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SEMICONDUCTOR PHYSICS
Introduction:

On the basis of conduction mechanism solids are classified in to three
categories. Conductors, semiconductors and insulators. In conductors’ large no. of free
electrons are available which use ful for more electrical conduction mechanism. These
materials have very low resistivity and very high conductivity. In insulators no free electrons
are available, hence there are not useful for the electrical conduction mechanism. These
materials have very high resistivity and almost zero conductivity.

The semiconductors have intermediate properties of conductors and
insulators. These materials behave as insulators at low temperatures and as conductors at
high temaprature.more over these materials have two types of charge carriers.i.e, electrons
and holes. The inversion of semiconductors open a new branch of technology “electronics”
this leads to the development of ICs, microprocessors, computers and supercomputers.
These materials play a vital role in all most all advanced electronic devices.

Semiconductors are divided into two types.
1. Intrinsic semiconductors.
2. Extrinsic semiconductors.
INTRINSIC SEMICONDUCTORS

Intrinsic semiconductors are those in which impurities are not present
and are therefore called pure semiconductors. In these semiconductors few crystal defects
may be present Fermi level exists exactly at mid way of the energy gap. When a
semiconductor is at O k.then it behaves as an insulator and conduction occurs at high
temparatures.due to thermal excitation of electrons from the valence band to the conduction
band.

Ex:-germanium, silicon etc.

In order to get in sight view of an intrinsic semiconductor, let us consider silicon,
which has four valence electrons. In order to gain stability it has to make four covalent bonds
with four other silicon atoms as shown in fig.
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In electrons which are participating in the covalent bonds are known as
valance electrons.

If some energy is supplied then covalent bonds break electrons will come out
and move freely resulting in the formation of covalent sites in the covalent
bond these are known as +ve charge carrier named as hole.

The electrons which come out of the valence band move freely without any
constraints and have more energy then the electrons in the covalent bonds or
valence bond.

The no. of conduction electrons will be equal to the number of vacant sites or
hole in the valence band.

The no. of holes in the valence band is equal to the no. of electrons in the
conduction band. So the Fermi energy level lays mid way in the forbidden gap.

EXTRINSIC SEMICONDUCTORS

In intrinsic (or) pure semiconductors the carrier concentration of both
electrons and holes at normal temperatures is very low, hence to get appreciable current
density through the semiconductors, a large electric field should be applied this problem can
overcome by adding suitable impurities into the intrinsic semiconductors.

The extrinsic semiconductors are those in which impurities can be either I
group elements (or) V group elements. Based on the impurities present in the extrinsic
semiconductors. They are classified into two categories.

1. N-type semiconductor.

2. P-type semiconductor.
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N-Type Semiconductor:

When a pentavalent impurities (or) V group element are doped into a intrinsic
semiconductor then four valance electrons of impurities atom make four covalent bond with
four intrinsic atoms and fifth electrons is left free as shown in fig.

This electrons is free to move anywhere in the crystal and is known as conduction electron
which is donated by pentavalent impurity. In this way how many donor impurities are doped
into an intrinsic semiconductor that many electrons are donated to the conduction band.

The no. of electrons is more than the number of hole in N-type semiconductor. Hence
electrons are majority charge carriers where as holes are the minority charge carriers. So
Fermi energy level shift towards conduction band.

P-Type Semiconductor:

When a trivalent impurities (or) lll group element are doped into a intrinsic
semiconductor then three valance electrons of impurities atom make three covalent bond
with three intrinsic atoms and in the fourth bond one position is vacant. It means a trivalent
impurity is donating a hole to valence of the intrinsic semiconductor (or) accepting an
electron from valence band of the intrinsic semiconductor then trivalent impurity is known as
acceptor. Impurity in this way how many acceptor impurities are doped into an intrinsic
semiconductor that may holes are donated to a valence band.
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The no. Of holes is more than the no. of electrons in p-type semiconductors. Hence holes
are the majority charge carriers and electrons are the minority charge carriers. So the Fermi

energy level shifts towards valance band.

DISTINGUISH BETWEEN INTRINSIC AND EXTRINSIC SEMICONDUCTORS

INTRINSIC SEMICONDUCTORS

EXTRINSIC SEMICONDUCTORS

1. It is pure semi-conducting material
and no impurity atoms are added to it.

1. It is prepared by doping a small
quantity of impurity atoms to the pure
semi-conducting material.

2. Examples: crystalline forms of pure
silicon and germanium.

2.Examples: silicon “Si” and germanium
“Ge” crystals with impurity atoms of As,
Sb, P etc. or In B, At etc.

3. The number of free electrons in the
conduction band and the no. of holes in
valence band is exactly equal and very

3. The number of free electrons and
holes is never equal. There is excess of
electrons in n-type semi-conductors and
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excess of holes in semi-

conductors.

small indeed. p-type

4. Its electrical conductivity is low. 4. Its electrical conductivity is high.

5. Its electrical conductivity is a function
of temperature alone.

5. Its electrical conductivity depends
upon the temperature as well as on the
quantity of impurity atoms doped the
structure.

DISTINGUISH BETWEEN N-TYPE AND P-TYPE SEMICONDUCTORS

S.No. MN-type semiconductors P-type semiconductors

1. In these the impurity of some | In these. the impurity of some
pentavalent element like P, As, Sb, | trivalent element like b, Al In, Ga
Bi. etc. is mixead atc. is mixed

= Si

P
Penta valent P Trivalent
impurity atom - & Impurity atom
1
s S | X(E = S
-
_.I:'q;,i‘:\ Free electran
e .
=i =i

< In these the impurity atom donates | In these, the impurity atom camn
one elaectrons, hence these are | accept one electron, hence these
known as donor type semiconductors | are knowmn as accaeptor type

semiconductors.

<. In thase the slactrons are r'najcrlty In these the holas are r'najorlty
current carriers and holes are | current carriers and electrons are
minority ocurrent carriers. (i.e. the | minority current carriers i.e. ng => nn
electron density is more than hole
density n, == ng)

s, In these there is majority of negative | In these therae is majority of positive
particles (electrons) and hence are | particles (cotters) and hence are
Known as N—t_',.rpe saemiconductars kKnown as F"-t:,rpe samiconductors.

Electrons Electrons
- - - - -
| - = = = o= [1:.,3_ ; - - |c.|3.
=] =y = o =] = = = W B
| [V B. i o ] = L= =] |
Haoles

= In these the donor energy level is | In these the acceptor energy level is
claose to the conduction band and far | close to the wvalence band and far
away from valenca band. away from conduction band.

DENSITY OF STATES
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The number of states with energy less than £ . is equal to the number of states

that lie within a sphere of radius |n| in a region of K-space where n,,n and n_ are

positive.
14 .
LN =K —x—an,
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So the Fermi energy
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Therefore the total number of energy states per unit volume per unit energy range
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Therefore the number of energy states in the energy interval E and £ +d¢ are
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A = 3
S(EVdE =—(2m) " E  dt
f

CARRIER CONCENTRATION IN INTRINSIC SEMICONDUCTOR

Let dn be the number of electrons available between energy interval E and ¢ + 4 in

the conduction band
dn=Z(E)F(E)dE ———————————————————————— (M

Where Zz(£)de = density of states in the energy interval E and
F(E)=probability of an electron occurring in an energy state E.

4T = 3
But we know that |7 (£)dE = —(2m )" £, dt
h

Since E starts from the bottom of the conduction band Ec
Z{EVDE = d—f—{}’m_ j'_{f — £ _j'_df —————————————————————————————
f
Probability of an electron occupying an energy state E is given by
1

FLE)=
E—-F.
T+exp( —)
£E-E,
For all temperatures £ — £, == &T then exp( ) ==
KT
1 E, —
. F(E) = ———=exp( ) =T (3)
_'Fr KT
expi !

From (1),(2) and (3)
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I.._JFE £

4.7 = - — =
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dE =KTdxand (£ — £ )" =x"[KT)
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E,—E. m
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a

Using gamma function it can be shown that
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CALCULATION OF DENSITY OF HOLES:

Let @# be the number of holes in the energy interval E and E+dE in the valence band
dPf = Z(E1— FE)NJE

We know that

amx < —
/-,’!—'J.:‘H-=—_1-,’:Jm,l';'-,’f-l_—f-'1'd!-
h
F=F,
1 f— _, |
1—FlE)=T—————=1-(1+e¢ "7 ) =1—-(1—¢

1 +.:'.': AT
Therefore the number of holes in the valence band per unit volume is given by

- E—E;

4.7 - = —
.B:_I-dﬁ=_|-_.1 (Zm )" (E,—EV' e " dE
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4T 2 =W
p=——I({2ZmHKT) @ —
f 2

=2

Since n=p=n

2TKT =

+ 1 ) T
V{momife "

noo=np =4y
il
2AKT = ===
Yi{m,m )t e

=n =2

f
Show that in an intrinsic semiconductor Fermi level is at middle of valance band

and conduction band:
In an intrinsic semiconductor

n=pg
2amKT 2= S o a=
2(——————)%e T =2 m KT e *7
1 1
2 oamgKT 2 — 2 a2x 2=
m° Ve T =mf l—m KT e "
h h*
, 2E.—E —E.
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Taking logarithm on both sides we get
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i.eE

r

But m, =m

E +E
)

=|E. =

r

i.e. Fermi level is located half way between valance band and conduction band and
the position is independent of temperature.

CONDUCTIVITY IN INTRINSIC SEMICONDUCTORS:

Since n=p=n
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2AKT ==
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h

Where £ _isthe energy gap anditis equalto £, =£ — £,
Therefore electrical conductivity & =nes + pete, = nel g + i)

o= Ae " | And as T increases o increases.

T —
T

CARRIERCONCENTRATON IN N-TYPE SEMICONDUCTORS.
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The energy level diagram of an N-type semiconductor is shown in the fig. At
very low temperatures all the donor levels are filled with electrons. With increase of
temperature more and more atoms get excited and the density of electrons in the
conduction band increases.

Density of electrons in the conduction band
2AMKT 2 =

no=2 E_jig HT  ——mm——————————— (1) but the number of vacancies per unit
f’

volume in the donor level is given by N, (1-F{E)=N,[1-

=N, {1 - _C.+IJ:| = mr; ————————— (2)

But the number of electrons in the conduction band is equal to the number of
vacancies in the donor level.

2AMKT = 1—— (=

)7e T =N,e

a4
\

fr
Taking log on both sides
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=log N, —log 2(——)
E
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DENSITY OF ELECTRONS IN CONDUCTION BAND: We know that n=3(————)7a *’
DENSITY OF ELECTRONS IN CONDUCTION BAND: Pe

On substituting the value of £, from equ. (3) In the above equation we get

|E.+E ) KT N
——+ lag -

F

a
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2| ——— &

2am KT 2 1
n=2(——=——)’e
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22—
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CARRIER CONCENTRATION IN P-TYPE SEMICONDUCTORS:

Conduthm bbagn §
Ec

Eo (0leryyy Erariy LL\r(.lJ

5§ IdTEY

The energy level diagram of a p-type semiconductor is shown in the fig.
N, is the acceptor concentration i.e. the number of acceptor atoms per unit

volume of the material and £ | is the acceptor energy level. At very low temperatures

all the acceptor levels are empty. With increase of temperature the electrons move
from valance band and occupy the vacant sites in the acceptor energy level, thereby
leaving holes in the valance band.

The density of holes in the valance band is given by

27 = —

mKTPe T e (1)

p=2
h

Since £, lies below acceptor level then density of ionized acceptor is given by

N FIE)=N_e *T

Since the density of holes in the valance band is equal to the density of ionized
acceptor

. S - { — —
l.e. 2{—m KT)'e "7 =N g T
o '
E —E,—E,+E, N
exp(— )= . -
KT 27 -
29 m KTy

1
Taking logarithm on both sides we get

-F.__-F._-F'.+!‘ M
\ L~ log .
KT 2T =
2( m KT):
h°
. S ol K N
|e F = = - — o0 1 em——————————————— (2)
i 2 27 -
21 moK Ty
r
£+
AtOK £, =——-

b
i.e. at OK Fermi level will be exactly at the middle of acceptor level
The density of holes in the valance band is given by
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27 e
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m=21
h

On substituting the value of £, from equation (2) we get

2T = E 1 [ o KT M
p=2{(—mKT) exp({——— ——(— - ——log ———————)
fH T KT 2 2 2T =
2{—m K T
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p=2{(—mHKT) Jexpl i
h o 2K
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2( m KT
h
- 27 - E—E,
P={2N V' (—m KT)" expl j
7 2HT

HALL EFFECT:

When a piece of conductor (metal or semiconductor) carrying a current is
placed in a transverse magnetic field, an electric field is produced inside the
conductor in a direction normal to both the current and magnetic field. This
phenomenon is called Hall Effect and the generated voltage is known as Hall-
voltage.

Let B be the applied magnetic field at right angle to the direction of the current
flow. If the material is N-type and v is the velocity of the electrons then the electrons
will experience a force of Bev due to magnetic field at right angle to both the
direction and B. This causes the electron current to be deflected causing a negative
charge to accumulate on one face of the slab, a PD is therefore established across
the faces (1) and (2).This field giving rise to a force £, on electrons in the opposite

directions.
At equilibrium et , = Bev
E,=8v
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of
But v=nev=v=—
nea

84 1 £,
F,=—=#/_#HJ where p, =—=—2
na na 8.

Since all the three quantities £, ,B and . are measurable then Hall coefficient

7. and carrier density can be calculated.
1

For N-type material #, = —-—
ne

. 1
For p-type material 7, =—
na

Based on this we can identify the type of charge.

Determination of hall coefficient #.
If b is the width of the sample across the Hall voltage v, is measured then

W

.
Hence r, =—%+=
=B 8J6

¥V, =K, BJb

If tis the thickness of the sample then its cross section is &t and current density

J=—
bt

R Blb

Hence v, =—
;
. V.t
lLe. |R,=——
B

v, Will be opposite for N-and P-type semiconductors.

Applications of Hall Effect

The sign of charge carriers can be determined.

The carrier density can be estimated.

The mobility of charge carriers can be measured directly.

It can be used to determine whether the given material is a metal, an insulator
or a semiconductor.

The magnetic field can be measured by knowing the values of Hall voltage
and Hall coefficient.

o=

o

Drift current or conduction current in semiconductors:
In semiconductors the electrical conductivity is due to the concentration of
electrons and holes. When an electric field is applied across the semiconductor the
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applied electric field causes the free electrons to drift towards positive direction and
holes to drift towards negative direction of electric field.
The total current due to holes and electrons in the presence of electric field is

called drift current or conduction current in semi conductors.

Total driftcurrent/ =/ +/

i.e. !, =nel EAl+ pett EA=eFAlnu, + pi,)

in case of intrinsic semiconductors n= g=n

Vo = NEEALL + 48 )

o= neE i)

Therefore electrical conductivity of intrinsic semiconductor due to drifting
action of electrons and holes is given by

T, =neld + 4,

Diffusion current in semiconductors:
14
5|

-
L S

disdomMme —

Yole Cosn\
4
r
2

The figure shows the variation of holes density with distance in
ap
ax

Thus the motion of charge carriers from the region of higher concentration
leads to a current called diffusion current.

semiconductors. There exists a concentration gradient

. do
Hole current density J e —

ax

Goe

dp

e, J, =-eD,
o
dn
Electron current densitfyJ e
ax
J e
an
Jo=eld
dx
The total diffusion current density +,, . =J +.

SRI MITTAPALLI GROUP OF INSTITUTIONS :TUMMALAPALEM




I.B.TECH APPLIED PHYSICS

d i
L l|'_:| L. .

ie.J  =—e0 )
o dx dx
Therefore current density in semiconductors ., +J,
do an
le|v=anEiuw+u -0 + 0 —
) dx ax

EINSTEIN RELATION:

Semiconductor devices in general operate under non-equilibrium conditions. For
example when a bar of n-type germanium acting as a photo detecting device, is
illuminated with a light of sufficient energy, excess charge carriers are produced in
the exposed region of the material. Hence the semiconductor is not in thermal
equilibrium. This leads to a diffusion current creating an internal electric field and drift
current balances the diffusion component.

Let 4n be the number of charge carriers increased in a particular region then

dhn )

X
The force r on excess carriers restoring equilibrium is given by

AneE g = el

0 A
F =hAnekE = i A (2)
L ox
According to kinetic theory of gasses increased pressure =4nk T
: 2hin
i.e. Force=n1m—-—---——- (3)
dx

from (2) and (3) we get
P 2in &b, 2hn

Dx L dx
GD“—KTD D _MKT
M, e
. L KT
Similarly (D, = Ll

) e

These are called Einstein Relations.
DISTINGUISH BETWEEN DIRECT AND INDIRECT BAND GAP SEMI CONDUCTORS

DIRECT BAND GAP SEMICONDUCTOR | INDIRECT BAND GAP SEMICONDUCTOR

1.These are also known as compound | 1.These are also known as elemental
semiconductors semiconductors
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2.The maximum of the valance band
occurs at the same value of k as the
minimum of the conduction band

2. The maximum of valance band does not
always occur at the same value of k as the
minimum of conduction band.

3. The life time (i.e, recombination time)
of charge carries are very less.

3. The life time (i.e., recombination time) of
charge carries are very high.

4. These are used to fabricate LEDs and

4. These are used to amplify the signals as

Laser diode. in the case of diodes and transistors.

5.Ex: InP, GaAs etc. 5. Ex: Si, Ge.

UESTION BANK

a. Derive an expression for the number of electrons per unit volume in the conduction
band of an N-type semiconductor.
b Explain the effect of temperature and dopant on Fermi level in N-type
semiconductor

a Explain Hall effect. Derive the expression for Hall coefficient of N-type
semiconductor.
b Explain the applications of hall effect.
a what is intrinsic semiconductor? Derive an expression for electron
concentration in an intrinsic semiconductor.
b Distinguish between direct and indirect band gap semiconductors.
a What is intrinsic semiconductor? Derive an expression for hole concentration
in an intrinsic semiconductor
b Explain drift and diffusion currents.
a Derive an expression for the number of holes per unit volume in the valence
band of P-type semiconductors
b Derive Einstein relation.
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SEMICONDUCTORS

The material which allows electricity partially through it is called semiconductor.
Conductivity of semiconductor lies between conductors and insulators.

Silicon and Germanium are the examples for semiconductors. The energy gap for Si is 1.1eV and
for Ge is 0.7eV.

INTRINSIC or PURE SEMICONDUCTOR:

Let us consider ‘Si” with atomic no. 14 and valence
is 4. All the silicon atoms form covalent bonds with the
neighboring Si atom and no electron is free for conduction
at temperature 0 k. Hence pure silicon acts as insulator at
absolute o k, as the temperature increases above 0 k, these
covalent bonds break and some electrons are released.
These electrons move in the crystal freely and responsible
for conductivity. So they are called free electrons.

Each electron leaves behind an empty space called j i i i
a hole which also acts as current carrier. These electrons and F/Hﬁ '\
holes move in opposite directions under the effect of

external field and constitute current.

ELECTRON CONCENTRATION IN THE CONDUCTION BAND OF INTRINSIC
SEMICONDUCTOR:

The no. of electrons per unit volume having energy in a range E and E+dE in the conduction
band of an intrinsic semiconductor is,

dn = Z(E)dE F(E) -------- )

where F(E) represents the Fermi distribution function gives the probability of occupation of
electron with energy E.

F(E) = L

B j Conduction band

E-E
l+e F
Xp[ KgT

Ee

Z(E) is the density of states i.e. no. of available states per
unit volume of semiconductor. Ey

Yalance band

Z(E) — T]_E[(Zm)3/2 E1/2




dn= 2L om)2g12. L dE
" 1+exp E-E,
KgT
For conduction band,
dn = ‘:]—1}(2m*e)3’2 (E-EQ)"? 1E O e 2
1+exp| — —F
KgT

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

in the above equation, for conduction band, exp( EK $F ] >> 150 1 can be neglected in the
B

denominator of the equ.(2).

dn = %(Zm*e)3/2 (E-EQ)*2 exp(_ (EK;TEF )j N 3)

To get the total no. of electrons per unit vol. in the conduction band is we have to integrate the
above equ. Between the bottom of the conduction to top of the conduction band.

o0

_ AT o« 3 12 —(E-E;)
—F(Zm e) I (E-Ec) exp(—K = JdE

E. B

o0

_ A4l *3/2I 12 -(E-E. +E, -E,)
dn= —(2m E-Ec)™“ e £ <2 |dE
h3 ( e) £, ( ) Xp( KBT

A, en (B —ED) [ eemie o[~ (E-E)
_F(ZmE) exp[K—BTj.[ (E-Ec) exp( KT jdE

C

put x = ((E _ EC)J, so that dE = KgTdx
KT

B

Lower Limit: when E = E¢ x = 0 and
Upper Limit: when E = o0, x =0

(EF — Ec)

Ie'XxKTl’ZKde
K,T Jo (xKeT)™ Ko

4H *

411 * 3R (Er —E.) T X fn1/2
n=—(2m kgT exp| ———2% e” (X dx
h3 ( enB ) Xp( KBT 0 ( )



-7 ~
n=4I1 2rneiz(BT exp (EF Ec) \/;
h? | KeT ) 2
-3
_fenmik, TR (B -E)
n= 2|———=—| epl-———
h? | KeT

Where N, = 2{—8

HOLE CONCENTRATION IN THE VALENCE BAND OF INTRINSIC SEMI
CONDUCTOR:

The no. of holes per unit volume having energy in a range E and E+dE in the valence band of an
intrinsic semiconductor is,

dp = Z(E)IE [1-F(E)] -~------(1)

where [1-F(E) ]Jrepresents the probability of absence of electron in the particular energy level

with energy E.
ool EE¢
1 T kT
E—E. ) E-E
1+exp| ———— 1+e F

For the valance band 1>> exp E-Ee )
KgT

So exponential term can be neglected in the denominator of the above equation.

[1-F(E)] = 1-

- [1-F(E)] = exp( EK_ fF J

411 312 =172 E-E;
dP = — (2m)°“E™“ e dE
h® (2m) Xp( KgT

For valance band,

AIT w3 112 E-E¢
dp=—(2m E,-E)™“ exp| —— |dE
p e (2m )™ (Ev-E) Xp( KT



To get the total no. of holes in the VV.B. we have to integrate the above equation between the
limits bottom of the V.B. to top of the V.B.

EV
_ AT, «3p J. 1/2 E-E;
= —(2m E,-E)"“ e dE
p=-zmn™ ) (BB e T

p= 4_1;[(2m*h)3/2 J. (EV_E)1/2 exp E- EF + EV B EV dE
h & K,T

EV
AT *\3/2 E, —E J' 12 E, - E
= —(2m exp| ——— E,-E)"“ exp— dE
P h? (2m) ( KT —o0 ( ) e KT

E,-E
put =X; dE=-dx KgT
KT

Lower Limit: when E = -0, x = 0.
Upper Limit: when E = E, , x=0.

e™ (xKgT)¥ (-KgT dx)
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p= T]_I;[(mh KgT)*? exp[—V FJ .([ e™ x'% dx
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=22 02m KsT)* e

p hs( » KsT) xp( KT 5

3
2m; 2k, T )2 E, —E
=2 —22 8 | exp| ———F | or
o= M ool S

E.-E
=Nyexp—| —— -(2
p=Nvexp ( KT J )
3
2m, 2k T )2 . : C .
Where N, = 2 o Equ. (2) gives the no. of holes in the V.B of the intrinsic semi

conductor.



LOCATION OF FERMI LEVEL IN INTRINSIC SEMICONDUCTOR:

In intrinsic semiconductor no. of electrons in the C.B and no. of holes in the V.B are equal.

E. —E,

(EC_EF) — _ -
S (5]

-E,+Ef+E--E, ) _ Nv
KT N
2E;  (Ec +E)) —1n Nv
KT KT N
E.= (Ec+Ev)+KBT In Nv - (1)
2 2 N
At T =0k,
Ec+Ev
Ee= B2 )

Fermi energy level lies exactly in the middle of the forbidden gap at absolute zero K.
INTRINSIC CARRIER CONCENTRATION (n;j) [law of mass action]:

In the intrinsic semiconductor, n = p = n;

Where n; is known as intrinsic carrier concentration.

snp=n’
_ % ~ . _
niz =9 2me7szT eXp _(Ec EF) 2 2mhﬂszT exp_ EF _EV
| h KgT h KyT
2Tk, T« % (—E +E; —E; +E,)
n2 =4 B | (mm )?e =
! L h? ] ( ) h) P KgT j
2Tk, T« % (—(E,—E,)
n.2 :4 B m m 2e C—V
i i h2 | ( e h) Xp KBT
210k T . oy - (—E))
= 2 2T i o 7220 | ine v =



This equ. Shows that for a given semiconductor the product of holes and electron concentration
at a given temp. is equal to square of the intrinsic semiconductor carrier concentration. This is

called law of mass action and holds both for

intrinsic and extrinsic semiconductors.

CONDUCTIVITY OF INTRINSIC SEMICONDUCTORS:

When the electric field is applied to the semi
Vgo E

Vg=HE 1)
where p is called mobility of charge carriers.

Current density J = ne vq4

J =nepE ---------- 2

This is in the form of J = oE

Where ¢ = neg --------- (3) is conductivity
For electrons o, = neple

For holes  op = pepn

Where L., are mobilities of electrons and
holes respectively.

5. G =nele+ Pepn

= (NHe+ PHn)e
= Ni(Me + Hn)e  ---------
2Tk T (. oy (—Ey)
= 2|Z2—8" mm. Ve __97
© {hz}(Eh)XpZKBT
~E,) 211k .. T
c:csoexp(ZKBgTJ Wherecozz{ th
Inc =In o, - g -(4
OO oK, T @

conductor, charge carriers acquire velocity.

2

A

Slope

) =

(4) where n;j is called intrinsic carrier concentration.

(Me + Hn)e

e

* *

emh

)% (Me+ Hn)e

The above equ. gives the expression for conductivity of intrinsic semiconductor.



EXTRINSIC SEMICONDUCTORS:

Conduction Band

To increase the conductivity of pure semiconductors
some impurities are added. This process is called Oy= === === Donor Level
doping. When impurities are added to semiconductor

the available energy levels are altered. One or more &

energy levels are appeared in the band structure.
Doping may create energy levels with in the
forbidden band.

Acceptor Level

Valence Band

N-type semiconductor:-

When pentavalent impurities such as phosphorous, Arsenic or \=/ |H_
Antimony is introduced into Si, or Ge, four of its valence electrons  ={Si|= =[5i|= =I[Si
form 4 covalent bonds with other 4 neighboring Si or Ge atoms T -|

while the fifth valence electron loosely bound to its nucleus. A __\=
small amount of energy is required to detach fifth electron from its ;@L&j}ﬁ

nucleus and make it free to conduct. (: J
So pentavalent impurities are known as donor impurities. ]

The energy level corresponding to the fifth valence electron ——?—:}’“‘——%:*45‘-——?-1'
lies in the band gap just below the C.B. edge as shown in figure.
This level is called donor level.

ELECTRON CONCENTRATION IN N-TYPE
SEMICONDUCTOR:

Conduction band

The energy level diagram for n-type semiconductor is shown in
Ee

fig. At Ok all donor levels are unionized state that is all donor ittt 1 2
levels are occupied with electrons. As temperature increases E,20000000 90400000
slightly some of the donors ionized and contribute electrons to
the conduction band. Also some of the valence electrons may
jump to the conduction band leaving hole in valence band. The
no. of holes produced quite small in this process. Therefore Wal ance band
Fermi level must lie near the middle of the donor level and
bottom of the conduction band.

Let there be Ny donors per unit volume occupying donor levels with energy Eq4. The
electron concentration in the conduction band is given by

Ew

(Ec - EF)J (1)

KT
The electron concentration must be equal to the sum of concentration of ionized donors in donor
levels and concentration of thermally generated holes in valence band. i.e.

n =N exp{—



L (3)
The concentration of ionized donors can be written as Conduction band
g e © © o
¢ = Na[1-F(Ed)] -
ek L L & &
= Nd 1— 1
1+ exp ﬁ ¢ LAt
KgT \
Valence band
S .
o KgT
—_ Nd B
E

= Ng exp {— ( EL_TEd H (4)

In n-type semiconductor Er lies above the Eg, 1>> exp (%} . So exponential term can be
B

neglected in the denominator of the above equation.

From equations (3) and (4), we get

N exp {— (%H = Ng exp {— (%ﬂ
B B

n_

KT KT N,

E.+E, K, N
Er= e ttay Bl nNe ©)

2 2 N

Substitute the value of Er in equ.(1)



n = Nc¢exp

2K, T N,
N=N;|—%| exp
N, 2K, T
n=(N,N,)? exp(Esz_T°J or - (6)
n=(N,N,)? exp(z_Al_Erj - - (7)

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

P-type semiconductor:

When trivalent impurity such as
aluminum, boron, gallium or indium is added
to pure silicon, it forms 3 covalent bonds with
the neighboring 3 silicon atoms while the
fourth bond is not completed due to the
deficiency of one electron. Thus the trivalent
impurity atom has a tendency to accept one
electron from neighboring silicon atom to
complete the fourth covalent bond. The
energy level corresponding to the electron deficiency that is ‘hole’ is
located above the valence bond and is called acceptor level.

In this type of semiconductor majority charge carriers are holes and minority charge
carriers are electrons, called p-type semiconductor.

Conduction band

T =300K

\ Valence band




CONDUCTIVITY OF EXTRINSIC SEMICONDUCTORS:

The expression for conductivity for n-type semiconductors is
Ce = Nele ---------- (1) and

For p-type material is o, = nepp --------- (2
Where . and py are mobilities of electrons and holes.

Under the condition of thermal equilibrium electron and holes are uniformly distributed
in semiconductor and the average velocity of charge carriers is zero, no current

flows.

Conductivity is temperature dependent as shown in figure.
At low temp the conductivity increases with increase

of temperature. D
This is due to increase in the no. of conduction
electrons due to ionization of donor impurities. ho B

Conductivity reaches maximum value B in the graph /\
all donors is ionized. C A

Conductivity decreases further increase with
temperature. This is due to decrease of mobility

because of scattering of electrons from the periodic T
potential field. A sharp rise in conductivity from C to D is due to large increase in intrinsic
conductivity.

DRIFT & DIFFUSION:

The net current that flows across semi conducting crystal has two components.
Q) Drift current
(i) Diffusion current

Drift Current:

When voltage is applied electrons attracted towards the positive potentials and holes attracted
towards the negative potential. This net movement of charge carriers is called drift.

Due to the application of voltage charge carriers attain drift velocity V4, which is proportional to
the electric field E.

VdOLE

Where [ is mobility of charge carriers.
The drift current density J. due to electrons is defined as the charge flowing across unit area per
unit time due to their drift under the influence of field is given by

10



Je(arify = Ne Vg Of
Je(arifty = NEHE ------- )

Where L. is mobility of electrons.
The drift current density due to holes in the valence band is
Indrufty = PEURE -------- 3)

So the total drift current is
Jiarifty = Je(arifty T JIn(arife)

= € (NYe + pHp) E ----------- (4)

The above equation is applicable to intrinsic as well as extrinsic semiconductors. Drift current
depends upon two variables

Q) carrier concentration

(i) electric field

Diffusion Current:

In addition to the drift motion, the chare carriers in semiconductor move by diffusion of charge
carriers from high concentration to low concentration region. Current produced by the diffusion
of the charge carriers is called diffusion current.

Suppose when light or temperature is incident on the semiconductor, additional electron
and hole pairs generated and they diffuse through out the semiconductor to restore the
equilibrium condition.

Let An, Ap be the excess charge of electron and holes respectively. According to Fick’s law,
diffusion current is proportional to rate of flow of excess charge.

.. rate of flow of excess charge « — 83 (An) or
X

Rate of flow of excess charge = -Deai (An)
X

. Jeaitr) = (-e) rate of flow of excess electrons

Similarly diffusion current density due to holes is

Jnaifry = (e) rate of change of excess holes

11



.~ Total current density in semiconductor due to electrons is

Je = Je(arifty + Je(aift)
_ 0

= nepeE + eDe— (An)
OX

= (NpeE + Dei (An)) € ---------- 3
OX

Current density due to holes is

In = Inqarify + Incaifr)

= pepsE + (-Dv-2- (Ap))
OX

= (PUAE - D=2 (Ap)) € —-nrnrrr @
OX

EINSTEIN’S RELATION:

Einstein’s relation gives the direct relation between diffusion coefficient and mobility of charge
carriers.
At equilibrium condition drift current balances and opposite to the diffusion current .
-~ NepeE = - eDe@ ---------- (1)
OX
Einstein compared the movement of charge carriers with the gas molecules in a container.
According to Boltzmann’s statistics the concentrations of gas molecules can be written as

n= C.exp(& Xj where X is distance and F = eE is force acting on the charge carriers
B

on —eEx —eE

—=C.exp .

OX KT KT

on_ n | — eE (2) Substitute equ.(2) in equ.(1), we get

OX KT

ek
s nepeE = neDe( " TJ

B

D K,T
o= B (2) for electrons — = e (3) for holes
He € Hy €
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HALL EFFECT:

Def:- When a semiconductor carrying current ‘i’ is placed in a
magnetic field which is perpendicular to the direction of
current, an electric field is developed across the material in a
direction perpendicular to both the current direction and
magnetic field direction. This phenomenon is known as Hall
Effect.

Explanation:
Consider a piece of semiconductor in which current passing

along x-axis. When a magnetic field B is applied along z-
direction. An electric field is appeared along y-direction.

If the sample is p-type semiconductor holes move with velocity v in x-direction. As they move
across the semiconductor these holes experience a transverse force due to magnetic field. This
force drives the holes on the lower surface as shown in figure. As a result the lower surface
becomes positively charged and upper surface becomes negatively charged and creating Hall

field along y-direction.

If the sample is an n-type semiconductor majority R R

charge carriers are electrons, these electrons

T eEn

experience a force ‘Bev’ in downward direction and
lower face gets negatively charged and upper face gets

positively charged which is shown in fig.b - -

Figh N-Type Semiconductor

Consider a rectangular slab of n-type semiconductor carrying current in positive X-
direction under the magnetic field electrons are deflected to the lower surface because of force
‘Bev’ due to magnetic field and upper surface gets positively charged because of this electric

field a force ‘eEy’ acts on electrons in upward direction. The two opposing forces ‘Bev’ and

‘eEy’ establish equilibrium. So

Bev = eEy

Let ‘J’ be the current density then

J=nev or v:i --------- (2)
ne
BJ
From (1) and (2), — = Ep-------- ©)
ne

Hall Effect depends on the current density J and magnetic field B.

EHOCJB
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Where Ry is Hall coefficient.

From (3) and (4), Ry = - weeeceeee (5)

ne
-ve sign is used because the electric field developed in —ve y-direction.

For p-type semiconductors,

Rn = i
pe
Determination of Hall coefficient (Ry):

---------- (6) where p is hole density.

If Vy be the Hall voltage across the sample of thickness‘t’,

From (4) and (7),

\Y
RiJB = TH or  Vu = RuJBxt ---nnmmmmeev (8)
If ‘b’ be the width of the sample then current density J = LA
R, IXB
Vy = M
bxt
V,, bxt
Ry= —H 9
" B ®)

Significance of Hall Effect:

1. By means of Hall Effect we can assess the type of semiconductor whether it is n-type or p-
type. Hall coefficient is negative for n-type material.

2. Charge carrier concentration can be evaluated by means of Hall Effect.
1 1

Ry=—orn=

ne eR,

3. Mobility of charge carriers can be calculated by means of Hall Effect.
1
c=nepand Ry= —
ne
SU= RHG
4. Hall Effect can be used to determine the power flow in electromagnetic wave

14



DIRECT AND INDIRECT BANDGAP SEMICONDUCTORS:

According to the band theory of solids, the Direct bandbap {GaAs) Indirect bandbap (Si)
energy spectrum of electrons consists of Conductive

large number ofallowed energy_bands and band Conduclive
separated by forbidden regions. The band
lowest point of the C.B is called

Direct radiative

Indirect radiative

conduction band edge and the highest = wanskion =
point in V.B is called valence band & ] transition
valence band edge. The gap between them w K u K
is called band bap or forbidden gap. Based y

. alence Valence
on the band gap semiconductors are band band
classified into two types. Fig.a Fig.h

(N Direct band gap semiconductors and
(i) Indirect band gap semiconductors

Direct band gap semiconductors:

Fig.a shows E-K curve for direct band gap semiconductor. In this case the maximum of the
valence band and the minimum of the conduction band occurs at the same value of the ‘K’.

In direct band gap semiconductors electrons in the C.B directly recombine with the holes in the
V.B.

Energy is released in the form of photons. So LED’s and Lasers diodes are prepared with them.

In direct band gap semiconductors life time of charge carries is very less. (i.e excited electrons
cannot stay long time in the higher energy states)

Direct band gap semiconductors are formed by compound semiconductors. Ex. InP, GaAs etc.

Indirect band gap semiconductors:

Fig.b shows E-K curve for direct band gap semiconductor. In this case the maximum of the
valence band and the minimum of the conduction band cannot occur at the same value of the ‘K’.

In indirect band gap semiconductors electrons in the C.B do not directly recombine with the
holes in the V.B. Electrons are trapped in the energy gap called trapping centers.

Energy is released in the form of heat.

In indirect bandgap semiconductors life time of charge carries is longer. So they are used to
amplify the signals in diodes and transistors.

Inirect band gap semiconductors are formed by elemental semiconductors. Ex.Si, Ge

P.5rinivasarao
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EFFECT OF THE TEMPERATURE ON FERMI LEVEL IN EXTRINIC
SEMICONDUCTOR:

Fig. shows the variation of 4
Fermi level with temp. in N-
type semiconductor. In N-type
semiconductor, in low
temperature region, electrons in
conduction band are due to
ionization of donor atoms in
donor levels. Therefore the I
Fermi level Ef lies between the \
donor level Eq and bottom of the 100
conduction band E.. E4

Intrinsic
Region

Depletion

lonization -
Region

Region

x ~—»
a

-
-
=

n

-
y

e LT -
o
8
ﬂ
g
=3

=M

Conduction Band

HiHpae

(ionization region) -------------- E..
@O | T/
As the temperature increases, _
donor atoms gradually ionized - : 2
and  Fermi  level  shifts : ;
downward. At the temperature T &y
of depletion (where all donors
are ionized) Tg4, Fermi level
coincides with the donor level L . : )
Eq. 100 200 300 400
S Er=EBy (@T=
L) (2
As the temperature further increase above Tg, the Fermi level shifts downward approximately in
linear fashion though the electrons in conduction band remains constant. At the temperature T;
where N-type semiconductor acts as intrinsic, the Fermi level approaches the intrinsic value Ef -
Ey/2 (intrinsic range)

! S (

TIK]

EFFECT OF DOPANT ON FERMI LEVEL IN EXTRINSIC
SEMICONDUCTOR:

E4 : = : =
: ConductionBand = : Conduction Band = = Conduction Band z
i E, > e [,
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Ep =1 Ep
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E

4 Eg \\ T
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When donor impurities are added to the pure semiconductor, they create extra energy levels
below the bottom of conduction band.

When the impurity concentration is low, atoms are far from each other and do not interact
with each other. With an increase in the impurity concentration, the interatomic distance between
the atoms decrease and atoms interact with each other. Consequently, the donor levels undergo
splitting and form an energy band below the conduction band are shown in the fig.(b)

At larger doping concentration the donor band is more broader, and it overlaps on the
conduction band as shown in fig.(c)

The broadening of donor level leads to decrease in the width of forbidden gap and upward
displacement of the Fermi level, finally Er moves into conduction band.
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