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Learning Objectives:

After studying this chapter, students should be able to:
Understand the term Crystal, Basis, Lattice; Unit-cell:
Describe the two and three dimensional lattice: S R SE
Know about types of Cubic lattice, Coordination :number, - Atomic-radius,
Packing fraction. : A Sehpans ey
Describe the crystal structure of NaCl, CsCi, HCP and:Bi nd.::

Describe the different types of crystal bonding: 5 ¥y

Know about the free electron theory. o5 Rt

Explain the Classical free electron theory and its limitations. ==
Describe the Quantum mechanical free electron modelisciaiie. o2
Understand the Fermi level and Fermi energy. R A

Derive the Fermi energy and density of state of free paljficleQ- ;

Describe the effect of temperature on Fermi Dirac distribution:

Write the success and failure of free electron theory. ;
Know the concept of band" theory ‘and distinguish . the " ‘Condu
Semiconductors and Insulators based on'band theo : :
State and explain the Bloch function and theorer B

Describe the Kronig-Penny model. 5

Know about the effective mass of particle. R e

Solve the various numerical problems related with Solid ‘State Physics
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. jitted into 0 additional energy levels. Such a large number of splitted energy levels are so closely
1cked into a range c.)f energy that the single energy level seems to be broadened rather than splitted.
The range of energy in which all the splitted levels of an energy level of an atom falls is called energy

pand.
How are solids classified according to the band theory of energy?

's: On the basis of th.e widths of the energy band in solids, the solids are classified into conductor,
insulator and sefmconducto.r. In conductors the valence band and conduction band overlap each
other. Due to this overlapping a slight potential difference across a conductor can cause the free
electrons to constitute electric current. In insulators, the forbidden energy gap is wide, the valence
pand is full and thfz conduction band is empty. As a result there is no conduction at normal
temperature. In semiconductors, the valence band is almost filled and the conduction band is nearly

empty with a _small forbidden energy gap (= 1eV) between them. The conductivity of a
semiconductor lies between a good conductor and an insulator.

s/l){fg;;ntiate between conductor and semiconductor.
Ans: The difference between conductor and semiconductor are as given below:

. Conductor ..~~~ | "  Semiconductor
1. The free electrons are responsible for|1. Both electrons and holes are responsible for
conduction of electricity. conduction of electricity.
2. Ithas very large conductivity. 2. It's conductivity lies between conductor and
3. It has positive temperature coefficient of insulator.
resistance. 3. It has negative temperature coefficient of
4. There is no forbidden energy gap between resistance.
valence band and conduction band. 4. A small forbidden energy band exists
between conduction band and valence band.

1. Consider a copper wire of cross-section area 1 mm?2 carrying a current 1A. What is the drift
velocity of the electron? The density and molecular weight of Cu are 9 gm/cm? and 64

g/mole respectively. [TU Microsyllabus 2074, W; 23.1]
Solution:
Area of Copper wire (A) =1 mm? = 10-¢m? Current (I) =1A
Density of copper (p) =9 gm/ cm? Molecular weight = 64 gm/mol.
Drift velocity of electron (Va) =?
We know that,
Va= _NLq

. ) i |

The currer.lt density ] =x=70% = 106 Amp/m?2.
For copper (monovalent), the number of free electrons per unit volume N is equal to the number of atoms
Per unit volume Noms. S0 that,

Natoms = Number of moles/cm? x number of atoms/mole
Where, the number of atoms per mole is given by Avogadro's number Nx =6.02 x10% atoms/mole. thus,

;9 cm?
atoms — 64 gm/mole
= 8.4 x 102 atoms/cm? = 8.4 x 10% atoms/m?

106 I

T8.4x10%x1.6x 10"

Thus, required drift gelocity (Va) =7 x10-° m/ sec.

N =N x (6.02 x 102 atoms/mole)

Vy =7 x10-5 m/sec.
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2. Consider a current }:arrying copper wire, the number of free electrons in COppey
Fermi energy for Cu (b) At what tempe
8.4 x 1028 electron/m?3. (a) Calculate the Fer Lt thationersy® Tature, 1
will the average thermal energy KsTr of a gas be equ
. [TU Microsyllabus 2074 W; 23
y W, q
Solution:
Number of free electron in copper (N) = 8.4 x 10% electron/m?
Mass of electron (m) = 9.1 x 10-* kg :
a.  We know that, the expression of Fermi energy at T =0Kis
E; (0) = zh; (3N m)2/3
1.05 x 10-3
B St O i R 28 y 12)2/3
E¢(0) %91 %101 (3x8.4x10%x1?)
E((0) =11.1x10-9] = 6.95 eV
b.  We know that E0) = KpT;. Where, Kp = Boltzmann constant = 1.38 x 10 J/k and T; = Feny
Temperature. Thus,
g Ef(0) v 11.1X10-B] e
Ti=K ~T3sx10agyk 120K
Hence, the required Fermi energy and Fermi temperature are 6.95 eV and 80,500 K respectively.
3. The electrical conductivity of Cu at room temperature is 5.9 x 107 Q! m-!. The Femn
energy for copper is 6.95 eV and carrier density 8.4 x 1028 electrons/m3. Calculate the
mean free path of the electrons.
Solution:
Electrical conductivity (6) = 5.9 x 107 Q-1 m-! Fermi energy (Ef) = 6.95 eV
Carrier density (N) = 8.4 x 1028 electons/m? Mean free path (I) =?
1
Fermi velocity can be obtained by (Ey) =5 mv¢
1 1
_ (2B 2 (2x6.95%x1.6x10-19\ 3
b cac ] i 91x101 =1.56 x 106 m/sec
Again, we have the relation of electric conductivity
_Ng?z
F A
_om 59x107x9.1x10-31
O T TNq2~ 8.4 x 108 x (16 x 10-0)2
T =250x10-4sec
We know that, the mean free path
I'=ve=1.56 x106x 2.50 x 10-14
1=3.90 x 10 m = 390A
Hence, required mean free path of electrons is 390 A.
4. The electrical conductivity of copper at 300 K is 5.9 x 107 Q-lm-1 (a) What is the thermd
conductivity at room temperature (b) What is the thermal conductivity at 1000 K?
Solution:

The electrical conductivity at temperature 300 K is (6) =5.9x 107 Q-1m-1
Thermal conductivity at room temperature (Ky)=2?

, K
a.  We know that Wiedemann Frantz law, ol = L=245x108W Q/deg?

Ki _m (Kp)?
o =3 (L) =2.45x10-3wQ/deg2=L(say)

Ki=o1TiL =59 x107x 300 x 2.45 x 10-8 = 407.1 W/mk.
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’ 1
— =g Since, ¢ « T
o0 1000

i 200
300 X G300
or, G1000= " 1000

7
ok =%ﬂ =1.77 %107 Q1m-1
Thus, K2 = 62 T2 L =1.77 x 107 x 1000 x 2.45 x 10-¢
. Kp=4192 w/mk
i-len 7required thermal conductivity at 300 K and 1000 K are 407.1 W/mK and 41.92 W/mK respectively.
5. Copper has a face-centered' cubic structure with a one-atom basis. The density of coppex: is
: n cm- and its atomic weight is 63.5 g mole-1. What is the length of the unit cube of

& structure? [TU Microsyllabus 2074 P; 21.1 TU Exam 2074]
solution: ‘
Here is given, density of copper (p) = 8.96 g cm-3
Number of atom per unit cell (N) =4 Since, Fcc structure

Avargado number (Na) =6.023 x 102 atoms mole-!
Length of the unit cube (a) =?

Atomic weight of copper (m) = 63.5 g mole™!

We know that,

or, 3= Since, volume of unit cell = a3

Nm 4 x 63.5
“PNa ~ 8.96 x 6.023 x 10%
or, a3=471x10-2
or, a=3.61x107cm
» a=3614 Since, 108 cm =1 A
Hence, the required length of the unit cubic of the structure is 3.61 A
6. Assuming that atoms in a crystal structure are arranged in close-packed spheres, what is
the ratio of the volume of the atoms to the volume available for the simple cubic
structure? Assume a one-atom basis. [TU Microsyllabus 2074, P; 22.3]
Solution:
Each corner atom in a cubic unit cell is shared by a total number of eight unit cells so that each corner atom

or, al

. contributes only %of its effective part to a unit cell. Since, there are in all 8 corner atoms their total

contribution is equal to% =1

Therefore, number of atoms per unit cell =1

P "
< 5/
' N

@f=_g g L

[Fig. 66: Representation of simple cubic structure of unit cell]
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From figure 66,
a=2r
L
or, r= 2

3
4 a
. > ==1r3 =7 =
Therefore, Volume occupied by the atom in the unit cell =z’ =3 (2)

Volume of unit cell = a3
3
i
v =52%
Thus, Packing fraction = 2 e 0.52 =52%
: ; : . Here the atoms are loose]
Therefore, 52% space of unit cell is occupied by th(? {atoms Y Ppacked. Only
Polonium at ao cepr)'tain temperature is known to exhlbl't such a structure. l?or example, KCI whg, hai
alternate ions of K and CI also behaves like a simple lattice as regards scattering of X-rays because the ty,

b-l;lub

ions are almost identical.
7. Assuming that atoms in a crystal structure are arranged in close-packet spheres, what j,

the ratio of the volume of the atoms to the volume available for the body-centereq cubj
structure? Assume a one-atom basis. [TU Microsyllabus 2074, p; 224

Solution: y
For a body cantered unit cell, the atomic radius can be calculated from figure 67 as follows. From figure,

AH=4rand DH=a G
From the triangle AHD, E
AH? = AD? + DH? +1(1)
From the triangle ABD
AD?2 = AB2 + BD?2
AD?=a?+ a2 wel2) 5
Substituting equation (2) in (1), we get \}+”
AH2? = 2a? + a2 | R0 >
or, AH2=3a2 .{‘_’.-S\— """" D
or, (4r)2=3a? A B
or, 16r2=3a2 [Fig. 67: Representation of body
3a centred cubic structure)

or, r2= 16
_\B

O I=74%a

. . _ Number of atoms present per unit cell xVolume of atom

Packing Fraction's Volume of the Unit Cell

Number of atoms per unit cell = 2

4
Volume of 2 atoms, v=2 X3 3

Side of the unit cell, a = 4_; Since, atomic radius, r = 34@ a
Volume of the unit cell, V = a3

Packing fraction (P.R) =37 x 100%

Substituting for v and V, we have

4
2xzmr
P.F.=——— x100%
4 AT
2 x 3n X 4)a
& a3 x 100%
=68%
o o yolumé
Hence, we can say that 68% volume of the unit cell of Bec is occupied by atoms and remaining 32% “’;im“
cubic

is vacant. Thus the Packing Density is 68%. Since the packing density is greater than simple than
has tightly packed structure, when compared to Sc. >
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Assuming that atoms in a crystal structure are arranged in close-packet spheres, what is

the ratio of the volume of the atoms to the volume available for the face centered cubic

cture? Assume a one-atom basis.
stru [TU Microsyllabus 2074, P; 22.5]
golution:

For a body centred cubic unit cell, the atomic radius can be calculated i
Consider the triangle ABC, ulated from figure 68 as follows.

AC2= AB? + B2
(4r)2 = aZ + aZ

or,
or, 16 7= 2a?
or, T=Tg

Taking square root on both sides, we have

2a?
2
4

2 [Fig. 68: Representation of face centred

r =
cubic structure]

4
Volume of 4 atoms (v) =4 x 3 e |

2 |

: 4r
Side of the unit cell (a) =$ Since, atomic radius, r = g 2

; 4r\3
Volume of the unit cell (V) =a3= (:/—_—2-)

Packing fraction (P.F.) =% x 100%
Substituting for v and V, we have

4
4 x 7 s
PF.=—73%x100%

@

16 5[2 0
o, PF =7 mxgs x100%

PFE. = 56@ =74%
Hence, 74% of the volume of an Fcc
unit cell is Vacant. Thus the packing density is 74
structure has closely (or) tightly packed structure.

f K is 4.34 eV
9. Thedi i of KF molecule is 15,12 eV. The ionization energy o 3

and thsesz(l::z:lr?:x in‘g‘z.xgiyty of F is 4.07 eV. What is the equilibrium separation constant for
the KF molecule? [TU Microsyllabus 2074, P; 22.9] |

Solution:

Here is given, dissociation energy of KF molecule (D.E) =5.12¢eV |

lonization energy of K (LE.) = 434 eV

Electron affinity of F (E.A.) =4.07 eV

Equilibrium separation constant (r) = ?

Here, to ionize K-atom, energy of 4.34
K+434evV—-K*+e-

On the other hand, when F captures one electron,
F+e- - F +4.07eV

unit cell is occupied by atoms and the remaining 26% volume of the
%. Since the packing density is very high, the Fcc

V is provided, i.e.,

the energy released is, 4.07 eV
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Here, net energy released (dissociati.cm energy])E
= E.A. - Coulomb attraction P.E. = LE-

: -434eV
512eV = 4.07 eV - Coulomb attraction PE.-4

-4.07 eV)
Coulomb attraction P.E. = - (5.12eV +4.34 eV

=-539eV
e?
=" 4megr
9 x 109 x (1.6 X 10-19)2
or, -539eV = T
9 x 109 x (1.6 x 10-19)2
or, 539x1.6x101? = T

r=2675x10-0m =2675 A ot
Hence, the equilibrium separation constant for the KF molecule is 2. .

i = 7.6 eV, KBr = 6.3 eV, KI = 56 ¢y, Whi
s of some alkali halides are KCI ; %
5 Iil'l :h:::xf; g1:::11)nsparent to visible light? At what wave length does each become opaquep

[TU Microsyllabus 2074, p; 24

Solution:

Energy gap of KCl, (Eg)kci = 7.6 eV

Energy gap of KBr, (Eg)ksr = 6.3 eV

and energy gap of KI, (Eg)xi = 5.6 eV

We know that, the corresponding emission wavelengths are

_he
i T
’ _ 6.62x10-3x 3 x 108
M= X 16x10

‘ =1.633x107 m = 163.3 nm
Again,

S
.\ Given, energy gaps of some alkali halides are;

A _6.62><10-34x3x108_ %0
KB 63x16x101  — 193.0nm

|
|
6.62 x 10-34x 3 x 108
;{ And, }»Kl = B 6% 16% 1019 = 2217 nm

“ Hence, Avisivie > Akcy, Axsr and Ay e, Egap of all alkali halides is very much greater than Eyisipie tight i.€., (27 €V

to 1.6 eV)
,"' Therefore, all color photons are transmitted through them with no absorption hence they are transparent to
b visible light.
‘l Akt M and g equivalent to (380 - 750) nm they gets absorbed and each become opaque.
- ¥
f ! Visible light
] Color @
| Yol 380 - 450
i B 450 - 495
'I‘ = 495 - 570
7 1 570 - 590
H 3 590 - 620
| & 620 - 750
: \
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The density of aluminum is 2.70 gmem-3 and its molecular weight is 26.98 gmole-

! (a)
il calculate the Fermi Energy (b) If the experimental value of Er is 12 eV, what is

the
Jlectron effective mass in aluminum? Aluminum is trivalent. [TU Microsyllabus 2074, P; 24.8]

goluﬁon:
Here is given,
Density of aluminum (p) = 2.70 gm cm-3
Molecular weight of Aluminum (m) = 26.98 gm mole-!
. Fermienergy (Ep)=?
p,  Fermienergy (E'F) =12eV=12x1.6x10-19]
Effective mass (m}) =?
We know that,

Number of free electrons per unit volume

S VENA
N="m
Where,
v =valency of atom

Na = Avogardro's constant

2.70 x (6.02 x 1023
ie. N-= L ;(f.98 ) =1.807 x 102 electrons cm-3

=1.807 x 10? electrons m-3

Now, we have relation
h? 2\2/3
Bp- = e (3Nm2)2/

(6.626 X '1033)2
). 2n
T 2%9.1x10-3 (

=1.867 x 10-18]

_1.867 x 10-18
T 1.6x10-19

Er=11.66 eV

b, Again, for m;

3 x 1.807 x 10% x 72)%/3

e

2

' h
EF = 'ZE (3N7t2)2/3

 uihe
oe— 2Y2/3
m, =55 ON®)

. m%m (3x1.807 x 102 x m2)%/3
. =8.847x10-31 kg
m. =097 m,

Hence, required Fermi energy and electron effective mass in Aluminum are 11.66 eV and 0.97 m.
Tespectively,

o

=,



Semiconductor and
Semiconductors Devices

[ =%

Max Planck
(1858 — 1947)

Learning Objectives:
After studying this chapter, students should be able to:

s Understand the concept of Semiconductor and its types.

w  Calculate the carrier concentration and. Fermi: level of intrinsic and
extrinsic Semiconductors.
Find: the electrical conductivity and mobilities of Semiconductors.
Describe the photo conductivity and. metal-metal junction.
Explain the Semiconductor diode ‘and its band scheme, biasing circuit
and V-I characteristics.

Explain the BJT transistors, its biasing circuits and V-1 characteristics.
Explain the transistor as a voltage ampli_ﬁéf. S5

Understand the Field Effect Transistor (FE_T) and its types.

Solve the various numerical problems related with Semiconductors.
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extbook of Physics fi hin and slightly doped as corm

22. Why is the base of the transistor made t
emitter and collector regions: L pr
Ans: The thin and slightly doped base glvTthor. Then these electrons flow through the collector ¢, b

> i ffuse into the col "

(‘nouf,%l t(l)rl?: 720 lilmost transistors, more than 95% of the er Le (le]esltron(si ﬂr(:;v vtO be}?-]e Collecty,
Tquptlg 1‘1/ 5% zjflow out the external base lead. Since the base is lightly doped and very thin, very ¢
€ess tha 0

Jectrons manage to recombine and escape into the external base lead giving weak base current For
cle S

Lo i ichtly doped.
this reason, the base of the transistor 15 made thin and lightly dop —_—

i i i d heavily?
. Wh the emitter of a transistor dope_ A '
2A:i\s: If th);lsmitter of a transistor is doped heavily, more number of majority charge carriers (hole e

electrons) are available in it and they can be easily emitted‘. The rr.1ain f:lnct‘lfor;1 of th.e emitter s y,
emit the majority charge carriers and pass into the base. It is, possible only if the emitter is heayj,

doped. Therefore, the emitter of a transistor is heavily doped.

24. What do you mean by biasing a transistor?

Ans: Supplying voltage to a transistor to get it ready for operation is ce?l.led Elas?g ofha transistor,
transistor is biased in such as way that it can be used as an .amphfler. or this, t e emitter bag
junction must be forwards biased and the collector base junction must be reverse biased. In sych
biasing, for the same current passing through the emitter anc‘l collector of. a transistor, the voltag
appearing at the collector will be much higher than that appearing at the emitter.

25. Sketch motion of an electron and hole ira solid subject to an electric field.

he free electrons entering from the emitter to bag,

—_—

Ans: In the case of Semiconductor where charge catriers are electrons apd T
holes, both have drift velocity Vge and Vg respectively. The velocity - ey
of electron Vqe is in the opposite direction of the'electric field where "¢ < (e) > ],

as that of holes Van is along the direction of the applied field as
shown figure 11 below.

Although the drift velocity of the electrons and holes are opposite, ) .
the mobility is defined to be positive for both electrons and holes, i.e.,  [Fig. 46: Sketch the motion of

— 5V
)

| Ve | Van | an electron and hole in
n=""Fand =" electric field]

Although the drift velocity of electrons and holes are opposite, their
electric current is in the same direction of the applied electric field as shown in figure 46.

\.E— Work

1.
electron concentration in the conduction band of Silicon at room temperature 300k
E
Assume, Er= 3. [TU Microsyllabus 2074, W; 25.1]
Solution:

The energy gap in Silicon (Eg) =1.1 eV

Electron concentration (n) = ?

We know that, the electron concentration of Silicon Semiconductor
Ei-Eg - (E.~E)

The average effective mass (m*) = 0.31m.

3
n=Ne *T orN.e KT Where, N. =2 (w 2
i 2mth?
_ . (m'KsT\z —*E;[“f‘ )
or, n=2("5")" e Since, Ec = E; when E, =0

-0.55 x 1.6 x 10-19 E
1.38 -4 . '
x o138 x10-3 x 300 Where, m” = 0.31 m. and E ='§b'

2

. [0.31 x9.1 x 10-3 xl.38x10'13x300}%

27t x (1.05 x 10-34)2
n = 2.6 x 105 per m3.
Hence, required electron concentration in the conduction b

_ 3l
1 4 and at room temperature is 2.6 x 107°per o
Since, electron concentration of typical metal = 1028

electron /m?.

5
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- ;mple of Si i: dippe((ll w:th Phosphorous. The donor impurity level lies 0.045 eV below
2 he pottom of the conduction band. .At T = 300K, Eris 0.010 eV above the donor level.
calculate (a) the impurity concentration (b) the number of ionized impurities (c) the free
Jlectron concentration and (d) hole concentration (For Si, Eg = 1.100 eV, m.' = 0.31 m.,

e 0.38me). [TU Microsyllabus 2074, W; 25.2]
Solution:
Here, we assumed energy of valence band (E,) = 0. So, E; = E. Since, Eg = E. - E..
Then, Fermi energy (E) =1.1eV-0.045eV +0.010 eV
E=1.065eV.
For Ny calculation, we know that the relation

Ei- Ec E. - Ei 1

KaT: - KsT RN
Nce Nv + Nd l EJ - B

e KeT 49

a

Ei—Ec —E

KeT — KgT o i
Nce Nve + Nd 1 Ed —Ff e (])

e KeT 49

or,

. 3
me KgT)?2
Tofind, Nc =2 ( D2 )

21 me KBT) 2

[

Nc= 2 h2

C

{2 %314 x 0.31 x 9.1 x 10-31 x 1.38 x 10-2 x 300 3
(6.62 x 10-34)2

3
‘KsT\ 5
N. =439 x 102 m-. Again N, =2 m_hL) 2

2mh?
N, = 2(2n my’ mf Lo {2 x 314 x 0.38 x 9.1 x 1031 x 1.38 x 105 300}3’ -

h2 (6.62 x 1032

N, =5.95 x 1024 m-3.
Substituting for N, Ny, Es and Eq in equation (1), we get

1.065 - 1.100 -1.065 "
439x10%e 0026 —-5095%x10%e%0% +Nu|1-—goi0
00026 4 1

Where, KgT =1.38 x 10-2 x 300 = 0.026 eV

or, 1.13x102=9.5x%106+ 0.41 Nq
» Ng=279x1024 m-3

b.  The number of ionized impurities are given by

1 .
Ng* =Ng| 1 ——Ed—_r =27x10%|1-""g010 :\
B < i 0025 4 q

N4 =1.08 x 102 m-3
The free electron concentration

E-E 1.065 - 1.100
n=Ne KT —439x104e °% =108x10%m?
2 -1.065
Ey - Ei
4 Thehole concentration P = Nve KF; =595x10*¢ 0026 =1.88x106m

Hence, required impurity concentration, number of ionized impurities, free electron concentration and hole
concentration are 2.79 x 1024m-3, 1.08 x 10% m-3,1.08 x 102 m-* and 1.88 x 106 m-3 respectively.

.
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3. The band gap in pure germanium is Eg = 0.67 eV.
a. Calculate the number of electrons per unit volume in the conduction band a¢ 250 X

300 K, and at 350 K. i f

b. Do the same for Silicon assuming Eg = 1.1 eV. The effective mass of the electropy, in
germanium is 0.12 m and in Silicon 0.31 m, where m is the free electron mass,

. [TU Microsyllabus 2074, P; 25 y

Solution:

Here is given, band gap in pure germanium (Eg)ce = 0.67 eV
0.67
Fermi energy in pure germanium (Fr)ge = —2& =—— =0.33eV

a.  Number of electrons per unit volume (N.)
T;=250K
T,=300K
T3 =350 K
We know that,
(Ez - Er)
N. = Nce_ KsT
1 (zm; kg’l’)% (BB
== [—=2—P ¢ kT
4 h2n
For germanium
m, =0I12m.

N Wl (2 x9.1x10-31x012x1.38x10-28
(NeJe =73 (105 x 102 x 7
(0.67 - 0.335) x 1.6 X 10-19

3
1 (2 x 9.1 x 10-3 x 0.12 x 1.38 x 10-23 '[)2 s
4 (1.05x10-34)2x 7t
3 3.887x10
=203x100T2 e T
Now for T; =250 K
(No)ce at 250 K

1.38x10-3T

T)% (0.67 - 0335) x e
-

3 3.887x10°
=2.03x10% (250)2 e 20
(Ne)ce = 1.518 x 107 electrons m-3 A

Again at 300 K
3 3887x10°

(Ne)ge = 2.03 x 1020 (300)2 e 300
(Ne)ce at 300 K = 2.63 x 108 electrons m-3
And, (Ne)ce at 350 K

3 3887x10°
(Ne)ge =2.03x102(350)2 ¢~ 350
3 3.887 x 10°
=2.03 x 1020 x (350) 2 e-11.057 Since,e” 30 =1577x10-

o (Ne)ge ==2.097 x 10" electrons m-3

b.  For Silicon
E;=11eV=11x1.6x101]
Er=0.55eV=0.55x1.6x10-19]

m, = 0.31 m,
(Ne)si at 250 K, 300 K and 350 K = ?
We know that,
1 (2m; kg)% (Es-E)
== [—=—PR ¢ kT
4 h2n

- 1(2 x 9.1 x 10-1 x 0.31x 1.38 x 10-2 T)% (L1-055)x 1610
4 e

1.38 x 10-2
(1.05x 1032 x N
3 6.382 x 10¢

=8445x100T2 ¢ T
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NOWI (Ne)Si at 250 K

3 6382x10

2 382 x 10
(Ne)si 8.445 % 10% (250)*e", B0 =273 % 10% slectrons s [e : 38225" 5 =8.19%x10-12]
Agﬁin/ (Ne)Si at300 K
3 6382x10°
(Ne)si 300K  =8445x10% (300)2e” 300 =2 531015 electron m->
Aﬂd' (Ne)Si at350 K
3 6382x100 .
(Nosiat350K = 8.445x10% (350)2e” 350 =666 x 1016 electrons m->.
Hence, number of electrons per unit volume in the condition band for germanium and Silicon are obtained
as above. '

4, Suppose that the effective mass of hole in a material is four times that of electrons. At

7 what temperature would the Fermi level shifted by 10% from the middle of the forbidden
energy gap? Let, Eg = 1 eV. [TU Microsyllabus 2074, P; 25.2]

solution:

Here, given, effective mass of holes (my) = 4 x effective mass of electron (m;)
Temperature (T) =?
Energy gap (Eg) =1eV S8
According to question, ' Eg
Fermi level shifted by 10%
E'r=Er+10% Er T E'r = Ep + 10% of Eg
TS e A el i
% 0% = &
We know that,
o By B my, e
Bp=7 +7 keT en(g)
" [Fig. 47: Energy band diagram]
or, Ept+ 10% Er =Ez£ +% ksT fn(%)
or, 05x1.6x10-1 +'11—(?0' X 0.5:%1.6%10-19 = L 1.62>< LG + 3IZBT /n (%')
3kgT
or, (05+0.05)x1.6x1019=0.5x16x10+ —,— (n(4)
o, 0.05x1.6x10-1?= 3123T /n (4)
b T 4%0.05%x1.6x10-1?
3x1.38x10-2x1In4 3
= 558.058
T =5581K
Hence, at 558.1 K temperature the Fermi level shifted by 10% from the middle of the forbidden energy gap.

S. The energy gap in germanium is 0.67 eV. The electron and the hole effective masses are
0.12 m and 0.23m respectively, where m is the free electron mass. Calculate (a) the Fermi
Energy, (b) the electron density, and (c), the hole density at T = 300 K

[TU Microsyllabus 2074, P; 25.3]

| Solution: :

Here, given energy gap in germanium (Eg)ce = 0.67 eV =0.067 x1.6x10-17]

Effective mass of electron (mg) = 0.12m = 0.12x9.1x10°T kg

Effective mass of hole (m;,) = 0.23 m = 0.23 X 9.1 X 1031 kg

& The Fermi energy (Er) =?
' b Electron Density (Ne) =7

¢ Hole density (Ny) =?

Temperature (T) = 300 K

[ -
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We know that,

E 3 "l‘l'\
e T ry | =——
a. EF = 2 + 1 kBI (n( ;) 1

- 023m
- QQ—"LZ(’—X“)—W +2 %138 X102 %200 fn (0_12 m)

=5.562 x 10-20]
=3.472x10-1eV

Er = 0347 eV
We have a relation,
1 2“\; kB % B !Ei;f;! C.B.
M NS g R |
3 (067-0347)x1.6X 1019
v (2 % 0.12x9.1x10-31 x 1.38 x 102 X 300)2 o 138x102x300
4 (1.05x 10-3)2x . Eg=067ev
3 F
. -23 vy
l(2><012x91><10 31 % 1.38 x 10 XS00)2x3.478><10’6
4 (1.05x 10-#)2 X 7
=3.96 x 1018 m-3 V.B.
c. w hole density
1 2m} keT\> _Es=En) [Fig. 48: Representation of energy gap
Np =Z(—%t—l")2 e kT and Fermi levels]
3
1(2x023x% 9.1 x10-31 x 1.38 x 10-2 x 3002 _6
_4( e %3478 % 10

Np, = 1.05 x 1012 holes m-3.
Hence, required Fermi energy, electron and hole densities are 0.347 eV, 3.96 x 10 electrons m- and

1.05 x 101 holes m-3 respectively.

6. A certain intrinsic Semiconductor has a band gap Eg is 0.2 eV. Measurement shows that it
has a resistivity at room temperature 300 K of 0.3 Om. What would you predict its
resistivity to be at 350 K? [TU Microsyllabus 2074, P; 25. 13

Solution:

Here, given band gap of Semiconductor (Eg) =02eV=02x1.6x101]
Initial temperature (T1) =300 K

Final temperature (T2) =350 K

Initial resistivity (p,) = 0.3 @ m

Final resistivity (p,) =?

We know that, for an intrinsic Semiconductor,

21tk S t.EL
Ni=Ne=N; =2 thT) (memh)4 e ZaT

Conductivity (6) = eNj (He + n)

Resistivit e
Y (P) = oN; (e + o)
P1 Ni) e + Uh
Then, — =
s 1e(ut + )
1 anBTz % 3 _——EL
E m;mg)*‘ e 2ksT>

1
( )3 ?_nkBT1 3 3 5

ém;‘)Al e 2ksTh
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T 3 EM-T)
b (.#)2 ¢ 2Tl
1

or, p
2
3 02x1.6x1077 (300 - 350)
03 (350) 2 .7 2x1.38x 102 x 300 x 350

or, —p—;
0

Orl

or, P,T 2189
P, = 0136 Qm

Hence, required resistivity at 350 K is 0.136 Q@ m.

7. The energy gap in Silicon is 1.1 eV, where as in diamond it is 6 eV. What conclusion can
¢ you draw about the transparency of the two materials to visible, light (4000 A to 70004).
[TU Microsyllabus 2074, P; 25.16]

Solution:
Here, given energy gap in Silicon (Eg)si=1.1eV=11x16x10-1]
Energy gap in diamond (Eg)aia = 6 €V =6 x1.6 X 10-19]
Wavelength of visible light = 4000 A to 7000 A . l
We know that,
Band gap energy, (Eg) = b)f . b
[-+4

For Silicon, (Eg)s: = (—;‘5—
Si

6.626 x 10-3¢ x 3 x 108
= 11x1.6x10
=1.1290 x 10-10 = 1129 nm
- (Ms =11290 A :
Hence all visible lights are absorbed since (Asi
wavelength = 1.1 x 10-6 m.
Ror diasi __he
or diamond, (AJ)aia = (Eg)aa
6.626 x 1034 x 3 X 10°
=T 6x1.6x10"
= 2,066 x 107 m = 2066 X 101 m
5 (\)aia = 2066 A =206 nm
(AJdia < Mvisible ie. Ephoton (visible light) < Eg
Hence, in the case of diamond all visible lights are
Thus, Diamond appears transparent and colourless.

or, M)si

< Auspie But it can transmit infrared light having

transmitted by such type of non metallic materials.

5. The A when a reverse bias voltage of 10 V i
current through p-n junctions js 1 x 108 A w ge o is
applied across the ?unl;tiojn at T = 300 K. What will be the current through the diode when
a forward bi o1V, (b) 0.3 V and (¢) 0.5 V is applied?
as voltage of (a) , (b) B sl bR S
S°|Ution; >

Here, given current through p-n junction (i =1x10°A

Reverse bias voltage (Vi) =10V
Temperature (T) = 300 K
Current through p-n junction diode at dif
(iorv="2
(ioay =2
(iosy =2

ferent voltage

L R R
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We know that diode equation
e|Ve
1= ip [e kel _ 1]

Where, iy = current associated with the fl
called reverse saturation current.
For reverse biased

[

ow of minority carriers (electrons) from the P gide 10 the
Si

keT _]

ir = i()

1.6 x1019x 10
or, 1x108=i [e L l]
1.6 x 109 x 10
=iy [e 1.38 x 102 x 300 _ 1]
=ip[0-1]
A5 io =-1x108A.
Negative sign indicates that the net electron flow is from P side nN side.
For forward biased case
Reverse saturation current (i) =1 x 108 A
a.  Forward voltages (Vi)a=0.1V
Then forward current through the diode
_lelVe
(i) =10 [e el 2 1]
__16x10¥x0.1

=1x 10-8[e 1.38 x10-19x 300 _ 1]

=1x10-5 [47.85-1]

=4.68x10-7 A

=0.468 nA
b.  When (V)p=03V

_lelVe ]
il

Forward current (Vy), = io [e keT " _

1.6 X101 x 0.3
=1x10-8 [e 1.38 x 10-19 x 300 _ 1]
=1.078 x10-3 A
=1.08 mA
C; When (Vi) = 0.5V
le| Ve

Forward current (if). =iy [e kT _1]

=1x10-8 [e 138x102x300 _ |
=2.509 A

Hence,.re?uir;d current at forward voltage 0.1 V, 03 V and 0.5 V are 0.468uA, 1.08 mA and 2509 4
respectively, From above it is concluded that, if i s fo . _ : jery
capidly will g o , if the diode is forward biased, the current increase V¢!
9, én tl}; i_deal diode the reverse saturation current should be as small as possibl®
Hotter se;gegdtgi :;tht:at Fg for Si is 1.1 eV and E; for Ge is 0.67 eV. Which material
e fabrication of p- i : ) 26
i P-n junction diodes? [TU Microsyllabus 2074, P; 267
Here, given band gap of Si (Egsi=1.1ev
Band gap of Ge (Ey)ge = 0.67 eV
We know that diode equation,

1.6 X109 % 0.5 ]




L

B
=iy eksT _ 1
For Si

iS‘ = iO (e].38 x10-8xT _ 1)
1
Letat normal temperature T = 300 K
A1x1.6 X101
=% 10-8 (e] .38 x 10-2 x 300 _ l)
ig =10 [3.01x 10 -1]

=3.01x 10,
Again, for Ge

0.67x 1.6 x 1019

ice =io (81.38 x 105 %300 _ 1)
=g [1.80 x 1011 - 1]
=1.80 x 10" iy
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Hence, Silicon is better suited for the fabrication of p-n junction diode, Silicon is much better for high
current application as it has very high forward current whereas germanium diode have very small forward

current.

diode when forward biased is 0.45 V.

. The reverse saturation current of a Silicon diode is io = 5 x 10-°-A~The voltage across the
(a) What is the current through the diode at

T = 27°C? (b) If the voltage across the diode is held constant, and we assume that io does
not change with temperature, what is the current through the diode at T = 47° C?

Solution:
Here, given reverse saturation current (i) =5x 10-° A

Forward biased voltage (V) =0.45V

a.  Current through diode at 27°C (i) = ?
Initial temperature (T;) = 27°C =300 k

b.  Current through diode at 47°C (is7) = ?

We know that diode equation,

4 le|V
i =i |e keT _ 1
1.6 x 109 x 0.45
Theniy =iy [ e1-38%103x300 _ ]
1.6 x 1019 x 0.45 ]

=5x%10-2 [91.38 x10-2 %300 _ 1

=1.81x10-1
=0.181 A
Again,
1.6 x 10-19 x 0.45
iy =5%10" [91.38 X105 %320 _ 1]
=6.11x102A
=0.0611 A

Hence, required current across the diode at 27°C and 4

[TU Microsyllabus 2074, P; 26.3]

7°C are 0.181 and 0.0611 A respectively.
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11. In problem 10, we assume
the temperature changes. s
io at T = 47°C when io= 5 x 10-° A at 27°C.
junction is 1 eV below the botto
forward biased diode is 0.45 V, as
at T = 47°C?

Solution:

tion current io remaing con
(a) Show that this assumption is highly incorrect by cale
Assume that the Fermi level on the
m of the conduction band? (b) If the voltage ,

d that the reverse satura

Stant

P-side ofy,

!
c
in problem 26.3, what is the current through tl::“ thy

[TU Microsyllabus 2074 p

)
Whe,

26,4}

12.

Solution:

» Reverse saturation current at 27°C

Here is given,
Initial temperature (Ty) = 27°C =300 K
Final temperature (T;) =47°C =320 K
Saturation current at Ty, io = (T =300 K) = 5x109 A .
Fermi level on the p-side of the junction lies below the bottom of the conduction band.
(E1)=1eV=1x1.6x10"]
Voltage across the forward biased diode = 045V
Saturation current at 320 K
io (T=320K)=?
Current through the diode at 320 K
io (T=320K)=?
a. We know that,

Saturation current

Ei
(io)300K =A e_K?T—‘
1.6 % 1019
or, 5x10°9=Ae-138x107x300
or, A=30x108A
Now,
1.6 x10-19
io (T = 45°C) = 3.04 x 108 e138x102x300 = 559 % 10-8 A
io (T=320K) =5.6x10-8 A

b.  For current through the diode at 320 K

We know that,
e|V
i=i; |ekeT - 1]

1.6x10-19 x 0.45

=5.6 x10-8 [el.ssx 102x320 _
i=0.674 A

Hence, from above it is concluded that saturation current varies with temperature i.e., increases wih
increasing temperature. The current through the diode at 47°C was found to be 0.674A.

The reverse saturation current of a Silicon diode doubles whe Batie
n the temperature €

from 27°C to 33°C. What is the position of the Fermi level on the p-side of the junction?

[TU Microsyllabus 2074, i 264

Here is given,

(i(,)27 =] (say)

Reverse saturation current at 33°C
(io)33 = 2i

T, =27°C =300 K

T, =273 +33 =306 K
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Now, We know that
E1

315

i = Ae KeT
_ B
Agam; (io)ﬁ = Ae KeTh
B
(lo)fa = Ae KsT2
(ir; _Ae ® eregion P s
Now, (1 )T = o r «—i(p—> n)
2 pe KiTn . iln - p)—>
DR SRS T L E,
fomen® | L gt g R t le|V
~ 2= eKs T~ Tz) Eg ....... F‘l
_E- _1_ _]_ Ep-eennnn- } ------------------------- Ep
o, M2=%; \Ti™ T2 ki E,
T,Taln 2 Kg [Fig. 49: Representation of different energy levels in
o - B T Ty o N-type and P-type Semiconductor junction]
306300 x In2 x Ky
= 306 - 300

E, = 10605.15 X 1.38 x 10-23
E; = 1.46 x 10-1? Joule = 091 eV
Here, E1 = Eg - E¢ of the p-side
or, E=Eg-Ei
or, E=11eV-091 eV=02eV
Hence, required position of Fermi level 0.2 eV.

Since, for Silicon diode E; = 1.1 eV.

A R »-rze:;saf:r:rw;!?,»:a;v*v‘mg TS

B s e : N
AT+ Al VL s Y e v
N1 4 7 %‘ A 275
R N St Gt e S AN P e

s

1. Explain how the mobility for electrons and holes are defined? How do you relate mobility
with drift velocity for both of the charge carriers in an intrinsic Semiconductor? Show and
find an expression to relate conductivity of an intrinsic Semiconductor with the
temperature directions?

Solution:

When an electric field E is applied to material, the charge carriers attain a velocity. This velocity is known
as drift velocity. The drift velocity is proportional to the applied electric field. i.e., VaaE

or, VagopE .. (1)

Where, |1 is constant known as mobility of charge carriers.

Therefore, p = Ed wd(2)

In the case of Semiconductor where charge carriers are electrons and holes, both have drift velocity Vg. and

Van respectively. The velocity of
holes V,, is along the direction of the applied field as shown bel(?w.
Although, the drift velocity of the electrons and holes are opposite,

sillals.

electron Vg is in the opposite direction of the electric field where as that of

the mobility is defined to be positive for

both electrons and holes i.e.,,

Vt‘ Vl\
Reb g, - LYol

Although, the drift velocity of electrons and holes are opposite, .
their electric current is in the same direction of the applied electric field

as shown in figure a below:
The drift current density due to electron

>
|

Vd: E () ;J

p‘,=

®

—>

Je=N|-e| (Vae)
Je =ne Vg
Je=ne p.E - @)

E

——> Va

I

[Fig. 50: Direction of drift
velocity and current density]
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of Integrated Circuits
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Learning Obj (1815 — 1864)

After studying this chapter, students should be able to:
Understand the concept of Boolean algebra.
~ Explain the‘logic gates and its types.
Describe the universal gates.
Explain the TTL, RTL gates.
Describe the memory.and clocks:circuits.
Know about the Semiconductor purification,
Describe the single crystal growth, process of 1C production.

Understand the electronic component fabrication of a chip.

Solve the various numerical problems related with universal gates and
integrated circuits.
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5. What are logic gates? Give a truth table for a two input NOR gate.
Ans: A l?glc gatg 15a filgltal CerU.lt which has one or more inputs but only one output. Since, it follows a
logical relationship between input and output signals, it is known as a logic gate.

Truth table for NOR gate
A B Y=A+B
0 0 |

0 | 0

1 0 0

1 1 0

6. The output _Of two inputs AND gate is fed to a NOT gate. Give its logic symbol and
write down its truth table. Identify the new logic gate formed.

Ans:
Truth Table
Inputs QOutputs
A B Y'=AB |Y= AB M s
o‘j Y& ¥ e Y'=A.E
0 0 0 1 )—o + o—DO-—Y= >o—o
B 0— o—
0 1 0 1
1 0 0 1 AND + NOT = NAND
1 | 1 0 [Fig. 50: Logic symbol of to inputs NAND gate]

The new logic gate is formed in NAND gate because its truth table is similar liked NAND gate.

&4 Worked Out Examples

1. The output of a digital circuit Y is given by the expression Y = (B + C B A) (A + C), where A,
B and C represent inputs. Draw circuit of above equation using OR, AND and NOT gate.
Find its truth table. [TU Exam, 2074]

Solution:

Here, given the output of a digital circuit Y

Y = (B+TBA) (A +C), where A, Band C represent inputs.
The circuit diagram of above equation using OR, AND and NOT gate

[Fig. 51: Digital circuit diagram using OR, AND and NOT gate]
Following is the truth table for above circuit.

Truth table
Inputs Intermediate Output

A B C B G [#CB A|cfBFCBA A+C |B+CR A)(AF0O)

0 0 0 1 1 0 0 1 0

0 0 1 1 0 0 0 0 0

0 1 0 0 1 0 1 1 1

0 1 1 0 0 0 1 0 0

1 0 0 1 1 1 1 0 0

1 0 1 1 0 0 0 0 0

1 1 0 0 1 0 1 0 0

1 1 1 0 0 0 9 0 0
* —-,,

e
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iod his expression: Y = (AB + CA) (BTC)’ Wher
2. The output digital circuit Y: is given by t . "
A, B and"z r:;:eseglt inputs. Draw a circuit of above equation using OR, AND and NOT gate

TU Mod,
and hence find its truth table. [ sl207q
Solution: 1 =

Here, given output of digital circuit Y = (AB + CA) (B + C)

A —Do-—— A.B

B )—— i AB+CA
CB Y=(A.B+CA) (B+C)

C ) {)c

B +C

[Fig. 52: Digital circuit diagram]

Truth table

Inputs Intermediate £ L Out_put &
A B C B+C | B+C| A C | AB | CA |Y=(AB+Ca) (B+Q)

0 0 0 0 1 1 1 0 0 0

0 0 1 1 0 1 0 0 0 0

0 1 0 1 0 1 1 1 0 0

0 1 1 I 0 il 0 1 0 0

1 0 0 0 1 0 1 0 1 1

1 1 0 1 0 0 1 0 1 0

1 1 1 1 0 0 0 0 0 0
3. Make the appropriate truth tables to prove the following distributive law of Boolean
algebra; A (B + C) = AB + AC [TU Microsyllabus 2074, P; 27.1]

Solution:

The given Boolean algebra is A (B + C)=AB+AC.
Here, we want to prove the distribution law of Boolean algebra by using truth table;

A B C AB+Q) AB = AC AB+AC
0 0 0 0 0 0 0
0 0 1 0 0 0 0
0 1 0 0 0 0 0
1 0 0 0 0 0 0
1 0 1 1 0 i} 1
1 1 0 1 1 0 1
1 1 1 1 il 1 1

Hence, given Boolean algebra was verified.
4. Analyze the circuit shown in figure 53. Determine the 1o
circuit by making and justifying the appropriate truth table
+5V

I

gic function performed by the
- [TU Microsyllabus 2074, P; 27.6]

(,
$Rp

RC
vAo—_é ﬁ‘/:“ N 1
— V

[Fig. 53: Circuit diagram of logic function]

out




Solution:
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The logic function performed by the given circuit:
Output Y =Va . Vpie, AND operation

Truth table;
Inputs Output
Vatv) Va(V) Y =Va. Vs (V)
0 0 0
0 5 0
5 0 0
5 5 5

(a) Find the truth table for the circuit shown in figure 54. What logic function does the

circuit perform?

(b) What logic function will the circuit perform if the constant + 5V input to the first two
[TU Microsyllabus 2074, P; 27.9]

gates are changed to ground potential?

Solution:

Ny b

S

+5V Vot
Vgo———
[Fig. 54: Given circuit]
a.  Truth table for the given circuit of logic function:
Y =[6V-Va) .6V V) |
=Va + Vs
= OR - operation
Truth table
Inputs (V) Intermediate (V) , Output (V)
Va Vs +5V 5V.Va | 5V.Vs | 5V.Va | 5V.Vs | (5V.Va) .5V, Va)
0 0 +5 0 0 #b 0 0
0 5 +5 0 5 +5 5 5
5 0 +5 5 0 0 0 5
5 5 B 5 5 0 5 5

=5V.5V

X =0V

Hence, none of the logic function performed by circuit.

(a) Find the truth table for the circu

circuit perform?

(b) What logic function will the circuit perfor

first two NOR gates are changed to * 5V?

Va

VConstant

\{)

r___J

b. If the constant + 5V input to the first two gates is changed t6 ground potential i.e., (+ 0V) then,
Output Y = (5V. Va) .(5V. V) :

it of given figure 55. What logic function does the

m if the common grounded input to the
[TU Microsyllabus 2074, P; 27.10]

—) Ve

[Fig. 55: Given circuit]
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Solution:

Logic function of given circuit 1s

Vou = (Va+0)+ (Vs+0)

=(Va+ Vp)

=Va. Vs

= AND operation

Truth Table
Inputs (V) Intermediate (V) M

Va Ve | Veonstant | Va+0 Ve+0 | (Va+0) (Vs+0) Vour = (VAT 0) + (m))

0 0 0 0 0 5 5 0

0 5 0 0 5 5 0 0

5 0 0 5 0 0 5 0

5 5 0 5 5 0 0 5 |

b.  If the common grounded input to the first two NOR gates is changed to + 5V then
Y = ((Va*5V) +(V5 +5V))
=(5V +5V)
=(0V+0V
=5V (High)

It gives no physical meaning in the operation of the circuit.
|:—0' Additional Numerical Examples =
1. Verify the Boolean algebra by truth table method.
a. A+B =A-B b. A-B =A+B

Solution:

Let A and B are any two inputs in logic circuit. To verify these above Boolean algebra by taking these
inputs are either 1 or 0 states as given below:

A B A B BB AR A B AR | A LD | P ACH
0 0 1 1 0 1 0 1 1 1
0 1 1 0 1 0 0 1 1 0
1 0 0 1 1 0 0 1 : 0
1 1 0 0 1 0 1 0 0 0 |

From above table (a) A + B = A-B and (b) A-B =A+B are verified.
2. Describe the various theorems in Boolean algebra.
Solution:

The Boolean algebra allows us to manipulate three basic logic ope

: ration (AND, OR and NOT). Let A, Band
C are three variables representing either by 1 or 0 states following

are the theorems of Boolean algebra.
i.  Commutation theorems:

A+B=B+A
AB=BA




