It is called zener breakdown.

This form of breakdown occurs in junctions which are
heavily doped and have narrow depletion layers.

The breakdown voltage sets up a very strong electric field

(about 10° V/m) across this narrow layer. This field is strong
enough to break or rupture the covalent bonds thereby
generating electron-hole pairs.

Even a small further increase in reverse voltage is capable
of producing large number of current carriers. Thus, the junction
has very low resistance in the breakdown region.

(ii) Avalanche Breakdown

Definition
In a lightly doped junction diodes, at a relatively
high reverse voltage breaking of covalent bond occurs

due to collision of accelerated electrons with wvalence
electrons.

The multiplication of collision leads avalanche effect. Thus
the junction breakdown occurs. It is known avalanche
breakdown.

This form of breakdown occurs in junctions which are
lightly-doped and have wide depletion layers. The electric field
is not strong enough to produce Zener breakdown. But, the
minority carriers (accelerated by this field) collide with the
semiconductor atoms in the depletion region.

Upon collision with valence electrons, covalent bonds are
broken and electron-hole pairs are generated.
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These newly-generated charge carriers are also accelerated
by the electric field resulting in more collisions and hence further
production of charge carriers. This leads to an avalanche (or
flood) of charge carriers and consequently, to a very low reverse
resistance.

The two breakdown phenomena are shown in fig. 2.24.

4 Iz(mA)
Current
_ Verz Ver1 R
: 1 0 V(volts)
Avalanche p Voltage
k ener 1
breakdown breakdown
pA

Fig. 2.24 Breakdown in Diodes

Temperature dependence of breakdown voltage

In heavily doped diodes like zener diodes, an increase in
temperature increases the energies of valance electrons. Hence, it

is easier for these electrons to escape from covalent bonds.

Thus, less applied voltage is sufficient to knock or pull
these electron from their respective position in the crystal and
convert them into conduction electrons. Thus, the zener

breakdown voltage decreases with temperature.

In lightly doped diode like PN junction diode, an increase
in temperature increases the probability of collision of electrons

and increases the depletion width.

Thus, the electrons and holes need a high voltage to cross
the junction. Therefore, the avalanche breakdown voltage is

increased with increased temperature.
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Table 2.

7

Comparison of
Zener and Avalanche breakdowns

S.No.

Zener breakdown

Avalanche breakdown

It occurs in a heavily doped
junction.

It occurs in a lightly doped
junction.

It occurs with reverse bias
voltage less than 6V.

It occurs in PN junction
diode with reverse voltage
greater than 6V.

The reverse bias of VI
characteristics is  very
sharp in breakdown region.

The reverse bias of VI
characteristics is not sharp.
(i.e., soft)

It occurs by Dbreaking
covalent bonds due to very
high electrical field developed
by the reverse bias.

It occurs by breaking
covalent bonds due to
collision of accelerated

electrons as a chain reaction.

The breakdown voltage
decreases if the junction
temperature increases.

The breakdown voltage
increases if the junction
temperature increases.

Metal - Semiconductor (MS) Contact

Metal-Semiconductor (MS) contact plays a very
important role in the present day electronic devices and
Integrated Circuit (IC) technology.

When a metal and a semiconductor are brought into
contact, there are two types of junctions formed depending
on the work functions of the metal and semiconductor.

Types of Metal - Semiconductor junction

(1) Schottky junction - ¢, >0¢_. .

(ii) Ohmic junction - ¢

L
o,

semi < ¢seml
— Work function of metal

— Work function of semiconductor
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Work Function: Energy required to raise the electrons
from the metal or the semiconductor to the vacuum level.

2.15 l SCHOTTKY DIODE

Definition:

It is a junction formed between a metal and n-type
semiconductor.

When the metal has a higher work function than that
of n-type semiconductor then the junction formed is
called schottky diode. The Fermi level of the semiconductor
is higher (since its work function is lower) than the metal.

Fig. 2.25 shows schottky diode and its circuit symbol.

Metal
— 7 N type g P I Jl_ )

Fig. 2.25 Schottky Diode
(a) metal-semiconductor contact and (b) circuit symbol

The electrons in the conduction level of the semiconductor
move to the empty energy states above the Fermi level of the metal.

This leaves a positive charge on the semiconductor side and
a negative charge (due to the excess electrons) on the metal
side as shown in figure 2.26. This leads to a contact potential.

_

o
©

A
v
A

Metal 'ﬂ-type semiconductor

\\@

Depletion region
(Donar ions)

Fig. 2.26 Schottky junction between metal
and n-type semconductor
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Energy band diagram

When a Schottky junction is formed between metal and
semiconductor, Fermi level lines up. Also a positive potential is
formed on the semiconductor side.

The formation of a depletion region of width W, within

the semiconductor is shown in figure 2.27.

Because the depletion region extends within a certain depth
in the semiconductor, there is bending of the energy bands on
the semiconductor side. Bands bend up in the direction of the
electric field produced in depletion region.

@®m — Gsemi = eVo

metal

semiconductor

Figure 2.27 Schottky junction energy band

There is a built in potential V in the Schottky junction.
From the figure 2.27, this is given by the difference in work functions.

eVO = (I)m - ¢semi

The contact potential thus formed prevents further motion
of the electrons between the metal and semiconductor. This is
called the Schottky barrier and denoted by ¢p.
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Working
The behaviour of the schottky diode is further studied by
biasing (applying voltage). The voltage is applying in two ways
(a) Forward bias

(b) Reverse bias

(a) Forward bias

In this bias, metal is connected to positive terminal
and n-type semiconductor is connected to negative
terminal of the battery.

In the forward biased Schottky junction, the external
potential opposes the in-built potential.

The electrons injected from the external circuit into the
n-type semiconductor have a lower barrier to overcome before
reaching the metal.

This leads to a current in the circuit which increases with
increasing external potential.

(b) Reverse bias

In reverse bias, metal is connected to negative terminal
and n-type semiconductor to positive terminal of the battery.

In the case of a reverse bias, the external potential is
applied in the same direction as the junction potential. This
increases the width of depletion region further and hence there
is no flow of electron from semiconductor to metal.

So a Schottky junction acts as a rectifier ie. it conducts
in forward bias but not in reverse bias.

V-I Characteristics

The V-1 characteristics of the junction is shown in
figure 2.28. There is an exponential increase in current in the
forward bias while there is a very small current in reverse bias.
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Fig. 2.28 V —1 characteristics of the Schottky diode

Advantages of schottky diode

In schottky diode, stored charges or depletion region is
negligible. So a schottky diode has a very low capacitance.

In schottky diode, the depleting region is negligible. So
the schottky diode will immediately switch from ON to
OFF state (fast recovery time).

The depletion region is negligible in schottky diode. So
applying a small voltage is enough to produce large current.

It has high efficiency.
It operates at high frequencies.

It produces less noise.

Applications of schottky diodes

Schottky diode can be used for rectification of signals of
frequencies even exceeding 300 MHz.

It is commonly used in switching device at frequencies
of 20 GHz.

It is used in radio frequency (RF) applications.

It is widely used in power supplies.
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e It is used to detect signals.
e It is used in logic circuits.

e Its low noise figure finds application in sensitive
communication receivers like radars.

e It is also used in clipping and clamping circuits and in
computer gating.

Note

This diode is also referred as hot carrier diode because
when it is forward biased, conduction electrons on the N
side gains sufficient energy to cross the junction and enter
the metal. Since these electrons enter into the metal with
large energy, they are commonly called as hot carrier.

Table 2.8

Differences between schottky diode and p-n diode

S.No. Schottky Diode p-n Diode

1. |Forward current due to|Forward current due to
thermionic emission diffusion currents
(majority carrier transport) |(majority carrier transport)

2. |Reverse current only due to|Reverse current due to
majority carriers that|minority carriers diffusing
overcome the barrier to the depletion layer and
(less temperature dependent) |drifting to the other side
(strong temperature
dependence)

3. |Cut-in voltage 1is small|Cut-in voltage is large
(about 0.3 V) (about 0.7V)

4. |High  switching speed,|Switching speed limited by
because of majority carrier|the recombination time of
transport. No recom- the injected minority
bination time needed carriers
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OHMIC CONTACTS

Definition

An Ohmic contact is a type of metal semiconductor
junction. It is formed by a contact of a metal with a
heavily doped semiconductor.

When the semiconductor has a higher work function
than that of metal, then the junction formed is called the
Ohmic junction.

Here, the current is conducted equally in both directions
and there is a very little voltage drop across the junction.

Before contact, Fermi levels of the metal and semiconductor
are at different positions as shown in fig. 2.29(a).

Accupnulation region ByJk semiconductor
ohmic contact

Om

Metal n-type semiconductor

Metal n-type semiconductor

(a) Before contact (b) After contact

Fig. 2.29 Ohmic junction (a) before and (b) after contact.

Working

After contact, the ohmic junction is shown in figure 2.29
(b). At equilibrium, the electrons move from the metal to the
empty states in the conduction band of semiconductor. Thus,
there is an accumulation region near the interface (on the
semiconductor side).

It results in line up of Fermi levels of metal and
semiconductor as shown in Fig. 2.29 (b).
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The accumulation region has a higher conductivity than
the bulk semiconductor due to this higher concentration of
electrons.

Thus, a ohmic contact behaves as a resistor conducting in
both forward and reverse bias (Fig. 2.30). The resistivity is
determined by the bulk resistivity of the semiconductor.

Metal

!
| N

< |
< F1=

Fig. 2.30 Ohmic contact: Metal-semiconductor contact

V-1 characteristics

The volt-ampere (V-I) characteristic of the ohmic contact
is shown in Fig. 2.31.

IA
Negligible
voltage V1 *Ohmi
~— 1C
drop contact
»V
0

(a)

Fig. 2.31 Voltage - Current (V—1) characteristics
of ohmic contact

The current is directly proportional to the potential across the
junction and it is symmetric about the origin, as shown in fig. 2.31.

Thus, Ohmic contacts are non-rectifying and show
negligible voltage drop and resistance irrespective of the
direction and magnitude of current.
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Applications

The use of ohmic contacts is to connect one semiconductor
device to another, an IC, or to connect an IC to its external
terminals.

Table 2.7

Differences between schottky diode and ohmic contact

S.No Schottky Diode Ohmic contact

1. |It acts as a rectifier It acts as a resistor

2. |Very low forward resistance | Resistance is same in both
but very high reverse|forward and reverse bias
biased resistance

3. |Work function of metal is|Work function of metal is
greater than that of|smaller than that of

semiconductor ¢, > ¢ semiconductor ¢, <¢

semi semi

'2.17] TUNNEL DIODE

It was invented in 1958 by Dr. Esaki hence it is also called
ESAKI DIODE.

Tunneling

The phenomenon of penetration of charge carriers
directly through the potential barrier, instead of climbing
over it, is called tunneling.

Definition

A tunnel diode is a simple p—n junction in which
both p and n sides are very heavily doped with
impurities.

It is a pn junction which exhibits negative resistance
between two values of forward voltage (i.e., between
peak-point voltage and valley-point voltage).
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Construction

It is basically a pn junction with heavy doping of p-type
and n-type semiconductor.

This heavy doping gives a large number of majority
carriers. As a result, the depletion layer becomes very narrow.

The symbol for the diode is shown in fig. 2.33.

Anode - Cathode 5

S
I

o

Fig. 2.32 Symbol of Tunnel Diode

o+

Such diodes are wusually fabricated from germanium,
gallium-arsenide (GaAs) and gallium antimonide (GaSb).

Working

The operation of the tunnel diode depends on the tunneling

effect.

The energy band diagram is shown in fig. 2.33(a) without
any forward applied voltage (V =0). There is a large mismatch
between the energy levels of the electrons and the holes. As the

forward voltage is increased, the energy level of the electrons shifts.

At a particular voltage V, the energy levels of the

electrons and the holes coincide. Now the electrons tunnel
through barrier and falls into the holes (Fig. 2.33(b)).

The effect of electrons directly falling into the holes without
climbing the potential hill is known as tunnelling.
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Fig. 2.33 Tunnel diode - Energy band diagram

As the voltage further increases, the mismatch also
increases and the current decreases. At a particular voltage
V., the current drops to a minimum value.

V-I Characteristics

The V-I characteristics is as shown in fig. 2.34. The forward
bias produces immediate conduction i.e., as soon forward bias
is applied, the current flows.

The current quickly rises to its peak value Ip when the
applied forward voltage reaches a value Vp (point A) as shown

in fig. 2.34.

When forward voltage is increased further, diode current
starts decreasing till it reaches its minimum value called valley
current [, corresponding to valley voltage V,, (point B). For

voltages greater than V., current starts increasing again as in
an ordinary junction diode.

The characteristics of the tunnel diode is obtained by
superimposition of the tunnelling characteristics and the
conventional diode characteristics.
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Fig. 2.34 Tunnel diode V-I Characteristics

As seen from fig. 2.34, between the peak point A and valley
point B, current decreases with increase in the applied voltage. This
means that tunnel diode shows negative resistance in this region.

Advantages

Tunnel diode has low noise.

It is easy to operate this diode.

The switching speed is high.

e It consumes low power.

Disadvantages

e Voltage range over which it can be operated is 1 V or less

e Being a two terminal device, there is no isolation
between the input and output circuit.

Applications

e Tunnel diode is used as ultra-high speed switch with
switching speed of the order of nano second (ns) or pico

second (ps)
e It is used in logic memory storage device
e It is used in microwave oscillator

e It can be used in relaxation oscillator circuit
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Table 2.9

Comparison between
Tunnel diode and P-N junction diode

S.No Tunnel Diode P-N Junction Diode
1. |Doping levels at p and n|Doping in both p and n
sides are very high. sides is normal.
2. |Majority carriers current|Majority carrier current
responds much faster to|does not respond so fast to

voltage changes - suitable
to microwaves.

voltage changes-suitable for
low frequency applications
only.

At a small values of reverse
voltage, a large current
flows due to considerable
overlap between conduction
band and valence band -
useful as frequency
converter.

Current is extremely small
(leakage  current) upto
considerable reverse bias
voltage and then increases
abruptly to extremely high
at a particular voltage
called breakdown voltage.

Shows negative resistance
characteristics - useful for
oscillators.

Does not show negative
resistance - used as detector
and rectifers.

Preferred semiconductors
are Ge and GaAs.

Preferred semiconductors
are Ge and Si.

It is a low noise device.

Moderate noise
characteristics.

2.18' METAL OXIDE SEMICONDUCTOR (MOS) -

CAPACITORS

Metal Oxide Semiconductors (MOS) are used as
capacitors.

Structure

MOS capacitor consists of a Metal-Oxide-Semiconductor
structure as shown in figure 2.35.
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It consists of a semiconductor substrate with a thin oxide
layer and a top metal contact known as the gate.

A second metal layer forms an ohmic contact to the back
of the semiconductor and it is bulk contact. It is an n-type MOS
and nMOS capacitor (layer-contains electrons).

Metal-Oxide

\ / Ve (Gate voltage)
Semiconductor

O -

p-type substrate

| Vg

Fig. 2.35 MOS capacitance structure

Principle of operation

To wunderstand the different bias modes of the MOS
capacitor, three different bias voltages are considered.

() Below the flatband voltage (V)

(i) Between the flatband voltage (V,;) and the
threshold voltage (V,)

(iii) Larger than the threshold voltage.

These three bias modes are called
(a) accumulation,

(b) depletion

(c) inversion mode of operation.

These three modes as well as the charge distributions
associated with each of them are shown in figure 2.36.
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Accumulation mode

It occurs for negative voltages where the negative charge
on the gate attracts holes from the substrate to
oxide-semiconductor interface.

Depletion mode

It occurs for positive voltages. The positive charge on the
gate pushes the mobile holes into the substrate.

Therefore, the semiconductor is depleted of mobile carriers
at the interface. But, a negative charge due to the ionized
acceptor ions, is left in the space charge region.

Vo< Vg Veg<Ve<Vp

GATE

++ 4+ + ++ ++

CROICKCHC)

p-SUBSTRATE p-SUBSTRATE p-SUBSTRATE

BACK CONTACT BACK CONTACT BACK CONTACT

ACCUMULATION DEPLETION INVERSION

Fig. 2.36 Charges in an n-type Metal-Oxide-Semiconductor
structure (p-type substrate) under accumulation,
depletion and inversion conditions

The voltage separating the accumulation and depletion
regime is referred to as the flatband voltage (V.p).

Inversion mode

It occurs at voltages beyond the threshold voltage. In
inversion, there exists a negatively charged inversion layer at
the oxide-semiconductor interface in addition to the
depletion-layer.
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This inversion layer is due to the minority carriers that
are attracted to the interface by the positive gate voltage.

Energy band diagram

The energy band diagram of an n-MOS capacitor biased
in inversion is shown in fig. 2.37. The oxide is considered as a
semiconductor with a very large bandgap and blocks any flow
of carriers between the semiconductor and the gate metal.

A E

v

Metal Semiconductor
Oxide

Fig. 2.37 Energy band diagram of n-MOS
structure biased in inversion

The band bending in the semiconductor is consistent with
the presence of a depletion layer. At the semiconductor-oxide
interface, Fermi energy is close to the conduction band edge (as

expected when a high density of electrons is present).

The semiconductor remains in thermal equilibrium even
when a voltage is applied to the gate.

Advantages

e It is smaller in size.

e It is inbuilt in IC’s.
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Application

These types of capacitors are widely used as internal
capacitors in Integrated circuits (IC’s).

'2.19'| POWER TRANSISTORS

Definition

Transistors handle high voltage and high current

rating are known as power transistors.

e These transistors are mostly used in switching mode ie.,
it is operated in saturation region and cut off region.

The power transistor, requires modification on various

transistor limitations of small signal BJT.
The power transistor should handle
(1) maximum rated current of the order of amperes,
(il)) maximum rated voltage of the order of 100 V
(i1i)) maximum rated power of the order of watts or

tens of watts.

Classification

Power transistors are classified broadly into three types.
They are
(i) Bipolar Junction Transistor (BJT)

(11) Metal-Oxide-Semiconductor Field Effect
Transistors (MOSFET)

(iii) Insulated Gate Bipolar Transistors (IGBT)

Let us discuss Bipolar Junction Transistor (BJT) only
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Power Bipolar Junction Transistor (PBJT)

Construction

It has a vertically oriented four layers structure of
alternating p-type and n-type doping (npn transistor) as shown
in figure 2.38.

It has three terminals collector C, emitter £ and base B.

The term ‘bipolar’ indicates that current flow is due to
movement of both holes and electrons.

The vertical structure maximizes the cross-sectional area.
Further, it minimizes the on-state resistance and thus the power
dissipation in the transistor.

Base Emitter

Emitter { 10 um ;%: \  n*=10%cm? /

Base{ 5-20um

p*=10"%cm®

Collector {
drift 1 50 - 200 pm . T
region n = 10" cm
-200 pm n* =109 cm3
Collector

Fig. 2.38 Cross section of vertical power BJT

The doping concentration and thickness of each layer have
a significant effect on the characteristics of the device. The

doping in the emitter layer is large (1019 cm 3). The base doping
. 16 -3
is moderate (107 cm ).

The n - region between the collector and base region is
called as collector drift region and it has a light

(1014 cm 3) doping level. The n' region collector has a doping
level similar to that of the emitter.

The thickness of the drift region determines the breakdown
voltage of the transistor. It is a current controlled device where
the collector current is under the control of base drive current.
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Characteristics of Power BJT

Typical I, versus V, characteristics are shown in fig. 2.39.

A

[y
(=3
1

Collector
current 1C (mA)

% 15
a ! Ba§icur{ent lR. =0“A.

=N WP OGS 3 0 ©

0 20 40 60 80 100 120 140
Collector-to-emitter voltage VCE \2

Fig. 2.39 Collector current versus collector emitter voltage
characteristics of a biopolar transistor

The relatively wide base region gives a smaller current gain
(B= 20 to 25) for power transistors as compared to small signal
transistors. The large area of the device gives a larger junction
capacitance and hence lower cutoff frequency for a power
transistor as compared to a small signal transistor.

Table 2.10 compares the parameters of a general-purpose
small-signal BJT to those of power BJTs.

Table 2.10
Comparison of the characteristics and
maximum ratings of small-signal and power BJTs

Parameter Smallil-JsTl’gnal Power BJT | Power BJT
@N22224) | (2N3055) (2N6078)
Veg (max) (V) 40 80 550
I (max) (A) 0.8 15 7
Py, (max) (W) 1.2 115 5
(at T=25°C)
B 35-100 5-20 12.95
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When the transistor is biased in the forward-active mode,
the collector current begins to increase significantly before the
actual breakdown voltage is reached.

All the curves tend to merge to the same collector-emitter
voltage once breakdown has occurred.

This voltage, Vg is the minimum voltage necessary to

sus,

sustain the transistor in breakdown.

The average power dissipated in a BJT must be kept below
a specified maximum value to ensure that the temperature of
the device remains below a maximum value.

If we assume the collector current and collector-emitter
voltage are dc values, then at the maximum rated power P,

for the transistor is given by

pP.=V

CEI

T C

The maximum current, voltage, and power limitations are
illustrated I, versus V,, characteristics as shown in fig. 2.40.

I c (A)a
Maximum
10 current limit
PT
0.10
VCE.sus
0.01 ! Ll >
1 10 100 VCE W)

Fig. 2.40 The safe operating area (SOA) of a bipolar
transistor plotted on logarithmic scales

Advantages

e The power loss is low.

e The switching speed is high.
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e The size of this transistor is large.
e It can handle high power with high efficiently.

e It thermal resistance is low.

Disadvantages

e It has little ability to withstand a reverse voltage.

Applications

e It is used in power switching devices.

e It is also used in power amplifiers.

ANNA UNIVERSITY SOLVED PROBLEMS

Carrier concentration in an intrinsic semiconductor

Problem 2.1

Find the resistance of an intrinsic germanium rod 1 cm

long, 1 mm wide and 1 mm thick at 300 K.

For germanium n,=2.5X 10°m?

u=039m VvV 's '

1, =019m”*V 's " at 300 K
[A.U. Dec. 2014]

Given data

.. . . 19 -3
Intrinsic carrier concentration n, = 25x10 m

Electron mobility u,=0.39 m’V s

Hole mobility #,=019m°V 's

I = length of the rod =1cm=1x10 ’m
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A = Area of cross-section (width x thickness)

A=(@1x10ax10?

Solution

Electrical conductivity of an intrinsic semiconductor
c=nge (u,+u,
Substituting given values, we have

6 =25x107"x1.6x10 " x(0.39 + 0.19)

c=2320 'm"

) [ l o1
Res1stanceR—A or R_GA [ c_p}

1x10 2 1

-2
= = X ]_O X 10
2.32x (1x10 ®x1x10°% 232

= 4310 Q

Resistance of germanium = 4310 Q.

Extrinsic semiconductor
Problem 2.2

Find the concentration of holes and electrons in n - type

silicon at 300 K, if  the conductivity is

3x10 ohm 'm '. Also find these values for p - type

silicon.

Given data

For silicon at 300K, n, = 1.5 x 10 m™®

u,=1300x10" ‘m*V 's’

w,=500x10 ‘m*V 's '

(A.U. May 2015)
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Solution

(a) Concentration in n-type silicon

O = ney,
c
n=—-
ey,
n =

3x10*

= 1.442%x10% m”

We know that np

2
n.
i

V]

 1.6x10 ®x1300x 10" *

3

(From the law of mass action)

p=—

, (15 10'%)?
1.442 x 10>

p=156x10"m °

(b) Concentration in

p-type silicon

o

pewy,

ew,

3% 10"
1.6x10 ¥ x500x10*

3.75 %102 m ®
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2
n;
n=—
_ (15x10"%)?
3.75 x 10**
n=06x100m ">

Problem 2.3

A silicon material is uniformly doped with phosphorus
atoms at a concentration of 2x10 m °. The mobilities
of holes and electrons are 0.05 and 0.12m°V 's '
respectively, n; = 1.5 x 10'%n ">, Find the electron and hole

concentrations and electrical conductivity.
(A.U. June 2014)

Solution

2

. n,  (1.5x10"%’

Hole concentration p = N T
D 2x10

1.125x 10"/ m®

Electron concentration n =N D= 2 % 1019/ m3

Electrical conductivity ¢ = eNju,

6= 1.602x10 Px2x10”x0.12

6=0.384 ohm 'm '
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Problem 2.4

Find the hole and electron concentrations in a p-type
. . . . 2
semiconductor, if the acceptor density is 10 Oatoms/m3

and the intrinsic concentration is 2.5 x 1019 per m’ at
300 K. (A.U. May 2016)

Solution

In a p-type semiconductor, the hole concentration is equal
to the acceptor density.

p=N, = 10”° holes/m

n;, (25x10")
n-=-—-—--=-—_—

N, 10%°

2
L = 6.25 x 1018 electrons/m 3

n=625x10"m"?

Hall effect

Problem 2.5

The Hall coefficient of a specimen of a doped silicon is
found to be 3.66x10 ‘m°/C. The resistivity of the

specimen is 8.93x10 °Qm. Find the mobility and
density of the charge carriers. (A.U.April 2015)

Given data

Hall coefficient of the specimen R, = 3.66 x 10 4 m3/C

Resistivity of the specimen p =8.93 x 10 Om

Mobility of the carrier u, =?
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Density of charge carriers n, =?

Solution

We know that density of charge carriers

n =
h
RHe

Substituting the given values, we have

1
n =
b 366x10 Yx1.610x10 %
n, = 1.708 x 1022 m_3
1
Hn = pn,e
_ Ry
.
L _ 366 10 *
" 893x10°°
W, = 0.041m°V s

Problem 2.6

Find the Hall coefficient and electron mobility of
germanium for a given sample (length 1 cm, breadth 5
mm, thickness 1 mm). A current of 5 milliampere flows
from a 1.35 volt supply and develops a Hall voltage of
20 millivolt across the specimen in a magnetic field of

0.45 Wh/m”. (A.U. May 2013)

Given data

Current through the specimen I =5 mA or 5x 10 ‘A
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Voltage across the specimen V=1.35V

Length of the sample L =1cm or 1x10 ~m
Breadth of the sample b =5 mm or 5 x 10 *m
Thickness of the sample t =1 mm or 1 x 10 *m

Hall voltage V, =20 x 10°v
Magnetic field H = 0.45 Wh/m”

Solution:

e R
We know that resistivity p = Ta
where R — Resistance of the specimen

Vv 135
R=2=—"

C 5x10°°

a — Area of cross-section = b x¢

5x10 °x1x10 °

a =
- 5x10 °m’
6
1.35 5 x 10
p= —3 % 3
5x10 1x10
= 0.135Qm
V, 20x10°

Hall field E = Thickness 1 103

20 Vm '
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) Current
Current density J, = Area of cross-section

5x10 °
Jx = 7—6
5x10
= 1%x10° Am >
1 E 20

ne  HJ. ~ (45x10°

0.044 m°/C

Hall coefficient

R 1.18><i = 1.18 x 0.044
ne

H

0.0524 m°/C

R, = 0.0524 m’/C

Electron mobility

By 0.0524
Me =5 7 70.135

= 039m° Vs
w = 039m°V'is"

Problem 2.7

A copper strip 2.0 cm wide and 1.0 mm thick is placed

in a magnetic field with B = 1.5 weber/m2 perpendicular
to the strip. Suppose a current of 200 A is set up in the
strip. What Hall potential difference would appear
across the strip?

Given N=8.4x 1028 electrons /m3. (A.U. May 2015)
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Given data

Current flowing I =200 A

1.5 Whm >

Applied magnetic field H_

Number of electrons,

per unit volume n = 8.4 x 10”° electrons m~°

Thickness of the strip¢ = 1.0 x 10 *m
Solution
R,I B
Hall potential V = LU
y b
v - I B, R 1
Y neb "TH T pe
Substituting the given values, we have
. 200 x 1.5
B 84x10®1.6x10 %) 1.0x10 %)
-5
V, = 22x10°V
Note

This problem is important in the sense that it shows
that Hall voltage can be also observed in metals besides
semiconductor.

In semiconductors, Hall voltage is comparatively much
larger; it is of the order of milli-volts as compared to the order
of micro-volts in metals.

Moreover, to observe Hall voltage in metals, current of the
order of amperes is needed when compared to the order of
milliamperes as in the case of semiconductors.
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Part - A ‘2 Marks Q & A

ANNA UNIVERSITY Q&A

1. What are elemental semiconductors? Give some
important elemental semiconductors. (A.U Dec 2014)

Elemental semiconductors are made from single element of
the fourth group elements of the periodic table.

Example

Germanium and silicon.

2. What are the properties of semiconductors?
(A.U. June 2013)

They are formed by covalent bond.

They have empty conduction band.

They have almost filled valence band.

These materials have comparatively narrow energy gap.

3. What are compound semiconductors? Give some
important compound semiconductors. (A.U April 2015)

Semiconductors which are formed by combining third and
fifth group elements or second and sixth group elements in the

periodic table are called compound semiconductors.

S.No. Group Compound semiconductor

1. |Combination of Gallium Phosphide (GaP)
third and fifth Gallium Arsenide (GaAs)
group elements Indium Phosphide (InP)
(IIT and V) Indium Arsenide (InAs)

2. |Combination of Magnesium Oxide (MgO)
second and sixth Magnesium Silicon (MgSi)
group elements Zinc Oxide (ZnO)

(IT and VI) Zinc Sulphide (ZnS)
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4. Mention any four advantages of semiconducting

materials. (April 2013, April 2014)

e It behaves as insulator at 0 K and as conductor at high
temperatures.

e It has some properties of both conductor and insulator.

e On doping, n and p-type semiconductors are produced
with charge carriers of electrons and holes respectively.

e It has many applications in electronic field such as

manufacturing of diodes, transistors, LED’s, IC etc.

5. What are the differences between elemental
semiconductors and compound semiconductors?

(A.U June 2012, April 2014, Dec 2015)

S. Elemental Compound

No. Semiconductors Semiconductors

1. |They are made of single|They are made of
element. Examples: Ge, Si |compounds. Examples:

GaAs, GaP, MgO etc.

2. |Heat is produced during|The photons are emitted
recombination. during recombination.

3. |[They are wused for the|They are used for making
manufacture of diodes and|LED’s, Laser diodes and
transistors. IC’s.

6. Write an expression for the concentration of electrons
in the conduction band of an intrinsic semiconductor.

(A.U. Jan 2014)

The concentration of electrons in the conduction band of

an intrinsic semiconductor is given by

N 3/2
2nm kT
n=9 ; e(EF—EC)/kT
h
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where m: — effective mass of electron
E,— Fermi energy level

E.— Energy corresponds to the bottom of

conduction band
T — Absolute temperature

7. Write an expression for the concentration of holes in
the valence band of an intrinsic semiconductor.
(A.U. May 2015)

The concentration of holes in the valence band is given by

. 3/2
21 m, kT (E —~E)/kT
pP=2| ——H — e v F
h

m;;% effective mass of hole

T — absolute temperature

E; — Fermi energy
E — Energy corresponds to the top of valence band

8. What is Fermi level in a semiconductor?
(A.U. May 2016)

Fermi level in a semiconductor is the energy level situated
in the band gap of the semiconductor. It is exactly located at
the middle of the band gap in the case of an intrinsic
semiconductor.

9. Write an expression for carrier concentration in
n-type semiconductor. (A.U. May 2015)

The carrier concentration in n-type semiconductor is given

by
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. 3/4
172| 2nm kT . AE/2kT

n=2N),)
d B2

where
AE — E,-E,= Ionisation energy of the donor

N, — Number of donor atoms per unit volume of

the material.
m: — Effective mass of an electron.

T — Absolute temperature

10. Write an expression for carrier concentration of holes
in the valence band of p-type semiconductor.
(A.U. Jan 2014)

The carrier concentration in p-type is given by

3/4
9| 2nmykT — AE/2FT

1/
p=@2N,) 2
h

where

AE =(E, - E ) — ionisation energy of acceptor level

mZ% Effective mass of hole

N, — Number of acceptor atoms per unit volume
of the material.

T — Absolute temperature.

11. Define Hall-effect and Hall voltage.
(A.U. May 2015, Dec 2016)

When a conductor carrying a current (I) is placed in a
transverse magnetic field (B), a potential difference is produced
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inside the conductor in a direction normal to the directions of

the current and magnetic field.

This phenomenon is known as Hall-effect and the generated

voltage is called Hall-voltage.

12. Mention the uses of Hall effect.

(A.U. May 2013, June 2014)

It is used to find type of semiconductor.
It is used to measure carrier concentration.
It is used to find mobility of charge carrier.

It it used to measure the magnetic flux density using a

semiconductor sample of known Hall coefficient.

13. What are the differences between

extrinsic semiconductor?

intrinsic and

(A.U 2008, June 2009, 2012)

. . . Extrinsic
S.No. |Intrinsic semiconductor )
semiconductor
1. Semiconductor in a pure|Semiconductors which are
form is called intrinsic|doped with impurity is
semi conductor. called extrinsic
semiconductor.
2. Here, the charge carriers|Here, the charge carriers

are produced only due to|lare produced due to
thermal agitation. impurities.
3. Examples: Si, Ge, etc. Examples: Si and Ge

doped with Al, In, P, As
etc.
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14. What are the differences between n-type and p-type
semiconductor?

Differences between
n - type and p - type semiconductors

S.No.| n-type semiconductor p-type semiconductor

1. |When pentavalent impurity | When trivalent impurity is
is doped to intrinsic|doped to intrinsic
semiconductor, n - type|semiconductor, p - type
semiconductor is formed. semiconductor is formed.

2. |The impurity is called|The impurity is called
donor impurity since it|acceptor impurity since it
donates electron. accepts electron.

3. |Majority charge carriers|Majority charge carriers
are electrons. are holes.

4. |Minority charge carriers|Minority charge carriers
are holes. are electrons.

ADDITIONAL Q&A

1. What is a semiconductor?

Semiconductor is a special class of material which behaves

like an insulator at 0 K and acts conductor at temperature other

than 0 K. Its resistivity lies in between a conductor and an

insulator.

2. Draw the energy level diagram of a semiconductor.

Conduction Band

Band
energy

Small energy gap } E,

.

Valence band
Energy band diagram of a semiconductor
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3. What is an intrinsic semiconductor?

Semiconductor in an extremely pure form (without

impurities) is known as intrinsic semiconductor.
4. What is an extrinsic semiconductor?

A semiconducting material in which impurity atoms added
(doped) to the material to modify its conductivity is known as

extrinsic semiconductor or impurity semiconductor.
5. What is an n-type semiconductor?

When a small amount of pentavalent impurity is added to
a pure semiconductor, it becomes extrinsic or impure
semiconductor and it is known as n-type semiconductor.

6. What is a p-type semiconductor?

When a small amount of trivalent impurity is added to a
pure semiconductor, it becomes extrinsic semiconductor or
impure semiconductor and it is called p-type semiconductor.

7. What is meant by doping and doping agent?

The technique of adding impurities to a pure semiconductor
is known as doping and the added impurity is called doping
agent.

8. Explain the concept of hole in semiconductor.

In intrinsic semiconductor, charge carriers are created due to
breaking of covalent bonds. When a covalent bond is broken, an
electron escapes to the conduction band leaving behind an empty
space in the valence band. This missing electron is called a hole.

9. What is meant by donor energy level?

A pentavalent impurity when doped with an intrinsic
semiconductor donates one electron which produces an energy level
called donor energy level.
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10. What is meant by acceptor energy level?

A trivalent impurity when doped with an intrinsic
semiconductor accepts one electron which produces an energy
level called acceptor energy level.

11. Mention the uses of compound semiconductor.

They are used as photovoltaic materials, photoconductive
cell, laser materials and for making LED [Light Emitting Diode].

12. Define drift velocity.

When an electrical field is applied in a semiconducting
material, the free charge carriers such as free electrons and
holes attain drift velocity v,,.

The drift velocity attained by the carriers is proportional
to the electrical field strength E.

v, = WE (D

where U is a proportionality constant and it is known as the
mobility of the charge carrier.

13. Define drift current.

The electric current produced due to the motion of charge
carriers under the influence of an external electric field is known
as drift current.

14. Define diffusion current.

The non-uniform distribution of charge carriers creates the
regions of uneven concentrations in the semiconductor.

The charge carriers move from the regions of higher
concentration to the regions of lower concentration. This process
is known as diffusion. The current is known as diffusion current.
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15. Write down Einstein’s relation.

The relation between the mobility (u) and diffusion
coefficient (D) of a semiconductor is known as Einstein’s relation.

D, _ty
D, ) 4y
where D -  Diffusion coefficient of electron.
Dp - Diffusion coefficient of holes.
w -  Mobility of electron.
W, - Mobility of holes.

16. What is a Hall device?

The device which uses the hall effect for its application is
known as Hall device.

17. What are different types of Hall devices?

There are three types of Hall devices.
They are

(a) Gauss Meter

(b) Electronic Multiplier

(¢) Electronic Wattmeter

18. What is breakdown voltage in pn junction?

The reverse voltage at which the PN junction break down
with sudden rise in reverse current is called breakdown voltage.

19. What is zener breakdown?

In a heavily doped junction diode, breaking of covalent
bonds occurs due to increase in reverse voltage which leads to
junction breakdown. It is called zener breakdown.
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20. What is avalanche breakdown?

In a lightly doped junction diodes, at a relatively high
reverse voltage breaking of covalent bond occurs due to collision
of accelerated electrons with valence electrons.

The multiplication of collision leads avalanche effect. Thus
the junction breakdown occurs. It is known avalanche
breakdown.

21. What are the differences between zener and
avalanche breakdown?

S.No. Zener breakdown Avalanche breakdown

1. |It occurs in a heavily doped |It occurs in a lightly doped
junction. junction.

2. |It occurs with reverse bias|It occurs in PN junction
voltage less than 6V. diode with reverse voltage
greater than 6V.

3. |The reverse bias of VI|The reverse bias of VI
characteristics is  very|characteristics is not sharp.
sharp in breakdown region.|(.e., soft)

5. |It occurs by Dbreaking|It occurs by breaking
covalent bonds due to very|covalent bonds due to
high electrical field developed | collision of  accelerated
by the reverse bias. electrons as a chain reaction.

6. |The breakdown voltage|The breakdown voltage
decreases if the junction|increases if the junction
temperature increases. temperature increases.

22. What is a schottky diode?

It is a junction formed between a metal and n-type
semiconductor.

When the metal has a higher work function than that of
n-type semiconductor then the junction formed is called schottky

diode.
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23. What are advantages of schottky diodes?

In schottky diode, stored charges or depletion region is
negligible. So a schottky diode has a very low
capacitance.

In schottky diode, the depleting region is negligible. So
the schottky diode will immediately switch from ON to
OFF state (fast recovery time).

The depletion region is negligible in schottky diode. So
applying a small voltage is enough to produce large
current.

It has high efficiency.
It operates at high frequencies.

It produces less noise.

24. What are the application of scholtky diode?

Schottky diode can be used for rectification of signals of
frequencies even exceeding 300 MHz.

It is commonly used in switching device at frequencies
of 20 GHz.

It is used in radio frequency (RF) applications.

It is widely used in power supplies.

25. What are the differences between scholtky diode and

p-n diode?
S.No. Schottky Diode p—n Diode
1. |Forward current due to|Forward current due to

thermionic emission diffusion currents
(majority carrier transport) |(majority carrier transport)
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S.No. Schottky Diode p—n Diode
2. |Reverse current only due to|Reverse current due to
majority carriers that|minority carriers diffusing
overcome the barrier to the depletion layer and

(less temperature dependent)|drifting to the other side
(strong temperature
dependence)

3. |Cut-in voltage 1is small|Cut-in voltage 1is large
(about 0.3 V) (about 0.7V)

4. |High  switching speed,|Switching speed limited by
because of majority carrier |the recombination time of
transport. No recom- |the injected minority
bination time needed carriers

26. What is ohmic contact?

An ohmic contact is a type of metal semiconductor junction.
It is formed by a contact of a metal with a heavily doped
semiconductor.

When the semiconductor has a higher work function than that
of metal, then the junction formed is called the Ohmic junction.

27. What are the uses of ohmic contact?

The use of ohmic contacts is to connect one semiconductor
device to another, an IC, or to connect an IC to its external
terminals.

28. What are the differences between scholtky diode and
ohmic contacts?

S.No Schottky Diode Ohmic contact

1. |It acts as a rectifier It acts as a resistor

2. |Very low forward resistance | Resistance is same in both
but very high reverse|forward and reverse bias
biased resistance
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S.No Schottky Diode Ohmic contact

3. |Work function of metal is|Work function of metal is
greater than that of|smaller than that of

semiconductor ¢, > ¢ semiconductor ¢, <

semi semi

29. What is a tunnel diode?

A tunnel diode is a simple p—n junction in which both p
and n sides are very heavily doped with impurities.

It is a pn junction which exhibits negative resistance
between two values of forward voltage (i.e., between peak-point
voltage and valley-point voltage).

30. What are the advantages of tunnel diodes?

e Tunnel diode has low noise.

e It is easy to operate this diode.
e The switching speed is high.

e It consumes low power.

31. What are the disadvantages of tunnel diodes?

e Voltage range over which it can be operated is 1 V or less

e Being a two terminal device, there is no isolation
between the input and output circuit.

32. What are the application of tunnel diodes?

e Tunnel diode is used as ultra-high speed switch with
switching speed of the order of nano second (ns) or pico
second (ps)

e It is used in logic memory storage device
e It is used in microwave oscillator

e It can be used in relaxation oscillator circuit
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33. What are the differences between tunnel diode and
P-N junction diode?

S.No Tunnel Diode P-N Junction Diode
1. |Doping levels at p and n|Doping in both p and n
sides are very high. sides is normal.

2. |Majority carriers current|Majority carrier current
responds much faster to|does not respond so fast to
voltage changes - suitable|voltage changes-suitable for
to microwaves. low frequency applications
only.

3. |[Shows negative resistance|Does not show negative
characteristics - useful for|resistance - used as detector

oscillators. and rectifers.
4. |Preferred semiconductors | Preferred semiconductors
are Ge and GaAs. are Ge and Si.
5. |It is a low noise device. Moderate noise
characteristics.

34. What is metal oxide semiconductor capacitor?

Metal Oxide Semiconductors (MOS) are used as capacitors.
35. What are the application of metal oxide
semiconductor capacitor?
These types of capacitors are widely used as internal
capacitors in Integrated circuits (IC’s).
36. What are power transistors?
Transistors handle high voltage and high current rating
are known as power transistors.
37. What are the advantages and disadvantages of power
transistor?
Advantages

e The power loss is low.
e The switching speed is high.

e The size of this transistor is large.
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e It can handle high power with high efficiently.

e It thermal resistance is low.

Disadvantages

o It has little ability to withstand a reverse voltage.

38. What are the applications of power transistors?

e It is used in power switching devices.

e It is also used in power amplifiers.

PART - B (16 Marks Questions)

Anna University Questions:

Intrinsic semiconductor

1.

Obtain an expression for intrinsic carrier concentration in
an intrinsic semiconductor. (AU May 2014)

Derive an expression for the density of holes in an intrinsic
semiconductor. (AU July, Dec. 2015)

Derive an expression for concentration of holes (absence of
electrons) in intrinsic semiconductors. (AU Nov/Dec 2013)

Obtain an expression for the carrier concentration of
electrons in an intrinsic semiconductor. (AU May/June 2014)

Assuming the Fermi- Dirac distribution derive an
expression for the concentration of electrons per unit volume
in the conduction band of an intrinsic semiconductor.

(AU April/lMay 2014; Nov/Dec 2015)

Extrinsic semiconductors

6.

Derive the relation for carrier concentration in N - type
semiconductor. (AU Dec 2014)

Obtain an expression for density of electrons in the
conduction band of an n - type and density of holes in the
valence band of a p - type extrinsic semiconductor.

(AU Dec 2015)
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8.

Obtain an expression for the density of electrons in the
conduction band of an n - type semiconductors and show
that it is proportional to the square root of the donor
concentration at low temperatures. Also state what happens
at high temperatures. (AU Nov/Dec 2013)

Obtain an expression for the density of holes in the valence
band of p - type semiconductors and show that it is
proportional to the square root of the acceptor concentration
at low temperatures. (AU AprillMay 2012)

Hall Effect

10.

11.

12.

13.

14.

15.

(i) Give the theory of Hall effect.
(i1)) Using that effect how will you determine the electrical
conductivity of a semiconductor. (AU Oct 2014)

(i) What is Hall effect? Derive an expression of Hall
coefficient.

(i1)) Describe an experimental set-up for the measurement
of the Hall voltage and give its applications.

(AU July 2015)
(i) What is Hall effect? Show that for a p - type

semiconductor the Hall coefficient R, is given by 1/pe.
(ii)) Mention the applications of Hall effect. (AU Dec 2016)

What is Hall effect? Give the theory of Hall effect. Describe
the Hall effect experiment to determine the Hall coefficient
of semiconductor. (AU Dec 2013)

(1) Obtain expression for Hall coefficient.
(i1)) How will you measure Hall coefficient experimentally?

(iii) Describe any two applications of Hall effect.

(AU May 2014)
(1) Explain Hall effect in p-type and n-type semiconductors.

(i1)) Derive an expression for Hall coefficient.

(iii) Describe the experimental setup for the measurement
of Hall coefficient. (AU, Dec 2016)
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16. What is Hall effect? Derive an expression for Hall
coefficient. Describe an experiment for the measurement of
the Hall coefficient and mention its applications.

(AU, May |/ June 2016)

17. (i) Explain the phenomenon of Hall effect.
(i1) Derive an expression for Hall coefficient for a n - type

semiconductor and for p - type semiconductor. Also
state how Hall voltage is related.

(AU, May |/ June 2014)

Additional PART - B (16 Marks Questions)

1. Derive an expression for electrical conductivity of intrinsic
semiconductor.

2. Write down expression for drift current and diffusion
currents. Derive Einstein’s relation.

Explain working of any two Hall devices.

Explain zener and avalanche breakdowns in P-N junction.
Describe construction and working of scholtty diode.
Write a note on ohmic contact.

Describe the construction and working of tunnel diode.

® N e vk W

Explain principle and working metal oxide semiconductor
capacitor.

9. Describe the construction and working of power transistor.

ASSIGNMENT PROBLEMS

1. In an intrinsic semiconductor, the effective mass of the
electron is 0.07 m  and that of the hole is 0.4 m_ 6 where
m, is the rest mass of the electron. Calculate the intrinsic

concentration of charge carriers at 300 K. Given

E,=0.7eV. [Ans: 2.3 x 10'8 / m3]
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2. In a Hall experiment, a current of 25 A is passed through
a long foil of silver which is 0.1 mm thick and 3 cm wide.

A magnetic field of flux density 0.14 Wb/m2 is applied
perpendicular to the foil. Calculate Hall voltage developed

and estimate the mobility of electrons in silver. Given the
conductivity of silver is 6.8 1000 'm ' and Hall
coefficient is — 8.4 x10” " m’/C.

[Ans: 29.4 pV and pe =57.7x 10" *m?2v-1s71]
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