Physics of Semiconductors
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31 Introduction

Most of the modern electronic devices are made of semiconductors.  Insulators
practically do not conduct current, while metals are good conductor of electricity.
Semiconductors are materials whose conductivity lies in between those of an insulator
and a conductor. All semiconductors behave like a perfect insulator at absolute zero.
In contrary to the metals semiconductors have negative temperature coefficient of
resistance, i.e., they show a reduction in resistance with increase in temperature. In
semiconductors current is carried by two types of carriers whereas in metals current
is carried only by the free electrons. Silicon (Si) and Germanium (Ge) are the two
most commonly used electronic device materials. However, as a semiconductor device
material Si is superior to Ge. Nowadays electronic devices are being made almost
entirely of Si. Apart from Ge and Si there are compounds like gallium arsenide (GaAs),
indium phosphide (InP), indium arsenide (InAs) etc. which show semiconducting

properties. These are called compound semiconductors.

_3% Semiconductor-Crystal and the Concept of Hole :
Covalent Bond Theory

ystalline solids. They have diamond lattice
y four equidistant nearest neighbours which
belong to the group IV of the periodic
forms four covalent bonds with four
lectrons with opposite spin. Because

Si and Ge are available in the form of cr
structures, i.e., each atom is surrounded b
lie at the corner of a tetrahedron. Both of them
table and have four valence electrons. Each atom

nearest neighbouring atoms by sharing of valence e : >
of this formation of covalent bonds the valence electrons are not available for the

conduction of electricity. So at 0 K no free carrier is available and the crystal behaves
as perfect insulator. However at room temperature (~ 300 K) a fewt of the electrogss
acquire sufficient kinetic energy from thermal agitation and break their covalent bon
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d electrons can wander freely in 5 rang

ion i ' islodge
duction is made possible. The dis : )
?:5(1111(2): throughout the crystal. The minimum energy required to break such a Cova

i lectron escapes from cq

is about 0.72 eV for Ge and 1.1 eV for Si. When an elect! COvaley
Eglrllg an electron-vacancy is created in the bond a.md such atn léllcog}lgftsdborld IS cally
a hole. The hole may be imagined to behave like a posi lv )’Of ange}{t P&riilcle ang
can take part in the conduction of electricity. Under the ac 10111 o ernal electy;,
field an electron from a nearby filled covalent bond, vlila\.flng almost the same epg,
as the hole, may come and fill the hole. This electrf)n 11.1 turn lea.ves a new 'hOle or
vacancy behind. Thus the hole appears to move in a direction opposite to t’he dlrecti()n
of movement of the electron. Both of them contribute to the current in the sap,
direction. So far as electrical conduction is concerned the hole behaves like a partic,
having charge equal and opposite to that an electron.
Siion
Broken covalent bond
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o — Valence electron

+«— Covalent bond

Fig. 3.2-1: Si crystal with a broken covalent bond illustrated symbolically in two dimensions

' The generation of a free electron and a hole by thermal breakage of a covalent bond
1s commonly known as ‘electron-

hole pair’ generation. There i :
; : - S a
this generation known as recomb process opposite to

ination. A free electron moving randomly throughout

electron-hole pair will no longef be availabl
e e for th : e
equilibrium the rate of generation of electron- e conduction of electricity. In thermal

. hole pairs equals t ination
and we get a definite number of electron-hole pairg per UI?it ] semaic I'eCOmjblnath
In pure or intrinsic semiconductor the S SubgIah Enensalic.

th number of free ' to
e numbe?r of l.loles. So free electron concentration €lectrons fis equa
concentration p, i.e., n must be equal to the hole

: | n= p = nl
1s called the Intrinsic concentration

/34 Impure or Extrinsjc Semiconductops
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The characteristics of semiconduct

where n;
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: Asemiconductor

Suppose a pentavalent impurity like arsenic (As), antimony (Sb), phosphorous (P)
etc, is added in small percentage (about 1 impurity atom per 10¢ semiconductor atoms)
to pure Si at the time of crystal growing. The impurity atoms displace some of the
gi atoms in the lattice. Four of the five valence electrons of the impurity atoms form
four covalent bonds with four nearest neighbouring Si atoms. The fifth valence electron
remains very loosely bound to the impurity atom. The energy required to detach this
fifth electron from the impurity atom is of the order of 0.05 eV for Si and 0.01 eV for Ge.
This is known as ‘tonisation energy’of the impurity atom. The low ionisation energy of
impurity atoms as compared with that of hydrogen atom (~ 13.6 eV) can be accounted
for by considering the fact that here the fifth electron moves in a dielectric medium (of
dielectric constant K ~ 11 for Si) instead of vacuum (K ~ 1) as in the case of hydrogen.
Moreover, here the electron mass is to be replaced by its effective value. Almost all
the impurity atoms become ionised even at room temperature (300 K). Thus cach of
the impurity atoms added donates one free electron for conduction. In addition there
are equal number of free electrons and holes due to thermal breakage of a few covalent
bonds. The presence of large number of free electrons increases recombination rate and
decreases the hole concentration below the intrinsic level. Thus here the number of free
electrons far exceeds the number of holes. Here electrons are called majority carricr
and holes are called minority carrier. The resulting semiconductor is known as donor
type or n-type semiconductor.
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s S [ A ser pentavalent impurity atom
YO OO 1O :
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- : : : Le—— Covalent bond
'Y ‘o ' ee— Valence electron
o O
e °°°° e T e

Fig. 3.3-1: Two dimensional symbolic crystal structure of Si doped with pentavalent impurity

D-type semiconductor

Suppose a trivalent impurity like boron, gallium, indium etc. is added in small
percentage to Si at the time of crystal growing. The impurity atoms displace some of
the Si atoms in the lattice. The three valence electrons of the impurity atom form three
covalent bonds with three nearest neighbouring Si atoms and the impurity atom lacks
by one electron to form the fourth covalent bond with its fourth neighbour. The vacancy
that exists in the fourth bond constitutes a hole. So corresponding to each impurity
atom added a hole is formed which can accept one electron. Moreover, there are equal
number of holes and elestrons formed due to thermal breakage of a few covalent bonds.
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Fig. 3.32: Two dimensional symbolic crystal structure of Si doped with trivalent impurity
ccombination rate and decreases the

The presence of large number of holes increases r
Thus here the number of holes far

electron concentration below the intrinsic level. e t :
exceeds the number of electrons. Here holes are called majority carrier and electrons

are called minority carrier. The resulting semiconductor is knowp as acceptor type or

p-type semiconductor.

\ﬂ./él Semiconductors in the light of Band Theory of Solid

)

Semiconductor devices and their electrical behaviour can be better understood in terms
of energy band structure of solids. So it is important to know about the energy bands

in semiconductors.

An electron in an isolated atom can have only certain discrete energics. Let us now
examine what happens to these discrete energy levels when isolated atoms are brought
close together to form a crystalline solid. Suppose two identical atoms with single
valence electrons are slowly brought close to each other until their electron shells begin
to overlap. Thf‘z electron-ion and electron-electron interactions start to take place, the
atomic orbitals start overlapping. These interactions cause splitting of each individual
energy level into two. It happens so because interacting electrons form a single system
and according to Pauli’s exclusion principle, cannot occupy the same state. An electron
may now occupy any of the two levels-one a little higher (E+ A E) and the other a little
lower (E— AFE) than that (E)'of the individual isolated atom. In crystalline solids with
large I}umber of atoms (~ 10%/c.c.) closcly packed together each discrete atomic level
splits into as many energy levels as there are atoms in the solid. The number of energy
level's are 80 enormous and so cloge together, that they can be. regarded as essentially
continuous. This is known as energy band. The width of a band d,f ends on the nature
of crystal and proximity-of packing. In a solid with vV Singlc-electfon atoms there are
N 'energy levels in each alIowed energy band. Since the number of ::lectr011s in the
solid is limited, only the lower eaergy bands will be filled Tlhe outermost hand which
is completely filled up with due quota of clectrong g c;llle’d valence band. The allowe
band just above the valence band is called conduction band. The energ . gap between
valence band and conduction band is called forbidden, cncr,;/y gap (Eg[)j.y Since all the
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energy states in the V&If&nce b.and are occupied conduction of electricity is possible only
when electrons are available in the empty conduction band.

In case of insulators the band gap E, is very large (typically F, > 3 eV) and
ordinary temperature or electric field cannot impart sufficient energy to the electrons
in the valence band to cross the gap to reach the conduction band (Fig. 3.4-1). So
conduction is practically zero. In conductors there exists a partly filled conduction band
which may be formed due to overlapping of filled and empty bands or from partially
filled atomic levels. As a result plenty of electrons are available here for conduction.
There is a group of solids called intrinsic semiconductors in which the width of the
forbidden energy gap is relatively small (~ 1 eV). Most common semiconductor Si has

Energy

!

Eg Forbidden

l gap
Valence band

Valence band

Valence band

(a) Insulator (b) Semiconductor (c) Conductors

Fig. 3.4-1: Energy band structure in solids

a band gap E, = 1.12 eV and Ge has band gap E; = 0.72 eV at room temperature
(300 K). Some of the electrons in the valence band may gain sufficient energy from
thermal agitation to cross the forbidden gap and enter the unfilled conduction band.
These electrons permit a small current flow when an electric field is applied. At 0 K
electrons in valence band normally cannot gain enough energy to jump the forbidden
energy gap and hence the semiconductors behave as insulators. As the temperature is
increased more and more electrons jump to the conduction band and hence conductivity

increases with temperature.

When an electron jumps from filled valence band to conduction band a state in
the valence band becomes unoccupied. Such an unoccupied state of otherwise filled
band is called a hole. It can also contribute to the current flow. In fact a hole can be
. considered as a quasiparticle with a charge equal and opposite to that of an electron.

As a result of an electron jump from filled valence band to the conduction band an
electron in the conduction band and a hole in the valence band become available for
the conduction of electricity. This is known as telectron hole’ pair generation. There
I8 a process opposite to this generation known as recombination. In this process of
Tecombination an electron in the conduction band jumps into the valence band and
Combines with a hole there. Thus in this process an electron-hole pair is lost in the
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sense that it will no loﬁger be available for the conduction of electricity. In the Pro
of recombination some amount of energy, almost equal to the band gap Eg, is released
In some cases this released energy goes to heat the crystal and in some cageg it
emitted in the form of electromagnetic radiation.

The generation and recombination of electron-hole pairs go on simultaneouSIy_

However, in thermal equilibrium the rate of generation and recombination of electrop,
. hole pairs become equal and we get 4 det.

inite number of electron-hole pairs per upjt
volume of the solid at a particular tempers.
ture. If the temperature of the semiconduyctg,
T' is increased a new equilibrium is reacheq
Eg

70

Conduction band

with greater electron and hele concentrs.
Generation | Recombination  tions. Note that for an intrinsic semiconduc.
re g tor electron concentration (n) equals the hole
concentration (p), i.e.,

n=p=nmn;

when n; is called the intrinsic concentration.
The value of n; depends on the temperature
F:g_. 3.4-2: Generation and recombination of the semiconductor. It increases rapidly
of electrons and holes i B ;
with increase in temperature.

Valence band

The conductivity of intrinsic semiconductors is very small. Moreover, we have a
little control over it. The characteristics of such semiconductors can be changed drasti-
cally by adding a small percentage of impurity atoms. The resulting semiconductor is
known as extrinsic semiconductor. If a small amount of pentavalent impurity atoms like
arsenic, antimony, phosphorus is added to intrinsic semiconductor additional impurity
energy levels corresponding to the loosely bound valence electrons are formed near the
top of the otherwise forbidden energy gap (Fig. 3.4-3). If the valence electron were
completely free its energy would have lied somewhere in the conduction band. Sinceits
binding energy is ~ 0.05 eV, it is not loose enough to conduct. It clearly suggests that
donor impurity levels lie about 0.05 €V below the conduction band edge. These nev

Eg
Acceptor energy level
. &

-—'_ 0 O O 0 __~ 0'059\/

<.

Va'en"e band ..+ S Nalines band o e
Fig. 3.4-3: Energy band d_iagram of Fig. 3.4-4: Energy band diagram of
an n-type semiconductor . .ap-type semiconductor -
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allowable Jevels are essentially discrete level because the impurity atoms are located far

apart in the crystal and their interaction is small.

These impurity levels are filled at 0 K. The energy gap between impurity level and
the bottom of the conduction band is only 0.05 eV for Si and 0.01 eV for Ge. So as
the temperature is elevated to room temperature thermal excitation of practically all
the electrons from impurity levels into the unfilled conduction band causes appreciable
conductivity throug.h drift of electrons alone. Also there are some electrons which jump
from valence band to conduction band and create some holes in the valence band. Here
| electrons are majority and holes are minority carriers. The resulting semiconductor is
. called donor type or n-type semiconductor.

If a small percentage of trivalent impurities such as boron, gallium, indium etc. is
added to intrinsic semiconductor additional discrete impurity energy levels are formed
near the bottom of the otherwise forbidden energy gap (Fig. 3.4-4). The levels are
normally unoccupied at 0 K. A very small amount of energy is required for an electron to
leave the valence band and occupy the acceptor level. For this even at room temperature
. clectrons are thermally excited from filled valence band into these unoccupied levels and
leave behind holes which can drift in an electric field and cause appreciable conductivity.
| Apart from this a few of the electrons from the valence band jump to the conduction
. - band and create a few more holes in valence band. Here holes are majority and electrons
" are minority carriers. The resulting semiconductor is called acceptor type or p-type

semiconductor.

]
E‘ .
s ‘)@fand indirect band-gap semiconductors

On the basis of the energy band structures, semiconductors can be classified as
direct and indirect band-gap tgjpes. In a direct band gap semiconductor (such as
GaAs, InP) the minimum of conduction band .
and the maximum of valence band are at the \‘\
same point in wavevector (k) space (Fig. 3.4-5). %Conduction
Here an electron may jump from the mini- band
mum of conduction band to the valence band

v

m---

maximum without change in k (or equivalently i

momentum). Thus momentum is automatically ;

C<1)nserved and there is direct recombination of : ‘

electro i

e ns and holes and the excess energy 1 /"’ o~ _‘__"‘ Valence

f ed in the form of photons. The minimum band
'®quency (v) of the emitted photon is given Fig.3.4-5: Energy-w~avevector diagram
by B, = hvor v = E /h where h is Planck’s of a direct gap semiconductor
Constant,. g

This type of semiconductors is suitable for laser and light emitting diodes.

andIn indirect gap semiconductors (such as Ge, Si) the valence band maximum
the conduction band minimum do not occur at the same point in k-space
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(Fig. 3.4-6). So the transition of ay clectron from the conduction b

and miuimum
to the valence band maximum involves change in energy as well

as Momentyyy,

As a result there is no direct recombinatioy, of
Eh clectrons and holes. Here recombinatioy takes
--sz—/ogkduction place via traps or recombination centreg whicl,
' band contribute defect states in the band 8ap. Sugl
;;:-g a location acts effectively as a third body whig,
:. helps to satisty the requirement of momentyy,
¥ " conservation. As a result the energy liberateg
/ 4 g generally goes to heat the crystal. This type
Valence
band

of seiiconductor is used for the const,
Fig.3.4-6: Energy-wavevector diagram of diodes and transistors.
an indirect gap semiconductor

\/{egenerate and non-

For a semiconductor with low impurity concentr
10%° or more semiconductor atoms) the number of clectrons in the conduction
of holes in the valence band is usually much less than the number
these bands. Here the Impurity states are discrete levels and the ¢
distribution law. This type of semiconductor is called non-degenerate semiconductor.

When the Impurity concentrations become very high (e.g., one impurity atom
present for less than 10° semiconductor atoms) the impurity levels develop into
energy band, the number of carriers approach or become greater than the number
of quantum states, In this case classical distribution laws become inapplicable. Such
semiconductors are called degenerate semiconductors. Here carrier concentration is
essentially independent of temperature and conduction ig much like that of o poor metal.

For highly doped materials the band gaps become smaller, Degenerate semiconductors
are used for the manufacture of tunnel diodes.

ruction of
They are not suitable
for optoelectronic devices,

degenerate semiconductors
ations (about 1 impurity atom per
band and

of quantum states in
arriers obey classical

) nsists of ovement of electrong in the nearly
o o Sonduction band and of holes in a nearly full valepce band under the influence
and holes in periodic crystal field under
rued by quantym rechanics and not by the
t 1S possible to treat the electron and: hole s
ffective 1n and mj; respectively. The
clectron. Its value depends
ive or negative, many times
It is not a scalar quantity
mass is defined for a giver

mechanics. However, i
imaginary classical particles with some e

effective mass ig usually different from th
on the shape of the energy band in k-spa
larger or smaller in magnitude than ele
but, in general, a tensor of rank two.
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pand and near a given extremum. The negative effective m
hole. The advantage of introducing the concept of effective
electrons and holes as though they were free
determine their motion throu

ass brings the notion of a
mass is that we may treat
and use classical Newtonian mechanics to
gh the crystal in the applied field.

ﬁier concentration in intrinsic semiconductor

In order to calculate the conductivity of a semiconductor we are to know the density

of electrons in conduction band and the density of holes in the valence band. We
assume the temperature and the carrier densities to be small so that the electron gas
in conduction band and the hole gas in valence band are non-degenerate.

Then the*density of states in the conduction band is given by
9(E) = C(E - E,)? (3.5-1)

3
; . 2mt \ 2 . . :
in which C = 4r (—hf— ; my is the effective mass of electron, E, is the eunergy

corresponding to the bottom of conduction band. The probability that

a state with
energy E is occupied is given by the! Fermi-Dirac distribution function, '

i

fE) = —5—%= (3.5-2)
il e =TT

where EFr is the Fermi energy.

Therefore, the number of electrons in the energy

range E to F+dFE per unit volume in the conduction 7 Conduction
band is equal to ] band
dn = f(E)g(E)dE
EV
Hence density of electrons in the conduction V%Errl\ge
band is o
o 5 Fig. 3.5-1: Energy band diagram of an
t= fE f(E)g(E)dE (3.5 3) intrinsic semiconductor

Where the upper limit is taken oo instead of the energy of the top of the conduction
band. This is allowed because the distribution function f(F) will be appreciable only
around E, and practically zero for £ > E.. At low temperature and for E > E,
E—Ep > kT and Eq. (3.5-2) reduces to

f(B) = e Zor e
—Ep)
n=C[ (E-E)}-e = -dB
Ec
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! p - Er: )
Putting ———— =,

KT

=(e=8p) [ 3 3 x4
n = C’-ca“m-ll : / (kT)% x2 e”"d
Jo
~(Ee=Ew) k) m
= c.c—”—i"r-“.(;.:fr)z--g

3

T\ 2 ~(Ec—=Ep) —(Ec—EFp)
=2 (2”1”5"'7 ) LR = NpeT T (354
L

3 )
where N, = 2 (m;i&ﬂ) % hag the dimensions of a concentration.
L

Now to find the density of holes in the valence band we note that the density of

states is given by 1
g(E) = C(E, — E)z

3
where C = 4n ( 2—;"71*) i; mj, is the effective mass of hole; E, is the energy corresponding
to the top of the valence band. Since a hole signifies an unoccupied state, the Fermi
function for a hole is 1 — f(E) which represents the probability of not occupying the
energy state E by an electron. At low temperature for E < Ey, Ep — E > kT and we
can write
1 — f(B) ~ e

Hence the hole density in the valence band will be

E, ~(Ep—
=/ C(E, - E)} - e~ &2 4E

v —

Putting

Ev—
= C-e T (kT)3 . VT
* 3
=2 (QWTngT) 2 ’ BEvF:TE — Nu' eéul:TE (3'5'5)

3
_ — o (27mpkT\ 3 )
where N, = (‘*‘J——h ) has the dimensions of a concentration.

. ‘ ’ e
Eqs. (3.5-4) and (3.5-5) are applicable to both intrinsic and extrinsic semicond

P . W
tors. For intrinsic semiconductor n, — p. Therefore from Egs. (3.5-4). and (3»5'5)
get ' -

Ec+E, kT (m 3.50)
Ep = 02 v+—2—ln-—1\ﬁj-=Ec+Ev+3len(%) (J.

N, 2 4
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assume mj, = Mg then the Fermi level of an intrinsic semiconductor lics
tt-[th the middle of the forbidden energy gap. In general mj, > m;, and Fermi level
& a:iggd slightly with temperature. |
is T One can 1NOW calculate intrinsic carrier concentration n = p = mny; (say) by
btituting Bq. (3.5-6) in Eq. (3.5-4) or (3.5-5). Thus we get intrinsic density of
su

I

clectrons OT holes as

3
—Eqg 2rkT\ 2 3 =By o
ni = V NeNy-e26T = 2( h; (mimy)4 - eZor (3.5-7)

where Eg = Ec — F., represents the band gap.
Experiments show that for most semiconductors the band gap decreases linearly
with temperature. So we can write

E, = Ego - pT

where Eg is the band gap at 0K and f is a constant for a particular semiconductor.
Using this relationship Eq. (3.5-7) may be written in the following form :

n; = ATS/QE—EQO/ZI{I’

3
2
where A =2 (—2;;2 ) :. (mZm}i)% ei’egE

Obviously intrinsic carrier concentration is highly dependent on temperature.
ﬁier concentration in extrinsic semiconductor

Egs. (3.5-4) and (3.5-5) are applicable to both intrinsic and extrinsic semiconduc-
tors. The product of free electron and hole concentrations, under thermal equilibrium,
can be obtained from these equations as, '

np =n? : (3.5-8)
where n; is the intrinsic carrier concentration as given by the Eq. (3.5-7).

The relationship (3.5-8) is called the mass action law. It states that the product of
free electron and hole concentrations is constant independent of the amount of donor or
acceptor impurities at a particular temperature. Addition of n-type impurities increases
the number of free electrons over the intrinsic carrier concentration but decreases
tf'le number of holes due to increased recombination of holes with excess electrons.
Similarly the addition of p-type impurities increases the number of holes and decreases
the number of free electrons, ,_

Assuming that all the donor and acceptor impurity atoms are ionised we can write
n::lrtl the charge neutrality condition (i.e. the semiconductor as a whole electrically

ral) or the totql negative charge must be equal to the total positive charge,

n+ Ny, =p+ Ny (3.5-9)

W ' . -y
here N, and Ny are respectively, the concentrations of acceptor and donor impurity

atoms,.
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For an n-type semiconductor n 2> P
Therefore
) nr Ng—Na (3‘5‘10)

The concentration of holes in n-type material is then obtained from Eq. (3-5~8) i

_n}_ n 351
= T Ne= N, 0-1])
For a p-type semiconductor p > n
Thercfore, from Eq. (3.5-9)
p~ Ny — Ny (3.5-12)
and from Eq. (3.5-8), the concentration of electrons in p-type material is
2 2
' 'ni n;
: n=—=-"1 3.5-13
P N, - Nd ( )
If two types of impurities are added in equal amounts i.c., N, = Ny then from

Eq. (3.5-9) n = p. This indicates that the resulting semiconductor becomes intrinsic.
Such a semiconductor is called compensated semiconductor. However, it differs from
pure semiconductor in respect of carrier mobilities. Since lattice imperfections are more
numerous in compensated semiconductors, the carriers will have lesser mobilities. If
acceptor impurities are added to n-type semiconductor, n-type changes to p-type as
soon as N, exceeds Ny.

An eztrinsic semiconductor when heated to high temperatures behaves like an
tntrinsic semiconductor. When the temperature of an n-type semiconductor i
increased, the number of thermally generated electron-hole pairs increases whereas
the number of electrons donated by the donor-impurity atoms remains same as these
atoms are already ionised. Thus with the rise in temperature extrinsic semiconductor
will start moving towards intrinsic behaviour. At very in’gh temperatures the number
of thermally generated elcctrons_may become much greater than that donated by
the donor .atoms. Then the electron concentration becomes almost equal to the hole
concentration and the semiconductor behaves like an intrinsic semiconductor. Similar

argument also applies to P-type semiconductor,

/£rmi level in semiconductors
d E](;CEI‘IC&I characteristics of a semiconductor depends on the carrier concentration*
m - p . - d
t'qs]. (3.5-4) rm.d (3.5-5) which give the free electron and hole concentrations resp —ec
1fve ¥, are applicable to both intrinsjc and extrinsic semiconductors. An examinatio”
o] these two equations shows that the Fermj energy Ej is the only quantity which cal
Change with impurities. So it is important to know how Er depends on the impurl®y

?zzllt:?lntrqtions. We have scen that for an intring, semiconductor Ep lics exactly at tht,a
dite of the forbidden energy gap (Fig. 3.5-2(a)). As the Fermi level position indicat€”

Scanned with CamScanner



‘ Chapler 3 - Physics of Semiconductors 77

x) the prnlmbi]ity of occupancy of a level the above result indicates equal concentration

~ for free electrons in conduction band and holes in valence band.

. Inan n-type extrinsic semiconductor with all the donor atoms ionised many of the

of the energy states at the bottom of the conduction band are filled by the electrons
and a fewer holes exist in the valence band. So it is expected that Ep must move
closer to the conduction band for an n-type semiconductor (Fig. 3.5-2(b)). To find the
exact position of the Fermi level in an n-type semiconductor with N, = 0, we note that
n>> p and hence n ~ Ny. Now using Eq. (3.5-4) we get

x FrvE T - ~ T
Pyl 88 Sreai o i ply SR e
2 3 TR AN s ] 2

R DI ARl B st Lk ey § et
A ORI

Ny = Nce—(Ep_—EF)/kT (3.5_14)
Thercfore, Er=FE,— kTl % (3.5-15)
d

This equation shows that with the increase in doping concentration Ny the Fermi
level moves closer to the conduction band.

A similar argument for p-type semiconductor with so many holes in the valence
band and a fewer electrons in the conduction band indicates that Er must move closer
to the valence band (Fig. 3.5-2(c)). The exact position of the Fermi level in a p-type
semiconductor with Ny = 0 and p ~ N, can be obtained, as before, from Eq. (3.3-5).
Thus we have

D S I i B e

N, = Nye~\Br=Eu)/kT (3.5-16)
N

and Ep = B, +kTIn ﬁv (3.5-17)
a

Obviously, with increase in N,, Er moves closer to the valence band.

If the doping concentrations are very high then for an n-type semiconductor
with Ny > N, the Fermi level moves into the conduction band and for a p-type
semiconductor with N, > N, the Fermi level moves into the valence band (Fig. 3.5-3).
Such semiconductors are called degenerate semiconductors. On the other hand,
semiconductors with relatively low doping level having the Fermi level within the
forbidden energy gap are called nondegenerate semiconductors.

Ec EC !
9 S .
Epi[issrnitiedsssiss o s )
Epf-------rmeemeccennen..
E, : E,
e Valence band Y -Valence band Y . Valence band
(a) (b) ()

Fig.3.5-2: Position of Fermi level in (a) an intrinsic semiconductor
(b) an n-type semiconductor and (c) a p-type semiconductor
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For a compensated semiconductor i.c., with N, = Ny we note that addition of the
Eqs. (3.5-15) and (3.5-1 7) and then division Ly
2 give Bq. (3.5-6) which indicates its intrinsic
EC ------- ’ S g “havte .
e Moo behaviour.
Ecf2 '~~.q1__~_: - For a given concentration il the tempers,
1uaiieteieheiiieilialakatda b4~ L L L L ' ) ' o
N - ture of an extrinsic semiconductor is increased
“““““ =20 N it may become essentially intrinsic at high
e Iy temperatures. We have already discussed it

Valence band

Fig. 3.5-3: Variation of Fermi level position
with temperature and doping
level (Ng2 > N1 Naa > Nat)

—— Temperature

So we may argue that as the temperature of
n-type or p-type material increases, the Fermi
level moves towards the centre of the forbidden
energy gap i.c., towards intrinsic Fermi level

position (Fig. 3.5-3). /
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