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198 Solid State Physics

LONG QUESTIONS

v 1. State and prove the Bloch theorem. stcuss its importance in the' band
theory. .
2. Discuss the formation of allowed and forbiﬂden energy bands on the

basis of the Kronig-Penney model. Discuss the extreme conditions
when energy levels are either discrete or continuous. What is the
effect of changmg the binding energy of electron on the energy
bands ?

3. Prove that the motion of eleCtrons through the periodic potentlal in

solids gives rise to the band structure.

4, What are Bloch functions? Explain the origin of allowed and forbid-

den bands for electrons in solids. What is the number of orbitals in
an energy band ?

5. Describe the periodic zone scheme, extended zone scheme and re-

duced zone scheme for representing E-k relationships.

6. Discuss the motion of electrons in one-dimension according to the

bandv‘.theor"y and show the variation of energy, velocity and effective
mass as a function of wave-vector.

7. “What is meant by the effective mass of an electron? What is its

significance? Show that-the-effective mass of an electron in a crystal
is inversely proportional to the second derivative of the E-k curve.
Discuss the conditions when the effective mass of an electron be-
comes positive, negative and.infinity.

PROBLEMS

1. The potential of an electron in a one-dimensional lattice is of the same
type as that used in the Kronig-Penney model. Assuming
' !
Vo a); << #2/m,
prove that the energy band gap at k = n/a is 2V b/a.
2. A one-dimensional lattice of spacing a has a potential distribution of

the type as considered in the Kronig-Penney model. The value of the
potential is —V at each lattice point.and abruptly changes to zero at
a distance of 0.1a on either side of the lattice point. Determine the

width of the first energy gap in the electron energy spectrum.
0.37 V)

<()eVN  CHAPTER - VI

SEMICONDUCTORS

[4

-

7.1 INTRODUCTION
(_emnconductors are materials which have electrical ‘cofductivities

lying betwee d insulators. The resistivity of
semxconducto hm-m -as coinpar ‘ je values
ranging from 1078 to 108 ohm-m for conductors and from 107 to 108 ohmi-

m for insulators][There are elemental semiconductors such as germanium
and silicon whxch belon g to Group IV. of the periodic table an&w.)u

certdin compound semlconductor such as galhum arsemde ((JaAs) indium
phosphide (InP), cadmium sulphide (CdS), etc. which are formed from the
combinations of the elements of Groups III and V, or Groups II ancﬂ_ﬂ
Another important characteristic of the semiconductors is that they have
small band gap. The band gap of semiconductors varies from 0.2 to 2.5 eV
which is. quite small as compared to that of insulators. The band gap of

typical msulator such as diamond is about 6 eV This property detéimines
itted or ab d by the semni-

conductor afid hence helps to construct devices such as i ight emittin ‘gjlodes

(LEDs) and lasersI@ll the semiconductors have negative tem.émtuf’e &o-
N

efficient of resistance. [The band gap energies for the element . v

at 0 K are as follows :

gPW@bXMLC@V\deA

C (diamond) 551 eV

Ge 0.75 eV 3
Si _ 1.16 eV ®
Sn (grey) ) 0.08 eV

Pd . : =0

At.room temperature, diamond behaves ds an insulator; Ge anfl Si 48
semxconductors and Sn and Pd as conductors.y

[The importance of semiconductors is further mcreascd due to the fact
that the conductivity and the effective band' gaps of these materials can be

modified by the mtroducuon of impurities which strongly_affect their elec-
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200 \Solid State Physics

tronic and optical properties. The process in
semiconductors in a precisely controlled manner is called doping. D ndmg

on thc nature of impurities added, the semi ggnductgts are clgssxf as
follows

@ \\,:g Pure or intrinsic semiconductors_

Impurity or extrinsic semxconductors

The intrinsic semiconductors are pure Semxconductors in_which no

semiconductors i i i i ity at modify the

properties) In the present chapter, the effects of impurities and charge carrier
concentrations in semiconductors are discussed.

|
|
' 7.2 PURE OR INTRINSIC SEMICCNDUCTORS

As stated a above,(‘annsxc scmiconductors such as pure Ge or Si

are undoped semicondu trical conductivity of this_type of
seinicondutor is solely determined by thermally genecrated carncrsJTo un-
derstand the mechanism of conduction, we consider the bonding between

Si atoms

Free
electron

(a) o (b)

Fig. 7.1. (a) A two-dimensional representation of Si crystal
' (b) Silicon crystal containing an electron-hole pair. .
atoms in these semiconductors. Consider, for exafnple, the case of si]i&m with
atomic number 14. Each silicon atom has four valence electrons and can form
four covalent bonds with four neighbouring silicon atoms which are directed
along the corners of a regular tetrahedron. The silicon crystal, therefore,
exhibits a three-dimensional regular network type structure which, for sim-
plicity, is represented by a two-dimensional network as shown in Fig. 7.1a.
@_anrentlz, all the valence electrens in a silicon crystal participate in the
formation of covalent bonds and nc electron is free to cause conduction

IR RRTIN
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particularly at 0 K. Hence pure silicon behaves as an’insulator at 0 K. As the
temperature iricreases above Q K, some of the valence elecirons may acqunre
sufficient thermal energy to hreak their covalent bonds and become free from
the influence of cores of the ] ove randomly in the.
crystal and are referred to as the conduction electrons. Each. escaped electron
leaves behind an empty space called a hole which also acts as a current -
carrier. Thus when a valence electron breaks away from a covalent bond, an
electorn-hole pair is generated and two.carriers of electricity are produced
as shown in Fig. 7.1b. When a valence electron located adjacent to a hole
acquires sufficient thermal énergy, it may jump into the hole position to
reconstruct the broken covalent bond and a hole is created at the initial
position of the electron. Thus the motion of an electron may also be regarded
as the motion of ‘a holé in the opposite direction. These electrons and holes
move in opposite directions under the effect of an external electnc field and
constitute the gurrent.)

(The energy bmdwwn

Fig. 7.2. At 0K, the valence hand is-completely filled and the conduction
band is completely empty. . The §em1cgmg!gc1;or2 therefore, behaves as an

insulator. The electrons present in the ﬁxglencc band do not conduct as these
‘are bound to their respective corei.JAs temperature increases, some of the
valence band electrons acquire sufficient_thermal energy to jump to the
conduction band leaving behind amuﬂ_numbﬂ_of_hnlcs_xmwlﬂg
band. The electrons in the condugtion band and holes in the valence band
behave as free carriers and increase the conductivity of the ‘méterial. The

conditions for the movement of electrons are, however, different from the

conditions for movement of holes; the electrons move when the conduction
band is nearly empty and the holes move when the valence band is nearly

full. Thus the electrons move mainly under the influence of the applied field ’

while the holes move under tHe combined effect of the applied electric field
and the ionic field of the lattice. Thus the properties such as effective mass;
mobility!, etc. of a hole are quite different from the corresponding properties
of electrons] For éxample, a hole has larger effective mass and lower
mobility than the coiresponding values for an electron. The charge of 4 hole
is equal and opposite to that of an electron. These propemes have been

4descnbed in the previous chapter. |I rt is now apparent that, in an intrinsjc

semicanductor, the number of electrons, n;, in thé conduction band is always
equal to the number-of holes, p,, in the valence band, i.e., n; = p; and either _

one of these is called the intrinsic carrier concentratzon?

|Besides the generation of free electron-hole pairs, there is another

process called recombination of carriers in semiconductors. A free electron

1. Mobility of a carrier is the velocity acquired by it.in a unit electric field.
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i
. ' . .
moving randomly in a semiconductor
may-encounter a hole and combine with

C()nducthn band

Flectrons
- N

0%e%e%e%e% it so as to reconstruct the broken cova-
Generatiord F hv lent bond. Thus the electron-hole pair is

ofe-h Band gap. Recombination destroyed and the free electron is con-

pair ofeandh verted into the bound electron. This

v PP : n : -
Holes, o~ o o_{,, ) recombination process is equivalent to
° ' an electron jumping from the conduc-

o 0 'O o
Valence band tion band to the valence band and oc-
curs. with the release of energy equal to
the band gap energy in the form of
electromagnetic radiation as shown in
Fig._’l_._Z)iin an intrinsic semiconductor,
the rate of generation of carriers, g, depends on the temperature and- nature
of the matenial, The recombinati | nd, de
concentration of electrons. and holes in a materi rature{(In

equilibrium, the generation rate just equals the recombination rate, i.e.,

Fig. 7.2. Energy band diagram of an
. intrinsic semiconductor showing
generation and recombination of an
electron and a hole.

j R %%&Wmﬁmm (e=R=cCnp, ]

-

where C is a proportionality constant which depends on the nature of the

‘material. Since in an intrinsic semiconductor,.n; = p, ; we have

.1

For a given temperature, the quantity n, is a constant and de s only on
the nature of t the semiconductor) It will be realized later that the constant C
is related to the densities of -states ‘of electrons and holes at the conduction

‘band and valence band edges respectively.

7.3 IMPURITY OR EXTRINSIC SEMICONDUCTORS

’ ﬁ‘he intrinsic semiconduyctors, as such, are of little importance owing
to their very small and fixed conductivity. The introduction of impurity
atoms, i.e. doping, is the most efficient and convenient method of increasing
and altering the conductivity of an intrinsic semiéonductor'.)@qpending on
the type of doping, excess electrons ar holes are generated in the material
which are free to conduct electricity)(The impurity atoms frequehtly em-

ployed to dope pure silicon or germapium are the elements of Group 111 and
Group V of the periodic table. These impurity atoms are referred to as

acceptor or p-type and dq_nor or n-type impurities as they contribute excess
holes and electrons respectively to the semiconducting’ material] The semi-

conductor is accordingly known as p-type or A-type semicpnduc'tor.jThe
opants are added in the ratio of about. 1:in 10% to atoms of the
I - S - + S — e = ——————
semicoriducting mat a:‘small quantity of d'op‘_ams does not _bring

about any structural changes in the semiconductor as the impurity atoms

203
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replace the regular atoms in w However, the conductivity of the
semiconductors is greatly affected by such substitutions. )

7.3.1 Donor or n-type Semiconductor

len a pentévalent impurity.atom of Group V., such_ as phosphorus,
arsenic_or_antimony, is introduced . into _silic f .1ts ive va en.ce
electrons form covalent bonds with the neighbouring ‘f‘our silicon atoms wl}x}e
the fifth valence electron remains loosely bound to its nucleus as shown in /

i is required to detdch this
Fig. 7.3a. A small but definite amount of e.nerg i uire !
fi ectron from its nucleus and e t. The energy

ired i i ed to the energy required for
required is, however, quite small as com.pare _ie ired 1€
breaking a covalent bond and can be easily provided by thermal agitation

inside the crystaly)

° of. . . ‘»p
ofs4)e e(+4)a o(+4)0 Conduction band v
° ° ° q
o a_Je T T T T &L péror
ol+4)® @(+5)0 @ (+4) ® Band gap lovel
® U L4 ® l
’ Extra .
. . ® [ ] [ 3
I~ ectron
LTé’m”myo +4)Jo @ (+4)8 @(+4)@ Valence band
( P ) [ [ ] [ ]

-

I;‘ig. ‘7.3.(a) A pentavalent impurity atom (P) in a silicon crystal. (b) Energy level
diagram of an n-type semiconductor.

The energy level corresponding to the fifth valence eflectfon lies in th.e
band gap just below the conduction band edge as shown in Fig. 7.3b. This
level is called the donor {_The depth of the donot level bel?.w the
conduction band is merely about 0.01 eV for Ge and 0.03 eV for Si. ’I.“hc
electrons are, therefore, easily transferred to the conduction band lea‘\u"n:g
behind positively charged immobile impurity ions..Thus each net\taya-lam
impurity atom donates on : g_tlw_snmm')i?ducm_rh&mh_xfl}gu;
rities are, therefore, known as donors or n-type impurities and thft semicon-
ductor containing such impurity-atomis is known as an n-type s_emzcﬂqnduct‘o'r:.
In these semiconductors, the current is carried maifily b _electrons which
are called majority carriers. The,mermﬁlly_ge*mrat(?d holes are called
minority carriers. The. electron corncentration, #n, is obviously @w lar_g:._a__s
éompared to hole concentration, p, but their product always remains constant,

PR
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ie., | [Tp = np,=n? ) (1.2)

wheré n; and p; are the intrinsic values of the carrier concentration. This

relationship is called the law of mass-q'ction and will be derived later. )
7.3.2 Acceptor or p-type Semiconductor

If a trivalent impurigx atom of Group I, such as boron, aluminium,
gallium or indijum, is introduced into silicon, it forms three covalernt bonds
with the neighbouring three silicon atoms while the fourth bond is not
completed due to the deficiency of one electron, This incomplete bond is
shown by broken line in Fig. 7.4a where the small circle (marked ‘a’)
represents the electron deficiency. Thus the trivalent impurity atom has a
tendency to accept one electron (Say 'b) from a neighbouring silicon atom
io complete the fourth covalent bond. This process requires a small amount
of energy which is easily provided by the thermal agitation in the crystal. The

transferred electron leaves behind a br cov nd, i.e., a hole, at
position 'b' on the silicon atom which acts as a current carrier.)
[ J [ ] @ {(,‘:}
ef(+4)0 @(+4)0 @(+4)0 Conduction bapd’ v
e ® - o], o
o o g o . T
o(+4)e @(+3)0 @ (+4) @ Bandgap : A t
. ccep or
e [ J —_— e — -_——
./ e e . b &— level
Impurity A -
atom ©o(+4je @ (+4)0 @(+4)® Valence band
( B ) 0 e ®

(ak (b)
Fig. 7.4. (a) A trivalent impurity atom (B) in a silicon crystal.
. (b) Energy level diagram of a p-type semiconductor.;
The energy level corresponding to the electron deficiency of the type
'a' is located just above the valence band and is called the acceptor level,
The acceptor levels are located at a distance of about 0.01 eV above the top

ot the valence band in Ge and at about 0. 046 t0 0.16 eV 1
can bq eas:l transferred from thc e_bap :

n wR S L et S T

trlvalent 1mpu 1ty atom can accegt elect‘on from a ngghbo ing silicon
atom to produce a hole in the semico . Such impurities are, therefore,

krown as/acceptors or p-type impuyrities and t the semiconductor centaining

such such impurity atoms is kKnown as 4 pstype semlconductor In these semicong

Jemiconauciors

ductors, holes are the majority carriers and thermally ‘generated electrons are -

the minority carriers. In this case, | _is uite = t

law of mass-action still holds, i.e., np=np; = n. It ma

1: either type of semiconductors, the overall chaga e neutrality is maintained

as no charge i ed to or removed from the material. )

74 DRIFT VELOCITY, MOBILITY AND- CONDUCTIVITY OF
INTRINSIC SEMICONDUCTORS

At finite temperatures, due to thermal agitation and lattICLbelaULs,
uction
some. of the valence band electrons are alway conduction
band, i.e., at ordinary temperatures, an intrinsic semiconductor always
contains some free electrons in the conduction ba nd ag_;quaLnu?bl%r
of holes in the valence band./In the absence of any applied electric fie
these electrons and holes move in random directions and constitute no
t. Wh ns- and holes get
curren

accelerated towards the opposite ends of the field and their velocity begins

i indef-
. to increase. This increase in velocity, however, continue

EEATCOTIC U

. initely because of the’ colhsxons of these’ camcrs w1th the var;gns nmgs of

3 2

red by e - f ana
ac uued by the carriers _in the presence O
t.h::l drift velocity and is denoted by v,. It is proportional to the strcngth #f
the applied electric field, i.e.,

or

e 0

where the constant p is called the mobility of the charge carr.ier and is deﬁr:ld
as the drift velocity acquired by a carrier per unit electric field streng

In an intrinsic semlconductorlnsmce the electrons move in tziea:‘}lly
empty conduction band while holes move 1n nearly full valence bar:3 nera{a
properties such as mobility, conductivity, etc. of electrons are, in gl :

different from those of holes. Let v ,, 1, and n denote the drift velocity,

- moblhty and concentration of electrons respectlvcly in, the conduction band.

ﬁhen current density due to electrons is given by .
i (7.4)
J, = nev

where e isl the elecironic charge. We can write (7.3) for the electrons as__

vdll = “ns
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" Therefore, from Eq. (7.4), we obtain

Comparing it with Ohm's law, i.e.,

J,= c.E,
where o, represents the electronic -cohductivity of the material, we get

B, = Nney

Similarly, we can write the expression for the conductivity due to holes in
the valence band as i .

. O, =.pep, a.n
where p and M, represent the concentration and mobility of holes respectively.
Thus the total conductivity of the material is
c =g, +C;
= Chy ¥ pp) ®
For an intrinsic semiconductor,

n=p=n,

Therefore, ‘Eq. (7.8) becomes

EE = en,_(p,;,,-.t;,up,)z., 7.9

Itisimportant to & -in semico carriers

or.the flow of curtent is, in fact, the consequence of the following two
processes : ‘

# drift of carriers under the effect of an applied field; the resulting
current is called the drift current.

iy diffusi tof c i dient

of dopants present inside the semiconductor ; the correspond-
ing current is called the diffusion current.
In the above treatment, we have considered only the drift current contribu-
tian. The diffusion current contribution is absent in semiconductors having
a uniform distribution of impurities.
Variation of Conductivity with Temperature
| ' .
Assuming mobilities to. be independent of temperature, the temper-

atyre dependence of conductivity arises because of the variation of intrinsic
carrier concentration, n;, with témperature. It will be proved that n; is given

by .
2027k ;& W\34 E,
‘ nl = —""‘";3"_ (m,, 'lﬂp) exp| ———

(7.10)

(7.6)-
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where m_* and m_* represent the“effective masses of an electrof; and';irolz
e T i D, k is the Boltzmann' \
respectively, E, is the band ap 4 . o
absg)lute temperature. Substituting 1; from Eq. (7.10) mto’(7.9), we g¢

—
' 312 E |
22nkT Y © [ & e)34 (_ E, } a.11)
c=e(y, + :‘pp) L—Zs—*— (m,, mp) exp ‘ _—2kT
whigh gives™” o .
. ’ N
no=- E—‘E— 1, 3lnT + constant (1.12)
2k T 2 _ .
. = - 3 ) : * m
The first term oo the right ha 1 ‘ om- £ ?/ l‘k
inant term. The plot of Inc versus 1/Tisas t '

—&)as shown in Fig. 7.5 The slope of the‘ line
giﬂvéc)s an estimate of the band gap of the semicon-
ductor. 1ON AND
RRIER CONCENTRA
e ggRMI I:JEVEL FOR INTRINSIC
SEMICONDUCTOR
The concentration of electrons and holes
"in a semiconductor can be obtained from the

iti ilable states in . '
kKnowledge. of the densities of availa - o
th: valence band and the conduction band as well as the Fermi Dirac distri

Q!M’—Q The expression for the Fermi energy is then obtained from

these carrier concentrations. |

751 Electron Concentration in the Congluctnon Band .
Referring to Eq. (5 .44),[the number of free electrons per unit volume

i t dE can be written as

in an energy range E and E + ’ o ( §ce) o is

4=DBEE y ber of allowed
where D(E) is the density of states deﬁneq as ,the total num el: 0 allowe”
Jectronic states per unit volume ina 0 _ i S . :
fliztribution function representing the probability of occupation of a state with
energy E, The expression for AE) is given by Eq. (5.28) as

1
B =—"TE_Ep\ , , \/
exp. «T

whereas that forr—B(E), which is strictly valid for free electrons, is obtained
from Eq. (5.40) as

ne —»

1T —>

Fig. 7.5. Plot of Ins
versus 1/T.

(7.14)
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7 jU Ulﬂt WL dne , . ) o |
/ wb ndume 9 0 N3 1 f o ForE=E_, x
P BE = —5 (2} 2 (7.15)

Using Egs. (7.i3) ané (7.13), we obiain U‘M ?
y th

~ - MZ” bf’ W
/,m7 E" _ i;%u_ (2m}3’2E1’2f(E)dE V/OL’J«J& (7.16)
I

w2 [Ep—E, %= . 2y
p= T (2m,,)3 eﬁ:pi—f@f‘ﬁj (f)xn(k’f} ¢ kT dx

©
41t ( ® ! 3/2 EF - EC lel2e—-x dx
= — zmn_kT) eXP| ~
novo.. . kT '

t is apparent from Fig. 7.6 that an electron occupying an energy state E in 1
the conduyction band, in fact, possesses the kinetic energy (E-E ). Therefore,

he | ’ | . ':2:' . 1/%
in Eq. (7.15), E must be replaced by (E-E)). Thus Eq. (7.16) becomes /g WW ojoxl’ze—xdx = (Z‘_) . 2 2
32 2 1 / / a . .
dn = —= (2m,)" " (E-E,)"2- o dE (7.17)
exp( ) + 1 '
\ kT =

where m,* is the effective mass of the electron inthe conduction band: The
" concentration of electrons, #, in the conductj i i i

ing Eq. (7.17) from E = E to E=o,je., -

From Eq. (7.14), the probability of oécupancy of level E_ is given by

1 Ec - EF ‘
- 1t wen] {52
_4n  w32e (E-g ) 24p . AE) 1+exp( E.- EF) kT
n= (Zm,,) ; E—-E 'K.E. of _ kT ,_
h E, exp( p E ) + 1 electron . cB .
. e £ Therefore, Eq. (7.19) becomes . . n
(7.18) g

EV

Now, near room temperature, k7= 0.026 ;'1(6|Ee' of l : / _
¢V. Therefore, for energies greater than / %

EC,. we have

N\

*kT 3/2
2
n= 2 (ﬂ—’;:;"“] f(EC)

Fig. 7.6. Band modeél of an

The first term on the right hand side must represgnt th.e ef'fegtiv; devx::l;ya::
S —r mirinsic semiconductor states of electrons at the conduction band.edge. Denoting it by N,
1+ pr kT = exp kT

%%Wﬁﬁ E N, exp [-(&,:Tﬂ)] (7.20)'

where

ey (am) [ EE I\

gt

. L . N2 . :
\ 2( 2mmnkT ] (7.21)

2 = E b ’ —_ % - L0, N = - 2 ’ :

= 413\2"1;\3, GXP&E T ) {E-E)" exv\—vik——f “\\dE ¢ )
h d_JE

- silicon, ’

Tt

* Tt calion S (T TR Tzt )
T dag(j,gtz\[@ mwdntgwﬁu@ : I
in [M"”LMM@*\WMem hete |
6_\/% Land  Love] «’%’ m;ﬂﬁ‘é’% | L RRRRES

HeeReREH

dE = kT dx




o T V32 I
N, =28 x 10%5 (ﬁ) m

7.5.2 Hole Concentration in the Valence Band

An expression similar to (7. 13) for the number of holes per unit volume _
N ot thas in the energy range E and E + dE can be written as
e dire llong " dp = D(E)[1 - RE))dE (7.32)
ahbot Viadunere we have repiaced R£) by [1-AE)] which represen

bond
Aore

of an energy state E not to be oceu

pied by an electron, j.e.
of finding a hole iy : L8

the energy state £. Now

| ( E-Ep
1 _ P\ e 3
E-E; ) E-Ep
: 1+
T P ( KT
In the valence band, since E<Ey tl'_xe exponential term in the denominator may
be neglected in comparison to unity. Thus, we get

)]

&M‘l .It follo ﬁlat ‘ptqbability of finding holes decreases expgnent’imly- with
inCrease 1n depth into. the valence band. Also, the kinetic energy of a hole

in the energy state [ in_the valence band is (E,~E). Therefore, the density
of states per unit volume in the valénce band can be written as

2@ = 23 (2m;)"(E, - £} §*

where m_* is /thc' effective-mass of a hole in the valence band. Using Egs.
. (7.23) and (7.24) in Eq. (7.22) and integrating from E = —o to £ = E, we
‘obtain the hole concentration in the valence band as’ \

, the robabilit

1I-AB)=1-

1+ exp[

(7.23)

(7.24)

4n . x\32 E 2 . (E~Ep
p= h_3 (2mp) _{D(Ev - E) exp ——k—T—- dE
_ 4n 2 (E,—Ep) & 12 E-E
= rel (ZmP) exp(—va—J __L(Ev ~ E) exp( T VJdE
i Let » E, £ £

i kT F

ol
e
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dE =.—kT dx
ForE=cr,x=0

. 0 - ;
p= 35 o) e B ) o

w3 kT ) 5

3/2 E,~-E 32 % 112 -x
=/4_1t (2m:,) exp[ va F) (kT) V(]jx e * dx

172
dn (w2 (E,—Ep\(m
;3— (Zmka) exp(

kT 4

represents the effective density of holes at the valence band edge. For silicon,

' T 3/2 3
e 25 , m
N, = 2.8 x 10? (3.00)
The electron and hoéle concentrations given by Egs. (‘{.20) \émd(726)
respectively are valid for both intrinsic and extrinsic materials. For intrinsic
materials, these equations can als¢ be written as

" -+

(E.,—E; ) [ BB, \ .
n; = N_ exp [—( \CkT i J]’ p; = N, exp |: [ I.CT J] (7.28)

where the Fermi level Ep has been replaced by the intrinsic level E;.
7.5.3 Fermi Level
For an intrinsic semiconductor,
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n=p=n;

4 Therefore, from Egs. (7.20) and (7.26), we get

o[ {555] o 58]

or cxp( Ep-E.-E ]—ﬂ
kT ) N,
N 2E,-E.-E, _ (N,
kT N,
\ E,.+
or Ep=E = CTEV + k—zT In (%J (7.29)
c

(7.31)

i.e., the Fermi level lies in the middle of the conduction band and valence

band. This is also true at all other temne%
However, in general, m_* > m _* and. ightly as
T exceeds . For Si at 300 K, the increase in Fermi energy is about 0.01

eV only which may be neglected for all practical purposes. !
7.5.4 Law of Mass Action and Intrinsic Carrier Concentrat!on .
Since for an 1ntnns1c semxconductor,

n—pnn
\—

the Egs. (7.20) and (7.26) yield _ -
np' = niz = NN, exp (—M]
kT ),
(-2
= NN, exp \ " %T (7.32)

{ By rwlthlycny ThokS,
Lb ~ 2mkT Y ( ,..m.)3/4 o [ Ee
I®, we =2\ "np) P T ;r

For pure Ge at 300 K, the intrinsic electron concentration is about 2. 4x1019 .-
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Using Eqgs. (7.21) and (7.27) ,_the above expression -becomes

(7.33)

This shows that, for a given semiconductor, the product of electron and hole
: concentrations is a constant at a given temperature ‘and is equal to the square
'," of the intrinsic carrier concentration. This is called the law of mass action
% and holds for both intrinsic and extrinsic semiconductors. If impurity atoms
are added to a semiconductor to increase n, there will be a corresponding
§ decrease in p such that the product np remams constant. Thus we always

have

TEDg a3

The intrinsic carrier concentration can be directly obtained from Eq. (7.32)

or (7.33) as

'E .
n; = (N N)V2 exp ! .-ﬁ ! (7.35)

m—> when the concentration of germanium atoms is 4.4x10% m=. This
shows that, ag,g;dma‘ryiemperatures, only about ﬁve covalent bonds pc-r 1019,

atoms of germanium are broken and co

the other hand, in metals such as copper, about 1028 electrons per cubic

are available for conduction.

6 CARRIER CONCENTRATION, FERMI LEVEL AND
CONDUCTIVITY FOR EXTRiNSIC SEMICONDUCTOR

As described earlier, the donor or acceptor levels are present in an

extrinsic semiconductor depending 6n the type of impurity present. iThe

concentration of donors or aeceptors in a semiconductor affects the Fermi
energy, the carrier concentration and the conductivity of the semiconductor.
We consider the following cases :

(a) N-type Semiconductor

The energy level dlagram for an n-type semlconductor is shown i in,

. 7.7. At 0 K, ail the donors are in _the :

levels are occupied with electrons. As the temperature increases slightly
some of the donors get ionized and contribute electrons to the cornductio

band. Also, some of the valence band electrons may jump to the conduction

BT T )
J o [d71(7.36) o ||

-

AT e
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band leaving behind.

er _of holes ;

pr?duged in this process is, however, quite small. Therefore, the Fermi level |
must lie s e i f {

the conduction band, We determine the equilibrium carrier concentration at §

a temperature 7. Let there be N, dqnors per unit volume occupying the donor §

> N ]

) !evels u{xth energy E,. Assuming that Ep lies more than few 4T below the I
conduction band, the electron concentration in the conduction band, as given 1

by Eq. (7.20), is .

J-n =N, eXp(-—Eck;_’—EFH

The electron concentration must be equal to the sum of the concentra-

" tion of “ionized dpnqrs, Ny _in the donof levels and the concentration _of

thermally generated holes in the valence
band, ie.,

057

If a sufficient number of domors are
present to produce electrons in the

thermally generated holes gets sup-
pressed as a consequence of the law of
mass action [Eq. (7.34)]. Thus p may be
neglected in Eq. (7.37) which, there-

a20 1

E, conduction band, the concentration of

fore, becomes
(7.38)
Also, from Eq.(7.34), the concentration

of x'm'nority carriers (holes) is given by

' Fig. 7.7. Band _rﬁqdel_ of an n-type .
semiconductor.

(7.39)
" and the concentration of ionized donors is calculated as
Nyt = Ny[1-REY)]
1+exp —[-Ei,:g"— ™
: kT
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e _E
exp{—(———F T d )}
= N Ep-E,
1+exp —(LkT—)
- Ep-E.
L = N, exp I:—[ FkT d)] (7.40)

where we have tieglected -the exponent term in the denominator assuming
that E lies more than a few kT above E,. Using Eqs. (7.20) and (7.40) in

Eq. (7.38), we thain .
kT

[MLJ =N, - (M)
AT '

or InN,A -

o L 2 = N, - lnN’;
or r;: EarE | KT _1_\’4§ (7.41)
} !L 2 2 AN

temperaturés. Since

| § N_ varies as T3/2 as given by Eq. (7.21), this equation is not valid for T=0 K,

Also, it-is not valid for 7-— o because, at very high temperatures, the

‘assumption of suppressing the holes does not hold good. The 6iily valid

information obtainable from this equation is that the Fermi level lies some-
where near the- middle of the donor level and the conduction band edge at
moderate temperatures. This is particularly true for those values of T and
N, for which/the second term on the right Liand side is negligible. As T
increases, the Fermi level moves downwards and crosses the donor level.
For sufficiently large temperatures, it drops to E /2, i.e., coincides with the
intrinsic level E;. This is, however, not apparent from Eq. (7.41). It such
a case, the extrinsic semiconductor behaves liké an intrinsic one. Thé
variations of (E;~E;) with temperature for both n and p type silicon are shown
in Fig. 7.8 for differ¢nt impurity concentrations.
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0.6 L-»

Conduction band

Intrinsic
i level

T(K)

(V)

- Ei

We*

-0.6 —
‘ Valence band

.8. Var'i'ations of Fermi level with temperature and
impurity concentration for Si.,

irect relationship be it
and the position of the Fermi leve
from Eqs. (7.20) and (7.28), is

[ EF-E
n=ngexp |~ o

uation that the

It is obvious from this vilibrium el

electron _concentration._increases exp i
away from E; towards the conduction bané) A similar relation for the hole

¢ o

concentration will be obtained later.

The free. electron concentration in the conduction band is obtained ¥

by substituting the value of Ep from Eq. (7.41) into (7.20), i.e.,

E;-E 1 N e
" E Neoxp [‘%‘ * 5"."(7"” P

il
P4
~—~

(7.43)

742 §

approaches the intrinsic carrier concentration as Er approaches E;, Also, the ‘7
: i3 k4

i level moves ¥

emiconauciors
D

= (NAN)V2 exp [— —2%) (7.44)

where AE = E —E; represents the ion-
ization energy of the donors. This shows
that the carrier concentration at moder-

ate temperatures varies as /N, .
The electrical conductivity of an

n-gzge: semiconductor can be calculated
from

c=eny, =e Nt

Ino

1/7 —>
. 7.9. Conductivity versus
temperature for a typical n-type
germanium sample.

(7.45)

where it has been assumed that the con-
duction is mainly due to electrons.

Knowing the electron concentration, , and the electron mobility, p, at any
§ given temperature, the electric ivity ¢ ed i

L

(1.45) The temperature dependence of electrical conductivity for an n-type

4 germanium is shown in Fig. 7.9. The. following conclusions can be drawn

1 relative to the intrinsic level, as obtaiped from this curve :

(i) Starting from the ve 0 K) corre-
sponding to the point A, the conductivity increases with rise
in temperature. This is due to the increase in the number of

conduction electrons as a result of igpization of the donors. The
conductivi i i e (point B) when all the

donors are ionized. The temperature corresponding to this is
about 50 K for a moderately doped n-type germanium. '

i#f The conductivi Cr with further incr in tempera-
ture up to about room temperature (point C) and is attributed

to the decrease in the value of mobility with rise in temperature.
ere is also an increase in the intrinsic conductivity but to a

lesser extent. :
e M

(iif The sharp rise in conductivity from C to D is due to the large

. mobilit

§ ©  P-type Semiconductor

The case of a p-type semiconductor can be treated in the same way
as that of an n-type semiconductor. The.energy level diagram for a p-type
semiconductor is shown in Fig. 7.10. The acceptor impurity atoms occupy

% the acceptor levels, E,, which lie above the valence band. For T> 0K, a

increase in intrinsic conduct'ivisx which offsets the decrease in

~
"

SR
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| _ part .Qf thesle acceptors is ionized by | ] : ‘ '
OO acquiring electrons from the -valenc Eq+Ey KT ol Ya
I ; e ) =—a__VY —_—.ln| —=- 4
R Co b : band, thqs creating holes in the valence Er .2 2 Ny @
‘. RIS ARN band which cause p-type conduction. | e ‘ | i '
- { As described earlier, the Fermi level at moderate temperatures lies near the

Apart from these holes, some thermally

generated holes are also present in the  middle of the acceptor level and the top of the valence band. It moves

:  upwards with increase in temperature and finally coincides with the intrinsic
1 level as shown in Fig. 7.8(The expression (7.49) is not valid at very high
{ temperatures where n cannot be neglected.).

, Using Eqs. (7.26) and (7.28), we obtain an expression identical to B4.
1 7.42), ie., :

valence band. If n, p, N, and N, rep-
resent electron concentration in the con-
duction band, hole concentration in the
\:allence band, total acceptor concentra-
tion, and concentration of ionized ac-
ceptors respectively, then ‘

, (E;—-Ep o
p=mnexp| "7 , (7.50)
{ It indicates that the equilibrium hole concentration approaches the intrinsic

ca_(x;rier concentration as Ej approaches E;. Also, p increases exponenti ally
1 as E moves away from E, towards the valence band. An expression for the
: hole concentration in the valence band can be obtained by using Eq. (7.49)
{ into (7.26) as in the previous case. _
] (The electrical conductivity of a p-type semiconductor is givén by
G, = epli, =eN; Wy (7.51)

p=n+Ng

Fig. 7.10. Band model fora  \eglecting n in comparison with Ny
p-type semiconductor. for a p-type semiconductor, we get

rh . ) ' p= Ng (7.46)
_ The concentration of ionized ‘acceptors is given by

N; = N, f(Ep)

- Ny i : _L s
: “A 7.47 & where the conduction due to minority carriers has been ipnored. Thé vatiation

1+ E‘—EF . - N A .. ¢ - T
exp —g_kT & of conductivity: with temperature 18 similar to that for the n-type semicon-

§ ductor)
] (It also follows from Egs. (7.45) and (7.51 th i
cancentration of either type of impurity atoms increases the
2 semiconductor) For impurity concentration ranging from 1020 t0 1022 m*3,
4 the resistivity of Si and Ge varies from 103 to 1071 ohm-m.(If dopifg is
23 24 3 ivi ici €COIT
¥ hﬂy_go,_mo_ams_/m ). the conductivity of semiconductors becomes
i comparable to metals. Such semiconductors are called degenerate semicon-
ductors and find applications in high power and high frequency devic@
(c) Mixed Sg_miconductor "

In a semiconductor containing both n and p-type impurities, the law
of electrical neutrality is written as.

Assuming (E,—Eg) to b . .
‘as g (E;Ep) to be lgrge as compared to k7, Eq. (7.47) can be written

...

- . Er—-E
NI =N ZF™%a
a a €XP [ kT ) (7.48)
The hole concentration in the valence band is given by Eq. (7.26) as

. Ep—E
p=N, exp (——T")

(7.26)

_ Using Egs. (7.48) and (7.26) in Eq. (7.46), we obtain %
Ep-E, E 5 Nf+p=N+n . (7.52)
N, exp’ —"—','C-T——) =N, exp ('—Ekr—a) Taking N;* =N, and using Eq. (7.34), we obtain
. D= n= ni

which, on simpliﬁcatidn' ives >
’ glves . i K “.——— . P W
on, This shows that, for equal concenirations of donors and ACCERLORS e

semiconductor behaves as pure or intrinsiigﬁ‘xrﬁc_oﬂgmr.’ All the ionized
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CCEPIOTs combine with free elecirons of the donors and ali #he ionized donors
combine with free holes of the acceptors to produce no net free carriers. -Fo,
N * =N ~orsimply N;#N_ (donors and acceptors are assumed to be ionized),
the semiconductor behaves as n-type or p-type depending on the relative
magnitudes of N,and N, and the cases described above-become applicable.

SOLVED EXAMPLES

Example 7.1. The clectron and hole mobilities in a Si sample are 0.135 and
0.048 m%/V-s respectively. Determine the conductivity of intrinsic Si at 300 K
if the intrinsic carrier concentration is 1.5x10'6 atoms/m3. The sample is then

doped with 1023 phosphorus atoms/m3. Determine the equilibrium hole §
concentration, conductivity and position of the Fermi level relative to the _

intrinsic level.

Solution. Given

B, = 0.135 m?/V-s
M, = 0.048 m¥V-s
n; = 1.5 x 1016 =3

i
In the' case of intrinsic semiconductors,
n= P =_ni
"I‘hgerefore, the conductivity is given by
G = en; (W, + M)
1.6 x 10719 x 1.5 x 1016 x (0.135 + 0.048)
4.39 x 10~ (Q-m)"!

In the extrinsic case, since N, >> n;, and assuming all the donors to

be ionized, we have
n= N5 =102 atoms/m3
Therefore, the equilibrium hole concentration is

—
-

2 (1.'5><1o“‘)2
p= o 103

= 225 » 10° m~?

The condﬁctivit_v is given by

Cc = enp,
1.6 x 10719 x 1023 x 0.135
21.6 x 102 (Q-m)!

Semiconduciors 2%

From Eqg. (7.42), . ‘ -

@

' n

)

107

-5 In| ——————

_ (;8.62 x 10™ x 300 In L5%10'
c

———-Ef = 0406eV
The position of the Fermi level in the
band diagram is shown in Fig. 7.11.
l Example 7.2. In intrinsic GaAs, the
v E, electron and hole mobilities are 0.85
and 0.04 m?%/V-s respectively and the.
Fig. 7.11 corresponding effective masses are 0.068 _
m, and 0.5 m respectively where m, is the rest mass of an electroft. Gian ) i
the energy band gap at 300 K as 1.43 eV, determine the intrinsic.carrier
concentration and conductivity.

1.1 eV . 0.406 eV

Solution. Given,

B, = 0.85 m%V-s.
u, = 0.04 m2/V-s
m,” = 0.068 m,
my* = 0.5 m,

E, = 143 eV

T = 300 K~

From Eq. (7.36), the intrinsic carrier concentration is given by

372
2nkT «  w\3/4 Eg

h2

,. 2
- [ 2mx1.38x10 x 300 [T
" (6.63x107)

. 2 P4 143
=31
x |:0.068x0.5x(9.1x10 ) ] exp[—2x&62x10-5 =300

1.94 x 1012 m—3

.|
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The conductivity is given by
G = en; (4, + 1,

1.6x10719x1.94x1012%(0.85+0.04)

2.76x1077 (Q-m)™!

it

o B

Example 7.3. The resistivity of an.intrinsic semiconductor is 4.5 ohm-m at = §

20°C and 2.0 ohm-m at 32°C. What is the energy band gap ?

. Solution. For an intrinsic semxcouductor we have

o =eénp
Using Eq. (7.36), we get '

32 : ‘
2ntkT 8/4
2ep( Ll ) ( e m;) gxp[_i]

C =
n® 2kT
E
- 3/2 J— A
= CT exp( 2kT]

where C is a constant given by

3/2
. 3/4
C= 2ep (z:k) (m,: mp)

If o, and o, are the conductivities at temp‘eraitu.res T; and T, respectively,

then
in
&:&—[7’1) expﬂ_l___l.
. T2 - P 1, 2k T, Tl

where p represents the resistivity. The above equation can also be expressed

as
E (1 1 :
g 7. 92 3 I;
— e = =2y 2y, S
Zk[T Tz) ndl+21n712
Now, we have
T, =20 + 273 =293 K,

. py = /o) = 43 ohm-m
T, = 32 + 273 = 305 K,

P2 = Vo, = 2.0 ohm-m

Semiconductors _ ) .
E,- 1 1) (45) 3 (203
: - =nf—==| + = In |32
2x1.38x10723 \293 305 20) 2 305
or E, = 1.54 x 107197
= 0.96 eV
SUMMARY

1. Semnconductors are materials which have electrical cofiduétivity
lying between those of conductors and insulators. They exhibit band gaps

of the order of 1 ‘eV and negative temperature coefficient of resistaice.

_Examples of these materials are Si, Ge, GaAs, InP, CdS, etc..

2. In a semiconductor, two types of current carriers are presént, viz.,
electrons and holes. Electrons conduct in the conduction band and holes
conduct in the valence band.

3.In a pure‘ or intrinsic semiconductor, electrons and holes aré
thermally generated and are equal in number.

4. In a doped or extrinsic semiconductor, the conduction is mainly

-by either electrons (n-type conduction) or holes: (p-type conductiof). The

electrons in the n-type -and holes in the p-type semiconductors aré calléd
majority carriers. The holes in the n-type and electrons in the p-type: matenal
are termed the minority carriérs.

5. Mobility is the velocity acquired by a carrier in a unit elecfric field.
Electrons have greater mobility than holes. Hence devices with A-type
conduction are mostly preferred to those with p-type conduction.

6. In general, two types of currents flow in a semiconductor — the
drift current and the diffusion current. The motion of carriers in an electric
field constitutes the drift current. The diffusion current arises from the
motion of carriers under the effect of ¢oncentration gradient of the carriers.
In a uniformly doped semiconductor, the latter contribution is absent.

7. The conductivity of a semiconductor, in general, is given by
c = e(np, + ppp) l
8. The conductivity of an intrinsic semiconductor ificreases with
temperature. The plot of In & versus 1/T is a straight line and can bé used
to determine the band gap.

9. The concentration of electrons in the conducuon band and holes
in the valence band are given by the expressions

:
|
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The intrinsic carrier concentration 'is

2nkT 2, « «\3/4 E
ni=2( hz) (m,,mp) exp(——z-ﬁ)

10. The law of mass action, i.e.,

=nl
np = n;

holds for both intrinsic and extrinsic semiconductors,

-

KA/ In an intrinsic semiconductor, the Fermi level lxes in the middle
of tfe con

duction band and the valence band edges. “At moderate temper-

atures and impurity concentrations, the. Fermi level of an n-type semicon- -

ductor lies almost in the middle of the donor level and the conduction band

edge, whereas in a p-type semiconductor, it lies in the middle of the acceptor

level and the valence band edge. As the temperature increases, the Fermi

level approaches the intrinsic level,

woN e

Now A

VERY SHORT QUESTIONS

What is an intrinsic semieonductor-?
What is an extrinsic semiconductor? ?
Explain the concept of hole. _

What type of carriers is present in a semicond_upter?'

Define mobility of a charge carrier. o

—

What is doping? - 7

‘Draw the.energy level diagram for an n-type semiconductor and label

it..

Draw the enrgy level diagram for a p-type semiconductor and'label
it

What are majority carriers and minority carriers?

Define law of mass-action. For what type of semlconductors does it
hold?

Define drift velocity of a carﬁer?
What are degenerate semiconductors?
Which has greater mobility, electron or hole?

Can a semiconductor containing both n-type and p-type impurities,
behave as intrinsic semiconductor? Give reason. /%55 NI =

SHORT QUESTIONS

Give the properties of holes vis-a-vis electrons.

Explain the conduction mechamsm for n-type and p-type semicon-
ductors.

What are donors and acceptors? Give two examples of each.
Derive and discuss the law of mass action.

Explain the concepts of drift current and diffusion .current. How are
they different?

Obtain an expression for conductivity of an mtrmsxc semiconductor.

Na~

How does it vary with temperature? U—T

Show a typical variation of conductivity with temperature for an
extrinsic semiconductor and explain the different regions.

Define the Fermi level. What is its importance in electronic grade
materials?

LONG QUESTIONS

Discuss the current,conduction in semiconductors. How do conduc-
tivity of a semiconductor and a metal change with impurity content?
Explain the difference in behaviour of these two materials due to
change in conductivity. :

Derive expression for density of free electrons and holes in an intrin-
sic semiconductor. Show that the Fermi level lies halfway between
the valence band and the conduction band.

What is an extrinsic semiconductor? Discuss the variation of the
Fermi level with temperature for an n-type semiconductor.

s s
[PPSR P
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Derive an expression for density of electrons in the conduction band
for an n-type semiconductor.

What are mobility and conductivity? Obtain an expression for con-
ductivity of doped semiconductors.

Derive expressions for electron and hole concentrations for an intrin-
sic semiconductors. Use these results to obtain intrinsic carrier con-
centration.

Show that the product of electron and hole concentrations in a semi-
conductor is constant at a given temperature. How is the energy gap
determined from the measurement of electtical coductivity of a semi-
conductor? :

PROBLEMS

An intrinsic germanium crystal has a hole density of 1019 m=3 at room
temperature. When doped with antimony, the hole density decreases
to 10!7 m™3 at the same temperature. Calculate the majority carrier
density. - (102! m3)

The band gaps of diamond and silicon are 5.4 and 1.1 eV respectively.
Estimate the temperature at which diamond has the same conductiv-
ity as Si.at 27°C, (1200°C)

The conductivity -of intrinsic Si is 4.17 x 107> and 4 x 1074
(©Q-m)~! at 0°C and 27°C respectively. Determine the average band
gap of Si. (1.11 eV)

The conductivity of n-type germanium semiconductor is 39
Q'm~l. If the mobility of electrons in germanium is 0.39 m?
V-1s-1, then find the concentration 6f ihe donor atoms.

(6.25 x 1020 m=3)

How many’ donor atorhs should be added per cubic metre of pure
germanium crystal such that an n:type semiconductor is formed whose
conductivity is 500 mho/cm. Given that the mobility of electrons in
n-type semiconductor is 0.385 m2V-1s-1, (8.12 x 102%

The conductivity of a semiconductor changes when the concentra-
tion of electrons is varied by changing the position of impurity level.
Show that it passes through a minimum when ‘the concentration of

electrons becomes #; ,/u P /K, where n; is the intrinsic carrier con-

centration, M, and p, represent the mobilities of electrons and holes
respectively. Dtermifie the minimuin value of conductivity.(2nep,)
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7. The mobilities of electrons and holes in intrinsic Ge afe 0.39 ax.xd 0.1%
m2/V-s respectively. Determine the intrinsic carriertg.Qgc?ntratxqp and
conductivity of Ge at 300 K if the band gap of Ge is 0.67 eV apd thé
effective masses of electrons and holes are 0.55m and 0.37m réspec-
tively, mg being the electronic rest mass. How many fiqpants musf bc
added per cubic metre of Ge to increase its cond‘ucu\{lty.by azgajgtgl-
of 10%? (1.81x101%m™3, 1.68 Q~1-m~1, 2.69x10%°m™)

8. In 3;1 n-iype semiconductor, the Fermi level lies 0.5 eV below Fh(::
conduction band. If the concentration of donor atoms is tripled, find

the new:position of the Fermi level, given kT = 0.03 &V.
' I (0.48 eV below the conduction band)
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