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2.1 CLASSIFI
CATION OF SOLIDS = [ 348 > LMJ )

- The solid materials are classified into three groups from the consideration of their current carrymg

 capabilities: conductors, insulators and semiconductors. Conductors have an abundance of free

electrons that act as charge carriers, which means that they have high conductivity. An insulator
on the other hand, has hardly any free electrons and offers very low level of conductivity. A~
semiconductor is a material that has a conductivity level somewhere between the extremes of an
insulator and a conductor. The term resistivity (inverse of conductmty) is often used when
comparing the resistance levels of materials. Typrcal resrstlvrty ‘values for three broad catcgones
of matenals are shown in Table 2.1. (2o = — D s ol
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Table 2.1 Typical Electrical Resistivity Values of Different Materials (at 20°C in Q cm)

Conductor ~ Semiconductor In_sulatér' :
Copper (Cu) ~ 1.7 x 107 Silicon (Si)~ 50 x 10 Mica ~ 7 x 10'?
Silver (Ag) ~ 1.6 x 107 Germanium (Ge) ~ 50 | Glass <"10¥£40%
Aluminium (Al) ~ 2.8 x 10°  Indium-Antimonide(InSb) ~ 200 Diamond ~ 102
Iron (Fe) ~ 10 x 107 ‘ g\o): ] e 2Rl Eﬁ : :
Nichrome(NiCr) ~ 100 x 107 N C 4 ~,
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It is observed that at 20°C, scmlconductors havc resrstlvrty lymg bet&
insulators. But, at a very low temperature (nearly absolute:zero), a- SEemico
insulator. It is noted that semiconductors in very pure form have: ‘negati
of resistance, 1.e. their resistivity decreases (or conductrvrty mcreases)-f
Lot temperature In oth -words, the number of charge carrrers :
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Semacmdﬁttﬁave the special feature of hawngi-tw t
holes. ‘Hoics’ are ,absence of ‘electrons’ in covale




\ )\ \ﬂr?’f
- (—\ o A “\. Semiconductors, Materials and Junction Diodes 15

D, A\ o
Mly. altered through the application of heat or light. It has opened
2 TR ;Of:thése_' materials as\heat and light sensitive devices. /3);*‘\ W e
S may be classnfled-:by-st’@cmm]; rganization into crystalline; polycry;{q{ljne, and éL

¢

semiconductors can be
. an-area of application
733«;"{3‘—'&2& t'ypes..An am_orphoﬂs solid does not have a well-defined _s_qu.cvt"t’_lfg; in fact, it is
&“/XVF.S Inguished by its formlessness as shown in Fig. 2.1(a). In a polycrystalline solid, as in
» iilsg" 2 L(b), th.ere are many small regions, each having a well-organized structure but differing from L)
P/ ‘neighbouring regions. Such a material can be produced inexpensively and is used extensively ¢
o microelectronics. In crystalline solid, atoms are arranged in an orderly array, Fig.J2.1(c),
that defines a periodic structure (i.e. continually repeats itself) called the lattice. It ig"possible to
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(a) Amorphous - - (b) Polycrystalline (c) Crystalline

Fig. 2.1 Classification of solids based on structural organization.

specify a unit cell which, when repeating itself, produces the crystalline solid. For Ge and Si, the
crystal has the three-dimensional diamond structure as shown in Fig. 2.2. Any material solely
composed by repeating crystal structures of the same kind is called a single-crystal structure. For
semiconductor materials of practical application in the electronics field, this single-crystal featu
éxists,.and in addition, the periodicity: of:the structure does not cha_ngg significantly with th
addition of controlled amount of impurities: in the doping process. - =3 ;

Fig. 2.2 Crystal structure (diamona)
e Fi. o -.
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protons and neutrons they contain. In the atomic lattice, neutron and proton aredtl::el:le:c\;;?;

particles, which make the core of the atom, called nucleus. Electrons revolve aroun

in fixed orbits. The orbits are denoted by principal quantum numbers or K, L, M, N shells. Each
. orbit represents an energy level. Electrons arc arranged in order of 2n?, where n is the orbit number.

~ For example, first shell can accommodate 2 electrons, second can 8, third can 18, and 'sq on. The

Bohr models of the two common semiconductors, germanium and silicon, are shown m,Flg.‘2'.3,,

The figure indicates that germanium atom has 32 orbiting electrons, while silicon has 14 orbiting

Valence etectrons
(4 for each)

Nucleus
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electrons >
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Fig. 2.3 Atomic structure of silicon and germamum (Bohr*model)

electrons. In each case, there are 4 electrons in the outermost (valence) shcll Valen
are the electrons in the outermost shell. These electrons are involved in chemical bondir
to chemical reactions. The: potential (ionization potential) required to remove,,_ :
electrons is lower than that requited for any other electron in the- structure.
crystal, these 4 valence electrons are bonded to 4 adjoining atoms, as shown i 1
and Ge are tetravalent atoms (valence 4) hke -carbon. thcon~ is lighter tha
4 electrons in 3s, 3p states, while germamum ffas 4 valence electrons in .
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Bkt takcsh\nlgd ttogethef. ‘to~ form mf)lecules of matter. This l_i'pwlicg_gg_or intercqnnection, called
; 8, . pla\cethrough the interaction of valence electrons. The force that binds these atoms
1\ lselectrostatac in nature. A bonding of atom, strengthened by the sharing of electrons, is called
e CQK_Qll,’emzl?Oﬂdi'n'g; ‘The concept of sharing is different from the ionic bonding due to gaining or
los“'_lg‘vaalcnce -electron -in adjacent atoms. Moreover, there is no ion formation. Although the
f:o;v—alentwbond will result in stronger bond between the valence electrons and their parent atom,
1t 1s still- possible for the valence electrons to absorb sufficient kinetic energy from natural causes
! to break the covalent bond and assume the ‘free’ state. The term ‘free’ means that their motion
%2 1S quite sensitive to applied electric fields established by voltage sources or any difference in
_ potential. These natural causes include effects such as light energy in the form of photons and
- thermal energy from the surrounding medium. The free electrons in the material due to natural
causes are referred to as intrinsic carriers. At room temperature there are approximately 1.5 x 1055
free carriers in a cubic centimetre of intrinsic silicon material while intrinsic germanium material
will have approximately 2.5 x 10" free carriers per cc. The ratio of the number Qf free carriers
in germanium to that of silicon is greater than 10° and thus Ge is a better conductor than Si at
room temperature. An increase in_temperature of a semiconductor can result in a substantial
increase in the number of free electrons in the material. The increased number of free carriers will
increase the conductivity and result in a:lower resistance level. Thus Ge and Si show a reduction
in resistance with increase in temperature and are said to have negative temperature coefficient
of resistivity. In contrast, the number of carriers in a metal will not increase significantly with 5
temperature, but the vibration pattern of the atoms about rclati:vely fixed locations will mgke it
increasingly difficult for electrons to pass through. An increase in temperature results in an
increased resistance level and therefore metals will have positive temperature coefficient.

” B3P
o Atoms-are

dJ

2.2:4 - Energwleyels. £

As shown in Fig. 2.5, there are discrete energy levels associated with each_-oijb_j,'
an isolated atomic structure. Each material will, in fact, have its owngset ofspern
levels for the:-electrons in its atomic structure. Ihere are. ggps@l?ebwee he
in which no-electrons in the -i'sola_tgd‘; atomic structure can appear. Atom
in 1sodatgen.but are seen inil?air«geégﬁm;gs—»cmydedxmget-hep;tojf;
in a-regular three-dimensional array, a solid crystal is formed. T
mgms&wwilﬁ%Mﬁndhvd&&om in a-particular orbit of A:

energy levels from electrons in the same orbit of an adjoinin,
Lol Andt o i ey ARSTEITE O : : / v
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the same quantum number and, therefore, the
shell is therefore divided into subshells, eac

to isolated atoms.

Energy of states —*

Fig. 2.6 Energy band of diamond lattice as a function of atomic spacing. .

It may be noted that the energy associated. with each electron is measu
(eV). It is defined as the amount of energy gained or lost when. anelcctmn..f
against a potential difference of one volt. In term of joules (W= V),

In a solid crystal, the energy band,.called valence band, originated. f g
by valence electrons in a single atom (3s; 3p-for-Si. and 4s, Ap;ﬁamﬁ
higher energy band, called conduction band in.the. case of-
these two bands is called forbidden energy gap (Eg),, Thus"
be imparted to the electron in the valence band to jump. t
ons of semlconductor"matenal :
band which is completely filled up w:th elect
-~ —If the temperature is raised, the dveragc h

¥ some of valence cjcctm sufﬁc

zero, all the valence el

2 result is the formation of energy bands.
chare very I d. These

discrete energy levels, whichare very closely space

These energy bands (called allowed:bands) are separat

electron can have any energy value within forbidden bands.

curve of the energy band of diamond lattice (S1,

spacing is-sufficiently wide, interaction between atoms is negligible an

, band

gap
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energy o
h subshell having a-differ

Each ‘band’ really consists O

f any two electrons cannot be the same. Each
ent energy level. The-net

f a very large number-of
bands may be thought of as continuous.
ed by forbidden energy gaps.: 1.6.:no
Figure 2.6 shows the theoretical

Ge) as a function of atomic spacing. When atomic
d energy levels are similar
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Th
ba:;e(::ger:::sr%)i izr;:’;ztgleztrons in C.B. and holes in V.B.) carry electrical current. The energy
(EtatS)® the-GrBrand-VoBoox: crlmconductor and insulator are shown in Fig. 2.7. For conductors
/ valence electrons (~10% °f3ap each other. Refer to Fig. 2.7(a), E,= 0¢ So, a large number of
heavy b Wiof chatpe. per cm”) are available for conduction at room temperature to sustain a
\y Obstacle i3 thelr rﬁov:r current at room temperature. Increasing temperature, electrons face more
% (E 4—-8 eV) Gy m;:nt because of increased atomic vibrations. For insulators, E, >> kT
k Thus msul oS y dew = CCtrO“ hOIC pairs may be created by thermal process. Refer-to Flg % 7(e)
\% rs or lelectrlcs are extremely poor conductors of electricity. For semiconductors in_, |
7 e Crystallme form, E lies in the range 0.1-3 eV Refer to Fig. 2.7(b). Thus. dpprecmble number
o electrom hole pairs is Crealed by thermal process. Increasing temperature causes creation n of more

l
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Ej Eo 'Fig. 2.7 Energy band diagrams. LS =77 ks
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electron-hole. pairs, hence- remstnvuy falls. Thé number of electrons in C.B. or holes in V.B. per

unit volume in an ideally pure and perfect semiconductor crystal is called mtnn‘,gag‘mw A
concermatwu Table 2.2 indicates E; values and intrinsic carrier concentration of some important
semiconductor materials, at room temperature

Table 2.2 -Properties. of Some-Useful Semiconductors:

Materials Band gap (Ep) Intrinsic conee_htrati )

— L plteiet

wﬁsiwt : - : 5-"""'1"1‘2’
Y 142




