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. Derive De- Broglie’s wave equation.

ns: It was also observed that electromagnetic waves e.g. X-rays,
amma rays, visible light, etc. sometimes exhibit properties
imilar to properties of discrete particles of matter.

ouis De-Broglie in 1924 sugg_ested his hypothesis that there is
Nave-particie dualism'. The wave associated with material

articles is called "matter waves".
o show the wave particle dualism he made the use of Plancks
seory of quantum radiation and Einstein's theory of relativity.

ccording the Plancks theory of quantum radiation energy of a
hoton is given by :

/here, C = Velocity of electromagnetic radiation
h = 6.62 x 10°* Js is the Plancks constant
f = Frequency of electromagnetic radiation

gain from Einstein's mass energy relationship, energy of photon
given by ‘

Comparing (1) and (2)
—_— 2
l - mC

h h
A= me = o [where p = mc = momentum of photon]

ccording to de-Broglie, the wave length 'A' of the wave
ssociated with a moving particle having momentum p = mc, is '
lven by

h
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unction ¥ has no meaning in itself. When it is operated
ve equation, it describes the motion of the
h it as done by second law of motion in
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electron wave: % by the Schrodinger wa
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electron;agne:;‘c radiation is incident on gy Idasm tum mechanics, energy
lectron from the material. For eac In quantum mec ’ 8Y,
h Materjy particle are called observables and wave function ¥ is used to

called the work function i
v ction is fequireg| describe these observables.

The wave associated wi

2 [wave showing particle nature]

when a beam of .
e momentum and position of the
or 35, it ejects e o P on o

characteristic energ i
ove electrons from the material. It is given by, ¢ =

rem _ of this equation with E = hf d) hf' The only quantity having the physical meaning is the square of its

Comparison Indicates , magnitude. The quantity P = ‘¥ * = |W|? evaluated at a particular

i iation behaves like parti . . . h
electromagnetic rad particles point at a particular time was proportional to the probability of

es not distinguish between waye » finding the particle at that time.
The probability of finding a particle in the volume element dx, dy

dzis |¥|? dx dy dz or | W |*dV.

| | Since the total probability of finding the partiicle in the entire

2, Discuss about wave function. space is unity.

. ’ ’ ) =

Ans:  In quantum mechanics there exists an expression int FI¥IPdv=1

form'of the equation that is used to represent wave - par The wave function satisfying this condition is called normalized

qualify called wave furiction (®). wave fupctlon. Every acceptable wave function can be normalized
by multiplying it with an appropriate constant called normalizing

f\ Wstlm:):)e rnachc:]nis F;/(\;ac\)/?v\i.lsé‘u;zpreste.ntedh by the e?u:f:?:r;n:f:i constant.

enerEy, but in cate of | motion there is on'y s

momentum : e 9 matter wave, there 1s @ tran G

functionto,e(pamde) in addition to the energy. The Suite
present wave function for matter wave is 3
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Quantum mechanics do
particles. Although it can predict the circumstances for which »

type of behavior will dominate.
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indepenljj:’r:‘gt:r wave equation describes the Motiy
A SChroechanica| particle as NeWFon's second lay i, cla ¥
quantum rﬂlt has been observed that in many Situations' pot:%
me-Chamcst.he particle (v) does not depen.d. Upon time o vant-lé
acting 0: its position only. For such conditiong time indepen a
ol rodinger's equation is applicable. Cen

: quatio ;
4. Derive n TlrnE

form of Sch . . _

THe wave function associated with quantgm Mechanicg Partigl,
iven by— . :

8 @ = Ae~ Wtk = AeMECPY '

" Differentiating with respect to x,
- -ifn(Et - px)
N
iP
=Y

Again differentiating with respect to x

2 (o)
a =\n) ¥

Y -p?
o Ty Y
dy
2y _ p e
Pl‘]"-—'}l de ................... teetaeirennas (1)

The total energy of 3 particle is given by, E = KE + PE

4

1 1(mu)’® ~ P?
E=§mu2+V=2 o +V_2m +V
p2
E= om +V
Multiplying both sides by ¥
2
(—p“ + V)‘P =E¥Y
2m -
2 2
- l’_g + V¥ = EY¥ [using equation (1)] ................. (2)
2m dx ’ :
¥ 2m(E-V
) %*‘ —m(}]z )\F=0 ....................... (3)

Which is the time independent Schrodinger wave
equation. In three dimensional, it can be expressed as

-~

E-V B
vy 2Ly g (4)
82 62

Where, V? = 22t W 57 is called a Laplacian operator

The equation (2) is

R
ﬁw + V¥ = EY¥Y

2 2
I o A (T d
The Hamiltonian operator is givenby, H = (Zm aet V)

Therefore time iﬁdependent Schrodinger wave equation takes the

form,

...................................

5. Derive time dependent Schrodinger wave equatibn.

Ans: The wave function associated with matter wave is
W= Ae-i/h (Et - px)

Differentiati~n with 't dy -('-i) w P
g With respect to x, dx =% (-P)¥ = % b Y

-Again differentiating with respect to x,

S
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W
be re-written as

T2 dY d¥

I Frd +V¥ = m'a?

. . A h
The Homidtonial operator Is given byH = (Zm ™

Therefore time dependent Schrodinger wave equation

takes the form

d¥

A . _'
H‘LI‘:I:h dt ............................... (4) .

hich is the time dependent Schrodinger wave equation (3) ¢y,

orrenn
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6. Derive thé relation of energy level inside a potential well of

width L.

gnergy well model of metal. .
Ans: (A particle confined in an one dimensional infinitely deep

potential well) ' )
Consider a particle (electron) restricted to move along the x-axis

between x =0 and x = L. The potential energy V of the particle is
zero inside the box, but rises to infinity on the outside. :

V(x)
‘ V(x)

V= V=

—X

i.e. v=0forO<x<lL
V=woforx<Oandx>L
The Schrodinger wave equation for the particle with in the box is

¥ 2mE
d t w2 -
L S
e K'Y =0 ceeiinrereennne (1)
. 2mE
Where, K* = v RV (2)

The solution of equation (1) is,
W(x) = ASinkX + BCOSKX cuvveerriieeiirerneiineenen. (3)

Where A and B are constants to be determined using boundary

condition. '

Since the particle cannot have infinite energy, it cannot exist

outside the box. Therefore, the wave function ¥ most be zero

outside the box, so ¥ must be zero at the walls i.e. at
x=0andx=L . |
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0= AsinKL
—
Sk O 01,23 ...
SinKL=Smn“vn‘ ek T -
=N7
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=T ......
2mE n2p2
From equation (2) and (4)1 thz = TR
2 2 2h2
nZT[ h _ n . (5)
e T T cereenenas
E=%miz  8mL . :
This meahs the energy of particle in a potential we|| is QUantized

fach value of energy given by equation (5) is calleg g
a:d corresponding functions ¥, are called Eigen functions,

nm .,
Now substituting, B = 0 and K === in equation (3), the alloweg
solutions of Schrodinger €q uation va re _
: . NTX
Yolx)=Asin 7~

The coefficient A is called normalizing constant and can he
determined using normalizing condition,’
iy dx =1

: Azf: sin? (%) dx=1

A fOL L [1 — cos2 (%)] dx=1

Tre, 1, .
Az-z[fo dx -2 |, cosannxdx]=1

o
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Hence the normalized wave function of the electron is

2 . oamx
Wn—\ﬂ sm‘T

‘This first four eigen functions ¥, ¥,, W,&¥, together with the

probability densities (¥,)?, (W,)%(¥)? and (¥,)? are shown in.the
figure below. It is obvious that the quantum mechanical result is
very- different from the classical result. Classical mechanics

predicts the same probability for the particle being anywhere in

the box. But quantum mechanics predicts that the probability is
different at different points.

Ey n=4 wa \_//‘\ Crg?
n=3

" 2 v Crar

- n=z :

E; wa ¥y?
n=1

E; Wy ¥

o Lo

L o L

For, particle infinite potential well the minimum energy that the
electron possesses can be calculated by Heisenberg's uncertainty
principle.

The particle is confined in the potential well of width L, this means

uncertainty in positionis L, i.e. Ax = L «

And the particle has momentum +Px while moving in positive x-

direction and -Px while moving in negative x direction. Therefore,

uncertainty in momentum, APx = Px - (-px) = 2Px = 2hk for the
nmon

ground state, K = L=L forn=1

APx. Ax=2hkL=2. L5 = h
2 L

- Again, substituting the value of APx and Ax in equation (6)
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 what is tunneling in quantum mechanics?
7.

" Explain .
ssary mathematical expression. " wiy,
nece

. consider an example of roller coaster as shoy, i figur,
An}:n the roller coaster is released from rest at 5 height 4 il].
\clznservatib” of energy means that the carriage can r ¢

€ each IB -
most € but certainly not beyond C and definitely o at

; ; D ang
Classically there is no possible way th'at carriage can reach AE
extra energy of D — Ais needed. Ignoring the frictiong| losses the
roller coaster will go back and forth between A and ¢

Consider an analogous event on an a'Fomic scale, When -
electron of energy E is incident on the barrier of height ' Which s
greater than E classically region Il and region Il are forbidden t,
particle. However, quantum mechani;s predicts and the solyig,
of this equation is, ’

Wy = A 4 BE™ o)
For region |l

¥, 2m(E-V)

Wty ¥2=0

Y, 2mV-g)
O e T T ¥,=0

™ L, L 2m(V=E)
o Tge ~KY2=0, where K, =7

10

The solution of this equation is

\{,2 =_Cek2x + De—ka

.................................. (2)
For region llI,
2
dd:ga *%E ¥3=0
2
or, d df{‘ +K1W; = 0 where K2 = %
The solution of this equation is,
¥, = Felklx o Ge-kix
Since there is no reflected wave in the region (iii) so, G = 0
W= F™ oo (3)
Using boundary conditionsatx=0
Wi/x=Y2/x=0 :
A+B=C+D...: ........................... (4)
and  ¥./x=0=¥,/x=0
iK1 A — iKy B= KoC = KoD oo (5)
Again, using boundary conditions at x = |
‘ Wofx=1=W,/x=1
Ce®4pe=pel (6)
and Yo' fx=l=Wy'x = | '

Finite probability of finding the particle in region llI. This effect of
quantum mechanical particle is called "quantum leak"

or "barrier .
tunneling"

except in the region of infinite potential (where ¥ = 0),
there will always be a solution ‘P(x) and there always will be some
probability of finding the electron.

11



V(x) W1 K i
region (1 region (D] region (i)

The potential function \for the particle can be efoessed x
v(x)=0forx<0 (for region I)
v(x)=V for0< x< | (for region-I1):
| v(x) =0 forx> | (for region Ill)
The schrodinger wave equations and their 50|ut|ons x o=
regions are as follows:
For region :
¢y, 2mE
d;{/l 2 ‘{]1 =
dz‘P
or, 0 —+ KW =0

2mE
Where, Ki'==7°

CKZKZI—'DKze- = E (iky)e AT T M I 0

Solving equations (4), (5), (6) and (7) we get the
transmission probability or transmission coefficient as
Fl2 4E(V—E)

A

T=

If the wudth and height of potential are very large, the term

4€(V~E) in the denominator of equation (8) can be neglectedi
comparison to Vsinh?k,|.

12

4E(V-E)+V?2sinh?K,l |

A ik
x..ila_‘_;

1\5 ; 1. j‘ & “/'X%‘- v,:.;;“ f f«’
R A p

- k2l

Also, Sinhkz|=—T— = 2 forlargel

Thereforé, equation (8) can be written as,
4E(V-E)

- k212
2 e
V() —

16E(V—E) L
T S s — (9)

2m(V —E)
Where, K; = _——‘nz

Equation (9) gives the probability of tunneling of the particle of
energy E through a potential barrier of width 'I' and height V.
This is the superiority of quantum mechanics over the classical
mechanics which shows that there is a finite probability of
emission of electron (B-emission) from the nucleus of atom even
the electron has lower energy than the energy by which it is
bounded.

The reflection coefficient or the probablllty of reflection
of the particle at the barrier is given by—

_2_
R= A’_

8. What is Heisenberg's hncertainty principle ?

Ans: Heisenberg uncertainty principle states that "It is impossible
to determine precisely and simultaneously the value of both
members of physical variables which describe the motion of an
atomic system." Such pairs of variables are called canonically
conjugate variables. For example the position coordinate and

‘momentum coordinate, energy and time, the angular momentum

and angular position, Let Ax and APx are.the uncertainty in
measurement of position and momentum then,

Ax. APx > %
Similarly, AE.At >h

13
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plie >

and AJ.ADZh ‘
Where, AE = uncertainty in energy ¢ since they are values which may come 4 Sen
F ML ) . e
At = uncertainty in time eige” v?the experiments. '
5 esult nction associated with
AJ = uncertainty In angular momentum \r/ve have the wave fu quantum mechanica|
A = uncertainty in angular position e a5
_ i _ partic ipEL-pX) ‘
If the position coordinate x of a particle in Motion jg y = Ae ; ith respect to 't '
determined at same instant so that Ax = q, then af acCUrate| Differentlatmgw
. C * th | .
instant the uncerta!nty ' APx in the determinatiOn ® San, o ey
momentum becomes infinite and vice-versa. of th gt’ ="h
 imilarly, in all of the above cases, if one quanity ;¢ A d¥
accurately, the measurement in the other quantity hae €asyry E¥ =T dt
. 0 Lo
accurate. Liv 1 N8 g d¥

. 10. Discuss about energy operator E ,momentum operator%

Y ey RS et

E\y = Pﬁ—d-t‘
9. What are the applications of uncertainty principle?

Ans: The uncertainty principle can explain a large Number q
1. Nonexistence of electrons and existence of Proton ang

E

differentiating Y with respect to 'x'

A = ihgi is called energy operator.

Fact

in nucleus. | " (_n) o iP 3
2. Calculation of binding energy of an electron in an atom, | ox \h h |
3. Determination of radius of hydrogen atom. ‘ ho¥ '_zi o
4. Determination of finite width of spectral lines, or, P¥=7 ox =7
5. To study the strength of nuclear for.ces f;nd stability of the or, P‘P.=-ih%%

atom.

A ' A L0 . '
P - mgx- is called momentum operator

o
-

A %

and position operator X . e A i
and posit P Similarly, x = is called a position operator. All these

Ans: An equation of the form, AY = a¥ is called eigen valye operators are used to predict the respective parameters, i.e.
equation. * | energy, momentum and position of the electron.

Here, 'A’ is an operator _
¥ is called eigen function . 11. What is the Pauli Exclusion Principle?
Ans: It states that no two electrons within a given system may
h?ve all four identical quantum numbers n, {, m; and m,. Each set
9t values for n, ¢, m, m;, and ms represent a possible electronic
State and correspondingly a wave function ‘¥'n, |, ml, ms where, 1

14 | 15

and ais called eigen value

An operator is a function over a space of physical states
another space of physical states. The operators must yield red

"~r~uw -y
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= prmmpal quantum number, { = orbital
umber, m; = magnetic quantum number, m:" ular,
quantum number. SPin My,

12. From free electron theory of metal, show
is parabolic. : atE. i
dlagl‘a

Ans: According to this theory, the °Ut9rmost 5
electrons of an atom in the metal are very Ioosee|ctrc,
parent atom. These electrons are free to mg,
metal. A free electron has the same potentia| x
within the metal according to free electron theg

So, if the electron has kinetic energy only,
V 1 2 1 2 2 P2

or
Y attachg edy '&n[‘
€ througho chl
nergy ey thl
ry of Mme ety I Whefi

2 2m 2m
12K
:Er; ..................... (1)

This equation represents the kinetic energy of th f
A " e r

within the metal. €e electy,,
Equation (1) shows that the relationship betwee
parabolic in nature as shown in the figure below. ME and g |

E
A

13. Show the energy of a electron in a linear metal is quantized

Ans: Consider a copper wave of length L. There are many fret

electr.ons within the copper rod. The wave length of electroni
the wire depends upon kinetic energy.

16

avelength the kinetic energy of electron will be

For | a:'an K.E. will progressnvew T s 18 e
gmalles '
decrease . rﬁinimum - .
eatest wave (en8 o inetic energy,
5o for 8" ‘ ‘
A
=7 ﬁ}\. = 2L
~2
imilarly for smaller wavelength or larger value of kinetic
Slm‘rgles the e relationship DEREEN length of wire and wave length
energies: : :
f an electron is given by )
2h _g&
L=" o>h=7
A 2L .
= '32‘ :3)\‘ = -§-

And so on upto n, weé can write,

m -2k
L:-2‘:>k— "
" For wave length in terms of length of wire, we will get,
a2 <
K2, s G oy et (1)

Here, ¥ is decreasing so, according to relation, E = }]2—
m

.
:%‘5(?{5)2 ........... 2) .

Substituting the value of wave length from the equation (1), we
will get, '

K= 20T 7T 757 cvereen 2r
( ) ( ) ( ) ................... (%)
o, K=, _” 2N Ll
LT e T ............................ (3)
17



In normal condition, a solid is electrically neutry| WitH .

of electrons in any direction, This means a free electrg et f|% » J-axis. These degebnerat:. states are 3| equally
oty n One direction must be matcheg R n "ing. ong V- 5 heing filled. The num e-r of such states gives the
ve .o some velocity in opposite direction. Sine Milar |ectr { 3robab|e fof particular energy level. Fr;r example (nx, ny, nz) =
having A TmoRaeE € the log o P eneracy 1) and (2, 1, 1) represent the same electron energy.
related to momentum, um related tq Wave Ity desl 2), (L2070 g are degenerate states,
o wave number must have both positive ang negative , lnu be, (tes’e Il three sta
d .
n 2m 37W N (¥ P ues, i Fermi Energy-
; K=t T e, csrianl write about : . _
ie. L' TL L it (4) 15. nergy s defined as the energy of highest filled energy
L T . fermi € of absolute zero i.e. OK. All the e
In general, K=£77N= 1,2,3,4,56 Ans: T erature Silled ot OK'and claet energy
............ (5) jevel at the Fermi level are fille empty above it,
12K2 ) level U to s an ensemble of a large number of Fermions.
We have, E =7 eemsermmmesessssesnees a Fermi B2 0 particles that obey Fermi-Dirac statistics. Free
: r . 3
: i rmions 31" llic conductor behave like an elec
Laine = (5)in 6) i Zfectrons inside @ mezatistics e
i-Dirac . .
2252 - ey Fermi-Dird
o n*m Z ...................................... (7) and Oth otal number of electrons to be accommodated on the
2y T AT RN SR If N is the == ause of the Pauli exclusion princi
~ e then for even N €€ ghisie
14. What is a degenerate state? - N
ng=-9
. ifferent states » .
Ans: Two Of :MoFe ,dl Of_ 2 quantum Mechanjcy represents the principle quantum number of the Fermi
system are said to be degenerate states if they give some valy Where N ber of topmost filled level.
energy upon measurement. ©0f| |eyel i.e. number OT tORMOSE T _
: ) " id and e X As, electron energy in linear solid metal is
In a single dimension solid and one dimensional potentia| well th s, 22
energy of electron is expressed as, & £= n’mth
n2mw2hp2 ’ . 2ml?
vy For n = ns the Fermi energy is
m
g2 W memy2
In three dimensions, n® = nx’ + ny” + nz? e AL (L) ,
2 24 2\ 2 B2 ‘ 2mL%  2m \ L ,
(nx* + ny*+nz°)m°h ‘ S22 .
" 2ml? Ll — (1)

Where, as in the earlier cases, nx, ny and nz can only be integers |

The set of values of n along .different axes in the three |
dimensional case will determine the energy associated withﬁ
electron. Unlike a single dimension, the same n along x axis can
represent different energies because this energy not only depends

upon the principle quantum number along x-axis but also upon

.

18 -

nem? . . v .
Where, K =(T) is the Fermi wave vector. And the sphere of

radius K¢ in E-K space is called Fermi sphere.
Equation (1) shows that E-K curve is parabolic as shown in figure

(1)

19



At T=0K, the electrons occupy the lowegy

came energy. In other words, thé quanty uy \ 3
ile the states With E> E; ar ta wp
occupied wh rare empy, teg E‘eg t | " W 2,
nKe” Lot N L o ) S — .(8)
since, B = 2m y this mea e states Wlth E'; mi energv, F72m

k-space the occupied states form 3 Sphere pends upony; only. As a result the

as Fermi sphere it _
sphere is knoWr P & orthe Ferm er)aﬁi‘lssf("\u num
a

2 N .
figore (2 E * s I permi©

the velocity of t

= 1|Kf

v

1_.&_1'_(31;25 ..................................... (5)
u=m m

Fermi o4
The total volume of the Fe sphere |s~|(f sity of states?

-
me d t depend upon temperature and l
K 5 nt es no .
occupied and states with K> Krare empy, In oy, BN - pows tha* 100 N |
N

Ea "
ch Quany, | 16, what s the den

2m , ,
state occupies the volume, ( ) Which comes ol tates function can be defined as the number
my

he density of s

pns: T , : .
relation. ' certaim‘ ¢ electrOn'c energy states per unit energy range. A high value of
. o of states function at a specific energy level means that
an f3 Vi3 densm;re many states available for occupation. A zero value of
tal number of quantum states = - K  there : :
So the to rq . es Py 6\7{2 ' gensity of state function means that no states can be occupied at
M) ' that energy level.
There are two electrons per state (becaus dM
( & We have electron, | pensity of states, 713 T (1)
with spin up and spin down) So the total number of occypieg
Ie |
electrons in the sphere is, P ’ n?n?h” 2,2 )i _n’m n?h?
. Where, E=—""75 2( 2
VK VKg~ VK 3 VKs® : omi2  2ml 8mlL
N=2x— =i, |
67[2 37[2 ................................... 2 .
N /3 o 8mLE 2 o
= Ke = (37{2 ) ...................................................... (3 ' n=( 2 ) .............. vesnssrersssessosars (2)
1 . , 2 . 2.2
Thus, Ks depends upon particle concentration, i.e. numbe| In three dimensional quantum space, n” can be written as, n- = nx
of electrons per unit volume |+ ny’ + nz’. A large number of states are associated with different
* value of nx, ny, nz. For each set of quantum numbers nx, ny and
] nz there exist a specific energy level called energy state. All these

=i |
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, AN B et e s SO 3
here of radius n s \ﬁf‘*: S f
tes lies within the Sp, 4" . e Pring; . '
o can take positive INTEger values oy, (™ quy, hy s
um \ .
¢ defined only in positive octant (lth the en;:' 1 ‘
states are %€ , 8 Cquy| Pa ) |
here = octant) of the sphere made by the radiys Vet t, h T
sp - or X
of energy states within the sph n.
e number 0 ere I
So th . v f radius ‘ dN
given by, : , nt
1 3 . :
N = -é- (47:/3)'1 ................................................. . dE —
MRt e S (3] | b ‘
Using equation (2)in (3) ‘ rite about fermi-pirac distribution function.
3/2 7. Wrl . LT ) :
N _l [E."l’:z_ E] / (4m/3) ' The Fermi-Dirac distribution function applies' to non
=3 | P _ é:;active particles with half integer spin which must obey Pauli-
N= fL—j (8 m)s/zEs/z : Lin Jusion principle. These particles which obey Fermi-Dirac
T 6h ex L ics are called Fermians. It describes the probability of
. . » sta ) . . J . .
For the electron placed in three dimensional Potential g, o sccupancy of particle in available energy levels in a given system.
each side equal to L, the volume of the box is v = | ® & fermi-Dirac distribution function is written as.
3/2 3/2 3 3/2 3/2
73 L 53 1
N =¢:-h—g(zz.zm) E =55 2-(2m) E : FE)= — E-Ef -
3/2 3/2 : 1+e KT
, 47V ‘ _ :
e (2m) E i Where, F(E) = occupation index or probability of occupation
ot = lectron
The density of state function is given by— E Energy of elec
% ' : E; = Fermi energy
dN 3 4V 3/2 1/2 .
Z(E) = dE "2°3m3 (2m) E : T = Absolute temperature
v P | K = 1.38x102 J/K called Boltzmassn constant.
LE)=—5(2m) E ‘ ‘ T :
. & ' | Case-l, If E = E; at 0°K,. the Fermi-Dirac distribution function
' : (4) becomes indeterminable.
Z(E) - C.El/z .......................................

| Case-ll, if E < Ef at 0°K,

Which is the equation of half parabola defined on firdt|

quadrant (since quantity under square root is only defined
positive space) as shown in figui‘e (2) i.e. There is absolute probability of finding the electrons below

F(E) = =1

1+e”

. Fermi level at absolute zero.
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casedlh b atl= 0N
1 .
I T b
t\*/ 'i ¥ ()
This shows ¢ that elections cannot occupy a |
- (RN l"(\v | \
evel 3t 07 YEhe, \
et 720K Fermi distributio i
Thus &t 7=0° n function he 4
which qwitches < between 0 and 1. *COMm g S ste ;
P
casse-Vs FEDE T# 0°K un(“t
1 - E-Ey)
F(E)="E-Ef e Kb
e KT
Hence at higher temperature the Fe
) r
function approxxmates to  Maxwell- Mi-Dirac dist
. . : b |
distribution function- Boltzmany, 'lbunc.
Clagy
G4

The higher the temperature, the higher is the
energy states being occupied. Probability of b
One interesting property of Fermi ener
. 'temperature the occupation index is 0.5, if t:y is that for 4
is equal to the Fermi energy. e energy of elect
: Iy

h

F(E)=——1??= R L
1+€_|Z-|—‘F 1+e0 141 "2 =O3forE=E
F(E)A
L
-------- - T,>Ty
T
1
EF —> E
24
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ation détl.ﬁﬁ\[ MN(F) and Farrmi e
T eriergy Eefror
£t i1

ul?
ind POP )
18 fl Dirac ¢ dis stribution function,
perm STy
permi-Dirac distribution function we can
an calculate

/\ﬂ . By us
per of energy ¢ states actually occupied by the ele
ctrons.

of e energy states N(E) in an energy interval d
ct of density of state function N(E) and FeE is given
rmi-Dirac

thc nu
The num
the PO

distrib nfu nctlon F(E).

y ANE) = _7(E) F(E) dE
mber of electrons up to Fermi levelis given b
Y

Thetotal nu
N(E) = 7 22(E)F (E)AE

Here, N(E) s also called "population densi
nsity" or

" opul tlon de
rob
lis 100% i.e. F(E) =1

Er ) 1
Jo ZZ(E)dE=2foEf CEzdE

nsity function”

since the PT ability of occupancy of electron f
rom
o Fermi leve ground state

Therefore, N(E) =

|u

2c5F2
"CEF
‘E
since, C=-2’-7;¥ (2m)
N(E) = (zm)3/2 (Ef)alz
Sr:V

N(E) = o5 (2ME)Y? v ‘
..................................... (1)

3/2

Which is the expression for population density

Let,'n’
be the number of electrons per unit volume

M
—_— BnV
=y T3 o (2m O] R eiors 2)
or, ImENY? = LT E e
( mEf) =—=2 Ef(3g:3) 2/3
25
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-

_h? (3n 2/3
ey ) I —— (3)

_ﬁi(i)z/z .(3n)?/3

“2m\8n

£E"6)"

T2m (4.112/3) R\

NN

= gmn2/3 v

L r\2 an? (323
=(_2;) '~8mn2/3'(_v—)

h2n4/3 (3M)2/3 _

2m

Vv

% h2 (n'z)zlAs (3M)2/3
4

2m

2/3

o5 £ (29

Hence, by using equation (4), Fermi energy for any metal can be
calculated if number of efectrons per unit volume for that metal
is known.

19. What is Thermionic emission and work function?

Ans: When a metal is heated the frec electrons becomes more

energetic as the Fermi- Dirac statistics extends to higher
temperature. Some of the electrons have sufficiently large energies to
leave the metal and become free. This phenomenon is called

Thermionic emission.

26

: 0
e kel

' E g: Fermi level and work function in metal

iuation is self limiting because as the e]ectrons; accumulate

- de the metal, they prevent electrons from leaving the metal, Also
outsi ifte d electrons leave a net positive charge behind. Which pulls
the eerlllctfon in only those electrons with energy greater than E; +
th;ermi energy + work function) can leave the metal. The electrons at
Fermi leve :
surface: This threshold value of energy is called work function () of

metal. The number of emitted electrons depends on the temperature

py virtue of Fermi-Dirac statistics.

The conduction electrons behave as if they ar'e free with in metal. We
can therefore take PE to be zero with in the metal. The total energy E
of the electron with in the metal is then purely kinetic i.e.,

1 1 1
E_—_-—Z- mux‘2 + 2 muyz + 2 muzz
Suppose that the surface of.the metal is perpendicular to the
direction of emission, say along x. For an electron to be emitted from
. 1. -
the surface of metal, its K.E. =5 mu,® along x-direction must be
greater than the potential energy barrier Er + ¢
1
ie,5 muy’ > Ep + ¢

The number of electrons per unit volume having momentum between
Pxand Px + dPx is given by N(Px) dPx

The number of electrons among at the surface of metal per urit time
volume = velocity x N(Px) dPx.

Px .
=m N(Px) dPx

| must given a threshold value of energy to leave the meta]

27

B s I ]



o T

Rl e e

Let r he the reflection coefficient i.e. probability that the electrop, . “
be reflected from the barrier into the metal. Therefore, probabiliy, ul

emission (escape) = 1-T : : ;
Px
Number of escaping electrons = 1=l N(Px) dPx

Adding contribution by the entire electrons, which have momentumf
greater than Pxo (threshold momentum), the emission Currey
\

density can be written as.

J=e cjo (1—r)% N(Px) dPx
Pxo

Xy Px |
(=2 T 1) NOPR) APK s &)
M pxo
On calculation we get the number of electrons in the momentyy,
range Px to Px + dPx as, |
4mmkT Ef P

N(Px) dPx=—",3—" eRTeZMKT APX ..cvernrinennn (2)

Solving equations (1) and (2) using integral table, we get

J=Ao (1—r)_T2e-%‘ ................. (3) et | |

|

Where, (3) is called Richardson's equation which shows that the!
emission current density is heavily dependent upon both work|
function of material and it's temperature. As temperature increasesi
emission current density increases. As work function increases
emission current density decreases. |
20. Derive the Richardson's expression for the thermionic|

emission for Schottky effect. ‘
Ans: When an electric field applied to metal is increased, the work
function is decreased and hence thermionic emission from the metal
surface increases. This effect is called Schottky effect.

T ' |

ﬁa Original
harge

Image
Charge

. Fig (1): Metal surface with image charge

©

To study the lowering of barrier with increase in electric field we

make the use of image charge method in electrostatics. In thermionic

emission a1 emitted electron from the metal surface leave an

: equwalent positive charge behind. In this way an image charge builds

upin the metal.
[mage charge puilds up in the metal electrode reduces the effective
barrier height. This barrier reduction depends on the applied voltnge
The electrostatic force between the real and image charge can be
calculated by Coloumb's law.
o)e ez !
- ..———-'_#_—_
= ameo(2x) % 16n€0X?

—e

The potential energy can be found by integrating F from x to oo

D 2 O dx _p2 1]
= d = ¢ “H = € _—]
Vi) }f(f(x] Px 161:60;[( X2 " 16ned Xy

i
V(x) S (2)

The application of image ﬁgid does not make effective difference in
the work function and potential energy barrier for electron at metal-
vacuum interface. The applied external electric field make clear
difference.

IFE is the applied electric field, then the potential energy due to this
field will be

V(x) = -eEx ...... (3)

N : o b
ﬁol\:il by adding contributions from image field and applied external
¢ld, the potential energy of te barrier will be
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2
PE=Ef + ¢ - ;—56—; eexi e (4)

The reduction in work function (or barrier height) will be

d
maximum if, a)‘(

g2
( : —eEx)=0
16n€ox

2
2
e -—
s = =eE=E=
B D161{E0x2 eE=0 :>16n:60x2 16n€0x?
v e l
o ( ) S Wi il (5)
16m€0E
2 3 ' & 1
- —-e 161€0E\ 2 c 2
Hence, Vimax = 16n€0x? s 16:!60( e ) ¢E (léneoEe)
' 3 1 31 31
—e2E2 —e2E2  —2¢2E2
Vinax= 1 - 1
(16meg)z  (16mey)2  (16mey)2
4¢3 \1/2 e3g\1/2
Vimax = = (16nEQ) P (47tso)
g $ ( e3E )1/2 )
max = —
. 4n€o

Here, Vinay is the maximum reduction in
taking into account at the effect of i

The effective work function can now be written as
1 .

et = ¢ + Vinax = ¢ - ( D )E (7)

4n€o
The reduced work function

-density. Which is given as.
\ ]=A0(1—r]T2e'M

T T ()
This equation is called Richar
For Simplicity we can omi

negligible reflection into th
written as

dson's equation for Schottky effect.

potential energy barrier afte
mage field and applied externa
field. '

t the reflection coefficient considerinﬂ
e metal. Then the equation (8) can be

means the increase in emission current;

p - Qeff
j=A0T"€ KT
4mtmk
Where, A0="p3

2
=1.2 x10° Am-2K-2

ite short note on contact potentia] -
r
21. .
equilibrium- L
when two metals with different Fermj epe
Ans:. o are brought in contact, electron from met
0 L .
fum:ti Jevel will start crossing over to metal with |
Ferm1 having lost electrons become positively cha
) :
metl having received electrons becomes neg
a & . i i
mesequent]y a potential difference is developed
“con :
called contact potential.

Fermi leve] 4

T8y and work
al with higher
Wer Fermj Jevg]
rged  where a5
atively charged,
all the Junction

This> electron transfer from one metal to another reduces the tota]
energy of electrons in metal-metal system. This process continues t]
the contace potential is large enough to prevent further transfer of
clectrons so the system reaches equilibrium. At equilibrium the
Fermi level of both atom will be same. |
The contact potential (AV is due to the differen

ce iq work functions of
metal is metal in contact.

ie eAV = (o - ¢
2- 1 -

AV = - .

0 5

Fermi level
(Erp) Fermi level
Fermi level (Eg)
(Eq)
M

Fig 1: When metals are separate Fig 2: When metals are in contact
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22. Discuss about Seeback Effect. 1.2 Temperature of cold Junction

. . . ion (4) The variati
Ans: The Seeback effect is phenomenon in which temperaty, cording 1o equation (4) The variation of thermq ey (Vi) with

G e is parabolic :
difference between two dissimilar metal produces a voltag, temperature 1s p Cas shown in figyre,

ein
ang VHC

ch
difference.

When two metals one hot and other cold are brought together, Mor,
energetic electrons in the hot metal will diffuse to the total metal, The !
electrons diffusing to cold from hot side leave being an equiva]en” :

positive charge. So there is net potential difference between hot| _ L A
metal and cold metal due to difference in temperature. T~ T;

The ratio of the potential difference AV across metal-metal Junctig, - Fig:

to temperature difference AT is called Seeback coefficient. called neutral temperature defines as the temperature 4t

Variation in thermo-emfwith change in temperatyre

' AV H;r.ih’r;,:rmo‘emﬁs maximum. '
plielS = AT e (1) W IiS ed version temperature Sehbad s s e
The Seeback coefficient for many metal is given by molt and Jone; wlhich thermo-emf again falls to zero. :
equation. ‘ .
a2 Gy 2) . | @MERICAES
3eEro | L Find the wavelength of an electron accelerated by 100v.

Where Ef, is Fermi energy at OK solution:
. 0 ' . )
This effect is used in Thermo couple. A thermocouple is a sensor . whole potential energy will be converted into kinetic.

used to measure temperature. Thermo couple consists of two wire KE=PE

legs made from different metals. The wire legs are weilded together | . p?

at one end, creating a Junction. When the Junction experiences a % 2m =ev

change in temperature, a voltage is created. This change in voltage is 1
calibrated to find the temperature. , - P=(2mev)2 X

If AVy and AV, are the potential of hot and cold junction and Syand S, Now, the wavelength of the electron will be

are the respective Seebeck coefficient, the potential difference = h - __h_l.
between the two wires called thermo-emf can be found as P (Zmev)z
AVy and AV, =fTTcH(SH 1) [ ¥ A (3) 6.624 x10-34[s - o
= 1= 1.22 x 10-19m= 0.123 nm .

Here, Syc = S - Sc is defined as thermo electric power for the
thermocouple pair. :
Solving equation (2) and (3) and then integrating, Jeads to familiar
thermocouple equation.
Viie = a AT + b(AT)?
Where a and b are called thermo couple coefficients and
AT =Ty-Tc . '
Ty = Temperature of hot Junction

32 | 33
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2. In the photoelectric experiment, green light, with A |

wavelength of 522nm is the longest wavelength radiatig,,
that can cause photoemission of electro-ns from a. cleay,
: sodium surface. Calculate the work function (.)f_ .50(.i|um, If
ultraviolet radiation with a wavelength 250 nm is mcnde.nt to
the sodium surface, what will be the K.F of photo-emltted
electrons?
f\(t)l:ht:z:};old, photon energy just causes the photo emission, that is,
electrons just overcome the potential barrier ¢. Thus,
The work function of sodium
hf=¢
hc  (6.624x10-34s) (3x10%ms-1) =230ev
AT 522x10-°m
The energy of incoming photon is
¢ .624x10-34s) (3x108ms-1
3 =% a5 12050351)0E9m L= 4.96ev

Only 2.3rev is required to eject electrons from the surface of
sodium. So, the exces energy i.e, 4.96 ev - 2.30ev
. =2.58ev

This will go to electron is form of K.E.

or¢=

3. An electron is confined to an infinite potential well of size '

0.1 nm. Calculate the ground energy of the electron and

radian frequency. How this electron can be put to the third
energy level?

Solution:

by:
n?h?
.En = 8mL?

n =1 for ground state
1=0.1nm.

1% (6.624x10-%]s)2
20 B = 6 11x10-31kg) (0.1x109)2 =376 ev

Radian frequency of electron associated
_E_37.6 x1.6x10-19]
"7 1.055x10-3s = 571x10%rad, 51

Energy of electron in third energy level is

34

with this energy is
®

The energy of electron confined to an infinite potential well is given |

2 =338.4 ev
=n251 = 3 X 376 ev

3 Il in energy required to put electron into the third
The short fa :
1

evel s 338.4ev - 37.6 ev=300.8 ev
2 El-;ference or short fall can be provided b
d me energy, no less, no more. The

iven by
e (6.624x10-34s) i1
[3x100ms-1)300.8x1.6x10—19]~ 12nm

Y @ photon having
wavelength of sych

—_——

L=E

g:;f)‘; with a wavelength of 4.12 nm is X-ray photon,

For an electron confined to an infinite potential well of width

4. 0.1 nm, determine the uncertainly in momentum and K.E.

tion: ; .
Sol;lince Heisenberg's uncertainty principle states that,
APAX 2h

34
APX’“"A}lx . 1'851':‘(’1})(_’% %= 1.054 x 10-2% kg, m.s-1

Now,
The uncertainty in K.E. associated with this uncertainty in
momentum '
APx? _ (1.054x10-2%kg m.s-1)2

Am (KE) = om = 2x9.11x10-51kg

=6.1x10-19=3.81ev

5. Atransmitter type vacuum tube has a cylindrical Th-coated
W cathode, which is is 4cm long and 2mm in diameter.
- Estimate the saturation current if the tube is operated at
1600°C. The emission constant Ao = 3x10¢ Am-2K-2 for
thorium on tungsten. Work function for Th or W is 2.6ev
Solution

Temperature (T) = 1600+273K = 1873K
Richardson's equation is

I = AoT? exp [?,H

= (3x10*Am-2k-2) (1873k)? exn[

= 1.'08><1()4Am'2

he emission surface area is '
A=rd)= m(2(2x 10*m)x (4x 10-2m)= 2.5x10-*m?

-2.6x1.6x10-19 :l
(1.38x10-33]k-1) (1873k)
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The saturation curr

JA

= (1.08x10*Am-2) (2.5x10

6. Consider a t
Fermi energes and x as shown
available from thi
0°C and the other at 100°C

-4m?)= 2.7A

Metal Sat 0°C (uVK-1)  |Sat27°C (nVK-1)  |Ef(ev)

Al -1.6 -1.8 11.6

Cu +1.70 +1.84 7.0
Solution:

For each metal there will be a voltage a across its given by integrating

the seeback coefficient from To (at low temperature end) to T.

T

T
AV=] SdT=]
To

To

—xm?KT

—xm?K2 .
xn“K (T2-To?)

3eEr, 91- 6eEro

and B), so
VAB = AVA- AV =—co [Em_o - Foee | (T2-T07)
Where, T =373K
To=273K

For Ali.e., Erao-116v,Xa = 2.78

For Cui.e., Ergo= 7.0 eV, xg=-1.79

- Vag = -189 pV - (+201 pV)= -390 pV |
We have, taking Pt as reference at junction 0°C, Va - pt=0.42 mV |
and, Vo—pt = 0.76 mV ]

then,

Vai - Cu=Vy-pt- Ve, -pt
=0.42 mV-0.76mV=-0.34mV

36

ent or the maximum current obtainable g |

hermocouple pair from Al and Cu which hav@
in table. Estimate the em

s thermocouple if one junction is helq at

2.7g

| -1.79

The available emf (VAB) is the difference is AV for the two metals ()

[

'repeati

7 REE gLECTRON THEORY OF CONDUCTION IN MgTALS

pescribe different crystalline structure of cubic type.

S.
Ansimpl e cubic structure
a.

: are placed at the corners of the unit cell geometry and by
Atoms ag this In all directions crystal is formed. The length of a side -
| to the distance between two atoms. Each touches along the
ly. The structure is closely packed.

a

is equd
cube edges on

a
Fig: Unit cell of SCC

only 1/8" of each of the atoms belongs to a unit cell. So, each unit cell

has 3,(%: 1 atom. The packing density is defined as the ratio of the

volume ofthe unit cell. - ‘ i

Vatnm

packing density = Ua

nitcell
So, for SCC we have, volume of cube = a*

4 3 4 s
3nR 37tR

. Packing density = 3 - W =0.52=52%

Thus, shows that 52% of simple cubic structure is occupied by atoms.

b. Face centered cubic (FCC) structure

Here, the atoms are placed as in the case of SCC at all the corners
of the unit cell and additional atoms are placed at the intersection
of face diagonals in all faces. Half of the atom at each of the face

diagonals belongs to the unit cell. So the total number of atoms in

a unit cell equals to
(1+6 1) 4
¥ — ) = p
o2
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four. Each FCC unit cell has four at
neighbouring atoms is termed as coor
structure the coordination number is 12.

In the structure, each atom touches eac

oms in it. The number qof
dination number. In FCc

h other along the face

|
i

diagonal.
D C
NDCA= I
Ae—a—>B
Fig: Unit Cell of FCC
Now,

- In this type of unit cell structure in additi

g s 6o
Total no. of atom = N; + —zf-+—85= 0+ 2*8 XSf 4

If'a’ be the side of the cube of lattice constant and 'r' be the radius of

|
\
atom. From figure: : i
‘ |

BD =+/AB? + AD? ‘

o 2
or,4r="4"2

a

—

.'.I‘=2\]§

Then, Total volume occupied by atoms =
3

no. of atom volume of atom

=4X§'1tr3=4>(£>(7tx—i‘
3 3777 (V2
na’
volume of atom in cube _3_\/2
volume of cube =T T 0.74=74%

. Packing density =

C. Body centred cubic structure (BCC):
on to atoms at the corner of

ing the central place within

the cell geometry, there is an atom occupy
hing the central atom. The

the unit cell. All the corner atoms are touc
coordination number is 8.

38
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g,;ﬂ:.. o

N Ne
FRAT

atoms N = Ni + 2+g =‘1+0+§=2

Total nNO- of
ralbe the side of cube and 'R" be the radius of atom. Thep
Body diagonal = R+ 2R+ R=4R ’
3
so,R="¢ 2

me of atoms = no. of atoms x volume of an atom

4 33 3
=2x§5nr3= Zfé'xn(ig) =3é:1ra3

Hence,

g, Total volu

na 7[33

ERIPRBVE]
8 8

packing density = — 53 =" 3 = 0.68= 68%

5o, the atom of body centered cubic structure is more compact than
that of SCS.

7. Explain, how energy bands are formed in solids, taking the

example of N number of Lithium atoms for the explanation.
Ans: There are number of orbitals in atoms of different elements
(except hydrogen atom) which at normal temperature give rise to a
solid when ;hey come together in large number when identical
orbitals, like ¥1s and W25 of of different atoms overlap with reébective
orbitals, although the energy levels formed by overlapping of
identical orbitals are finely separated from each other. The
separation is so small that for very large number of atoms required to
form a solid, it can be assumed continuous. So that continuous energy
level is regarded as energy band. V
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Energy

Electran energy in
the system
N Li atoms

Full

[l
=)

a t » Interatomic
solid «©

Isolated atoms seperation (R)
- Fig(a) : Formation of 2s energy band from 2s orbitals when Li
atoms come together to form Li solid

Fig (a) Formation of 2S energy band from 2S orbital. When N |;
atoms come together to form Li solid When N Li atoms are brought
together to form Li solid. We have N electrons in N W, orbitals. Since
its orbital is full and close to nucleus it is not affected band E; will be
formed from N orbitals. The atoms separated by distance greater
than R = a will cause lesser amount of energy splitting. The inter
atomic interactions between NY; orbitals spread the N energy levels

from bottom level Eg to top Er respectively which is determined by
closest inter atomic distance a.

The single 2s energy level Ea, splits into N finely separated energy
levels forming an energy bond. Consequently there are N separate
energy levels each of which can take two electrons with opposite
spins. The N electrons fill all level of N/2. So, the bond is half filled.
The energy band formed by atomic energy levels are termed as their
respective bands such as 25 band, 3d band etc.

As atoms approach each other to form solids. At first, outermoslt
energy levels are affected. These close atoms molecular orbitals
interact resulting in new orbital of which only where the energy of
the system is lower will be occupied by electrons. The splitting of
energy level in very large finely separated energies that can be
considered continuous gives rise to energy band.
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e yalence band is either complete] OF Barr:
" S}O:S(i (;cc upied energy band i/vith Valenz,e batr)ilr't;::il rfull. This is the
nigh o fill d band. The next iiigher energy hang is': i Ce bang g the
nig hich is completely oF partially empty, Ty, X ed Conductigp
pan and and conduction band is cajleq forbidde 8Y 8ap betweep,
ke are available and s0 no electrons, " 83p where g,
jent forces of a crystal lattice are duetot
The ¢ Slectron absorbs enough energy,
cecom e a conduction electron after

angrely through the material.
en

he valence band, Ifa

it caln jump the energy gap
which it cap freely moye-

Ebctron
energy

Free electrop

e ammmm—— -

Full

R=a i >R
solid R=00
Isolated atoms

Fig: Formation of different energy bands in Li solid.

3. Explain the effective mass of electron within a crystal. How
do you understand negative and infinite mass of electron?

Ans: For a free particle the relationship between energy and
momentum and correspondingly the wave number is

Fora particle in the crystal, energy in terms of kapplies
Differentiating equation (1) w.r.to K, we have,
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dE hzk ............ [2]
e LA

In equation (3), v is the velocity of particle in the crystal. Noy,

acceleration is given by

dv _d 1@)_119&
4= dqt ’dt(ﬁax “hdtdk
d_dkd
OF, 4t = dt dk
_hdk
Also’a-mdt
hdk_1dka%
%'mdt ™ hdtax
or,m—m .................... (4]

Thus, mass is associated with curvature of energy in k-space. For
free particle this curvaturegz—iis constant, so the E-K diagram ig
parabolic. But in the crystal solid this is not the case. The curvature
% is not always constant for bands representing

F-K diagram' for electrons within the solids

For solids we can write

hZ
o e 5
M = g Ry (5)

Where, .
m’ represents the effective mass of the electron in crystal structure.
2 .
The value%is positive at concave upward of the E-k curve and is

negative at concave downward of the E-K curve. Such that the

: (o T
effective mass is positive at K=0 is negative at vicinity of K= %7

e s e 4 2R
The mass will be infinite lf’d? =0
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itive mass behaves normally to the ap
The POS‘] e pegative mass implies that is dis
1aS5- '1 ! due to the applied force is over ma
force: 1 lhse infinite mass implies that it

force: | force. The applied force is canceled
extern? ¢

plied force Le, ordinary
"accelerateq py applied
tched by interng| lattice
an't be accelerateq by

by interna) lattice force,
F

%

'
[ i
i '
[ '
[ [
[ [
1 [
i 1
1 1

T

"—ﬁ:ﬁﬂ;’--—‘;'_' . L
(@) (b)

Fig: Electrun motion in the conduction band of a conductor for
asimplied 1 -dimentional structure (a) Empty band (b) At
Equilibrium,

LR.‘I\“

~/L

4, Write about electron mobility, conductivity and resistivity.

Ans:

Fig: Drift of electrons in a conductor in the presence of an applied electric field

Although electrons are in thermal random motion, no net flow of

electron in a particular direction persists in the absence of external .
 electric field. So to'maintain the flow of electron we need to apply an

external electric field. V is the applied potential across the length L of
the conduction. Then an electric field is given by:
v

E=E (1) ,
The electric field is present at every point of the solid. The application
of this field will result in acceleration of electron given by

F=m'a

F=-gE
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Thus, in addition to random velocity, electron ac.qui.res a velagiy i
direction of the applied field. This directed velocity is lost afte?r ea
collision with lattice atoms because of the fact that electro.n is Very
light compared to the atom. Therefore, only the part of velocity t, ati,
picked up between collisions actually counts. _'l‘he average y, :
between two collisions is termed as mean free tm'1e, .then the ﬁ“al
- velocity of electron will be a 1. So, the_average velocity is:

Vav'= a% Sesrvenisos e (3)
Replacing factor 2 from equation (3) with unity, we get,
e Vav = AT veevrererrennnns (4)

S0, vay is called drift velocity of electron. i
From equation (2) and (4), and Neglecting.negatlvg sign,
Vp=(et/m)E : '

Or, VD=|J.DE ..................................... (5]
Where, y,, = drift mobility of electron
So, up =£‘t i 4 R e TN S RN e (6)

Assuming that all the electrons drift with Vb, the number of electropg
Crossing a plane of unit area per second can be obtained by
multiplying drift velocity by free electron dencity N, .

Electron flow = N, Vpp S-1m-2

Current density = charge flow

or, ] = Ne Vne .

e
But, Vp = gDE = 1E

e
So, ] = eNem 1E=

0 = Electrical conduictivity
; et
le,o= ; eN.e

50 =uPeNe Smm-1 ... €)]

So, it is clear from the equation (9) that conductivity of any metal is
product of charge density and drift mobility of electron.

c
1 te;,fe’('ls sm/cm, 63.5 g/mol, and 8,93 g/
5.

W ift mobility of ] ,
the drift mobi ectrons in ¢q
alcu“‘teture_ Conductivity, mass anq de PPer at rgop,

Copper are

3
cm respectively_

1

Solﬂtion:

(rmobility = pd =)/en
pri

- electron concentration
e, 1~
wher'

adro’s number
FromlAZ?Eopper =6.022 x 1023 atoms
molé

each cu atom contributes one electrop to the conductiop
§incé

pand- sssof Lmoleof Cu=635g _
The M tration of electrons in copper is given as;

n
the conce 3) (6.022x102
98.93 g/cm’) (6. /mol)
pha ='L'— (63.5 g/mol) =85 x 1022/ 3
Nows

n= Mat

o 5.9 x105 5m/cm

en (1.6x10-_19C](5.5><1022/cm3)
ud=434 cm’vist

grift mobility (ud) =
' is more than the experimental value of 32 cmPy-ig-1
Wht'ctll]l;t more than one electron is contributeq to the
ynd by each atom.

S0,

and due to
conduction

2. For silver with Ero = 5.5 ev and ¢ = 4.5 ev, calculate the total
" qumber of sfates per unit volume and compare this with

atomic concentration of silver. Density and atomic mass of

silver are 10.5 g/cm® and 107.3 g /mol respectively,
Solution: ~

For silver, -

Fermi energy at absolute zero = 5.5 ey

work function (¢p) = 4.5 ey .

Width of energy band (E) =55 + 4.5 = 10ev

The density of states function reac
band. Integrating from bottom of the
find number of states per unit volum
ishalfthe total number of states.

hes maximum at the center of
band to center of band, we will
€ up to center of the band which

3
1 5 5 me2
5 N(E) =.[OZ(F) dE =fo 8TE\EF

1 16\2mme} 5
or, 2 N(F) = T [5_0]2
NE) =2 x 5.08x10128-3 = 10,16 x 1028 states /m®
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Now, density (p) =

Ni
‘ -3k,
N (10 55611?13 ) (6.022x10%3/mol)
A :
0T M= Mat~ 107.9%x10-3kg/mol

. n="5.85x 102 atoms/ m’ 7
So, even'with a crude approximation, as expected, the ny

; ; Mbg,
states is double the atomic concentration.

Yy

3. Calculate the Fermi energy at ox for copper given its den

Sity
8.96 g/cm?® and atomic mass 63.5 g/mole. N, = 6.022 1y

mole. 102‘}
Solution
Assuming each atom contributes one electron to the condycy
band, the electron concentration of copper is O

A PNA  (8.36 g/cm-3) (6.022x1023/ mol)
~ Mat ~ "~ 63.5 g/mol
The Fermi energy at ox is given by

=8.5 x 1022 ¢ppy-3

' : (6.624 x10-34S)? (3x8.5x 102855
Ero = (h*/8me) (3n/2m)* =Tg, 6 1.1 go1leg 2n mjja

S Ero=1.1x10-18] = 7ev

4. Drift mobility of conduction electron is 43 cm?v-1s-1 and Meg,
speed is 1.2 x 10° ms% Calculate the mean free path o
electrons between collisions.

Solution:

The mean free path between collisions is given by
‘Le =Ver ’ i

Where, ve is the velocity of electron t is the mean free time betweg

collision

i, T _ pdme
But, “d'me le,t="¢

So, Le = ve“dﬁ — 121 08ms (43cm?v-15-1)(9:110-31ug)
e

: 1.6x10-19C
.. Le=299 x 10-8m = 29.9 nm.
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gLEC

rite @ short note an Mac_ms.COPiC view of polarization.
1. ™ ccording to MACTOSCOPIC View, polarization is the increase in
AnS: l x density.

cilu ‘

trl

p= D- Do
put, we have

0 =% = eoeoE (ie, electric flux density when the dielectric
um is used)-

medl P= 60 E[‘E’ EOE= EO(EI‘~1)E: EOXQE

Wh ere xe = dielectric susceptibility,

Also polal’izatm“ is induced charge within dielectric per unit area

P:% [QI":Q'—QO]

cribe microscopic/ electronic view of polarization.

~.~AnS:
; C pnd O
Electron < »
coud
Atomic an
nucleus - Y
B N . E
- Fig: Neutral atom in E = Fig: Atom placed in electric
o - field
Electronic dipolar rﬁomen(,
P=Qa
Pind «E
Pind = o ,E

Where o, = electric polarizability -

The net charge within a neutral atom is zero. Furthermore, the centre
of -ve charge of electrons coincide with the positive nuclear charge

A which means that the atom has no net dipole moment. When this

Aom is placed in an external field, the electrons being lighter in

T
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- /:-

he positive nucleus become easily displaced by thea

weight than t ion of the -ve charge centre from the pq

i ts in separat e : Sitjy,.
T:lsrgr:s:;ntre This separation of positive charge and -ve ch Ve
cha '

r
centre. This separation of positive and -ve _cha‘rges and the res‘lltiﬁe
inducéd dipole moment are termed as polarization. 3
An atom is said to be polarized if it possesses an effective dibol

J

ﬁqld

moment. ; [
Induced dipole moment depends on electric field causing it.
Pinduced = ocE
e = ik - Where, z = atomic weight

MeWo

o, = oscillation frequency of the center of electron cloud about
nucleus
me. = mass of electron

3. Derive the relation between microscopic and macros
view of polarization.
Ans: '

Fopic

+Q

&/

-Q ‘
@ O |
ol
o O ] )

|

g}_

v

[+
-+
+
|+
+
+

@

ODOO

(D)
&/

Fig: polarization of dielectric
medium due to applied field

£

Fig: Surface polarization charge

Fig: Bound molecular
charges

+
=]

P

+HF A+t

Total induced dipole moments per unit volume,

If Pav is average induced dipdle moment,
P = NPay uovvceesdevisnresn (i)
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Ay

-0 of atoms per unit volume,
Where: LQP are s'urface polarization char
f P .af;n then'wtal dipole moment P per ynjt v,
Iseperag;ﬁ } | :
VB =A i
_ qurface charge density
p=0”~ dipole moment of an atom P,, = Pipd = o E

8es and 'q'

is th
olume .

= EoXe

pis equation relates macroscopic property of mater
Thi

ial (Er) to
1icroscopic property (ce).
rl 0

field in relation to polarizatio i
fine local ! : ( n. Derive the
4 g];:sius . Massctt_l equation relanng polarizability witp
ermittivity: .
. The actual field experienced by a molecule in dielectric i
d::ﬁ;led as the Jocal field, Eiocal. It dep_ends not onl

y on the free charges
on the plates but also on the arrangement of all polarized molecule
Jround this point. The greater the polarization the greater is the oca

field. ) )
na material with cubic structure or liquid, the field is given by

Elocal = E+ -3—62

The induced polarization of the molecule (di
onthis local field rather than applied field E.

P
Pind = oce Ejocal = me(E"'B Gu)

pole moment) depends

P=N Pind = Noc E+ el | NoceE
3¢ | Nec
“3e,
- NoceE . Noce
50, Xe€oE = —N—me‘ or, xeeo(l—g—e‘(;) = Nece
“3eo0
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eNcce
3e0 - Nce 7 ‘_____X = Noc
or, Xe 3 = Noceor, Xe€o 3 Nece

Xe 3+Xe
oI, Xe€o = Nece [1+§ Or, Xe€o0 = Noce 3

Noce _Xe N<ce X &r-1
or, 3e,  3+X "3eo 34Xe € +2

This is the Clausius - Massotti equation. It gives the accurate relatj,
between o, and €r. :

5. What are the different types of polarization mechanisy, i
dielectric Medium ? n
a. Electronic polarization medium
b. Ionic polarization
c. Oriental polarization

d. Inter-facial polarization

Ans: .

a. Electronic polarization
e (same from the microscopic view of polarization)
e [tis exhibited by covalent solids, like silicon, Germassium et

b. Ionic polarization
e [t occurs in ionic crystals like NaCl, KCI, LiBr etc.
+P

-P > € .
CI-G_/W\/\@_/\/\/\/\Q_/\/\_/\/\@
Pav=0 Na*
Fig (a)
-P +P

— > :
> €

cr .- Nat >E
Pav#0

Fig (b)

In the absence of applied field, there is not net polarization of the
specimen as the dipole moments of equal magnitude are lined up
head to head and tail to tail as shown in fig (a)

When external electric field is applied as shown in fig (b), Cl” ions are
p.ushed opposite to the direction of applied field and Na** ions in the
direction of field about their equilibrium positions. Thus, dipole
moment P+ increases-to P'+ and P- decreases to P'- increases to P'+

S0

———

1 o lnterfaCi

- . And he .
creases to P Nce net dipole Moment
nd | de 1S ng lOnge,.
aer'o' = NoCiEIocal - .
! j.e ¥ _jonicC polarlzabllity
re, &7
whe

ipolar polarization

: Orie“.ta'ted py polar liquids such as water, alc
. hlblse such as gaseous HCL,. steam etc.
dipolar g2 ke HCl possess permanent dj
Molcc”lar nal field, the dipole moment

ster ; .
3bsence (;fg‘z field E is applied, both the j

ohol, acetone et and

pole momens. In the
S are randomly Orienteq

ons experien
er 1 o, ce for ]
and af’te directions: But the nearly rigid hond be den the'secfo in

ns

oSt - pgether. Thus, th.e mo!ecule experiences a torqy
holdSt; r::) ate dipole P, and align with the applied fielq que 1 that
tries

Pz op = Polarization vector

Y e i
;,V?eNumber of molecules per unit volume

al polarization
Jarization due to accumulation of char
materials or regions.

E——»

0. O
0%
O @

Fig: Accumulation of charge

it is the pe 8¢ at interface

petween two

There a‘re. always some defects within the dielectric material which
contribute, free charge carriers. In a dielectric material like c’eramic ‘
the posiﬁive and negative ions are equal, but positive ions are more' .
mobile. After application of a field, positive ions migrate near to

negative | electrode. These positive charge at interface attracts

electrons ‘and thus bulk of positive and -ve ions remain together

constituting dipole moment.

\What is ferroelectricity?
Ans:Certain crystals like Barium Titanate [Ba'i'i03) which have

-f;;lerllar;ent polarization even in the absence of an applied field are
: erro electric crystals and the phenomenon is called ferro

. 51
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electricity, At above 130°C the crystal str.u(.:ture of BaTiQ3 has cup,
structure and the center of mass of positive and negative Chap, ¢
coincide and the net polarization is zero. Below _1?>0°C, Ba'['i()3 8ty
tetragonal structure and center of mass of positive and ng, %
temperature above which the ferro electricity is lost is calleg; EQ
Temperature T.. Below this, the whole. specimen e 'l
Spontaneously polarized and - above T, dlsorderngss of diples
increases which is called pyroelectric state. By applying temy,, ¢

field and letting the crystal cool below T, we can induce Spontan.;:ry

rov . atj
charges do not coincide, the net polarization vector P is not Zerg vy

polarization to develop,along the field direction. Uy

Above T, the dielectric constant behaves as according to E, = k

Oy
0
Where C is curie constant and To is Curie-Weiss temperature

A
¥ :
2 — .
[ -0
o
o .

Fig (a): Fig (b): BaTiOs Fig (c): BaTig,
BaTi0; cubic cubic structure above tetragonal structyre
crystal structure 130°C below 130°¢
above 130°C

7. What is piezoelectricity?

Ans: Certain crystals become polarized under mechanical Stresg,
Also, when an electric field is applied to these crystals, they wil| be
mechanically deformed. These two effects are complimentary apg
termed as piezoelectricity. ' ‘

The phenomenon requires a special crystal structure which has ng
center of symmetry. The NaCl unit cell has cubic symmetry and there
is no net polarization when there is no force applied and the
specimen is still not polarized after it has been applied by external
force. In absence of external force, the centre of masses of both the
charges coincide. But when an external force is applied, the centre of
masses of both the charges are shifted and there is now net
polarization of the specimen. The direction of the induced
polarization depends upon the direction of applied stress.
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pat the dielect.ric loss per un
5110“’ t pix the applied field anq th

it volume is 3 function of
8. e he applied field is sinusoida)

e loss tangent,

o €Nt per molecule can readil
in5tanttahe field varlatIOF]S? then at any Instant the dipole is g
L —

p=%d pPo?

where, “473KT

equencies, the dlpq]es an respond with the c in
At 19&4(/1 field, 50 dipolar polgnzability is maximum in this r}(le?g?gr? ;2
9 Icél'etluenc}’ range, the dlpolgs tannot respond to the change; in
igh 4 field, Consequgntly t‘he high frequency field cannot polarized
apP[:at erial i.e the orientational polarizability is zero,

the

the figure above, the d}electric is applied by a dc field Eo for a long
v o before the field is reduced to E o, (o) corresponds to
gllarilabi"ty at zero frequency. The indyced dipole moments are
aiso reduced 25 shown in fig, The decrease in dipole moments is
xchieved BY random collision between molecules. Assume 1 as
average relaxation time between n'lolecular collision, P is the induced
dipole moment, then P:ocd((?) I‘30.15 the excess moment which must
gisappear as t tends to infinity. t s the average time to eliminate the
access dipole moment. Rate of change of dipole moment is

P P-xa(0)E (i) :

'd‘t’ = T teeretsianEnattaan

Electric field in ac condition is

E=E,exp []wt) ...................... (iii)

From equation (ii) and (iii), we can write,

%=TP+%(91EO exp (jwt)

P = oo, exp (jwt) . (iv)

o4(0)
conditions,

F.rom the complex dipolar polarizability, we can obtain the complex
dielectric con

\ c constant as polarizability is related to dielectric constant.
0, the dielectric constant in ac is

represents dipolar orientational polarizability under. ac
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Er=Er' - jEr" ..ocernm V) :

Where, '
) , . ) ' v E'r. -
 Ere+Br'(0)-Ere . o, Er(-ETs

Er'= 1+021? and, B = tiate -

Here, Er' is the real part and Er" is the imaginary part. Both gy,
frequency dependent.

. n
O, P=Posin (wt+ ) Br*and Br
— A
E = Eo sinwt Er' (0)
> 1
%,
o0
1 " e : w
0.01/% 0do1/11/T 1007
V =Vo sin wt )
Fig: (a) AC field applied Fig: (b) Relative permittivity in ac

to dipolar medium
For a capacitor shown in fig (a), the admittance can be calculated ag

A wAEEr(w) _% wABE (@) | Y wAEGEr (@)
Y=j T ood =] d d
or,Y=JwC+Gp

AEoETI ! 0),

Where, C = d

AEEy (@) ;
Gp:w—&i—(—— ........................ (vi)

Since, there is no.real power dissipation in C but there is real power
dissipétion in Gp (Rp). The input power 1s

A
Pin = VI = V(VY) = j @CV? + V2Gp .
Thus, the power dissipated in the dielectric med1ur:n depe'nds only on
the imaginary part of the dielectric constant and is maximum When
Er" is maximum as Gp is directly proportional to Er" from equation
(v) g
The relative magnitude of Er" with respect to Er'is defined as tan

Er
8=—7
E€r

‘ 1
Itis frequency dependent and peaks just beyond w = =

Again,
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a . . .
, temper ity which will cause more joule heating. Certain local

; unit volume is expressed a5
of 10552p VZ(DA Eo€r L
po V/Gp/= d dA
Pyt N VV"‘"mc
VZ
=5 wEo

ot ”d

} 2 n_’

&= € meoec_é—i(i)eoer' tand

 ove the equation, it is clear ¢

prom ‘a function of frequency, applied f
is

"Omme

hat power 1o

Ss .
eld and losg ta PEr unit

ngent,

pe how @ thermal breakdown and

I)escrl wi results in dielectric brea
9. preald i preakdown in solids,

dielez S thermal breakdown results in dielectric breakdgy
s In.s " joule heat oE? peing r‘eleased within the solid ip can o
There l(S,nductivi.ty of the:insulation, At high frequencies, dieleS:tr(i)g
finit gotan & is high. If the heat generated in the solid cannot be
or other means, the

o5 y e(d sickly by thermal conduction
ds to higher electrical

electro mechanicgy]

kdown results ip

emVe e of dielectric increases and lea

. area
e hot spots and if there are many such hot spots in the

can Je there can be a permanent conducting channel connecting two
ar? Jesand henced thermal breakdown of dielectric occurs. At the

{ro |
e temperature the breakdOWn' field can be drastically reduced if
ation is increased.

he dur
E]ectmmechanical breakdown results’ in dielectric breakdown in
solids as: '

The basis of the elt?ctromeqhanical breakdown is the force
experienced by dielectric due to oppositely charged plates between
which it is placed. The compressive forced to increase with the
increase in voltage, hence the electric field. The thickness of the

- gielectric is reduced, which will increase the charge on the electrode

asgiven by :
AV
Q: CV = Eoer_dt-

This will lead to further increase in compressive force and decrease
in thickness. This process will continue till the dielectric geforms
plastically causing the insulation to break down by increase in the
field. The increase in E and decrease in d produces more joule heat
and dielectric loss, heat, causing more problems for the mechanical
stability of material. It is possible to reach thermal breakdown due to
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D s

B s T ) SN N TS s
\;,- ,\’3 T-;“'A el o ' ™y
| 4 | | ¢
; i ibility of internal 1.9-1 %
m A tion. There Is @ pos_sxblllty 0 Cra 11.9-1_, :
b;flzaggj;l(?::gr?:d these cracks experience shear forces, hciks ewez 1t 3 &3 ‘ i
combined with large electric ﬁe!d, can cause crack propagation “:}t]l . |ocal field is 4.63 times greatey tha |
B thus mechanical and dielectric failure. s the M applieg fielq
, o0 tical index of refraction anq the diey 1.
: | . : lectry
. 3 Tlass are 1-45- al;fll .6 5 respectively, Calculate'l:c Constan, for
A : B nic polarizab! ity he perce
1. The electronic polarlzablhty of Ar atom is 1.7 x 10-40 Fip2 ofi0 eltag

¢ dielectric constant of solid Ar givey, i :

Calculate the stati :
-3, Mae = 39.95 gm mole-! and NA = 6.02 S
X

.on -
50‘“" clau sius - Massotti equation
YRR R from ,

: iy B
: l1023mole . er/+12- =" 3¢,
olution €r i
: . : : uencies,
Number of Ar atoms per unit volume At optical ]f:iq
-1) (1.8gcm3 know thab
_ o, (6021070 =271 %102 cm3 we
N 39.952gmol gel Nece
| Using Clausius - Massotti equation, e 3e
1+l[ﬁ ..o the second relation by th
3% 163 yow, dividing y the first, we get,
€r= 1—& = 1. - v il n2’1 €r+ 2 N Ce
3€o ;ﬁxer—l—mo+mi

2. The numbef of electrons per unit volume of Si is 5x1028
and its dielectric constant is 11.9. Calculate

a. Electronic polarizability due to valence electrons per Si atop, e } ' oD { (1'1025 8.5 :
(if one could portion the observed crystal polarization t, :[1—oce+d:i x100={ 1- 4.1025) (_5__5)]*100= 57.98%

i
Ce + oy

-, o of ionic polarizability = 100

b. If the Si crystal sample is electrode on opposite faces, by how

\ * individual atoms.
many times the local field is greater than the applied field?

Solution
a. Using Clausius - Massotti equation,

' _3eo[er-1];3[8.854x10'12Fm'1)(11.-9—_11
’ Ce="N(es2) | 5x1028m3 (11.9+2)

=4.17?(10_40sz

b. Thelocal field, Eyo. = E + §Pe_

And, P =xe€o€ = (er-1) €€

£ (er-1)e.E - (1+60[ ei=1 I)

S E10c =
3¢, 350’
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- 'MAGNETIC MATERIALS Ny _
- _—T—_ﬁ
Some definitions ~

a. Magnetic dipole moment

o The strength of a magnetic dipole is called magnetic g;
moment. It may be thought of as a measure of dipole's abi} 8
to turn itself into alignment is presence of external magnl 1t‘y
field. etl(:

e A current carrying loop with A as enclosed area has Currg
circulating through it, pn is a unit vector coming out of :}t
area A. | ’ e

o The magnetic dipole moment is given by
Hm= },lnlA :

e Ifacoil has N number of turns,
——
W
N
B

Hm = NIA
" Fig: Current loop . Fig: Dipole moment in a
magnetic field

Hm

b. Magnetization vector 'M’

e It describes the extent of magnetization of the medium. 'M' js
defined as magnetic dipole moment per unit volume.

_c. Magnetic permeability 'p’'
e Magnetic field per unit magnetizing field is magnetic
permeability : |

: B
ie,p=g

| d. Relative permeability 'u,’

e It represents fractional increase in the magnetic field wit.h
respect to the field in free space when a material medium IS
| introduced.
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magnetization‘vector, classify the ma

. ghetj .
(B¢ onetic materials - ¢ Materjy),

piam n'a diamag“eu‘f material is placed-iy ma
5 W. etioﬂ field M is in opp.osite direction to t

anenzﬂs he magnetic field within the Materia] ¢
1his cal ‘; qetic field

apphe getic susceptibility is negative ang relative Permeabjj;
ity is

ir .

e ghan Umty_;.,.- e

’:e’M“g; etic susceptibi I e g A e T e
! Note:

o MM
et i (Magnetisiﬂg field

gnetic fiel, the
he applieq fielq,
0 be Jegg than the

e

ductor are perfect diamagnetic with X, -1 o ===

b

on o m ~1. Other ¢

SuP;ri b, Au, Cu, Water, Air, Diamond etc. s
are oL

X paramag“eﬁc materials

s In the absence of external magnetic field the molecular

poments of paramagnetic materials are randomly oriented, So, the
average dipole moment and net magnetization both are zero. When
. external magnetic field is applied, the molecular magnetic
qoments take various alignments with the field as shown in fig (b).

ie, Ma? 0, M=XnH .

o~ o o7 o
[l R0

<0 o7 o707 |
Fig (a): Randomly oriented Fig (b): Alignments of
molecular moments in the absence of molecular magnetic moments in
exernal field. i.e, Mo = 0, M = 0 presence of external field.

ie, My 0, M = XmH
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The degree of alignment of molecular moment increases with the
applied and hence magnetization M increases with the strength of
applied field. Paramagnetic materials have small positiye
susceptibility. eg. Pt, Al, Cr, Mn and dilute solution of ferromagnetj.

materials.

¢. Ferromagnetic materials

Ans: [t possesses large permanent magnetization eve
of an applied field. The ferromagnetic crystal has magnetic momentg
.of all crystal aligned in an orderly manner so as to give rise to the ney

n in the absence

magnetization vector M.
s =y
o>l :
, > D>

etized region of ‘ferromagnetic material
The relation between magnetization M and M,H is highly non-linear,

At sufficiently high fields, magnetization M saturates.
Magnetic susceptibility Xm is positive and large depends on applied

field. Eg: Fe, Ni, Co

Fig: Magn

d. Anti-ferro magnetic material
Ans: They do not posses only magnetization in the absence of
external magnetic field. They possesses magnetic order in which the
of alternating atoms in the crystal align in the
hown in fig below. The net result is that in the
absence of an applied field, there is no net magnetization.

Anti-ferro magnetization occurs below a critical temperature called

Neel temperature.

magnetic moments
opposite direction as

¥m is small and positive.
Eg. CoO, NiO, MnO, FeO, FeCls,

: ' <0
FeCls, MnOg etc. b—>—1
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Fer,.imagnetic material
e ) .
s 1t exhibits magnetic behavior similar
ical remperature called curj
tl urie tempera

1C 2 . .
: netization ie, the
ag y become par

to fe”.()‘ma
ture. Abgy,

e i- i am .
ord oring of ferri-magnetic material is shoyy ;glnetnc_
elow,

o’ « atoms have their spins aligned in oy,
' L e
ction and all 'B" atoms have their spins <4

gnetiSm below
¢, there is no

e
y magnetic

diré . : .
Iig"ed _in opposite direction, Ag the o o
nagnetic moment of a ‘B’ atom is greater P> <0 0n
than that of ‘A atom, there is net magnetization, 'M s
I . Py ’i
X I8 small and posntfve N the crysta)
; For €8 Generally ferrites are ferri-magnetic
| w0 materials
5 where, X = Mg, Cu, Mn, Ni, Zn, Ca.
_what js magnetic domain and domain waj|
3 Magnetic domain .
pns: A magnetic domain is a region of the crystal in wh;
: i 1 .
magnetic moments are aligned to produce a magnetic ,: haall the spin
oment in one .

direction only.

I_-‘ig: Crystal with two domains
with opposite magnetization

Fig: a single crystal with only one
domain

b, Domain wall/ Block wall .
Ans: It is a boundary between two domains where the magnetizatio
changes from one direction to another direction !
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180° domain
wall

W
T TARAMMAM

i A pomain B
pomain pomain wall
In a block wall,

gradually and it tak ik
magnetic moment by 180°.

3, Explain domain
Ans: A single cryst
permanent mag

reason for
magretic domains
domain is 2 regio
moments are aligne

only.

N

)

S

Fig (a): Crystal with only one
domain, external magnetic field present

Closure
domains
~<$—>N-"1 90° domain

’l : wall
1
1

Fig (c): External fields at the end
. eliminated

Fig (a) shows a single crystal of iron thathas a permanent
magnetization. The crystal is like a bar magnet with magn

the neighboring spin magnetic Momepy, |
o5 several hundred atomic spacing t, Foi T,
atg,

structure of ferromagnetic materia), |
al of iron does not necessarily POSSesg

netization in the absence of an applieq fieg rf‘
the absence of net magnetization is due to the form
that effectively cancel each other, 4
n of the crystal in which all the spiy magne.‘
d to produce a magnetic moment in one dire:;t‘

ati(}t
ma |

JAON

N

-—— -

wm
4

S

| 180° dopg

ain |
wall "

N’

Fig (b): Two domains, ref,

magnetic field

0 N
\s/ N / \ /l‘
1 3 T
T 1 1 Lyl

1 ¢ 1 1 l
PRYEL 1 L |
1 L 1
/"’\\ 4TS /’\ \
/ N |

Fig (d): A specimen with seift,
domains and closure domainsh E
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external magnetic field

etic fied|

|
i

und it. There is a potential ener i
]rin“ae;ni?i)c field. 3 St,ored I these of
__ergy inthe external magnetic field s r -
z::;isdif‘; mgt); tWo (il,odmam.s as s{lown in fig (b),%rdhueced;f t};e Cr_YStal is

Cted by 1§0 omain wall. Here, the Magnetizat e
sep?' . o direction. The external magnetic fielq Jineg g e
o s now less potential energy stored in the magnaJ: reduced ang
jeld lines only at the end. The energy associated " e There
on further be reduced by closing the ends wi g Dese ilg

1205 C et o i
lines th magnetization at 90° as shown ip ﬂgth side way

ains Wi ns and have 9
domalins are called closure domains and have 9q° w[;:?is T Ese e
. The

ation is rotated through 90° walls, Th :
rough 90° through the wall. € magnetization i

= o
= =

rnagnetiz
rotated th

when the magngtization ch{mges fgrm one direction to another ;
requires energy 1€ energy Is required to change atomic 50_ er, it
domain wall reglon.where the neighbouring atomic spins PLn. The
their relative direction from one domain to the neigthuriC ange
higher p.E than the bulk of the domain, where all the atOming one has
aligned. When tk'le magneto static energy associated with thc SPins are
field lines are reduced by the formation of domains, the e
energy in te wallis increased by adding additional \;vallsp{")lt]ennal i
of magnetic domains continue until the PE reduction in ér & creation
additional domain is same as the increase in creating an aZ?i?t?fnt;

. wall. The specimen then possess minimum PE and is in equilibri
um

with no net magpetization. (Fig (d) shows a specimen with several
domains and do net magnetization. The sizes, shapes and o
distribution of domains depend upon no. of factors includin

shape of the whole specimen. , & Size i

4.Explain Domain Theory of Magnetization in details
Ans: -

The magne_tizati_on of each domain is normally along one of the

g;zfse;re(;i' dlrt?ctlon in which the atomic spin alignments are easiest.

magneﬁzggctlor;s are called easy direction. The domain have

s moene ;)in ? olng these easy @re_ctions. When the crystal is placed

it c fie d, the magnetization occurs such that the domain
magnetization along applied field will grow.
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H
P it
- p Fig (b} Magnetized ¢ ;
iq (@) Un magnetized Tystal
iroanqf}’(:t)tll in the absence presence of H ki
of applied field

- licity, the magnetizing. field ‘is _taken along ap e
dirfcotliﬂori.m'\l}f)llt‘a gock wall between the .dor:am(sl Aha‘nd B migr:t?;
toward the right, which enlarges domain ﬁan. shrinks d.omainé
The net result is that the crystal has an efiective agnetizatio, !
along H. The migration of the block wall is caused by the sping i, ,
wall and also spins in section B adjacent to the. wall, being Braduy,
rotated by the applied field: The magnetization process the‘eﬁ)r}e
involve the motion of block walls in the crystals.

5. What do you mean by magnetostriction?

Ans: The magnetization of the crystal generates strains or Changes-m
the physical dimension of the (.:ryst.al. For eg. When an iron crysty;
magnetized along the hard direction by a strong fleld, the.atomn
spins within domains are rqtated away from their easy direct,
towards the hard direction. '
hard
medium

easy <«—
These e7s spin rotations involve changes in t.he e charge C::Stré\t-mﬁmn
around the atoms and therefore effect the .mter-atom;c. 9‘“ mg;
hence the inter-atomic spacing. When‘ an iron crystal is p ;13:):2 LLL
magnetic field along an easy directllon, .1t gets longer along
direction but contracts in transverse direction.

|ongitudinal strainal 1
The 10 1 2long direction of

icti magnetization i
the magnetostrictive constant, | gnetization is called

6 E;{plain Hysteresis loop,

Eddy C
ur .
diagrams. rent losses with necessary
H >
— H > H —_
H
(a) (b) (c) (d)
Reversible Irreversible Rotati
. ti i
poundary motion  boundary motion on of Motion Saturation of
Motion
M .
1\
Msa+——
e
He—-1=
-Hc —>-H
< -—
-X X

Fig: M vs H behavior

Ans: Let us take a small piece of iron and apply the very small

magnetic field along x-directi i
: . ion. The domain walls withi i
grains begin to move small by oo

. listances. The- f; bly ori

i | dista avourably oriented

fmr::laiaz %Z(l)(\i/v a _ht;le larger at the expense of those pointing away
as indi int 'a’ i i

small byt oy icated by point 'a" as shown in fig. There is a very

, magnetization along the field as indi ‘0a’ regi
inMvs i by g s indicated by ‘oa’ region
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As we increase the magnetizing field, the domain motion eXte
larger distances as shown for point 'b". Here, walls encounter var; ;
obstacles such as crystal imperfections, impurities etc which teng
hinder the motion. A domain wall that is stuck at an imperfectiop, t to
given field cannot move until the field increases suffi Cient]yo
provide necessary force to snap the wall free which then syg
surges forward to the next obstacle. As the wall suddenly sna
and shoots forward to the next obstacle, it leads to heat gene
Sudden changes in the magnetization induce eddy curre
dissipate energy via heating.

OUs

den)

p fl'ee
Tatiqy,
nt thalt

As we increase the field, magnetization continues to increase by |
domain wall motions. Eventually, domain wall motions leaveler
crystal" grain with a single domain and magnetization in one diresac
as indicated by point 'C". The magnetization in massy grains will
pointing at some angle to H. From then until point 'd’, the increag l?e
applied field forces the magnetization to rotate towards the direcf- in
of H. When the applied field is sufficiently strong to align M aloy, lon
the specimen reaches s.aturation magnetization Mg,,. gh,

tion

If we were to decrease and remove the magnetizing field,

magnetization in each grain would rotate to align parallel witil the
nearest easy direction in that grain. Further, in some graines
additional small domains may develop that reduce the magnetizatig,
within that grain as indicated at point ‘c’. The process from 'd' to ¢
leaves the specimen with a permanent magnetization called residy;|
magnetization, Mr. ; ;

If we apply 'H' in the negative x-direction, 'M" still decrease and a
sufficiently large field -]He], JM] will be zero and sample would have
been totally demagnetized as indicated by point. The magnetizing
field 'Mc' required to totally demagnetize the sample is called
the coercivity or coercive field.

If we increase 'H' along 'x, the process from point 'f' onwards, similar
to that described for magnetization from point ‘a’ to 'd". The full Mvs
H behavior as the magnetizing field is cycled between +x to X has
closed loop said hysteresis loop.
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Y

M
1
Msa+
Mr
-t A
-H -HC Hc
-Mr
P =T Msa+
B /
. -M
Fig: Hysteresis loop

The area enclosed within the loop is the ener
volume per cycle of the applied field. This i cal

Ans:

.He © /

Fig (a) shows a B-H curve of a specimen.

8y dissipated per ypjt
| led hysteresis loss.
7. Explain Deperming method of Demagnétization
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i agnetize the matep
is resi netism. If we try to der_mg_ne T
Br is rasnduall n:a%erse field, the magnetlzatmr'x would f“OVe R rf\ ’
“e?d to appg’int D as.shown in figure. Now, if we switch g
pom.t C tOIdP 'B' does not actually remain zero. But recoyers alOng ,;’
applied field, ins some value Br. If we remove the fielq at poi T ——
oint C and attains '0 and the magnetiyar: 4 < materia
top the same recovers along d ' and Mmagne 1Zation eng = magne demagnetize; And hence
as Sbh‘_)an'eTO However, to remove the fl}cildlmter'asnty ?gd,We Neaq,, S0 etz and de TR
P e . - behavior and the location of d'. Thjg is ag tively 1o
-H curve be magne
know both the B , e
easy task. demagnetize the sample is firgt to y b
i t method to dem '8 : f g "
The Slgg:]lesa nd then to continue cycling H but with gradua]]y
atura : )
Z‘ecreasing magnitude as shown in fig (c).

P magnetic materials
so

Hard Mmagnetic materials
Hard magnetic materials
are difficult tq 'rhagnetize
and demagnetize S0
re(iuire relatively high
magnetic field intensitjes,

psities:

H loops are narrower and thus | Their .y loops  are
g : eir B-1 1 s smaller area. So, | broater and - thus . the
: ith decreasing magnitude, the B-H cyrye willy, | [ reresis loop ha gk _ :
As H is cycled, wit ller .and end of at the origin the hy resis power loss per cycle is | hysteresis loop has larger
er . e .
traced smaller an ;g:process is called deperming, ot the hyst area. So, the hysteresis
magnetization is zero. all » power loss Per cydle
large
sses low coercivity. They posses high
They PO ‘ coercivity which meang
that they neeqd large
applied field = to be
demagnetized.
They are suitable for high frequency They are usefyl
Fig (c) Deperming method of demagnetization.

as
Permassent magnets ip

variety of applications, eg:
Alnico (Fe-Al-Ni-Co-Cu).

application where repeated cycles of
magnetization and demagnetization are
(=]

and inductor
B 9. What type of magnetic material would you choose for
? , electromagnetic relays? ,
Ans:
/—_Fy Hard Elecrt-re?:;gnetic
Soft

| \
Current
Transformer

Circuit breaker

Fig: Block diagram of relay connection
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€

Electromagnetic relay breaks/ opens a circuit during a fau)
protective device that is a protective device that is useq to o
circuit during fault. The relay detects the fault and sends
circuit breaker to break the circuit.

Lt

Slgnal t

Dur{ng fault, a large current flows through current tr
whose secondary coil is connected to electromagnetic rela
induced in the secondary coil will force a current tq flo
electromagnetic relay. The coil in the relay thu§ gets mag
pulls the circuit. breaker arm, thus opening the
magnetization process should be easy .for the_protectio
Relay requires frequent on and off i.e. it refqulres the ir
magnetized and demagnetized corr-espondmgly, Thus,
materials are used in electromagnetic relay.

ansfo,.

Y- The
" throyg,
r.)eti?,ed an

Circuit,

nofa deVic:.
On core ¢, be
2L Magnet;,

e
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—@ﬂg CONDUCTIVITY 3 k.
suP
= meissner Effect? -

s AN AR A A '
4 A — \)
T<TC \,» ‘_\\-/ TeTe

Normal Superconductor

Fig: Perfect diamagnetic effect in q superconductivity sgqze

Supercon'ductor is cooled in a magnetic fj

If a Sition temperature then at the transition te
trar]lines of induction of 3 are pushed out.

eld from above the
mperature and below,
the

This pheﬁomenon was first discovered by Meissn
in 1933, and is called Meissner effect. |t shows that a by
superconductor behaves in an applied external field ag it inside the
specimen B = 0 i.e,, perfect diamagnetic effect.

Inside the superconductor B = (

Thus,

B =po (H+M) =0

€r and Ochsenfelq

' M
ie,H=-M andx=ﬁ:_1

Which is true for a perfect diamagnet. The perfect diamagnetic
behavior of superconductor cannot be explained simply by
considering zero resistivity. Now let an electric field E would
accelerate superconducting electrons then

dv
m= (d“t) = eE and super current

density, ]S = nsev
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,
i.e, if there is zero resistance, relaxation time would acceloy r

infinitely, which is not possible, so E must be zero inside the meite
From Maxwell's equation. al,
dB ’
AxE=-"4¢ = 0
i.e. B = constant ..o (2)

Thus, B is constant in perfect conductor, which is contradictiop to t,
Messiner effect. The behavior of superconductor is different g
that of a perfect conductor. Hence the superconducting statq ha
mutually independent properties. s
i.e., zero resistivity and perfect diamagnetism i.e, E = 0 andB = 0

Materials showing such behavior are known as soft or type | Supe
r
conductor.

2. Explain how strong magnetic field effects superconductor,
Ans: A sufficiently strong magnetic field will destroy the
superconductor. The threshold value of the applied magnetic for the
distribution of superconductivity is represented by H. (T) and ig a
function of temperature. At critical temperature the critica) field i
zetois He (T) =0

This fig depicts the variation of critical magnetic field with
temperature where s is supérconducting state and N is the norma|

state. The nature of the curve is approximately parabolic apg
- statisfies the parabolic relation.

Hc (T)
A

Hc (0)

» T
Tc

Fig: Variation of critical field with temperature
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(0] 1 the cri'tical field at ok T
pere ! ucting state is stable only in g

cupe c?ic fields and temperature, For higher

ma%:,il state is more stable.

norte

hus we fing that the
ome definite range of
fields ang temperatures,

perive the relation of critical current in su
necessary diqgram.
s In addition to He(T) anf.‘l Te a third critica] parameter s often
" fied to a conductor. A given superconductor cannot support an
Slectri ¢ current density greater
elé

than a critica value J. which is
orature dependent and rea
m

- Te ches a maximum at T = Ok. The
ical current density and critical magnetic fielq are closel
c

. . y related
hecause on passing current necessarily produces a magnetic

field.
|f a wire of radius a of type I superconductor carries a current 'l' a

surface magnetic field "H' is set up. In a addition if a transverse

magnetic field Ha is applied to the wire, then the condition for
transition to normal state is

H.=H +2Ha
ie. H = H¢- 2Ha

perconductor with

1 i
Where H; = and at critical value [ = I,

de o
"Zﬂa"Hc 2Ha

.6, Ic = 2ma (He = 2Ha) woveererrrnnnn (4)

Hence critical current decreases linearly with increase of the

‘ . He
applied force until I =0 and H, = > : This is also called Silsbee's rule.

Ic

Impure

1

|
He
1/2

!
T
Hep

—» Ha

Fig: Variation of critical current of pure and impure materials with
transverse applied field.
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‘\{ﬁ-\ﬁ* . X 1 §
4. What are the differences between Type I anq Typ W@iperconduaing state of a Jeaq Specimen h v
superconductor. i 1 erature 6.2K at zero magnetic fleld ang ty g as critical
Ans: - | is 0.064 M Am~'A at Ok. Estimate the critica) ﬁel;::;l:z iy
Type I Superconductor Type II Sup ercondugy ytion
1.|The superconductor in which the|1. |Those in which Mejs Y 50 e have:
meissner effect is complete up to| |effect is incomplete Sl.ler| he(0) = 0.064 MAm-1 :
the critical field H is called type 1|~ |between lower, Nt oy . %’
superconductor. critical field H,, anq prer 1,262 K ‘
. 20. 2 § ce have formula as:
2.|The mean free path of type 1|2 |It ismj 1)2]_[ —(iY']-
superconductor is greater than| |penetration deedpt}:h;(’;)the . He=He(0) [1— (T =|1-1%32)" |=0.037 MAm~,
penetration depth. these superconductops > Hence, Critical field of lead (Pb) at 4k is 0.037 MAm-1.
larger  than coherenclz
length (£a). i
3. |Pure specimen of various metals|3. |Alloys, ceramic O harg i . ; "‘
exhibits this type of behavior. transition metals with higy i
. value of EICCtI‘ica1
resistivity - exhibits
type of behavior.
4.|These also called soft or pure|4.|These are also called hayg
superconductor. or impure
superconductors,
M M X
\ A
1
Normal :
Sc H
12 : '
Superv : : vertex | ol
conducting ' : ) Sl
2 Hc  Hc Hey
Fig: Magnetization curve Fig: Magnetization curvé
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'SEMI-CONDUCTOR

1. Give a brief introduction of semiconductor \

Ans: Semiconductors are materials whose electrical condyc
between that of good conductors and insulators. Eleme
conductors include antimony, arsenic, boron, carbon,
selenium, sulphur and tellurium. Silicon is the best-knowrn, of g
forming the basis of most integrated circuits, Com Bse
semiconductor compounds includg gallium Arsenide, indimon
antimonide and oxides of most metals of these gallium Arsenige [: :
are widely used in low-noise, weak-signal amplifying devices, )
At absolute zero, a semiconductor acts as an ingy]
temperature increases, Some of the balance electrong
cross the small forbidden gap and reach to the condy
Hence conductivity increases as temperature
forbidden band gap does not gxist in metal
semiconductor and wide in insulator.

nty| Sem-s
i

ator, When
are able ¢,
) ction bang,
.mcreases_ The
, 1t s Narrow in

2. Write short note on Electrons and Holes in semiconductor,

Ans: In semi-conductor, as absplute zero the valence band s fully
occupied and the conduction band is empty. For a valence electron ¢,
cross the band gap, the electron must gain an energy at least equal ty
the band gap eg. The newly entered electron to the conduction bang
can move freely throughout the solid is termed as free electrop, The
space left behind in the valence band by electron excited to the
conduction band is called hole. So in instrinsic semiconductor both

the conduction electron and hole are generated together called
electron hole pair.

Electron hole pairs can be generated not only by incident photon, but

also by thermal energy. Thermal energy causes lattice band, and in
certain region, the atoms may be moving in such a way that the band
is overstretched and rupturing of the over stretched band takes place
As the bond ruptures, the electron corresponding to that bond
becomes free and is excited to the conduction band. When a
external field is applied, the valence an electron move from the endat
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e Otential to the succeeding hole‘by crgating a hole behing,
e gatl e later electron Jump to Succegdlng hole by creating a hole
4gai? (n this Way there occurs a movement of 3 hoje in the direction
pehin® o that of electrons. Thus the current in semiconductor is
’ PPOSIt:Oth movement of electron in conduction band called electron
que?t and movement of holes in  the valence bang constitutes a
arre” alled hole current. Though the movement of electrons in the
Current ‘3 ' band and the movement of holes in the valence band is in
o uct:;ite direction, the electron current and hole current have the
the © ;ir sction. ‘
same n electrons fall from the conduction band, it fills the hole in
¢ band. This process is called re-combination.

How does electrical conduction occur in semi-conductor?
3. _when an electric field is applied to semiconductor, valance holes
A“?t in the direction of applied field where as the conduction electron
giift in the direction oppqsite to the applied field. The drifting of both
ectrons in the conduction band and holes in the valence band
contribute to current in one direction.
Therefore the total current density in senii-conductor can be written
as. :
j=neVie + peVan
Where, ne = electrons concentration in the conduction band
P = holes concentration in valence band
Vg = drift velocity of an electron
Vg = drift velocity of holes
. Vi

Since p = = Va=uE
S J=nepE + PepyE
we substitute effective mass m* instead if mi
oE=(nep, + pepn)E
O=nepe+ pPepn
Where |1, and Ha are electron and hole mobility
He = e - Eth

, Hp= —
me* F mp*

In case of metal we used the mass of free electron to calculate
Mobility, but here we have to use effective mass of electron (m.’) in
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crystal to account for the inter
For hole also we will use its e

nal forceg that hinderg its
from the effective mass of elec

ffective mass (m
tron‘in conductig

N bang,
4. Derive the equation for Electron

1), where is

OVQ
oo O
dlfferm:'t

g Integration table, 5‘«
in B
COncentrations in inty; ve ATC KT)/? e(EFKTI': 2 i3 &
semiconductor., yie 0= (2m 2 3
Ans: In an intrinsic semi-conductor every electrop transferpq At zm'KT)%' e(EpK-TEc) 1\
conduction band leaves behind a hole in the valence bang, Therefth& n=2 (";TZ— !
the total number of electrons in the conduction bang ig equa) toﬁre. (_EF_K-TEc_) ' (3') ‘
i . e _ e Kb i,
total number of holes in the valence band. the ne=Ne e KT) .
If n is the density of electrons i.e. the numbers of electropg Der where Nc =2 T
volume in the conduction of electrons, Z(E) be the der\sity of State:-“ . |
the conduction band, F(E) is the probability, thep in the Cquilipy n < called effective density of ?‘tate at the conduction bang edge,
\ conduction, B ; py multiplying the et'f.ectlve density of states at conduction bang
o _ (EYE i ond il arie i tzmassn's statistics, we can calculate the electronnat g . }
\ Ne = IEC Z(E) F\E.) dE i e (\) edge BO‘ c {
Am “ 3/2 1/2 . |
‘ Where, Z(E) = w (2mn ¥ (E-Eo) 5. Derive the equation for Hole concentration ip intrinsic ‘\‘
‘ is the density of states in the conduction band, Ag the botton, of iy - semiconductor, .
[, N conduction band has an energy E. and not zerg We substityge (F”Ee}"
3 for E. ,

The Fermi-Dirac distribution function is given'by
.

—(E-E

e F(E) = é_EF =e f(T = for (E - By) >> KT

Il LXKt |
ol L i)
(] 41T e 5 /2 E

I L= (2m )3/2fEC(E —E)Y2e & g

| ~(EF-E¢) -(g-Ep

’j ny = :_T; (Zm']?/ZI;:(E -~ Ec)l/ze . KT e "kt (E

4 *
o (2m)

—(E-E()
n=

e KT dE

~Ec)
3/2 e(EFKT c J.:o(E b Ec)1/2
c

E-E, _ T

Let, Zr - X=>E-E¢c=KTx
dE = (KT) dx
When,E=E,x=0o

E=ow,x=w
and (E;Iic)l/Z:(KT)1/2x1/2
‘ (Ep—Ec

—— =7

) 5] e
nz:_’; (2m")?/2 ¢ 7 -ro (KT)Y2x2 0% KT dx

Ans: A 'hole’ is a state of energy in the valen
electron. ‘As F(E) gives the probability of
state. As F(E) gives the probability of geey
The probability that it may be unoccupie
which is something as that it may be occy

Therefore the concentration of holes

ce hand unoccupied by an
Occupation for ap energy
pation for an energy state.

d by an electron is [1-F(EY)
pied by a hole.

in the valence band is given
by
Ey )
P= | Z(E) B~f(E)NAE oo )
. E-Eg
~ e om
. 1 K1
Here, [1 -f(E)] = 1 - \_F = E-E,
' 1+e KT 1+ €T

)]

: E-Eg | '
As Be<gg being in the valence band, so the term.e in the
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KT
tenominatey can be neglected in comparison to L.
(E-Ef)
COE = e @
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From equation (2) we find that the value of (1-F(E)] * hoW
probability that the finding a hole decreases exponentially thQ b Sond ctio Jectron concentration in conduction band,
move from top to bottom of valence band. The valye of Z(E) neq c » have an e
top of valence band is given by ar \h AnS (L—;Ed
2(E) == (2m*)*/2 (Ey -E) /2 i oNc€ KT alenchEand
h3 he hole concentration in nce ban

ermi jevel in intrinsic Semiconductor lies between the
n band and valence band.

Where, m* is the effective mass of hole. andt _[_‘:F/"Eﬂ
Ey -

E o = NV e KT
P=1—T;(2m‘)3/2 ] (Ev-E)'/%e kT 4E P - ying
E_co . Multlp y _ C— EF
v (Ev-E) (Ev-Ey) e
-Zem)? | E-Be EV' e la et KT :
w3 of KT E s equation is commonly termed as "mass action law"”
- YRS 7
47 2yl I B B ap = NeNv € ey )
Ey—E yhere, B = Ee=Ev
Let ‘l’(:r =x= Ey-E=KTx .. The product of electron and hole concentration is constant fora
R : ' | on temperature.
= dE =-KT dx giv por intrinsic semiconductor, the electrons and holes are
L/vv:en,]f =Fjaa;(x_—ooo generated simultaneously
enE =Ey,x= ' ‘
and (By - E)'/2 = (KT) /212 ie.n =P =ni (say)

From equation (7)

_E,
By 2= (NeNy)2 e75

KT
" tamyPe BB (k2o -y .
h3 & Since P = ni
' Er-E _E
S s Nye” FKT ¥ = (NcNy)/2 g5
an ; v F .. . ' )
0% P =3 (KT.2m")3/% e f x2e *dx For an intrinsic semiconductor, the Fermi energy is denoted by Eg;
CEON Ee-E NOZ By
KT 3/2 F V (_C)Z_
(Zm ) 2 KT ~\Ny/ “2KT
P2 (an:zKT) : e(EVK‘TEF) Talking In on both sides
1
~(Ep—Ey) E¢ - By NeY2 . Eg
P‘Nv'e KT ST ST (3] ‘( KT ) = Ln (N—v)e—z—l(h’f

Niw

Where Ny = 2(27"" KT) is called effective density of states at the

‘valence band edge.
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3
: E, KT, 6 (ne\2
= B BRI, (DT
En=Ev+3 -7 ln( n.)

If effective masses of electrons and holes are equal

E
Efi=Ev+ —Zg

E
OrEfi=Ec

in silicon the effective mass of hole is slightly greater than

electron, so the intrinsic Fermi level is slightly above the mid_gthat of

ap,
7. Discuss about n-type semiconductor.
Ans: When a pentavalent impurity like Arsenic(As) Phosphorye
Antimony(Sb) is added to pure, semi-conductor, a e us(p),
conductor is formed. The four electrons out of five valence elecstemi.
of the impurity make covalent bond with four valence electrorons
silicon. So one electron remains free on every odd of impUrity I%h?f
- Thig

extra electron remains continuously revolves around the iy,
Purity

ion core as similar to the electron in the hydrogen atom as shoy
o
the figure. Ty
The energy required to free this extra electron from inner
Slta

calculated in analogy to ionize hydrogen atom, to ionize hydro
) ¢
atom, which-means to free an electron from the ‘ground state ofg;bn
. .e

hydrogen atom.

(D)=
8

o O o Drerren &

Fig: Arsenic doped Si-crystal.

The binding energy of the electron in a hydrogen atom is

4
E = AL =
b 824212 13.6 ev
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lectron from the inner i
extra € T lon core, th
] € energy

- e4me* )
Tt gererh?
e mass of electron m. and €, =11.9

= 0.032 ev

effecti
her® ey S comparable to the average thermal energy of

e . y =
fhis & pration at room temperature ~KT (x0.07ev). Thus the

c : :
ato:‘\‘,alence clectron can be readily freed by thermal vibration of
fift ’

g lattice”

is type of semiconductor' the concentration of electron increases
o this o addition of impurity. So it is called negative type (n-ty 3
ductor. Since the pentavalent atom donate electron pfor
on. So it is called doner atom. In n-type semiconductor
are majority charge comers and holes are minority charge

yith &Y

sermico

Conductl
: electrons

Ca‘rrier- - i .
fn and P represent extrinsic electron and hole concentration of

e niconductor, Nd be doner concentration, then supposing all doner
tes are ionized (i.e., all donor atom contribute an electron to
conduction band).

n=p+Nd

2
2 ni
but, n.p = 0" =P ="
2 2
n n;* + n.Nd
n= 1 Nd: 1
n n

n2-nNd-n?=0

o (N £ (-Nd)? 4.1 (-n?)

2
n =% + N—gz" +n?
lgnoring the -ve sign and for Lf >>n;’
n=l, H
n=Ng
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Therefore in n-type Semiconductor t

nearly equal to donor concentration.
Here, n.p = n;?

2

he eléectron
C !
on.centrat]on :
. Iy
.o nf_nd
"P=h=Nd

Therefore hole concentration in n-type semiconductoy is: p =

Nd

The hole concentration in n-type semiconductor is less th

& oets d A7, a
intrinsic hole concentration. This is because som N the

) ; : ¢ of the electron .
conduction band recombine with holes. in valence hapq & Sip

N
‘ v necentratiop of ¢
atoms there by increasing majority carrier

concentratjq,,
minority carrier concentration will be decreased simultane()uqu- . p
is called minority carrier suppression, - Thig

The conductivity of a semiconductor is then
: 2
cznepe+Pepn=Ndepe+(N—'d)eun
or,ox~Nd e [,
or,c=e Nd

maintain n.P ~ n. As we go on increasing co

So the conductivity is mainly due to mobility of electrops in netype |
semiconductor. Py }

' ; |
8. Discuss about P-type Semiconductor. , ‘
Ans: When a trivalaent (group-Ill elements in periodic tap)
impurity like Boron (B), Aluminium (AD), helium (He) or indium (In) 5
is added to pure silicon, a p-type semiconductor is formed.
The three valence electron of these impurities can form only three
complete covalent bonds with silicon which has valence electrons

e]‘

There is deficiency of one electron to form forth bond. This means an

electron vacancy is left in the fourth bond. This give rise to a hole. |

\
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Free

fig: Boro m doped Si crystal. The hole orbitals aroung the B~

’ ,,;;rgv,;) si atoms provide enough energy tp free the hole fromi ¢
yibr arby electron can tunnel to this hole ang
A ne away from the Boron atom. As the hole m
mrthetred by the negative charge left behing op th
attracfore taken into orbit around the B jop as sh
tbe:} ?ng energy of this hole to the B ion can be ¢
l:;jroge“ic atom analogy. This binding energy t,
0.05 eV, so at room temperature the therma] vi
ree the hole away from the B site,

Site. Thermally

he e”site into VB,

displace the hole
OVes away, it gets
e Boron atom and
OWn in figure. The
alculated using the
rnout to be smal] ~
bration of lattice can

in this type of semiconductor the concentration
with every addition of impurity. So it is called positive type (p-type)
semiconductor. Since the trivalent atom creates a hole and this has
tendency to accept an electron, so trivalent impurity is called
acceptor atom.

of holes increases

let n and p are the electron and hole concentration in the
semiconductor and Na is the acceptor concentration. The doping of
trivalent impurities wil increase the Hole concentration in valence

band but but does not increase the electron concentration in
conduction band (or cannot put the v

alence electron to conduction
band to create a hole in valence band) so,
p=Na+n -
Since, n.p = n?
TP
2' 2
Ther - ni- _PNa+n?®
efore, P = Na + p = P
Pz‘pNa~n12=0
85




-(Na) +/(*Na)? - 4.1 (-n}%)
P = 2

Na fNa2 2
P:?i 4 +n;
2

i Nﬁa 2
Ignoring the negative sign and for 4 >N

Na Na _
Pz-2—+ 2 =Na

Therefore, in p-type Semiconductor hole concentration
equal to acceptor concentration.
2
Here, n.p = n;

is nearly

~N

n? _n?
RSP T Na

x e . ) 2
Therefore, electron concentration in p-type Semiconductor isip <

Na
In trivalent doping of semiconductor, the hole concentratig,,
increases and electron conc ntration decrea.se?_ This means the
minority charge carries are supresseq by ma]orlty charge Carrierg
This phenomena is called minority carrier suppression.

9. What is Compensation Doping? Explain in detail.
Ans: Compensation doping is a term used to describe the dQDing of
semiconductor with both donors and acceptors to control the

properties. The effect- of donors compensate for the effect of
acceptors and vice versa..

For example; a p-type semiconductor doped with N; acceptor can be
converted to an n-type semiconductor by simply adding donor utjml
the concentration Nd exceeds Na. The holes due-to acceptor doping
will recombine with the electrons due to donor doping,
So the electron concentration is: n = Nd - Na
: a2
from mass-action law, n.p = n;
: 2 2
. Lo YAl
-.Hole concentration p = n - Nd-Na h
‘ e r can be

Similarly, a n-type semiconductor dope.d with YN.d docr;(; orun
convefted to a P-type semiconductor by.simply adding a

86

Conce“traﬂon. Na exceed Ng. The electropg due t
¢ ¢ combine with the holes dye to acceptor doping,
will T hole concentration is: p = \, _ Nd

50 t::lfom mass action law, n.p = 2

pere ni is the Intrinsic concentration i, Semiconductoy
whe .

lain how carrier Concentrat;
10- E’;ﬁends on temperature,

15 The temperature dependence of
i\hree regions '

Low - temperature range (T < T
x he temperature is increased startiy,
s te of donors become ionized anq
sor m in figure (1). The Si - S bond
Shoﬁ VB to CB is difficult becauyse it
:}r; to CB is difficult as it takes to
jonization energy AE = E¢ - B, is v
generation involves exciting electro

onductoy

iOn of a semi-

electrop concentratign has

g from very low temperatyre,
donate the electrons tq CB as.
breaking i.e. thermal eXcitation
takes too mych eXcitation fm.m
0 much energy, Sice the donor

€ry small (i.e. AE << Eg), thermal

ns from Ed to Ec,
The electron concentration at low tem

expression as similar to intrinsic case,

E
n = (NcNy)!/2 o —B_

perature is given by an

Inour case it is given by,
' 1
1 2 _ AE

1
The numerical factor =

2 In equation (2) arises because donor
occupation statistics is differe

nt by this factor from the usual Fermi-
Dirac function,

The donor ionization continues until we reach a temperature called
saturation temperature (TS) where all donor atoms have been
ionized, Thig temperature range up to Tyis called ionization range.

b. Medium - temperature range (Ts< T <T)) .
Nearly 4 donors have been ionized in this range, n; = Ng. This
con

. ; . This
dition Fémains unchanged until T = T; as shown in figure (2). Th
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is the temperature when n; = Nd. It is that temperature
Ti that utilizes that n-type doping in pn Junction devic
This temperature range is often referred to as the extri

range TS<
= aDD]ica[iO h
nsic range

c. High-temperature range (T > Tj) .

At very high temperature, thermal vil:.oratlons of the atom
strong that many Si-Si bonds wnll' be broken, T
concentration in the CB will then be mamly. (?ue to ther
from VB to CB as shown in figure (3). So ni is now my
Nd. But this process also generates an equal concentrg
the VB. Accordingly the semiconductor behaves as if it
The electron concentration at thi:c temperature will theref()re :
equal to intrinsic concentration ni as g‘lvex? b‘y equation ). T,
temperature range is often referred to as mtrm;m range.

Figure (4) shows the change in “electron concentratjg
temperature in n-type semiconductor.

S Will b, %
: Clectyq,
sl EXCitat,
ch ]arger th
tion ofholeSi
Were int”hsic_

n With

Figure (5) shows the dependence of intrinsic carrier concentry

tion n
Ge,’Si and Ga As with temperature.
T<Ts Ts < T<Ti
CB [ ] o o

FAct Act Act
Fp[,~ -®--® —8--| o |AS"As® As"As*
As+ As As As F :

Figure (1)

Figure (2) Figure (3)

In (n)

Intrinsic

In (na)

ce
Figure (6): The temperature dependen
of in intrinsic concentration

Figure (4): the temperature dependence of the
electron concentration in an n-type
semiconductor
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Di'scuss about Drift mobility: Te
'dependence.

The electron drift mobility is given by,
ns: =o o

= —, T =mean free time betweep Scattering

= me '
whereé, T= m
A = crosssectional area of scatter
Y = mean speed of electron cglled thermal velocity
No number of scatters per unit volume

jores A= 7 a%, a = amplitude of ato

o ture) mic vibration following al o T
(Tempera

1 . -
Since E Mme Vlh2 = 3/2 KT

1/2
VthOC T 1 1 T-3/2
U= a2V N “T.T2N *TN
T-3/2
. ”Lx_T\]S_ ..................... (1]

He re p is called "Lattice '\./ibratio.n Scattering Mobility", Therefore at
high temperature, the drift mobility is limiteq by Scattering from
lattice vibrations. As the magnitude of atomic vibration increases
with temperature, the drift mobility decreases in the fashion poc T-372,
At low temperature, scattering of electrons by thermal vibration of -
the lattice will not be so strong as the electron Scattering by ionized
donor impurities. The electron Scattering by ionized donor impurities
limits the drift mobility at low temperature,

Atlow temperature, as an electrop

is attracted and thus deflected fr
figure (6). The PE of electron at a
the Coloumbic attraction, and it's

passes by an ionized donor As*, it
om it's straight path as shown in
distance 'r' rom an As* ion is due to
magnitude is given by,

KE>PE
P —

—_—

KE=PE

Fig (6): Scattering of electrons by on ionized impurity
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(PE) ==

- ATTE,

When the electron is Just scattered, i.e. PE=KE
3
(PE) z‘i KT

e?.

'= 6neKT

et s e
S = TereKT): ™

1
Also from, 5 mug? = 3/2KT

VinocT1/2
: it b e |
Therefore mean scattering time, = 2y T %P2 N,

3

2 i X e
Ty Here Niis the concentration of ionized impurities

3

I
..mocN[ :
Here . is called "lonized Impurity Scattering Limited Mobility", 1‘
Note: As temperature increases, Nj increases and y, decreases, |
The overall temperature dependence of the: drift mobility is thep |
simply the reciprocal addition of pyand y,,, ‘
b KAt e

ie, 15 a1 L

The conductivity of semiconductor as given by © = nepe + pey,
- depends on carrier concentration and drift mobility. For n-type |
semiconductor (extrinsic range), it will depend on doner
- concentration. and in p-type semi-conductor it will depend on!‘
acceptor concentration and hole drift mobility. In n-type
semiconductor, at lowest temperatures in the ionization range, thei
electron concentration depends exponentially on the temperature.

1
1 0 -(Ec-Ed)
n= (E Nch) exp[ 2(1:("[* ] : |

which dominates the temperature dependence of and activity. I’

. - . 3 ivi .55
intrinsic range at the highest temperatures, the conductivity ®|

i
[
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inantcd by temperature dependence of nj since, ¢ =

: _ nie (pe + yp
do s exponential function of temperature in contrast to e Tiﬁz
an e extrinsic range (high temperature range) n = N ang %
: o is

in cant, O that the conductivity follows the temperaty,
con dence of the drift mobility. . s
depe” .

T Electrons

1000

2

3

=]

E 100

8 50

L | 1

I N -\

1016 1017 " 1518 q1p19 1020

Dopant concentration, cm'3

Figure (7): The varlmtmn of the drift mobility with dopant concentration in Sj for
electron and holes at 300 K,

20004'
1000 T He
Hn
500
: 1
100 500 1000
Figure (8):L Temperature dependence of mobility in extrinsic
semiconductor.,

12. Write short note on: Degenerate.and Non-degenerate

Semiconductor. .
Ans: For an intrinsic semiconductor, the electron concentration is
given as. ' ‘
_—(E.- :
n= Ne @ —("‘EF)_ (1]
KT veemseneenien

\Vl . - . - . » .
ich is based on replacing Fermi-Dirac statistics with Boltzmassn

st - - . .- H
atistics which is only valid when E. is several KT above Er. This
Means there are ver

of electrong there,

l[’)Y two electr

y large number of energy states than the number
So the probability of occupation of the same state
finciple & ons is almost nil. This means the Pauli—ex.clusion

as no role and the electron statistics can be described by
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the Boltzmassn statistics. Here the equation (i) is valid oni

an empty state (a hole) in the VB. When a free electron
I VA 0 . ; : ;
<< N.. Here semiconductor for which n << N¢ and n,< N, e :’h&n n | gow” around in the CB of a crystal, meets a hole, it falls intg this

: : = . ) b ;

as non degenerate semiconductors. They essentially follow ‘rmed gl ewn n figure 1 - This Process is called recombination, Figure

normal semiconductor properties. 2 th 25 sho sa direct recombination mechanism for example it occurs in
0 X

i)° The eXcess energy of electron is lost as a photon of energy hf =

h g (3% et it is this type of recombination that results in the emitted
. n 4 s e .

then n may be so large, typically 10-19 -1020cm-3, th,¢ if m:“()rs Eg'ltfrom light emitting diodes (LEDs).
comparable to or greater than N. In that case the Paulj Ybe | igh

When the semiconductor has been excessively doped it

¢

inci important and we have to use th - exclugj, . -
Principle becomes 1mp - : e the ['ermH);r : o
statistics. Equation (i) for n is no longer vahd: Such a semiconduqa £ ¢ ;.
exhibits metal-like properties than semiconductor like, Fo exam O‘r gtz
resistivity follows poc T. Such semiconductors that haye n>N, o P>Ne .
are called degenerate semiconductors. A [me N

: ' - Distance
ing i i ¥ Fig (1): Direct recombination in GaAs

Due to the heavy doping in semiconductor, the donor atoms he

. Co . . )

so close to each other that their orbital overlap to form 3 narrme e recombination process between an electron and a hole, like
: oy

energy band and become a part of the conduction band. Th,e

ery other process in nature, must obey the momentum

' masS ev . : .

action law nP = ni is not valid for degenerate semicondygtg, | conservation Jaw. The wave function of an electron in the CB, ¥,
r

Degenerate semiconductor has many important uses. For example | (Ko ), will"have vector K and, similarly, the electron wavefunction
they are used in laser diode, Zenor diodes, Ohmic contracts in ¢, | y,(Ke) in the VB will have a momentum %K., associated with the
and as metal gates in many micro electronics MOS devices. ‘ with the wave vector Kvb. Conservation of linear momentum during

recombination requires that when the electrons drop from the CB to
the VB, it's wave vector should remain the same, Kvba = Kep,. For the
elemental semiconductors, Si and Ge, the electronic states Wy, (Ku)
with Kv = Koy are right in the middle of the VB and are therefore fully

Degenerate Semiconductor Non-degenerate xl
« Semiconductors with n<<Nc | «  Semiconductors with—\
and p<<Nv. n>>Nc and p>>Nv.

« Pauli's exclusion principle |  Pauli's exclusion principle Occ‘fp"ed' Consequently there are no empty states in the VB that can
can be neglected. - | cannot be neglected. ?tanSfy‘KVb = Ko and so Flirect recombination in Si and Ge is next to
« Boltzmassn Stastistics have | ¢ Fermi-Dirac Stastistics mpossible. For some compound semiconductors, such as GaAS and
to be used. have to be used. | 'S, for example, the states with Ky = Ko are at the top of the

valence band, so they are essentially empty (contain holes).
(onsequently an electron in the CB of GaAS can drop down to an
¢mpty electronic state at the top of the VB and maintain Ky, = Ka,.

?\us, direct recombination is highly probable in GaAS, and this is the
tason that makes GaAS an LED material.

13. Diséuss about direct and indirect recombination with ‘j’
necessary diagram. ‘

Ans: Above absolute zero of temperature, the thermal excitation o
electrons from the VB to the CB continuously generates [ree clectrt;“ |
- hole pairs. It should be apparent that in equilibrium there should be

ll\ e .
the 0 F o lemental semiconductor crystal, for example in Si and Ge,
same annihilation mechanism that returns the electron from :

eCtr R
s and holes usually recombine through recombination
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centers. A recombination ce i ' |
nter incre; i i '
recombination because it : ' SaRssyithe pr - N charged, the diffusion of charge cause rise i ¢
It can ‘take up' only ; Obaky; icles ¥ tional : Tise in electyic
between a hole and electron. This process Momenty i Yoy gt £is directly proportionalto carrier concentration gradient,
; ) ; ; Ss essentially ; Erg, | rreD dn :
‘.JOdy, which may be an impurity at(_)m T e de)t'. InV()]veS . t}:% ol » ~ eDe:l;. ................. (1)
. is captured by the recombination center and thuys o The < Ectqu Jelt eD,,‘-ig (2)
;t this site. It.is held at the center unt) Shey letomes localimn Jn/diff - dx
recombines with it as shown in figure (2). Thjs e hole Ariyg, %y Where: e ffici
is called indirect recombination. (gt reC‘mtlbin.;“‘l _ electron diffusion coeticient
: 1y

In this recombination process, the energy of the ¢
lattice vibrations called photons. A photon is 3 qu
associated with atomic vibrations in the crysta] analo
photon in electromagnetic radiations. Typical recombip SOUS to th'e
other than the donor and acceptor impurities, o

ectron i Ogt
a-\
Antum of enarﬁ:
y

might | Ehtery
impurities and crystal defects such as dislocationg vacanci ¢ Meta,
. AT ! . 1es ey,
CB
“MAAAP-
EC
Er
fL—l 222 Pl
Recombination 3
. centre o 1 d £V

VB
)
Figure (2): Recombination in Si vies a recombination centre that hasa

localized energy level at E, in the band gap, usually near the middle

14. What is diffusion? Derive Einstein relationship for an n-type
semiconductor.

Ans: Diffusion is the process in which particles tend ‘to spread out
and redistribute themselves as a result of their random thermo\‘
vibration migrating from region of high concentration to region

low concentration.

2 3 o i more
In a semiconductor when doping 1Is done then there

: ; ince,
concentration of one type of charge so it gets diffused. 51
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the

St

e holes diffusion coefficient
Dn =

A]SO!

Jeraif! . ses )
der e quilibflum condition, the current on the semiconductor must
i

JPETR - SR—— (3)

ve zefo-
je.je=0

ot Jesaiff* Jejarift=0

The potential energy in ev is related to electrostatic potential at any
po'mt by: ’

PE= €V wmriennnn (5)

pf with respect to some reference is givenby PF=Ec-E

ref sviviran (6]
from equation (5) and (6)

1
V= —E [Ec . Eref)

- d
The electric field, E =- E—;’(

11de.  dEres
]
1 dE
== N ref=
. | ety

dEc
dx |

Laey 1aeg
€ dx € dx

Electron concentration in n-type

n=Nexp [_ECK_TEF]

Now, Intrinsic concentration

_Ec-Ep

ni=N cexp izT
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D o[ EcEe EcE
. ni‘e"p[‘ KT *Wﬂ]
2. N = ni exp [—EFIETEF‘] ;
dn Er-Er] 1 :
A s e & 1|2 dEp 4g.,
And, dx =i exp[ KT ]K’I‘ (ﬁTx_%)
dx dx

Under equilibrium conditions, Fermi level insige 4
Materj

al
vary with respect to position i.e., d; =0 Gy
Sa dn n dFs  n
Odx “KT dx - KT

Putting in equation (4), we get

onenpeE—eDc%eE=0

onenp.E= e Do KT
. De
S
Equation (7) is the required Einstein relation,
Also, for holes,
KT oy
€ up

KT

Dp _

Hh

15. Derive the continuity equation for holes:
Ans: Consider small portion of a volume of n-type semiconductor the
hole current density J(x + Ax) leaving volume can be larger or smaller
than the current density J(x) entering depending upon the generation
and recombination in the sample.
The net increase in the hole concentration per unit time is the
difference between the hole flux per unit volume entering and leavirs
minus the recombination rate. The hole current density can t¢
converted to hole particle flux density by dividing ] by 'e’.
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£
B
i
% .:l
ok
i
A |1(®) J (x+ Ax) o
[
 Ax
. 1 169 - J(x+Ax) AP
® = Ax T
x fhol . I
~ increse of ho € concentraion binats
Raxelfdf up involve AAx perunit tim Recon:;)tl: ot
bu
ho 18
() .
gTaylor series expansion,
ysin

X :
ed) =10+ g %
gain AP = PP

oot
Therefore, equation (i) can be written as,
. oT AP
0 I L )

ot e oxX T
guation (2) is called the continuity equation for holes. The total
arrent density is due to the diffusion and drifting

' JP
i, ] = Jarife +Jaiffusion = Pe pE - eD x

Now substituting ] in equation (2),

(AP AP 1 0 opP
_[R)-_ T (PepE eD )

for wniformly doped Semiconductor E is small, so neglecting the

term containing E ,
aap 2P

at 2
whi

hich is calleq thé diffusion equation for holes.

_ -AP

.....................

Th

-~

(AP
Under steady state condition, e

aad -
A e

=0
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, (7! An] on ,gj..
> sin, A0 =1 - NOSTEE = ;,
&*AP AP Ag i _
ek sherefore equation (1) can be writgep, as, l‘
Jl(x) :
8%AP AP 0 S1(x) + J(x)+ o Ax . i
ox* Dt~ Q(_/_\/n)_ =l Ax _96% ‘ ]
*AP AP @) o © 5 :
—)XZ _Lz = U cevvecatastncnssinsas ‘ ‘ ) An la . —_ﬂ (2) |
(@) " . . g(/‘l = P aX' g o RRLTRE
Where L =/Dr is called the diffusion length for the holes i | . ot

semiconductor. 'L’ is the length a hole diffuses in average hef, Pe quation (2) is called Continuity Equation for Electrons,
0y $2 : . e 2
recombines with an electron in n-type semiconductor, 1, ;.

is ) The total current density is due to both diffusion anq drifting of
called minority carrier diffusion length. ) 0 e|ectf0“5' i
L sl ie ]‘= Jarift + Jdiffusion = NenE + eD %(
D -5 &l . "nye s .
AP e LiTBe L Sate it (5) o substitating ' in equation (2),
where ‘A’ and 'B' are constants that have to be foynq from the . l-—[neug .\ oD @ﬂ] mn
boundary conditions. . o = ox ox .
For an infinite bar, at x = o, AP (%) =0 | | . .
From (5),0=A+0=>A=0 | gor uniformly doped semiconductor, E ig small, so neglecting the
At X= 0 ) AP [X) = AP (0] [e]’m Containing E ,we haVe,
Thus, the excess hole concentration apposition x is ‘w
» ‘ 2
' X - | éan)_ An &Pn
AP(x) = AP (0) €7 wetierneen. (6) ! —[al_ 7 P e (3)
‘ which is the diffusion equation for electrons.
16. Derive the continuity equation for electrons. ,

Ans: Consider small portion of a volume of p-type semiconductor the |
electron current density J(x+Ax) leaving the portion can be larger or ;

&*(An) 2
< : From (3), D 21'1 :Aizé_}%l :A_n
smaller than the current density J(x) entering, depends upon the | ox

.. oA !
Under steady state condition, —Latﬂl =0

) T OX Dt
generation and recombination in the sample. The net increase in az(Azn) g @
Ox 2 Y e,
electron concentration @_D is the difference between the electron

concentration entering and leaving minus the recombination rate.

on - 1 [L(x)—l(xmx)]_A_n
ot (-e) Ax

Using Taylor series expansion,

where L =\]Ftis called d

' iffusion length for the electrons. The
solution of equation @) is:

X X .
An=Aels+Bet | svasbintmens (5)
Here, 'y is defined as the length an electron diffuses in average
efore it recombj

. nes in p-type semiconductor. It is also called
"inority carrjer diffusion length.

) = ) + A0 o,
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17. What is PN junction? Derive the relation for bui]; i \
and depletion layer of a PN junction. ey potehtia There is a“,intimgl ,?telfri)- Eo directeq fr
. < es to dri . iti
Ans: A : k jons that 7 Itis see 1?]&5 back ingg o . POSitive jong 10 negay
: v into rl-regloln.ctrons ton . gt o ore hord elect Ons b;vle(
' . ' ele wa : : C
et ri h_t,an.(im is reached W;esnl(:lf]t‘ the Interpgy) ﬁe(l)del diffuse towargs
Doping : : ‘Doping pquilibrium < redchied u € rate of by erease unyj o,
Na i Na st balanced by the drifting of cpy o, Carrie dge CAITiers diffygip .
; . : ]Fﬂr uniformly doped p and N-regions, the netu ©to field Eg, ;0
= : : Co ! Space ch
P-type -xp o X0 n-type pet Pret: arge dens\ty

Fig(1): Geometry of on abrunt pn Junction
L] : E
H —

Fig: Bond diagram for an abrung pn function .
An n-type and p-type semi-conductor are broy
junction called metallurgical junction n-r
condition band and immobile +ue ions wher
holes and immobile negative ions.

Electron concentration in n-region=ny,

Hole concentration in n-region= n,,

Electron concentration in p-region=p,
Due to concentration gradient of holes from p-region to n-regiop,
holes will diffuse towards n-region. Due to concentrationgradient of

ght together t

" form
€gion -has ey !

electrons from n-region to p-region, electrons will diffuse towards p-

region. The electrons and holes diffusing towards each other meet

and recombine near the junction. The junction region becomes free of ;
charge carrier and is called depletion region.

Electrons leaving the n-side near the junction leave behind positively

€as p-region hag eXcesg

plectric field E and net space charge p, are

T
b ity as: elated to SPace charge
dE _ Pret
dx = €
_ [* Pnet
on, E= fxp E

where, € =Permittivity of mediim
pret = Space charge density

Maximum electric field, Eo = eNax,

e
_ eNgx,
T e ®
for overall charge neutrality,
Naxp = NgXn
Also, -
-dV
E="ax

Atequilibrium the total conductig
]e/net =0
H o, Jesaitt + Jejariee = 0

n electron current is zero.

or, enpe E + eDeg_E =0

> E:ﬂ@

charged donor atoms of concentration Ng. Holes leaving the p-region
near expose negatively charged acceptor atoms of concentration_Na.
Therefore, there is a space charge layer around. Through this region,
the concentration of electrons and holes change in sugh a way ﬂ;a‘
they transform from majority to minority carrier and vice versa. >
this region is also called transition region.

100

npedx
from Einstein relation

D KT
.!»le - e

o, 4V _KTdn

dx = en dx .
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KT NaNg
* So, . V0=‘_e—l0g

3 —KT rn(xy) dn
Xn 2 —
or, "-xp av = e fn(-xp) n

or, - Vo = .’Scl [log(n)]:‘l(;\_,;p) ............................................ (n)

2
snd
At X =Xp, n [-Xp] = npo =3~

AtX =Xy, nfxn] = npe =Ny

....... (iii)
ni?
Equation (iii)-is the required equation for build -ip potentig)
qua .

Form figure,

EpXxo
Vo=- 2

Where Xo= Xn + Xp

NdXn
2e

S Vo=e

Xo

We have.

g Nnxp = Naxn

Na "
= Xn rrd Nn+Nd o
’ eNgNa 2
= —X,
So, Vo 2€(Ng+Ng)

¢ner that the positive termingy
mas?

gxplain the forwarg biaseq p. -
8. mqthematica\ €Xpressiong for the Same

o " w
diagrams. _
s When an external voltage jg applied g N junc;
of the hayy, O in sucy, 5

b
-side, the p 40 the p.

. is
d negative terminal to the att.ache
gide an . NClion ig said tq be

rwﬂ"d piased. N -
ml en a voltage V' is applied, i¢ reduces by in
W X'\t in potential is one which ay against ¢
pui

! ff tO VQ = V. 'F:‘
' Hlusiop, ¢ X
sy holes can now diffuse acrogg the depley Onsequent\y
mals This results in the injectign of
side-

1o the n-region. Similarly, excess electrons ¢
u: p-side and enter the region ang the
the I~

min

ority carriers. \ p
w, the probability that a'ho|e Will surmounpt the
?\(I '\}) and diffuse to n-region become

S'i)roportiona\
KT

Ny

Potentig) v,

Potential barrier

to:
exp

—-e Vn -
ie. pn (0)= Pp e‘% et (1)

flere, Po (0) is the hole concentratj
region at X = Xp. And Py, is the tota) con
Pe _ &V,

Py T EKT e (2)

On just outsige the depletion
centration of hole i, P

-region,
We have

9 7§
26V, Na+Nd]2
Xo = e NgNg

A i m ........................................... (iv)

idth (width of
Eduation tiv) is the required equation for depletion width (v
~ depletion layer). '
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tere Py = concentration of holes in n-region
Using P, in equation (1),we get,

evu evu + EV
Pi(0)=P,e KT - eT

eV,
Pi(0) =P, e KT

=P,e KT KT * K7

Junction. It describes the effects of the applied
Yoltage 'V' on the injected minority carrier concentr
the depletion Tegion P

which g exactly what
Similarly, electrong
L‘leclron concentry
Owargg P-side at x

ation just outside
a(0). For no applied voltage, V=o, Py(0) = P,
we expect.

are injected from the n-side to the p-side. The

tion n,(o) just outside the depletion region
==X given by
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ev
np(0) = np eKT

Here, np = electron concentration in p-region.

By forward biasing a p-n junction, a current through the ; \
be maintained. Hole diffusion in n-side anq el ctio

ectrong On ()
diffyg; n
side will give rise to a current in the same dlrectlon The Siop in
¢ X
due to the diffusion of minority charge Carriers, thepa 1: re 1
current due to drift of majority carriers as wel], ho Wever
Now,

' ev
Pn= pn (0) b~ pn= Pn eKT = Pn

AP, =P, (eKT 1) ..................... @)

The current density for hole is calculate as,
dp

J=PeuE-eD dx

The drift contribution can be neglected because the diffyg;
current is dominant. ~ Usion
AP
Therefore,]-—eD A= —eD—L—l

If the length of p-side and n-side are larger than minority carrie

r

diffusion”length, then the excess hole ‘concentration APy (x) in
region fall exponentlally form equilibrium value AP(o) as:

AP, = AP (0) eL
dap) -1 X
:>.—E§1=TAP(0) el =7 ap,

D
Therefore, current density, | = eT AP, -

'Substituting APy from equation (4),

]- P (eKT -1)

But, P, =—‘ o [If all donors are 1onlzed Ny = Nq]

LNd (em ‘1)

104

Therefore, | =

g subscrlpt 'h’ for holes onJ,Dang L

putti”

[)1’12 ( % 1)

e s R
Jo=1aN d i -

ilarly the diffusion current den51ty of ele

eDnl (eKT 1) '
ZLe Na . (6) ; :
The total diffusion current density is,
( De Dh [ .
] . Je +Np=€nj LeN, LhN eKT _ ]
. ﬁ! -
] ]q [eKT —1] LR LRSI I (7) e

gquation (7) is called the ideal diode €quation,
n term of current, this can be expresge as,

[=]A=Als [e}% ‘1]

L [e% _1] e (8)

where, Is = AJs is called saturation cyrrent

De  Dn}) ;.
and Js =\ N, *T,Ng/ €0 is called reverse
density

saturation current

Junction
P o«Vo-v>>

Electron
diffusion

I_

Fi
ig: Carr:er concentration prof des across the device under forword bias
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Pransistion

—
>

Hole PE (x)

«Wo—__ !
Fig: The hole potential energy with and without qn a

pplied biqs, Wis e,
width of Junction with forward bias. Wo is the width of ji -

inction With ng biag

19. Explain reverse biased P-D junction apq derj
mathematical expressions with necessary diagramg Ve the
Ans: A

Whan a pn junction is connected to a voltage source with
connected to negative terminal of volt

age source ang
positive terminal, then the juncion is called to be reverse

P-regioy
N-region y,
biased,
The negative terminal of the battery will attract holes in p-region ¢,
move away from depletion layer. It results in more exposed acceptor
ions and creates a'wide space charge layer.,

Similarly, the positive terminal will attract electrons away form te
depletion layer exposes more positively charged donors and

results '
in the widening the depletion region in this side also. )

The movement of electrons in the n-region toward the positive
* battery terminal cannot be sustained because there is no electron

supply to this n-side. The p-side also cannot supply electrons to then-
side because it has almost no electron.

The electrons from the battery cannot enter the p-side and Cﬂm;:‘t
move to n-side because before they got a chance to do so. So a curt

. . : : ition.
cannot be sustained through p-n junction in reverse biased condition |

_ ] . 2).
The applied voltage adds to built in potential as shown in figure ( )

106

Larlys the electric field in the de
Sim(; and applied ﬁelt.i.
fie poles in the n-side near the depletiop layer ¢
The eld and driven across depletion layer, The ﬁ be €Xtracte db
the " ater to battery and again give r Oles ey 7

l i In (3
3 t rnal

ise t 1L preg;

an cmall diffusion current‘through the jucf)ljtis()?xacl]luzutrge(?t' pe:zg:?i?\
e etion layer to p-region. Therefore, there i iffusiop fro
dep nt due to these causes. A Smal) Tevergq

rrehe reverse current is given by,

T ev ‘

= -Js eKT -1] (1]

D D)
where, Js= (LeNa + LN EN [2]

s called reverse sa.\turation current de
alled shockley Equation.
The equation for reverse current cap, be expresseq a.
De Dy enW '

g

e (3)

Here, current density due to therma] géneration, ., =

_Ye 2
]rev = (LeNa + LhN eni” +

en-.W

—_—

R
and 1g is the mean thermal generatjor, tim

. € to generate electron hole
pair. .

The width of depletion region with no bias is

1

ZEVO (l l 2

W-[ e N,V ND]_
When the reverse voltage V is a

junction becomes (V, + V), so the
reverse biased is given by:

i

iy R O

v jﬁ} ‘%;:’_L.

! nsity. Here equation,(Z] ds

pplied, the tota] potential of the
total width of depletion region for
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R ST ey

Gt é ::x,‘.sf

: Thermally nsity of states relateq effectiv
: - generated he de - e masses of el L
o] fepron 1. :oles in silicon are approximately 1.0g me a;::ict:;ons ang L&‘
; respectively. The electron and hoje drift mobilitjeg _ftﬁ e, { *
, | Blectrons b “— Holes e mperature _art_a 1350. and 45¢ cm?y2s-1 R0k, ‘:Oom i
P | . Lok |culate intrinsic concentratiop and intrinsj ¥ ;thve‘y. v
LopiWe o1t (a he energy band - € Tesistivity o
—w—y silicon- The gy 8ap for silicon jg 1.1 ey,
St ies of stat
4 E ctive densities ol states at conductioy band edge 5
v Effed edge are given by g nd valence
Fig (1): Reversed - biased pn junction: minority carrier profijes and pan 3 ) :
origin of the reverse current the } gmm ;’KT]E and Ny < [m )
d X Bansistion Ne = h h
\ 1 region s
@ elVovy 8m(1.08x9.1x10-31k 1.38x10-231/K) 130K o
2 50, Ne = 16.624x10-34]5 OKZF
& =2.8%1025m3
=2.8x1019 ¢cm-3
g similarly, o ,
' -31 3
WS Nv:[8“[10-56"?-1’<10 k) (13810 /k) 1300k 5
«—Wo—— ‘ 16.624x10—34]s
Fig(2): Hole PE across the junction under reverse bras =1.05 x 1025m-3
1 2 Nv=1.05 x 1019¢m-3
1 A ) ,m[e% & ] | Theintrinsic concentration is given by
t , ~ -Eg
i : n; \)NCNv exp 2KT

: ' ; or n; = (2.8x1025m3 (LOSx105— A
: X [ -1.1evx1.6+10-19 eV ) (105x10 m-3) exp
Sockley equation GeenY, 2[ ]

138x10-%3] /ev) (300K

Consendesing : Forward )
;stevl;:::l generation Sereres nA SMi=1.0x 1016 m-3
The resistivity is given by
1
) j "y = _ 1
Figure (3): Forward and reverse I-V characteristics ofapn m = (1_6x10_1gc) (10%6m-2) (1350 + 450) cm?v-15.1
junction =35 x103Qm
p= 3.5 x 1059(:m
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2. Calculate the resistance of pure silicon cubic c
at room temperature. What will be the re Sistan"istal of
when it is doped with 1 arsenic in 103 silicon of the n
boron atom per billion silicon atoms? Atomi atomg n

ili i 22¢m-3 - € Conggy, 1
of silicon is 5x1022cm-3, n; = 1'45"101°cm-3

mobilities as 1350 and 450 cm?y-1s-1 :

respectively. : -

Solution

ASsu
of electr(m an

Resistance of cube is given by

_ol
R=A

1

-1
TP =5 eny (e + o)
14 1
= (1.6x10-°C) (145x101°cm3) (1350 5 4507
2.39 x 105Q ; Jem#Vgs «
When silicon is doped with 1 arsenic atom per 10¢
doping concentration is calculated as:
d _ Nsi _ 5x10%2cm—3
Nd5 109550710
At room temperature, all donors are ionized, go
concentration is given by donor concentration
i.en~Nd=5x1023cm3
The hole concentration then becomes
_n?  (1.45x101°cm-3)?
“Nd~ 5x1083c¢m-3
Since P << n, we can neglect hole concentration for calculatioy of
resistance, which is given by '
1
R={1.6x1019)(5%x10%%cm?) (1350cm?V-15-1) = 9260
So, there is drastic fall in resistance of cubic crystal when it is
doped with 1 arsenic atom in 107 silicon atoms.

or, R

silicon atoms they
=5x1013¢m-3

the electr,

=4.2 x106 cm-3

Similarly, when sample is doped with 1 baron atom per billion
silicon atoms, the acceptor concentration is again 5x10%m and
resistance of sample is calculated as, by neglecting contribution fron
electrons.

1
R = T 6x1019) (5% 10%cm-3) (450cm?V-151)

~R=2780Q :
110

an ntype semiconductor doped with 1016 3
’ atoms has been dopeqd with 1017 b i E
slectron and hole concentration iy the soro.n
Soluti0ﬂ¢ eml.co“d“m)r.
emi conductor c'ioped with both the donors anq %
ape nsated semlcc?nductor. Here pentayy) oF ‘
Cnd rrivalent boron is acceptor, The resulty
A aNd = 1077 = 10%6 = 9101605 7y
fs insic concentration
lc[:mce“”z"tion'

ni g1.45><101°cm‘3[2
P="p = 9x1016cm-3
This. semiconductor, througix havin
wncentration than donors, is st
semiconductor.

Ptor:
€Nt phosphorg

=234 x103¢m-3

gl much  higher acceptor
called Compensatigp doped

4, Ifitis derived that the Fermj -
above intrinsic Fermi-leve] at
of dopant is to be used? Dete

level is to be raiseq to 0.1 ey |

room temperatyre -
oo » What type
rmine its doping level, P

Solution: s
Here, Fermi-level is to be raised i o,
FF - FFi = 0.1 ev

bove the intrinsic Fermi
ermi-| y
to dope pentavalent atom. T i is giveni e

orn=np. EF*E i
Ni X exp [TT}] =1.45 x 1010cm-3) x exp [0 géls?ev}

“N=6.88 x1011cpy-3

111




5. A silicon sample has been doped wit
atoms/cm®. Calculate the conductivity of t},
and 400K. Use the mobility vs impurity cg
to determine mobility.

Solution:

To calculate conductivity we can-use the dop

since Na<< n; and p>>n. The electron mobi;

800cm?Y-15-1 at 300 K. So, the required cong

o = enpie = (1.6x101°C) (107cm3) (800cmzy-1

Similarly at 400K, drift mobility of electron ig 4'20cm2Y~1'g-1 ™M/em
donor concentration. So, the conductivity of sample js

o = enpe = (1.6x10-19C) (1017cm-3) (420cmZY~ls-1) =67

h 191
€ sam 1
ncentratioi‘]t

or cong

EDtrat;
ty at Ny :

=101

: ey
uctivity at 300K 3 is

S'l) =1

2 M/
ptor Concentyg,;

at
.donor concentralti f
ial depletion w dtho‘n
On width, The ; M
and T = 3001(-

6. A heavily .doped p-side with acce
10'8cm3 is connected to n-side with
10%¢cm-3. Calculate the built in potent
side and p-side and overall depletj
concentration is 1.45x1010¢cp-3

Solution:

. : : N J
The built - in potential in the junction is calculated ag '

) 16
KLy Nl (0.0250v) 1 (1026x1018

Vo= e In niz = (1,45)(1010)2 :0.816V
The depletion width can be calculated by using the followi, . |
expression g |

2eVo/1 1 i i
Wo= e (N3+N) |

But here since No>> Ng, we simply write the formula as
2eVo 1

Wo = 1 ’TN_d =
3.3x10-"m '

Now,

Depletion width in n-region is

WoN 3x10-7m)(1024m-3

WD NG G Doy =310
Similarly, the depletion width in p-regionis
Wp =Wo-Wn=3.3x10""m - 3.267 x10-7m = 3.3x10m

So, almost 99% of depletion layer falls in n-region due to nearly
doped p-region where only around 1% depletion layer falls.

2_x(11.9x8.85><1012Fm‘l)j0.816v) .
(1.6><10“°E)[1022,m'3) ®

|
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