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1. | ELECTRONIC MATERIALS 8 22
* Free electron theory.
* Density of states and energy band diagrams.A
* Kronig-Penny model (to introduce origin of band gap), Energy bands in solids.
* E-k diagram, Direct and indirect bandgaps.
* Types of electronic materials : Metals, semiconductors and insulators.
* Density of states, Occupation probability.
* Fermi level, Effective mass, Phonons.
2. | SEMICONDUCTORS 10 27

* Intrinsic and extrinsic semiconductors.

* Dependence of Fermi level on carrier-concentration and
p

temperature
(equilibrium carrier statistics)

* Carrier generation and recombination, Carrier transport
p-n junction.

* Metal-semiconductor junction (Ohmic and Schottky), Semiconductor materials
of interest for optoelectronic devices.

: diffusion and drift,

3. | LIGHT-SEMICONDUCTOR INTERACTION

* Optical transitions in bulk semiconductors
and stimulated emission.

Joint density of states.
Densnty of states for photons,

Transntion rates (Fermi's golden
s Optie&l ;ggs, and g in; I v

: absorption, spontaneous emission,

.
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| MEASUREMENTS
« Four-point probe and Van Der Pauw measurements for carrier density,

Resistivity and hall mobility,

« Hot-point probe measurement, capacitance-voltage measurements,

Parameter extraction from I-V characteristics, DLTS.

« Band gap by UV-V is spectroscopy, absorption/transmission.

SUPERCONDUCTIVITY

Introduction of Superconductivity,

Properties of Superconductivity,

|

Effect of magnetic field

Meissner effect

i

- Pressure effect

~ Impurity effect

- Isotopic mass effect

Mechanism of Superconductivity : BCS Theory.
Penetration depth : Magnetic field.

Josephson’s junction and its application
Application of Superconductors,
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1.1

1.2

Electron (-)

INTRODUCTION :

about two kind of materials 1n nature.

» all know
We and

i e. conductors (Copper, Aluminium etc.)
Insulators (Wood, Plastic etc.)

; . » i e RS
Certain materials are neither good conductors no
insulators, their conductivity lies between

conductors and insulators.

These types of materials are known as

semiconductors (i.e. Silicon, Germanium etc.) 2

Almost all electronic devices (i.e. diode, transistor
etc.) are made up of semiconductors.

Therefore, to study their characteristics and
behaviour, we should be familiar with the basic

physics of semiconductors in details.

ATOM AND ITS STRUCTURE :

All the materials are composed of very small
particles called atoms.

Atoms are made of 3 type of particles,

1. Electron

2. Protons
3. Neutrons

According to Bohr’s model, an atom has a central
core called the nucleus, which contain proton and
neutrons.

Electrons revolve around the nucleus in different
orbits.

We know that, the electrons are negatively
charged (-), while the protons are positively
charged (+) and the neutrons have no charge.

In the normal atom, the number of protons equals
the number of electrons. Thus an atom is
electrically neutral.

The basic structure of an atom is shown
symbolically in Fig, 1.1.

Nucleus

FIG. 1.1 : ATOM AND ITS STRUCTURE

1.3

Electron :
Electrons are negatively charged Particle v-;:;:
are moving with high velocity aroung e o
of atom in specific paths called orbits,
The mass of the electron is very small, g,
is 9.107 x 1031 kilogram.

N

Electrons are revolving around the
different orbits. Each orbit has certas iy
amount of energy. ﬁm{
The mass of the electron is 1830 timeg
than the mass of proton. SMallyy
Therefore, the mass of the electron ogbjgin. .
nucleus is negligible compared to mass of

and neutrons in the nucleus of a atom_[ Oany
Electron is denoted by a symbal ‘¢~

It has a charge of 1.602 x 10~ Coulomps @

Proton :
Proton is a positively charged particle.

It is more heavier than electron, mass of proton
is 1.672 x 10727 kilograms.

Proton is denoted by a symbol ‘P *’.

It has a charge of 1.602 x 1071° Coulombs ().

The charge of proton is equal to charge of electron
but have opposite polarity.

Neutron :
Neutron has no electric charge.

The mass of neutron is slightly higher than that
of the proton. =

Mass of neutron is 1.975 x 10727 Kilograms.

ORBIT LEVELS OF ELECTRONS IN AN
ATOM : ‘

The electrons are revolving around the nucleus i
different orbits at a fixed distance from
nucleus. Each orbit or shell contains @ fiX
number of electrons.

Generally, each orbit or shell contains a maximi™
of 2n? electrons where,  is the number of shell. BY
Just substituting the shell number in ‘2" W€ “
easily calculate number of electrons in each S

First shell occupy a maximum of two elccm'ns
ie, (2 x 12 = 2), i
Second shell occupy a maximum of e"g!t"
electrons ie., (2 x 22 = §). i

:,r
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3

« Third shell occupy a maxi : B
b 3 Py a maximum of 18 electrons
e, (2 x 3 = 18) and so on.

1”'shell = 2 electrons

2"shell = § electrons

Nucleus

Electron

FIG. 1.2 : ORBIT LEVELS OF
ELECTRONS IN A ATOM

« The electrons revolving around the nucleus in the
first shell which is closest to the nucleus is
strongly attached to the nuclease of strong
attractive force. Electrons in first shell have least
energy associated with it.

e  The electrons revolving around the nucleus in the
last shell which is farther away from the nucleus
is loosely attached to the nucleus. The electrons
in the outermost orbit or shell has highest energy.

14 VALENCE ELECTRONS :

The electrons present in the outermost shell or
orbit of an atom is called as valence electrons.

Nucleus

Valence electron

FIG. 1.3 : VALANCE ELECTRONS

These electrons determine the electrical and
physical properties of a material. The electrons
revolving in the outer most orbit of a atom has
highest energy level.

Valence electrons are loosely attached to the
nucleus. Therefore, less amount of energy is required
to pull an electron from the outer most orbit.

(1) When the number of valence electrons of an atom is
less than 4, the materials is usually known as a metal.

Examples are sodium, magnesium and aluminium
which have 1, 2 and 3 valence electrons
respectively (see Fig. 1.4).

Valence Valence
e electron Duedi ¥ electron
’,’/ L S o7 R
- ~ N ’ P i .
P § ¢ THEASSN L s A Lt N
/ ’/ v S \ \ i / 4% ey \ \
1 ’ \ \ \ ] / / \ \) \
: ! ] v \ \ I ! i \ \ \
L9 ¢ % % ¢ 4 ¢ o ¢
\\ \ \‘ ‘1 ' ’I \‘ \ \\ ,I 1 ’t
\‘ ‘\ SN oG :’ /' \\ \\ N 5 /' .
L SN Ty W Wiy
\\\ “‘O'_, ’,’ ‘s\ ‘"'0'" ’4’
Sodium Magnesium
() (i)
Valence
_fge_‘/electron
,” /4"0-‘~\ \\\
L TR L e
e/ A2 ST LT By
I 7 / \ \ \
[} 1 N \ \ \‘
1
R @ 5 b
\ \ \ / 1 ,
\ N ’ ’ /
\ \ N 4 ’ !
R T G
SRR Oz,
Aluminium
(iit)
FIG. 14

(2) When the number of valence electrons of an atom
is more than 4, the material is usually known as
an insulator. Examples are nitrogen, sulphur and
neon (see Fig. 1.5).

e ———

Vg ~a
P s 7 e S
,/ \\ 7 #/ \n \\
I’ P TN \\ I, ’ P = \ Y
7 I/ \\ \ ' ’ ’I \\ \ \
! ’ \ \ ! ! ’ \ \ \
TRO MR
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0. = i <t %
o. N
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7 aaee
N ~ \
s 0 \ \‘
! i \
§ ¢ ) |
X ey i
\ N Sl
\____’
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~ Ncon
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T o electrons of nn atom
» f valence electro
Vhen the numbet 0 ‘ ,
Sl ”;”” material has both metal and insulator
3 4 e N {
: : h S¢ luctorn
serties and asually known_as a semiconaui
iR i ‘ (> (s¢¢
lI' [ ples are carbon, silicon and germanium,
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Fig. 1.6). p
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1.5 FREE ELECTRONS :

* The electrons which are not attached to the
nucleus of a atom and free to move when external
energy is applied are called free electrons.

loosely attached to the

& 'Yalénce’,eleqtmas are
- nucleus of a atom. When s
energy in

i

doeg ;
nct on the free electron, The flow of free c'&:lﬂ}n
in o material is called an electric current

moving free electrons will transmit electrie C'Jl’rcm

(e force of attraction of the nucleus
.

from one point to other

L Materials which contain free electrons wilj COndy
‘ : 0|

electric current, Materials which does not conty;

free electrons does not conduct electric Crren

(1) A conductor is a4 substance which has a lar,
3
i | ‘ When potep,
difference is applied across a conductor the
free electrons move towards the POsitiye

terminal of supply, constituting electric Clrren

number of free electrons,

(2)  Aninsulator is substance which has Practically
no free electrons at ordinary temperatyre
Therefore, an insulator does not condugt
current under the influence of potentiz|
difference.

(3) A semiconductor is a substance which hag
very few free electrons at room temperature
Consequently, under the influence of potentia]
difference, a semiconductor practically

conduct no current,

Syllabus Topic : Free Electron Theory

1.6 FREE ELECTRON THEORY :

GTU, January 2019

1. Give assumptions of classical free electron
theory. [January-2019, 3-Marks]

*  According to this theory, a metal consists of
electrons which are free to move about in the
crystal like molecules of a gas in a container.

*  The free electrons available in a metal move freely
here and there during the absence of an electric field.

*  The gas molecules moving in a vessel as shown
in Fig, 1.8.

fom | FIG. 18 ; ABSENCE OF THE ELECTRIC

~ FIELD - FREE ELECTRON
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These free electrons collide with other free
electrons or positive ion cores or the walls of the
container. Collisions of this type are known as
elastic collisions.

. The total energy of an electron is assumed to be
purely Kinetic Energy (KE).

. On the other hand, suppose an electric field (E)
is applied to the material through an external
arrangement as shown in Fig. 1.9.

. The free electrons available in the metal gain some

amount of energy and are directed to move

towards a higher potential.

. These electrons acquire a constant velocity known

as drift velocity v,
/— Free electron

g

E .-
FIG. 1.9 : PRESENCE OF THE ELECTRIC
FIELD - FREE ELECTRON

Drift Velocity v, :

It is defined as the average velocity acquired by
the free electron in a particular direction during
the presence of an electric field.

Mean Free Path (A) :

* The average distance traveled by an electron
between two successive collisions insdide’ a metal
in the presence of applied field is known as mean
free path. '

A=v:1T

where, A = mean free path

Vv

Total velocity of an electron
Relaxation Time (1) :

‘The time taken by the free electron to reach

equilibrium positin from its disturbed position in
the presence of an electric field is called relaxation
time. |

N
=
<
L
1
Q
-
e
(1
=]
<
w
I
L]
w
Q
=
oc
(=]
= |
)
<.
‘A

il Vvl

Paul Drude ; Hendrik Lorentz
Paul Karl Ludwig Drude ( 1863 — 1906)

He was 'a German physicist specializing in optics. He
wrote a fundamental textbook integrating optics with
Maxwell's theories of electromagnetism. He derived
the relationships between the optical and electrical
constants and the physical structure of substances. In
1900 he developed a powerful model to explain the
thermal, electrical, and optical properties of matter. He
explain the transport properties of electrons in materials
(especially metals).

Hendrik Antoon Lorentz (1853—1928)

He was a Dutch physicist. Lorentz was interested in
the electromagnetic theory of electricity, magnetism,
and light. His most important contributions were in the
area of electromagnetism, the electron theory, and
selativity. Lorentz theorized that atoms might consist of
charged particles and suggested that the oscillations of
these charged particles were the source of light. The
experimental and theoretical work was honored with
the Nobel prize in physics in 1902.

: S [
Relaxation Time, T = —
v
d

, where, | = Distance traveled by the electron

v, = Drift velocity

Mean collision time (t,) :

“The average time between two consecutive

collisions of an electron with lattice points is
called collision time.

This theory was developed by Drude and Lorentz
and hence is also known as Drude-Lorentz theory.

Assumption of free electron theory :

|.  There exist a large no of free electron inside
the metal, ’

2, The free electron situation is equated to

gaseous molecules in the container.

3. The energy of an electron at a given

temperature is I = -2:?- KT.

£ i g ———
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4. The force of attraction or repulsion betweeen
like charge and unlike charge is ignored.
5. The field due to positive ionic core is

considered to be smaller hence neglected.
6. The electrical conductivity in a metal is a
consequence of drift velocity in presence of
applied electric field.
MOBILITY (p) :
Consider a conductor which is subjected to an
electric field of strength E as shown in Fig. 1.10.
Consider that n is the concentration of the free

electrons; m, the mass and g, is the electric charge
of the electron in the conductor.

According to Newtons’ second law of motion, the
force FF acquired by the electrons is equal to the
force exerted by the field on the electrons.

/— Free electron

o 5 i
o o o
o o o
/]
E

FIG. 1.10 : METAL - CONDUCTION

The force experienced by an electron with charge
g in an electric field E is given by

i Ei=-q -~ E il
where, E = Applied electric ﬁe_ld
g = Charge of an electron
and acceleration, ;
Force E q-E
= =i— = o ()
€ Mass m m 2)
Integrating Equation (2), we get,
[ad = | g By
\ .
e dE S @)
m

where v is the velocity of the éiect_mn, G is'an
integration constant, and is obtained by applying

it

the boundary conditions. During ‘m9‘f'ﬂbs§nce of
the electric field, the average velocity pf' the
electron is ZE€ro, : Bapde

je, when 1 = 0,v=20

=y

] et i

Substituting the above boundary condition iy
euqation (3), we get, =6
the value of C in equation (3), we

. Substituting
get,
Velocity of the electron,

g-E e
m
¢ tlp
m

. Hence the average velocity is proportional to E.
v < E e
where, p = mobility of electron and its
in m%volt-sec.
Definition of Mobility :

«  Mobility of a charge particle can be def
its average velocity under the influence o

electric field strength.

14

. @)

1.8 ELECTRIC CURRENT IN A CONDU

(METAL) :
«  Consider a piece of a metal or conductor

electrons are uniformly distributed as
Fig: 1:198 '

.

Let, N = No. of free electron
conductor

L = Length 19.«%‘“

A = Cross-sectia

. We know that when an
to the conductor, the e
- - semiconductor. Theref

i
1

0
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where, T is the time taken by the electrons to
travel through a distance.

« The number of electrons passing through any area
per second,

N

T
Total charge passing through any area per
second (i.e., current)

I = charge x number of electrons per second
passing through any area

Z

=qx—

ol oy

T
DN
i [
qg-N-
L

v

* Thus, the current in conductor,

__—Q' N-v
! L
it q-N-v

ik
A i AEE

{ current density (J = %]}
N
J=19" (—L—J 1%

A
N A
n= iA = Concentration of electrons

Ji=

per unit volume

J=q  -n- v

1.8.1 Electrical Conductivity (o) of a Conductor :

* From the relation of current density,

J=q-n-v (1)

Also current density J (i.e. electric current per unit
area) is given by the relation.

J=0-E s a(2)
where, ¢ = Conductivity of a metal
E = Applied electric field
Now, compair equation (1) with (2), we get
q-n-v=90-E
" qg:n-(W-E)=0-E
il q:'n-p=0

74
C=q-n-|
1
Also, O =R Y
0 o)
' where, p = Resistivity of a metal

il

i
1.9 THERMAL CONDUCTIVITY (K) :

. Thermal conductivity (K) of a material is equal
to the amount of heat energy (Q) conducted per
unit area of cross-section per second to the

Mobility of a metal.

temperature gradient (E]
dx
i.e oc ir—
e T
dT
= ==
Q dx
Therefore, thermal conductivity
K = e g - (Gl

(i)

. In solids, the conduction takes place both by
available free electrons and thermally excited
lattice vibrations known as phonons.

*° Therefore, the total conductivity is

Ktotal = Kelec{rons + Kphonons - (2)
where phonons are the energy carriers for lattice
vibrations.

Metals :

* In case of metals, the concentration of free
electrons is very high. Therefore, electrons, in
addition to thermal vibrations, absorb and
transport thermal energy. Hence, the thermal
conductivity of a metal is due to the free electrons.

(Kelectrons >> Kphonons)'
Keotal = Kelectrons ~(3)

Insulators :

* In insulators, the thermal conductivity is due to
atomic or molecular vibration of the lattice,

i.e. Kiotal = K1:»honons e (4)
Semiconductors :

e  The thermal conductivity is due to both electrons
and phonons.

Therefore,

Ktolal‘ = Kelectrons + Kphoncms <a(5)
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'S LAW ¢
110 VERIFICATION OF OHM’S

f Y\ (”I”l h ’;IV'
“ f[" l UIHI’.' Oory I |l""""’ 1)
™ £~ Cled )

at the
fy the consider that
Ih llll’l'[ o verify )

'n as
. ; be writle
steady-stale current density can

(1)
J al

: I/A, the
W e nt density J
We know rln.‘n :h‘ -””,(nl""""”“ field intensity
lll”"ll!fl‘.ll'. O 'vlll,”H ) oy hv
I Vid Therefore equation (1) 1s given o)
| \Y
A P d
el 2)
We know that,
R
P = 2 and hence,
d
S %\1 .. 3)

Substituting the above valye in €quation (2), we get,
.. (4)

Equation (4) state the Ohm’s Jaw. It is clear from

the above €quation that Op

m’s law is verified
using free electron theory. '
1.11 FREE ELECTRON THEORY -
ADVANTAGES AND DRAWBA CKs :

Give success 5
electron theory,

Advantages s
(1)

nd drawback of classical free
[January-2019, 3-Marks]

It explains the electrica] conductivity apd
thermal conductivity of metals,

It verifies Ohm’s law,
It is used to ex

(2)
(3)

Drawbacks :

(1) 1t fails ¢ explain the elecy
and the specific heat cap
(2) It fails 1o expl

of metals,

ric Specific hegt
acity of met]s.
ain supcrconducting- Propertieg

plain npew ﬁhéﬁGm‘Enif'“lik‘é

photoelectric effect. _ .

(4) It fails to explaip"e_le"%tljcal _con'ductivity of
semiconductors or_jggulatqug“;v[ .

1.12 ENERGY LEVEL :

L ll)
i "J_”,[‘hu free electron model predictg tm
(5) ]

3 . c()rre’(:t
]I)L‘r'“urc dcpendcﬂLC ()f (o ACC()[‘
e b€

he free electron theory, g o 41,51 to
the

It fails to give a correct mathematic.l
& xpression for thermal conductl\'ity_ 5
) : ’
7) Ferromagnetism couldn’t be %
(7)

p]ained b
this theory.

(8) Susceptibility has greater theoret

ica] va
than the experimental valye,

ll_le

Each orbit has fixed amount of energy ass°ciated
with it.

The electrons moving in particular 0
the energy of that orbit. The larger ¢
greater is its energy. It becomes cle
orbit possess more energy than tp
electrons.

rbit pOSSeSS
he Orbit, the
ar that Outer
€ inner orbiy

A convenient way of representin
different orbit is shown in Fig. 1.1
as energy level diagram.

g the energy o £
2- Thls lS kn()wn | 9

Energy
level

The larger the

orbit of an electron, the greater e
1ts

higher jg the energy level.
ND .

energy and

In cage of single isolateq 'aitomi the éfééﬁbns 3
MY orbit poggesg definite energy. However, m
atom in 5 solid is grea¢ influenced by the 9'9”])*(4?
Pheked neighbouring atom. The result is that ¢
electron iy, any orbit of such an atom can 2
B Of endrgidh il than a single ene®

S is knowni‘aszyenprgy«_bandxw |
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The range of energies possessed by an electron

in a solid is known as energy band,

ry| 3" Bnergy Level
s r g™ Energy Level
" ri 1" Energy Level
I
Nucleus Edge of Nucleus
@) (ii)

s Y — 3 Band
2 I — 2™ Band
" I — 1 Band

‘ Edge of Nucleus
BN i)
FIG. 1.13 : ENERGY BAND

«  Each orbit of an atom has a single energy.
Therefore, an electron can have only single energy
corresponding to the orbit in which it exists.

in any orbit can have a range of energies. For
instance, electrons in first orbit have slightly
different energies because no two electrons in this
orbit see exactly the same charge environment.

'_‘ *  Since, there are millions’of first orbit electrons,
the slightly different energy levels form a band,
called 1% energy band (see Fig. 1.13).

*  The electrons in the first orbit can have any energy
range in this band. Similarly, second orbit
electrons form second energy band and so on.

L13.1 Important Energy Band in Solids 3

; There are a nurpber of energy bands in sﬂllds' the
 following are of panmular xmport%nt energy band

~in solids (see Fxg 1. 14)
- Physies (Group-1r) /201912

*  However, when the atom is in a solid, the electron

P —— -
P e A e e - i i S S P A8 e e

C i
75 ‘/';;9////%

F‘urbh'ldrn
ener M.‘/ gap

7 ///////// 77
/// alence .m(//
//////////

e

Band Energy

FIG. 1.14 : ENERGY BAND IN SOLIDS

Valence band :

The range of energies (i.e., band) possessed by
valence electrons is known as valence band.

2. Conduction band :

The range of energies (i.e., band) possessed by
conduction electrons is known as conduction band.

3. Forbidden energy gap :

«  The separation between conduction band and
valence band on energy level diagram is known
forbidden energy gap.

Syllabus Topic : Energy Band Diagram

1.14 ENERGY BAND DIAGRAM : g

The graphical representation of the energy band
diagram is shown in Fig. 1.15.

Encrgy

ol N s

.

5 AN
= ummmmumnuu||mn|m|muwvn;rmmmnnm
1* Band s ,,

+ ENERGY"“‘ am DlAGRAM

The are three typc of energy bands as gwen

j\' 1!/

FIG. 1. l!’

electrons in (hg outermost orblt of an atom
are known as valence electrons.

A bél & o A
Lé‘i w‘)bﬂa .
L
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The band of energy occupied by the \'nlon;x
X . amns the

electrons is called valence band. It contains (he

electrons of highest energy.

It may be completely filled or partially filled with

electrons but can abviously be never empty.

It is shown in Fig. 1.15.

Conduction band :

In some of materials (e.g. metals), the valence

electrons are loosely attached to the nucleus and

can be detached very easily.

These electrons are known as free electrons. These

electrons are responsible for the conduction of

current.

For this reason, these electrons are also known as
conduction electrons.

The energy band occupied by the conduction (or
free) electrons is called conduction band, which
is shown in Fig. 1.15.

It may either be empty or partially filled. If a
substance has empty conduction band, it means
conduction of current is not possible in that
substance and it is known as insulator.

Forbidden energy gap :

The energy gap between the valence band and
conduction band is known as forbidden energy
gap. It is shown in Fig. 1.15.

It is a region in which no electron can stay because
there is no allowed energy state. The width of the
forbidden energy gap represents the bondage of
valence electrons to the atom.

The greater the forbidden energy gap, more
tightly the valence electrons are bound to the
nucleus. To make the valence electrons free,
external energy (heat, light, radiation etc.) equal

to the forbidden energy gap must be supplied [

which moves the electrons from the valence band
to the conduction band.

Syllabus Topic : Density of State

1.15 DENSITY OF STATES :

The density of states (DOS) is essentially the
number of different states at a particular energy
Jlevel that electrons are allowed to occupy, i.e. the

number of electron states per unit volume per unit

energy.

X8

iule 7(E) dE is defined ag the ny,

Density of §

P ) dE per unit vo My
of energy states N(l ) p oty oy
energy interval dE.

z @
Oct
D anats
Quadrant 5

@ P

A 7 C
X .
) Hemisphere
|
f =
Division of sphere
Nz
E
E+dE
dn
- n
¥ n,
L ,
Ny : 25 A

FIG. 1.16 : SPHERES SHOWING
DENSITY OF STATES IN n-SPACE

Density of states Z(E) dE

3 No'. of energy state N(E) dE 2e(1)
Unit volume of the specimen

Consider that the sphere is further divided into
number she|ls ¢ shown in Fig. 1.16.

e .
::a:ufore, each shel] jg represented by a set of
- m'numbers (n, n_ and n,) and will have
n associated energy y 7

Let E be '
for aly Point: “ne1By of the point which is same

radius of Present on the sphere. Therefore, the
© Sphere wip energy E is
Reim g2 ARG T o

' xtny 4 p2 w (2
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Consider a sphere in n-space, Associated with this
gphere volume will be

4 3

= 3' hn

Fguation (2) represents the total volume of the
sphere. We know that the quantum number n LN,
n, takes only the positive integral vuluesA un’:J
hence, one has to take only one octant in the
sphere ie., 1/8 of the total volume of the sphere.
Therefore, the every states available within one
octant of the sphere of radius n and its energy

ol [ g
o 813 n (3)

., Similarly, the energy states available within one
octant of the sphere of radius n + dn and its energy
E + dE is

E is

=l 4 3
3 S[Bn(rwdn)] .. (4)

"+ Therefore, the number of energy states available
within the sphere of radius n and n +dn is
obtained by finding the energy difference between
the two energy levels namely E and E + dE.

N(E)dE = (E + dE) - (B)
1|4 e 1|4, 3
E[En(n-i-dn)]—g[?’mz]

i %.(535][(;1 +dn)® -’

N(E) dE

Expanding (n + dn)?, we get,

!,N(E) d(E) = % n’ + dn® +3n* dn + ndn® —n’) ... (5)

"’. Simplifying the above equation (5) using

@+ bP =d + b+ 3aPb + 3ab?, we get,
N(E) d(E) = 16‘- (dn’ + 3 dn + 3ndn®)

. Neglecting the higher powers of dn ie., dn* and

dnd we get,

NGB dE) = % @3n® dn)

" Simplify the above equation, we get,

s 0 1 b R Wy

o RS M s S
T alnERe g 4

i f“‘Denstty of states | Z(E) d(E) = —=;

S e g L
(B 4B = (e [

%
YR

Consider a cubic metal piece with cube edge a.

Therefore, the energy of electron within the
cube is,

n’h?

E =
2

8ma
Rearranging the above equation, we get,

8 2
il o e S
172
2
n = {8'"“2 E] 0
h

The value of ndn is obtained by differentiating
equation (9), we get

2
e 2ndn =272 _gE . (10)
h
2
ndn = 8’"‘; dE 15
2h

Substituting the value of n and ndn from the
equation (10) and (11) in equation (7) we get,

N(E) dE = E(SmazEjlz [Sma2 }dE

2 2h*

Simplifying the above equation, we get,

5 V312
N(E).dE = %[Srzg } EY2 4B

where, @> is the volume of the metal piece.

According to Pauli’s exclusion principle, we know
that two electrons with opposite spin occupy each
state. Therefore, the number of energy states
available for electron occupancy is

3/2
N(E) dE = 2x%(%’2'-’) B2 4B

[ unit voluine, ad = A} e (12)

Equation (12) is the effective number of energy
states in a volume ‘aa with energy between E and
E + dE. The ‘number of available energy states

per unit volume @’ = 1.
We know that,

N(E) dE
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*  Substituting the value of N(E) d4(E) and

V = a® = 1, in the above equation, we get,
Density of states
o (8 22
Z(E) dE = 5(1—”2”} E'/2dE .. (13)
- 1

*  Equation (13) is the density of energy states i.e.,
charge carrier in the energy interval E and E +
dE. One can determine the carrier concentration
in the metals and semiconductors using the above
equation.

*  From equation (13), we get,

Z(E) o El/2

s (Grimy,
i.e., the density of states curve s i

2 V’”ﬂ/&
shown in Fig. 1.17. # 54

- Z(E)

g

FIG. 1.17 : YVARIATION OF THE DENSITY (577
STATES WITH ELECTRON ENERGY

Syllabus Topic : Kronig Penny Model

1.16 KRONIG PENNY MODEL :

GTU Questions

| 1. Explain: Kronig: Penney: model-in detail

*  According to free electron theory of metals, a
conduction electron in a metal experiences constant
(or zero) potential and free to move inside the
crysial but will not come out of the metal because
an infinite potential exists at the surface.

° Free =lectron theory successfully explains electrical
conductivity, specific heat, thermionic emission
and paramagnetism. 5

e Free electron theory is fails to explain many other
physical properties, for example : (1) it fails to
explain the difference between conductors,
insulators and semiconductors, (2) positive Hall
coefficient of metals.

«  (onsider the one dimensional periodic arrangement
of positively charged ions inside a crystal as
shown in Fig. 1.18.

. The motion of the free electrons inside the

positively charged ion core is shown in Fig.

1.18(a).

The potential energy of the freely moving eleamn

positive ion site inside }l—!e crystal is zero

it is maximum at the middle. -

vrile
W iiads

the moving elect

RALPH KRONIG & WILLIAM PENNEY

g
Willizrn Penney

Ralph Kronig
Ralph Kronig (19041995
He was 2 German American physicist. He is noted for
the discovery of particie spinand for his Beory of %12y
. Spectioscopy. His theores inciude the
Kronig—Penney model, the Coster—Kronig transition
mmmm%mmmmmﬁmﬂ

C ther hand, outside e ] ERETEY & infinige. - of
e rons varies periodically with same period 4 Therefors, the potential cuers? °
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OPACE- RO

®

(a) Motion of Electron

Tons

-

h

Distance through ions
f.,_l (+)

)

—— - -

(b) Potential energy variation

Va

=t

(©)
FIG. 1.18 : ONE DIMENSIONAL
PERIODIC POTENTIAL

It is not easy to solve Schrodinger’s equation with
these potentials. So, Kronig and Penney
. Approximated these potentials inside the crystal to
. the shape of rectangular steps and shown in Fig.
L18(c).

- This model is called Kromg Penney model of
' potentials,

,' SOIMIon - of Schrodinger’s equations in  the «
periodic potential offered by atomic ions to
3 moving electrons predicts existence of allowed |
energy bands separated by energy band gaps. This

T Hfh :

Was obscrved by Kromg and Ppnny X Saus

* - Assuming atomic-ions to be at rest and a single

" - electron moving through the periodic potential as
> shown in Fig. 1.19 such that it is zero at atomic

site. The potential has periodicity.

V(x) = V(x + a + b) ()
V(x) =0 for 0 < x < a
and V(x) = V, for —h < x <0
V(x)4
..... Vo
n 1 i I Il I m

» -(a'+b) -b 0 a (a+b) X —>
FIG. 1.19 : PERIODIC POTENTIAL IN WHICH

ELECTRONS MOVE IN A SOLID AS PER K.P.
MODEL V, = o BUT Vpa = FINITE. POTENTIAL
IS TAKEN AS ZERO AT THE SITE OR ATOM-ION

The Schrodinger’s equations in the two regions

are given by

Region-I 0 <x <a)
2
iizl_+2_”’7§ =0 <(2)
dx h”
Region-I (-b < x < 0)
d 21412 2m(E + V)
+ L =
dxz ’12 ‘FO O ase (3)

»  Defining two positive constants a and B as

o, |2mE
@= . @)
and B = J%— xJ (5)

e The general solutions of equation (2) and (3) are

'f'..,........-......-;---.‘

.. (6)
=60

Yy, = Aei® 4 Beriox
v, = Cef* + Def*

. Constants A, B, ~C- and D-have to be found using

baundary condmons that v and ﬂ

HHY Agav voa dx
continuous at the uboundary ‘of potential barrier.

are
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” Since wave function has to be symmetric to the potential barrier so it must be periodic
Wiy = e wy(x) e (B)
where, u,(x) = Uy (x +a + b) - (9)

1.17

Substituting with equation (8) and (9) in (6) and (7) and applying boundary conditions, we ghaj|
equations. These have non-vanishing solution when determinant of coefficients of A, B, C and D
Under the assumption that Vg = = but Vya remains finite, we find,

Rl + COSOa = cos ke
b sOa = coska - (1)

gct f‘-ml’ ]
Vanishes

Ps’maan
oa
“4n—"3n 2\ __/n nAN\__f2n O 4n as—» 5
(a)

Cos ua

*\Wg\\y/!\\//h\ HE:

(b)

f(ca) 4

ka =2n

1 VT S VR v e
NG LT =

-1
ka=n ka = n
. (¢)
FIG. 1.20 : A PLOT OF (a) THE FIRST TERM IN EQUATION (10), (b) THE SECOND TERM IN

EQUATION (10) AND (c) THE ENTIRE f(aa) FUNCTION. THE SHADED AREAS SHOW THE
ALLOWED VALUES OF (0a) CORRESPONDING TO REAL VALUES OF K

EFFECTIVE MASS OF AN ELECTRON :

Let an external field E is applied on the electron | «  Let B be the force experienced by the electron

e ) 10 ext AL
when it is in a vacuum shown in Fig. 1.21, when an external field is applied in a vacuum

Vacuum # Feyy =m-a

& aq = E‘L | r

>

0 *  Let the an external field E is applied
» - electron when it is in a crystal
Fig. 1.22. et s
Vacuum

FIG. 1.21 : ELECTRON UNDER THE
INFLUENCE OF AN ELECTRIC FIELD
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l = Electron = lon

o

© © 01

Crystal

FI1G. 1.22 : ELECTRON UNDER THE
INFLUENCE OF AN ELECTRIC FIELD

Let F,y, be the force experienced by the electron
when an external field is applied in a crystal.

By = m* -a
e chl
it e (2)

where, m* = Effective mass

So, the same magnitude of electric field (E) is
applied to both electrons in vacuum and inside the
crystal, the electrons will accelerate at a different
rate from each other due to the existence of
different potentials inside the crystal.

The electron inside the crystal has to try to make
its own way. '

So the electrons inside the crystal will have a
different mass than that of the electron in vacuum.

This altered mass is called as an effective-mass.

The effective masses of electrons in different
metals are shown in Table-1.

Table-1 : Effective masses of
electrons in different metals

Metals m*/m
Cu 1.010
Ag 0.990
e Au 1.100
Bi 0.047
K 1.120
Li 1.280
Na 1.200
Ni 28.000
Pt L A3000 5. ol
Zn 0880 L o 4%

Syllabus Topic : E — k Diagram

LIS E - k DIAGRAM :

The sign of the effective mass (m*) is determined
directly from the E-k diagram.

An E ~ k diagram shows characteristics of a
particular semiconductor material.

E ~ k diagram shows the relationship between the

energy (E) and momentum (k) of available states
for electrons in the materials.

The energy E of a free electron is given by
W2 K2
cer ALY

2m
where, k is the momentum and m is the free-

electron mass. If we plot E vs. k, we obtain a
parabola as shown in Fig. 1.23.

-

In a semiconductor crystal, an electron in the
conduction band is similar to a free electron in
the it is relatively free to move about in the
crystal.

However, because of the periodic potential of the
nuclei, equation (1) can no longer be valid.

However, it turns out that we can still use equation

(1) if we replace the free-electron mass in equation
(2) by an effective mass m*.

W k2
2m*

E

!

Ex=

a2

— K

0

FIG. 1.23 : THE PARABOLIC
ENERGY (E) VS. MOMENTUM (K)
CURVE FOR A FREE ELECTRON

1.19 EQUATION FOR EFFECTIVE MASS :

Consider an electric field of strength E is applicd
to the crystal. e
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- obtained by differentiating the above equation‘

The force exerted by the electron in the crystal is
F=-¢g-E
= ma

D)

According to quantum concept, the electrons

behaves as a wave and hence, the group
velocity is
dw
Ve = = : (@
& dk

where, ® is the angular frequency, k is known as

Wwave vector or wave number and its value is equal
to 2r/A.

We know that the energy of the electron

E=ho . (3)
Differentiating the above equation, we get,
dE = hdw
dE
5 |do = =7t

Substituting the value of dw in the equation (2),
we get the group velocity

1 dE
g—zz e (4)

The acceleration exerted by the electron is

W.T.t.t,

The acceleration exerted by the electrons

Pl A4 (B
dt  h dt|dk

ar=
1 d’E dk
7 ar= Z-de_I . (5)
E

AR oMk v
flisz 3 43 AW

H k,/sz”l PS5

7 K
AT AT AN 914

s BH A
213 ]

FIG. 1.24 : E—k DIAGRAM OF = = =
CONDUCTION BAND 1

* the above equation, we get, =

One can determine the energy gained by the‘
electron by considering the E — % diagram of the
conduction band as shown in Fig, 1.24. 4

‘When an electric field is applied, the electm'
I.

gains energy and hence, it moves form one & value
to another k value in the E — % diagram,

The accelerated electron coincides with lat‘
vibration and hence, random SCattering
electrons takes place. The scattered electron faka
into another & value as shown in Fig, 124

Thus, the group velocity of the e'ectron"
determined from the gradient of the E — didgeet

Let F, , be the external force acting on
electron by the application of externa| field,

The distance moved by the electron ;,y;
acquires energy externally is dt. Therefore, |
energy gained by the electron ’

dE = E._ v dt

ext " g
Rearranging the above equation, we ¢

Lk
v, dt

i Y ? ‘ ‘
Substituting the value of V, from e'qura on |

exty =i

dk

ngt T hz ;"3‘; 3
L
Ut ni”on hl

SﬁBstitﬁting the value of fidﬁ
in equation ), .wé 8et
Lag Jnsulih ol P
"B = [@}-x. b
G LA

C paring"‘tfl'l'e‘ value of a wi

RS ATy T

O0s 1 2 g5
where, m* = ;2 4E) 10w as
"?-’”'[dkzj.,_ bt
mass of the ’électron,'
E . kd diagram, j
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syllabus 'l‘upiciz Du'ccf ;lnd Indirect lmnil gaps

1.20 pIRECT AND INDIRECT BAND GAPS :

GTU, January-2019]

_ Explain direct and indirect band gap with E-k
diagrams. [January-2019, 7-Marks)

] 1. Bilnd Gap

., The band gap represents the minimum energy
difference between the top of the valence band
and the bottom of _the conduction band.

. However, the top of the valence band and the
pottom of the conduction band are not generally
at the same value of the electron momentum.

pirect Band Gap :

| 5

In a direct band gap semiconductor, the top of the
valence band and the bottom of the conduction
band occur at the same value of momentum, as
in the schematic below.

E

Conduction band

_Electrons

Minimum
_____________ of conduction
band

Maximum
of valence
band

|
:
\ /( ‘onduction band )

VAV e

Photon emission

(5) 0\
leLﬂLL band

FIG. 1.25(b) : DIRECT BAND GAP

e

e inali—cca

T

Direct band gap semiconductors are capable of
photon emission, by radiative recombination, but
indirect semiconductors have a low probability of
radiative recombination.

Indirect Band Gap :

In an indirect band gap semiconductor, the
maximum energy of the valence band occurs at
a different value of momentum when comparing

with the minimum in the conduction band.

E

FIG. 1.25(a)

: DIRECT BAND GAP

conduction Band recombines with a hole snttmg
at the top of the Valance Band, there will be no
! Change in momentum values

Y : IAA"'I

E“efgy is conserved by: means pf,‘eg;mlgg a

- Photon, such tr;msmons are palled as § e,
tfansxtlons LI J"l.i mm gtk

When an electron sitting at the bottom of the |

LR b ,‘;,<

O

setnd ,F?r ggn;n teﬁt-?qnd gap mA;enaI the minimum

ol 3G

P
hysics (Group-11) / 2019 1 3

Conduction
band

Electrons

Minimum
------- of conduction
E 7 band

----------- - - -- Maximum
: % ~ofvalence

W voinesoO ST
T ddeles

~~ Holes
MO IOU RN (B AS

Valencc
band

Jeuinimuls

FIG. 1.25(c) : INDI,REQT BAND GAP

sla 40t 4 ‘»!!J!

of the J%ongip‘xc‘non %and and maximum of the

@hmga,!gnce band lie at dlffc;em k-values.
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When an electron and hole recombine in an
Indirect-band gap s/c, phonons must be involved
o conserve momentum,

In indirect band gap semiconductors may have is
electronic impurity states or Defect state which are
direct, and therefore the recombination from these

stales may also be radiative.

Phonon
emission

Photon emission

Valence
band

FIG. 1.25(d) : INDIRECT BAND GAp

Direct Band Gap (DBG) Semiconductor

Indirect Band Gap (IBG) Semiconductor )

l,

.A direct band-gap (DBG) semiconductor is one
in which the maximum energy level of the valence
band aligns with the minimum energy level of the
conduction band with respect to momentum.

In a DBG semiconductor, a direct recombination
takes place with the release of the energy equal to
the energy difference between the recombining

particles.

The efficiency factor of a DBG semiconductor is
much more than that of an IBG semiconductor.

The 'most thoroughly investigated and studied
DBG semiconductor material is Gallium Arsenide

(GaAs).

S

5)

5. DBG semiconductors are always preferred over
IBG for making optical sources. manufacture optical sources.

3 T
A indirect band-gap (DBG) semiconductor is ope
in which the maximum energy level of the valence
band are misaligned with the minimum energy
level of the conduction band with respect to

momentum.
Due to a relative difference in the momentum,
first, the momentum is con'served by release of

energy and only after both the momenta align
themselves, a recombination occurs accompanied

with the release of energy.
The probability of a radiative recombination, is
much less in comparison to that in case of DBG
semiconductors.
The two well-known intrinsic semiconductors,
Silicon and Germanium are both IBG
semiconductors.

The IBG semiconductors cannot be used to

Syllabus Topic : Types of Electronic Materials

1.21 TYPES OF ELECTRONIC MATERIALS :

E\ |

1. Explain classification of materials as conductors, insulators and semiconductors, [January-2019, 7-Marks] l

1.

L
L]

Metals : 2 J .
The substances (like copper, aluminium, silver etc.) which allow the passage of current through them are

known as conductors.
These materials have free elect

of these substances over
verlapping, 4 large

ds.
istinction between the two ban

Due to this O
no physical d

rons for electrical conduction. In terms of
lap the conduction band as shown in Fig, 126(b).

number of free electrons are available for conduction. In fact, there i

Scanned by CamScanner
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3 l.‘mtl‘l‘“if Materials

large number of

conduction electrons s possible

‘1"”: 1 ‘h‘\ ecason “.‘h‘.r a :‘light ﬂCCtl‘iC f‘ ld
e

;1}‘[11‘\’ dCIross \‘UC“ Sllhh'tilnCL\‘ C'luﬂes
C O AU

e a heavy
flow of current through them.

Another worthnoting point is that in the absence
of forbidden energy band in good conductors,
there 1s NO structure to establish holes. The total
current in such conductors is simply a flow of
electrons.

Semiconductors :

The substances like carbon, silicon, germanium
etc. whose electrical conductivity lies in between

the conductors and insulators are known as
semiconductors.

Although the valence band of these substances is
almost filled and conduction band is almost 'empty
as in the case of insulators.

But the forbidden energy gap between
valence band and conduction band is very small
(nearly 1 eV) as shown in Fig. 1.26(c).

Therefore, comparatively a smaller electric field
(much smaller than insulators but much greater
than conductors) is required do not conduct
current and behave as an insulator.

However, at room temperature, some heat energy
is imparted to the valence electrons and a few of
them (about one electron for 1010 atoms) cross
over to the conduction band imparting minor
conductivity to the semiconductors.

As the temperature is increased, more valence
electrons cross over to the conduction band and
conductivity of the materials increases.

Insulators :

The substances (like wood, glass, mica etc.) which
~ donot allow the passage of current through them
- are known as insulators,

Whereas the conduction band is completely empty.

Parent atoms.

Y% Sl sty T R

- The valence band of these substances is full

wads

Valance electrons are bound very tightly to their |

e / 
: Hence, the availability of 19

So the forbidden energy gap between the

valence band and the conduction band is very
large (nearly 6 eV) as shown in Fig. 1.26(a).

Therefore a large amount of energy i.e. a very high
electric field is required to push the valence
electrons to the conduction band.

This is the reason why such materials under
ordinary conduction do not conduct at all and are
known as insulators.

Empty conduction band
s
L
&2
)
8
-
8
m

Valence band

(a) Insulator
Conduction band ——

[Over ap
LLMMMIBMUIDIOIY

Valence band

i

Band Energy (eV)

(b) Metals

Empty conduction band

1eV | Small energy gap

Band Energy (¢V)

Valence band

rml.za . ENERGY BANDS IN SOLIDS
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1.22 FERMI ENERGY :

. In physics there are several types of energies associated with
licht energy elc.

the atom, like heat energy, electrical energy,

. But we know that the atoms and molecules can be described
by quantum mechanics. The quantum mechanics is very tricky

and complex field.

« In the quantum mechanics the scientists rely on the Fermi
energy to define the energy of the electrons of protons.

. The Fermi energy is the energy of the highest level of
quantum state which is occupied by the fermions (like

protons or neutrons) at the absolute zero

electrons,
temperature,

* The Fermi energy is useful in determining the thermal and
It is the important
concepts in the quantum mechanics and the superconductor
physics. It is used to metal, insulators and semi-conductors.

electrical characteristics of the solids.

Enrico Ferml
Enrico Fermi (1801 —1853)

He was an Malian and napyr.p K
American physicist and the cr
the world's first nuclear reacior. o
held several patenis related 10 the e
of nuclear power, and was awarded :
1938 Nobel Prize in Physics = Fa
followed with a paper in which §
applied the principle to an ideal gae
employing a statistical formulation n
known as Fermi—Dirac statistics. Ty
particles that obey the exclusmn pri
are called “fermions”. He de
Fermi age equation.

o

Si0Deg

e~
(s

- Syllabus Topic : Fermi Level

1.23 FERMI LEVEL : GTU, January-2019

‘ 1. Explain fermi levels. [January-2019, 4-Marks]

* The Fermi Level is the highest energy level
which an electron can occupy at the absolute
zero temperature.

*  Fermi level is in between the valence band and
the conduction band. -

Overlap
A S £
B 7727, | = =
HE o s .
g \ Valence
& | \ band \Q\\'\\\ N il
| N
Metal Semiconductor Insulator
FIG. 1.27 : FERMI LEVEL
For metals the Fermi Level is inside the

conduction band while in the case of the semi
conductor it exists between the conduction and the

valence band at absolute zero temperature.

1.24 FERMI FUNCTION :

m!

The Fermi Function is also known as |
probability function.
f(E) is given by relation :

1E=

1+e AT
= Bolizmann constant, €
T = Absolute Temperature'
" Ep = Fermi level for the
E = Energy level of an allow
Equation (1), the probability function’
between 0 and 1. Hence. there are I
probability namely :

f(E) =1 lﬂ(}%hn@dntyw
energy level by electit
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r‘lz‘t‘"""i" viateras

) =0 No probability to occupy th
. g € ener
evels by electrons and hence is emptgy
1) = 0.5 50% Probability of findin 4
electron in the energy level A
case-l

probability of occupation at T = 0 K and E < E

) <
- .3 F
qubstituting the above conduction i ;
2 In equatio
we get B n (D,

f(E) =

. Therefore, e

From equation (2), clearly indicates that at
T = 0 K, the energy level below the Fermi energy
level Eg is fully occupied by electrons leaving the
upper levels vacant. Therefore, there is a 100%
probability that the electrons to occupy energy
level below Fermi energy.

Case-1I :
«  Probability of occupation at T = 0K, and E > Ep.

i

«  Substituting the above conduction in equation (1),

k we get
| o=
v 15re
i
s -
t 1+ o0
| il
*  Therefore, | f(E) =0 = (3)

clearly indicates that at
T = 0 K, the energy level below the Fermi energy
level Ep is unoccupied i.e., vacant. Therefore,
1 there is a 0% probability for the electrons to
: occupy energy level above the Fermi energy level.

Case-111 :

.

From equation (3),

Probability of occupation at T =0 and E = Ep.

" Substituting the above conduction in equation (1),
we get
1

I
©

®)

#J) ity
Therefore z
herefore, U(E) =05 or ]/2] B
F rd
Tro_'_“(e(llldlm“ (4), clearly indicates that at
= OK, there is a 50% probability for the

electrons o Ty
ectrons to occupy Fermi energy level.

Cash-1V :

At High temperature (T > 0K) ie.,

KT >> Eg or Eg or T = oo,

At hlgher‘tel11pcraturc, electrons are excited above
the lferml energy level which is vacant.
Therefore, most of the electrons are lying in the
deep conduction band without any disturbance.

Since, the energy KT is not sufficient to make any
transition to an unoccupied level.

This energy is sufficient to make a jump to higher
level these electron lost the quantum mechanical
properties and the traditional classical Boltzmann

distribution function.

S(E)
T=0K
1
T,>T,
7] =
1
Ty
Eg E

FIG. 1.28 : THE FERMI-DIRAC
DISTRIBUTION FUNCTION

Syllabus Topic : Phonons

1.25 PHONON :

)

The phonon is a vibration of the atomic Jattice.

es, atoms vibrate as a result
The higher the thermal
brational energy-

dent vibration’ of one
ons pass from atom

In normal circumstanc
of their thermal energy. |
energy, the greater the vi
In a solid lattice, indégen :
atom is not possible - vn‘bmt.l
to atom.

Such vibratio
which can vibrate as 4
When this happens:

gh the whole lattice,
at a single frequency.
tion is called a

ns pass throu
s a wave
the vibra
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22

* This single-frequency wave has a defined
momentum and energy and can be considered to
be a quantum unit or a packet of mechanical
vibrational energy, just as a photon Is considered
to be a packet of electromagnetic energy.

*  Like photons, phonons exist with discrete amounts
of energy : they can only accept or lose energy
in accordance with the Plank relation :

rnysics (G"Oup i
=0
= energy change.\ ;

Plank’s constant

where,

S
x
I\

frequency of vibratiop,

|

Phonons can carry heat and sounq thr
condensed states of matter — 1.e. lhrough

and (some) liquids.

Phonons also play a major role in determ;
heat capacities of solids and liquids.

Ough "
Solidg

ning the )

l EXERCISE I

1. Explain atom and its structure. 10. Write short notes on energy band diagram,
(Refer Section-1.2) (Refer Section-1.14)
2 (\;'h?t dg you mean by valance electrons ? 11. Derive the mathematical expression for density of -
efer Section-1.4) states. (Refer Section-1.15)
What do you mean by free electrons ? 12. Write short notes on Kronig Penny Mogej
(Refer Section-1.5) (Refer Section-1.16) .
-1. Explain free electron theory. (Refer Section-1.6) | 13. Write short notes on E-k Diagram.
3. tlixplain Drude and lqrentz model of free electron (Refer Section-1.18) _
eory with a.SsumptlonS. (Refer Section-1.6) 14. What is meant by effective mass of an electron ?5“
6. Define following terms - Drive an expression for the effective mass of an
(1) Drift velocity (Refer Section-1.6) electron.. (Refer pection 1,19 .
(2) Mean free path (Refer Section-1.6) 15. Explain direct and indirect band gaps.
(3) Relaxation Time (Refer Section-1 6) (Refer Section-1.20)
(4) Mean collision Time (Refer Section-1.6) 16. Explain various types of electronic materials. -f:{
(5) Mobility (Refer Section-1.7) ’ (Refer Section-1.21) |
(6) Fermi Energy (Refer Section-1.22) 17 Write short notes on :
(7) Fermi Level (Refer Section-1.23) (1) Fermi Dirac distribution
7 II))erive the expression for electrical conductivity (Refe.r Section-1.24)
ased on free electron theory. (Refer Section-1.8) @ Fl:rrm energy at T = OK and T > 0K.
L)enve the expression for thermal conductivity 3 (.ef.er Sectlon-l.24)
ased on free electron theory. (Refer Section-1.9) ) (Sl‘{g“‘ﬁca""e of fermi energy.
Explain advantages a}nd drawbacks of free electron 18 el Sections1.24)
theory. (Refer Section-1.11) ’ X;hat do you mean by phonon ?
_ efer Section-1.25) .
GTU QUESTIONS AND ANSWERS
Give assumptions of classical free elect
ron theo j
(Refer Section-1.6) Y| 4 Explain classifica i
; ; ation of materjals as conduc
, ; . insul : '
g:g,?g lKlrg;ug Penney model in detail, (Refer 5 Expl:it:rs;nd semncox?ductors. (Refer~Secﬁoz
-1. ' irect and indirect band gap wil
. 4 d' .
Explain fermi levels. (Refer Section-1,23) : Gl'agrams. (Refer Section-1.20)
: Ve success and d,awbac‘k of classical
electron theory. (Refer Section-1.11) ‘
B ok n
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11 Diffusion Current

2.11.1 Concentration Gradient
2.11.2 Diffusion Current Density

[2 The P-N Junction

2.12.1 Behaviour of a PN Junction Under Biasing

2.12.2 Forward Biasing

2.12.3 Reverse Biasing
Metal-Semiconductor Junction

2.13.1 Metal-semiconductor (M-S) Junction
2.13.2 What is a Schottky Barrier ?
2.13.3 Schottky Diode Definition

2.13.4 Symbol of Schottky Diode

2.13.5 Forward Biased Schottky Diode
2.13.6 Reverse Bias Schottky Diode

2.13.7 V-I Characteristics of Schottky Diode

GTU Questions and Answers

Semiconductor Materials Used in Optoelectronic Devices
Comparison Between n-Type and p-Type SemiCONAUCLOTS ........cccoieurisssnsnssrsnanssnnsssssssnsusssssmsssians 2019
Difference Between Intrinsic and EXtrinsic SEmiCONAUCLOTS ..........rvcurersersunssssssssessissssrisiinne, 2019

#*  Exercise

B
Physics ( Gro“p-l[) ‘

= 2l
?\\\

2.1

INTRODUCTION TO SEMICONDUCTOR :

The materials which having electrical resistivity
in between conductor and insulator is called as
semiconductors.

The resistivity of semiconductors lie inthe range
of 0% t0 108 Qm.

Silicon (Si). germanium (Ge) and graphite are
some examples of semiconductors.

Band energy

Almost empty conduction band

[ :

In semiconductors, the forbidden gap between
valence band and conduction band is very small.

It has a forbidden gap of about 1 electron volt
(eV).

At low temperature, the valence band is completely
occupied with electrons and conduction band is
empty because the electrons in the valence band
does not have enough energy to move in 10
conduction band. Therefore, semiconductor behaves
as an insulator at low temperature.

However, at room temperature some of the
electrons in valence band gains enough energy n
the form of heat and moves in to conduction band-
When the valence electrons moves in f©
conduction band they becomes free electrons.
These electrons are not attached to the nucleus of
 atom, So they moves freely.

The conduction band electrons are responsible for
electrical conductivity. The measure of ability ©
conduct electric current is called as electrica

gages b
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. (emperature 1 goes on increasing, the
of valence band electrons moving in to
) o band is also increases, This shows that

X conductivity of the semiconductor
.. with increase in temperature. ie. a
ens ductor has negative temperature co-efficient
el ance The resistance of semiconductor
of ::' (s with increase in temperature,
dec iconductors, electric current is carried by
[ \‘MW\ of charge carriers they are electrons and
0

tw

hmlv\
(‘()N('lil"l‘ OF HOLE :

The absence of electron in a particular place in
o atom 18 called as hole.

Hole 15 & electric charge carrier which has positive
charge. The electric charge of hole is equal to
JJectric charge of electron but have opposite
pol:lrily,

gand energy

Electrons in

Conduction band Conduction band

Holes in
valence band

FIG. 2.2 : CONCEPT OF HOLE

When a small amount of external energy is
applied, then the electrons in the valence band
moves in to conduction band and leaves a vacancy
in valence band. This vacancy is called as hole.

___Syllabus Topic : Intrinsinc Semiconductors

P h 1y5ie 5

23 INTRINSIC SEMICONDUCTOR :

Pure semiconductors are called intrinsic
Sémiconductors,

Silicon and germanium are the most common
€xamples of intrinsic semiconductors.

Both these semiconductors are most frequently
used in the manufacturing of transistors, diodes
and other electronic components.

(Group.11) / 2019 / 4

e
In intrinsic semiconductor, the number of electrons
in the conduction band is equal to the number of
holes in the valence band. Therefore the overall
electric charge of a atom is neutral.

2.3.1 Atomic Structure of Silicon and Germanium :

The atomic structure of intrinsic semiconductor
materials like silicon and germanium 15 as follows.

1. Atomic structure of silicon :

Silicon is a substance consisting of atoms which
all have the same number of protons.

The atomic number of silicon is 14 i.e. 14 protons.

The number of protons in the nucleus of an atom
is called atomic number.

«  Silicon atom has 14 electrons (two electrons in
first orbit, eight electrons in second orbit and 4
electrons in the outermost orbit).

FIG. 2.3 : ATOMIC STRUCTURE OF SILICON

2. Atomic structure of germanium :

Germanium is a substance consisting of atoms
which all have the same number of protons.

The atomic number of germanium is 32 ie. 32
protons.

The number of protons in the nucleus of atom is
called atomic number.

FIG. 24 : ATOMIC STRUCTURE
OF GERMAINIUM
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ala i it
Germanium has 32 electrons ( 2 electrons n |

1 ala N 1
orbit, 8 electrons in second orbit, 18 electrons |

) 1 hit
third orbit and 4 electrons in the outermost o
Covalent bonding in silicon ;

Fhe outermost shell of atom is capable to hold
up to eght electrons, The atom which has elpht

electrons in the outermost orbit 18 smid to be

completely filled and most stable

But the outermost orbit of stlicon has only four
electrons. Silicon atom needs four more electrons
(0 become most stable.

Stlicon atom forms four covalent bonds with the
four neighboring atoms,

In covalent bonding each valence electron s
shared by two atoms.

When silicon atoms comes close to each other,
each valence electron of atom is shared with the
neighboring atom and each valence electron of
neighboring atom i shared with this atom.

Likewise each atom will share four valence
electrons with the four neighboring atoms and four
neighboring atoms  will share each valence

electron with this atom, Therefore, total eight
electrons are shared, '

Sharing of electorns
FIG. 2.5(a) : COVALENT BANDING IN SILICON

Covalent bonding in germanium :

The outermost orbit of germanium has only four
electrons. Germanium atom needs four more
electrons to become most stable.

—
t four covalent ‘
Germaniom atom formes fo honds it

the four nelghboring atoms, In covalen bmnlin
& v 4 J 4
h valence electron 18 shared by two Ao
¢l ¢ Y,

When germanium atorms comes close to each Othe
ench valence electron of atom is shared With the
neighboring atom and each vz(nlcncc' electrop of
nelghboring atom is shared with thig atom,

Likewise each atorm will share foyr Vlene,
electrons with the four neighboring atoms and foy,
neighboring will  share each

electron with this atom. Therefore,

atoms Va]e!’lce

total - eigyy
electrons are shared.

The outermost shell of silicon and germaniup, ;
completely filled and valence electrong gre ‘ightly
bound to the nucleus of atom becauge of g

haring
electrons with neighboring atoms,

In intrinsic semiconductors free electrons are not
present at absolute zero temperature, Thereforg
intrinsic semiconductor behaves as perfect insulator.

Sharing of electorns

FIG. 2.5(b) : COVALENT
BONDING N GERMANIUM

2.3.2 Electron and Hole Current :

In conductors, current is caused by only m"ﬁo.n
of electrons but in semiconductors, current i§

caused by both electrons in conduction band and
holes in valence band

Current that s caused by electron motion is “‘"i:
electron current and current that is caused by ,ho
motion is called hole current. Electron is 2

] " & Lagt e
Negative charge carrier whereas hole is a positi
charge carrier. :
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. .~nductors

|C0n
m\

Al absolute Z€ro temperature e
in(rinSiC semiconductor A

pr e ——————

arnidae

) | Ao b
ves as insulator,
peha ; i A3
at

However, room \ o | 3 3 |
emperature  the electrons T e A B TR |
resent in the outermost , Electzon fiow St
orbit absorb thermal energy. =

when the outermost orbit | o e 0 e g 1 " g |
electrons  get enough | Oc B, 4 o |

~d
OCc B 4

. ‘ A 0. BY 0
energy then they will break > 3
ponding with the nucleus of Valence band _ Hole Flow )
atom and jumps in to (@) (o) (c) (&)
conduction band. FIG. 26 : ELECTRON AND HOLE CURKENT

, The electrons present in conduction band are not attached to the nucleus of an atom so fhey zre fres
to move. lom s0 fhey are free

. When the valence electron moves from valence band to the conduction band 2 vacancy is crested in e
valence band where electron left. Such vacancy is called hole Yy 18 created m the

Let's take an example, as shown in Fig 2.6. there are three atoms aiom A, atom B

At room temperature valence electron in an atom A gains enough energy and jumps in to conduction
band as show .in Fig. 2.6(a). 7

When it jumps in to conduction band a hole (vacancy) is created in the valence band zt ztom A as shown
in Fig. 2.6(b).

Then the neighboring electron from atom B moves to atom A to fill the hole at atom A. This creass
a hole at atom B as shown in Fig. 2.6(c).

Similarly neighboring electron from atom C moves to atom B to fill the hole
a hole at atom C as shown in Fig. 2.6(d).

Likewise electrons moves from left side to right side and holes moves from right 1o lef

233 Conduction in Intrinsic Semiconductor :

L. Derive expression of electron concentration in conduction band.

* The  process of

GTU, January-2019

[January-2019, 4-Marks]

Flow of holes
conduction in intrinsic e / .
semiconductor is shown g
in Fig. 2.7. BN e it
. 1 . \ O c
‘n. .the Fig. 2.7,. an \‘} o
Intrinsic semiconductor is —_— — A
Connected to a battery. ‘
' Here, positive terminal ‘
of battery is connected to V4
one side and negative 14 . !
terminal of the battery is Conventional ' s e
Connected to other side. o ] - R
As we know like charges ' ‘ I F
'epel each other and ' Hattery -
OPposite charges attract : SEMI Ciae
each other. SLA 'FIG. 25 : CONDUCTION IN INTRINSIC SEMICONI
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—_—
o Hence

to the

. . e
the electron-carrier concentration jg €qug)
the similar way negative charge carriers hole-carrier concentration,

1
ciectrons) are attracted towards the positive terminal

freie ; itten as,
Of Dattery and positive charge carriers (holes) | , [t can be writien
altracted towards the negative terminal of battery. n=n=p
*  Electrons will experience a attractive force from ailkEre n = electron-carrier concentratioy,
the positive terminal . . N - . ; :
- POSIve terminal, so they move “““‘_“" the p = hole-carrier concentratigy
positive terminal of the battery by carrying the LS ;
electric current and’. ;= IpSICLeARINT Concem“ﬂi(m
. Similarly holes will €Xpenience a attractive force | ., The hole concentration in the valence band
from the negative terminal. so they moves towards given as
he negative terminal of the battery by carrying —(Ef - Ey)
the ‘elbrdrar in K T
JIC CIECInC Current. 2
p=N,e
- Thus, in a semiconductor electric current is carried s )
by both electrons and holes. »  The electron concentration in the conduction band

R is given as
. In intrinsic semiconductor the number of free g

electrons in conduction band is equal to the -(EK —TE)
number of holes in valence band. n=N_e B

. The current caused by electrons and holes is equal

_ : = n
in magnitude. where, Kz = the Boltzmann constant

T = the absolute temperature of intrinsic

. The total current in intrinsic semiconductor is the :
semiconductor

sum of hole and electron current.

. Total current = Electron current + Hole current NC = the effe'ctwe densny of states in
conduction band.

= Iho]e + 1

the effective density of states in
valence band.

electron ' N
v

2.3.4 Intrinsic Carrier Concentration :
GTU, January-2019 Syllabus Topic : Dependc?nce of Fermi level on carrier-
concentration and temperature

| 1. Derive expression of electron concentration in | | 24 FERMI LEVEL IN INTRINSICVV

conduction band.  [January-2019, 4-Marks] SEMICONDUCTOR :

* In intrinsic semiconductor, when the valence | * The probability of occupation of energy levels m .
electrons broke the covalent bond and jumps into valence band and conduction band is called Fermi

the conduction band, two types of charge carriers level.
gets generated. They are free electrons and holes. Band energy

. The number of electrons per unit volume in the
conduction band or the number of holes per
unit volume in the valence band is called
intrinsic carrier concentration.

. The number of electrons per unit volume in the

conduction band is called electron-carrier

concentration and the number of holes per unit
volume in the valence band is called as hole-
carrier concentration.

In an intrinsic semiconductor, the number of

ectro i ion band is
trons generated in the conduction nd |
:cl;ua! to tﬁe number of holes generated in the

valence band.

Conduction band
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Gl P

2
INtringic
e However
ases free electrong and

' ;Cnncmuim‘lﬂl‘ acts as perfect insulator
(he temperature incre
as

holes gets generated.

[ intrinsic Or pure semiconductor, the 1
holes in valence band is equal to the y
clectrons N the conduction bang.

Wumber of
Wumber of

Hence, the probability of occupation of

. energy
levels in conduction band and valepce b

8 . bi and are
equal. Therefore, the Fermi level for the intrinsic
emiconductor lies in the middle of forbidden

band.

.‘. Fermi level in the middle of forbidden band
indicates equal concentration of free electrons and
holes.

, The hole-concentration in the valence band is
given as

- (EF - Ey)
KgT

p=N,e

+ The electron-concentration in the conduction band
is given as

=il
n=N_.e

—ER)
KgT

where, KB the Boltzmann constant

T = the absolute temperature of the
intrinsic semiconductor

N, = the effective density of states in the
conduction band.

N, = the effective density of states in the

valence band.

The number of electrons in the conduction band
s depends on effective density of states in the
conduction band and the distance of Fermi level
from the conduction band.

The number of holes in the valence band is
depends on effective density of states in the

Yalence band and the distance of Fermi level from
the valence band.

0 . Kl . ¢ (

c r. an intrinsic  semiconductor, the electron-
artier concentration is
cOnce.ntmtion.

.

It c RS A T g (7 {
an be H 3 B S
written as Bt A

At absolute zero temperature

equal to the hole-carrier

29

v —
S ————" =

Where : R AN gt
L P = hole Carner concentration
n = electron-carrier concentration
and

i = ntrinsic carrier concentration
THe fermi [ovel e fupin.s :
. fermi level for intrinsic semiconductor is
given as,
B s -
\u,, ) -

l—i,, I8 the fermi level

where,

li(f i the conduction band
Ey is the valence band
*  Therefore, the Fermi
semiconductor lies
forbidden gap.

in an
middle

level
the

intrinsic

n of the

2.4.1 Dependence of Ep on Temperature :

The variation of Fermi level with temperature for

an intrinsic semiconductor is shown in Fig, 2.9.

At T = 0 K, the Fermi level lies exactly in middle

of forbidden gap as shown in Fig. 2.9(a).
Band energy

Conduf:tion band

(b) Fermi level
(a)

i Valcncc band

FIG. 2.9 : VARIATION OF FERMI LEVEL

s At low temperature region, Ep is practically
independent of temperature.

« If, there is a small variation in Eg in the high
temperature region. (See Fig. 2.9(b)) 2 i

«  So, the Fermi level gets ihqreéscd gﬁgﬁﬂy*whcn

temperature is incmdsfd'. i
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sic
. When the impurities are added to the intrin:

semiconductor, it becomes an extrinsic
semiconductor.

« The process of adding impurities t0 the
semiconductor is called doping.

. Doping increases the electrical conductivity of

semiconductor.

. Extrinsic semiconductor has high electrical
conductivity than intrinsic semiconductor.

«  Hence the extrinsic semiconductors are used for
the manufacturing of electronic devices such as

diodes, transistors etc.

. The number of free electrons and holes in extrinsic
semiconductor are not equal.

2.5.1 Types of Impurities :

* Two types of impurities are added to the
semiconductor.

*  They are pentavalent and trivalent impurities.
2.5.2 Pentavalent Impurities :

. Pentavalent
electrons.

impurity atoms have 5 valence

* The various examples of pen'tavalent impurity
atoms include Phosphorus (P), Arsenic (As),
Antimony (Sb), etc.

* The atomic structure of pentavalent
(phosphorus) is shown in below Fig. 2.10.

FIG. 2.10 : PENTAVALENT ATOM (PHOSPHORUS)

«  Phosphorus is a substance consisting of atoms
which all have the same number of protons,

e The atomic number of phosphorus is 15 ie. 15
protons. The number of protons in the nucleus of
an atom is called atomic number. :

Phosphorus atom has 15 electrons (2 electrons
in first orbit, 8 electrons in second orbit and 5

electrons in the outermost orbit). ; ’3

atom

e

N
2.5.3 Trivalent Impurities :
Trivalent jmpurity atoms have 3 valence e]ec%
arious examples of trivalent jm
. The varl by

include Boron (B), Gallum (G), Indiyp, (In),

Aluminium (AlD.
. Boron is a substance consisting of atomg il

all have the same number of protons. The alom;,
number of boron is 5 i.e. 5 protons.

Boron atom has 5 electrons (2 electrons i, firgt
orbit and 3 electrons in the outermost orbit),
1

FIG. 2.11 : TRIVALENT ATOM (BORON)

2.5.4 Classification of Extrinsic Semlcondum
Based on Impurities Added :

e Based on the type of impurities added,
semiconductors are classified in to two types.

K I,
JINSKC

i N-type Semiconductor

2. P-type Semiconductor

1. . N-type Semiconductor :

*  When pentavalent impurity is added to an intr
or pure semiconductor (silicon or gel
then it is said to be an n-type semicondw

*  Pentavalent impurities such as phosphorus, an
antimony etc. are called donor impurity-

*  Let us consider, pentavalent impurity phosf
is added to silicon as shown in below |

*  Phosphorus atom has 5 valence electre
silicon has 4 valence electrons.

*  Phosphorus atom has one excess valence
than silicon. The four valence electrons ¢
phosphorus atom form 4 covalent M :
4 ‘neighboring silicon atoms. ‘

*  The fifth valence elecmn Ofﬁ)ﬁﬂh e
cannot able to form the covalent bond
silicon atom because silicon atom

 the fifth vaianee aleetxo”“;ss
bond. : B
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opduens
‘It‘f"l,(_‘,,.'v" e ——— 3

alence elec g
g, fifth valer lectron of phosphorus atom
volve 1n the

T hu ,
n Ormeati
‘ oes not 1 formation of covalent

ds, Hence, it 18 free to move and not apqa, hed :
rent atom, . silicon

* A small addition of mpurity (phosphorus)
generates millions of free electrons.

*  The number of free electrons are depends on the
amount of impurity (phosphorus) added to the

ol
(o the pa

Charge on’n-type semiconductor :

*  So many people think that n-type semiconductor
has large number of free electrons. So, the total
electric charge of n-type semiconductor is
negative. But this assumpfion = wrong.

* Even though n-type semiconductor has large
number of free electrons, but these free electrons
is given by the pentavalent atoms that are
electrically neutral. Therefore, the fotal eleciric
charge of n-type semiconductor is also neamfral.

. - :
& Conduction in n-type semiconduoctor
FIG. 212 : N-TYPE SEMICONDUCTOR e e e . sceleOR oo
in below figure.

This shows that each phosphorus atom donates | *  When voltage is applied to n-type semiconducior,
one free electron. the free electrons moves towards positive terminal
: of applied voltage. Similarly holes moves towards

l ; 3
Therefore, all the pentavalent impurities are called negative terminal of applied voltage.

donors.
Direction of conventional
current
N-type material
Hole
pEOREEO T © (minority carrier)
.—-—o —.—o
O —
—— —
= O— —0._
\
™ Free clectron
) ' (majority carrier)
l -
L s
l g
Direction of . Battcry
flow of electrons o _
S LG, 2.13 : CONDUCTION IN N-TYPE SEMICONDUTOR

Scanned by CamScanner



efore 2 n-iype semiconductor conduction

wn of free electrons.

P-type Semiconductor -
VWhen

the trivalent

mpurty 15 added to an
mmsic or pure  semiconductor (silicon  or
gcTmanann), them it is said to be an p-type
semiconductor

~'F7’

Livaient rmpurities such as Boron (B), Gallium
(G), Indrum (In), Aluminium (Al) etc are called
acceptor impurity.

Let us consider, trivalent impurity boron is added

o silicon as shown in below figure. Boron atom

has three valence electrons and silicon has four
valence electrons.

The three valence electrons of each boron atom
form 3 covalent bonds with the 3 neighboring
silicon atoms.

Hole

Silicon atom
Boron atom

Sharing of

electrong

FIG. 2.14 : P-TYPE SEMICONDUTOR

In the fourth covalent bond, only silicon atom
nce electron, while the boron

i le
ontributes one va ‘
: tron to contribute.

atom has no valence elec

Charge on p-type semiconductor :

-

Conduction in p-type semiconductor :

=
—

‘ourth covalent bond is inc omple

T"'lu‘% L te Aﬁh
tortage of one €lectron This missing ele “Clron jq
1T A .

called hole

e oo ) atom accept one efe,

. shows each boron a € elegy
This fon
to fill the hole. Therefore, all the rivaleng |
impurities are called acceptors. N

A small addition of impurity (boron) P"OVlde;

millions of holes.

So many people think that p-type semiconds
has large number of holes and current condj io
is mainly due to these holes.

So, the total electric charge of p-type semicg
is positive.

But this assumption is wrong. Even thoug
semiconductor has large number of ho
these holes is provided by the trivalent atg
are electrically neutral. .

Therefore, the total electric charge .
semiconductor is also neutral.

Let us consider a p-type semiconductor
in below figure,

When voltage is applied to p-type semi.
the holes in valence band moves tow

terminal of applied voltage.

Similarly free electrons move to,w'
terminal of applied voltage.

In p-type semiconductor, the popul 1
in valence band is more, whereasb
of free electrons in conductloq

So, current conduction is mainl"?»
in valence band. Free electrons in
constitute little current.

Hence in p-type semnconduc
majority carriers ‘and frae '
nunonty camgrs. '
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Direction of conventional
current

P-type materia]

Free electron
(minority carrier)

_] |
Dircction of
flow holes Battery

FIG. 2.15 : CONDUCTIN IN P-TYPE SEMICONDUTOR

255 Fermi Level in Extrinsic Semiconductor : In n-type semiconductor pentavalent impurity is

. In extrinsic semiconductor, the number of added. Each pentavalent impurity donates a free
electrons in the conduction band and the number electron.

of holes in the valence band are not equal. Hence,

s - The addition of pentavalent impurity creates large
the probability of occupation of energy levels in

- number of free electrons in the conduction band.
conduction band and valence band are not equal.
; _ . |+ At room temperature, the number of electrons in
+  Therefore, the Fermi level for the extrinsic ? 1
: : ; the conduction band is greater than the number
semiconductor lies close to the conduction or 2
of holes in the valence band.
valence band.

Hence, the probability of occupation of energy

156 Fermi Level in n-type Semiconductor : levels by the electrons in the conduction band is

Band energy greater than the probability of occupation of
energy levels by the holes in the valence band.
«  This probability of occupation of energy levels is
represented in terms of Fermi level. Therefore, the
Conduction band Fermi level in the n-type semiconductor lies close
- to the conduction band.
Ep o e St el NS
Forbidden —— given as e,
band EV

Ne |
‘EF=EC+K3T108'IQ§‘_‘

_where, Ep = the fermi level.

; SRR, | E = the conduction i
FIG. 216 ; FERMI IN N-TYPE SEMICONDUCTOR | Ky = the Boltzmann consit
Physics (Group-11) / 2019 / 5 |
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2.57 Fermi Level in p-type Semiconductor :

fh p !‘}r,«;

SEITIC ,'r"‘lrl

ctor  trivalent :rr.;,u- rity 1s
added Fach trivalent llpr‘an v Cre a hole mn |
the vale nce b;fl) and r ‘/j, fey /’(jp an ele ectiron.

The addition of trivalent impurity creates large |

number of holes in the valence band.
Band energy

|

| Conduction band

Fermi level

FIG. 2,17 : FERMI LEVEL
IN P-TYPE SEMICONDUCTOR

At room temperature, the number of holes in the
valence band is greater than the number of
electrons in the conduction band.

Hence, the probability of occupation of energy
levels by the holes in the valence band is greater
than the probability of occupation of energy levels
by the electrons in the conduction band. This
probability of occupation of energy levels is
represented in terms of Fermi level.

Therefore, the Fermi level in the p-type
semiconductor lies close to the valence band.

The Fermi level for p-type semiconductor is
given as

N
EP=EV+KBTIngq—f

where, Ny = the effective density of states in the
valence band.
N, = the concentration of acceptor atoms.
A=

|
4

56 MAJORITY AND MINORITY CARRIERg ,
26 1 ‘g

7.6.1 What is Charge Carrier ?

2.6.2 Negative Charge Carriers :

2.6.3 Positive Charge Carriers :

FIG. 2.18 : POSITIVE AND NAGATIVE

‘\

Generally, carrier refers to any object thy o
another object from one place to another pl
For example. in countries such as India, Singapora
and Brazii : Tiffim box or Tiffin carriers are Wlde
used for carrying food from one place to anothe
place. Here, the Tiffin box acts as a carrier ",
carries the food from one place to another place

Let us take another example; People use vehicle
such as buses, trains, airplanes, etc. to trave] o
one place to another place. -

+

Here, the vehicles act as carriers that carry p "
from one place to another place. In the ..\
way, particles such as free electrons and .,'~
carry the charge or electric current from one p

to another place.

The negative charge carriers such as free elect 0 ns
are the charge carriers that carry negative c,"
with them while moving from one place to ano -x;
place. Free electrons are the electrons that a
detached from the parent atom and moves fres
from one place to another place. |

S

Positive charge Ncgative charge

The positive charge carriers such as holes @
charge carriers that carry positive charge
them while moving from one place to
place. Holes are the vacancies in valence b

moves from one place to anothef Plaﬁ”
valence band.
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5o
ﬁ)’r’ity and Minority

16 it Charge Carriers

The charge cargiee lbat' are present in large

' Llu;mtil)’ are called raayosity charge carriers, The
majority chatgs carriers carry most of the electric
charge OF e?ec.tnc current in the semiconductor
Hence, majority charge carriers are mainl);
esponsible for electric current flow in the
Scmigonductor.

The charge carriers that are present in small
quantity are called minority charge carriers

The minority charge carriers carry very small
amount of electric charge or electric current in the
semiconductor.

165 Charge Carriers in Intrinsic Semiconductor :

The semiconductors that are in pure form are
called intrinsic  semiconductors. In intrinsic
semiconductor the total number of negative charge
carriers (free electrons) is equal to the total
number of positive charge carriers (holes or

vacancy).

Total negative charge carriers
= Total positive charge carriers

26.6 Majority and Minority Charge Carriers in n-
Type Semiconductor : ‘

*  When the pentavalent atoms such as Phosphorus
o Arsenic are added to the intrinsic semiconductor,
an n-type semiconductor is formed.

In n-type semiconductor, large number of free
electrons is present.

' Hence, free electrons are the majority charge
carriers in the n-type semiconductor.

The free electrons (majority charge carriers) carry
most of the electric charge or electric current in
the n-type semiconductor.

In n-type semiconductor, very small number of
holes is present.

Hence, holes are the minority charge carriers in
the n-type semiconductor.

The holes (minority charge carriers) carry only a

small amount of electric charge or electric eurrent

' the n-type semiconductor.

\\_\ ol : ‘ ‘;s,r,

. 'rh T ) e
e tot; :
total number of negative charge cartiers (fres

elect ' ‘

th rons) in nype semiconductor is greater (han
the total number of positive charge cartiers (holes)
In the n-type semiconductor.

Total negative charge carriers

5 > Total positive charge carriers |
J
Free ections
P-ype /
i ey \
O
. ]
oy T
(®)
O |
R @) o\
Holes Free electrons = Minority carriers

Holes = Majority carriers

N-type
(e) (s] o) o
O
O
o @) O
o (o}
(8] (®) (&) O

Free electrons = Majority carriers
Holes = Minority carmers

FIG. 2.19 : MAJORITY AND MINORITY
CHARGE CARRIERS IN P-TYPE
AND N-TYPE SEMICONDUCTOR

2.6.7 Majority and minority charge carriers in p-
type semiconductor :

«  When the trivalent atoms such as Boron or
Gallium are added to the intrinsic semiconductor,
a p-type semiconductor is formed.

« In p-type semiconductor, large number of holes
is present. Hence, holes are the majority charge
carriers in the p-type semiconductor.

«  The holes (majority charge carriers) cauy most of
the electric charge or electric current in the p-type

semiconductor.

« In p-type semiconductor, very small number of
free electrons is present. Hence, free electrons are

the minority charge carriers in the p-type
semiconductor.
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The free electrons (minority charge carriers) carry
only a small amount of electric current in the p-
ftype semiconductor.

The total number of negative charge carriers (free
electrons) in p-type semiconductor is less than the
total number of positive charge carriers (holes) in
the p-type semiconductor.

Total negative charge carriers

< Total positive charge carriers

Syllabus Topic : Carrier Generation and
Recombination

2.7 GENERATION AND RECOMBINATION OF

2.8

CARRIERS :

Generation of carriers (free electrons and
holes) :

The process by which free electrons and holes are
generated in pair is called generation of carriers.

When electrons in a valence band get enough
energy, then they will absorb this energy and
jumps into the conduction band.

The electron which is jumped into a conduction
band is called free electron and the place from
where electron left is called hole. Likewise, two
type of charge carriers (free electrons and holes)
gets generated. - i

Recombination of carriers (free electrons and
holes) :

The process by which free electrons and the holes
get eliminated is called recombination of carriers.

When free electron in the conduction band falls
in to a hole in the valence band, then the free
electron and hole gets eliminated.

LAW OF MASS ACTION :

The law of mass action states that the product of
number of electrons in the conduction band and
the number of holes in the valence band is

constant at a fixed temperature and is independent
of amount of donor and acceptor impurity added. |

Mathematically it is represented as

2-— : | £ vooniy

T—

where, n; = isthe intrinsic carrier ConCentyyy;,
n = number of electrons ip r_,m“
“Clrg
band m
p = number of holes in valence
281 Law of Mass Action for Extrine

Semiconductor :

The law of mass action is applied for both in p
and extrinsic semiconductors. Fqr &
semiconductor the law of mass action c,[axe;
the product of majority carriers and mg ;_,
carriers is constant at fixed temperature
independent of amount of domor and zcpes
impurity added.

Law of mass action for n-type semics;

The law of mass action for n-type semicg
is mathematically written as

R
n, p, =n; =constant

&
where, n, = number of electrons im =

»
[
X

semiconductor

of holes im ®
semiconductor

p, = number

The electrons are the majority carriers 2
are the minority carriers in n-type semit

In n-type semiconductor, as the
electrons (majority) in the
increases the number of holes (mino
valence band decreases.

CONCU

Law of mass action for p—tyyc

The law of mass action for
is mathemaucally written as

Pp 7= n = constant
where, P, = number of
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tors
nimn(lud(
qef

. p-type semiconductor, as the number
ority) N the valence band
of electrons

: of holes
InCreases the

in the conduction band

nUthr .
lmi"“m-") decreases.
'l'llcl't‘““fc‘ the product of holes (majority) and
. .~ . «
JJectrons (minority) remains constant at fixed

lcmpcmturc.

e - ] Syllabus Topic : Drift

-

=
,9 DRIFT CURRENT : GTU, January-2019

g Explain drift and diffusion current.
| [January-2019, 4-Marks]
. The flow of charge carriers, which is due to the

applied voltage or electric field is called drift
current.

. In a semiconductor, there are two types of charge
carriers, they are electrons and holes.

. When the voltage is applied to a semiconductor,
the free electrons move towards the positive
terminal of a battery and holes move towards the
negative terminal of a battery.

v Electrons are the negatively charged particles and
holes are the positively charged particles.

+ As we already discussed that like charges'repel
each other and unlike charges attract each other.

Hence, the electrons (negatively charged particle)
are attracted towards the positive terminal of a
battery and holes (positively charged particle) are
attracted towards the negative terminal.

Flow of holes

——

Free electron
Flow of electrons

HOIC -——o "__d
Ot S

Voltage
FIG. 2.20 : DRIFT CURRENT

37

In a semiconductor, the electrons always fry to
MOve in a straight line towards the positive
terminal of the battery. But, due to continuous

collision with the atoms they change the direction
of flow.

Each time the electron strikes an atom it bounces
back in a random direction. The applied voltage
does not stop the collision and random motion of
electrons, but it causes the electrons to drift
towards the positive terminal.

The average velocity that an electron or hole
achieved due to the applied voltage or electric
field is called drift velocity.

The drift velocity of electrons is given by
The drift velocity of holes is given by
V,=u,E

where, V, = drift velocity of electrons

. \Y%

drift velocity of holes
pn, = mobility of electrons
e mobility of holes

E = applied electric field

The drift current density due to free electrons is
given by

J,=enl, E

and the drift current density due to holes is
given by

Jpzepp,,Er

where, J = drift current density due to electrons

[ drift current density due to holes
¢ = charge of an electron = 1.602 X 1012

Coulombs (C).

n = number of electrons

p = number of holes
Then the total drift current density is
=17, + Jp
=enpn,E + ‘epppE

[J-'—'e(n K, +p Ml’)EJ
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210 ELECTRON AND HOLE MOBILITY :

I.  Electron mobility
. he ability of an electron to move through a metal
or semiconductor, i the presence of applied

electrie field is called electron mobility.

. [t iy mathematically written as
V, =1 E
V,
i, L’

where, V, = drft velocity of electrons

W, = mobility of electrons

E

Let us consider a semiconductor that consists of

large number of free electrons. When there is no

voltage or electric field applied across the

semiconductor, the free electrons moves randomly.

* However, when the voltage or electric field is

applied across the semiconductor, each free electron

SLarts to move more quickly in particular direction.

. Electrons move very fast in vacuum, However, in

metals or semiconductors, free electrons do not

move very fast instead they move with a finite
average velocity, called drift velocity.

applied electric field

]

S =~y

Drift velocity is directly proportional to eleCtric
field. Hence, when the electric field increa,ges drif
velocity also increases,

However, mobility of electrons is i”dependem @
applied electric field i.e. change in electric fielg
does not change the mobility of electrons.
The SI unit of electric field is V/m, ang the
unit of velocity is m/s. Thus, the S unit o
mobility is m% (V.s).

Hole mobility :

The ability of an hole to move through a
or semiconductor, in the presence of a
clectric field is called hole mobility,

meta|
Pplied

It is mathematically written as

Vp = uPE
A%
sl
“'p— E

\

where, Vp= drift velocity of holes
M, = mobility of holes
E = applied electric field

Syllabus Topic : Diffusion

2.11 DIFFUSION CURRENT :

GTU, January-2019

Explain drift and diffusion current.

[January-2019, 4-Marks]

*  The process by which, charge carriers (electrons or holes) in a semiconductor moves from a region of
higher concentration to a region of lower concentration is called diffusion.

*  The region in which more number of electrons is present is called higher concentration region and the
region in which less number of electrons is present is called lower concentration region.
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FIG. 2.21 : DIFFUSION CURRENT
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piffusion Process 9ceurs in a semicondyctoy ¢
at

- non_uniformly doped.
15
cons der an n-type semiconductor that is ne

« 2 n‘
Umforlﬂl)’ dopeq as shown in below figure. Dye
o the non-uniform  doping, more number of
Jectrons: 18 present at left side whereas lesser

qumber of electrons is present at right side of the

»;emiCOﬂdllC[Or aterial

The number of electrons present at left side of
cemiconductor material is more, So, - these
Jectrons will experience a repulsive force from
each other.

The electrons present at left

side of the

emiconductor material will moves to right side

1o reach the uniform concentration of electrons.

Thus, the semiconductor material achieves equal
concentration of electrons. Electrons that moves
from left side to right side will constitute current.

This current is called diffusion current. In p-type
semiconductor, the diffusion process occurs in the
similar manner.

Both drift and diffusion current occurs in
semiconductor devices. Diffusion current occurs
without an external voltage or electric field
applied. Diffusion current does not occur in a
conductor.

The direction of diffusion current is same or
opposite to that of the drift current.

LIL1 Concentration Gradient :

The diffusion current density is directly proportional
o the concentration gradient. Concentration
gradient is the difference in concentration of
electrons or holes in a given, area.

If the concentration gradient is high, then the
diffusion current density is also high. Similarly,
if the concentration gradient is low, then the
diffusion current density is also low.

The concentration gradient
Semiconductor is given by

dn

¢ AT -
— CoF Lol e
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for n-type
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Semiconductor ig given

where, ] g
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Concentration gradient

by

for p-type

t—

diffusion current density due to
electrons

JP = diffusion current density due to

holes

2112 Diffusion Current Density :

T.he diffusion current density due to electrons is
given by

dn
Jn=+eDnE

where,,D,l is the diffusion coefficient of electrons

The diffusion current density due to holes is given
by

3 dp
Jp ——erE

wh‘érc,Dp is the diffusion coefficient of holes

The total current density due to electrons is the
sum of drift and diffusion currents.

I, = Drift current + Diffusion current
JSszenl, Eo+ eDn%

The total current density due to holes is the sum
of drift and diffusion currents.

JP = Drift current + Diffusion current
. dp
Jp = enppE — e, =

The total current density due to electrons and
holes is given by

J:J"+Jp

—————————

Syllabus Topic : P-N Junction

e———

2.12 THE P-N JUNCTION :

a crystal is 2 ‘P-type
the other half IS an
the contact surface 1S

When one-half of

semiconductor and
N-type semiconductor,

called a PN junction. :
Most semiconductor devices con
PN junctions.

tain one or more
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FIG. 222 . FORMATION OF PN-JUNCTION

The PN junction is Very important because it is
the main contro] element
devices.

in- semiconductor

As mentioned carlier, an N-type semiconductor
has free electrons and an equal number of
stationary positive jons.

While P-type semiconductor has mobile holes and
an equal number of fixed negative. ions. Thus each
region in a PN junction is initially neutral,

However, owing to their random motion, at

the junction there is a tendency for the free

electrons to diffuse over to the P-side and holes
to the N-side.

This process is called diffusion. As the free
electrons move across the junction from N-type
to p-type, the donor jons become positively
charged.

Hence a positive charge is built on the N-side of
the junction.

The free electrons that cross the junction
uncover the negative acceptor ions by filling in

the holes.

Therefore a net negative charge is establ;

B . Sheq
the P-side of the junction. Thus regions

acquire excess negative charge and POsitive Charg
{ ¢

respectively.
The net negative charge established on the p
of the junction prevents further diffugje
electrons into the P-side, Similarly the net
charge on the N-side repels the holeg cros
junction from P-side to N-side.

“Side
U
POSitjy,
Sing the

These impurity ions so produced are fixed
positions in the crystal lattice in the p
regions.

in thejr
and N

Hence as shown in Fig. 2.22, they form
rows or plates of opposite charges fac;
other.

Paralle|
Ng each

Thus a potential difference is created aCross the
junction. Hence the junction acts as a barrjer
which restricts further movement of charge
carriers. This is called a potential barrier or
junction barrier Vg

Potential barrier (VB) .

A potential difference built up across the PN
junction which restricts further movement of

charge carriers across the junction is known as
potential barrier .

The barrier potential for germanium PN junction
is nearly 0.3 V and 0.7 V for silicon PN junction.

The electrostatic field across the junction caused
by the positively charged N-type region tends to
drive the holes away from the junction and
negatively charged P-region tends to drive the
electrons away from the junction.

Thus on both sides of the Junction a layer is
formed which is depleted of free electrons and
holes. Hence it is called depletion layer. B
contains only immobile, positive and negative ions
as shown in Fig. 2.22.

Depletion layer ;

2121 Behaviour of a PN Junction Under Biasing’

A rtegion around the junction from whicha‘h‘:
charge carriers (free electrons and holes)
depleted is called depletion layer.

When a PN junction is ‘connected across ©

15 said to be biased.
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FIG. 223 : PN JUNCTION UNDER FORWARD BIAS

»  The applied potential with external battery acts in
opposition to the internal potential barrier. Under
forward bias condition, the applied positive
potential repels the holes in P-type region so that
the holes move towards the junction and the
applied negative potential repels the electrons in

the N-type region and the electrons move towards
the junction.

Eventually when the applied potential is more than
the internal barrier potential, the depletion region
and internal potential barrier disappear. Since the
potential barrier voltage is very small (nearly
07V for silicon and 0.3 V for germanium
junction) a small forward voltage is sufficient to
completely eliminate the barrier.

Once the potential barrier is eliminated by the
forward voltage, current starts flowing easily

through the junction. This current is called the
forward current,

The following points are worth noting :

(1) Under forward biasing the potential barrier
15 reduced and at some forward voltage (0.3
V for Ge and 0.7 V for Si) it is eliminated.

) The junction offers low resistance (called |
forward resistance, Rf)‘ to the flow of current
through it. PR St |

h
Y (Group-11) / 2019 / 6

41

() The magnitude of flow of current through the

circuit depends upon the applied forward
Voltage,

2.12.3 Reverse Biasing :
*  When the positive terminal of a d.c. source or
battery IS connected to N-type and negative
terminal is connected to P-type semiconductor of
flPN Junction as shown in Fig. 2.24 the junction
Is said to be in reverse biasing,
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FIG. 2.24 : PN JUNCTION UNDER REVERSE BIAS

Under applied reverse bias as shown in Fig. 2.24
holes which form the majority carriers of the P-
side move towards the negative terminal of the
battery and electrons which form the majority
carriers of the N-side are attracted towards the
positive terminal of the battery.

Hence the width of the depletion region which is
depleted of mobile charge carriers increases.

Thus the electric field produced by applied reverse

bias is in the same direction as the electric field
of the potential barrier.

Hence the resultant potential barrier is increased
which prevents the flow of majority carriers in
both the directions.

Therefore, theoretically no current should flow in
the external circuit. But in practice, a very small
current of the order of a few microamperes flows
under reverse bias.

e«  This current is known as reverse satumt_ion
current. The magnitude of reverse saturation
current mainly depends upon junction temperature.

«  Following points are important to note under
reverse biasing :
(1) The junction potential barrier is strengthened.
‘(2) The junction offers a high resistance (called

reverse resistance, R)) to the flow of current
through it.

s L R RS
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Practically no current flows in the circuit hl,ll
a little 'vurrcnl (in microamperes) ﬂm‘w'
through the junction because of I]llll()ll[:\r.
carriers available even at room temperature.

‘ . s so econcluded that
From the above discussion, it is concluded th:

With forward bias, a low resistance path is S%\l R
by the PN junction and hence current flows
through the circuit on the other hand with reverse
bias, a high resistance path is established by the
PN junction and he

nce no current flows through
the circuit,

This unidirectional current conduction makes it a

perfect junction diode. Therefore,
is also called
know

a PN junction
a semiconductor diode. It is also

N as crystal diode. Its symbol is shown in
Fig. 2.25.

Arrow Head

FIG. 2.25 . SYMBOLIC
REPRESEN-TATION OF JUNCTION DIODE

Syllabus Topic : Metal-Semiconductor Junction

2.13 METAL—SEMICONDUCTOR JUNCTION :

2.13.1 Metal-semiconductor (M-

In solid-state physics,
(M-S) junction is a type
metal comes in close conta
material.

a metal-semiconductor
of junction in which a

It is the oldest practical semiconductor device.

M-S junctions can either be rectifying or nop.
rectifying,

The rectifying metal-semiconductor junction forms
a Schottky barrier, making a device known as a
Schottky diode, while the non-rectifying junction
is called an ohmic contact,

S) Junction
Metal-semiconductor (M-S) junction is a
junction formed between a metal and an n-type
semiconductor when the metal is joined with the
n-type semiconductor, Metal-scmiconductor
junction is also sometimes referred to as M-S
junction.

type of

ct with a semiconductgr

e ———
e ——

E—

Metal

UCToR (Mg

FIG. 2.26 : METAL-SEMICOND
JUNCTION

The metal-semiconductor junctiop .

St an pe
non-rectifying or rectifying,

The non-rectifying metal-semiconduc

. tor junc(i()n
is called ohmic contact,

The rectifying metal-semiconductor

: j“nction i
called Schottky barrier.

2.13.2 What is a Schottky Barrier 2

Schottky barrier is a depletion layer for,

med gt the
junction of a metal and n-type ,semiconductor_

In simple words, schottky barrier is the potentiy
energy barrier formed at the metal-semiconducm;
junction. The electrons have to ov

€rcome this
potential energy barrier to flow across the diode,

junction formg
This  rectifying
aking a device

The rectifying metal-semiconductor
a rectifying schottky barrier.
schottky barrier is used for m
known as schottky diode.

The non-rectifying metal-semiconductor junction

forms a non-rectifying schottky barrier.
Schottky barrier
Metal (--H N-type
o e e Ta G
0 luinig 0! - °
0 5 [} 1 0 0
© O 0 gle @i O
oo | I O o©
a0 oipleq:™ o 9 o

Negative ions Positive ions

FIG. 227 : SCHOTTKY BARRIER
. pioe of 8
. One of the most important ‘Chal'a‘:tensflcgt :
schottky barrier j the schottky barrier height

“Yale of this barrier height depends O
Combination of semiconductor and metal.
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Tn'? a depletion
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Rectifying barrier

Electrons

Barrier
height

Non-rectifying barrier

FIG. 2.28 : RECTIFYING AND
NON-RECTIFYING BARRIER

On the other hand, in rectifying schottky barrier,

the barrier height is high enough to form a -

depletion region. So the depletion region is present
in the non-ohmic contact diode.

The non-rectifying metal-semiconductor junction
(ohmic contact) offers very low resistance to the
electric current whereas the rectifying metal-
semiconductor junction offers high resistance t.o
the electric current as compared to the ohmic
contact.

The rectifying schottky parrier is formed when a |

metal is in contact With the lightly dqped
semiconductor, whereas the non-rectifyingrpamef
is formed when a metal is in contact with the
heavily doped semiconductor. 2

The ohmic contact has a linear current-voltage

b BT a
(I-V) curve whereas the non-ohmic contact has

non-linear current-voltage (I-V) curve:

213,
3 Schottky Diode Definition :

» the barrjer

Schot : ’
tky diode is a metal-semiconductor junction

dio : -

p_r\?? lhdt‘ has 'less forward voltage drop than the

SWi Junction diode and can be used in high-speed
itching applications.

2134 Symbol of Schottky Diode :

Ehe symbol of schottky diode is shown in the
elow figure. In schottky diode, the metal acts as

the anode and n-type semiconductor acts as the
cathode,

Cathode

FIG. 2.29 : SYMBOL OF SCHOTTKY DIODE

2.13.5 Forward Biased Schottky Diode :

If the positive terminal of the battery is connected
to the metal and the negative terminal of the
battery is connected to the n-type semiconductor,
the schottky ‘diode is said to be forward biased.

When a forward bias voltage is applied to the
schottky diode, a large number of free electrons are
generated in the n-type semiconductor and metal.

However, the free electrons in n-type semiconductor
and metal cannot cross the junction unless the
applied voltage is greater than 0.2 volts.

Depletion region

FIG. 2.30 : FORWARD

Electric current
Metal — N-type §
o. @ lo|®! o o ¥ [2)
°c° o %elojo ©0° %
et
dgivio ) © e ollg 0 °
0O i e o©
, 9 0 PIK o~ o
Negative ions Positive ions
sty oot A
TNy Free electrons Q
Holes O

BIASED SCHOTTKY DIODE
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* If the applied voltage is greater than 0.2 volts, t:z
free electrons gain enough energy and o'vercom
the built-in-voltage of the depletion region- As a
result, electric current starts flowing through the
schottky diode.

* If the applied voltage is continuously increased,
the depletion region becomes very thin and finally
disappears.

213.6 Reverse Bias Schottky Diode :

If the negative terminal of the battery is connected
0 the metal and the positive terminal of the
battery is connected to the n-type semiconductor,
the schottky diode is said to be reverse biased.

When a reverse bias voltage is applied to the

schottky diode, the depletion width increases. As

a result, the electric current stops flowing.

However, a small leakage current flows due to the
thermally excited electrons in the metal.
Depletion region

Electric current
O—-— O_»

and the horizontal line
applicd across eSS
The V-I characteristics o
similar to the P-N jun

Scanned by CamScanner



; \H(illk'“,r\
‘:,““lwrial Band gap (eV) Application area
‘ !',},’,L rlrlﬂ‘hldc (CdS) 242 Visible optical range
--.a"/‘,‘/‘fu(w,) = 0.67 Infrared portion of optical spectrum
— ntimonide (InSb) 0.18 Infrared portion of optical spectrum

w”duct()l's .
10~

Material Band gap (eV) Application area
— | gallium arsenide (InGaAs) 0.75 Fibre optic systems
- j’\,;n/p{wsphide (InP) 1.35 Transmission of absorbed light
<rcon (S1) 1.1 Highly sensitive low optical level avalanche
photo-diode

liﬂht cmitting diodes ~
Material Band gap (eV) Application area
rc sulphide (ZnS) 3.6 Ultraviolet optical spectrum

Gallium arsenide (GaAs) 1.43 Infrared emitters in optical communication
systems, LASERs (Infrared)

Yellow and green LEDs
(visible)

Gallium arsenic phosphide with - LASERs

nittogen doping

15 COMPARISON BETWEEN N-TYPE AND P-TYPE SEMICONDUCTORS : [{¢§ L08R EVUE o7l b

6TU Questions
L Give difference between N type and P type semiconductors. [January-2019, 3-Marks]
=
n-Type p-Type

walent impurities are added. _Trivalent impurities are added

FMY carriers are electrons. Majority carriers are holes.
| 2

[ 3, 2t ;

-~ Minority carriers are holes.

4,

Minority carriers are electrons.
Fermi level is near the valence band.

|

Blw N =

Fermi level is near the conduction band.

L Dirk ‘
l”‘ERENCE BETWEEN INTRINSIC AND EXTRlNSlQL&ﬁMlCONDUCTORS -
GTU, January-2019

G L

] U Questiy, QREEREIE R

U Give i :

Wlwwn intrinsic and extrinsi¢ semiconductors. [January-2019, 7-Marks]
| Factors Intrinsic semiconductor 7Extrlnsic semiconductor

Impure semiconductor.

giwonductor Pure semiconductor.

Dcnsily o - ]
Density of electrons 15 equa to

'{ of electrons
\» | “th@,r.dcnsity of holes.

Density of electrons is not equal to the
density of holes.
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Electrical conductivity

S

4 Temperature effect

—
onductivity |\|(1\_L

Electrical ¢

srature. only.
Dependence 0f emperature. only

S—

Physig (

Electrical conductivity jg |,

igh
Dependence on temperatype as

the amount of impurity only

Gr,

)

'lp‘]}]

)

dg 0

‘.L..

‘2

lmpurities No impurities

}-\‘nm Level

Fermi level lies in between
valence and conduction Bands.

Z’]
'?.g:"

Trivalent impurity, PemaValem ; r
i
Fermi level lies near valence 53

. nd ;
and near conduction bang i np,

n‘type' h

EXERCISE

Explain = with important properties of | 10. Explain Majority and Minority Carrierg
semiconductors. (Refer Section-2.1) semiconductor. (Refer Section-2.6.6) "
Explain concept of Hole in semiconductor ? 11. Explain Majority and minority Carriers j, |
(Refer Section-2.2) semiconductor. (Refer Section-2.6,7) P .
Explain Intrinsic Semiconductor in brief. 12. Explain generation and recombination Of-ode
(Refer Section-2.3) (Refer Section-2.7) i
Exp?ain Carrier concentration in intrinsic | 13. State and explain Law of magg action
semiconductor. (Refer Section-2.3.4) semiconductor. (Refer Section-2.8) g
:E}:p;ainSFemui level in intrinsic semiconductor. 14. Write short notes on :
efer Section-2.4 :
s ) (1) Drift current. (Refer Section-2.9)
Ow rermi level varies with respect to temperature iffusi
R S : 2) Diffusion current. ion-
i Intrinsic semiconductor ? Explain briefly. ( o 5 (REf.eT echiesZly
(Refer Section-2.4.1) ) (Elltecftroré gudhole mo,blhty'
20 Yo eler Section-2.10)
Explain Extrinsic Semiconductor in bri
(Refer Section-2.5) g R 1 15 Explain P-N junction with forward biasing and
reverse biasing circuit. (Refer Section<2.1
What are the types of Extrinsic Semico : B '
s nductors . |
based on impurities added ? 16. Explain metal-semiconductor junction in brel. |
(Refer Section-2.5.4) (Refer Section-2.13)
Explain Fermi level in extrinsic semiconductor. s thn are the materials used in_optoelectronk
(Refer Section-2.5.5, 2.5.6 & 2.5.7) devices ? (Refer Section:2.14)
GTU QUESTION AND ANSWERS
Give difference between N ¢ A V
' ype and P type : . 3 .
_semiconductors. (Refer Section-2.15) ¥ o f:RXE;::-nS‘:::; anzd 9d§:‘us1on e
. .-v : . s on- . - 2011)
_ ng d_lffel.'.cnoe between intrinsic and extrinsic | 4. Derive ex ' ration ¥ §
semiconductors. (Refer Section-2.16) Rreasion of . elestron Gansa 'R

conduction band, (Refer Secﬁoﬂ%@-jﬁ;ﬂ
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\psorption of Radiation ..
OIS e S
jontaneous Emission i

«imulated Emission
Meta Stable State

Gam
pensity of State for Photons

-------------
..............................................................................................

Fermi’s Golden Rule

...................
DU
.................................................................................................

Photovoltaic Effect

......................
--------------------------------------------------------------------------------------------------------

3.8.1 Photovoltaic Cell or Solar Cell

382 Construction of Photovoltaic Cell

3.8.3 Working of PV Cell

3.84 Advantages of Photo Voltaic Technology

385 Disadvantages of Photo Voltaic Technology

38.6  Applications of Solar Photo Voltaic (SPV) Technology
39 Optical Losses

310 Exciton

311 Drude Model s e e S
3111 Important Point of Drude Model
3112 Applications of Drude Model
Exercise

GTU Questions and Answers

\ Syllabus Topic : Absorption D ' 2

ABSORPTI()N OF RADIATION : - . ‘E"s consider two energy levels (E, and

: 'v‘."glectrons. E, is the ground state or lower
i1y

E,) of
energy

Qlles( state of electrons and E, is the excited state or
10n .
“ Exp ain : ; higher energy state of electrons.
€mis i
. st REIpOR . The electrons in the ground state are called lower

[January— D1

fle trPtlon of radiation is

oy, S in the ground s
Olong ¢

\ © jump into the'! penergy-level.: |-
ia i ——

~energy electrons or excited electrons,

energy electrons or ground state electrons whereas
- the electrons in the excited state are called higher
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. l” L:i‘”\‘l.l[, (h\' \'['\'\‘“ﬁll\ in he lower CNErEy

vha nmerey  stale q‘
energy - order jump into the higher enery i
Energy (After absorption)
y nh )
| (During absorption [ligh energy state
High energy stato I, O
E, I llectron ———,
_ Hlectron Jumped 1
\ excited state afier
; absorbing photon
| nerp
" [ Blectron : il
I hnlq‘n L absorbing
“ '_ : l‘l“‘“‘“ cnergy
| L~ I
l-l W ! At ile
Lower energy state Lower cnergy ftale
FIG. 3.1 : ABSORPTION OF RADIATION OR LIGHT
. The process is represented as
e B )
Atom + Photon — Atom ‘L]
*  The frequency of the absorbed photon is
e ———

Syllabus Topic : Spontancous Emission

3.2 SPONTANEOUS EMISSION .
GTU Questions

Explain emission and absorption,

[January-2019, 4-Marks|

*  Spontaneous means by “own”

*  Spontaneous emission is the
by emitting photons.

or “natural”,
process by which ele

*  The electrons in the excited state can stay only for

ctrons in the excited state retwn to the ground state

a short period (10-8 second),

Energy
} (Before photon emission) (Photon emission during transition)
High energy state High energy state
Electron in :' Photon
excited stute : Excited state electron .
: _| releasing photon during
’. transition (higher to
E 1uwe_r_ energy stute)
1
B| ' [.:|_ - ‘Q_E_l_ecm A
Lower energy state Lower energy state sy i

FIG, 3.2 : SPONTANEOUS EMISSION

Thus, after the short lifetime of the excited electrons,
state by releasing energy in the form of photons,

they return to the lower energy state or £
this process is known as spanmw&;t iss

;A4S
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X o neans under the mmd
4 emission IS the Process by which inc:
" to the ground state. Hemt photon interacts with the cxcited cloctron amd fores

1ated emission, the lrghe energy is =
" erey to the ground mmwmh&mmﬁﬂiﬁﬁm
lated emission isn«amﬂm-‘-ﬁn hicial
. neident photon interacts with the exciteq electron, it forces the cxcized ok »
g state. This excited electron release i i e FiPrp ghu

i

m

{
]
J

FIG. 33 : STIMULATED EMISSION

The stimulated emission pmoassris very fast compared to the spontancous emission process.

\he process is represented as
Atom* + Photon — Atom + (Photon + Photoa) |
META STABLE STATE :

| *  Let.E, E,. E; be the caergy levels of the sysem.
It N the state where the atoms get excited and | . £ i the Tetastable stfe of the sysem
“Tains in the excited state for longer time than 3 S

¢ normal state.

aE

3

Scanned by CamScanner




50
«  The Laser intensity (I) grows exponentially and
intensity on one bounce will be

d = path length in active medium.

B
I

{17

where,

gain coefficient

initial intensity.

0
« In optical resonator losses are present when light

bounces back and forth.

«  Light absorption by medium and by mirrors here
all loses except reflectance losses may be grouped
into a single loss constant o, then intensity 10ss
per unit length when length of medium is d.

»  Suppose the reflections of the front and back
mirrors be R, and R,.

=T, Pt 20 R R )
I =) —2
ﬁ_eﬁde zdipeR> . (3
The gain |-
? € gain — =G
)
® SO, G= eZBd e’zad Rl R2

for laser action G > 1

25

e?*?R R,y 21

Highly reflecting ends Escaping photon
5
4=y
v 1
& Stimulated emission e
' R,

FIG. 3.5 : A LASER CAVITY WITH HIGHLY
REFLECTING ENDS SHOWING THE
STIMULATED EMISSION OF LIGHT AND THE
ESCAPE OF SOME PRIMARY PHOTONS
THROUGH THE SIDE WALLS Av.

«  The density of states n a se

«  Thus, for example, if p (E) represents g

« A similar definition holds good for &dmsn, =

«  When a photon interacts with an electroy 20 5

»  For example, if the photon energy is just zibgy

~ gyllabus Topic - Optical joint Density of e -
S) Density of states for pho ftg! /

P il

36 DENSITY OF STATE FO;\ o, |

-
-

GTU Questions .

Derive an €xpression for joint d\ela

[January w

the number of allowed electron
volume per unit energy imferval

ey,
P
pach ™

of states in the conduction band, then p
gives the number of states per umy

between energy values E and E 3+ d§
states p (E) in the valence band.

hole in a semiconductor, the number of i
available for the interaction is limited By fie
requirement of energy conservation.

equal to the bandgap, then the eleciron states vz
above the conduction band edge and well heloy

the valence band edge cannot parficipate in fie
interaction.

The optical joint density of states takes imn
account the number of states available in both fie
conduction and the valence bands with which 2
photon of energy hv can interact and is given by
Y2

p(V) — (zm“
Tth?

(hv—E, 2. v 2 E,

where, = band gap

m_ = Reduced mass of the cames

10}

0 B. ,

P A Gmormwl

E. In this graph when Av > E ;
lnte!' band h‘ansmon. e
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sition Rates (Ferm
> \Termi Gol »
den Ryle) where, v = Operator for the physical interaction
Al'S GOLDEN RULE . Tl which couples the initial and final
: state of the system.
= , Vs = Wave function for final state
irmi golden rule. VY, = Wave function for initial state

The transition probability is also proportional to

[Jﬂnuary-2019, 4-Marks] the density of final states P

| physics, Fermi's “golden
the transition rate,

‘ &:m'js' upon the strength of the 38 PHOTOVOLTAIC EFFECT :

the mitial and fing) state of g CIL Jewwary- 290
numbe:r of ways the transition

d_ensny of the final states).

-~ situations the transition

le is used Syllabus Topic : Photovoltaic Effect

What is photovoltaic effect. Explain construction
and working of solar cell. [January-2019, 7-Marks]

The effect due to which light energy is converted
-3 NS ; to electric energy in certain semiconductor
‘ - (1) materials is known as photovoltaic effect.

ion probability *  “Photo” means light and “Voltaic” means voltage.

ent for the interaction | 3-8-1 Photovoltaic Cell or Solar Cell :

Definition :

own as fermi’s golden | The photovoltaic cgl] is _the semico.nductor device

PRy O that converts the light into electrical energy.

*  The voltage induces by the PV cell depends on
the intensity of light incident on it. The name
Photovoltaic is because of their voltage producing
capability.

»  The electrons of the semiconductor material are
joined together by the covalent bond. The
electromagnetic radiations are made of small
energy particles called photons. When the photons

P : are incident on the semiconductor material, then

idly if the the electrons become energised and starts emitting.

The energises electron is known as the
M“X called Photoelectrons. And the phenomenon of emission
of electrons is known as the photoelectric effect.

also called the

" The semiconductor materials like arsenide, indium,
ea(iimiunx, silicon, selenium and gallium are used
' for making the PV cells. Mostly silicon and
selenium are used for making the cell.
Consider the figure below shows the constructions
of the silicon photovoltaic cell.
e uj urface of the cell is made of the thin
p-type material so that the light can
er into the material.
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e
52 Light encrgy g
The metal rings are placed around e
p-type and n-type material which i =
acts as their positive and negative —
output terminals respectively. Anti reflecting —=1 B
. coating 8oy
* The output voltage and 'current l Nype Silicon. e o
obtained from the single unit of the - — 42
cell is very less. p-type Silicon 5
*  The magnitude of the output voltage |~ w0 2
is 0.6 V, and that of the current is =, | Vit
0.8 V. The different combinations + O Hole = ? :

of cells are used for increasing the
output efficiency.

The solar module is constructed by connecting the single solar cells. Ang Fhe 3

FIG. 3.7 : CONSTRUCTION OF PH

modules together is known as the solar panel.

— © Electron

c

(0 @ (W
(0D — [ @
e |0 00 )

~ Solar Module
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i FIG. 38 : SOLAR CELL, SOLAR MODULE AND §’01;§a R PAT
el ot :’):. 4 : » ! . (“!Jé s
of PV Cell 2955 1 . COUL j'**'v"'_

t on the semlconductor
y be pass or reflected
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.Semiconductor Interaction

/

- e PV cell consists the P and

. N- 1
ymiconductor material. These layetr}s'p:rea;/::irn:(:r
er to form the PN junction.

u ction is the interface the p-type and n-type
When the. light fall on the junction the
,_» starts moving from one region to another.

tages of Photo Voltaic Technology :

mple and solid state electronics device
verts directly solar energy into

t have any movable mechanical

‘be operational without any

ong time.

into modules and arrays

 rec irements of any system.

ertise and skills are required

) il,voltaic device.

of working is quite high.

R L -

ggxggraggrs without any

¥

ce they give green
o)

udy weather.
from 6% (0

2.  Where electrical power grid is not available
in remote area, solar photo voltaic panels can

supply electrical energy for domestic lighting,
water pumps, TV, and mobile towers for
communications purposes.

3 Solar Power is frequently used in consumer
product applications like calculators and mobiles,

which require small amounts of energy-
Solar cells are used recreation Vehicles (RVs).
5. Solar cells are also used boating and in

battery recharging stations.
6. Large-scale desalination plants can also be
PV powered. Larger off-grid systems using
an array of PV modules and having more
battery storage capacity.
power plants, central

ly solar energy have
es like Spain,

g ilsike conventional
~power plants using on
been installed in the countri

Italy and U.S., Japan etc.

er plants using concentrating

8. Central pow
collectors and heliostats.

9. The unused areas required for installations of
SPV modules are rooftops, sunshades, walls
balcony and doors and panes used to fix solar
panels in office, commercial and domestic

buildings.

Syllabus Topic : Optical loss in Photovoltaic Cell

39 OPTICAL LOSSES :

«  The working efficiency of solar
because of following reasons :
1. Mismatch the bandgap of the material with
the solar spectrum.
2. Reflection loss of light.
3. Total o" m of solar energy is not absorbed.

Less intensity of light.

__The e are a number of ways to reduce the op

losses :

1. Top contact coverage of the cell surface can
be minimised. :

2 Anti-reﬂection coatings can be used on the

top surface of the cell.

cell is decreased

tical

-

WPt

“The solar cell can be made thicker to increase

absorption.
~ The optical path length in the solar cell may
be increased by a combination of surface

e texturing and light trapping.
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Syllabus Topic

3.10 EXCITON .

- An exciton IS a boy

! oound state ) |
the elec rostatic
Stalic

» T}-‘

ac CO-RC;‘;‘I QI exciton

11 Lares B
coutomo f

of a 2 « oo >
Vi alom m a lattice msulators

. He proposed that this excited
the net transfer of charge.
. There

A tWo types of exciton.

1.

Frenkel exciton

.\i()tt-\‘v'anmer exciton

i ———— - ——— -
! \
! \
E, Excitonic keval
!
ke o il
Valence Band
(2) Energy level diagram for a typical
semiconductor along with the
excitation energy level
FIG. 3.10
-

Wannier exciton. (Fig. 3.10(b))

13 Was nrst

13 . 3
d state would be abl

e travel in a particle like fashion through the

When electron hole separation is com

] n and an electron hole which are attracreq 10 ene
1 electron and an ele

, . 931, where he deseriha
oposad by Yakov Frenkel in 1931, describe

\ |

- - - - .

\_\. - .’ -
S

(®) Mott-Wannier
excition
In typical lattice

h Othey by

d the cxcilmmu

lttice

W"l\(ml

Yakov Frenke|
Yakov Frenkel (1894 - 1952)

He was a Soviet physicist and known for
his works in the field of condensed matter
physics. He contributed to Semiconductor
and insulator physics by Proposing a
theory, which is now commonly known as
the Frenkel effect. In 1930 to 1931,
Frenkel showed that nautral excitation of
a crystal by light is possible, with an
electron remaining bound to a hole created

ata lattice site identified as a quasiparticle,
the exciton.

parable to lattice constant then

*  When electron hole separation is much larger compared to |

exciton is known as Frenkel exciton.
attice constant, the exciton is known as Mott-

In first case electron-hole pair is tightly bound w

. As energy related with the enerey gap E_ decides ¢
band and free hole in vale. ¢ band then energy g
(as shown in Fig. 3.10(a))

hile in second case electron-hole pair is weakly bound.

he energy required to create o free electron in conduction
ap is slightly greater than the energy of such an exciton.

Syllabus Topic : Drude Model ‘ '

[January-2019, 4-Marks|

rude to explain the transport

3.11 DRUDE MODEL :

1. Explain Drude model.
»  The Drude model of electrical conduction was proposed in 1900 by Paul D
properties of electrons in materials (especially metals).
A The electron theory aims to explain the structure and properties of solids th
¥ These valence electrons form an electron gas surround the ion cores and
the metals.

rough their electronic S"’“’:w'?'
: ithin
are free to move anywhere withl
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,rtant Point of Drude Model : A

P

n

1 [m

(1 an atom, electrons revalue around the nucleus
l. i

nd @ metal 18, composed of such atoms

valence electrons of atoms are free to move
¢ the whole volume of the metals like the
les of a perfect gas in a container, The
4 collt‘C‘iO" of.valence electrons from all the atoms
- given piece of metal forms electrons gas. It

is free 10 move throughout the volume of the metal.

rl'}] L\
3b\‘ll
molecu

Paul Drude

3 These free electrons move in random directions and .
" collide with either positive ions fixed to the lattice
| or other free electrons. All the collisions are elastic

Bie., there 1s NO loss of energy.

Paul Karl Ludwig Drude ( 1283 ~ 1908}

He was a German physicist specializing in optics. |
He wrote a fundamental textbook integratina
optics with Maxwell's theories of sleciromagnetisn. ‘
He derived the relationships between the optical|
and electrical constants and the physical struciurs |
of substances. In 1900 he developed 2 powerfisl |
model to explain the thermal, slecirical, and|
optical properties of matter. He explzin the
transport properties of elecirons in materials
(especially metals).

PAUL DRUDE

| The movements of free electrons obey the laws of
the classical kinetic theory of gases.

s -me electron velocities in a metal obey the classical

- Maxwell — Boltzmann distribution of velocities.

" The clectrons move in a completely uniform
 potential field due to ions fixed in the lattice.

- When an electric field is applied to the metal, the free electrons are accelerated in the direction opposite
“to the direction of applied electric field. 3

pplications of Drude Model : j = — nev
k . ne’t
> electrical conductivity of metal : e E

y
‘=IR;E=PJ : c_nezt\ [’:izﬁ'}
mber of electrons with velocity v crossing area - E ]

n time dr is nv Adr, each has charge —€; | . This is the dc conductivity in Drude model.

"

ITe densi i
. then 2. Hall Effect and Magnetoresistance :
.3--"” . . - | Current j,; magnetic field B, Lorentz force — ev
trons are moving randomly; so need to take x B; force same on + Ve and — Ve charges; hence

. side; Hall voitage has

velocity for v. In equilibrium average they move on the

vanishes; no net electrical current. - different sign ‘

electric field — an electron will have a &
iy v = vy — e B) (¢ is time since last . A ; L =
bl = mmgwlﬂm

o "o'ﬂmveloemy it came out with after
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- . danendent and
[ teady state current 1§ time-indepenc
n steady st

hence :

[ X B
BD o LefB+ 220 )
5 Mas |
T )
p "/)\'B
L = - A
T m
P, L
_____ = -y — e
T m
S E; = Jj, + 0.1,
0-0 E.\. o (oc‘rj.‘ = j_)'

[ oy ( 1 wﬁ]-
( =— J
Op - Q.7 1

*  For Hall samples; Jy = 0;
Es 1

—_— = —_——

/. B :

* In reality, the carrier densities are not always
given correctly by the Drude formula;
+ Ve sign was also not understood till Quantum

. So,

Ry =

-
<

mechanical theories came in.

4.
« Time dependenl'elec?trlcal field E(‘) =B i
equation of motion is ;
d PO
dre = T
. Solution —p(t) = pge ",
ol L
b %S
%o
B l—ionE
Lozt w00
E  1-iot
(9)
Ly l-iwt
. . o oo
* The AC conductivity o(w) = =

PhYSIEs (G

; mﬁl&m
Magnetoresistance 1s zerm

since J,(H) = G0y = J4(ED: ReE S

systems.
AC Electrical Conductivity of Mety) ,

|' EXERCISE |

. Define following terms with respect to
semiconductor devices.
(1) Absorption of radiation. (Refer Section-3.1)
(2) Spontaneous emission. (Refer Section-3.2)
(3) Stimulated Emission, (Refer Section-3.3)
(4) Meta Stable State. (Refer Section-3.4)

2. Write short notes on Density
(Refer Section-3.6)

Light-

of state for photons.

3. Explain Fermi Golden rule for transition probability,

6. Discuss the advantages and disadvantages of
photovoltaic technology and its application.
(Refer Section-3.8.4, 385 & 3.8.6)

7. Explain optical losses in photovoltaic cell.
(Refer Section-3.9)

8.  Define and explain exciton. (Refer Section-3.10)

9.  Write short notes on Drude model.
(Refer Section-3.ll)

(Refer Section-3.7) 10. Explain Drude model and discuss how it is used
4. Explain photovoltaj ffect in detail for D.C. and AC. conductivity measurement.
: Pfain photovoltaic effect in detail. Refer Section.
(Refer Section-3.8) ( ection-3.11.2(1) & 4) e
¢ . ¢ 4 11. Explain Drude model and discuss how it is
5. Explain the working solar cel] with neat diagram, for Hall measurérnert-ard magnetoresistance.
(Refer Section-3.8.1, 3.8.2 & 3.8.3) (Refer Section-3.11.2(2) & 3) v
GTU QUESTIONS AND ANSWERS

1. What is photovoltaijc effect.
and working of solar cel.

Explain construction
(Refer Section-3.8)

2. Derive an expression for Joint density of states,

(Refer Section-3.6)

o

3. Discuss ferm; golden rule. (Refer Section-3.7)

4.  Explain emission anpd absorption
(Refer Section-3.1 & 3.2)rp

- Explain Drude model], (Refer seeﬁon,a.ll)

5
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. [January-2019, 7-Marks]

Be four-point probe method Fig. 4.1 is used
re the resistivity of semiconducting materials.

s method four probes is used.

ance between each probes is equal to S.

. Current source is connected between the |
M‘, o :‘;7-
‘between the inner two probes V

peter is connected between inner two “

= The differential resistance can be written as

lt]

where, dR is the resistance between two points
with the distance of dx, A is the area that the
current goes through and p is the resistivity of
the sample matenal,

(D)
-

" FIG. 4.1 : FOUR-POINT PROBE SYSTEM

} J-! A L1

ER—
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=8 _/ g "‘_‘A
. Therefore, the area is the
circle times the dnchu

+  Taking integration on both sides of equation (1).
we get gives :

_ Pof A = 2nxt
np -, s

=Tp dxz
9

2RX

(2
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ylie gtlons &

[Lemote sensing areas,

|
induction hardening process,

L Accurate goemetry factor estimation,
N DER PAUW METHOD :

Van Der Pauw Method is a technique commonly
o measure the resistivity and the Hall coefficient
ample.

¢ above method, the following properties of the
be calculated :

stivity of the material

ing type (i.c. whether it is a P-type or
aterial)

bility of the majority carrier

first propounded by Leo J. Van Der

agnet (500 to 5000 Gauss).
i source ranging from 10 pA to

ped hnce voltmeter ranging from 1 pV

%measuring probe.

ty Measurements :
%jf the four ohmic
?’sf‘ K% X

_ f’&f"-céiintei clockwise

L BhT . “\‘ ;“ : y

: ﬂ“ :
‘batch of wire for
to ~ minimize the

e
tacts should consist

Leo. J. Van Der Pauw

Leo J. Van Der Pauw was born in Rotterdam.
The Netherlands, in December 1927. He
received the Ir. degree in physical engineernng
and the Ph. D. degree in technical sciences
from Delft Technical University, Delft, The
Netherlands, in 1951 and 1968, respectively.

=
>
<
o
14
L
o
=
<
>
£
o
T
=

Since 1953 he has been with Philips Research
Laboratories, Eindhoven. The Netherlands,
where he has been working in the fields of
solid-state physics, computer science; and
applied mathematics.

4. V,, =dc voltage measured between contacts

1 and 2 (V, — V,) without applied magnetic
field (B = 0). Likewise for V23, Vi Vaps
Vo1, Vigs Vi V3, (in volts, V).

Va

2 3
FIG. 4.2 : SCHEMATIC OF A VAN DER
PAUW CONFIGURATION USED IN THE
DETER-MINATION OF TWO
CHARACTERISTICS R, AND R,

Scanned by CamScanner



60

Syllabus Topic : Resistivity e

4.3

RESISTIVITY MEASUREMENTS :

1. Apply the current I,, and measure voltage
Vi

2. Reverse the polarity of the current (I;,) and
measure V.

3. Repeat for the remaining six values
Varr Vi Via Vai Vas Vi)

Eight measurements of voltage yield the following
eight values of resistance, all of which must be
positive.

Ry, 3 =

]

Ry 4
Ry 4= 4

Ry 14 =

Vi
Ry 2y = 224

) Il4

Ry 3, = -2
4,32 = T

Note that with thin switching arrangement the
voltmeter is reading only positive voltages, so the
meter must be carefully, zeroed.

Because the second half of this sequence of
measurements is redundant, it permits important
consistency checks on measurement repeatability,
ohmic contact quality and sample uniformity,

Measurement consistenc
requires that :

Ryt, 34 = Ryy 4s
R43. 12 = R34. 21

y following curren; reversal

Ry 41 = Roys 14
R4, 23 = Ry 5

e[
The reciprocity theorem requires thay = =5
€

Ry, 34 + Riz, 43

Ry 12 + Rag, 21

and Ry 41 % Ros, 14

Ris 23 + R4y, 32

If any of the above fail to be trme Withip s
investigate the source of error.
4.3.1 Resistivity Calculations :

«  The sheet resistance' R, can be determineg .
the two characteristic resistance

(R21,34 +Rip 43 #+Ry3 1, 4+ R

34.2)
R, = 4
Raz a1+ Ry 14+ Ry 4Ry, )
and Rg = PR oo
n-R v
BTV (=0 Ranty
*  Resistivity, p = R -d
nR
= 105
2
where, R_ = Sheet Resistance

Thickness of conducting layer.

4.3.2 Definitions for Hall Measurements :

*  The Hall measurement, carried out in the presence
of a magnetic field, yields the sheet carrier density
ng and the bulk carrier density n or p (for n-type
and p-type sample) if the conducting layer
thickness of the sample is known.

The Hall voltage for thick and heavily doped

samples can be quite small (of the order of
microvolts),

The difficulty in obtaining accurate results is not
merely the small magnitude of the Hall voltage
since good quality digital voltmeters on the market
today are quite adequate.

The more severe problem comes from the large
offset voltage caused by non symmetric contact

ple!cement. Sample shape, and sometimes non
uniform temperature.

is to acquire two set
for positive ang one

direction, The relevant definitions are as follows
(Fig. 4.3). : bt

ot
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Coordinalc 8ysiem ——

Z *  The above eight measurements of Hall voltages
Vaup Vaze Viap Vaip Vg Vaone Vion 206
V3 determine the sample type (n to p) and the
carrier density n, the Hall mobility can be
determined from the sheet density n, and sheet
resistance R obtained from the resistivity
| P measurement.

This sequence of measurements is redundant in
that for a uniform sample, the average Hall
4 voltage from each of the two diagonal sets of
contacts should be the same.

4.4.1 Hall Calculations :

*  Steps for the calculations of carrier density and
Hall mobility are :

p Vii=Vop *  Calculate the following (be careful to maintain the
> OF A VAN DER PAUW signs of measured voltages to correct for the offset
THE DETERMI- voltage).
VOLTAGE VH Ve = Vop — Vaun
.; A = N/
ir tﬁd into lead 1 and Vp = Vap 42N
d 3. Similarly, for VE = Vizp = Vian

Ve = V3ip = Vain
iform magnetic | «  The overall Hall voltage is then
el to z-axis (true
?Vefor—ve v * VC+VD+VE+VF
, = 5
¢ The polarity of this Hall voltae indicates the type
of material the sample is made of. If it is positive,

) the mateiral is P-type, and if it is negaitve, the
material is N-type.

ey IB
; Q|VH|

* The Hall mobility is calculated from the sheet
carrier density n. and the sheet resistance,

0= (in units of cm? V™' §7)

'No need to measure sample widths or
- distances between contacts.

- _ §1mplc geometries can be used.

Lkt

re .. gs' tal;c about twice as long.
 contact size and placement can
nt when using simple geometries.
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e MEASUREMENT. ¢
45 HOT-POINT PROBE MEASUREM

i obe method.
1. What are hot probe methoc .
[January-2019, 3-Marks]

»d for determining
. Hot-point probe method is used for dete

_ P g - n-type.
whether a semiconductor is p-type of i

Hot Cold
probe probe
H) (©) @
o Hot
(a) Energetic holes
diffuse away (b)

Hot
(+)

fre
L g

Energetic electrons
diffuse away (©

FIG. 4.4 : HOT-POINT PROBE MEASUREMENT

4.6 CAPACITANCE VOLTAGE MEASUREMENT ;

Capacitance voltage measurement (C-V method)

for measurement of the barrier capacitance of

junctions, like p-n junctions, metal-semiconduct

and even metal-oxide-semiconductor (MOS) st
* In1942, w. Schottk

be determined from the C-V measurement,

This method, is called the C-V techni

determine impurity  distribution of
semiconductors devices.

The C-v technique exploits d

charge region by a reverse bjas.

This dependence made possible ¢
Schottky barrier diodes, P-N
MOSFETs.

* Let’s consider the asymmetricall
Fig. 4.5. '

is a method
semiconductor

Or junctions
ructures,

y discovered that impurity distribution can

que is widely used to
doping profiles of

ependence of width of a Space-

he C-v profiling method on
Junctions, MOS capacitors and

y doped junction{shown in

S r———— ' e (F b“p'l])
The hot point probe (HPP) compﬂﬁas i

o Phygjeg (G, ‘

t i
: "“"f°ﬂmm ly
The cool probe C is at room tempef'mu By,
the hot probe, is heated to g higher A

re, iy !
; m Fay '
electrically. f

probes, C and H, connected by .

When the probes are in contag With ¢
charge carriers tend to diffuge thrgught e':mmc, »
from H towards C, causing 4 Curren to“lmplc 4
The net current will depend prim
majority carriers, electrons for n-ty
I’(,rl p-type sumplcs.

Pe ang

Since these carriers are of Opposite
direction of net current flow wij| diffe
two types.

Sign» the
I for the

If H is positive w.r.t. C, the sam
(as show in Fig. 4.4(c)),
(as show in Fig. 4.4(b)).

ple g Nt
otherwise jt i Dype

Thus, the type of the sample can be det
by the direction of deflection of 4 e
current meter.

erming(
T0-Centey

Walter Hans Schottky (1886 ~1976)

Walter Schottky, a famous name in th:
fields of electronics and physics -He w:,
a German physicist who played a m:{,n
role in developing the theory of elec
and ion emission phenomena. He mﬂas
many significant contributions in the /e al

of Semiconductor devices, techn’® 1
Physics ang technology. He was awa! h
the Royal Society's in 1936 fo. i
discavery of the Schrot effect. 3

WALTER HANS SCHOTTKYW

Scanned by CamScanner



—h
W =

E — Positive Domriom

o 3 — Negative acceptor ions
_5 MMETRICALLY D
CTION UNDER BIAS CON?)III'EIIZ);.N

re shows a DC voltage bias Vp is applied
de and the P-side connected to ground.

s negative (P-N junction is reverse
S are attracted to the P-side contact

’
ted to the other contact.

€ are more positive donor ions
d negative acceptor ions on the
g at the depletlon layer (with

ve bias eventually extends
\ which in turn increases

’ﬂi4J v

ally produces a space-

R wfﬁ,W

63

e —

In Equation (3), the term ﬁ?-v(&,l
(¢

is neglected
Or is assumed to be zero.

The capacitance of a P-N junction is given by

where, K €, = 11.7 x 8.85 x 107'2 F/m, A is area
of the P-N junction and W is width of the
depletion layer.

.. (4)

Advantages of C-V Technique :

1. It is a simple technique where not many
equipment are required for extracting the
capacitance and voltage.

2. Measurements can be taken directly from the
device in which doping profile needs to be
evaluated.

3. Doping profile can be extracted with little
data processing.

4. It is a non-destruction method as the device

is not damaged after measurement.
Disadvantages of C-V Technique :

1. It can only extract doping profile of junction
in reverse bias, where conductance is small/

negligible.

2. It is an approximation and only works for
abrupt junctions.

3. The doping profile near the junction cannot

be extrac%due to the zero bias space-charge

regnon width.

. Th extracted proﬁle is limited in depth by

" the voltage breakdown of the device. This is
serious in heavily doped regions.

" It can only extract doping profile of the less
highly doped side.

“Aréa of device cannot ,gly;ays be accurately
, ,dewumngqh\yhg];‘ gﬁw& the doping profile
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& i ODE
4.7 PARAMETER EXTRACTION FROM DI

I.V. CHARACTERISTICS :
oltage (I-V)
The p-n junction current voltage (

.4 for the last
characteristics have been studied for
twenty years.

.«cribed by the
The (I-V) characteristics can be described by

equation :

T V-R,I|
5, 7\\-R(ll ’\Lj_l)+ § |
I=1, (e R,

where, B = kT/g is the thermal voltage, I is the
saturation current, A is the junction ideality factor,

SR ()

R, and R, are respectively the series and shunt
5
resistance.

*  Equation (1) introduces four parameters I, A R,
R, related to internal properties of the electronic
device.

* For these junctions, the shunt resistance Ry,
: : : (V-R.]I)

Is very high and the expression T
small by comparison with the other terms in
equation (1).

*  Moreover, the calculations are performed here for
voltage values greater than 0.4 V and the term
I is completely negligible with respect to the
€xponential term.

*  Taking into account these remarks, equation (1)
is reduced to :

LV=R,I+AB In q
: I

*  For this method, a similar equation is considered
for another characteristic :

- (2

where the values of the parameters R, A’ and
I, are arbitrary. Combining equation (2) and (3),
the difference AV = Vv’ — vy may be written in
the form :

N C)

+BA -Inl)-A".In Ip)

/AV=(R;-R,)I+(A'-A)-lnI

where, A = A’, the curve :

a straight line :

va =(R, =R, @
7]

From these results, a numerica] Process
elaborated to extract the Parameterg

: A
of a junction from its experimentalp andln
)

May be

characteristics.

* A theoretical characteristic V’ = Fa()) (equatiy,
is considered with arbitrary valyeg R, A ang

« Then, A’ is varied to determine the valu.
A" = A so that AV becomes a linear functiop ef

0

the current.

* Itis performed, while varying A’, by seeking s,
maximum value of the linear correlation coefficiep,
R? between the experimental and the theoreticy)
characteristics.

* The slope a and the origin ordinate value p of
the obtained straight line in Eq. (5) yield. |

R, =R -a e (6)

and

E
Ip =TIy exp AB . (0

*  This procedure leads to obtain, with equation (2)
a fairly exact fit to the experimental (I, V)
characteristics.

*  Fig. 4.6 illustrates this result and shows junction

(I, V) characteristics (dotted line)

vw
08
0.6
0.4
0.2 LTt
S 1(mA)
0+ t — =55 ——
0 10 20 30 40 i

FIG. 4.6 : DESCRIPTION OF THE
EXPERIMENTAL (I, V) CHARACTERISTIC
(DOTTED LINE) WITH THE ONE

EXPONENTIAL MODEL
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EEP LEVEL TRANSIENT SPECTROSCOpy

, (DLTS) . m
estions

. experimental procedure for DLTS

[January-2019, 7-Marks]

2
Level Transient Applied Voltage
opy (DLTS) is a powerful :
ogy for the detection and o ? : 5
on of electrically active il
- 85 traps) ip
‘contamination A
Capacitance
: Minority carrier trap
(2L

]

C(VR)--
Cot+
‘.; 6 £l t2 Time
Majority carrier trap
FIG. 4.7 : APPLIED VOLTAGE AND CORRESPONDING
5 M CAPACITANCE TRANSIENT

el are filled by electron capture during the pulse.

ms to reverse bias, electrons trapped in the deep level states partly

e width of depletion region become slightly smaller and the
vious steady state value. e o 4
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Capacitance
filling pulse mefer
voltage e

i

cryostat

Heater
power
supply

Temperature T
controller

Correlator
e ———

Temperature |
/ sensor |
|
l.
DLTS f

signals

Computer l

FIG. 48 : BLOCK DIAGRAM OF THE DLTS SYSTEM

Syllabus Topic : Band Gap by UV-VIS Spectroscopy Absorption / Transmissmn\\

\

49 ULTRAVIOLET - VISIBLE (UV -

GTU Questions
1.

VIS)
SPECTROMETER :

Discuss UV - VIS method for band gap

semiconductors.
[January-2019, 7-Marks]

measurement of

To find the
energy band gap L
of different
samples by
measuring the
absorption %
spectrum, UV — £
VIS  spectro- §
meter is used. ‘-:-f

Conduction band

The term ‘band
gap’ refers to the
energy difference
between the top
of the valence
band to the
bottom of the
conduction band,
Fig. 4.9, in which
electrons are able
to jump from one
band to another,

Valence band

Density of states

FIG. 49 : EXPLANATION
OF BAND GAP

Measuring the band gap is importan i
semiconductor and nanomaterial industries, Ty,
band gap energy for insulators is large (> ¢ eV)
but lower for semiconductors (< 3 ev).

A diagram shows the band gap is shown i

Fig. 49.
UV - VIS spectrometer measures the intensity of
light passing through the sample (I) and compares
it to the calibrated intensity (I-

o ——p——— £ - vare

FIG. 4.10 : UV - VIS PHOTO SPEC'I_‘ROMETER

The ratio Ii is called the tmnsrmlm for &

particular wgvelength. e
The absorbance A is defined as, b

A=—|0g('I% L8 *"-* 3

The source of UV — VIS l‘ight"‘.i; 3
When the current in the circuit gradually
from zero. '




reé ““‘"‘s

b 'ﬂ~\

above formula, Band gap of an
or material can be calculated 3

 be calculated using Trace method
ow :

4
~nesten lamp fila
qhe (N P ment at fipg, S

. L‘”Hnlng 'Wilrmth, thlS ShoWs du“ feh to 67
badually brightness until it omigg o ir:i:,;nd then T = Transmission
doht. € White x = thickness of
g $ sample
Bd gap cnergy, E, = band gap of the material.
hv = Photon Ener
Absorbam . =
= 6.62 x 34 )
107°% Js A= |0g(i_
B 3 1080mA To
: = ~1/0
L p _ 124x10°¢ 1 s Yo
A W eV, A in meter where, 1; = Intensity of glass plate
1 = Intensity of the coated glass plate/

sample.
t = thickness of sample
8 = Skin depth of the material
phi
Ticy
where, p = Resistivity (for AC,2.8x 102 Q-m)
A = Wavelength
¢ = Velocity of light
g = Absolute magnetic permeability,

(1256 x 107° H/m).

probe method for

EXERCISE

5. Write short notes on C-V measurement and how to
determine semiconductor parameter.
(Refer Section-4.6)
6. Explain diode I-V characteristics.
(Refer Section-4.7)
7. Write short notes on Deep Level Tmnsignt &
Spectroscopy. (Refer Section-4.8)
o measure the band gap of the.
sample using UV-VIS. o

8. Explain how
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5.3.1 Electrical Resistance
5.3.2 Effect of Magnetic Field
5.3.3 Meissner Effect

5.3.4 Impurity Effect

585 Pressure Effect

¥

| SESEEIRAR T | T T

53.6 ISOtOplC Mass Effpct |

3137, Persmtent C t”

ey

Crmca] Curreﬁt '
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e

[NTRODUCTION TO SUPER CONDUCTOR :

e,
L. [January-2019, 3-Marks)

We know the Ohm’s law,

V|
——
where, R = resistance
V = voltage ' A

~
X

A\ 2s
I = current O ek

A superconductor is a material that can-conduct
“electricity or transport_electrons from one atom
to_another with no_resistance.

. electric _resistanceis-

- So, ina \.uln'rcnll(lllcl()l'. the electric re

“equal to zero (R =.0). . A

«  So if we putting R = 0-in-above equation, W gt
L¥ o t with

*  So, superconducting materials carry current wit
no applied voltage

Superconductor %

. It is a material that loses all its resistance (offers
zero resistance) (o the flow of qlcctrlg_CLlrrerlg,
when it is cooled below a certain temperature
called the critical temperature (:If(_).

. Example : Mercury, Zinc, Niobium, etc.

Critical Temperature (T)) :

. The temperature_at which a material’s electrical
resistivity drops to_absolute zero_is_called the
critical temperature _or_transition temperature,

J It is denoted by T,

Syllabus Topic : Introduction of Superconductivity

P

52 SUPERCONDUCTIVITY :

GTU, January-2019

‘

ll. Define superconductivity and critical temperature,

[January-2019, 3-Marks]

* Superconductivity was discovered by Dutch Physicist

Heike Kamerling Ones in 1911.
his low-temperature research.

* He found that when
liquid helium,

-
)
-
-
L -

Q'D
——"~— Resistivity () (Qcm)
1]

He was awarded the Nobel Prize in Physics in 1913 for

pure mercury (Hg) was placed in

than mercury (Hg) suddenly lost its
resistivity at 4.2 K. 1t was found to be 10-5 Q cm.

Super conductor

N

Heike Kamerlingh Onnes

Heike Kamerlingh Onnes (1853 -1926)
He was a Dutch pliyslclst . He discoverered
the concept of superconductivity. In 1911
@r’ﬁﬁnmgh’ Onnes measured the electrical

KAMERLINGH ONNES

M conductivity of pure metals (mercury, and
=¥ 1atertin and lead) at very low temperatures.
g He found that at 4.2 K the resistance in a

solid mercury wire immersed in liquid
helium suddenly vanished. He published
articles about the phenomenon, initially

/ﬁCritical temperature (Tc) e

42K  Temperawre (K)
Fig, 51

S0me materials lost its resistivity when the
as €

T ———

-7 * RESISTIVITY V/S TEMPERATURE FOR SUPERCONDU

referring to it as "supraconductivity” in 1913
he received the Nobel Prize in Physics.

CTOR AND NORMAL CONDUCTOR

i3

y are kept below certain (emperature.

This phenomenon is known

Scanned by CamScanner
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N
1,

Physics (Gl‘oup.")

value of temperature where_resistivity of

lI»‘L‘ - ’ (19 “ "an 5

: mar rial becomes zero is known as ‘‘Critical

et (T,)” of that superconducting
temperature o

[ {EN
el

Syllabus Topic : Properties of Superconductors

PROPERTIES OF SUPERCONDUCTORS :

GTU, January-2019

n properties of superconductors.
[January-2019, 7-Marks]

Important
conductors are

properties. of
given below

super

Electrical Resistance
2. Effect of Magnetic Field
Meissner Effect
i 4. Pressure Effect
Impurify Effect
Isotopic Mass Effect

Electrical Resistance -

The electrical resistance of a
material _is_ ve
of 1077 Q.

superconducting
Iy low and is of the order

«  Where H, is the critical field

« The critical

Fig. 52 gives the graphs of H “vergyg tempe,

field decreases with in

: CreaSing
temperature and, becoming zero at T - <

c

rature (K).

Ho
=] N L
i) State
[+
'g S C C
b=
8]
TC
Temperature —— o
FIG. 5.2

The material is said to be in the superconductin
state within the curve and is non-super-condugting
(normal state) in _the region outside the curve.

Syllabus Topic : Meissner Effect

Syllabus Topic : Effect of Magnetic Field

5.3.2 Effect of Magnetic Field -

When a super conductor is

placed in a strong
magnetic field,

its superconductivity destroys at
4 particular value of extemnal magnetic field,

4 .I.f_a-subsmugg_ﬁ‘ingupq, conducting s

g _state below |
Jts critical tcmperatun:,]fr(T <T i

o).and sufficiently
-slrong._magnetic field is applied, the super
conductivity state disappears and the substance
| conducting State.
minimum value of '

*  The critical magnetic field of a superconductor is
a_function of tem erature,
The variation of H_ with temperature is

——

I —(QT

a1

given by

o "'-’:-*(l)'" —r

5.3.3 Meissner Effect :

hen s
magnet|
f)

uperconductor s laced in an

Xpels_all magnetic flux li
is_known as “Meissner effect”.

When the Superconducting material is placed in

a magnetic field (H > H)) at room temperature,
the magnetic fielq is fou

nd to penetrate normally

throughout the material Fig, 5.3(a). 2
*  However, if the lemperature is lowered bGIOW.Tc'
and with H < H, the material is found to reject

all the magnetic field penetrating through it i
shown in Fig. 5.3(b). '

The magnetic induction inside the specimen 15

given by _
B =, (M +ﬁﬂ = gy e
B = magnetic field ind.uqtion_',_ﬁ {ﬁ,f
H = magnetic field intensity i
LMo

B Scanned by CamScanner
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T'—'—TC and H=HC

FIG. 53

(a) Normal State
We know that B = 0, inside superconductor when
TS B
0=py; M + H)
‘M =-H
M5 4o
T - 3
* Magnetic susceptibility (x,,) is given by,
M
H K o4l
¢ 80 Am = = 1.

Thus, this means that, for a super conductor the

susceptibility is negative and maximum. .. SUPEr
conductor_exhibits_perfect dxam_ag,netlsm

——

———

\Eyllabus Topic : Impurity Effect

334 [mpurlty Effect :

-rm“i‘l of _material _direc QZ effep;s C"UC“IJ

of

hlft ‘°Wards 0 K %

T<T. and H<H_

(b) Super-conducting State

Syllabus Topic : Pressure Effect

5.3.5 Pressure Effect :

Some materials behave as superconductors when
they are placed under pressure. For example,

- cesium is not superconductor in normal atmospheric

preéwre at 1.5 k, but when 110 k bar pressure
is applied on Cs, it shows superconductivity,

below its T, value.

‘_'

Syllabus Topic : Isotopic Mass Effect

et

5.3.6 Isotopic Mass Effect : G oril?

 proport

———

LB

The critical temperature (T,) of a mpammd!lw‘
is found to vary. wuli its W mass. '
-en T.. and the isotopic mass s

¢ here M is the {sotopic mass.
| is _inversely
The transition emperature 1§ 10 e
3 ional to the square root of the jsotopic
i

of a smglc super. gonduc.tor 4

e - 1
Rulgtis cres

amﬂ;’-"ﬂ\lﬂﬁ !s. bcallad lsolc)pl._
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interaction,

72

7 nt
5.3.7 Persistent Curre

laced 1n 4
onductot I

[ rng
Consider 1 =

Walaw the critical temperature,

upercol ducting

( becomes If :
‘ ’ € 18.
{ S ¢ rent 1n ”L rr
l field imduces a cur
[l external I

nt is made to flow through a super

When curre S i | | i ;

i ring which is at a temperature either

nducting g ) ' o g
value or less than its T value,

>d ! to 118 l
equal ;
" I\L‘kl [hi ”](' curren Nas l]()w|”é t 1 )U; h
ODS( .t rent wa 4 II( J

- p e - &
material without any .significant loss in it
Vdlug .
T'his steady flow of current in a supcrconductmg

vithout any potential deriving it, is called the

persistent current.

FIG. 54 : PERSISTENT CURRENT
EFFECT IN SUPERCONDUCTOR

| 54 CRITICAL CURRENT

CURRENT DENSITY :
1. Critical Current (IC) :
+  When a current_is_passed _‘\h_f&ggh i
under superconducting Swt@m@_ﬂ@gﬂéﬁ\gﬂﬁ%‘ﬁﬁ
developed 8
» If the current increase beyond certajn Vil
maghetic field increased Up 10 critica] .i’aTué'F
which conductor returns to ifs NOTMAl §tame

«  This_value of current-is-called Critical Curren

' ﬁ’; 2rnrH, . b

, Critical Current
r = Radius of Superconducting
Critical Magnetic Field

where, I

H

c

2. Critical Current Density (J ) :

* It is defined as the maximum current thas G e
permitted in a_ Sgpermnduz{i;gyrrrrmxmr ‘
destroying its_superconductivity state,

* The relation between critical current density ()
and critical current (I) is given by

I —
J, o £ ===
LR

where, A = Superconductor Cross Section Area

o

Syllabus Topic : BCS Theory

5.5

BARDEEN, COOPER AND SCHRIEFFER

(BCS) THEORY :

GTU, January-2019

f 1. Explain mechanism of superconductivity.

[January-2019, 4-Marks]

* This theory was developed by
Bardeen, Cooper  and
Schrieffer.

This theory states that the
electron experience special kind
of attraction Interaction,
overcoming the coulomb forces
off repulsion between them, as
a result Cooper pairs,
At low lemperature, these pairs
move without scattering i.e.
without any resistance through
the lattice points and the materials
become superconductor,
Here the electron — Jattice=
electron interaction should be
_ Stronger than electron - electron |

JOHN BARDEEN * LEON N COOPER
- ROBERT SCHRIEFFER

John Bardeen (1908 -1991)

He was an American physicist and slectrical engineer.
He is the only person who won the Nobel Prize in
Physics twice: first in 1956 with William Shockley and
Walter Brattain for the invention of the transistor; and
again in 1972 with Leon N Cooper and John Robert
Schrieffer for a fundamental theory of conventional
superconductivity known as the BCS theory.

Leon N Cooper(1 930)

He is an American Physicist and Nobel Prize laureate,
Who with John Bardeen and John Robeﬂ‘wﬁeg
developed the BCS theory of superconduetivity.[He :
also the namesake of the Cooper pair and co-develope
of the BCM theory of synaptic plasticity.

John Robert Schrieffer (1931)

He was educated at the Massachusetts '“sm"eo“ '
Technology, Cambridge.He is an American phys! a
who. with John Bardeen and Leon N Cooper, Wes &f
recipient of the 1972 Nobel Prize in P% et
. developing the BCS theory, the first successful quan"
er theory of Superconductivity.

e

Scahhed by CamScanner



CLIvILY
I-(-nlld‘“““ =
e _—

Pt _——

| I:lcctl‘““ - Lattice — Electron lnteraction

when a0 electron  (1%) mgyes throy

e gh ¢

“mcc. it will be attracted by e cohe
~y charge) of the lattice. Due to thig attract re
(+ € lon,

o COre is disturbed and it is caljeq as lattice
isortion: The lattice vibrations are quantized i
(erms of phonons. 4 s

The deformation product a region of increased
ositive charge. Thus is another electron (2nd)
oves through this region as shown in Fig. 55.
(« will be attracted by the greater concentration

of positive charge and hence the energy of the
»nd electron 1S lowered.

_ fence the two electrons interact through the
lattice (or) the phonons field resulting in lowering
of energy of the electron. This lowering of energy

implies that the force between the two electrons
are attractive.

., This type of interaction is called Electrons —
Lattice — Electron interaction. The interaction is
strong only when the two electrons have ‘equa-l and
opposite momentum and spins.

(@) o o 0
1"electron 2"electron
(s (@) o
Lattice :

o o o6 0O
FIG. 55 |

O . oa i et AR TS

Explanation :

Consider the 15t electron with wave vector k
distorts the lattice, there by emitting a phonons

of wave vector g. This result in the wave vector |

k ~ g for the 1% electron.

it e S on

i ;_zu_';] .-

the lattice, it takes Up the energy fror
and its wave vector changes to k.

in Fig. 5.6, Two electr B
q and k' + g from a pa
Cooper pairs.

Ph . ~ e el
Vsicy (Gmup.", /2019 /10

II

- FIG. 8
56 : ELECTRON-PHONON INTERACTION

3.

Cooper pairs :

Th .
€ pairs of electrons formed due to electron —

lattice —
. tice : electron (phonons), electron — electron
Interaction (forces of attraction) by

overcomin
the electron — electron -

. interaction (force of
repulsion) with equal and Opposite momentum and

SpIns i.e., with wave vector k — q and k' + g are
called cooper pairs.

Coherence length :

In the electron — lattice — electron interactions. the
elections will not be fixed, they move in opposite
directions and their co-relations may persist over
lengths of maximum of 10°® m. This length is
called coherence length.

Syllabus Topic : Penetration Depth

5.6 PENETRATION DEPTH :

e When a magnetic field is applied to a super
conductor, the applied field does not suddenly
drop to zero at the surface. e

o Instead the field decays exponentia A
to the formula

£y pth k varies from 300 to about
VO Se an the material. It is
% nm y of the magnetic field but
e;.iénds’ on temperature.
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The temperature dependence of A 1s given by the |

relation

]' \
2

e Physies (g

- roup,
where, A = Penetration depth a T d
K

— Penetration dt‘pth at 0 K. Uy

. Pende,
temperature. As the temperature g nt
PProache

transition temperature A increas
eSS rapldl
¥

)
\o
At low temperatures, A is nearly S,
of

g

approaches infinity.

Syllabus Topic : Josephson Junction

S

5.7.1 Josephson Effect :

7 JOSEPHSON JUNCTION :
When two superconductor are separated by an insulating
layer between them, this is called Josephson Junction
superconductor).

(superconductor — insulator

— Insulator

Z

Fd

When a DC voltage is applied to contact points
of superconductors (Fig. 5.8) electrons will flow | o

from one superconductor to another through oxide 1
insulator. This phenomenon is known as “Josephson
Effect”. e
[ — Oxide insulator
Superconduclors ¥ —_-—F— Vv ﬂkﬁé :  2.
| T

ot

The insulator normall

mmfmww

FIG. 5.8 : JOSEPHSON EFFECT

y acts as potential barrier (o

the flow of electrons from one superconductor to | |

the another superconductor. '
ier | iently thin there 1S

i arrier 1S sufficiently |
If  this b: i b et

Brain David Josephson

Brian David Josephson (1540)

He is a professor of physics at the University
of Cambridge. He is known for his work on
superconductivity and quantum tunnelling, he
was awarded the Nobel Prize in Physics in
1973 for his prediction of the Josephson effect,
made in 1962 when he was a 22-year-old PhD
student at Cambridge University.

BRAIN DAVID JOSEPHSON

the barrier, even if its energy is less than the
height of the barrier.

There are two types of Josephson effect :

DC Josephson effect :

Even if an extemal electrical field has been
removed from Josephson junction, DC current
flows from one superconductor to another ﬂlr?‘ugh
oxide insulator. This effect is known as DC
Josephson effect™.

AC Josephson effect :

When an external electric field is applied o both
the sides of Josephson junction, current pﬁﬁi
from one superconductor to another through &%
insulator with high frequency, This
known as “AC Josephson effect™

If applied potential difference across the
is 2 eV then frequency of current is &

e »

iven b

-~

v=

-|%
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Syllabus Topi

. PIC : Application of Jose 1
— sephson Junction
APPLICATION OF JOSEPHSON JUNCTIO
] SQUID works on a principle s
: of Josephson effect.
SQUID iIs known as

#Superconducting Quantum
Interference Device™.

Magmetc Ficld

Super conductor

g
is a magnetometer which
asures small change in C“mm—-L

gnetic field as well as of a
\ current is passed \
- one side of Joseph junciton / ‘
uctor it flows ) / | \ g
ugh both the Voltage drop across junction .——/—-J

SQUID through

nction. FIG. 59 : SCHEMATIC DIAGRAM OF SQUID

tive to magnetic flux. Therefore change

ng through the Josephson junctions is very sensi
ss Josephson Junctions

will lead to change in current and hence voltage developed acro

Fig. 5.9, two superconductors and thin oxide insulati
allel Josephson junctions.

is connected to measuring devi
junction.

on are arranged in SOCh @ Wk

ces which can measure nominal change of v

ough the SQUID is very sensitive to magnetic flux passing normally through the

| magnetic flux can be detected with this device.

ge are dependent on each other, we can measure any one wh!l'dh
inial Al

and volta

TR EAr

Il changes in quantities like voltage (upto

1d produced by biological €

: field of earth and mineral and oil laid inside casih.

waves space shuttle was equipped with SQUID

s i

TIIE SUPERCONDUCTING STATE:

are !
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76
endent on
«  Each of these parameters arc V;W(’jep e
i f
the other two properties. I e
and H,,, < H,, then there will be superconducting
state. '
mensional

» We can prepare a surface in three di -
‘space’ defined by T, He, _and J s shown

Fig. 5.10.
' T
Te
0 He
H
Ie
)
FIG. 5.10

: The highest values for H, and J, occur at 0 K,
while the highest value for T, occurs when H and
Jarezero

« Fig. shows the

'n'lesnmsmwnmﬁg Slolswﬂedcﬁﬁcal,:;

*  There are two types of supercondu
"md ‘)’WII. ’l'hcrc is no dxffe ce

. Starting in 1930 with
number of alloys we
superconductlwty, t‘hgy’ X i
superconductors. They we
higher critical fields.

5.10.1 Type-I Superwnduagw"

. Type-I superconductors exhibi
effect i.e. they are complete]

the presence of magnet
the critical value of H,

superconducting
I

!
—

Magnetisation (M)
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lues of H
: ¢ for type.1 superconducti
materials are always too [ow. ing |«  AtH

cp the field starts to thread the specimen and
T i this penetration increase until H_ is reached at
i is reversible Wwhich the magnetization vamshes and the

gnetic field is reduced specimen becomes normal. H, :s called the upper

LH~, th

dc ¢ material again acquires the critical field.

ucting properly and the magneuc field | « mate
L In the region between H, and H_, the rial

is in the mixed state or vertex
Al state
lead and indium are examples of

: nductors The critical field H
or this type.

The value of ch for type-II may be 100 times
more or even higher than that of type-I

superconducting material.

’conductors are also
, soft |« Ag H, and T, of this materials are higher than

- that of type-I superconductors, the
=I Superconductor : type-II superconducting materials are most widely
diamagnetic used in all engineering applications.

critical field. At the | * This materials are also called as hard
tization drops to zero. superconductors because of relatively large
: magnetic field requirement to bring them back to

order of 0.1 Wb/m?2. .
A their normal state.

Characteristics of Typé-ll Suberconductors -

1. They have two critical magnetic fields. The
material is perfect diamagnetic below the
lower critical field, Hc,' Meissner effect is
complete in this region. Above the upper
critical field, Hfz’ magnetic flux enters the

specimen.

2. They exist in an intermediate state in
between the critical fields, H. and H,. The

intermediate statga&é mixture of the : normal
state, magnetically bit
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JUSAR Arnagros =
. . tween Type-1 ana 1yj R -
3.10.3 Comparison Between T) , - Type-11 S
— ype- .upercnndum,n
T on .1 Superconductors T A Sres Nt
A I'ype-1 I (. These gup(,r(,()ndUCtOrS are ca[]ed -

—_—— ‘ vd as soft ;
are callec superconductors. 'hd

[hese superconductors

S RmMaNGHon They do not exhibit complete 4
/ 2. They exhibit complete Meissner eflect B | field H ; 7 Melss“er
& e ¢ ) CO A s ey v . \ ; :
. wold exists for these | 3. Two critical fie ci (lower Magnetic ﬁeld
l 3. Only one critical field ¢ ! “” (Upper magnetic ﬁeld) exists_ )&u
f superconductors. 2
" ; e-I1, the state H  and
f‘l In type-I, transition at H_ is reversible. % 'l)’l» between H ;rlld H HCZ‘ S‘.) aboy
J ( means clw Cl s trangltions h ‘Z’
reversible. T
| : ] de > critical value is ve i
| S. The critical field value is very low of the order | 5. Ihcl critica ry high of the Order o¢ ! |
esla. |

of 0.1 Tesla.
0. These materials have limited technical applications | 6. They have Wlder technologica] aPplicaﬁ%
because of very lower field strength value. because of very higher field strength vale
7. Nb;Ge, Nb;Si etc. are examples.

7. Lead, Tin, Mercury are examples.

S.11 HIGH T, SUPERCONDUCTORS : *  The structure of this compound is shoyy in e

. Superconductors are divided into two categories : following Fig. 5.12.

I. Low temperature Superconductors |
2. High temperature Superconductors
* The term high-temperature superconductor was ()
first discovered by Johnson George Bednorz and . ,
Karl Alexander Muller in April 1986, for which ) ® v

they won the nobel prize in Physics.

* They prepared certain compounds of copper . ®
oxides and achieve critica] temperature upto 30 @ Cu

K. The compound YlBazCu3O7 (YBCO, 123 o
compound) was discovered in 1987.

N

It had transition temperature 93-95 K. This is
above liquid nitrogen (77 K) temperature.

The superconductors with T.> 77K are generally
known as high temperature superconductors.

For example szYSr2Cu3O8 T = 77 Ky
Hg-Ba-Ca-Cu-0 compounds [T, = 130
— 135] etc. the highest transition temperature
attained. So far is 138 K in thallium doped
mercuric cuprate comprised of Hg, Ti, Ba, Ca, Cu

FIG. 5.12 BN

. ‘:";V‘d l.
and O. *  This figure is the unit cell of M 1
The detailed structural investigations of YlBazCu:,Oﬁ. v wiki uwﬁ ,
Y}BazCu306crystal is done by X-ray and neutron | « There is only one Y atom in the un | 4

~ powder diffraction techniques. shown by .
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There are eight corners of the unit cell. Each
Lorner IS common to 8 unit cells.

contribution to each unit cell from each | 5-12 APPLICATIONSOF‘

atoms. Therefore, contribution to a unjt | *  Due to the unique properties of
they find applications in several ﬁdds.

8 Cu atoms on the edges. Each 1: The s.upemondl.lctfng wires and cables are
non to four unit cells. Hence used in transmission of electrical power.

from each atom on the edge to the 2. Itis used to make electrical switching element
to switch current between different paths.

3. Superconducting magnets are capable of
generating high fields with low power
conduction and they are used for Magnetic
Resonance Imaging [MRI] in medical field.
Medical Resonance Spectroscopy [MRS] in
chemical analysis of body tissues and for
various scientific tests and research equipments.
Superconducting generators has the benefit of

small size and low energy consumption than
the conventional generators.

| 8 comners is 1 Cu atom denoted by @

Type-1I superconducting materials are very
useful to produce intense magnetic
fields. Materials such as Nb-Ti alloys are
used to manufacture solenoids. A field of 20
Wb/m? can be produces with Nb;Sn.

They are used to fabricate magnets for high
energy particle accelerators, lasers, infrared
detectors and other such devices.

ﬁ Magnetic Levitation [Maglev] : Magnetic
~ levitation is the process by which an object
is suspended above another object with no

- other support but magnetic field.
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Example-5.1 :
The critical tem

5
isotopic mass 199.5 is 4.1 2034,
:i(:npzrature when its isotopic maSS k

Solution @
Given M, = 1995
M, = 203.4
= 4185 K

€l
= ?
e

We know that,
1 - v .
T, & M’ where M is the isotopic Mass.

= MT,

So, we can write 1/M, T

WM T, = constant]
WM
= Tc2 = TE X Tcl
—;’gi x'4.185»
Tt2 =4.146 K
Example-5.2 :

Calculate the critical currenf ﬂoﬁng through
alongthnmperconductingmreofradmmOSmm.
The critical magnehc ﬁeld 72 KA/m.

Solution :

Given H 72KAIm 72x103A/m
r—OSmm 05xi1053

1= ok
We know that %
¥Yi="2%r H,

—2x314x05xl
,72:2.§08‘A

o hmea s e Ve

We know that

H

I

o
S
—
v

c

L}
-
&

\

T
Il

the critical 't.émpe!:am
Solutwn 8 :
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. woltage of 207 V s applied across o ‘
——— Junction. Find out the frequemy of L =28r# sl
Beent 2croes the jumction. - nd H B ¥ -,f)(di
s . ;

3

=304 % 1 x 102 x 428 x |

107 V - Ve Pl
207V, v = 9 I = (1348 A
VoV . } Exmplc~5.7 s
, The critical temperature of Nb is 9.15 K. At
iy _;1,62710—}4 1 the cm'cal ﬁeld at 6 K. GTU. ]r(JH(i"‘»z’il",’“

P , = Solution :
B = | 0.0010x 10" Hz

Given T. =915 K

€
o T=6K
t the critical current for a wire of lead
ger of 1 mm at 42 K. The critical T
flead is 7.8 K and H, = H, = | e
t ()

]
({3

= 0.196 [1 — 0.4299]
0.196 [0.5701]

|H_=0.1117T

l EXERCISE I
o :"_ 3l current. (Refer Section-5.4)

| " (3) Meissner effect. (Refer Section-5.3.3)
. (4) Mass effect. (Refer Section-5.3.6)
(5) Critical current density. (Refer Section-5.4)
_ What are type-l and type-Il superconductors.
Compare type-l1 and type-ll superconductors.
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What are high T, superconductors ? Explain the
crystal structure of the high T, superconducting
oxide YBCO system. (Refer Section-5.10)

Explain Josephson effect ? Distinguish between
d.c. and ac. Josephson effects.
(Refer Section-5.6)

|
=
i
74
i

Lk
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QUESTION PAPERS
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assumptions of classical free electron theory. (Refer Section-1.6)

03

mechanism of superconductivity. (Refer Section-5.5) 04

07
03

insulators and semiconductors.

fication of materials as conductors,
07
OR

intrinsic and extrinsic semiconductors. (Refer Section-2.16) 03

sion current. (Refer Section-2.9 & 2.11)

ect band gap with E-k diagrams. (Refer Section-1.20)

z

yity and critical temperature. (Refer Section-5.1)

07

07

96 T. Calculate
03
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