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,/M@view of Semiconductor Physics

All matters are made up of atoms. Every atom consists of a nucleus carrying a
positive charge around which electrons move in orbits at certain distance from the
nucleus. Each electron has a mass of 9.11 x 107! kg and a negative charge q equal
t0 1.602 x 10~1°Coulombs. The nucleus of every atom (except hydrogen atom)
consists of protons and neutrons. The proton carries positive charge equal in magni-
tude to that of electron. The mass of proton is 1.673 x 10727 kg, 1836 times to that
of an electron. On the other hand, neutron carries no charge and its mass is equal to P
that of a proton. i
Each orbit from the nucleus corresponds to certain energy level. The electron in
each orbit has a fixed amount of energy. Fig 2.1 shows the magnified view of an atom
and its energy levels. Electrons can travel in the first, second and third orbits which
are at distance 71, 72 and 73 respectively from the nucleus. But the electrons cannot
travel in intermediate orbits. That is, all radii between 71, T2 and 3 are forbidden.
Electrons that move in orbits near t0 the nucleus have less energy than those in more
distant case. When an electron is given additional energy, it is lifted to a higher
energy level. Then the atom s said to be in a state of excitation. This state does not
last long because the electron soon falls back to the original energy level. When this
happens, it gives back the acquired energy in the form of heat, light or other forms.
In an atom the orbits are grouped which are collectively known as shells. A given
atom has a fixed number of shells. Each shell has a fixed number of electrons at
orbits. Fig.2.2(a) shows the atomic structure of hydrogen atom that consists of one
proton in nucleus and one electron revolving around the orbit. Fig 2.2(b) shows the
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atomic structure of helium. It consists of two protons and two neutrons in nucleys,
The two electrons revolve around the nucleus in a shell, which is known as K-shey),
This electron shell is nearest to the nucleus and the principal quantum number , jg
equal to 1. The maximum number of electrons that can be accommodated in any
orbit is 2n2. Therefore the maximum number of electrons that K -shell accommodate
is 2(1)2 = 2. The nucleus of carbon atom consists of six protons and six neutrons,
The nucleus is surrounded by six electrons. Out of these six electrons, two electrons
occupy A'-shell and remaining four electrons occupy L-shell.

L
H He
©
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(a) (b) K
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912 Atomic number

Thet otal number of clectrons in an atom is ¢qlled the atomic .

ber of protons so that the atom i i i sl 9
othe pumber Of P Om 1 electrically neutral. The atomic weightis
- coximately cqual 10 the total number of protons and neutrons in the mucleus of the
ot For example silicon has 14 protons, 14 electrons and 14 newtrons, Therefore
the atomic weight is equal 10 28.

213 lonization

In neutral state the number of electrons and the number of protons are same. \\'h;en
Jectron absorbs energy from a heat source or light, the valence electrons acquire
e \ energy and leave valence orbit. The process of losing a valence electron o \
fllfﬁcm"n as ionization. Since the atom Jost an electron, it is positively charged and
1; ‘:::)\\:n as positive ion. Similarly if an a'xom. gets an addifional electron it becomes
ncgaﬁve\y charged and is known as negative 10m.

2_2 Energy Bcnds . definite energy- But when
In a single isolated atom, {he electron in any orbit e oms. Asa result

. son between at

s an interactiod bel levels
< into a crystal, there ) ifferent energy

the atoms combine IO Y bit of one atom have slightly d.‘ the fact that

the electrons in the particular Oro! . This is due 10

1 joining 210 e
from electrons in the same orbit (i::: adjo ing m:rg(e;n San;:sm "
ee exactly the same S exels 0
et e‘m? n: Smms in any onbit, SHEFY mﬁw:; e frstorbit o™ first ba&i
are billions of elec e pigt
billion on.
band. For example the : od
and the billions of second orbit electrons

) ystal.
energy band diagram of a.¢r¥

Fig. 2.2 Atomic Structure of elements

The principal quantum number of shell L is two, hence the maximum number of
electrons that it can accommodate is 2n? = 2{2)2 = 8 electrons. This distribution of

ond band 0
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-3 Conductors, Insulators and Semiconduciors

The electrons tiat oo upy the lower eperg
sming many of the electric

sl properties of materizls. Instead, the electro,
Bigh-encrgy bands of materials

propettics of materials. Hene
called valence bas

08 in) the

ae impontant in determining many of the electricy
© we are interested in those two allowed energy bands
4 and conduction bands. These two bands are separated by another
fepon baswn s fothidden encrgy gzp in which 1o electrons can normal| ¥y exist. The
vidence band is defined ss the sange of energies possessed by valence electrons, This
band mey be completely o partially filled. For example, in case of inen gases the
valence band is full w

hereas for other materials it js only partially filled. The conduc-
tiom bead is defined as (he range of energies possessed by conduction band electrons.
We have slready studied that the valence elecuons in certain materials are loosely
sached 6 the pucleus. Fven a1 1oom tlemperature, some of the electrons may get

iese electrons are known as free electrons
‘ble for conduction. ' licy are also

3.1 Conductors
A conductor is & material, vihich casi]
conductons are copper, silyer,
consists of only one clectron,

Serschicd andd fiow tirough the material, T
whicl arc respons

known as conduction electrons,

y allow the flow of electric current. The best
gold snd aluminum, In the above materials the atom
which is very loosely bound to (he atom. These elec-

conduction af extremely low temperatures,

y bands are of no imporance iy deter.

o
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34 Semiconducions
izunlcoudmw is 2 maserial M as
electricel conductivity that fies be-
ween conductors and inwlx'.'.q. A
semiconductor 1o its pure stz i nei-
ther 2 god conductornuzg@m:
sulator. The most common sanm::é
ductors ere silicon, gw@n. p

carbon. The energy ba.né d:.:gm: ,

semiconductor is sho.vu:.m hg.%. < e

At gbsolute zero (0°K) te \@h

band is usuzlly full 2né Ihdt m.a;nd y - "

5o electrons in the conductios basd-— Fig. e lwnc)

However the forbidden ﬂffyvs)?f oormm insuicior (C) semicon-

(for §i1.2.¢V and for Ge0.785

i . mech nar- - field is required to push
= scmicoﬂducw; . \i:s)ulaux. Therefore @ small electric hie
rower than that of an

onduction band.
electron from the valence band to the ¢

)
)
i

)
I //LA

(<)

miconductors
2.4 Classification ofSe o nsic semiconductors. A pure
o X intrinsic and exins the electri-
The semiconductors are classificd 25 l'm::ductor. We already know (bt
trinsic semic

In case
; valence electrons.
semiconductor is Cﬂ‘ﬁ;:ﬁu depend on the pumber of

cal p(mnics of any
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- alence electron can be " SCOMES A positjye :
of copper the valence elec :o*m“‘ and the copper atom bec Positive iop,
ve electrons

ates a large number of fr

The electrostatic force of attrac-
tion that exist between the ions and
free electrons is the bonding force
that holds the material together in a
solid. This bonding force is termed
s meallic bonding.  In case of
gemanium (32) and silicon (14).
;\.s number of valence electrons are

foar. Hence the atoms are known as

2leat 2toms. To achieve the state
of chemical stability the electrons in
the outer shell of each atom form a
2bboring electrons in

bond with naj
tha o

=

shells of both atoms.
the covel

harag

SSSES an electron with eac

perfect insulator 21 0 g order
&2 The SBSTZY required 1o brezk gy

"for Si. When a covaleat bo
lzaving behing an empty

~
28

The enerzy basd
m2nium and sificon
Al z2bsolute
o0 band

dizzram of ger-
are shown in Fig
270, the condye.
Is empty whereas the va.
SoCe band is fifleq with electrong,
But at room emperature, some of the
vaiznce electrpns may acquire syffy.
ST €REIEY 16 enter into the condyg.

tion band and thus become free elec-
rons. Ho

FHCVEL, the number of elec-
&ens availzble oy conduction z¢ room
Emperature is very small. Therefore

I

5

casily detached from the atom, This

T of other atoms in such a way that they

This type of bonding is known as
= Covalent bond among Si atoms. In Fig

g

2ch of its four neighboring
S Sa=tirons form covalent bond with the
710 provids conduction covalent
ch a covalent bopg is about
ad is broken an electron esca
Space in the valence band caJ]

Fig.25 Crystal structure of silicon
were orbiting in the valence
covalent bond. Fig.2.5 shows
2.5 the four valence electrons of §; atom
Si atoms. Since the four va-
neighboring atoms the crystal acts as a
bonds are to be bro-
0.72eV for Ge and
pe to the conduction
ed a hole as shown in

Fig. 24

Slicon with broken covalent
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From Fig 2.7 we find that (he forbidden energy

valence electrong
On band than thy

mm‘;ermﬂ“"um 0.7eV. Therefore the

ay 10 Cross over to the conduct
ners.

8p for silicon js L.LeV and
of germanium require small

t of silicon. Hence at room
el

.miconductor diodes.
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(b} Silicon (S1)
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(b) sliicon
rgy band diagram (0) Germanium
Fig. 2.7 Ene

ture on semiconductors
2.4.1 Effectof tempera "

. Iready discussed that : »
Lo tion band © =
solute zero the conducmpty e

is €
iconductor 1S €t o

i se:‘;mnd is filled with els;wecn g
vale“: rbidden energy ga.P o is ..

atene band and conduction o

e valence electron g o

e hence -

- h conduction band to oo

“;actron Therefore at aes e ani- =

electron. Fdives -

miconducto -
o The cocE) o o is shown vt
Slﬂa!or-r 1 at absolute 2¢ mpefature gy band diagram
ilico e ner
tari > e 1 bonds g 28 E re
i 2.7(b1;1€ of the covalent solute temP®
is raised, SO
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valence electrons 2bsorbs ghy;
= $

] ; 1 Semic
. . ) . e - -z i 1. For every electron p; COndicion Dic R
g oss over 1o the conduction band lezving 2 positive charge empty sp, - | gpole 4 Th rarsed 1o e uctor Diodes 2.9
the e end wh e Y pace 3, ace bend. Thus, thermay - “%u .,
: o CR enC Wi Lemperzure 1S Incres VB 6 BETRY ¢ 2
1 . e caved more nup, i o0 electric field the free ¢ Y Crese 213 there i3 one hoke Yedt in 1
| e lence electron into the conduction &, of 2 oot Known 2 hof Tectroms om0 Mok Dair. Under the safonnss
i oolied these {; A M Hang hes currenl Known 2s hole Curen » it ey Under th
zpplicd ese Iree giecirong Constiy, i ent is opposite 1 Tent alyg fows in o SumenL. A the
eeved with increasing 1 e nole CUTEH PPOSILE 10 the lectroy, o M vemicona
=d with increasing temper, v , . I8 Currens Ty wne
. . i B = Peralre uhen 2 YOUZAEE is 2omli 2L This Coneey 3
€ semiconductor 1s decrezsed. Thus in 2 "‘"’1'1.4;]-’ Whe "-' S 2pplied 20TO88 2 piece . OBCEP s luwtrzaied in Fiz 29
. oy, ns MOVE 0Wards nos, PIECE of gilicon o o
resistznce decreawes. Hence we can say thy i glects0 : o ?s Potitive end Ty, . H00m the thermally penermed free
R ; . jder such a He, i Creates 4 hote & £ fcd free
iconducton bas negative temperatuse cosfficient of sesistance. ": gs €ORSY 9 H 20 the extreme s e hole in the valence band. Lt
ety vzlence electron a1 A, Ny, . . ) 3. This positive charped hole anrscts 2
aae ¥ 1he Valence elore be attrac
242 Hole Cunent Lad fill it creat: ¢ electron A move

and INg 2 hole 23 A That iy e g, S lowass thohole
" e elettron a1 B, Tn:v moved from H o A The new hole
nole A and fills it. When the yalene, t'i':f"':

from A 10 B. That is the movement of hole ‘u ;,;mfﬂ f’m:n Bilo A, s holc/move
rvement of hole conslitutes a boje e PPOSIED US election mioveseal. Thes

The flow of hole current can

-~}

AA ler

aniracts nearby valence

valence electron 21 B moves 1owards

be ezsily explu . i
. sily explzined using energy bant :
shown 19 Fig2.10. Let us zssume that due 19 thermal o mé' .Ar\d dmgpf‘ >
walence band 10 conducti . energy valence clectron jumps
from ¥ uction band creating 2 hole H in valence band. Now the
walence electron at A moves towards H and fill the hole, The result is that the hole
disappears at H and appears at A, Nent the electron B moves to A and 2 Tole is
created at B. In this wiay the hole moves from A 1o B. That is the movement of hole
is opposite 10 the movement of electron,

pe ﬂnoﬂon

W/hen the valence electron acquires energy it jumps 10 ¢ conduction band leaving a

Fig. 29 (o) Stcon
miﬁzﬂ (o) Siticon with broken covalent bond (b) Electron and hols current | “vacancy in valence band. When that free electron

energy it falls back into a hole

1 “in the valence band. “This process is kno recombination of electron hole pair.

In previous section we studied ‘ When (ccnm\gi_n_a_ti_on takes place ’ﬁ_xé:gm; : dc s ot move. clsewhere, it disappears.
that sovtie of the "Ja!rr;(c electrons f Erergy/ i P.c_cpmb‘xr}mion is continuous process in a semiconductor. Dueto A\Mni!edm_rgy_n%
sificon crystal s ti’rc’wff‘ ,'; '(h ’ g | 'fél'octmn hole pairs are generated and after a (cw.nuomqopgme‘ u
Bl e Conduction depending on the crystal structure they tecombine. ‘The average time betweeh 7
et 4 | o9 “creating and disappearing of an electron hole pair is known as | \Ee_lﬂ\gﬂf_‘_‘@‘_m"'
from valerice band into the condue- _creating IR = cctron ot

tion band and becorrie free electrons, depends on.crystal stuicture-

These free electrons are also called as T T i 243 Extrinsic sericonductor

condluction electrons, When an elec- Y wz Q‘ :ﬁ”%m AR iconductor has limited number of fwﬂpﬂw
trom jiiraps from valence band to con- oH] ban i _The intrinsic ;9_'1‘&.0 oot el a1 (s temperature, To fncrease the conductiy-
diction band if leaves a vacancy inthe  Fig, 2,10 Sllicon with . ) l'urc: ncf_‘ {,‘cygf’f_rgc// _Wﬂmﬁ
valence band, ‘This vacancy is called  bond PO comaént b gy o M
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1is doped. 1
Ldded, extrinsic

mICCT

in intrinsic silicon
3 in inrinsic silic
‘" The number of free electrons @

Even an addition of 1 impurity atg

ng.

{is called as an extrinsic Materjy

l{l

s the EIC‘:m‘:a‘ pmpi't}_of [he Ma.

;- semiconductors are classiﬁed as

ductor.

can be increased by adding a Pen-

- - are atoms with five valen: ! = ical €Xam; les
tzvalent atom to 1. These are a0

for pentavalent atoms ar®

Arsenic. Phosphorous. Bismuth and v Fig2 1y

Cenducticn
electron

Fig. 2.11 Crys?dhﬁlcaofa.i’iafcmdsplacedbyarsenlcafom

shows the bendin
leat atom’s valence electrons form
jeaving an extrz electron. Since valence
orbit cannot bold no more than eight
electrons the extra electron become 2
conduction electron. Since the pentava-
lent atom donates this extra conduction
electron it is often called as donor atom,
For each pentavalent atom added, one
free electron exist in silicon crystal. A
small amount of pentavalens impurity i
enough (o get more number of free eloe.
trons. Since the number of free |

. lectrons
18 greater than the nupy

ber of holes this

g between Si atoms with 2 pentavalent atom. Four of the pentava-
covalent bond with valence electrons of Si atom,

Conduction
band

2 %% 065000

Valence
band

F9.212 Energy band diagram of
97-type semiconductor

.'y‘vmlcumlumm Diodes 7.3

asic cemiconductor is known as felype
Xt M

pand dlagram of an n-ype
ersY v

. semicondyctor, Fig2:02 shows the en.
semiconductor, Wy, dd

= A pettavalent alorn is addsd
; mber Of conduction band electrons are produced. Only g oy holes exist in the
: § £Xit

ANT-type semiconductor elec-
ers.

lence band. created by thermal energy. Therefore in
vacs=

 are majonity carriers and holes are minority carri
rons A

type Semiconductor
245 P~

The number of holes w intrinsic silicon can be increased by adding trivalent impurity

- These atoms have three valence electrons, Typical examples for trivalent atoms
. B). indium (In) and gallium (Ga). Fig.2.13 shows the bonding between
e bore™ ( ml and trivalent atom. Since each trivalent atom has only three valence
Siliens Cr}s—'m it. only seven electrons exist in its valence orbit. That is one hole
electross h :;i\nle‘nt atom added. Because the trivalent atom can take one electron
i f;f:ned to as an acceptor atom. The number of holes can be controlled
1:;5;3 :;;;ber of impurity atoms added to the silicon.

atom
a i atom displaced bY B

Fig.2.13 Crystal laffice vith

energy band di- Energy

Fig2.14 shows the "

agram of a p-type semico.nduc:zguces !
addition of trivalent imp'\!my‘Pnce band.
large number of holes I vale!

However there are Very

in X
gencrated electron? of holes 18 more

of
band. Since the number per of electrons: 214 Ener@y band diogfem
when compared 10 :i‘:;msemicondudof is 291;_| 100 somIC
this type of extnin
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oles are majority ., it velocity o ondactor Diodes .13
Y car. The df y of an electron js . _ L
by
" ) '
~trons arc = T L
rerggnd € e not associated ‘ = 2.3)
ar . o e . v 2.
5 Mobility e valence electron® With gubstituting Eq.(2.3)inEq.(22
. sicd that in @ metal, ¢ Jp atom 10 another atom, Thay -2)
In section we St lm . free 1 wander (s almost zero. When the elcc"ons .
any particular io” © jvidua s lattice scalter> =29 _Ne
ign :hsan‘lcaron attachment 10 any T—jﬂ I\vilh jattice atoms (known as li.llllce scauenng) L= T‘
> on, they cothice - her scattering centers, . v
are in continuous motion, they = arity scattering) and ql : & The current density J is defined as
T me T petween collisions 1S called the mean fre, current per unit area
ety 51 0 g e e e Sine e T
= . Sween collt . — 4 Nav
path and the average time betW f:‘e —hrough the metal is Z€10- J= % - \f% 24)
“otion is T the average cu £ - . . . K =
motion is rmd_:m —— constant electric field E volts/meter is applieq where J is amperes per square meter,
Now consider 2 rest, acquires a linearly j e )
Due to electric field the electrons are accelerated ﬁ;(l!‘rsr;ons I ::eclmns o tly in. The produif LA is simply the volume of the conductor containing N free elec-
creasing velocity for ashort ime- However dueto coll e i energy wrons. Hence T is the electron concentration n expressed as elec:mn:lcubic meter.
hich reducests velociy o zero. Again the clectrons are accelerated and the process
then repeats itself. Asa consequence, the electron acquires a constant average drift . - N o
velocity proportional to the electric field. Tts direction is opposite to that of electric LA -~
field. Hence we can write J =ngqu 2.6
va E =pv @n
usE @i where p = nq is the charge density in Coulombs/m®.
Ny where 4 is the mobility of the electrons expressed in m2/volt-sec. Substitute Eq.(2.1) in Eq.(2.6)
i /
\/-6 Current Density 5 .
] - -
Consider a conductor of length L and cross sec- N electron * g
tional area A as shown in Fig.2.15. Let the num- =puE
ber of electrons contained in this length L is =0E (2.8)
equal to N. If the time taken for an electron .
to travel a distance £ metersis T, then the total where 0 = nqu = pp is known as conductivity.
::c"!bCr of electrons passing through any cross- Fi J =ngpE 29
The“?:l:f ;he conductor in unit time is N/T 9:218 A conductor =
charge passing through an ”
product of number of elccuongs o chdm;s sectional area per second is equal to the 1 Conductivity in infrinsic semiconductor )
char . the char . 5 e - . :
8¢ Q = Nq. The current in amperes js givengy: on electron g. That is the total In an intrinsic semiconductor current distribution takes place by the charge C“‘f“’:;
Q Y electrons and holes. Therefore the total current density 1S equal to the sum ©
L= ' electron and hole current densities.
{ The total current density within an intrinsic semiconductor
2.10)

(22) J=Jatdh
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| i clec
Jn = Current density due 10
where  Jn
and

ity duc {0 holes
J,,—'Cuncmdensuy u

From Eq.(2.9) we¢ know e 1NII‘E @1 y
The electron current density fus qu,,E @ 12)
3
where n = pumber of electrons/m
g = charge on electron
fn = mobility of an electron
E = electric field intensity
Similarly the current density for holes 18
Jp=ratsF @2.13)
where p = number of holes/m®
Substituting Eq.(2.12) and Eq.(2.13) inEq(2.10)
J = nguaE + PaipE
= (njtn + Pp)IE @.14)
=o¢E
where 0 = (npm + PHp)0 @15}

is called conductivity of the semiconductor.
| For 2n intrinsic semiconductor the number of holes is equal to the number of
elec isp=n= i i
trons. That is p = n = n; where n; is called as intrinsic concentration.
Substituting n = p = n; inEq.(2.14)

J = (en + pplaiE 2.16)

262
262 COnduc?ivlty of n-type and p-type semiconductor
n-type semiconductor n >> p. therefore conductivity

o =qny,
" .17

Forap-ty i
P-type semiconductor p >> n therefore conductivity

o = pqu,
(2.18)

. }/Aecnve Mass

Semiconductor Diodes 215

The electrons in a crystal are ny co
b Off;’ht ‘\u_‘licc. Because of the L;:?\l:rlx:lcy lﬁc' ot nesact with the el potet:
in a crystal is not the same sence of lattice forces the i
quantum mechanical fm:"':;f;’; ::?C}mn; in frec spacc. ”‘e‘:;z’ '::“\::)‘::: ‘C‘:ZC'::::T
for the actual mass m,. This ma_s:,q-c?lmmc motion are taken care by writing m”
m*, we account for most of influe; ',L is known as effective mass. While replacing
ence of the lattice, so that the electrons and holes

can be treated as almost f P
Tee carriers j
for Ge i and G. carriers in most computations. The effecti
(] i aAs are shown in table 2.1 - The effective mass value

Table 2.1

[ 1 G | s | Ga

. AL\
[ 'me [0:55m, | 1.1m, | 0.067m, |
{3 [037m, | 0.56m, | 0.48m, |

2.8 _Density of States

A state is an energy level, which can
be occupied by an electron. Since the
forbidden gap is empty there are 10
.lmwf,g states. However there are allowed
Et_:wg,cw,dmion band and va-_
fence band. To calculate the clectron

and hole concentration in the conduction

‘band and valence band, we must know

_ergﬂn,‘eﬁé‘—ammmwﬂes/mﬁ
cupied by the electrons. . Once we know
the density of available states wecan find
\wﬂl&gl_heﬂmgal@e
states with the probab'\lit that each of

Fig. 2.16
spherical co-ordinates

these states is occU ied. A function that gives the number of  available electron states
terval E and E +dE s designated by N(E)dE, where

per unit volume in an encrey inks
i i i he nu
~ N(E) is known as {he density of states function. It re resents

. nown as the G ——— ~ = -
per unit volume. To derive an expression for N(E), we consider 2 CU!
oA
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¢ in the material move back and for,
qrons ! in waveoscillations, The

2,10 when elect! .l)c ik :

Fig = - des¢ 1. of the material by

e paanbe  length

sl 2  poveme? g -dlo(l\c

T.x N \\‘l!t‘\‘h‘l\ ‘1 i AlC

e " { the sland

u;\\cl:n;..h\u . (2‘10)
Y

nteger
\\hutn,n.ml y-‘ l‘“‘rrcmd“s
The \\.\\clrn;:l|n.|n ) ’)

= h o
A=

dpsisthe crystal in «-direction.
where li18 pl.mk's constant an I 9,
Substituting m.(Z,ZO] inBq21 )
L oon,
h/pz
= Lps = Iz @an
The incremental momentum dp: required for unity increase in 7tz 18
Ldp, =h (2.22)

Similarly we can find the incremental momentam iny and z-dircction as

Ldp, =h (2.23)
and
Ldp; =h (2.24)
For a cube of side L we have
LPdp,dp,dp; = hd (2.25)

For a unit cube (L = 1), the volume dp; dp; dp; = K
i For cach allowed energy state, 1 has a unique set of integers 7, 7 and n. Thus
_the volume in momentum space for an energy statc is h =
For a £ i e —"‘\.
a momentum space in spherical coordinates shown in Fig.2.16, the volume

The number of en
crgy states combined in thi
this i —‘—;Erug
the factor 2 accounts for the electron spins tiRpelsenllo 2 M‘ -

Semiconductor Diodes
n | e L
Fhe number of energy states contained ; %5
ained in a unit volume is
N(B)E < TP
The kinetic e , h? 228
1'he Kinetic energy 5 of a particle with mass m* is
ass m” is related o p by the relation
P =2m'E
2pdp = 2m*dE
pdp = m*dE
" gl
pidp = (m*dE) (\/'ZHI.‘ lu')
= (2)1/2111':‘” VELE (227

Substituting these value in Bq.(2.20)
g BT (12 w82 STal L
N(EVE = 5 (z IV EAE)

An ale I
= m(mu')-'“\/mu; (228) |
1

Fermi Dirac Distribution Function

I'he probability that an clectronic state with energy [ 6 occupied by an electron is

given by the Fermi Dirac distribution function.

, |
JE) = 73w lf:,r»/’w'_& @20

k= Boltzmann's constant

Bp = Fermicnergy level

T = absolute temperature n’K
When E = Ly, the occupation of probability at an

Hence the Fermi level is the encrgy at which the pro

clectron is exactly 0.5. 1f f(E)is the probability that a particular &

then (1 = f(E)) is the probability thatit is vacant.

where

y temperature is J(E) = 0.0,
bability of occupation by an
fate is occupied |

' _‘—“——"‘"——’-‘7’”"“""‘."‘“‘"‘"“““‘“"“,
Tn this chapter we use two different notations for Boltzmann's
constant. When itis expressed in VoK weuse k and

when it is expressed in Joules/® K, we us¢ k.
bution function for different temperaty
AT =0 K the

|
i
]
o
.

. & 1
rmi distri res, Note i
( (F)isin |

Fig 2.17 shows the I'e
around the Fermi level Br.

that f(E) is symmetrical
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HE)
1=0°K

%

(E-EgleV

" 02 04 08 08 10 fE) (b)
(@)
ersus E — Er
Fig.2.17 The Formi distribution function JE)V
all states above Er 3¢ empty and all states below

rectangular form._ﬂis_igplics that

Ep are filled with electrons. . .
" For énc;g;es that are 3KT “bwﬂmﬁwﬁ sim

plfid as

(2.30)
(231

J(E) = EEAT for (E- Ep) > kT
J(E)=1-¢EENT for E-Ep < —3kT

/2.”ﬂ) Carrier concentration In intrinsic semiconductor

\_~"" Let dn be the number of clectrons available between energy intervals E and E + dE

(s
i
‘?l‘(,b

in the conduction band. If N(E) is the density of available states in the energy range
between E and E + dE and f(E) is the probability that an electron occupies a state
of energy E, then -

dn = N(E)f(E)E (232)

cumllz ﬁc 1: uthcb encrfgyl comesponding to the bottom of the conduction band, to cal-
¢ number of electrons in the conduction b
from E, 1o the top of the conduction band wnd B e el

Etop

n= N(E) E
i J(E)E (2.33)

el o

Semiconductor Diodes ~ 2.19

But in a typical semiconductor the width of the conduction band is several eV

whercas.mosl of the electrons are confined to the vicinity of E¢. Therefore the upper
limit of integration can be replaced by infinity

n= f N(E)f(E)dE (234)
Ec

We know that the density of states for particle of mass m with energy between E
and E + dE is

N(E)E = 1—2(2"1)3/25‘%3 (2.35)

Since we are interested in finding the number of electrons, the m in above equa-
tion can be replaced by m,

4
N(E)E = 75(2m)** EV*dE (236)
Electrons in the conduction band are not free. But the above equation can be used
to describe the density of state of clectrons in the periodic potential of the crystal
lattice if we replace m, by the effective mass meg.

Hence the density of electrons in the conduction band is

v
N(E)dE = h—a(zm,:)‘*ﬂE‘/’dE (237

Since the energy E is measured with reference to conduction band edge E¢

4m

N(E)E = 35

@m2)¥*(E - Eg)/*dE (2.38)

The probability that an clectronic state with energy state E is occupied by an
electron is given by Fermi Dirac function

1
1(B) = T E=EnpT

- (14 -

(2.39)

If Eg — Ep >> kT for all cnergies E in the conduction band the exponential
term is much greater than 1. Then

I(E) Y c-—(f‘}-—l’?p)/kT
= plEF=E)KT (2.40)

e s i

U
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4r 1/2 y
- o g EC) I} ~BINTE
——
b2 gt PEC
=50 -
E-Ec_3
Let ;T
M B s
= W KT
LT
when E=Ec
E=x r=x
Now ®©

—(Ec+2)/kT
= (2m-)3/2(l_cT)l/7eEF/kT f gt (Ect )/ kTdz
n=-—(2m,
h3

0
L
- 4_7;(2m;)3/2(ET)me(E"EC)/kT j ‘xlﬂe_:dm
k 0

- %(2"’2)3”6(E"'E°”"T(kT)’” Vi
: )

T 32
) (2”";;”) (Br-Ec) T

= NgelEr-Ec)iT

o 0.025 eV while

band

1 Semiconductor Diodes 2,21
D tadi

s
where  Ne =2 ( e —)

H?

N is called the effective density of states in the conduction band. [t represents

(241}

the number of states required to be placed at the energy F, which, after multipiying
with the probability of occupation of this level, gives the number of electrons in the
conduction band

n = NgelEr=Ec)/FT {242}
Nc = effective density of states in the conduction band

Let dp be the number of holes in the energy interval E and E + dE in the valence

dp = N(E)(1 - F(E))dE (243

where N(E) is the density of states in the energy interval E and E + dE and (1
f(E)) are the probability of existence of a hole

1= B =1 - — ey
=1-(1+ c“‘"“’jlf’/’”)—l
since E—-Ep>>kT
1 - f(E) = e!E-EFR)/KT (2.44)
Density of holes in the valence band is

N(E)E = ‘;l—’;(zm;,)WE‘/?dE (2.45)

Since hole energy is measured with reference to the valence band edge which is

at the top

4
N(E)dE = h—’;(zm;)3/2(Ev —E)Y2dE for Ey>E  (246)

To calculate the number of holes in the valence band the Eq.(2.46) has to be

integrated from —oo to the energy corresponding to the top of the valence band Ej-.

The number of holes in the valence band per unit volume is given by
Ey

p= ] R Qmi) 2By — E)V2elE-ER/T R @47)
- =00
4 s ' (B —E\"
= pempngrynet [ (BE) " e
-
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Let E_;i =1
K1
E_E_;
T kT
dE= —dzkT
¥ E=EB @ #=0
E=-x @ I= oS
[ o (EE-2)
o= Zmprinyac |- [ 22 iz
¥ = ﬁ ity \
x

x
4T [ ¥sy 12 (Ey-Ef)[eT 1/2 -z
:%{zm;‘;Z,ZU:T)Z;Zeu; F f: e *dz
7]

n
1 "y - T [] V3T
= Fl2m;‘}3“{lﬂ )3"2—2 ¢! Ev-ErtT
3

— \32
Y (27:":,}.7 AEy-Ep)iT
h? -

p= Nye!Ev-Ep)/iT

(2.48)
— \32
= 5 2zm; kT
where Ny =2 (T\) (2.49)
From Eq.2.41) and Eq.(2.49) we can find tha both N¢ and Ny depend on tem
perature. Since m? and ™}, are not the same, Ne and Ny for i
different.

a semiconductor are

_ 2.1} Fermi Level in an Intrinsic Semiconductoy

~Tn 2 pure semiconductor the number of holes
Thatisn=p=n,

Equa.ting Eq.(2.41) and Eq.(2.49) we get

Nee~(Ec—Ep)/xT _ N

i

ye-(Ef"E‘V)/kT
N, e~ (Er~Ev)jkT

and C‘zc‘[rm! are equal,

Q

N = e = Epip...

A:V e~ (Be-Ep)/er = € ik p )
& = elEc+Ev~2Ep) kT

Ny

Semiconductor Diodes 273
Taking logarithm on both sides
In (l\\r) - Ec+ Ev -2k,

Ny kT

Ec + Ey — 2Ep = kT In N—C

i ‘,’

2E[.‘ = E(; + Ev = kT\nNﬁc
Ny
Ep = \EC* Ev _ E\n‘\'_e
2 2 Ny
If we denote Fermi leve] of intrinsic semiconductor as E; then
Ec+E
Ei==Ctbv kT In Nc
2 2 Ny
If  Ne=nNy Ec+Er-2Ep =0
and 2Ep = Ec+ Ey
Ec+ E
Ep= % (2.50)
E ,
+ g=fth @s1)

The above equation tells us that the Fermi level lies in the center of the forbidden
energy band for an intrinsic semiconductor.

For an intrinsic semiconductor, since n; is equal to p; we can write
2
THpi = Ny

= NcNye~Ec-B/KT _ NN o=

i =/ NeNye Eo/%T (2.52)

Tuyd{ Band gap and intrinsic concentration of semiconductors at 300° K

\ Semiconductor \ Band gap \lmr'msic concentration \

Eg (eV) nyem™3
Germanium 0.66 2.3 x 101
Silicon 112 15 % 10‘2

Gallium Arsenide 142 | 1.8 x 10
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Semiconductor Dj
. 10des
that the Fermi level lies above the top of the valenct ok Pt 2
Eq.(2.56) shows

227

. In a p-type semiconductoy detrnd

- - o T, the Fermy g i

2.12.2 In n-type se ond room temperature of 300° f hc.(-rm'mc“‘l 15025 eV above the valence band a
For ni-type material | temperatures are (a) 400” K (y S
n=Np

) 500° K Posttion of Fermi level when the
e ® solution
, (Ep—-Ec)ik 3
n = Nce | From Eq.(2.56) we have
N = ‘\.Cr(i.‘r—f«'(*)‘r
iyp = .

N - kT

1 Er =By 4 krin Ny
Ne 5: Bi = Ev =0 - Na
v = 0.25
Taking logarithm on both sides o i I~ }\L
Np r— Ec i : N
IHE;. T kT | In :!\\5\ . QE - &h
Ne A kT B.62 » 10-5 300 =9.667
—kTln e Efr - Ec Fermi level at 400° K
3 fe (2.57) 1 E
Ep =Ec-kTln No " F1= By = 862 % 1075 x 400 x 0.007
i | =0.333¢V
: i level Er lies below the conduction band. ‘
Eq.(2.57) shows that the Fermi level Ey e vl 300
E E -~ ‘\
!1 Ep2 = Ey =862 x 107% » 500 x 9.667
= 0.416eV
{
i
| Solved Problem 2.2

In an n-type semiconductor the Fermi level is 0.25¢V below the conduction level at

| a room temperature 300° K. 1If the temperature is increased 10 400° K determine the
-------- | new position of Fermi level,
?ugm-«s)} B Solution
. From Eq.(2.57)
NE) e w Ep:Ec—kT\n‘:—,i
(a) {b) (c) (d) 1‘ AT = 300° K

Fig. 2.20 n-!ypewmoondudor(a)inerwbmddoqm(b)modowtyd
mM(c)meF«mbvddsﬂbUanncﬂon(d)Ebcuonmdhobmon-
trate

. ‘ - ppis N
EC_}'-,n:(),‘Z:J:k!”ln—‘%

Ne 02
kin JT\;; = 400

—
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A7 = 4007 K "’ij
£k (500) ( 100 /
0.3125¢}
soived Problem 2.3 o5 0.35¢V above the valance band.

ormi level li
mi level if the concentration 0

sar the
~miconductor (¢

jon of Fer

he new posit

ed by 3 r.z;:c:ofa)l.\mlb).l

&= 862 x 10757 = 300°K

| B Soition
\ o
We have S—
| \.4 - \-Ve—(sr-:,y)‘h
b Gwer Br-Ey =033
; -(2.33)
X 4\'_\:‘\"-.(&}211}‘5&1})

(1.3245 x 107%) Ny

Whea Ny =28, Er=En

2_\',‘ = A\".e—(En-E»-J/"s.szxxo—sxsoo
= ‘\"-5‘3&67(55‘1—5-{)

= 20132465 x 107%)Ny = Nye BEEn-Ev)
Taking logarithm on both sides

—12.341
0.332eV

t
e
i
L8
1]

Whea Ny = IN we zet

L3245 1078 Ny = Nye 6T Er-Ey)

Epm-Ey=032ey

f acceptor atoms is

g et

o

Semiconductor Diodes 229

z)z/Mass Action Law

Under thermal equilibrium. the product of number of holes and the number of elec-

1rons are constant and independent of the amount of donor and acceptor atoms. This

“relation is known as mass-action law and is given by

np = n? (2.58)

where n Free electron concentration (number of free electrons/m?)
p = Hole concentration
n; Intrinsic concentration
Doping of an intsinsic-semiconductor increases the conductivity. It produces a
conductor of n-type or p-type. In p-type, the holes are majority carriers and in n-type
the electrons are majority carriers. Since np == n? we can write

np = n? = Ncheﬂ%’;_Eﬁ (2.59)

= NcNye~ Eg/kT

n = NC vve-Eg/ZkT (260)

From Eq. (2.60) we can see that the intrinsic carrier concentration for a particu-

lar semiconductor is constant at a given temperature. The value of intrinsic carrier

concentration is a strong function of the band gap. B
-~

P ;
2/.14/ Charge Densities in n-type and p-type Semiconduc-
tors
In section (2.12) we studied that in a semiconductor the magnitude of positive charge
density must be equal to the magnitude of negative charge density. Since acceptor
atoms and electrons have negative charge, the magnitude of negative charge density
is N4y + n. Similarly the donor atoms and holes have positive charge. Hence the
magnitude of positive charge density is p + Np.
We have
Np+p=Nag+n (2.61}

For an n-type semiconductor, the concentration of acceptor atoms Ny = 0 and the
number of free electrons is much more than the number of holes (n >> p)-

Hence Np=n
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2.62)

(2.63)

For2 g% et
ey of 5 slpeomrs { . .
Pp =4
Form s A G
- & 265
Pz =85
po i
= - P;
. 2.67)
7T "‘-A

Fe dar Na. 7y 2d 7y 2T e concentration of acceplor impurities, holes and
SN4- 27 7
e ey R 20T semicondnctorn.

P s 3ot e we ke

mp=ni
B {252) we cirzim
+ or =Eaf
np=nf = NoNye E5/KT (2.68)

Then iy #moms 20 20ded, the product np is still given by Eq.(2.68), and the
;r:d_.u:, is wndependen: of the added impurities. For homogeneous non-degenerate
semiconducion, equaing the nezber of positive charges to the number of negative
cherpes Be Cam WrDe

Np+p=Ng+n
seatrality eoudition can be wrinies a5

acceptors are jonized, so the

n-pxNp- -‘“’A

(2.69)

Semiconductor Diodes  2.31
From Eq.(?..()s) and Eq.(2.69) we can write

(n+p)?=(n- p)? ~dnp= (Np - N4 +4n?

n+p= \/ (Np— Na)?+4n? 2.70)
From Eq.(2.69) and Eq.(2.70)
Np - Na+ \/ (Np — J\",q)'z + 411?
n= 2.711)
2
and

(Na - Np)+ /(Np — Na)2 + 471‘2
- 2
From above relation we can find if Ny = Np then n = p = n; and the semi-
conductor is intrinsic. For n-type semiconductors Np >> 'N4. Assuming that
Np - Na >> 2n; wegetn ~ Npandp = ,—':.:5 for p-type semiconductors

p (2.72)

Na >> Np. Assuming that Ny — Np >> 2n; ,p~ Nyandn = T';jj

As the temperature is increased, the intrinsic concentration n; increases and even-
tually a point is reached where it starts behaving like an intrinsic semiconductor. The
condition for intrinsic behavior of semiconductor is [Np — Na| = 5n;.

-«

\2 Fermi Level Calculation

For a semiconductor under neutrality condition

Np+p=Na+n

Weknow n= Nce‘(EC“EF)/kT
and  p= Nye (Er-BVI/KT (2.73)

-

~

2.16.1" Intrinsic semiconductor
Np=Na
Nce—(ECT'EF)/kT = Nve-(Er—Ev)/kT

» 2
N _ (& M2 _ (Bc+Ey-2maT
Ny m;l

Er = E; forintrinsic semiconduc!orl
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>+ Ev = 2, = 91" ('"L:)
Ect b — =37 \my

Ec+ Ev
E=—%
| 2
Fe-Ev= E,
Ec= Ey + Eg

Since
We have

/
.zfa.z Extrinsic semiconductor

npe semiconduc

138 §
Ec+Ev- 2E, = likrl" (m'

E? 3 —_—
Ei= Ev+ ‘2— - Zlen (m;.)

.
"lf>
h

_ 3T ('—"—)
4 "lh

Trig 2.74)

wor: Assuming p is negligible compared to 7, we can write .

Np
Np=N¢ ¢~(Ec-EF)/KT (2.75)
From Eq(2.73)
n; = Noe~(Ec—E/RT = Nye(E=Er)/KT (2.76)
Substituting Eq.(2.76) in Eq.(2.75)
Np = nielEcEN/KT o~(Ec~EF)/kT
= nyelEF-E)T
= Ep=E;+kTIn (ﬁq) (2.77)
n;
Similarly for p-type semiconductor
_p_ Ny
Efr=E;—kTh (n—,> (2.78)

Table 2.3 in page (2.35)

E’otz; For solving the below problems use the data given in ’

Solved Problem 2.4

A piece of silicon is doped with 1.2 x 10'%atoms fem3
these atoms are ionized at 300°K, determine the positio

of boron. Assuming that al}

n of the Fermi leve],

Semiconductor Diodes  2.33

@ Solution
since the dopant is boron, we obtain a p-type semiconductor.,
No. of acceptor atoms = No. of holes
= p=12x10"

i0

Forsilicon n; = 1.5 % 10

From Eq.(2.78) we have

Ep = E;—kTln (ﬁ)
T,

or E,—Er=kTIn 8
n;

. 1.2 x 10'¢
= (8. T —_—
(8.62 x 107°)(300) In 15 %150

=0.351eV
Er = E;-0351eV
Thus the Fermi level Er in the sample lies 0.351 eV below the centre of the band
8ap-

/m@ Problem 2.5
Find the resistivity of intrinsic germanium at 300°K. If a donor type impurity is

added to the extent of 1 atom per 107 Ge atoms, what is the resistivity?

B Solution f=_

o

Z oz nlpmern)
ttn = 3800cm?/V — sec i L

pp = 1800cm?/V — sec S
n; = 2.5 % 1013
Conducﬁvity o =ni(in + 1p)q
= 2.5 x 10'3(3800 + 1800)1.6 x 107"
=0.0224(Q — em)™?
1
Resistivity p= == 44.643Q —cm
For each 107 atoms of Ge one impurity atom is added.
From the table.2.3 we find the number atoms = 4.4 X 10%
4.4 x 102 5 |
The number of donor atoms  Np = T R 4.4 x 10%atoms/cm
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)15

1013)2
2 n,2 (2.5% =
L P

10
=Np= 4.4 %
" —1.42 % 101

P=5 T No
Since p<<n
o = NGfin
_ 44 %107 x 16X 107" x 3800

_26752(2 - em)”!

p= 1= 037380 - cm

e

> /’ /fs-“:'::: :orzzf:x; 2r intrinsic silicon at 300°K’. Ilj an acceptor impurity is added
{0 the extent of 1 atom per 10°Si atoms, find conductivity.
B Solution
From Table.2.3

fin = 1300cm?/V — sec

tip = 500em?/V — sec

ni = 1.5 x 10"

Conductivity = & = ni(ita + fip)q
= 1.5 x 101°(1300 + 500) x 1.6 x 10™°
=4.32x 10752 — em)!

" I 1 acceptor atom is added for every 10° Si atoms

27
Ny= 5.0x 10 =5 x 108em?

_10°
p=Ng=5x10%m’
n? _n?  (15x101)2

n:—i=—_—.= 6

p Ny 5x 1013 45x10
Since n<<p
0 = PaHp

=5x10" x 1.6 x 10710 x 500 = 4 x 1073(Q — cm) ™1
Solved Problem 2.7

What is the condition for minimum conductivi

: . ty when a semiconductor s |
doped with p-type impurity? Find the value of uctor is lightly

minimum conductivity,

Semiconductor Diodes  2.35

| Solution

The conductivity of the semiconductor is given by

0 =gy + pgp,
we have np = n[l

From n=—%

2 2
_ [ Ty HnTl]
= —+P'7#>=fl(——~+ )
( P i p Pk

The conduction for minimum conduction can be obtained by differentiating o with
respect to p and equating it to zero.

i
do (pnn? )
—= +up) =0
dp T
_ pnnf
p2
2
2,
p #ﬂl‘p
Fin
p=niy[—
Vo

The minimum conductivity is

2
HnTly [tn
in = —— Ny —
Omin q n,\/z 1 bBp

= ¢ (ni/finftp + niv/Ankp) = 2qniy/Fnblp

2.17 Properties of Germanium and Silicon

In the table 2.3 at the properties of germanium an silicon is given.
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Toble 2.3 Properties of germa 5 | S
! 5€ - |

Propety =~ |
Atomic number :

where B = magnetic field intensi,
q = carrier of change !
U = drift velocity of |

The force due to clectric field

harge in the direction of current

"
3
4

102 " 22
i Atoms/cim’® | 44 x 10 5.0 im ’ fe=qE )
{ Eg. eV a0’k 0785 | 1.21 | 9E = Bqy (2.80)
Eg. eV at300°K E=p
. al 300°K. em S 25 x 10° | 1.5 x 101 | v @81)
[ jtn, em®/V — sat 300°K 3800 | 1300 | The electric field intensity due to Hall effect js
[ gt cm®/V = s at 300°K 1.800 500 v,
Density of state at conduation i . E= T‘ (2.82)
band edge Ne(m™) 1.0 x 10% | 2.8 x 107 .
Density of state xc\> valance The Hall voltags is given by
b d edge Ny (m=3 6.0 x 10 | 1.0 x 10%
and edge Ny ( ’) Vi = Ed (2.83)
D,,em?/s = u,Vr 99 34
Dy .om?/s = i,V 47 13 The current density is given by
218 Hall Effect i 2.84)
When a semiconduc- It can alsobe equalto J = TR . (2.85)
tor slab carrying a % r ] 2 ] volume WA
- i e . J—'
current I is placed in | If can also be equal to
a transverse magnetic
= d
field B, an electric pV = A (2.86)
field E is induced in X3 WA
. i 5
the direction perpen- 1—s | Q where W is width of the specimen.
dicular to both I and z I < % The Hall voltage
B. This phenomenon  , 2
is known s Hall ef- Vy = Bd = BVd = Bd (l) @87
fect. Fig. 221 Hall effect in @ semiconductor siab g
Consider a semi- _ BdI - E.I. 288
N ab carryi ) . T Wdp W
cond-.;c;tor slab carrying a current I in a magnetic field B as shown in Fig.2.21. Then 4 P
according to Hall effec: ic field is i : = o E e .
!hc[om:d : € e.x'an €IE:C.UL field is induced. Under the equilibrium condition, The Hall coefficient is defined as
ue 1o magnetic field is equal 10 the force due 1o electric field intensity E. i i
The force due 10 magnetic field Ry = p
Ry 290
= =—BI
fou = Byy (2.79) then Vi = 7
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Foran Hype semiconductor the conductivity

o = Ny, (¥} 91)
where gi,, is the mobility of electron
fy = R— (2,92)
nqg
For a ptype semiconductor the conductivity
a = pgpy (2.93)
where ju, is the mobility of hole
a 2
flp =~ = ‘7HII ( ')4)
/ "

Applicaiion of Hall effect
\/‘l/. The Hall voltage V); can be positive or negative at terminal 2 depending on
the type of semiconductor, ‘Therefore Hall effect can be used o determine,
whether the semiconductor is p-type or ni-type. If the terminal 2 in Fig.2.21 is
positive with respect to terminal 1, then the semiconductor must be n type. On

the other hand if the terminal 1 is positive with respect to terminal 2, then the
semiconductor must be p-type.

2. Hall effect can be used in@g—ggglg_cj_meqwinleﬁg[ _high currents.

> y .
3. Itis also used in measurement of velocity.

Solved Problem 2.8

7

/

hat is the magniwude of Hall voltage in an n-type germanium bar having majority-
carrier concentration N = 10"em®, Assume B = 0.2Wb/m?; d = 2mm and E
= 10v / cm. What is the value of V,

h 1 if an identical p-type germanium bar having
Ny = 10" fem? is used 7
B Solution

Given  Np= 107 /em?
B= 0.2Wb/m?
d =2mm

E=10V/m

i
|
i
}
E
|
{
!
1
|
|
{
|

Bemicondueto Diodey

249
We have
Jid
V= 13
g
I~y
Sale
ST Bald
v
o=
7 Vi Bukd

Jufor genmanium = 3 500

Vir = (0.2)(3500) » 1979, 00) 2 19%(2 2 397
152ty
“Solved Problem 2.9

Find the mobility of holes in p-type silicon bur if the bar sesivtivity ie 100,000 ¢
magnetic ficld intensity J3 - UIWb/m? | and 4 -

current and Hall voltage are 514 and 100

an,
=W = 2 mm The maguitude of
V respectively,

N Solution
Given = 100,0000 — em
B = 0.1Wb/m?
W =d=2mm
Vi = 100mV
I =35uA
The mobility
R
pp=0Ry= A
VW
R =31

100 7 1072 2 % 107
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Do Jces &t { o es 2.4l
1, .ﬂ\\"" 4 . .
v B ‘ g 2,20 Diffusion Current
1 /mand its electron mobjl. | o
problem : risd siemens /S 1 heion te s
S Wi \umcm\dudl i LOnunlmllol\ Diffusion is a process of move.
, n- elec .
4 goctiviy ofan’ e, Whatiis the ele ment of carriers from g region p(x)
e 107m { of high concentration to a region :
RN 36 . .
: ‘ | of low concentration. In addi- .
5 sotution : : ; i .
gs/m tion to drift current, there exists a :
g = . :
Given " 10,4”]2 /V — sec current component in a semicon- PO |3
Jin =1 ductor due to concentration gra- :
We have o =g dient (non-uniform concentration)
= 0 of holes or electrons. Since there i
find exists a concentration gradient, the v Tp"
=X 10 X 16x107Y charge carriers have the tendency
sy 102 Jmd to move from the region of higher ~ Fig. 222  Concentration gradient in a
’// : concentration to a region of lower ~ semiconductor
- | ’ , concentration. Thus a movement
2.19 Drift Curren ‘ be holes movel of charge carriers takes place resulting in a current known as diffusion current.
Y c1d is applied across a semiconductor bar, the e !
When a small electnc field is app!

the dir ot g ]c(l hdd where tion OPPOSI e to
pp \ as ulc C]CC[I()]IS move 1n a (ll]e(:
ection f t

Consider a bar of p-type semiconductor having a non-uniform concentration of
mbined effect of the movement of holes and electrons

holes throughout the material as shown in Fig.2.22. Let the concentration is very large
that of the applied field. This co e drift current. towards one end of the bar and the concentration decreases as one moves towards the
constitute an electric current, which is known a5 < orven b 1 opposite end as shown in Fig.2.22. If we draw a vertical line y — ' on figure. the
: The drift current density Jn, due 10 free electrons IS gIYen BY density of holes on left side of vertical line is larger than that of the right side. That
WL 295 - is as x increases the concentration of the impurities in the semiconductor decreases.
The concentration of holes at z = 0 is p(0) and is maximum. At any point in the bar
2 there is a concentration gradient % and holes move in positive  direction. This leads
Jp=qpE Afem 296) to a current flow in positive z-direction. This current known as diffusion current is

and the drift current density Jp due to the holes is given by

where n = numberof free electronsicm® proportional to the concentration gradient.
p = numberof free holesfom’
pn = mobility of electrons in cm?/V-s -: J a dp (2.99)
#p = mobility of holes in cm/V-s s P da
E = Applied electric field intensity V/em .
g = chargeofelectron =1.6 X 10~ coulomb where J,, = diffusion current density due to holes.

As the semiconductor contains both type of carriers, the total drift current e The expression for Jp can be written as

i = B + gppu, E 5 297
=gF

9= + o,

(2.100)
where

(2.98)

P senatme oy i

where D = diffusion constant for holes (m?/sec).
—_——— ————
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N semicondugy
N an e o,
~g PN IR vt hat K

B

.10y

15 i M/

yo foy ety

sk
0%
where D T ST

anduci » . Wy o 1
bw&,m’gncwmk\ Joctot s SUM of drift current density and g
Amcondicic
o zpsily 10 3 KW RO

urent density due 0 conduction apg
q )

-
The toid <g

There o R hnl.

dp
= gt rp} + ( d”l‘ ;) (2.102)

(ip
= quppE - ‘I”r

Similarly B tots! current density for an n-type semiconductor

dn
= g - D (2.103)

2.21 Einstein's Relation

We bnow that drifs current density is proportional to the mobility (y1) while diffusion
current deasity s proportional to the diffusion constant (D). There exists a fixed
relation between mobility wnd diffusion constant known as Finstein's relation.

I states that, st a fined temperature, the ratio of diffusion constant to the mobility
is constant. Mathematically i iserpressed as

\ .I.JK D" = K

By iy

(2.104)
where T is the Letnpetature iy

"K and k § 1mann’
g el ¥ the Boltzmann's constany iy eV [’k given
The bnportance of Fig

if the mobibisy of fujes (N el
o)
e 1) i {1 g

Jeesusd 1y, | 1
Mon? foer gy by« w,m,/.:[ Mo [hee, |

Heln felation js that it can

be used 1o determine Dy (or Dy,),
”Pﬂmwm.ﬂly For an intrinsic

<For an inginsic Eermanium 1), =

}
v Semiconductor Diodes 243
{
%} 2 22 Voltage Equivalent Temperature
( ln Fq (2100 the product ot K7 is called voltage equivalent of temperature denoted
; by V'
{
'i Voltage equivalent lemperature Vp = &7 (2.105)
-5 Atoom temperature [ = 274 4 27 = 300" K
i
!
\ Vi = kT = 862 % 107% 5 300 = 26mV
{ , D, D,
i Vi=—=-L=002
i Ha iy
i oy = 30Dy and g, = 39D, atroom temperature
In general we can express = 390 at room temperature
Note:  In some text books the voll-.q,c equivalent temperature is given by
Ve piney = Eylmaot gy j0-Sey ok
where k = 1,38 x 10~ J/ K
If we take kineV/ K then
Vp = kT
Note that throughout this text we take the value of k in eVIPK
—
2,23 Diffusion length
Let us consider an n-type semi- 1
g Y ) | N-type
conductor bar uniformly doped with =23 R ETEIY s tETPTRITTS
. . . ,—'-.-* ,' 'J
donor atoms.  When radiation falls s o
; s
on one side of the bar, some of the ?9(1)
photons break the covalent bonds and
generate new electron hole pairs near
the surface 2 = 0. Since electrons »'0)
and holes are generated in pairs, equal
number of holes and electrons are in-
jected at = 0, When the excess
minority carriers (holes) generated s
very small compared to the electron (b)
concentrations then the: condition is
known us low level injection. Under  Fig. 223 (o) Ught foll °"°“”"“m
this condition the drift current due to  ductor bor (b) The hole concentro
plx)
% .L._,,
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tocted and the
OF NI ana

ge distance travelle
o i iven by
w denoted by L Tt is gaven by

- )

S

) 224 Carrier Lifetime

v We know that in an intrinsic semiconductor, the number of holes equals the numbey
of clectrons. The free electrons and holes are not stationary but wander throughoyy
the material due 1o thermal energy. In this process the clectrons and holes “:Cf)mbine

g and at the same time & new electron hole pair may be gcncm(cdﬂmm

‘ recombination takes place continuously. On an average, a holé exists for T, seconds

and an clectron exists for 7, seconds before recombination. The time period T, (7,

s calied the mean 1fetime of the hole (electron), The tifctime of holes and electrons

vary from nanosecond (10~ %see) 1o microseconds.

P~ po*p(0)

{ l Po
A ppmbme e .
‘l’y S
l: To t
o 1=t Radiation Radiation
on off
Fig. 224 he holg conc

entration In a semiconductor gs afunction of fime,

due fo generation and recombination

i Now consider g bar of Ti-type silicon, Let the therma] equilibrium concentration
of holes ang electrons are

Po and 1y respectively. Let at time ¢ = t’ the specimen

1o current is due to diffusion alone. Asthe h”lcﬁdar,

the hole cumrent 15 i e
with electrons resulling in a decrease jp, Con.
4 by a hole before recombination is knnwn

(2.10(,)

S:n:icar.-ducrfx Diodes 5 45
is illuminated by light. ‘
generated uniform)

electrons 1o inc

Due 15

9 VS Bipht cnnron i
o ght casryy Wditioeg) o
y g the by This Causes ¢
therma) SGuihidriam a1,

hou
TEa5e from theiy
values of hales ang electrans gre nd 7 .
concentration of hojes 4ng (Flw g roSPECTvely. T

. T} 15 the iney
Since the number of holes ang electrons 4
= P te

ke-tlectrog Pairs am
B Concentray.

VSRR of -‘mk& and
Poand ry, e ihe pew

V=P is the InCTeases in
Case in the COnCentrur,

S8 of elece,
© equal. We hyye e

Par

Vl" 4
P Fo=Ti-n,

2107y
But for an n - type semiconductor, the electron concentrrig
concentration. Hence the radizg -

con . 00 affects the minori

Jonty carriers. Heace we study only min
Let after the steady state

shown in Fig.2.24.

15 more thay

Uy cariers oAty than s, m-

o bebavice

€xCitation ig Wwmed off 3¢ 5 tme t =

the bol

OTitY camier Concentrar
IS reached. the

>3

Oas
From the definition of mean life we get decrease i hol -
c g = 4 B0 Concentras | e
duc to recombination o et secong
P
= - > ~
= 2.108)
I.f increase xrf hole concentration per md due 10 thermal UAM0Di5 °5", then the
time rate of increase of hole concentration per second, i.e., 2 mug o every tnstant
of time equal the algebraic sum of rates,
dp P
a9 :; (2.109)
When there is no radiation, the generation rate would be &
14
> D R _p_p-p (2.110)
i 1, T T
Lt p=p-p,=pt) @un
On differentiation
4 _dp @i
dt ~ dt )
. \\
Substituting Eq.(2.112) and Eq.(2.111) in Eq.(2.109) AN
' -y (2.113)
dt tp

ion indi 4 i in the hole
The minus sign in the above equation indicates that there is a decrease
concentration,
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Solving Fag(2.113) we get

I"[,) - II’“UI“ -.l/lr

. £/ 1y
= (Ji = pa)e t fie
Thus the excess concentration decrenses exponentially to zero With time Comggg,, -.“
s showh in Pig 2,24, .
\225  Continulty Equation
The continuity cquation is based on
the fact that charge can neither be cree ,'n: . U ST hotaggyd
< ated nor destroyed, In wiiting con- ';' '_ . s
l tinuity cquation, we consider overll .-..“:.. . ..‘ = BantY
J n'llcc:t when drift, rhlll‘nmln. generi- I_-“;_.-:.- . .': ..:_." e
ton as well ay recombination oceurs it L R
ina semiconductor, Let us consider g e ,,_'-'.-:-.-'-_ -4:.-:-
bar of semiconductor with crous sec- PESIEON
B tional arca A an length dx with an x ey
S average hole concentration of p/m?,
{ | Letus assume that the current is flow. Fig. 225 A semiconductor by,

ing in z - direction, If I is the current

entering the element at 7 and I'+ Al is the current 2
ol 15 the decrease in number of coulombs
magnitude of charge js ¢, % is the decreas
the element. If the
can be written ag

Lx + dr af the same Ume, then
per second within the volyme Since the
¢ in the number of hole
volume is Adzx, then the decrease in hole conce

<__

S Per second withig
TIAlon per second

=

dl dJ
—2_ 2P (2.115)
. qAdz  qdr
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