= NP |

L]

e

AR

AR R e S

W

\‘.\‘\‘-\-51»;}'."\\\»‘.-.‘{‘;\\;;‘_:;__\_\:%s_‘\ R-\\‘."ﬂ% ey

Syllabus

Qualitative ideas on formation of electron energy bands in solids
Band-theory based classification of solids into insulators

Semicon_ductors_and conductors
Intrinsic semiconductors
Germanium and silicon

Typical energyband diagram of an intrinsic semiconductor

Fermi enrgy
Doping and extrinsic semiconductors

Dependence of Fermi energy on temperature and doping concentration

Current conduction in semiconductors

P-n junction diode

_ Diode rectifier equation

-, Transistor action

Hall effect

Scanned with CamScanner

W :‘.‘



| T ———
]

. ‘ 4
4 I/
Applied Physics (INagpur)

2-2 Semiconductor F’hysu:s '{(

F e <

-

. From the point of view of engineering applications, it is essential to have the knowledge of

the behaviour of materials as regards their magnetic, electric optical, dielectric, thermal,
mechanical properties.

e .Quantum mechanics plays a fundamental role in determining all these propert’es of
materials.

. From the electrical point of view, the materials can be classified according to their resistivity
range as

o Conductors

o Semiconductors

o Insulators

v Conductors have low resistivity (herce high conductivity) in the range 1.6 x 10~ 8 to
10"% ohm-m

e For insulators the range of resistivity is very high about 107 to 10'® ohm-m. Hence they are
’ very poor conductors of electricity. Semiconductors are the materials whose resistivity (and "

hence the conductivity) lies between those of conductors and insulators, and has a range of
about 10~ * to 10° ohm-m. 4

(33

e

. In this chapter, we will be dealing with the semiconductors. The semiconductor devices are
highly compact, efficient, more reliable, low power consuming, free from mechanical noise
and are cheap. Hence they have replaced the vacuum tubes to a great extent.

. The properties of semiconductofs can be understood on the basis of the bahd theory of solids.

For this, we first consider the electron energy states of an isolated atom that can be
described with the quantum numbers.

° In this chapter we also discuss the specific mechanisms by which current flows in a solid.

o In examining all these mechanisms we shall learn why some materials are good cc.aductors
‘of electric current, whereas others are poor conductors.

. We shall discuss how the conductivity of a semiconductor varies with change of doping and
change of temperature. All these fundamental concepts of charge transport form the basis to
understand the behaviour solid state devices in later chapters.

\ The four quantum numbers required to specify the electron state in an atom are as follows :

1. The principal quantum number ‘n’ which determines the size and the energy of electron

orbit. It can have only integral values n = 1, 2, 3, 4, ... and the corresponding electron orbits
are denoted by K L, M, N respectively.

‘.ec ons that any orbit can accommodate is 2n?.
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\ ZAn orbital quantum number 7 that determines the shape of an electron orbit. It can have
values ! = (, 1, 2,

\@pectively.

The number of electrons contained in a subshell are 2(21 + 1).

w (=1 and the corresponding subshells are denoted by s, P, d,_f

" An orbital magnetic quantumgnumber my which determines the orientation of an orbit in

space. 'llt);m({fﬁvo. values form + 7 to - { including zero. For a given I, m; has (21 + 1) values.

The magnetic spin quantum number m, that g
1o
+ ,can have values + 5 and - 5

ivos the direction of spin or self rotation. It

\ These four quantum numbers n, I, my;, m, define completely the state of an electron in an

~ atom. Different physical and chemical properties of various elements are due to different
configuration of electrons in their atoms,

As per Pauli's exclusion principle, no two electrons in an

quantum numbers n, !, my, m,.

atom can have the same set of
ot have more than two electrons.
an atom.

Hence an energy level cann
Thus the energy level occupied by an electron is discrete in
-l

OO BN

8)

- > [5-01, W-03, s-05, 5-07 ]

f_fivery atom is affected by the presence of the nej
solid, it is found that the energy levels of the inner shell electrons are not much affected by
the presence of neighbouring atomsD T — - - o

However, the energy levels of outer sh

ell electrons are changed considerably. These electrons
are shared by more than one atoms in

the crystal.

E\s per Pauli's exclusion principle, not more than two interacting electrons can have the
Same energy level and therefore

new energy levels must 'be. established; which are disc:ete
but infinitesim lly different. This group of discrete but closely spaced energy levels is called
an energy banj :

Ehus in .solids, the allowed energy levels of an atom are modified by the proximity of t:)thﬁ;
atoms. Every discrete level of an individual atom gives rise to a band ml sul_ii} Ejnch -21?(1
contains as many discrete levels as the number of atoms in the solid, ie. in a s

* . ied by 2N
containing N atoms, there are N possible levels in each band\and they can be occupied b
electrons, -
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i i . on of interatomic distance.
& Fig. 2.3.1(a) shows the energy level gplitting 1n a solid as a function ol 1

2P < 3giBand \\\\\\\\\\\\\\\
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<— Interatomio dist.

Fig. 2.3.1

. The splitting of energy levels is the greatest for the outermost electrons and least for inner
electrons. The individual energies in the band are so close together that each banc.i c.an be
considered as continuous. Fig. 2.3.1(b) shows the bands formed. The details variation of
energy band with interatomic distance is shown in Fig. 2.3.2 for group IV elements.

A

4N States d - Electrons

K

]
Conduction
band :

2 N P Electrons
6 N States

2NS Electrons-
68 N Stat

4N States) I '
: : 2 N States
14 N Electrons
Valence
band

Electron Energy —_—

[}
1
|
]
]
1
]
|
1
T

. [} i
Completely Filled Inner  Shells
G ! () (b) (a)

- >

R et

1
1
[}
|
1
1
1
|
[}
1
|
't
1
n
]
1
1

Fig. 2.3.2 : Energy band diagram showing variation of electron energy
with interatomic spacing for Group IV elements
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be explained for some typical solids as follows :

ne formation of energy bands in solids can

nergy bands in Lithium metal
The atomic humber of Lithium is 3. Hence Lithium atom has 3 electrons (15? 2Sh.

Consider that Lithium solid has been formed from N Lithium atoms. For these N
-atoms, there will be 3N electrons. 2N electrons will occupy N different energy levels in

K shell i.e. 1S band. This energy band will be completely filled inner band.

g N electrons will occupy the

— ——— Y —————

L PO -

The remainin

i vher energy L shell, i.e. 2S band with N
l(31:1g(ergy levelgsyand capacity of 2N electrons. ‘és BSE::‘:SSE"‘P‘V)
Thus the 2S band of thhium is only half ? No electrons !
filled and all other higher bands are IE 25 Band (Hall filed) !
camplefely St | 2D i |
. The energy band picture of Lithium is 2 i (o ,
shown in Fig. 2.4.1. Because of the 1 W 2N States i
partially filled band, Lithfum acts as 2N electrons :
¢ !

conductor.
Fig. 2.4.1 : Energy bands in Lithium i

Energy bands in Beryllium metal

The atomic number of Beryllium is

182 252, Consider a Beryllium crystal with N atoms.

o  Out of total 4N electrons, 2N electrons will fill 1S band completely and remaining 2N
electrons will fill 28 band completely. Hence Beryllium seems to act as an insulator.

o  However in Beryllium, the 2S and 2P bands overlap forming a hybrid band.

The capacity of this band is 8N while it contains only 2N electrons. Because of this

partially filled band, Beryllium acts as a conductor.

The energy band diagram for Beryllium is shown in Fig. 2.4.2. -

4. Hence the electronic configuration is

e e 4 E

[e]

2P Band overlapping with 2S5 Band

Fig. 2.4.2 : Energy bands in Beryllium

—» Electron Energy
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(¢) Energy bands In Diamond
i i d the
/“/ o Diamond is an allotropic form of carbon. Hence the atomic number is 6 an :
electronic configuration is 15? 252 2P2, . e
o In a Diamond crystal with N atoms, the GN, electrons wﬂl. bzep gl::('ll ute
9N electrons in 1S band, 2N electrons in 25 band and 2N electrons 1n .
o  The 2P level has three subshells 2Py, 2Py and 2P,,
' : t 3
o All the 2N electrons will occupy the 2Py band while 2P, and 2P, bands will .be e.zmp z'
[Hund's rules for pairing of electrons is applicable only to fill the electrons i dISC;e ef
energy levels of an isolated atom. But in solids, there are energy bands instea 0d
discrete energy levels. The band of lowest energy is filled first, then the next lowest an
so on.]
o  The interatomic distance in Diamond is such that, 2P, Empty
the unfilled 2P, band is separated from the filled ‘I T
e
2P, band by 6 eV energy gap. Y
5] 2P, Filled
o  No free electron is available for conduction. Hence =~ % /////////// X
Diamond acts as an insulator. g ////////////// e
o  The energy band diagram for Diamond is shown in i

iy /
/
/4

Fig. 2.4.3.

fy" Energy bands in Silicon

Wm 1S Filled

Fig. 2.4.3 : Energy bands in Diamond

o  Silicon has atomic number 14. Hence the electronic configuration is 1S? 28% 2P°35* 3P2.
o  For asilicon crystal with N atoms, the 14 N electrons will be distributed as follows :
2N electrons in 1S band ‘
2N electrons in 2S band
6N electrons in 2P band
2N electrons in 3S band
2N electrons in 3P, band !
o Thus 3P, band is completely filled and the unfilled 3P, band is separated from it by, an ‘
energy gap 1.1 eV. All bands above 3P, are empty. :
o  The energy band diagram of Silicon is shown in Fig. 2.4.4.
[¢]

With enough thermal energy some electrons in 3P, band can overcome the gap of 1.1 eV i

and occupy the empty states in 3Py band. Thus Silicon acts as a semiconductor.
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:aPy Emply

:1.10V

\\\\\\ 3P, Fllled -

NNy 2 Fled

NNy oz Filed “ ;
a1 Filled | .

. Electron enegry —————»

Fig. 2.4.4 : Energy bands in Silicon

» [S-06]

In an atom, the electrons 'in the inner shells are tightly bound to the nucleus while the
electrons in the outermost shell (i.e. the valence electrons) are loosely bound to the nucleus.

During the formation of a solid, a large number of atoms are brought very close together, the
energy levels of these valence electrons are affected most.

The energies of inner shell electrons are not affected much.

he band formed by a series of energy levels.containing the valence electrons is called the
Valence Band. )

. b4
It is the highest occupied energy band. It may be completely filled or partially filled with
electrons. : :

('The next higher permitted energy band is called the Conduction Band.)
It may also be defined as the lowest unfilled permitted energy band.
It may be empty or partially filled with electrons. it

The elegtrons can move freely in the conduction band and hence the electrons in conduction
band are known as conduction electrons.~~ '

':1.-‘.“‘.‘f‘M‘.Mm;ﬂWAMRMV_W YU 7 1A 123 £ 31 4 2 4 e Lt S

The energy gap between the valence band and conduction band is called the Forbidden
Energy Gap or the Forbidden Band. .~

P |

W

This band is formed by a series of non-permitted energy levels above the top of valence band
and below the bottom of conduction band.

fI‘his energy gap is denoted by E, and is the amount of energy to be supplied to the electron
in valence band to get excited into the conduction band.

The band diagram is as shown in Fig. 2.5.1(a).

v ’ .
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This makes the outermost shells of all atoms stable. Therefore not a single free electron 15
available at the absolute zero temperature i.e. at 0° Kor—273°C.

. ure.
Hence the intrinsic semiconductor acts like an insulator at the absolute zero tempera-t

Why are the Si and Ge referred to as tetravalent atoms ?

As both Silicon and Germ;nium atoms have four electrons in their valence shells they are

referred to as tetravalent atoms.

'We can apply the same logic to define “trivalent” and “pentavalent” atoms.

ns while pentavalent refers to an

Trivalent means atoms having only three valence electro
atom having five valence electrons.

> [ W-02, 5-03 ]

A solid is formed by bringing a large number of atoms together.

Each atomic level splits into a large number of closely packed levels and energy bands are
formed.

The filling of the bands takes place such that the lowest energy bands are filled first, then
the next lowest and so on; till all the electrons are accommodated.

In case of metals i.e. conductors, only electrons are the current carriers.

The highest occupied energy level at 0°K is called the Fermi Level and the energy
corresponding to it is called the Fermi Energy Er.

At 0° K, all energy states upto Er are occupied and all states above Er are empty.

At higher temperatures the random thermal energy can excite the electron to higher energy
states and there may be some empty states below Eg.

Thus for conductors or metals, the highest filled energy level in the highest energy band at
0° K is the Fermi Level and its corresponding energy is Er; the Fermi Energy.

The distribution of electrons over a range of allowed energy levels at thermal equilibrium is
given for conductors by Fermi-Dirac statistics.

As per this, the probability that an energy state of energy E will be occupied by an electron
at temperature T°K is given by,

P (E) =—17Ei
b
l+e w=

where, K = Boltzmann's constant

©
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Ep
P (E)

Fermi energy

"

Distribution function known as Fermi function.

v This function as plotted for differont temperatures is shown in Fig. 2.12.1. From these

curves it is observed that :
=)
1. AtT = 0°K. for E ] - KT a ol
, for E < Ep, the term o =0and P(E)=1

Hence at T = 0°K all energy states below Ep are certainly occupied.

Fig. 2.12.1

E-Ep

. : KT
2. AtT=0°KandE > Erthe term e " =z=wand P(E)=0

It means that, at T = 0°K all the energy states above Er have zero probability of
occupancy and hence are empty.
E-Ep

DT | =t

' KT
3. AtT>0°KandE = Ep, the term e =1 an(l PE) =

1c. the energy state at the Fermi Level has 50% probability of being occupied by an
electron at any finite temperature T > 0°K.

» [ W-03, 5-03, 5-04, W-05, S-06 ]

. In semiconductors, we have two types of current carriers i.e. electrons and holes.

. In semiconductors, Fermi Level is the reference level that gives the probability of occupancy
of states in conduction band as well as the unoccupied states in valence band.

. FFermi level in semiconductors, may be defined as the energy which corresponds to the centre
of gravity of conduction electrons and holes weighted according to their energies.

/%)
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Fermi level is only an abstraction,

The Fermi level lies in between the conduction band and valence band.

, Foran intrinsic semiconductor, the Fermi le
indicating that the states occupied in conduction band is equal to

e of the forbidden band

vel lies at the centr
. the states unoccupied in

valence band. =

E 1) Intrinsic semiconductor

o

(o)

It means that for every electron in C.B., there is a hole in V.B.

ocation of fermi energy level in semiconductors

In pure or intrinsic semiconductor the concentration of free electron in C.B. and the

concentration of free holes in V.B. is exactly same.

« Conduction
- band

> Ec

Eg (Fermi Level)

y EV

— Valence
- s . band

— Band energy .
|

Fig. 2.13.1

Hence the Fermi level in intrinsic semiconductor lies exactly at the middle of the

forbidden band as shown in Fig. 2.13.1.

l/:;)’/fxtrlnsié semiconductor

The position of Fermi level in extrinsic semiconductor depends both on doping and on

o
the temperature.

o  If the intrinsic semiconductor is doped, the Fermi level is always found to shift towards
the energy band, that has higher concentration of charge carriers.

N-type semiconductor

o  Inthe N-type semiconductor the concentration of free electrons in C.B. is much greater
than that of free holes in V.B. Hence the Fermi level gets shifted towards the
conduction band.

o At 0°K the Fermi energy level Er lies between the contiuction band energy Ec and the
donor energy level Ep.

©  Thisis shown in Fig. 2 .13.2(a).

With the increase in temperature, the concentration of electrons and holes changes and
also the position of Fermi level changes.
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o At T>0°K the Fermi level may shift below the donor level but is always well above the ‘a
centre of forbidden band.

Applied Physics (Nagpur) 2.92

o Typical position of fermi level at 300°K is as shown in Fig. 2.13.2(b). ¥
T=0"k T=0300"k !
CaB. CB.
E = = i
e — Sl 2900000 0%
ED T EFI‘\ |
By mmmmmmememceciia Epy By —m-mmmmmmmmomooes Er I
|
l () - E, l a 3 Ey l
V.B. V.8
(a) T= 0% - (b) T> 0%k

Fig. 2.13.2 : Fermi level in N-type semiconductor
2. p-type semiconductor

o In p-type semiconductor, the hole concentration in V.B. is much more than the electron
concentration in C.B. Hence the Fermi level lies above the top of the valence band.

o At 0°K the Fermi level lies between the valence band energy E, _and the acceptor energy
level E,. This is shown in Fig. 2.13.3(a)..

o As temperature rises electrons are mtrmsxcally available in C.B. Hence Fermi level
may shift above the acceptor level but is always well below the centre of forbidden
band.

o  Typical position of fermi level at 300°K is as shown in Fig. 2.13.3(b).

T=0% T =300k
C.B. — C.B.
E ' E, E 1 - E,
/ Eg """""""""""" E E """"""""""""" EFI
0. 2.2.990.9 EA : g = Erp
L Eep l ““““““““ A
EV y o —0 EV
f——e Qe
V.B. ey V) : fncr
~ (a) T=0° (b) T> 0%k

Fig. 2.13.3 : Fermi level in P-type semiconductor
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voltage V be applied a
nt I is due to both the current carriers i.e. electrons

Consider a gemiconductor of length [

cross the semiconductor.

and cross-section A as shown in Fig. 2.17.1. Let a

and holes in the

» The curre
gemiconductor.
. — E G4
A
1 Vo 4—e 4—o o—p 0—-’. 7
o—» Vjy o—p “+—
4 ] —>
.V
+| -
Fig. 2.17.1: Semlconduct:;r
Let n = electron density in conduction band
p = hole density in valence band
pe = electron mobility J
py = hole mobility |
Ve = driﬂ:velocity of electrons |
vy = drift velocity of holes
Total current I = I+ 1In ...(2.17.1)
or I =n-everA+p-evy-A
or I =eA (N Ve+ P Vi) ..(2.17.2)
\'
Now Ve = pe-E = pe- 7
\'
_ and vn = Hh'E=|~lh'T
Equation (2.17.6) gives, R

‘

| N v
(s oo Fornd]

V .
or I=e-A-‘l'[n-p¢,+p-ph]
RSO A L 1
Resistance R = 7 = e-A(n-u,-p-ph)=p'A

Where p —+ Resistivity of the semiconductor

- Resistivity p =

1
e(n: o+ P+ 1n)

N
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SRS
._:Conductivity of semiconductor is ¢ = g=0 (M- o+ pepy)

or Ugc = UQ + 0]1 .-.(2.17.3)

c pductivity of Intrinsic semiconductor
0

For the intrinsic semiconductor, the electron concentration is equal to hole concentration.
ie. n = p=n;=intrinsic concentration of charge carriers.
. Conductivity of intrinsic semiconductor is
_ o

N e HetNj-e-

]

or o = nj:e(pe+ pp) ' ..(2.17.4)

Conductivity of extrinsic semiconductor

» 3 t
i n-type semiconductor 3

For the n-type semiconductor, n> > p

Therefore neglecting the hole concentration, the conductivity of n-type semiconductor can be

written as, '
Ca=N-€H,

e d-ep,,} .(2.17.5)

where d = concentration of donor atoms
(ii) p-type semiconductor

For the p-type semiconductor, p >> n |
Therefore neglecting the electron concentration the conductivity of p-type semiconductor can be
written as -

Op=P-eun
or Gp= a-ep } ...(2.17.6)

where a = Concentration of acceptor atoms

‘In case of metals, which are the good conductors of electricity,

the resistance increases with
the increase in the temperature of the conductor.

The resistance at temperature t° C is givenby Ri=R,(1+ «c t)

Where R, — resistance at o° C.

and « - temperature coefficient of resistance

Hence the conductivity of conductors decreases with the increase of temperature.
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In case of semiconductors, the current is due to two types of carriers, the electrons and the
holes. The conductivity of a semiconductor is given by,
Oae. = €(N - o+ P Pp)°

or the intrinsic semiconductor the electrons in C.B. and holes in V.B. are equal in number

F
at any te_mperature. :

n = p=n = intrinsic concentration of carriers
-The conductivity of semiconductors depends on temperature.
Wit;h the increase in temperature more number of electron-hole pairs are generated.
Hence the intrinsic carrier concentration n; also increases. Hence the conductivity of the
intrinsic gemiconductor also increases.
The intrinsic carrier concentration n; increases with temperature as per the relation.

7
nt = Ap-Te
wHere Ao = Constant, independent of termerature
T = Absolute temperature of the semiconductor
E, = Forbidden energy gapat0 K
K = Boltzmann constant expressed in eV ’K

AThus the current through the semiconductor also increases with the increase in

temperature. >

. > [W-01]
The extrinsic semiconductors are of limited use when taken individually.

But the situation changes considerably, when a junction of P and N-type materials is
formed.

A P-N junction is a metallurgical boundary in a semiconductor crystal in which, holes are
the majority carriers on one side and electrons are the majority carriers on the other side.

.Ifa single Piece of germanium is doped with P-type material from one side and the other half
18 doped with N-type material, then the plane dividing the two zones forms the P-N junction.

Pecal.xse of the difference in concentration of electrons and holes on the two sides of the
.lunctmn, 'the electrons in N region tend to diffuse to the P region and the holes from P region
end to diffuse into N region. This process is called ‘diffusion’. '

The diffused charge carriers eombine at the junction to,neutralize each other.

f}llen-ce de.velopment of immobile positive ions in N region and negative ions in P-region near
. SJ‘mCthn takes place, and a charge free space called the ‘depletion layer®, of width of the
rder of few microns, is formed near the junction.
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Pl slcs.Na p) . .
iod fusion process continues till the materials on both sides of junction equalize their
e

: milevels. .
fer nable i00%, form parallel rows of opposite charges facing each other across the
The !

Jepletion layer.
his charge geparation,
ondition. This is shown in Fig. 2.19.1.

an electric potential Vu develops across the junction under

pquilibriu™ €
This potentia
pprevents the U

1is called as the ‘janction potential' or the ‘barrier potential'.

ther diffusion of majority charge carriers across the junction.

1t showld be noted that outside the barrier, on each side of the junction, the material is still
5

,,neutral-

Hole P N
P Qe 2@ @i ®¢ @e—|—> Free electron
Qoo 1O|@ @ @

. |
Negative «—}—Bo Qo O] G’): ®+ @2y positive donor ion
acceptor ion t i

Depletion
layer .

;

]
1 Ve Potential
[ barrier

» [ W-02, S-02, S-03, S-04 ]

Zero bias

©  When the P-N junction is in equilibrium the barrier potential does not allow the
carriers to cross the junction. Hence there i no current flow across the junction.

Forward bias

° :Nhet_l the P-N junction is connected in an external circuit such that, the positive
erf_lllnal of battery is connected to P-region and negative terminal is connected to N-
region, then the junction is said to be forward biased.

°' This is shown in Fig. 2.20.1.
N ,
The effect of forward bias is to reduce the potential barrier and the width of the
depletion layer.,

0 T]
J'u:ct}il oles from P-region afe repelled by the positive terminal of battery towards the
on,

+ — e

|
g
i
i
8
B

& B
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. Avoltage of about 1 volt can permit current of about 560 mA.

. The reverse current is very small (fow pA). It increases in the beginning with applied voltage’
and soon becomes saturated,

R = “

: !
. When the reverse voltage increases a certain value called Zener or breakdown voltage, the '
!

reverse current suddenly and sharply increases, the curve indicating zero resistance at that
point.

| 2.21 Energy Band Picture of a P-N Junction

>.\. [ W-02, W-03, W-04, S-05, W-06, S-07 ]

(a) | Zero bias

»  We have seen that the fermi level in the P-type material is located close to the top of

the valence band while in the N-type material the fermi level is close to the bottom of
the conduction band.

. When the P-N junction is formed a concentration gradient of carriers exists on the two
sides of the junction due to which the carriers try to cross the junction.

e Such crossing continues till the fermi levels on the two sides of the junction equalise.

» The band edges in the two regions shift themselves so that the fermi levels are
properly aligned.

« The band picture of the unbiased P-N junction at eqﬁilibrium is shown in
Fig. 2.21.1(a).

«  The conduction band in P region is above the conduction band in N region by an energy
e - Ve where Vs is the potential barrier across the junction.

> ¥
+ |,

| =
P T~ ]

le—p)
Barrier width . . Barrder width reduced

(a) : (b)
Fig. 2.21.1

- A8) |
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<
Barrier width Increased

Fig. 2.21.1 (c)

The majority electrohs in the conduction band of N region will face the potential
barrier across the junction and hence cannot cross the junction. Thus there is no
current flow.

Forward bias

An external battery of voltage V is connected with its positive terminal to P region and
negative to N region. ' ‘

Due to this forward bias, the equilibrium conditions are disturbed and the positions of
fermi level and hence the energy bands are changed.

As the negative terminal of external battery is connected to N- region, the energy of
electrons in N region increases by an amount eV.

Hence the fermi level on N side rises by eV and the energy bands adjust their positions

“so as to suit the rise of fermi level. Hence the potential barrier is reduced to e (Vs = V)

and the barrier width is reduced.
The electrons in N region now face a low potential barrier and can cross it more easily.

For the current flow to occur, the potential of external battery should be more than the
barrier potential.

The band picture of P-N junction under forward bias is shown in Fig. 2.21.1(b).

Reverse bias

The exterﬁal battery of voltage V is connected with its positive terminal to Nregion.

The energy of electrons in N region reduces by an amount eV. Hence the fermi level on
N side is shifted down by eV and the potential barrier increases to e (Vs + V), thereby

increasing the barrier width.

The majority electrons in N region now face a greater potential barrier in crossing the
junction (But the minority carriers can easily cross it).

The band picture of P-N junction under reverse bias is shown in Fig. 2.25(c).

=P
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i Bauations (2.24.5) and (2.24.6)
Bt -

- AVL = —a'RLAT
o s. . A2.24.7)
i ,'f,.;‘ be greater than the change in Input voltage A V;. Then the voltage amplification
' *Af.‘l';: ’. o - A = A\Il..
G . = av, -2248)
el

FTWiube greater than unity and the transistor acts as an am
»m‘éntal resistance of the emitter junction is r,, then

;;,;,‘.Z,'. , AV; = reAlg
}5 rvom Equations (2.24.7); (2.24.8) and (2.24.9)

plifier. If the dynamic or

...(2.24.9)

A= o Ry Alg - R
T T Al T or,

" For example, if re =40 Q, ' = =1, and Ry, = 3,000 Q, then A = + 75.

Even though this calculation is oversimplified in essence it is correct. It gives a physical
significance of why the transistor acts as an amplifier. The transistor provides power gains as well
28 voltage or current amplification. From the above explanation it is clear that current in the low
resistance input circuit is transferred to the high - resistance output circuit. The word “transistor”

which originated as a contraction of “transfer resistor” is based

upon the above physical
phenomenon. - :

b4

> [ S-02, W-02, W-04, §-05, W-05, S-06, W-06, S-02, W-07 ]

If a metal or a semiconductor strip carrying a current I is placed in a transverse magnetic
field B, an electric field E is induced in the direction perpendicular to both B and I.

‘This phenomenon is known as Hall effect. .
It.is used to detect whether a semiconductor is N-type or P-type.

Consider a rectangular strip of a N-type semiconducting material as shown in Fig. 2.25.1.

Under the application of some potential difference, let current I flow through it along the
Positive X-direction.

Let the ma

gnetic field B act along the positive Z direction (i.e. B acts perpendicular to plane
of

Paper in the outward direction).

Hence a force F acts on the charge carriers along the negative Y direction.

As the Semiconductor is N-type, the charge ¢arriers are electrons.

(18
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. This force due to the magnetic field hag the magnitude

= B ey ...(2251)
where v — drift velocity of electron

e — charge of eledron

«  Thus the electrons will be forced to move downward towards gide 1 in Fig. 2.25.1 and side 1
becomes negatively charged with respect to side 2.

Ary

e e 4 . SR

2 |

- ///////%/// ‘

N\

— o —

X
1

Fig. 2.25.1 ;: Hall effect

As a result, an electric field is produced between the surfaces 1 and 2; and is directed along
the negative Y direction.

This field will oppose the further piling up of the electrons on surface 1.

In the equilibrium condition, the force due to the electric field balances the force due to the
magnetic field and then the electrons do not move along the Y direction.

At this stage a steady potential difference is developed across the surfaces 1 and 2.
This voltage is called the Hall voltage V.

Let E be the electric field intensity due to Hall voltage Vy, then the force due to this electric
field balances the force due to magnetic field.

5

3

H

3

5
3
=
E
b}
=
E
8=
&
E
3
=
-E\
=
&

>
~eE=B.e v ' ...(2.25.2)
~ E=B.v- )
A" .
But E = TH | ...(2.25.3)
where d = distance between the surfaces 1 and 2
VY
e d = 'V
orVy = B-v-d » ...(2.25.4)
The currentI = n-e-v-A
I

i .(2.25.5
‘Y=o (2.25.5)
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| 'A = Cross-section of the strip

Semiconductor Physics

s fd
" AN

I
Now A =*J=Current density

ket o ‘
. The Hall voltage is given by,

1 B.1.d 1 .

Vi = ne A “p.o BJd ...(2.25.6)
The charge density p is the charge per unit volume of material.
LpP=n-e
Andarea A =d.-W
where W = Width of the specimen in the direction of magnetic field
.. Hall voltage Vy = :’3_&, «{2.26.7)

If the polarity of Vy is positive at surface 2 (as in the above discussion) then the carriers
must be electrons.

But if the surface 1 has positive polarity with respect to surface 2, then the carriers are
positively charged holes and the semiconductor is P-type.

Thus measurement of Hall voltage helps to determine whether the given semiconductor is P-
type or N-type. « ' ‘

We see that if Vi, B, T and W are measured, the charge density p can be determined. '

Hence p = n - e can give the carrier concentration n.

The Hall coefficient Ry is defined as

1 1
Ry=75=0 | ...(2.25.8)
* Equation (**) gives the Hall voltage )
225y B-1
- Vg = RH-T
- W
~. Hall coefficient Ry = VI;{_I' ...(2.25.9)
Ru = E-d-W __E
R =TET 7B
. I

Thus the Hajy coefficient Ry of a semiconductor material may be defined as the electric field
Strength per unit surface current density due to unit transverse magnetic field.

The conductivity of the material is givenasc=n-ep

@

‘ |
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where p — mobility of the carrier

, 1
no= Rl
Mobility K= Ru (o) ...(2.25.10)

Thus measurement of conductivity and Hall coefficient determines the mobility of carrier.

Applications of Hall effect

The Hall effect can be used for : |

1. Determination of type of semiconductor.
9. Determination of carrier concentration.
3. Determination of mobility of carriers.

E,
. . by cacees X
. The net electric field E in the specimen 15 a vector sum of © o :
electric field component in the x-direction because of flow of
‘current, Ex and electric field due to Hall effect i.e. Ey as
shown in Fig. 2.26.1.
. Hence, resultant electric field E acts at an angle 6y to the x-
axis and this angle is known as Hall angle. [ = o o N E
. 5 £
' Fig.2.26.1
. So, '
Hall angle 6y = tan™! (%) | ...(2.26.1)
x -
VvV . ; ‘ .
We have, Ex = TH and 4

e We can write electric field component in the x-direction.
_ Voltage drop along the length

Ex - Length of specimen
E. = IR I xresistivity x I.
g ,— I - IxA

1 d
B = A PO= g where po - resistivity.

. Put the value of E; and Ey in Equation (30), and we have,

=1 -1 —H- — -1 VH/d _ 1 BI/ Wd
0 = tan @x)__tan To" = tan 7

(i)
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On =
tan~! (oB - Ry) = tan™' (uB)

|l

Ou
Revision of Important Formulae

_n.e-pfor conductors
0 e - ‘
) o ze(n-petP ) for semiconductor ‘
(|l s )
_n-elpet o) for intrensic semiconductor
(i) 9=
i) o ng- @ Mo for N-type semiconductor
V) ONT

for P-type semiconductor

Bl
Hall voltage = VY, = oW

) 0,=Pa* €' Ha

Hallangle = 6, = tan”' (1uB)
/
Resistivity = R= p%

227 Solved Examples

Determine the mobility of electrons in copper assuming that each atom contributes one free

Ex.2.27.1:
electron for conduction.

L <
Forcopper resistivity = 1 7 x 10" ohm.cm. densnty 8.96 gm/cc

AL. Wt. = 63.5, Avogadro number = 6.02 x 10° /gm. mole
Resistivity p = 1-7 x 10 Q cm., density d = 8.96 gm/cc,

Avogadro no. N = 6 - 02 x 107 At. wt . A= 635

P )
AR ST 4 14007 e coommen v e

Data :

Formularequired: o=nN:6-}e
Soln. : Number of atoms of copper present per unit volume is

6. 02 x 10% 22
= S35 *8-96=8-496x10

As every atom contributes one free electron, the number of free electrons per unit volume,

i
® the electron density is 8 - 496 x 10% per c.c.

*The conductivity is
O =nNn-€e-He
The mobility of electrons is
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B 1
(1.7x10°x8 - 496 x 10%2x 1. 6 x 1071?)
= 43 . 273 cm?/volt - sec.
o = 43.273 cm? /volt - sec.

Ex.2.27.2: A copper wire 0.1 m long and 1.7 mm? cross-section has a resistance 0.1 ohm when subjected i
1 Volt potential difference between its ends. Calculate the density of free electrons in the me
and the mobility of these electrons. Assume that
Density of copper = 8.96 gm/cc
Atomic weight of copper = 63.5
Avogadro number = 6.02 x 10% / gm mole

Data: Lengthi = 0.1m

Cross-section A = 1.7 mm’
= 1.7x10° m?
Resistance R = 0.10Q

63.5 gm. Of copper contain 6.02 x 10® atoms
Density of copper 8.96 gm/cc

: 1
Formulae required R =p- £ 0=N-€-pe

Soln.

: Therefore number of copper atoms per unit volume are :

_ 6.02x10%
= 635

8.49 x 10% per m®
Each copper atom contributes one free electron for conduction.
. The number of free electrons per unit volume = 8.49 x 10/ m3
Now resistance of copper is
l
R ="p ‘A

where p — resistivity of copper
RxA 01x17x 108

P T 0.1
p=17%x10°Q - m
-, Conductivity of copper is
Ou= %=_1.7—x1—1F mho/m’
Nowo = n-e- e
where n — electron concentration

pte — electron mobility

x 8.96 = 8.49 x 10?2 per c.c.

L33 MY YOI L S 5 4.
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L]-'l g
: ‘x 8'.49 x 10% x 1.6 x107° :
ot 'Ml‘ L e !
0 0453& 10"’ m /V sec, 7
AT oty .- :
b e ra _ 5
.221.3 :“1Flnd the’ dntt velocity for an elactron in silver wire of radius 1 mm and carrying a current of 2 A. g
) vDensIty of silver'is10.5 gm/cc. " E
, ' Avogadro number = 6.025 x 1023{ gm mole. i
|
ta: Density of silver = 10.5 gm/cc. i
At Wt. of silver = 108 o )
mula required : |l = q.n-v.A
n.: X ;
? 6 x 102
| Therefore number of electrons per unit volume = n =754 x 10.5 ¥
l
‘ 6 x 10%
' W M= Tyog = 6 x 1022 per cm®
or n = 6 x 1028 per m?

Cross sectional area A

nr2=mnx (10-3)2

‘ = 3 x 108 m?
S Nowcurrent I = gq-n:v-A
R 2 |
“ V' = ngA T (6 x 10%) x (1.6 x 10%) x (3 x 108 ) |
= 7 x 10~ m/s.
+2.27.4: The resistance of copper wire of dlameter 1.03 mm is 6.51 ohm per 300 m. The concentration of
free electrons in copper is 8.4 x 10%/m®, If the current is 2 Amp., find the mobility of charge carriers
7 and the conductivity of copper.
ta: Diameterd = 1.03 mm
=103x10%m ‘
- radius r = 1'g3 x10% m ' ' “
R=651Q
I = 300 mm
n = 8.4x10%m?
irmulae required - ’ = 0‘ |
| el R=pRim=73 '
ln . . ‘
The resistance R of a wire of length [ and cross-section A is given by, '
] |
R=p-3y |
7 d |
here p resistivity of copper
Rx A
p=""7 (A=nr?)

|
;
|

§ - e |
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:

1 2
6.51 x 3.14 x ( 33 X 10“")
300

7.228
2 X 10Qm

1. -4
p  17.228
Now o0 = n.e-p,

.. conductive o x 108 = 55.34 x 10° mho/m

where n — carrier concentration
He = mobility

- o 55.34 x 106
.. Mobility p. = n-e ~84x108x 1.6 x 10-19

4.117 x 103 m?2 / volt.sec

Ex.2.27.5: Find the resistivity of copper if each atom of copper contributes one free electron for conduction,

when the following data is given.

Data : Atomic weight of Cu = 63.5

Density of Cu 8.96 gm/cc

Electron mobility in Cu = 43.28 cm®/ V.sec

Avogadro number = 6.02 x 10%° per gm mole

: . 1
.Formulae required : o= N-@-py,p=7y

Soln.: The number of copper atoms per unit volume is
o N .
~ Automic weight

_ 6.03x10%
=7 635

8.49 x 10?2 atoms

x density

x 8.96

Each atom of Cu contributes one free electron.
.. Electron concentration is 8.49 x 1022 per c.c. or 8.49 x 10?8 per m?
The conductivityis o = n-e- .

.. Resistivity of copper is

p'_"

P = 8.49x 1022x1.6x10-9x43.28
1.7 x 10-¢ ohm.cm '

(5=)
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6: Calculate Ihe conductivlty of pure snllcon al room temperature when the concentralion of carriers is
227 ( 1‘6x10 percm Take p, = 1500 cm? / voll, sec.
h ) H

.-and py = 500 cm?/volt.sec. at room temperature.
‘Data:  p, = 1500 cm*/voll sec. i = 500 cm? / voll sec.

n=p=n-=16x 10" percm’.
Formula required : o= n,(j1o, ) - ©

in.+ The conductivity of pure semiconductor is given by,
Oi =Ni(Hespp) - €
oi-= 1:6 x 10" (1600 + 500) x 1. 6 x 10°
or o; = 5-12 x 10 mho/cm.

(o)

512 x 10~° mho/cm.

2.27.7: An n-type semi-conductor is to have a resistivity 10 Q cm. Calculate the number of donor atoms
which must be added to achieve this.

Given that py = 500 cm?/ V.S
Data : Resistivity p =10 Q cm., py = 500 cm? v.s.

. 1
Formulae required : Conductivity c=; and oc=ng.e.p,

oln.:
_—o_ __1
"= M PO,y
~ 10x 16 x 10™? x 500
=l - 25 x 10" per ¢m?®
X.2278: Calculate the conductlvny of specimen |f a donor impurity is added to an extent of one part in 10°
Ge atoms at room temperature ?
Data:  Avogadro number = 6. 02 x 10% atoms/gm.mole. Atw..of Ge =72 . 6,
Density of Ge = 5. 32 gm/c.c., mobility p = 3800 cm’/v s,
Formularequired: o=n.d. He :
soln. ; * ‘

o 6.02 x 102
Concentration of Ge atoms = —%"6& % 5,32 = 4.41 x 10? per cm?

As there is one donar atom per 10%atoms of Ge

4.41 x 10% )
= —1:;3—0'=4~ 41 x 10 per cc¢
conductivity o = ny - p,
= 4.41x 10" x 3800 x 1.6 x 10'° = 0.268 mho/cm.
<

| ~—_—
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Ex. 2.27.9: A germanium crystal is doped with a pentavalent impurity of concentration 1 ppm. If the resistivity
of doped germanium is 0.3623 x 10” ohm-m, find the mobility of electrons in germaniurzr;. Assug\e '
that all the Impurity atoms are lonised and the density of germanium atoms is 4.42 x 107 perm~.

pata:’
Resistivity p =0.3623x 10°Qm
Ge density = 4.42 x 10™atoms/m’
Rate of doping = 1 ppm = 1 impurity atom per 10° Ge atoms.
Formulae required : o =l m =2
p Ng-©
soln. : Conductivity of germanium is
1 1
o = = 03023 x 107 Mhom
or o = 2760 mho/m ]
The rate of impurity doping is 1 impurity atom per 10° Ge atoms and density of Ge atoms i
4.42 x 10% /m?. R
All the impurity atoms are ionised. Therefore the concentration of impurity atoms i
4.42 x 10%8 "
n = 10° = 4.42 x10?? atoms/m?
Conductivityc = ng.e- p
-, Electron mobility is
_ o _ 2760 ,
P=Ta-e  442x102x16x107" -
.

or p = 0.39m?/V.sec

Ex. 2.27.10 : A germanium semiconductor contains 10°° % Boron and has a resistivity of 0.42 ohm. m. Calcula
the density and mobility of holes in the semiconductor.

Assume density of germanium = 5.36 x 10° kg/m’

Atomic weight of germanium. = 72.59
Avogadro number = 6.025 x 10° / kg — mole
Data: Resistivity = 0.42Qm
Boron impurity = 10°%
Density of Ge = 5.36 x 10° kg/m’
At. wt.of Ge = 72.59
Formula required : Conduclivity = Te?s%lv_i@

Soln. :
Avogadro number = 6.025 x 1028/ kg. Mole.

- 72.59 kg of Ge contains 6.025 x 10?¢ atoms
' Density = Mass per unit volume

- . ; 6.0256 28
. Number of Ge atoms present per unit volume will be = '—7%5910_ x 5.36 x 10?

29 m
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= 0.445 x 102

Rate of Boron impurity is 10 % i.e, 10-
. 1 Boron atom is present per 108 Ge atoms,
If the impurity atoms are completely ionised then, the number of holes per unit volume will

&
=0
o
:'v-.

_0.445 x 102

C 108

4.45 x 1020

4.45 x 10%

Now one hole is available per acceptor Boron atom.

- Concentration of acceptor atoms is a = 4.45 x 1020/ m®

- Holes per unit volume

The conductivity of p-type semiconductor is op=a-e- p

2.
L 1S S TN TN M N MR

d conductivity = ————— = —1 :
and conductivity = resistivity = 0.42 mho/m i
1- X 4
54z = (445 x 10%) x (1.6 x 10-19) x :
4. . ' 1 V |
- Mobility of holes = &0 e 109 x 1.6 x 10-° |
= 0.0334 m?/ V.sec _ ‘ -

— m
.27.11 ¢ Calculate the current produced in a small germanium plate of area 1 cm? and of thickness 0.3 mm

when a potential dnfference of 2V is applied across the faces. Given that the concentratlon of free

electrons is Ge is 2 x 10'/ m® and mobilities of electrons and holes are 0.36 m? v . s and

0.17m’ . s respectively.

n o= 2x10%/m? pe=0.36m’N.s.
o= 0.17m*v.s.,  AreaA=1x10"m?
Voltage V. = 2volts. '

Length/ = 0.3mm=3x10"m. | ;‘
ula required : J = oE e ;
| GxVxA
= I _ ’ |
.
The current density J =*c E i !
\Y ¢ "
Or J = 0-7; AlsoJ:lA . ‘
Ly B
e A = O l 'i:
oix Vx A i
.'.I = l f
Now a; = nj-e-(pe+pn)
= 2x101x1-6x10-19(0- 36 +0- 17)
= 1.696 mho/m. v‘
. ;1o 1696x2x104

or I = 1-13amp.
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X p.27.12: A specimen of pure Germanium at 300°K has a density of charge carriers of 2.5 x 10"/m®, It is
doped with donor impurity atoms at the rate of one impurity atom for every 10°atoms of
germanium. All impurity atoms may be supposed to be ionized. The density of germanium atoms is
4.2 x 10° atoms/m”, Find the resistivity of doped germanium if the electron mobility is 0.36 mvs,

Data:  Densily of charge carrlers at 300°K = 2.5 x 10'"/m?
1

T —— 1)1

30— T

[}

Formulae required : =N,.0. -— '

0= NatC e Po=5 |

soln. « ' g
; Intrinsic carrier concentration = 2.5 x 10'%/m? |
Density of added impurity atoms i.e. Nu = 4—21"0—30-23 i

4.2 x 1022 atomé/ma
The donor conceptmtionis very large as compared to intrinsic carrier concentration and 1
hence the intrinsic concentration can be neglected. L
. The conductivity'of doped material is therefore
On = Nyre-pe=4.2x1022x 1.6 x 10-1? x 0.36
2.492 x 103 mho/m

I

N

Hence the resistivity is

¥ 1
Pn = 5 =73.4192 x107 0P ™

or pn = 0.4133 x 10 Q m.

Ex. 2.27.13: Calculate the current produced in a germanium sample of area 2 sq.cm and thickness 0.1 mm
when a potential difference of 4 Volts is applied across it. |

" Given: n = 1x10%/m° i

| u, = 0.36 m’volt.sec - ,
= 047m?/voltsec - - i

Data. Area A = 2cm?=2x 107 m? | :
Thickness t = 0.imm=10"m g

V = 4volts : i

Formula required : o = N-e-(ug+ Hp)
Soln. : The conductivity is ) E
| G = m- e (o + ) = 1x 101 x 1.6 x 1071%(0.36 + 0.17)
= 1.6 x 0.53 A

= 0.848 mho/m

.. current density J = oixE=0ix7

. 4
J = 0.848 x o= Amp / m2

JxA

.. Current produce is I
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s ,
I = 0.848 X T X 1071 x 2

6.784 Amp,

]

or [

/.C';;;wfcondugtivlty of pure silicon at room temperature if concentration of carriers is

A 6 10" per cm®. Given that mobilities of electron and hole are 1500 cm” /V.s and 500 cm?/ V..
respective|y. A .

. py = 500cm”/V.s. ) ‘

" b, = 1500 cm*/ Vs,

n = 1.6x10"%%m®

m e (pn + o)

I

a8 required : o
a
e have intrinsic conductivity expression.
oi = mie (Ko + pn)
o; = 1.6 x 10" x 1.6 x 107" (1500 + 500)
5.12 x 10 mho / cm

Gi

p97.15: Asilver wire isin the form of a ribbon' 0.50 cm. wide and 0.10 mm. thick. When a current of 2 amp.
passes through the ribbon, perpendicular to 0.80 Tesla magnetic field calculate the Hall voltage
produced. The density of silver = 10 . 5 gm/cc.

Data: B =0.8Tesla, Density = 10.5 gm/cc -

. . |
Formulg required: Vy=Bvd. v =T1Ag

n.: The number of electrons in*lcc of silver are : A .

' 10
n = 6-025x 10% x 5"~ 6 x 1022 per c.c. ‘ “

As each silver atom contributes one electron, the number of electrons per m® = 6 x 10%
Area A = 0.5x102x0.1x 10 =5 x 107 m2.
.. Hall voltage Vi = B.v.d.

. I
the drift vel v = nAqg
1 B.I.d
V“=‘n-q' A
B 1 0:-8x2x0.1x107%
 6x10%8x1-6x10"® * 5x 107

= 0.333 x 107 volts

2.27.16 : A copper specimen having length 1 metre, width 1 cm and thickness 1 mm is conducting 1 amp.
current along its length and is applied with a magnetic field of 1 Tesla along its thickness. It
experiences Hall effect and a hall voltage of 0.074 microvolts appears along its width. Calculate
the Hall coefficient and the mobility of electrons in copper. ' A

(Conductivity of copper is o = 5.8 x 10" (Qm)™")

a: 1 = 1m,d=1cm=10’2,m

R
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B

W= 1mm=10"m, I1=1Amp
B = 1Tesla, V, =0.074 x 10 Volls
o = 58x 10" mho/m

Formulae required : _ .
1 B.l.d
Vy = —
~ = ngv A
Soln. : ‘ :
The Hall voltage is )
1) B.1.d
T A
1-d
or Vn = RII X __A_
‘ Vix A
_ 0.074 x 10-% x (102 x 10-9)
B - 1x1x102
Rn = 74x10''m3/c

- Mobility p = o- Ry
58x 10" x 7.4 x 10-11

4.3 x 10~ m2/volt.sec *

(LN

[

Ex. 2. 27.17 : Determine the concentration of holes in Si crystals having donor concentration of 1. 4 x 10°Ym®
when the intrinsic carrier is 1.4 x 10'/m®. find the ratio of electron to hole concentration.
Soln. :

Intrinsic carrier concentration

1.4 x 10'8/m?

Donor concentration np = 1.4 x 10%/m3

Np = 1.4 x 10**/m’®

n;

1l

Concentration of electron, n

n  (1.4x101y
n - 14x102
= 1.4 x 10'%/m?
n
Ratio of electron to hole concentration = E
_ L4x1om
1.4 x 1012

1l

Concentration of holes, p

=1x 10"

>

Ex. 2.27.18 : The resistivity of semiconductor material was known 10 0.00912  — m at room temperature. The
flux densnx in the Hall model was 0.48 Wb/m”. Calculate the Hall angle for a Hall coefficient of ;
3.55x 10" m’ / coulomb.

Soln. : A i
Flux density in Hall Model B = 0.48 wh/m® ;

L G2
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