Semiconductor Physics

[ntroduction

gemiconductors arc materials, whose electronic properties are intermediate between
e of good conductors and insulators. These intermediate properties are determined

by the crystal sStructure, bonding characteristics, electronic energy bands and also by the
el that unlike metals, a semiconductor has both positive and negative carriers of
gectricity. The resistivity of semiconductors varies from 1075 to 10** ohm-m a8 compared

ues ranging from 108 to 106 ohm-m for conductors and from 107 to 10° ohm-m

There are elemental semiconductors such as germanium (Ge) and silicon
vity of about 0.6

o the val
for insulators.
§i) which belong 10 the group IV of the periodic table and have resisti

nd 1.5x 10° ohm-m respectively. Besides these, there are certain compound
emiconductors such as gallium arsenide (GaAs), indium phosphide (InP), cadmium
suphide (CdS) etc., which are found from the combinations of the elements of group 1T

ud V or group II and IV. The resistivity 0
With increase of temperature, the resistivity decreases SO the electrical conductivity

creases, Hence the semiconductors have negative temperatureé €o

The band gap of semiconductors varies from
pand gap of a typic

Ompared (o that of insulators. The
bout 6 ¢V, The conductivity and the effective band gaps O
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f a semiconductor is a function of temperature.

efficient of tesistance. .
0.2 to 2.5 eV, which is quite small as
al insulator such as diamond is- i
f semiconductors can belL
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9.4 APPLIED PHYSICS

changed by doping the tmpurities which strongly affect their electronic and optical
properties. These properties determine the wavelength of radiation which can be emitted
or absorbed by the semiconductor and hence help to construct devices such as light
emitting diodes (LEDs) and lasers. The semiconductors are classified as,

I, Intinsic (or) Pure semiconductors

~
7

2. Exuinsic {(or) Impure semiconductors
9.2 Intrinsic Semiconductors

The pure form of a semiconductor is called an intrinsic semiconductor. - A pure
crvstal of silicon or germanium is an intrinsic semiconductor. 'The electrical conductivity
of this type of semiconductor is solely determined by thermally generated carriers. In
order o understand the electrical conduction in an intrinsic semiconductor, let us consider
the case of germanium. The atomic number of germanium is 32, S0 it has 32 electrons; 2
in the first orbit. § in the second orbit. 18 in the third orbit and remaining four in the
outermost orbit. Thus the germanium atom has four valence electrons i.e., it is a tetravalent
clement. Each of the four valence electrons in a germanium atom is shared by the valence
electrons of four adjacent germanium atoms and makes four electron pairs as shown in
the Fig. 9.1(2). These types of electron pairs are known as covalent bonds which provide
the bonding force berween neighbouring atoms. In this way, the atoms behave as if their
outermost orbits were complete with 8 electrons. Thus, free electrons are available to
conduct a current through a germanium crystal. A pure germanium crystal is an insulator
at absolure temperature.
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(2) Bond structure

(b) Energy band diagram

Fig. 9.1 Bond structure and energy band diagram of germanium crystal
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0t bonds are broken. When 4
caves the atom and becomes A
. oiively charged particle, having a
e Sgn. Since a hole is g strong centre 01
T 1-L setron from he neighbouring atom to fill
1 y 'mﬂt:) 4Ce from where the electron has migrated.

’ v .Y e [4 . ¥ R = ,
I once created moves apgy, n the ¢ " Nelghbouring elecron and so on, Thus 2
!I“lbmn On applying an Cleetric field, ylb Aat random manner, just like the free
o0 Ww elec \ ) . ) ]e il oS H . . L N ¢ M
¥ jlence electrons. 1t Constituteg 5 1 oles move i 4 direction opposite to that of
‘ ole curren, It must be noted ‘that in an intrinsic

1 . S i
! 0l produced in a scmicondum()r : And holes are tqual and they are less. Hence the
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2
3 Extrinsic Semiconductors

If a small dmoqm of Impurity is added tq a pure semiconductor, it significantly
gereases the conducting properties. The process of adding the impurities to a
5smicmuluctnr_ls known as doping. A semiconductor doped with impurities is called
wrinsic semiconductor, Dcpcnding_ upon the type of impurity added to pure
emiconductors (like Ge or Si) the extrinsic semiconductors are further subdivided into
w0 2roups '

1) n-type semiconductor, ii) p-type semiconductor.

93.1 n-type semiconductor

A semiconductor doped with a pentavalent impurity is called n-type semicondu&ér._
ipical examples of pentavalent impurities are arsenic (As, Z=33) and antimony (Sh,.
=51). When these impurities are added to pure germanium crystal, four valence electrons
Timpurity atom form covalent bonds with the four valence electrons of the néighbomtng

U+ woms. The fifth valence electron of impurity atom has no place to form the covalent

“nd and remains free to move randomly in the crystal lattice as shown in Fig.9.2(a).
Thug

cach impurity atom donates a free clectron to the semiconductor. Hence tha:?nnp{xﬁiy" :
" Clled donor impurity. The semiconductor containing donor type impur iy is called

“pe semiconductor because it has negative charge carriers, Le.. electrons.. - -
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Fig. 9.2 Bond structure gnd energy band disgram of n-iype semiconductor

Although each arsenic atom donates one electron. vet doping e oystal with jost
a trace of impurity provides enough free electrons o move dwough the arysial struciure
and act as charge carrier. In the case of germanium. deped with donor impuriiies the
energy required to move an electron from donor impurity to the conduction band is in
the order of 0.0127 eV. The energy band diagram for n-{ype semiconducior is shown in
Fig. 92(b). Here E, represents the energy level corresponding 1o donot impurises and it
lies just below the conduction band. It should be noted that in oHYPS SSMICONGCIOT. the
electrons are majority charge carriers but there are stll present seme thermally generated
holes which are called the minority charee carers.

9.3.2 p-type semiconductor

A semiconductor doped with 2 mivalent impurty is called p-Iype SCmiCORGICION.
Typical examples of trivalent impurities are gallium (Ga. Z=31) and indium (In. 7=49).
When a small amount of Indium is added to germanium crystal. three valence elecrons
of impurity atoms form covalent bonds with three valence elecirons from three
neighbouring germanium atoms. There is a deficiency of one eleciron to complete me
fourth bond. This electron deficiency is called the hole and it behaves like a positively
charged particle as shown in Fig. 9.3(a). Since there is a swone tendency of semiconductor
crystal to form covalent bonds, a hole atiracts one electron from a nearby covalent bond
Consequently a new hole is created ar the originally occupied place of eleciron. This hole
is again filled by another electron from a nearby boad giving rise to another hole and so
on. Thus a hole moves freely throughout the arystal lamce.

S——"]

4 www.Jntufastupdates.com Scanned with CamScanner



4
3

i

/\ SEMICONDUCTOR PHYSIES 9.7

)
NN

f N R e
: ¥ 7 Fe

Sea -
.....

Valence band

Irivalent impurity atom
(a) Bond structure j ‘
(b_) Energy band diagram

Fig. 9.3 Bond structy, ‘ v _ 2
¢ and energy band diagram of p-type semiconductor

n impurity the e 3 : . in
-l\v chuusZ i[dt pr(zduccs holes inside a semiconductor crystal is',cl:_al]cd acceptor
apurity DEAFSE 15 ACCEpLs electrons from the nearby germanium atoms. The
-""'"icommuo.r containing acceptor type of impurity is Callegd p-type scmiconductor.
wause (he charge carriers are positive Holes. The encrgy band diagram for p-type
miconductor 1S as shown in Fig. 9.3(b)." Here E represents the energy level
mm‘SP‘"?dmg 9 the accepter impurities. When an intrinsic semiconductor is-do;)ed with
epler impurity, the concentration of holes in'the valence barid-will be - more than the
concentration of electrons in conduction band and the Fermi level shifts towards the
alence band. ‘The accepter level is just above the valence band. It should be noted that
in pLype SC-mIC()ndUC(OI'S, holes are majority charge carriers and electrons are the minority
charee carriers. e thee: oo .A

9.4 Carrier Concentration in Intrinsic Semiconductor -

In intrinsic semiconductors, the charge carriers are electrons in the conduction
rand and holes in the valence band. The concentration of electrons and holes in 2
semiconductor can be obtained from the knowledge of the densitics of available states in
he conduction band and the valence band ag well as the Fermi-Dirac distribution function.

Concentration of electrons‘ in the conduction band : il e

Let us assume the number of states in the energy range E and E+dE is Z(E)E,
vhere Z(E) is the density of states. Since each of these states has an occupation probability
). the number of electrons in the energy range E and E+dE is given by

dn=Z(E) FE) dE g i e

e o LB DA e T AR 5 i
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If E_is the energy corresponding to the bottom of the conduction band, the number
of electrons in the conduction band can be calculated by integrating the aboYc ¢quation
from E, to the encrgy corresponding to the top of the conduction band oo. Then,

n= j Z(EF(EYJE ... (9.2)
E

4

We know that the density of states i.c., the number of encrgy States per unit
volume within the energy interval E and E + dE is given by,

Z(E)dE = %375(2,11)3’2 EdE (9.3)

Since the electron is moving in a periodic potential, its mass has to be replaced
by its effective mass m_ . Hence,

Z(E)dE =‘:—’f(2m:)3’2E”2dE
1

For semiconductors, E starts at the bottom of the conduction band E,. Hence,

Z(E)dE = ‘;—f(zm;‘)”(E ~E.)"*dE
1 .

The Probability occupation of an electron in an energy state E under thermal
equilibrium is

1

l+exp(E_EF]
kT

where, &, is Boltzmann constant and T is temperature in Kelvin. £, is the energy of the

Fermi level.
' E-E\[
F(E)=|1+exp| —=E
k,T

for all possible temperatures, E — E,. >> kT

F(E)=

E-E E.-E ,
Hence, F(E)=exp (~ 2 ) = exp( £ } ....... (9.6)
k,T k,T
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g cqns O and (9.6) in - ne cqn. (9.2), we gel

(ing
snlll
"

< dn LT )
J T (2m,)" (E - E(,)”zc.\‘p[l”’ ——‘EJdE

k1
dn =, (E.
= '1'17(21)1‘,) _[(E E ) e\pk E} P 0.7)
kU
oy olve (his integral, let us put, E - E=x1l E =E, (hen x = ()
g=EAY and dE = dx
4n (E. _(E +
n= _(2'77 ) Ize’(Pk Er }j‘,\”ze,\p——w‘ b dx
0 kllT
= —2['(2’" )" C’\Pk L )Tx'”‘expk J dcx e (9.8)
0 B
jt can be shown that, using gamma function
- \ 12
xexp| — | dx = (k,T)""* 7 (9.82)
{ (%, 2
(E,-E.) n?
nce, =— 2m. ) ex, k,T)"
Hence, ( ) pk J( ) -

ie. The number of electrons per unit volume of the material is given by

. n
2[27rmek,,r) (E.-E.)
n=2|———
B PL KT ) ....... (9.9)

This is the expression for concentration of electrons in the conduction band of an
intrinsic semiconductor.

Concentration of holes in the valem,e band :

Let us assume that, the number of states in the energy range E and E+dE is equal
0 Z(E)dE, where Z(E) is the density of states. ‘The probability that a hole occupies a level
Ein the valence band is equal to (1—- F(E)) The number of holes in the energy range E
and E + (E is given by,

dp = Z(E)|1-F(E)|dE 9.10)

( Since the energy range involved here is much lower than E,, the probabilit
R4 (¢
XCupation of hole is, ¥

L
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1

F
I+ exp k,,l

- F(E)=1-

Since, E — E.>> k,T

1—F(E)=expk kT') ....... ©.11)
B

The density of states for the holes in the valence band is

A . .
Z(E)dE = h—f(zm,,)’”E“sz

Since E starts from the top

Z(E)dE = %(Zm; YAE, -E)*dE .. 0.12)
To calculate the number of holes in the valence band the eqn. (9.12) has to be
integrated from —co to the energy corresponding to the valence band E

,» Therefore, the
number of holes in the valence band per unit volume is given by

4 2m; )" (E, - E)"ex \ dE

p= :L 2my, Pk J ....... (9.13)
.——4 2m; )ex E l]' (E, - E)"exp| —— | dE

p h3 h pk ’ J L v p\kBTJ ..... (9.13&)

‘ To solve this integral, let us take E E x(or) E = E —x and dE = —dx
IfE=E then x=0

I (Ev — 1'5)”2 exp {ka%\ dE = —i x"exp (E;c _TX) dx
-0 o B
(E % foie
= exp kleT) _([x”zexp Lé—] dx
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I 3 Ey qn. (9 8a), we have
AV E
'[ (EV E) P\ — dE = & 112
= k.T ‘eJCp\V(kTm%
’ TS (9.13b)
e from €41 ©0-138) ang ©.13b) we haye
= 47[ * 172
2= h\3(2mh)3lzexp (M\ (k T)" T
ber of hol LT )
¢ number of holes per y; ‘
6 o tvolume of pe material is given by
( Zﬂm*k T\ 3N ~ |
P2 = e ol & EF) ........ 9.14)
h L kBT
This is the expressior
;miconductor P 1 for the number of holes in the valence band of an intrinsic

trinsic carrier concentratioy -

Smce,_m limms.lc Semiconductor the number of electrons and holes are equal.
merefore, 1= p = n, is called intringjc

carrier concentration. Hence,

p \ 2 k T 3 e ) _E
”.-2={1P=4( ™y ) (memh)y.2 exp—(E” )
kT

_ (Zﬂ'kBT)S( * *)3/2 (—Eg\
- B m.m, ) exp k kT J ..... (9.15)

where, E~ E = Eg is the forbidden energy gap. Therefore,

3/2 _— '_E
" = 2(27;I<ZBT) (merfjh)3/4 exp( 2k3;} ..... 9.16)

Fermi level in intrinsic semiconductor :

We know that in intrinsic semiconductor the density of electrons in the conduction
band ig equal to the density of holes in the valence band. Hence, n = p. Therefore, from
ns (9.9) and (9.14) we have

(2emk,TN" (E.—-E)\ (2zmk,\" (E -E.
2L..7£_'_;112_‘.’_) expL FkBT J—2L—h28) expk kBTFJ
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or (m)*exp [ Er K, } = (m,)"*exp [ Evk—;j F]

(ZE \ (mh\m (Ev _}_Ec\
exka TJ ka pL kT J

Taking logarithms on both sides, we get

e

2B, _3, (m \+(EV+EC\
or = 2% ) Tt
E
ie., . E = 3k4T [Z" J+( . ) ..... 9.17)

When m’=m, log [_m_,:} =logl =0, hence the eqn. (9.17) becomes,
me

E,+E,
2
Thus, the Fermi level lies mid way between the valence and conduction bands.
The position of the Fermi level does not depend upon the temperature. Normally, m,*> m *

so the Fermi level E, is just above the middle of the energy gap and rises slightly wiih
increasing temperature as shown in Fig. 9.4.

E. =

Conduction bang B
I 'y ) ) ® ® ®
Ec
ol
E,/2 ®)
Ep (a)
0o o0 -.0..0 .0 .0 Ey
Valence band
T —_—

(a) Fenm level at T=0K  (b) Fermi level above T=0 K :
Fig, 9.4 Position of Fermi level in an intrinsic semiconductor at various temperatures
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9.5 Equation forx

insic iconductor
Electrical Conductivity of Intrinsic Semicon

: » carriers and
¢ ; ; nsity of charge carrier
the clectricyy conductivity of a material depends on du.mtgcm o cz!:llcd mobility.
mobility of charge cacriers, The drify velocity per unit clcctllQ al is gi\vcn by
¥ ) . o s . 2 'Cr1 R ,
Theretore, the eXpression for electrical conductivity of a mater

o=neu
where 7 18 the densi

. e and p is the
; ; io the charee of the electron a
y of charge carriers, e is the charge ¢
mobility of Charge

carriers,

In semiconductors, there
conductivity is sum of
conductivity of

s ¢ holes. Its
are two types of charge carricrs, CI.C ‘Cttl(‘)lmgdtl;l((i: l:l)ézrrical
C conductivities due to electrons and holes. Thus

4 Semiconductor is,

b &=y O d
& £ : n
Here, 6= neu is the conductivity due to electrons in the conduction band 2
O,= met, is the conductivity due to holes in the valence band.

Therefore, the total conductivity of a semiconductor is,

...... 9.18)
o =nel, +mef,

i ust
i oc i onduction band m
In intrinsic semiconductor the density of electrons in the ¢

can write, n, = n,= n.
be equal to the density of holes in the valence band and thus we
Therefore,

....... 9.19)
o= nie(ue + luh) )
i eqn. (9.16
where n, is the intrinsic carrier concentration. We know that from eqn. (

312 (-E
n = 2(27kaTj (mims) " exp kzk:T)

) g < \

32 (-E
27k, T A Vb ) IR R A 9.20)
o= 2e(,ue+#;.)( th ) (m‘m") expkszT)

- d
, . bility of both holes an
| dar ty depends upon the mo ;
e, the electrical conductivi . bands. The
‘ ,Henw’ tll: forbidden energy gap between the valenc.e and conc.luct’;OI: bty
s a1;d ;aige carriers depends on temperature and is proportional to e
- mobility of ¢ = 4 AR

A2

HET
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,V 312
u,=o T and p, = fr
Thus, (.“e na ,U;,) = (a + ﬁ)T‘m - }"1"‘3’2, where o, 3 arc constants.
Therefore the clectrical conductivity of an intrinsic semiconductor can be written as

K r \
= ~3/2 27["1;]1/2» 2 [t V' x)[
o =2eyT (T T (mf,m,,) ext LZk,,lJ

—_—

g Y )
xT) | | (9.21)

) 'A 2 27k, \ 2 . \3/4
Here 87’ 17 w(mcm,,) is ‘a constant.

Taking logarithm on both sides of eqn. (9.21),

In(o, =lnA + (_::"
(@) LZkBT
A graph can be drawn between In (o) verses 1/T, the resulting graph is a straight
line shown in Fig. 9.5. From the graph it is observed that the conductivity increases with
increase of temperature. This graph has a negative slope equal to (=E [2ky).

A
In (o;) | slope = 2k3
B

v

1T ——»
Fig. 9.5 Var;iation, of I, (6;) with 1/T
‘E‘nergy gap of a semiconductor :
The resistivity () can be written.as (From eqn. 9.21),

PG by ORD
A O'—A L

)
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( Eg \ (9.22)
pi :Bexp cesveves 7
LZkBTJ

r where, B = 1/A = a constant.

Taking logarithm on both sides of eqn. (9.22)

E,
. (9.23)
I B + —fs  Ewe .
n(p,) =In 2%,T
At different temperatures, the resistivity of an intrinsic semiconductor has hboe\:;r:l
determined. We can measure energy gap E,. A graph between In(p) verses (1/T) JSES/Zk 5
in Fig. 9.6. The graph is a straight line and the slope of the line is equal to (

] Equating the slope of the graph to (E /2kp), the energy gap E, can be determined. Fherefore,
: from the graph,

' dy _ B
Slope = 3 = 2k,
; &y 23a
E, = 2k, [:i;) ...... (9.232)
. where k; is the Boltzmann conétant.
_‘ In(py) | slope = oK,

(s ik h i
~
~

nA {

Fig. 9.6 Variation of In (p,) with (1/T)

Y

—_ 1/T

9.6 Carrier Concentration in n-type Semiconductor

In n-type semiconductors the donor level just below the conduction band is shown
in Fig. 9.7. Let E, represents the energy of donor level and N, is the donor concentration

]
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———

i.e., the number of donor atoms per unit volume of the material, Since the donor level g
Very nearer to the conduction band. the effect of valence band may e neglecte,
Therefore, we can say that the concentration of electrons in the conduction band mus iy
equal to the number of positive ionized donors per unit volume in the donor level, e
density of electrons in conduction band is given by the equation

. n
2; I Y — Ly
( ._‘Z'm:/\BT\ e'\_p( EL_E_} ........ 9.24)
h~ ) k kb‘T |

where E, is the energy of the Fermi level and E, is the energy corresponding (o the
bottom of the conduction band. Therefore, the number of vacancies per unit volume i
the donor level s,

n=2

|
N,[I-F(E)] = N,|1- )
[+exp| —4 -~—"—]
( k,T
[ (E,-E)
exp| —4———+
. Pk
= ]
‘ (E,-E,)
1+e.1‘pL—k—1-;—}
L B -
Nd -
- E.-E,)
1+exp{—F d
kT

If we assume that E,>>k,T above the donor level then the density of positive
ionized donors is given by

Nd[l_F(Ed)] = N, exp _T—J ...... (9.25)

(E,—E,)

kB
At very low temperatures, when electron-hole pairs are not generated due to
breaking- of covalent bonds, the number of electrons in the conduction band must be

equal to the number of ionized donors. i.e.,

(22 mkT\" (E—-E _
2 ———mz‘ 1 e k——‘: °} =N exp (———E" £,
h k,T k,T
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Taking logarithm gpq re

drranging we get,

[E E} [E  logN —logZ{zmnzk"T\m

1.’.

N
2Ep —(E(,+EC):kBT10g *‘I 3/2
(27 mek!,_T_j

h*
E +E N '
E. = ( d cj + kT log *d o T ©.26)

2 2(2%_’"&1)
h*

Substituting  E; from “qn. (9.26) in eqn. (9.24) and rearranging, we get

N
+EC K Tlog “d o —Ec
2(2nmi)k,3T)
= 2(2% m.k, T -

\ llo ol
TJ 2 g2(2nm:knT)3/2

h

(E,-E,) N2
exp s CJ +log
L 2k, T |

1/2
2

2 21tm:,kBT HE

L I

_2(27zm:kBT\3’2 By E,) (Ndj"z 1
B k ) : Pk 2kBT) 2 (2nm:kBT)3/4

h2

[% log a = loga’*]

[ exp(a+Db) = exp(a).exp (b)]

7h2 (M)3/4 exp L ;kBTCJ

h2
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vy e\ YA ‘ ,

p il 2okl o, ~E,

1 (),N,,)”[ X 4 J (X)) (Q//IqJ ....... (9.27)
\ ,\,”

b i e expression for the earsier concentration in a-type semiconductor, Thug
we i that (e concentration of eleetons in the conduetion band is proportional 1o (e
BUUAE 1001 of e donor concentration uf moderately low temperatures,

From eqn, (9,20), w1+ () K,

, | /,"/l~ ; 7 S

e at O K, Fermi Jevel fjey exactly al the middle of the donor level £, and the bottom of
the conduction hand L, as shown in Vip, 9.7,

l.: e e L e |
Conduction hand V]
e e [ ] [} &

o bl 4__1 ] I I I Fe.

Ly
Valence band

() : T

Fig. 9.7 Position of Fermi level with temperature in n-type semiconductor
Position of Fermi level with temperature :
When (he temperature is increased, the Fermi level falls below the donor level and

E +E

at high temperature the value of £, becomes ( V) . That is the Fermi level gradually

moves towards the intrinsic Fermi level E as shown in Fig. 9.7. Therefore, at high

temperatures the n-type semiconductor behaves as an intrinsic semiconductor.

16 wWw.Jntufastupdates.com Scanned with CamScanner




S SEMICONDUCTOR PHYSICS  9.19

.7 Carri
9.7 Tiex Concentration in p-type Semiconductors

. lnﬁ P-type semiconductor the acceptor level is just above the valence band as shown
E in Fig.9.8. Let E, represent the energy of acceptor lc\;c\ and N _is the acceptor concentration
l ‘ e [l,]c AEINes: o aceeptor atoms per unit volume of \hcdmu\crml. Since the aceeptor
level 18 very nearer to (e valence band, the effect of conduction band may be neglected.
So, we C"lf‘ Say that the concentration of holes in the valence band must be equal to the
number of vacancies per upiy volume in the aceeptor level. At very low  temperatures
all the ‘cTCCt:plm. levels are empty. With increase of (cmperatures acceptor atoms get
ionized 1.e., the electropg move from valence band and occupy the vacant sites in
the acceptor energy  level thereby leaving holes in the valence band. ‘The density of

holes in the valence bapg is given by eqn. (9.14).

(27 mkT\" ? —E
p= 2k\’;:'"a_7\) o (E__EL\ ...... (9.28)

k, T
where E.. is the energy of the Fermi level and E_is the energy corresponding 1o the top of
the valence band. Therefore, the density of ionized acceptors is given by,

N
N(IF(E(I) = .
E -E,)
1+exp k——ﬂ—_
[
E , (E,~E,\ . , .
Since E —E.>> kT, exp| —~——F | is a large quantity and thus one can be neglected
kT )
from the denominator. Hence,
(E,-E,)
N.F(E,)=N,ew| == R T (9.29)
B

~ Since the density of holes in the valence band is equal to the density of negative onize
aceeptors,

| (2w mk, T\ (E-E;)_ v x| EemE)
: ?.(_:.,, 2L % J exp k—‘knT ) “cxpk-——kBT J
(E,+E,-2E,\ N,
eka kyT i 2(351’!&‘37)”2
e
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Taking logarithm on both sides we get,

(E +E,—2E; ) Ak
— —log—— 2, N\

S )t E T )

2 P
. N

E. = Ev+Ea) _ _Ifi’zlog"’”:a’__—ﬁ-

r =5 2 Z[M_T_] ...... (9.30)
: h2

ing, we get
Substituting E from eqn (9.30) in eqn. 9. 28) and rearrang g

| ~ )
, ( (P E +Ea + 16_8_7: log Na = :
. o , K
 (2z m,,k Y| J N
p=2 ———— PEE exp ; k,T )
. '
312 ; . ) N,
_2( o7 m,,k T o Bzl Ly e
A\ 2UT 3 [(2mmk,T
| .
| \
fzzzmkr\ év- ] N7 (1
= 2( h; epr SET +log — L : Eloga
8 (2mmk, T\ -

‘» exp(a+b) }
Y
2( 21 m.k BT) 2 = exp(a).exp (b)

- sy e
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/. 32 TR O I  TREY P
e ‘ N,

A e

» ‘3/4
12 (ZﬂmthT] (E -E )\

_(2N,) 5 exp| —~——a2, (9.31)
p= h pL 2kTJ‘ _ SO

This is the expression for the carrier concentration in p-type semiconductor. Thus
, find that the concentration of holes in the valence band is proportional to the square

i of the acceptor concentration at moderately low temperatures.
From equation (9.30), at T = 0 K, L

E.+E
2_ 1

ie., at 0 K, Fermi level lies exactly at the Imddle of the_ acceptor level £ and above
yalence band E_ as shown in F:o 9.8. el

E, =

~
i

E 4
Conduction band Ec
N, = 10*! atoms/m’
NI PR AP Y .. S .-----.--'--.:' E| y
4N, = 10** atoms/m
o —s - E,
E, +E, «d | 5~ ’
EF = v2 - I T T I I T g o
o o o- o o |Ey i
‘. i Valence band
0 ; T

Fig, 9.8 Position of Fermi level with temperature in P-type semiconductor

N
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Position of Fermi level with (emperature

' ‘ YT o 101 i " (v ,

When (he (emperature iy increased, the Fermi level 1ises. AL high (emperaturey (he
Lol , e " —

value of I, becomes (*"“"“'2"‘""“ ,‘Ihat is the Fermi level pradually - moves towards

P . , . ; ‘Ierefore, at ligh emperatures (e
intrinsic  liermi  level Loas shown in Fig. 9.8, Therelorc, at g, peraturcs (I
p-type semiconductor behaves as an intringic semiconductor,

9.8 Drift and Diffasion Cuarrents

9.8.1 Drift carrent

We know (hat, lhé electric current arises duce o the movcmc"nl of charge cgrricrs in
the material, In semiconductors, the charge carricrs arc electrons in the conduction bang
and holes in the valence band. Due to thermal agitation, they move rand‘omly in al|
directions and hence the net current in any direction is zero. When an clectric field £ g
applied across a semiconductor, every charge carrier cxpcricnccs'u lorcc.duc to clectric
field and drifts in the direction of the force. Thus, a charge carrier acquires an averape
velocity which is called the drift velocity and it gives rise 0 the drift current. The toig)
current due to holes and electrons in the presence of applied electric field is called the
drift current.

The electric current density is given by

J = nev,
where v, is the drift velocity. Also, J = oE, where o is the electrical conductivity of the
material, In steady state the clectrons are moving towards the positive terminal of the
potential with drift vcloéity-' v, m/s. The drift velocity is proportional to the applied electric
field intensity E. Therefore,

vdocE

vd 4 ﬂE . ] PO (932)

Here ‘4 is called mobility of electrons and it defines as the velocity gained by an
2lectron per unit electric field intensity. Thus,

J =nev,= neyk

Due to the current flow in semiconductors, the mobility of electrons and holes are
generally different. Thus, the drifting motion of electrons and holes in the presence of
applied electric field causes the drift current, The corresponding drift current densities
due to electrons and holes are

J(dhift) = neppe (9.33)
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SO Rl e o N akr T e e (9.34)
J(difty = pepy 2
rherefore, the tot

1l

‘(‘I ( I'i ‘l T i
L "

J (drift) + J(drif)

= nep E+ pep,
= cEln +ppe) (9.35)

i

[n case ol intrinsic semiconductor j = p=n,, Hence
i’ 2

J o =neE\ln+ 1l — (9.36)
q-lncc ] = drift i ¢ . ) ‘ d e
) » /=0 L (he clectrical conductivity of an intrinsic semiconductor duc to drif

action of electrons and holes is ojve —_
cs is given by o, =n el + 1.

9.8.2 Diffusion current

- In addition to drift current there is also another current called diffusion current.
The diffusion current is due to the flow of charge carriers when there is non-uniform
concentration of charge carriers in semiconductors. The excess carriers move from the
region of higher density (o the region of lower density tending 1o produce a uniform
distribution. The motion of charge carriers from region of higher concentration to the
region of lower concentration leads to a current called diffusion current. In general the
concentration of carriers varies with distance in a semiconductor, this constitutes a
concentration gradient. The diffusion current is proportional to the concentration gradient.
Let us suppose that the concentration dn of electrons varies with distance x in the
semiconductor, the concentration - gradient being dn/dx.

According to Fick’s law the rate at which the carriers diffuse is proportional to the
density gradient-and the movement is in the direction of negative gradient. The rate of
flow of electrons is proportional to — dn/dx from which the rate of flow across unit area 1is
equal to —D_ dn/dx, where D, is called the diffusion coefficient for electrons in the
semiconductor. This flow constitutes an electron current density and since conventional

current is the rate of positive charge, J (diffusion) = —e(rate of flow across unit area)
dn
2o.eD; = oL : =)
" | e (0.37)

Similarly, if an excess hole concentration is created in the region, hole diffusion
takes place; the corresponding expression for holes in a semiconductor is

) L 1 { d
J, (diffusion) = —eD, 5 (9.38)

where, D, is the diffusion constant for holes. For the same type of gradiént the

" hole and electron currents are in opposite directions owing to the opposite signs of their

electrical charge. Hence total diffusion current density,

w
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'/d,n,ﬂ,,,,,= J_(diffusion) + Jﬂ((lil"l‘usicm)

4 G (9.3
'].i;’,’x:ifm = —L'[)' "E + ¢ l)n o .Y )
" dx dx
Thus in a semiconductor, the total current density is due to drift of carriers ang

diffusion of carriers, Hence the total current flow in a semiconductor in one dimension i
expressed as

J = Jdri[: + Jui/fu:m
] n dp v D dn
= 5 4 —¢ —_ 4 ——
eE [np +pu]—e " "
J = ( E*Dd")Jr( JE—D@J ¢
= ¢ "1/‘[{ ] " (]x p)t h vV dx ...... (),4”)

9.9 Einstein’s Equation

The mobility z expresses the ability of carriers to drift while the diffusion constant
"D’ expresses the ability of carriers to diffuse. The concept of mobility derives from the
net carrier motion resulting from random collisions of these charges with the lattice atoms
under the action of applied electric field. Similarly, the diffusion process can be described
in terms of a net motion of carriers superimposed on their random thermal motion, under
the effect of a concentration gradient and involving collisions with the lattice. Einstein
showed that the parameters describing the drift and diffusion processes, mobility and
diffusion coefficient are directly related. Under equilibrium conditions, the drift and

diffusion currents due to an excess density of electrons, from eqns (9.33) and  (9.37) are
equal. Therefore,

dn
dneEyu = eD —
(dn)eEy, "

The force F on excess carriers restoring equilibrium is given by the product of
¢xcess charge and electric field

F = (dn)eE = (eD, / i) d_n

dx

This force also depends on the thermal encrgy of excess carriers, According to the
kinetic theory of gases, if the molecular concentration of 2 gas increases by (dn), the gas
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PICSSULC increases 1y

{ (kT The foree corresponding 1o the pressure gradient is given
- o AN

hy 1‘ = ,\”l T H\ ny: k S .

dy 7Y haKing an analogy between the excess carriers in- semiconductors
and 2as molecy|eg

S A container, we have

-odn l
k“’ E‘ = ((’D"/,U‘.) (_’1
dx dx
kliYQ = eI)n /!1(
e, p = Mkl o Do KT L (9.41)
€ lue ¢
This is the reg

ation between diffusion cocfficient : ility of charge carriers
is tor sion coefficient and mobility of charg
and is termed as Ejpy ( :

’in relation. This relation for holes is given by

8

D = Lhk"T (or) _Dl. = 53_7;

...... (9.42)
¢ !lh €
D, _u D D, kT
- = (Or) - _Pr = B 3
D." u, " ", e e (9.43)

For silicon D, =34 x 10 m*s and D =1.3x 10> m¥s, for germanium D_= 9.9 x 107 m¥ s
and D = 47 x 107 m¥s, '

According to Einstein equation, the ratio between the diffusion constant and the
mobility of charge carriers is directly proportional to the absolute temperature of the
semiconductor. Further, the Einstein equation tells us that when the temperature is increased
both the diffusion and mobility of charge carriers increased.

9.10 Hall Effect

When a slab of metal or semiconductor carrying current is placed in a transverse
magnetic field, a potential difference is produced in the direction normal to both current
and magnetic field. This phenomenon is called Hall effect and the generated voltage is
known as Hall voltage. It was discovered by E.H. Hall in 1879.

Consider a slab of conductor in which a current / is flowing in the positive
X-direction as shown in Fig. 9.9. Let a magnetic field B be applied along the Z-direction
then the electrons experience a Lorentz force given by,

F=-Bev,

where ¢ is charee of the electron and v is the drift velocity of the electron.
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]

l‘ B i i e s .- i v“

Current Teetion T T T 0T .
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I'ig. 0.0 Hall effect

Applying the Fleming’s lelt hand rule, the force exerted on the clectrons is in the
negative y-direction. "I'herclore, the clectrons are deflected in the downward direction,
ASs a result, the density of electrons increases in the lower end of the material due to
which its bottom surface becomes negatively charged. On the other hand, the loss of !
clectrons from the upper end causes the top edge of the material to become positively ;
charged. Hence, potential V,, called Hall voltage appears between the upper and lower |
surfaces of the semiconductor which establishes an electric field £ called the Hall electric
field. The electric field E, exerts an upward force /7, in the clectron is given by,

F”= _(?E” ....... (9,45) 1

Now, as the deflection of clectrons continues in the downward direction due to the
Lorentz force, it also contributes to the growth of the Hall electric field. As a result, the
force F,, which acts on the electron in the upward direction, also increases. At equilibrium

H*
position two forces are equal, F/, = F,
ek, = eBv,  (or) E, = By,
For n-type material the charge carriers are clectrons, and the current density J is, |

J = —nev,
where # is the concentration of charge carriers.
JB

oy E, =-—
ne OO En py

Therefore, v, = —

The Hall effect is described in terms of the Hall coefficient R, and is given by

1
Ry = ——
ne
Hence, E, = R,JB f,

- — - . SRR m—-‘-
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E 1
ic., R = £ — (9.46)
b " JB e e

‘The Hall coefficient can be evaluated by substituting the quantides E,, J and B. By
wing the Hall coefficient the carrier density n can be estimated. Since. the charge

N0
t arriers are holes for p-type material. The Hall coefficient is.
E 1 ,
R, = A = e (94D
JB pe

where P is the density of holes. The Hall coefficient R, is inversely proportonal © density
of charge carriers.

petermination of Hall coefficient :
"The Hall electric field per unit current density per unit magnetic inducton is called

Hall coefficient (R,). If ‘w is the width of the sample across which Hall voltage V. 1S
measured

1%
E, =
1
E V
" OV R et —H = —E—-—fH
Therefore, H B TBw
V, = RyJBw
[f ¢ is the thickness of the sample, then its cross section is wt and current density
I
J=—
wit
R,IB
Hence, V, = Ht
V,t
R. = —H— il e 9 A8
W= g (9.48)

The Hall voltage V,, will be opposite for n-type and p-type semiconductors.
Applications of Hall effect ¢

The Hall effect measurements are used t0 ascertain the following information about the
solid.

i) The sign of charge carriers can be determined.
ii) The carrier density can be estimated.

iii) The mobility of charge carriers can be measured directly.
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iv) It can be used to determine whether the given material is a metal, an insulator or a

semi-conductor.
v) The magnetic field can be measured by knowing the values of Hall voltage and

Hall coefficient.

26 www.Jntufastupdates.com Scanned with CamScanner





