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51.1. The Atom

According to the model of atom proposed by Bohr in 1913, an atom is composed of a number of
electrons moving in circular or elliptical orbits around a
relatively heavy nucleus of protonsand neutronsas shownin
Fig. 51.1. Although, this simple model of an atom has been
replaced by later models, yet it affords a convenient method
of understanding the working of semi-conductor devices.
Electron has amass of nearly 9.1 x 10~ kg and a charge of
1.6 x 10™° C. The diameter of an atom is approximately
107 m and that of the nucleus about 10~*> m. The number
of protonsin the atom of an element givesits atomic number
while the atomic mass number is determined by the number
of protons and neutrons present in the nucleus.

51.2. Bohr’s Atomic Model Fig. 51.1

The nuclear atomic model proposed by Rutherford
in 1911 wasfound to suffer from two serious drawbacks
concerning distribution of extra-nuclear electrons and
stability of the atom as a whole. It was later on super-
seded by atomic model proposed by Bohr in 1913.
Using Planck’s Quantum Theory, Bohr madethefollow-
ing postulates:

1. The atom has a massive positively-charged

nucleus,

2. The electrons revolve round their nucleus in
circular orbits, the centrifugal force being
balanced by the electrostatic pull between the nucleus and electrons;

3. Anélectron cannot revolve round the nucleusin any arbitrary orbit but in just certain definite
discrete orbits. Onlythose orbitsare possible (or permitted) for which the orbital angular
momentum (i.e. moment of momentum) of the electron isegual to an integral multiple of
h/2rmri.e. orbital angular momentum = nh/2rt where n is an integer and h is Planck’s
constant. Such orbits are aso known as stationary orbits;

4.  Whilerevolving in these permitted stationary (or stable) orbits, the electron does not radiate
out any electromagnetic energy. In other words, the permissible orbits are non-radiating
paths of the electron;

5. The atom radiates out energy only when an electron jumps
from one orbit to another. If E, and E, arethe energies corre-
sponding to two orbitsbefore and after thejump, the frequency
of the emitted photon is given by therelation

E,-E, =hf or A E=hf

where f isthe frequency of the emitted radiations.

Explanation. If | isthe moment of inertiaof an electron and wits
angular velocity, then as per assumption (3) given above

wl = nh/21t or (mr2) w = nh/21t or (mr2)v/r = nh/2mt
or mvr =n.h/21T

Alternatively, sincethe momentum of therevolving electronismv,
its moment about the nucleusis mvr (Fig. 51.2).
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Hence, mvr = nh/2mt

when n =1, 2, 3 etc. for the first, second and third orbits respectively. It is called the principal
guantum number and because it can take whole number values only, it fixes the size of the allowed
orbits (also called Bohr’s circular orhits).

Let the different permitted orbits have energies of E;, E,, E; etc. asshownin Fig. 51.3 (a). The
electron can beraised from n = 1 orbit to any other higher orbit if it isgiven proper amount of energy.

Electron Emitted
Jump Radiation

(@ (b)
Fig. 51.2 Fig. 51.3
When it drops back to n = 1 orbit after ashort interval of time, it gives out the energy difference AE
in the form of aradiation as shown in Fig. 51.3 (b). The relation between the energy released and

frequency of the emitted radiation is
E,-E,=hf or AE=Hhf

51.3. Calculations Concerning Bohr's Atomic Model

The above postulates concerning Bohr’s atomic model can be utilized to calculate not only the
radii of different electron orbits but also the velocity and orbital frequency possessed by different
electrons.

Now, the stability of the atom requires that the centrifugal force acting on the revolving electron
be balanced by the electrostatic pull exerted by the positively charged nucleus on the electron.

2 Ze.e 2

mv > or mvr = Ze

ro 4mipr arly
Also, according to Bohr’s postulates, mvr = nh/2tt
The above two equations may be used to find the radii of different Bohr’s circular orbits.
(a) Radii of Orbits. Eliminating v from the above two equations, we get

2
_Oyn h? Oy n’h?
3 or r,=

nmZze

- " mmze?

Itisseen that theradii of the permitted orbitsvary asthe square of the principal quantum number
n. Also, r, = n2r1.

For hydrogen atom, r, =0.53x 10°m, r,=2° r;=2.12 x 10 *m. All valuesbetweenr, and
r, are forbidden.

(b) Velocity of Revolving Electrons. The velocity of arevolving electron as found from the
above equationsis

v = Ze%20,nh = 9 x 10°. 2rze’/nh.
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It shows that velocity is inversely proportiona to ni.e. v 0 1/n. Hence, the electron in the
innermost orbit has the highest velocity (nearly 1/37 of the velocity of light).
(c) Orbital Frequency. The orbital rotational frequency* of an electron is
\ mz %’ . 3
E:m. Itisseenthat f O 1/n

Electrical Technology

(d) Electron Energy. The orbital energy of arevolving electron is of two types :
(i) Kinetic energy due to the motion of the electron. Itsvalueis=(1/2) mv2.

As seen from above, mv’* = Ze’/4TtCl.

Hence, K.E. = (1/2) mv?=Ze’/8 Tt Lhr. —asrepresented by curve 2 in Fig. 51.4.

Eliminating r from above,
K.E.=mZ%"80, n’h’.

(i) Potential energy—becausethe electron 0 %‘3
liesin the electric field of the positive nucleus. *t5
Now, the potential at a point distant r from
thenucleusis Zero Level
of Energy
V = QAnyr = Ze/dnt [y
The pqtential energy of an electron (of _o —: o
charge—e) is
— — Zez Totol
PE.= V X( e)_ 47'[@" oa Energy
_ mz %’ - T8
or = - m —curvelinFig.51.4 5 l Potential
o N Energy
O Orbital energy = K.E. + PE. O
_ ze _ 7e
8,-[% r 4TDO r Nucleus
ze .
= _STI—Q)r —curve3inFig.51.4 Fig.51.4

Variations of potential energy and total energy are shownin Fig. 51.4.

If riseliminated from the above equation, the orbital energy** is

E, = -mZz’e"80, n’h’
wheren=1, 2, 3....... etc. for the energy statesthat it is possible for the electron to have. 1t will be
seen that E,, = E,/n’.

51.4. Normal, Excited and lonized Atom

Consider the case of the simplest atom i.e. hydrogen atom. When its only electron isin its
innermost orbit (n = 1), then the atomis said to bein its normal (or unexcited) state. Generaly, itis
this condition in which most of the free hydrogen atomsin a gas are found to exist at normal room
temperature and pressure. However, if spark is passed through hydrogen gas contained in a vessel,
then high-speed electrons produced by the spark collide with hydrogen atoms and may either com-
pletely removethe n =1 electron from them or raiseit to higher permitted orbitshavingn=2, 3, 4 etc.

When the electron is completely removed from the atom, the atom is said to be ionized. If,
however, the electron is forced into an outer or higher n-value orbit, then the atom, is said to be

* It is the mechanical frequency of rotation and should not be confused with the frequency of emitted
radiations.
**  The negative sign only indicates that this much energy is required to remove the electron from the atom.
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excited (or inan excited state). The atom does not remain in the excited state longer than 1078 second
because the el ectron under the attractive force of the nucleus jumps to the lower permitted orbit. In
doing so, the electron loses the energy it had earlier gained during collision. However, the electron may
return by several jumps, thereby emitting many different radiations of different frequencies.

51.5. Electron Energy Levels in Hydrogen Atom
As seen from Art. 51.3, orbital energy of an electron revolving in n,, orbit or shell is

= -mZ? e“/SDO2 n” h
In the case of hydrogen atom, Z = 1, hence

4 4 19
_ me __ me 1 _ 21.7x10 .
N e e Sl sy R S 2 joules
80, n°h 8 ,h" n n
-217x10® 1 136
= o 23 (- 1eV=16x10""joules)

1.6x10° n n

This expression gives the total energy of an electron when it occupies any one of the different
orbits (or shells) of the hydrogen atom.

n=[]

n=4

n=3

n=2

(b)

Fig. 51.5
ForK-shell, n = 1, E, = -136¢eV
ForL-shell, n = 2, E, = -136/2°=-34eV
ForM-shell, n = 3, E, = -136/3=-151eV ec.

Instead of drawing various electron orbits to the scale of their radii asin Fig. 51.5 (a), it is
customary to draw horizontal linesto an energy scale asshowninFig. 51.5 (b) and such adiagramis
called energy level diagram (ELD) of anatom. Inthisarray of energies, the higher (i.e. lessnegative)
energies are at the top while the lower (i.e. more negative) energies are at the bottom. The various
electron jumps between allowed orbits now become vertical arrows between energy levels. Greater
the length of the arrow, greater isthe energy ‘hf' of the radiated photon.
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Example 51.1. Calculate the value of the kinetic, potential and total energy of an electron
revolving in Bohr’ sfirst orbit in a hydrogen atom.

_ _ me* 9.1x107% x (1.6 x10%)*
Solution. (i) KE. = 55 = ) YN
8% n°h® & (8.854& 109 1% (6.625¢ 10™*)
= 21.7x10 ¥ joules=13.6 eV
I’TE4 19
ii PE. = —5——5 =-434x10 " joules=-27.2¢V.
(i) 4[% 22 J

(ili)  Total energy = K.E.+ PE. =136+ (- 27.2)=-13.6¢eV

51.6. Orbital (or Azimuthal) Quantum Number

According to Bohr’s postulates (Art. 51.2), there is only one orbit (and hence one energy level)
corresponding to each value of the principal quantum number n. However, subsequent experimental
evidencerevealed that all orbits (except n = 1 orbit) consist of more than one orbit called sub-orbits.
This group of sub-orbitsis collectively known as shell. For example, n = 1 shell or K-shell consists
of only one orbit which may also be called its own sub-orbit or sub-shell. Then =2 shell or L-shell
consists of two sub-shells. Similarly, n = 3 shell or M-shell consists of three sub-shells. In other
words, the number of sub-shellsis equal to the n-value of the shell. The 2n? electrons of the shell
now get divided between these sub-shells.

In order to distinguish between different sub-shells belonging to a given shell, a new quantum
number called orbital (or azimuthal) quantum number | has been introduced. This quantum number
can have integral values lying between zero and (n — 1) i.e. 0 < | < (n - 1). Itis helpful in the
following ways:

(a) It givesthe number of sub-shellswhich are contained in one shell. The number of sub-shells
isequal to the number of valueswhich | can have subject to therestriction0<1<(n-1) as
shown in Fig. 51.6 (8).
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Fig. 51.6
(b) It helpsto distinguish between different sub-shells of ashell by its different valuesfor each
sub-shell. Consider the following cases:

1. n=1shell. Here | canhaveonly onevaluei.e. zero. Hence, K-shell hasonly one sub-
shell with two quantum numbersof n=1and | = 0.
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2. n=2shell. Here | =0, 1. Hence, thisshell hastwo sub-shells* which are distinguish-
ablefrom each other by their different quantum numbersof n=2,I =0andn=2,1=1.
(Fig. 51.6).
3. n=3shel. Herel =0, 1, 2, showing that M-shell hasthree sub-shellswhich differ intheir
I-values. The two quantum numbersfor thethree sub-shellsare:
n=3,1=0;n=3, 1=1n=31=2
(c) It helpsto determine the shape of different sub-shells of agiven shell. Some sub-shellsare
circular whereas others are elliptical in shape. If a and b are semi-major and semi-minor
axesrespectively of an ellipse, nand | areits principal quantum number and orbital quantum
number respectively, then the relation between themis
b _ I+1
a ~ n
Consider thefollowing cases:
1. K-shell or n=1shel
Here, | =0, hence b/a= (0 + 1)/1 or b/a=1or b=a. In other words, the first shell (also
called sub-shell or K-shell) around the nucleus of an atom is circular in shape as shown in
Fig. 51.7 (a).
2. L-shell or n=2shel
As stated earlier and shown in Fig. 51.6, it has two more sub-shells.

First sub-shell with| = 0. Here, 5:L:— or b= %. Itiselliptical in shape as shown
inFig. 51.7 (b).

Second sub-shell with| =1. Here =

Ground
State
2p
n=2
n=1 n=2 =
1=0 1=1

(@ @) (© ()
Fig. 51.7
This sub-shell has circular shape as shown in Fig. 51.7 (b).

3. M-shell or n=3shéll
It has three sub-shellswith | = 0, 1, 2.
First sub-shell with| =0. Here, b/a=(0+ 1)/3=1/3. Itisélliptical in shape.
Second sub-shell with| = 1. Here, b/fa=(1+ 1)/3=2/3. Itisaso dliptical in shape.
Third sub-shell with| = 2. Here, b/a=(2+1)/3=1o0or b=a. Obviously, this sub-shell is
circular in shape.
Fig. 51.7 shows to shapes of different sub-shells per values of nfrom 1to 4.

(d) It determines the distribution of electrons in various sub-shells of a shell. The maximum

*  Different sub-shellshave been shown circular for the sake of simplicity although, in practice, most of them
areelliptical.
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number of electrons which a sub-shell of any n-value can accommodate is = 2 (2| + 1).
Consider thefollowing :

1. K-shell. Herel =0, henceit can have 2 (2 x 0 + 1) = 2 electrons. They are designated
as 1 electrons.
2. L-shell. First sub-shell with | = 0 can have 2 (2 x 0 + 1) = 2 electrons which are
designated as 25° electrons.
Second sub-shell with | =1 can haveamaximum of 2 (2 x 1 + 1) = 6 electronswhich are
designated as 2p° electrons.
Totalznumber of electrons in the two sub-shells is 2 + 6 = 8 which tallies with 2n” =
2x2°=8.
3. M-shell. First sub-shell with | = 0 has, as explained above, 2 electrons which are
designated as 3¢ electrons.
Second sub-shell | = 1 can have 6 electrons written as 3p° electrons.
Third sub-shell with | = 2 can accommodate a maximum of 2(2 x 2 + 1) = 10 electrons
which are known as 3d'° electrons.
Again, it will be seen that total number of electrons in the three sub-shells of n = 3
shell is= 2+ 6+ 10 = 18 which equals 2n° = 2 x 3° = 18.
4. N-shell. First sub-shell with | = 0 can have maximum of two el ectrons designated as4s?
electrons. Second sub-shell can contain 6 electrons known as 4p° electrons,
Similarly, third sub-shell can have 10 electrons designated as 4d"™ electrons.
Thefourth sub-shell can haveamaximum of 2(2 x 3+ 1) = 14 electronswhose designation
is4 ™ electrons.
Thetotal number of electronsis=2+ 6 + 10 + 14 = 32 which isin accordance with the number
n°=2x4°=32,
Incidentally, it should be noted that different | valuesof 0, 1, 2, 3, 4...... etc. areidentified as s, p,
d, f,g..... etc.
Thedifferent sub-shells and maximum number of electronsthey can accommodate are tabul ated
below.

Shell K L M N

n 1 2 3 4

I 0 0 1 0 1 2 0| 1|2 3
sub-shell S S p S p |d s| p|d f
Maximum No. of
electrons 2 2 6 2 6 |10 2| 6|10 | 14
=2(2+1)
Total No. of 2 8 18 32
electrons = 2n°

() The orbital quantum number | also quantizes the orbital angular momentum p, associated
with each sub-shell
p = L.h/2mt where 1=0,1,2,3,..etc*
However, quantum mechanical considerationsindicate thet p, # |.h/2mas stated above but instead
p = I*.h2rwherel* = [I (I + 1)]2.

* According to Bohr’stheory, p, = n. h/2m.
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51.7. Electron Configuration of Atoms

By electron configuration of an atom is meant the distribution of its electronsin its various sub-
shellsaround the nucleus. Following three rules govern the electron distribution :

1. Maximum number of electrons a shell can have is = 2n°.

2. Inthenth shell, there are n sub-shells having different values of | such as0, 1, 2..... (n—1).

3. Each sub-shell can accommodate a maximum of 2(2| + 1) electrons.

Consider thefollowing atoms:

(i) Sodium atom, Z = 11. It has 11 electrons. Hence, its electronic configuration is 1<,
2s°, 2p°, 3s'. Obviously, Na hasasingleelectroninits outermost sub-shell and henceis
said to bemonovalent. Same property ispossessed by other alkali metalslikeLi, K, Rb
and Cs. They have similar chemical propertiesand are, therefore, included in the same
group in the periodic table.

Theelectron in theinner sub-shellsare very tightly bound to the nucleus and cannot be
easily removed. In other words, they have high binding energy.

(i) Copper atom, Z =29. It has 29 electrons. Its electronic configuration is 157, 2<%, 2p°,
3¢, 3p°, 3d™, 4s".

51.8. Orbital Magnetic Quantum Number (ml.)

It determinesthe spatial orientation of elliptical electron orbitswith respect to an applied magnetic
field. There arerestrictions on the orientations of the electron orbits because of which they are said
to be space quantized. Whereas | determines the orbital angular momentum, m, represents the
magnitude of the component of angular momentum along the direction of the magnetic field.

Looked from adifferent angle, m, determines the number of sub-subshellsin agiven shell.

This quantum number can have any one of the (2| + 1) valuesranging from + | to — | including
zeroie |, (1-12), (- 2)......... 2,1,0,-1,-2,..... -(1-2),-(0-2,-1.

Each sub-subshell can accommodate a maximum of 2 electrons, so that maximum number of
electronsin a shell becomes 2(2| + 1) as stated earlier in Art. 51.6 (d).

51.9. Magnetic Spin Quantum Number (m,)

It has been found that an electron spins around its own mechanical axis as it rotates in orbit
around the nucleus. When the electron is subjected to a magnetic field, its spin axis orientates itself
either paralel to or antiparallel to the direction of thefield.

This quantum number arises out of quantization of the electron spin angular momentum.
It determines the spin orientation up or down and has correspondingly two values of + 1/2 and — 1/2.

51.10. Pauli’s Exclusion Principle

This principle which was enunciated by Pauli in 1925 states that in an atom, no two electrons
can have the same set of valuesfor itsfour quantum number n, I, m, and m,. In other words, no two
electrons can be described by an identical set of four quantum numbers. They may have at the most
three numbersalike but at least one must be different. Consequently, it restrictsthe number of electrons
an atom can have.

Consider the case of He atom which has two electrons. These electrons occupy K-shell (n=1)
and are designated as 15” electrons. Their four quantum numbers are asfollows :

n | m my
1st electron : 1 0 0 +1/2
2nd electron : 1 0 0 -1/2

As seen, the two electrons have different sets of four quantum numbers (1, 0, 0, +1/2) and (1, O,
0, — 1/2) asrequired by Pauli’s Exclusion Principle.



@

2026  Electrical Technology

Thisprinciple affords avery rational theoretical justification for the electronic shell structure of
the atoms deduced experimently.

Pauli’s Exclusion Principle may be used to find the total number of electronsan atom can havein
itsvarious shells. Consider the following examples:

n =1, K-shell
I =0, 1ssub-shell, m; = 0; m =+ 1/2 2 electrons
Total 2 electrons

n =2, L-shell
(i) 1=0,2s-shell, m=0; m=+1/2 2 electrons
(i) 1=1,2psub-shell, m=-1,0,+ 1L, m =+ 1/2 6 electrons
Totd ~ 8éectrons

n =3, M-shell
(i) 1=0,3ssub-shell, m;=0; my=+1/2 2 electrons
(i) 1=1,3psub-shell, m=-1,0,+1; m,=+1/2 6 electrons
(iii) 1=2,3dsub-shell, m; =-2,-1,0,+1,+2; m,=+1/2 10 electrons
Total 18 electrons

n = 4, N-shell
(i) 1'=0,4ssub-shell, m =0, m,=+1/2 2 electrons
(i) 1=1,4psub-shell, m=-1,0,1; m,=+1/2 6 electrons
(iii) 1=2,4dsub-shell, m =-2,-1,0,+1,+2 m,=+1/2 10 electrons
(iv) 1=3,4fsub-shell, m =-3,-2,-1,0,+1,+2,+3, m=+ 1/2 14 electrons

Total 32 electrons

51.11. Energy Bands in Solids

In the case of an isolated single atom, there are single energy levels as shown for a hydrogen
atominFig. 51.5. But thereare significant changesin the energy level swhen atomsare brought close
together asin solids.

Itisfound that each of the energy levels of an atom splitsinto N levels of energy where N isthe
number of atomsin the crystal. Each original energy level becomes a band of very closely-spaced
levelsof dlightly different energy. Theindividual energieswithin the band are so close together that,
for many purposes, the energy band may be considered to be a continuous one.

Fig. 51.8 (a) showsthe splitting of K, L and M levels as the distance between different atomsis
reduced. Atfirst, only valencelevel or M-level isaffected as shown by dotted vertical line marked A,
then as separation isreduced, inner shellsalso become affected asindicated by dotted vertical line B.

Consider the case of Na crystal which consists of an ordered array of many closely-packed
sodium atomsusually referred to ascrystal lattice. Each Na atom has 11 electronsarranged in different
shellsand sub-sheelsas shown in Fig. 51.9 (a). Asseen, thels, 2sand 2p sub-shells arefilled but 3s
sub-shell is incomplete and could hold one electron more. The electrons in each sub-shell occurs
specific energy levelsasshownin Fig. 51.9 (b). For asmall sodium crystal containing 10% atoms, the
band formed by splitting of s-subshell has 2 electronic levels (one with spin up and the others with
spin down). Similarly in a p-band there will be 6 x 10%° closely packed levels because there are 6
electronsin afilled p subshell.

Ingeneral, in an assembly of N atoms, the number of possible energy statesisN. Sinceonly two
electrons of opposite spin can occupy the same state (as per Pauli’s Exclusion Principle discussed
earlier), the maximum number of electronswhich these N states can occupy is 2N.
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51.12. Spacing Between Energy Levels of a Band

It will be quiteinteresting aswell asinstructiveto cal cul ate the spacing between different energy
levelsinan energy band. A crystal weighing one milli gram contains about 10™° atoms. If we assume
thevalency band to bean s-band, it will contain 2 x 10" levels. Supposethewidth of the energy band
is2eV. Then, itisobviousthat 2 x 10" levels per milligram are spread over an energy band width of
2 eV. Hence, spacing between different levels = 2/(2 ><1019) =10 eV. Itwill be appreciated that
even though energy levels are discrete, the picture of aband asacontinuum of energy levelsisavery
good approximation. This splitting of the single energy level of an isolated atom into a band of

0 Valence Band
3s—< Empty
3s 3s State
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2s
1s T
@ 23— € E Filled
2s, 2p
1s States
| | | | | | V a
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Fig. 51.9
energy in the case of asolid isresponsible for most of the electrical, magnetic and optical properties
of that solid. It isworth pointing out here that in gases under normal conditions of temperature and
pressure, the atomic spacing is so great that there is no splitting of energy levels and hence no band
formation.

®
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51.13. Energy Bands in Lithium and their Occupancy

Consider the case of lithium metal—the s mplest atom which formsasolid at ordinary temperature.
Itsatom hasthree electrons, two of which have the same energy and the third one has higher value of
energy. Inanisolated singleatom, two electrons move round the el ectron orbit with n= 1 whereasthe
third occupiesthe orbit with n = 2 asshown in Fig. 51.10 (a). Now, consider apiece of lithium metal
containing 100 atoms. It will befound that thelower level (withn = 1) formsaband of 200 electrons
occupying 100 different energy states. The higher level (with n = 2) forms a wider band of 100
energy stateswhich could, as before, accommodate 200 electrons. But asthereare only 100 electrons
available (one from each atom), this energy band remains half-filled [Fig. 51.10 (b)].
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Fig. 51.10

51.14. Valence and Conduction Bands

The outermost electrons of an atomi.e. thosein the shell furthermost from the nucleus are called
valence electronsand have the highest energy* or least binding energy. Itistheseelectronswhich are
most affected when a number of atoms are brought very close together as during the formation of a
solid. The states of lower-energy electrons orbiting in shells nearer to the nucleus arelittle, if at al,
affected by this atomic proximity.

Theband of energy occupied by the valence electronsiscalled the valenceband andis, obvioudly,
the highest occupied band. It may be completely filled or partialy filled with electrons but never
empty.

The next higher permitted energy band is called the conduction band and may either be empty or
partially filled with electrons. Infact, it may be defined as the lowest unfilled energy band.

In conduction band, electrons can move freely and hence are known as conduction electrons.
The gap between these two bands is known as the forbidden energy gap.

It may be noted that the covalent force of the crystal lattice havetheir sourcein the valence band.
If avalence electron happens to absorb enough energy, it jumps across the forbidden energy gap and
entersthe conduction band (Fig. 51.12). Anelectronin the conduction band can jump to an adjacent
conduction band more readily than it can jump back to the valence band from where it had come
earlier. However, if a conduction electron happens to radiate too much energy, it will suddenly
reappear in the valence band once again.

When an electron is g ected from the valence band, a covalent bond is broken and a positively-
charged hole isleft behind. This hole can travel to an adjacent atom by acquiring an electron from

* Inthealgebraic sense only. Their binding energy isthe least.
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that atom which involves breaking an existing coval ent bond and then re-establishing acovalent bond
by filling up the hole. It isto be noted carefully that holes are filled by electrons which move
fromadjacent atoms without passing through the forbidden energy gap.
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A
Conduction Free 2
d Electron
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i <+ Heat
= ¥ Heat
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Fig. 51.13
Itissimply another way of saying that conditionsin the conduction band have nothing to do with

theholeflow. It pointsto avery important distinction between the hole current and electron current—
although holesflow with ease, they experience more opposition than e ectron flowin the conduction

band.

To summarize the above, it may be repeated that :

1. conduction electrons are found in and freely flow in the conduction band ;

2. holesexistin and flow in the valence band ;

3. conduction electrons move almost twice asfast as the holes.

Fig. 51.13 (a) shows the energy band diagram of an unexcited silicon atom (Z = 14) with its
electronic distribution. When silicon crystal isgiventhermal or light energy from outside[Fig. 51.13
(b)], someelectrons gain sufficient energy to jump the gap from the valence band into the conduction
band thereby becoming free electrons[Fig. 51.13 (c)]. For every electron which jumpsto conduction
band, aholeis created in the valence band. In this way, an electron-hole pair is created.

Energy
°

T

51.15. Insulators, Conductors and Semiconductors

The electrical conduction properties of different elements and compounds can be explained in
termsof the electrons having energiesin the valence and conduction bands. The electronslyinginthe

lower energy bands, which are normally filled, play no part in the conduction process.
(i) Insulators. Stated simply, insulators are those materials in which valence electrons are
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bound very tightly to their parentsatoms, thusrequiring very large electric field to remove them from
the attraction of their nuclei. In other words, insulators have no free charge carriers available with
them under normal conditions.

In terms of energy bands, it means that insulators (a) have afull valence band,

1. have an empty conduction band,

2. havealarge energy gap (of severa eV) between them and

3. aordinary temperatures, the probability of electronsfrom full valence band gaining sufficient
energy so as to surmount energy gap and thus become available for conduction in the

conduction band, is slight.
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Fig. 51.14

ThisisshowninFig. 51.14 (a). For conduction to take place, electrons must be given sufficient
energy to jump from the valence band to the conduction band. I ncrease in temperature enables some
electrons to go to the conduction band which fact accounts for
the negative resistance-temperature coefficient of insulators.

(if) Conductors. Putin asimple way, conducting materi-
as are those in which plenty of free electrons are available for
electric conduction.

Intermsof energy bands, it meansthat el ectrical conductors
are those which have overlapping valence and conduction bands
asshown in Fig. 51.14 (b).

Infact, thereisno physical distinction between thetwo bands.
Hence, the availablity of alarge number of conduction electrons.

Another point worth noting isthat in the abbsence of forbidden
energy gap in good conductors, thereis no structure to establish
holes. Thetotal currentin such conductorsissimply a flow of
electrons. Itisexactly for thisreason that the existence of holes
was not discovered until semi-conductorswere studied thoughly.

(iif) Semiconductors. A semiconductor material is one

whose el ectrical propertiesliein between those of insulators and
good conductors. Examples are : germanium and silicon.

In terms of energy bands, semiconductors can be defined as those materials which have almost
an empty conduction band and almost filled valence band with avery narrow energy gap (of the order
of 1 eV) separating the two.

At 0%, there are no electronsin the conduction band and the valence band is completely filled.
However, with increase in temperature, width of the forbidden energy bands is decreased so that

Insulators
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some of the electrons are liberated into the conduction band. In other words, conductivity of
semiconductorsincreaseswith temperature. Moreover, such departing el ectrons|eave behind positive
holesin the valence band (Fig. 51.12). Hence, semiconductor current isthe sum of electron and hole
currents flowing in opposite directions.

51.16. Crystal Structure

Semiconductors like germa-
nium and silicon, have crystalline
structure. That is the atoms are ar-
ranged in three-dimensional peri-
odicfashion. Theperiodic arrange-
ment of atomsin acrystal iscalled
lattice. Inacrystal, an atom strays
far from a single, fixed position.
The thermal vibrations associated
with the atom are centred about this
position. For agiven semiconduc-
tor (silicon or germanium), thereis
a unit cell that is representative of the entire lattice. By repeating the unit cell throughout the
crystal, we can generate the entire lattice.

There are several different types of crystal lattice depending upon the symmetry and internal
structure. One of them isthe cubic crystal lattice. There are three basic types of unit cellsin acubic
crystal lattice. These are simple cubic (SC), base centred cubic (BCC) and face centred cubic (FCC).
Fig. 51.15 (a) showsa SC crystal. In thisunit cell, each corner of the cubic lattice is occupied by an
atom (indicated by asmall sphere) that has six equidistant nearest neighbouring atoms. The dimen-
sion “a’ is called the lattice constant. Only podium is crystallised into the simple cubic lattice.

Fig. 51.15 (b) showsaBCC unit cell. Inthisunit cell, each atom has eight nearest neighbouring
atoms. Crystals exhibiting the BCC lattices include those of sodium and tungsten. Fig. 51.15 (c)
shows a FCC unit cell. This unit cell has one atom at each of the six cubic facesin addition to the
eight corner atoms. In an FCC | attice, each atom has 12 nearest neighbouring atoms. A large number
of elements exhibit the FCC lattice form. These include aluminium, copper, gold and platinum.

Current conduction through semiconductor

(a) SC (b) BCC (c) FCC

Fig. 51.15

Fig. 51.16 showsthe crystal structure of silicon and germanium—the element semiconductors.
Thistype of structure is called diamond crystal structure and it belongs to cubic crystal family. All
atomsareidentical in adiamond lattice. Note that each atom in diamond latticeis surrounded by four
equidistant neighboursthat lie at the corners of atetrahedron.
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Fig. 51.16

51.17. Representation of Crystal Planes and Directions

Referring to Fig. 51.15 (b) again, we note that the there are four atomsin the ABCD plane and
give atoms in ACEF plane (four atoms from the corners and one from the centre). Moreover, the
atomic spacing are different for the two planes. Therefore the crystal properties along different
planes are different. The electrical and other device characteristics are dependent on the crystal
orientation. A convenient method of defining or representing the various planesin acrystal isto use
Miller indices. These indices are obtained using the following steps :

1. Find theintercepts of the plane on the three coordinate axesin terms of lattice constant.

2. Takethereciprocalsof these numbers and reduce them to the smallest three integers having
the sameratio.
3. Enclosetheresult in parentheses (hk 1) asthe Miller indices for asingle plane.
For example, consider the plane ABC having theintercept at a,
2aand 2aaong thethreerectangular coordinate axesas shownin -
Fig. 51.17. Taking thereciprocal of theseintercepts, weget 1, 1/2, C|2a
1/2. Multiplying each fraction by the least common multiplier 2,
wefind that the smallest three integers having the sameratio are 2,
1 and 1. Thusthe Miller indices from the plane are (211). The

plane ABC can also be referred to as (211) plane. B Y
Fig. 51.18 showsthe Miller indices of important planesin cubic A 2a

crystal. 1t may be noted that for aplanethat interceptsthe X-axison a

the negative side of the origin, the Miller indicesarerepresented by~ *

(hk1). Similarly for aplanethat interceptsthe Y -axison the negative Fig. 51.17

side of the origin, the Miller indices are represented by (hk1) and so on.

Sometimesit convenient to represent the Miller indices of the planes of equivaent symmetry by
(hk1). For example, in cubic crystal, the planes (100), (010), (001), (100),(010) and (001) havethe
same symmetry. Therefore, these planes can be represented by Miller indicesas (100). Notethat we
have used the curly brackets to represent a set of planeswith equivalent symmetry.

Thelinethat originates from the origin and passes through the plane at right anglestoitiscalled
crystal direction. The crystal direction isindicated by enclosing the Miller indicesin asquare brackets
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i.e, [hkl]. For example, the direction idicated by [100]

>Y /,b‘%%a—»Y

is a direction for the X-axis and it is

perpendicualr to (100) plane. Similarly [111] direction is perpendicular to (111) plane. Itispossible

to represent a set of equivalent directions by < hk1 >. Noti

ce the use of carat signs. Thus< 100 >

represents a set of directions for [100], [010], [100], [010] and [001] .

51.18. Atomic Binding in Semiconductors

Semiconductors like germanium* and silicon, have
crystalline structure. Their atomsare arranged in an ordered
array known as crystal lattice. Both these materials are
tetravalent i.e each hasfour valence electronsinitsoutermost
shell. The neighbouring atoms form covalent bonds by
sharing four electrons with each other so asto achieve inert
gasstructure (i.e. 8 electronsin the outermost orbit). A two-
dimensional view of the germanium crystal latticeis shown
in Fig. 51.19 (b) in which circles represent atom cores
consisting of the nuclei and inner 28 electrons. Each pair of
lines represents a covalent bond. The dots represent the
valence electrons. It is seen that each atom has 8 electrons
under itsinfluence.

Fig. 51.19

/\/\/\/
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Bonds in semiconductors
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* A singlegermanium atom has 32 electrons out of which only f

our electronstake part in electrical properties

of germanium, the remaining 28 electrons being tightly bound to the nucleus. The four electrons revolve

in the outermost shell and are called valence electrons.
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A 3-dimensiona view of germanium crystal latticeisshownin Fig. 51.19 (a) where each atomis
surrounded symmetrically by four other atoms forming a tetrahedral crystal. Each atom shares a
valence electron with each of itsfour neighbours, thereby forming a stable structure.

In the case of pure (i.e. intrinsic) germanium, the covalent bonds have to be broken to provide
electrons for conduction. There are many ways of rupturning the covalent bond and thereby setting
the electrons free. One way isto increase the crystal temperature above 0°K.

It may be noted that covalent crystals are characterised by their hardness and brittleness. Their
brittlenessis due to the fact that in such crystals, adjacent atoms must remain in accurate alignment
sincethe bond is strongly directional and formed along aline joining the atoms. The hardnessis due
to the great strength of the covalent bond itself.

51.19. Types of Semiconductors
Semiconductors

|

intrinsic or pure
semiconductors ’ |

N-Type P-Type

Semiconductors can be classified as shown below :

51.20. Intrinsic Semiconductors

An intrinsic semiconductor is one which ismade of the semiconductor material in itsextremely
pure form.

Common examples of such semiconductorsare: pure germanium and silicon which haveforbidden
energy gapsof 0.72eV and 1.1 eV respectively. The energy gap is so small that even at ordinary room
temperature, there are many el ectronswhich possess sufficient energy to jump acrossthe small energy
gap between the valence and the conduction bands. However, it isworth noting that for each electron
liberated into the conduction band, a positively charged hole is created in the valence band
(Fig. 1.20). When an electric field is applied to an intrinsic semiconductor at a temperature greater
than 0°K, conduction electrons move to the anode and the holes in the valence band move to the
cathode. Hence semiconductor current consists of movement of electrons and holes in opposite
directions. Electron current is due to movement of electrons in the conduction band whereas hole
current iswithin the valence band as aresult of the holes ‘ jumping’ from one atom to another.

As stated above, in pure semiconductors, electric conduction is due to the thermally-generated
electron hole pairs. Hencein pure semiconductorskept in the dark, thermally-generated charge carriers
are the only means of conduction. The number of such charge carriers per unit volume (i.e. intrinsic
carrier density) isgiven by

n = Nexp (—Eg/ 2kT)
where N is constant for agiven semiconductor, = isthe band gap energy in joules, k isBoltzmann's
constant and T isthe temperature in °K.

Example 51.2. Find the intrinsic carrier concentration in silicon at 300° K for which N =
3x10®° m° E = 11eV, 4, = 0.14 m/V-s and p, = 0.05 m’/V-s. Also, find the conductivity of
silicon. (ElectronicsI1, Madras Univ. 1993)

Solution. Theintrinsic carrier concentration in pure silicon is given by

®
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n, = Nexp (—Eg/2kT)

Now, N = 3x10°m° E;=11eV=11x16x10"=176x10"J
k = 1.38x 102 JK, T = 300K

0 n = 3x10% (-1.76 x 10 %2 x 1.38 x 10 * x 300) =2 x 10°m™>

o = ne(k+HK)=2x10"x1.6x10"°(0.14 + 0.05) = 0.61 x 10° Im

51.21. Hole Formation in Semiconductors

The formation of ahole which isapositive charge carrier is explained below :

As shown in Fig. 51.21, suppose the covalent bond is broken at A and the electron has moved
through the crystal lattice leaving behind aholein the covalent bond. An electron at B may jumpinto
thevacant hole at A and later, an electron at C may jump into the hole at B and so on. In thisway, by
asuccession of electron movements, aholewill appear at G and anegative charge would have moved
from Gto A. It would, however, be more convenient to regard positive charge to have moved from A
to G and this conception givesriseto ahole as a positive charge carrier asif it were an electron with
apositive charge. It should be clearly understood that these holes are due to the movement of electrons
in the valence band and that each electron movement correspondsto acollision. The drift velocity of
holesis, obviously, much less than the drift velocity of electrons.

Alternatively, an intrinsic semiconductor may be defined as one in which the number of con-
duction electronsis equal to the number of holes.

Conduction Band

Schematic energy band diagram of an intrinsic semiconductor at room temperature is shown in
Fig. 51.20. Only two bandsi.e. valence and conduction bands have been shown since lower filled
bands are not of any consequence. Here, Fermi level* lies exactly in the middle of the forbidden

energy gap.

51.22. Fermi Level in an Intrinsic Semiconductor

It can be proved that in an intrinsic semiconductor, Fermi energy level* E. liesin the middle of
the energy gap i.e. midway between the conduction and valence bands.

Let, at any temperature T°K

n. = No. of electronsin the conduction band

n, = No. of electronsin the valence band

*  For the present discussion, Fermi level may be defined as the energy which corresponds to the centre of
gravity of conduction electrons and holes weighted according to their energies.
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N = n.+n,
= No. of electronsin both bands. Eg{
Further, let us make the following simplifying assumptions:
1. widthof energy bands are small ascompared to forbidden
energy gap between them; B
2. sinceband widthsare small, al levelsin aband have the |
sameenergy; SN/
3. energiesof al levelsin vaence band are zero asshownin Valence Band
Fig. 51.22; Fig. 51.22

4. energiesof al levelsin the conduction band are equal to E.

In Fig. 51.22, the zero-energy reference level has been arbitrarily taken at the top of valence
band.
Now, number of electronsin the conduction band is
n, =N.P(E)
where P(E,) represents the probability of an electron having energy E,. Its value can be found from
Fermi-Dirac probability distribution function given by

P(E) =

Conduction Band

nmmm,

“«

(E-E,)/KT
l+e ¢
where P (E) isthe probability of finding an electron having any particular value of energy Eand E¢is
Fermi level.

0 1 N

ME) = — & O n. = —E ey
g 1+e(Eg E.)/KT c 1+e(Eg E-)/KT

Now, number of electronsin the valence band isn, = N.P(0)
The probability P(0) of an electron being found in the valence band with zero energy can again
be calculated by putting E = 0 in the Femi-Dirac probability distribution function.
1 1 N
P(O) = = . Hence, n. = ﬁ

1+ QO EKT | CETRT 1+e

N +__N
4 oo EDIRT T BT

Now N =n+n, or N =
1

1 1
0o 1- = —
1+e(E9 E)/KT

1+¢ /KT

which onsimplifica-
tiongivesE. = Eg/2. . P(E)—»

Hence, it shows Conduction Band 0 0.5 1.0
that in an intrinsic /
semiconductor, the
Fermi level lies
midway betweenthe
conduction and
valencebands. That
this conclusion is K
physically possible 0 e
can bebest seenwith ok
the help of Fig.
51.23.

Valence Band

Fig. 51.23



@

Semiconductor Physics 2037

51.23. Extrinsic Semiconductors

Those intrinsic semiconductors to which some suitable impurity or doping agent or dopant has
been added in extremely small amounts (about 1 partin 108) arecalled extrinsic or impurity semicon-
ductors.

The usua doping agentsare :

1. pentavalent atoms having five valence electrons (arsenic, antimony, phosphorus) or

2. trivalent atoms having three valence electrons (gallium, indium, auminium, boron).

Pentaval ent doping atom is known as donor atom because it donates or contributes one electron
to the conduction band of pure germanium. The trivalent atom, on the other hand, is called acceptor
atom because it accepts one electron from the germanium atom.

Depending on the type of doping material used, extrinsic semiconductors can be sub-divided
into two classes:

(i) N-typesemiconductorsand (ii) P-type semiconductors.

(a) N-typeExtringcSemiconductor. Thistype of semiconductor isobtained when apentavalent
material like antimonty (Sb) is added to pure germanium crystal. As shown in Fig. 51.24 (&), each
antimony atom forms covalent bonds with the surrounding four germanium atoms with the help of
four of itsfive electrons. Thefifth electron is superfluous and isloosely bound to the antimony atom.
Hence, it can be easily excited from the valence band to the conduction band by the application of
electricfield orincrease
inthermal energy. Thus, Electron Hole n-type semiconductor p-type semiconductor
practically every anti- 'y Q
mony atom introduced
into the germanium
lattice, contributes one
conduction electron  "-pe semiconductor p-type semiconductor
into the germanium
lattice without creating
a positive hole. Antimony is called donor impurity and makes the pure germanium an N-type (N for
negative) extrinsic semi-conductor. Asan aid to memory, the student should associate the N in doNor
with N in the N-type material and N in Negative charge carrier.

It may be noted that by giving away its one valence el ectron, the donor atom becomesapositively-
charged ion. But it cannot take part in conduction because it is firmly fixed or tied into the crystal
lattice. It will be seen that apart from electrons and holes intrinsically available in germanium, the
addition of antimony greatly increases the number of conduction electrons. Hence, concentration of
electronsin the conduction band is increased and exceeds the concentration of holesin the valence
band. Because of this, Fermi level shifts upwards towards the bottom of the conduction band as
showninFig. 51.24 (b),* becausethe number of charge carriers has become morein conduction band
than in valence band.

Intermsof energy levels, thefifth antimony electron has an energy level (called donor level) just
bel ow the conduction band. Usually, thedonor level is0.01 eV bel ow conduction band for germanium
and 0.054 eV for silicon.

It is seen from the above description that in N-type semiconductors, electrons are the majority
carrierswhile holes congtitute the minority carriers. Hence, N-type semiconductor conducts principally
by electronsin the nearly empty conduction band and the processis called ‘excess' conduction.

Another point worth noting is that even though N-type semiconductor has excess of electrons,

*  Sincethe number of electrons as compared to the number of holesincreases with temperature, the position
of Fermi level also changes considereably with temperature.

du

Q 9
Q 9
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till it is electrically neutral. It is so because by the addition of donor impurity, number of electrons
availablefor conduction purposes becomes more than the number of holesavailableintrinsically. But
thetotal charge of the semiconductor does not change because the donor impurity bringsin as much
negative charge (by way of electrons) as positive charge (by way of protonsin its nucleus).

Conduction Band
[ ] [ ]
e o o o Fermi
e o o ® o Level
b>5 0 06060606000 /
L;‘g Eg
= ED_._._._._._.'R
a o O [0) O O Donor
o Excess o o 5 o Level
Electron o o o
Valence Band
(@ )
Fig. 51.24

(b) P-typeExtrinsc Semiconductor. Thistype of semiconductor is obtained when traces of a
trivalent like boron (B) are added to a pure germanium crystal.

Inthiscase, thethree valence electrons of boron atom form coval ent bonds with four surrounding
germanium atoms but one bond is left incomplete and givesriseto ahole as shown in Fig. 51.25 (a).

Thus, boron whichis called an acceptor impurity causes as many positive holesin agermanium
crystal asthere are boron atoms thereby producing a P-type (P for positive) extrinsic semiconductor.
Asan aid to memory, the student should associate the P in accePtor with P in P-type material and P
with Positive charge carrier.

In this type of semiconductor, conduction is by the movement of holes in the valence band.
Accordingly, holes form the majority carriers whereas electrons constitute minority carriers. The

process of conduction is called ‘deficit’” conduction.
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Fig. 51.25
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Since concentration of holesin the valence band is more than the concentration of electronsin
the conduction band, Fermi level shiftsnearer to the valence band [Fig. 51.25 (b)]. The acceptor level
lies immediately above the Fermi level. Conduction is by means of hole movement at the top of
valence band, acceptor level readily accepting electrons from the valence band.

Again, it may be noted that even though P-type semiconductor has excess of holesfor conduction
purposes, on thewholeit is electrically neutral for the same reasons as given above.
51.24. Majority and Minority Carriers e

In a piece of pure germanium or silicon, no + + + + +
freecharge carriersareavailableat 0°K. However, (o)
asitstemperature is raised to room temperature,
some of the covalent bonds are broken by heat
energy and as a result, electron-hole pairs are

}4— Majority Carriers

+ + + + + o .
‘¢— Minority Carriers

N-

produced. These are called thermally-generated - _type_ .
chargecarriers. They areasoknown asintrinsically- }4— Majority Carriers

. . L . ®» |- - - - —
available charge carriers. Ordinarily, their number € Minority Carriers
isquite small. + + + &

An intrinsic of pure germanium can be
Fig. 51.26

converted into a P-type semiconductor by the
addition of an acceptor impurity which adds alarge number of holesto it. Hence, a P-type materia
containsfollowing charge carriers:
(a) large number of positive holes—most of them being the added impurity holes with only a
very small number of thermally generated ones;

(b) a very small number of thermally-generated electrons (the companions

of the thermally generated holes mentioned above).

Obvioudly, in a P-type material, the number of holes (both added and thermally-generated) is
much more than that of electrons. Hence, in such a material, holes constitute majority carriers and
electrons form minority carriers as shown in Fig. 51.26 (a).

Similarly, in an N-type material, the number of el ectrons (both added and thermally-generated) is
much larger than the number of thermally-generated holes. Hence, in such a material, electrons are
majority carriers whereas holes are minority carriers as shown in Fig. 51.26 (b).

51.25. Mobile Charge Carriers and Immobile lons

Asdiscussedin Art. 51.23, P-type material isformed by the addition of acceptor impurity atoms
like boron to the pure Ge or Si crystals. The number of holes added is equal to the number of boron
atoms because each such atom contributes one hole. Now, when a hole moves away from its parent
atom, the remaining atom becomes a negative ion. Unlike the mobile and free-moving hole, thision

P N P N
+ + + + + = = = = + + o+ o+ - = = =
©O-0 O D+®-@ © 0 O HD-® @
+ + - + + - = = = + + o+ o+ - = = =
©O-0-0 DT® +@ @ © 6 D-® @
+ + +  + = = - = + + + o+ - - - -
With Minority Without Minority
Carriers Carriers
(@) ) (@) )
Fig. 51.27 Fig. 51.28
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cannot take part in conduction becauseitisfixedinthecrystal lattice. InFig. 51.27 (), theseimmobile
ions are shown by circled minus signs whereas free and mobile holes are shown by uncircled plus
signs. Thermally-generated el ectrons (which form minority carriers) are shown by uncircled minus
signs.

Similarly, addition of penta-valent atomslike antimony to pure Geor Si crystal producesan N-
type material. The number of free and mobile electrons which are added equals the number of donor
Sb atoms. Again, when an electron moves away from its parent atom, it leaves behind a positiveion.
Thision, being fixed in crystal structure, cannot take part in conduction. Asshown in Fig. 51.27 (b);
these immobile ions are represented by circled plus signs whereas free and mobile electrons are
represented by uncircled minus signs. The thermally-generated holes (which form minority carriers
in this case) are shown by uncircled plus signs. In Fig. 51.28, minority carriers of both types have
been neglected. Hence, the figure does not show the small number of free electrons in the P-type
material or the small number of holesin the N-type material.

51.26. Electron Conductivity of a Metal

According to free electron model of an atom, the
valence electrons are not attached to individual atoms
but arefreeto move about in all directionsamong the
atoms. These electrons are called conduction
electronsand aresaid to form * free electron cloud’ or
free electron ‘gas’ or the Fermi gas. For example in
copper there is one such free electron per atom, the
other 28 electrons remaining bound to the copper nuclei to form positive ion cores.

When no external fieldis applied tothe metal, the free electrons moverandomly in all directions
asshown in Fig. 51.29 (a). However, when an external electric field is applied to the metal, the free
electron motion becomes

directed a shown in Fig. 51.29 —v Wolis—

b). This dir flow of T U Y N &
glgctrons?egjltgti:;e;net?:harge ‘\ ’ b/' X, J ol \aasiadiadind i
DO O O YO7" ( pb O O O O (¢

d'ispl.aceme.nt in a def'init.e ‘/ \ e | —|o> o> o> o> op [+A
direction. Thistypeof motionis  \* ~ e - o’/o g b o O o O J
known as drift and the ¥ _¥ '\ T o \aAas > p op |+
phenomenon is referred to as s o —r—
process of conduction by drift ki l 4’4
charge. The drift velocity (v) of (@) )

the electronsis dependent upon

theelectron mobility (1) andthe
applied electric field E. The actual relationisv = pu E

Fig. 51.29

Let, e = electron charge (coloumb)
v = electron drift velocity (m/s)
A = conductor cross-section (m2)
n = number of free electrons per unit volume of the conductor
i.e. electron density (per m3)
| = length of the conductor (m)
E = V/I— applied electric field (V/m)

Now, electric current flowing in any conductor is given by the amount of charge which flowsin
one second across any plane of the conductor (Fig. 51.30). Thetotal number of electronswhich cross
the plane P of cross-section A in one second = n x (v x A).
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Charge carried by them per second is= envA. Hence, | =venA.

p
Substituting the value of v, we get .
I = neAuE=nAeu,V/l m

o—1—>» +
0 R:!:I_Eiigzpl_ ao__bn ar
I Agnede A o—1—> +

O resistivity p = 1/ne g, ohm-m and conductivity o = nepl,

Siemens/m Fig. 51.30

Incidentally, it may be noted that conductivity of asemiconductor differsfrom that of ametal in
one important respect i.e. in a semiconductor, charge carriers are both holes as well as electrons
whereas in metals, el ectrons are the only charge carriers (Art. 51.27).

Example 51.3. A copper wire of 2mm diameter with conductivity of 5.8x 10" Siemens/m and
electron mobility of 0.0032 n/V-s is subjected to an electric field of 20 V/m. Find (a) the charge
density of free electrons, (b) the current density, (c) current flowing in thewire, (d) the electron drift
velocity. (U.PS.C. Engg. Services 2002)

Solution. d = 2mm= 2><10‘3m, o = 58x10 S/m,
W, = 0.0032m?V-s,  E=20mV/m
o = gnu
o 5.8x10’ o 3
@ n = qHe = 16x10-2 x0.0032 =1.132x10""/m
(b) J = oE=(5.8x10") x (20x10°%) = 1.16x10° A /m?

(© Letl = current flowing throughthewire.
Area of cross-section of awire,

md? ITX(ZX10‘3)2

A = = 3.16x10°m*
4 4
|
J= 4 o 1=JA= (1.16x10°%) x (3.16x10™°) = 3.67A
(d) L = UE=0.0032x(20x107) =64 m/s

51.27. Conductivity of Intrinsic Semiconductors

Intheir case, current flow is due to the movement of electrons and holes in opposite directions.
However, since their charges are of opposite sign, the current due to each is in the same direction.
Even though the number of electrons equals the number of holes, hole mobility 1, is practically half
of electron mobility .

Asshown in Fig. 51.31, the total current flow which is Ge
due to the sum of electron flow and hole flow, is given by “o 42 >
I =1+l o_:—o o—»ﬂ
Let v, = drift velocity of electrons o el i
(m/s) ® Electrons
v,, = drift velocity of holes (m/s) o Holes
n, = density of free electrons in

an intrinsic semiconductor £ ,
(per m°)

Fig. 51.31
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p; = density of holesin an intrinsic semiconductor (per m3)
e = electron charge (coulomb)
A = cross-section of the semiconductor (m2)

Sincein an intrinsic semiconductor rn; = p,
0 I = ne(v.+Vvy)A=ne (W, +u) EA
where M, = electron mobility =v/E

M, = holemobility =v,/E
Since E = V/I wherel isthe length of theintrinsic semiconductor,
0 I = ne(u+H)AV/I

v L __ 1 -, 1
. I~ Ane(e+p) A

where p isthe resistivity of the semoconductor. It is given by
1
nie (Ue + Uh)
The electrical conductivity which isthe reciprocal of resistivity is given by
0; = me(He* Hy) Sm

p = ohm-m

Now, current density, J= I/A O J=ne(k+H)E=0E 0o ,=JE

I
Obvioudly, conductivity of semiconductors depends on two factors (i) number of current carriers
present per unit volume and (ii) the mobility of the current carriers. It is found that with increase in
temperature, n; aswell p; increase and correspondingly, the conductivity of intrinsic semiconductors
increasesi.e. resistivity decreases.

51.28. Conductivity of Extrinsic Semiconductors

Thegenerd expression for current density (derived above) inthe case of an extrinsic semiconductor
when an electric field isemployed is
J = (ney, + pey,)E (1)
(a) If itisan N-type semiconductor, then the above expression becomes
‘Jn = e(nnl"le + pnl"lh)E
where n and p, represent the electron and hole densities in the N-type semiconductor after doping.
(b) If itisaP-type semiconductor, then
J, = e (nppe + ppp.h) E
where n; and p, represent similar quantitiesin a P-type semiconductor after doping.

The conductivity isgivenby o = JE

O O = ney,+ pey,

or o, = e(nu,+p.H) — for N-type
and o, = e(npue+ ppph) — for P-type

(i) In N-type semiconductors,pel ectrons form the mgjority carriers although holes are also
available as minority carriers.

The current density in such a semiconductor is given by Eq. (i) above. However, since electron
density in such extrinsic semiconductors is much more than hole density i.e. n, » p,, the above
expressions are simplified to

J, = neu E and O, =N el (1))

(if) In P-type semiconductors, conduction is by means of holesin the valence band which form
majority carriersin this case although electrons are available as minority carriers.

Sincein such extrinsic semiconductors, n, « p,,, the above expressions become

J = P el E and 0, =P, ek, ..(iii)
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51.29. Conductivity when Intrinsic Charge Carrier Densities are Neglected

In case density of charge carriers available intrinsically is negligible as compared to the added
impurity atoms (whether of donor or a acceptor type), then the formulae for conductivity given by
Eq. (ii) and (iii) above will be changed asfollows:

(a) For N-type semiconductor

Asseen from Eq. (ii) above, the conductivity isgiven by o, = n e 1, wheren, iselectron density
after doping.

Inthisrelation, intrinsic hole density has aready been neglected. Theremaining el ectron density
isalso made up of the following two components :

1. intrinsic hole density dueto holes available in a pure semiconductor ;

2. electron density N contributed by added donor impurity.

However, if we further neglect the intrinsic electron density, then o, = Ny e

(b) For P-type semiconductor

As seen from Eq. (iii) above, the conductivity is given by o, = p, e W, where p, represents hole
density. Again, inthisrelation, intrinsic el ectron density has been already neglected. Thisholedensity
further consists of the following two components:

1. intrinsic hole density due to holes available in a pure semiconductor ;

2. holedensity (N,) contributed by added acceptor impurity.

However, if we further neglect theintrinsic hole density, then o, = N, e p,

51.30. Conductivity of Pure and P-type Germanium

Asshown in Art. 51.25, the conductivity of pure germanium is given by
o = ne(He+ 1y = pe (M + 1)

When germanium isdoped by atrivalent impurity likeindium, it becomes a P-type semiconductor.
After doping, its conductivity depends on the number of charge carriers available in it. The law of
Mass Action can be used for finding this number. For acceptor impurity, the law may be stated as
follows:

— _n2_ .2
nppp = np=m =
where n, and p,, represent the ‘free’ electron and hole densities respectively in the semi-conductor
after doping and n; and p;, the electron and hole densities beforedoping i.e. in anintrinsic semiconductor.
Put in another way, it simply meansthat, at constant temperature, the product of the number of electron
carriers and the number of hole carriersisindependent of the density of acceptor atoms. In physical
terms, it meansthat the introduction of P-type impurity fills some of the electron levels produced by
thermal action.

By calculating n, and p, from above and knowing p, and p,,, conductivity after doping can be
found out asillustrated by the following example.

(@) Pure Germanium

o =ne(tm)=p et H)
Let, n = p=2x10"perm®, p,=036mIV-s
W, = 017m°/V-s and e=16x10""C
o = 2x10°x1.6x107°(0.36 +0.17) = 1.69 S/m.

(b) P-type Germanium

here, 0, = e(n, Ut Py Hy)

Suppose, we add 10* atoms/m® of indium and that n=2x 10" charge carriers (either electrons
or holes) per m°,

Then, np,=n’ = (2x10%?=4x10® and p -n =107

PP, 20 2 20 L
O p,~4x10%p, = 10 o p’-10"p,-(4x10%)=0

®



2044  Electrical Technology

Solving the above quadratic equation and taking positive value only.
p, = 1.04x10°  and _ n =004 x10%
0, = 1.6x107°(0.04 x 10® x 0.36 + 1.04 x 107" x 0.17) = 3.1 S/m*

It is seen that conductivity isamost doubled.

Example 51.4. What length of a round copper wire of diameter 1 mmwill have a resistance of
1k Qif copper conductivity is60 MSm. A cylindrical piece of silicon having a diameter of 1 mmis
doped with 10% m™ atoms of phosphorouswhich arefully ionized. What length of this silicon would
berequired to give a resistance of 1 k Q if electronic mobility in silicon is 0.1 m’/ V-s?

(Electronic Devices & Circuits, Pune Univ. 1994)

Solution. R =1k Q=1000Q, 0 =60 x 10° ¥/m, A = d¥/4 = 1tx (1 x 10")%4m?

R =1/cA
| =0 AR =60 x 10° x (11 x 10 %/4) x 1000 = 47,100 m = 47.1 km
For Silicon Wire

Q

ney,=10°x1.6x 10 °x0.1=1.6 Ym
0 AR= 1.6 x (1t x 10 %4) x 1000
1.26 x 10 = 1.26 mm

Examinle 51.5. Calculate the intrinsic conductivity of silicon at room temperature if n = 1.41
x 10" m™®, = 0.145 m/V-s, W, = 0.05 nP/V-sand e = 1.6 x 10 C. What are the individual
contributions made by electrons and holes ? (Electronic Engg., Nagpur Univ. 1991)

Solution. Asseen from Art. 1.27, the conductivity of an intrinsic semiconductor is given by

0, = nep,+ne,
= 141x 10" x 1.6 x 10 ° x 0145+ 1.41 x 10'° x 1.6 x 107° x 0.05
= 0.325x107° +0.112 x 10° §m = 0.437 x 10> Sm

Contribution by electrons = 0.325 x 10~ S/m

Contributionby holes = 0.112x 10> 9m

Example 51.6. Calculate the donor concentration in N-type germanium having resistivity of
100 Q-m. Derive the formula you use. Takee= 1.6 x10™° C, p,= 0.36 m” V's ™.

(Electronics ; Nagpur Univ. 1990)

Solution. As seen from Art. 1.29, P, UNgepg

0 100=1/Nyx1.6x10°x0.36; N, = 1.74 x 10" atomgm®

Example 51.7. An N-type silicon has a resistivity of 1500 Q-m at a certain temperature.
Compute the electron-hole concentration given that n, = 1.5 x 10 m>, p, = 0.14 m/\V-s, , =
0.05n¥/V-sande= 1.6 x 10 C.

Solution. Being N-type silicon, it isassumed that n » p

O 0 = e(nHe+ PHy) =N 1y 10 S
O p =1lnp, or 15=1nx16x10 " x014 or n=31x10"m
Now, np = ni2 or p= ni2/n =(15x10"%(3.1x 10" =2 x 10”m™

Example 51.8. A specimen of pure germanium at 300° K has a density of charge carriers of
2.5 x10"/m’. Itis doped with donor impurity atoms at the rate of one impurity atom for every 10°
atoms of germanium. All impurity atoms may be supposed to be ionized. The density of germanium
atomis4.2 x 10% atoms/m”,

Find the resistivity of the doped germaniumif electron mobility is0.36 m’/V-s.

Solution. Density of added impurity atomsis
N, = 4.2x10°%/10° = 4.2 x 10? atoms/m®

* It is the new name for the old unit of mho/m.
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Asseen, itisvery large as compared to theintrinsic charge carrier density of 2.5 x 10™%/m?which
will, therefore, be neglected. Now, as seen from Art. 1.29.

o, = Nyep,=42x107x16x 107" x 0.36 = 2.42 x 10° Sm
p, = Uo,=1/242x10°=0.413x 10> Q-m.

Example 51.9. Compute the relative concentration of silicon atoms and electron-hole pairs at
300°K. Also, calculateintrinsic resistivity of silicon. Given Avogadro’s number = 6.02 x10% atoms/
g-atom, density = 2.33 x 10° g/m®, atomic Wt. = 28.1, intrinsic carrier density = 1.5 x 10" m™,
M= 0.14 m/V-s, , = 0.05 m’/V-s.

Solution. n, = Avogadro’'sNo. x density/atomic Wit.

= 6.02 x 10 x 2.33 x 10'%28.1 (15 x 10°® atoms/m®

Sinceintrinsic concentration n, i ., electron-hole pairgm®is 1.5 x 10

. N _ 5x10%
n 15x10'°
It means that there are 3.3 x 10'? Si atoms for each electron-hole pair.

Since in apure semiconductor, n = p = n,, intrinsic conductivity is given by
o, = ne (b, + 1) =15x10"x16x 107 (0.14 + 0.05) = 0.456 x 10"° S/m
Hence, intrinsic resistivity isgiven by
p, = 1o, = 1/0.456 x 10 = 2193 Q-m

Example51.10. Silicon is doped with acceptor atoms to a density of 10 m™. If it is assumed
that all acceptor centres are ionized, calculate the conductivity of the extrinsic silicon. Given that
intrinsic density is 1.4 x 10" m™, p,= 0.145m > and p, = 0.05m™>.

(Electronic Devices & Circuits, Pune Univ. 1992)

Sozlution. The minority carrier density can be found from the equation given in Art. 1.30, i.e
np=n°.

P Now, p =107 O nx10%=(14%x10%%; n=196x10"Ym’
Now, 0 = nep,+pey,
= 1.96% 10" x 0.145 x 1.6 x 10 + 10% x 0.05 x 1.6 x 10 ** = 80 I/m

03.3x10%

51.31. Drift

Directed motion of charge carriers in semiconductors occurs through two mechanisms :

(i) charge drift under theinfluence of applied electric field and

(i) diffusion of charge from aregion of high charge density to one of low charge density.

Consider the drift phenomenon first. When no electric field is applied to the semiconductor
whichisabove 0°K, the conduction electrons (as well as holes) move within the crystal with random
motion and repeatedly collide with each other and the fixed ions. Due to randomness of their motion,
the net average velocity of these charge carriers in any given direction is zero. Hence, no current
existsin the crystal under this condition of no field.

Now, consider the case when an electric field isapplied to the crystal. Under theinfluence of this
field, the charge carriers attain a directed motion which is superimposed on their random thermal
motion. This results in a net average velocity called drift velocity in the direction of the applied
electricfield. Of course, electronsand holes movein opposite directions but because of their opposite
charges, both produce current in the same direction. In extrinsic semiconductors, this current is
essentially amajority carrier flow.

Thedrift velocity isproportional to electric field strength E, the constant of proportionality being
called mobility . The exact relation between thetwo isv = pPE.
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Let usfind the value of drift current in a semiconductor.
() current density dueto electron drift is J, = ey, nE where i, is electron mobility, niselectron
density and E isthe electric field strength.
(i) current density dueto hole driftis J, = e |, pE where p is hole density.
Total current density dueto electron and hole drift is
J = J+J = el nE+en, pE=e(ny, +puy) E
= ey, (p+bn)E where b = p/u,

51.32. Diffusion

Itisgradual flow of charge from aregion of high density to aregion of low density. Itisaforce-
free process based on non-uniform distribution of charge carriersin asemiconductor crystal. It leads
to an electric current without the benefit of an applied field. This flow or diffusion of carriersis
proportional to the carrier density gradient, the constant of proportionality being called diffusion
constant or diffusion coefficient D which has a unit of m%/s,

Current density dueto holediffusionisJ, = —eD,, dp/dx. Similarly, current density dueto electron
diffusionis J, = eD, dn/dx.

where D.. D, = electronand hole diffusion constants respectively
dn/dx = density gradient of electrons
dp/dx = density gradient of holes.

It is obvious that diffusion depends on charge in homogeneity or on the presence of a space
gradient of charge density. It can occur in regionsfree of electric field. On the other hand, drift current
isafunction of both electric field and charge density.

Incidentally, it may be noted that, generally, diffusion leads to redistribution of charges which
further resultsin the development of potential difference between different parts of the semiconductor.
Theelectric field dueto thispotential difference setsup drift current in opposition to diffusion current.
Final equilibrium is achieved when the potentia difference devel oped becomes sufficiently large so
asto create adrift current equal and oppositeto the diffusion current thusresulting in zero net flow of
current.

51.33. Combined Drift and Diffusion Currents
I'n semiconductors, drift and diffusion processes may be present simultaneously. The expressions
for total electron and hole densities become.
Jo = ey nE +eD, dr/dx A/m*  and  J, = ey, pE - eD,dp/dx A/m’

51.34. Relation Between D and
Both diffusion constant and mobility are statistical thermodynamic phenomenaand arerelated to
each other by the following equation.

ue:%De and uh:%Dh o —=—=—=——=

Therelationship isknown as Einstein’s equation

Att=23C, T = 300%K, hence D/p=300/11,600=1/39 or u=39D

Example 51.11. Calculate diffusion constants for electrons and holes at 300°K in silicon if
M= 0.15 ?/V-s and p, = 0.05 m/V-s.

Solution. According to Einstein’s equation,

D = pkT/e or D=w39m?s — at300°K

1/39 = 0.15/39 = 3.85 x 10°m?/s
/39 = 0.05/39 = 6.4 x 10°°m7s

O
1

Dy,
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Example51.12. Find the diffusion coefficients of holes and electrons for germanium at 300 K.

The carrier mobilities in cm?/volt-sec at 300 K for electrons and holes are respectively 3600 and
1700. Density of carriersis2.5 x 10". Boltzmann constant, k = 1.38 x 10%.

(U.P.S.C. Engg. Services, 1996)

Solution. According to the Einstein’s equation,

D = pukT/e or D =39 m%s—at300°K
D, = 1 /39 = 3600 (cm*/V-5)/39 = 0.36 (M7V-5)/39 = 9.2 x 10> m?/s
D, = W/39 = 1700 (cm*/V-s)/39 = 0.17 (m?/V-5)/39 = 4.36 x 10> m?/s

51.35. Recombination

Apart from drift and diffusion, a third phenomenon which occurs in semiconductorsis called
recombination that results from the collision of an electron with a hole.

The process is essentially the return of a free conduction electron to the valence band and is
accompanied by the emission of energy. Obviously, the recombination rateisdirectly proportional to
the carrier concentration for the simple reason that larger the number of carriers, themorelikely isthe
occurrence of electron-hole recombination. This phenomenon is important in describing minority
carrier flow.

Asiswell-known, in asemiconductor, thermal generation of electron-hole pairsalso takes place
continuoudly. Hence, thereisnet recombination rate given by the difference between the recombination
and generation rates.

51.36. Carrier Life Time

Itisdefined asthetimefor which, on an average, acharge carrier will exist before recombination
with acarrier of opposite charge. Itsval ue variesfrom nanoseconds (10" to hundreds of microseconds
(pus) and depends on temperature and impurity concentration in the semiconductor material.

51.37. Total Carrier Flow

The total carrier flow in a semiconductor is the sum of the three flow phenomena discussed
above. Each type of carrier hasto be treated separately and the number of electrons or holesleaving
the sample being accounted for by drift or diffusion or net recombination. The current in the
semiconductor isthen the sum of the electron and hole currents.

51.38. P-N Junction
It is possible to manufacture a single piece of a semiconductor
material half of whichisdoped by P-typeimpurity and the other half
by N-type impurity as shown in Fig. 51.32. The plane dividing the
two zonesiscalled junction. Theoretically, junction planeisassumed
to lie where the density of donors and acceptorsis equal. The P-N
junction is fundamental to the operation of diodes, transistors and
other solid-state devices. .
Let usseeif anything unusual happensat thejunction. Itisfound Junction
that following three phenomenatake place: Fig. 51.32
1. A thin depletion layer or region (also called space-charge
region or transition region) is established on both sides of the junction and is so called
because it is depleted of free charge carriers. Its thickness is about 10° m.
2. A barrier potential or junction potential is developed across the junction.
3. Thepresenceof depletion layer givesriseto junction and diffusion capacitances (Art. 51.5).

P

+
+
+

+ + +
+ + +
+ + +

|

|

|

|

®
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51.39. Formation of Depletion Layer

Suppose that ajunction hasjust been formed. J«— DEPLETION REGION
At that instant, holes are still in the P-region and
electronsinthe N-region. However, thereisgreater
concentration of holes in P-region than in
N-region (where they exist as minority carriers).
Similarly, concentration of electronsis greater in
N-region than in P-region (where they exist as
minority carriers). Thisconcentration differences
establishes density gradient across the junction
resulting in carrier diffusion. Holes diffuse from
P to N-region and electrons from N-to P-region
and terminate their existence by recombination
[Fig. 51.33 (8)]. This recombination of free and mobile electrons and holes produces the narrow
region at the junction called depletion layer. It is so named because this region is devoid of (or
depleted of) free and mobile charge carriers like electrons and holes—there being present only
positive ions which are not free to move.

ELECTRON FLOW

Mobile Fixed  Mobile
Charges Ions Charges
P N \ [\ / P N
L +% + T H- - + + |0, @ - -
+ R = +++0 | G--- ++\@:/®\——
R +++P | &--- + + |0 D~ —
Diffusion Depletion
Layer
@ ®) L
Fig. 51.33

It might seem from above that eventually al the holes from the P-
side would diffuse to the N-side and all the electrons from the N-side
would diffuse to the P-side but this does not occur due to the formation
of ions on the two sides of thejunction. The impurity atomswhich pro-
vide these migratory electrons and holes are left behind in an ionized
state bearing a charge which is opposite to that of the departed carrier.
Also, these impurity ions, just like germanium atoms, are fixed in their A2 XX
positions in the crystal lattice in the P- and N- regions of the diode. I-Dl‘lq-l
Hence, asshownin Fig. 51.33 (b), they form parallel rowsor ‘plates’ of
opposite chargesfacing each other acrossthe depletion layer. Obvioudly,
row of fixed positive ionsin the N-region is produced by the migration
of electrons from the N- to P- region. Similarly, the row of fixed nega-
tiveionsin the P-region is produced by the migration of holesfrom the
P- to N-region.

If amgjority carrier (either an electron or ahole) triesto crossinto

depletion layer, it can meet either of the following two facts:

(i) eitherit can betrapped or captured by therow of fixed impurity a2
ionsof opposite sign which guard itsown region. For example, al
aholetrying to approach the depl etion layer may be neutralized k
by the row of fixed negative ions situated in the P-region itsel f
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at the edge of the depletion layer. So will be the case with the el ectron trying to approach the
depletion layer from N-region [Fig. 51.33 (c)]; or

(if) it may succeed in entering the depletion layer whereit will berepelled by therow of similarly-
charged impurity ionsguarding the other region. But itslifewill be cut short by recombination
with amajority carrier of opposite sign which hassimilarly entered the depletion layer from
the other half of the diode.

Ultimately, an equilibrium condition is reached when depletion layer has widened to such an

extent that no electrons or holes can cross the P-N junction.

51.40. Junction or Barrier Voltage

Even though depletion layer iscleared of charge carriers, it has oppositely-charged fixed rows of
ionsonitstwo sides. Because of this charge separation, an electric potential differenceV isestablished
acrossthejunction even when thejunction isexternally isolated (Fig. 51.34). It isknown asjunction
or barrier potential. It stops further flow of carriers across the junction unless supplied by energy
from an external source. At room temperature of 300°K, Vg isabout 0.3 V for Geand 0.7 V for Si.

Thevalueof barrier voltageisgiven by Vi, =V log N, N,/ n*whereN_, N, n®and V havethe
meanings explained in Art. 51.29 and 34. The value of V. at room temperature of 300°K is given by

_ _ KT _1.38x107% x 300
Vi = Vg = e 16x10°2°

0 Vg = 26log, (N,N,/n? mv

Barrier voltage depends on doping density, el ectronic charge and temperature. For agiven junction,
the first two factors are constant, thus making V dependent on temperature. With increase in
temperature, more minority charge carriers are produced, leading to their increased drift across the
junction. Asaresult, equilibrium occurs at alower barrier potential. It isfound that both for Ge and
Si, Vg decreases by about 2mV /°C.

0 A Vg = -0.002At where A tistherisein temperaturein °C.

The strong field set up by Vg causes drift of carriers through depletion layer. As seen from
|Fig. 51.35 (b), under the influence of this field, holes drift from N-to P-region and electrons from
P- to-N region. Thisdrift current must be equal and opposite to the diffusion current [Fig. 51.35 (8)]
because under condition of equilibrium and with no external supply, net current through the crystal is
zero.

=26 mV

P N
+++ PO | @---
+++ PO | & ---
+++ O G- - —
Vg=0.3V for Ge
= 0.7V for Si 1t N P N
— L » Holes Electric <
Electrons Diffuse Field >
Avg Diffuse =~ €4—F—— Holes < _ Electrons
0 Drift > Drift
v Difusion Drift
i Currents Current
Potential
Barrier (a) )
Fig. 51.34 Fig. 51.35

To summarize the main points of Art. 51.39 and 51.40, we have :

1. Assoon as P-N junction is formed, free electrons and holes start diffusing across the
junction and recombining.

®
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2. Their recombination leads to the appearance of adepletion layer across the junction which
contains no mobile carriers but only immobileions.

3. Theseimmobileions set up abarrier potential and hence an electric field which sets up drift
current that isequal and oppositeto the diffusion current when final equilibrium isreached.

Example51.13. Calculate the barrier potential at room temperature for P-N junction in silicon
whichisdopedtoacarrier density of 10°* m™ on the P-sideand 10% m™ on the N-side. Theintrinsic
carrier density for silicon is 1.4 x 10" m™. (Electronics-|, Bangalore Univ. 1992)

Solution. Using therelation given in Art 1.40, we have
Vg = 26log, (N, N,/ n? mv
= 2610g, 10 x 10%/(1.4 x 10'%)* = 641 mV = 0.641 V
Example51.14. Calculate the changein barrier potential of a P-N junction at 300°K if doping
on the N-side isincreased 1000 times while keeping doping on P-side unchanged.
Solution. Asseen from Art. 51.40, at 300°K

Vg = 26log, (N, Ny/n%) mv
O Vg = 26In(NyNg/nd); Vg,=26In(N,Ng/nd)
0 Vg~V = 2610g, (N, Ng)/(N,; Nyy)

26 log, (Ng, / Ng;) =26 1n 1000 = 179 mV

51.41. Energy Band Diagram of a P-N Junction

Now, let us consider the operation of aP-N junction interms of itsenergy bands. At theinstant of
junction formation, energy bands of the trivalent impurity atoms in the P-region are at a slightly
higher level than those of the pentavalent impurity atomsin the N-region asshowninFig. 51.36. Itis
so because core attraction for valence electrons (+3) in atrivalent atom islessthan the core attraction
for valence electrons (+5) in a pentavalent atom. Consequently, trivalent valence electrons are in
dlightly higher orbit and, hence, at a higher energy level. However, there is some over-lap between
respective bands of the two regions. Due to this reason, some high-energy electrons near the top of
N-region conduction band diffuse into the lower part of the P-region conduction band. Soon after,
they recombine with the holesin the valence band as shown in Fig. 51.36 (8). Asdiffusion continues,
depletion layer beginsto form. Another side-effect of this electron diffusion is that energy bandsin

Depletion

P Layer N
P N ,—L
Conduction
Band CB
CB o o o o o T CB e o 0o o o
le © o o o o o 0 o o
T Gap o o 0 o o 1 o o 0 o o
Eﬁooo 006 o° Gap % [0 0 0 @006,
::; ° g ooo oc> ooo oc> Valence E ’ g Oc>ooO ooo oc> VB
VB Band VB
(@) )
Fig. 51.36
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the N-region shift downward due to loss of high-energy electrons. When the top of the conduction
band in N-region reaches the same level as the bottom of the conduction band in P-region, further
diffusion ceases and equilibrium condition is reached as shown in Fig. 51.36 (b). To an electron
which might still try to diffuse across the junction, the path looks like a steep energy hill. It cannot
climb thisenergy hill unlessit receives energy from an external source.

51.42. Forward Biased P-N Junction

Suppose, positive battery terminal is connected to P-region of a semiconductor and the negative
battery terminal to the N-region as shown in Fig. 51.37 (a). In that case the junction is said to be
biased in the forward direction because it permits easy flow of current across the junction. This
current flow may be explained in the following two ways :

Holes Electrons | I
—>

A%
P_ N
ST ) —
PR [ S P N
e s + o+ _
P N F o 49r - -
+ +

Vv 0 V+V,

I
I
(a) (b) ()

Fig. 51.37

(i) Assoon as battery connection is made, holes are repelled by the positive battery terminal
and electrons by the negative battery terminal with the result that both the electrons and the
holes are driven towards the junction where they recombine. This en masse movement of
electrons to the left and that of holesto the right of the junction constitutes a large current
flow through the semiconductor. Obviously, the junction offers low resistance in the
forward direction.

A more detailed picture of carrier flow isasunder :

Asfreeelectronsmoveto theleft, new free electronsareinjected by the negative battery terminal
into the N-region of the semiconductor. Thus, aflow of electronsisset upin thewire connected to the
negative battery terminal. As holes are driven towards the junction, more holes are created in the
P-region by the breskage of covalent bonds (Art. 51.21). These newly-created holesaredriven towards
the junction to keep up acontinuous supply. But the electrons so produced are attracted to the left by
the positive battery terminal from wherethey go to the negative terminal and finally to the N-region
of the crystal.

Incidentally, it may be noted that though thereis movement of both el ectronsand holesinside the
crystal, only free electrons move in the external circuit i.e. in the battery-connecting wires.

Note. Thereisalso present an extremely small amount of current I, due to minority carriers on either side
of thejunction. But it isnegligible ascompared to forward current which isdue to majority carriers. This current
I, depends on temperature but is almost independent of applied voltage.

(if) Another way to explain current flow in forward direction is to say that forward bias of V
voltslowersthe barrier potential to (V - V) which now allows more current to flow across
thejunction [Fig. 51.37 (b)].

Incidentally, it may be noted that forward bias reduces the thickness of the depletion layer as

showninFig. 51.38.

Energy band diagram for forward biasis shownin Fig. 51.39. By comparing thisfigurewith Fig.

®
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51.36 it is seen that energy hill has been reduced. Because of this reduction, conduction electronsin
N-region are ableto crossover to P-region. After reaching there, each electronfallsinto ahole (path A)
and becomes a valence el ectron. In thisway, it is able to continue its journey towards the | eft end of the
crystal.
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+ + +
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Fig. 51.38 Fig. 51.39

51.43. Forward V/I Characteristic

Atypical V/I characterigtic for aforward- mA Ge
biased P-N junction is shown in Fig. 51.40. 30
It is seen that forward current rises
exponentially with the applied forward B Si
voltage. However, at ordinary room
temperature, ap.d. of about 0.3V isrequired
before a reasonable amount of forward
current starts flowing in a germanium
junction. Thisvoltageisknown asthreshold
voltage (V) or cut-in voltage or knee
voltage V. Itispracticaly thesameasbarrier
voltage V. Its value for silicon junction is
about 0.7 volt. For V <V, current flow is
negligible. But as applied voltage increases
beyond the threshold value, the forward 0 \ \ \ L |
current increases sharply. If forward voltage 0.2 04 0.6 08 LoV
is increased beyond a certain safe value, it Forward Voltage
will produce an extremely large current which Fig. 51.40
may destroy the junction dueto overheating.

Ge devices can stand junction temperatures around 100°C whereas Si units can function upto 175°C.

Obviously, the forward-biased junction has a low resistance. For point B in Fig. 51.40, the
forward resistancefor Si is

(o))
S
T

Majority
Carriers

ALy

AV;

Forward Current Ip
~
S
T

(3]
(=)

Re = 0.8V/20mA =40Q
Similarly, for point A on the Ge curve, R- =0.36 V/20 mA =18 Q
In practice, this static forward resistance is not used. Instead, the dynamic resistance or
incremental resistance or ac resstance of the juncion is used. It is given by the reciprocal of the
slope of the forward characteristic.
_ 1 _AV
o = AIIAV, DI,
Here, AVg = 019V and Al.=37.6mA
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_ 019
0 r.o= 019 50
*  376x107°

51.44. Reverse Biased P-N Junction

When battery connectionsto the semiconductor are made asshownin Fig. 51.41 (a), thejunction
issaidto reverse-biased. Inthiscase, holesare attracted by the negative battery terminal and electrons
by the positive terminal so that both holesand electrons move away from the junction and away from
each other. Since thereis no electron-hole combination, no current flows and the junction offers high
resistance.

Another way of looking at the processisthat in this case, the applied voltage increasesthe barrier
potential to (V + V), thereby blocking the flow of majority carriers.

Holes Electrons v
—»h, L I
F ar Tr - - - P N
G 9F ar - = = 5 N -
it sl B il — s Al \
P N G P A == =
A=l L \ ++ +|[[-— - I;
aF AF 9 - - -
v Io Neglected
I (V:Vy)
0 y—
_ V v
(@ () ©
Fig. 51.41

Incidentally, it may be noted that under reverse bias condition, width of depletion layer is increased
because of increased barrier potential as shownin Fig. 51.42.

Although, inthis case, thereispractically no current dueto majority carriers, yet thereisasmall

amount of current (afew pA only) due to the flow of

W W minority carriers across the junction. As explained

BN W N P WO N earlier in Art. 51.24, due to thermal energy, there are
trr - - | |t t777- - | awaysgenerated some holesin the N-type region and
+ + - - = [+t - — - | somedectronsinthe P-typeregion of the semiconductor

No Bias Reverse Bias asshowninFig. 51.28. Thebattery drivesthese minority
carriers across the junction thereby producing a small
current called reverse current or reverse saturation
current I or | . Sinceminority carriersarethermally-generated, |, is extremely temper atur e dependent.
For the samereason, forward current is al so temperature dependent but to amuch less degree because
minority current formsavery small percentage of the majority current. The name saturation has been
used because we cannot get minority current more than what is produced by thermal energy. In other
words, | does not increase with increase in reverse bias.

|5 isfound to increase approximately 7 percent per 0°C rise in temperature both for Geand Si.
Since, (1.07)™° = 2, it means that reverse current doubles for every 10°C rise in temperature. It is
worth noting that reverse saturation current is also referred to as leakage current of the P-N junction
diode.

With reverse bias, energy hill becomestoo steep for majority carriersto go up the hill and cross
over.

Fig. 51.42
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51.45. Reverse V/I Characteristic

Assaid earlier, the reverse saturation current isalso
referred to as leakage current of the P-N junction. Fig.
51.43 shows V/| characteristics of areverse-biased P-N
junction. It is seen that as reverse voltage isincreased

Reverse Voltage Forward Voltage

—25 20 -15 -10 ¢ 1.0 2.0
T T T T T T

from zero, the reverse current quickly rises to its X 25
. . - Minority
maximum or saturation value. Keeping temperature Carriers Lsg

constant asthe reversevoltageisincreased, | isfound
toincrease only dightly. Thisslight increaseisdueto the
impurities on the surface of the semiconductor which
behaves as a resistor and hence obeys Ohm’s law. This
givesriseto avery small current called surface leakage Fig. 51.43
current. Unlike the main leakage (or saturation) current, this surface leakage current isindependent
of temperature but depends on the magnitude of the reverse voltage.

A reverse-biased junction can be represented by avery largeresistance. Asseen from Fig. 51.43,
inthe case of Si, for areverse voltage of about 15V, 1,= 10 pA. Hence, reverseresistanceisRg = 15
V/10 pA =1.5MQ

—75 0A

51.46. Hall Effect

If aspecimen (whether of ametal or asemiconductor) carrying acurrent | isplacedinatransverse
magnetic field of flux density B, an electric field is devel oped along adirection perpendicular to both
B and |. This phenomenon is known as Hall effect and is used for the following purposes :

1. todetermine whether a semiconductor is of N-type or P-type;

tofind carrier concentration;

to measure the conductivity of the material;

to find carrier mobility;

to detect and measure magnetic fields one million times smaller than that of earth with the
help of Hall-effect magnetometers.

AsshowninFig. 51.44 (a), acurrent | is

flowing through thge semicc()i)ductor in the T E T ‘4_ Eﬂ_ﬂ
direction MN under the influence of an

o s~ wbd

external applied electricfield E, . Obviously, A
electronscomprising thiscurrent move along I

NM withavelocity of v. Consider onesuch EIH Vu  Bew

electron shown in the figure. The direction ﬁ ¢E,
of theforce exerted onit by the magneticfield oE, & Vi e

B can befound by using Fleming's|eft-hand
ruleand isas shown*. The magnitude of force N
isBev,.

Under the influence of this force,
electronswill tend to crowd towardsthe | eft side of semiconductor. Thiscollection of electronsto one
side givesrise to electric potential difference V, (called Hall voltage) and hence to an electric field
E,,. Thisfield beginsto prevent additional electrons from arriving there. Force exerted by thisfield
on the electrons is eE,,. Equilibrium is established when the two oppositely-directed magnetic and
electric forces acting on the electron become equal in magnitude.

*  While using the rule, the middle finger must point in the direction of conventional current i.e. along MN
and not along the direction of electronic current i.e. along NM.

(a) (b)
Fig. 51.44
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ie Bev, = ek,

or Bv, = E, (i)
Also Ve, = UE

O Bu.EL = E;, or pu B=E,/E

Hence, knowing E, and B and measuring E,,, we can find electron mobility.

Now, current density J = I/A=nev,A/A =ney,

Substituting the value of v, from (i) above, we get
J =neE, /B or n=JB/eE,

This equation may be used to find electron density.

Now, Hall coefficient, R, = 1/chargedensity = 1/neor R, =E_/JB

AsshowninArt.51.26. p, = Unep=R,/p

where p istheresistivity of the semiconductor.

It may be noted that the above treatment is equally applicable to P-type semiconductors where
current flow is made up of hole movement. If holeswere to move in the same direction asthat of the
electronsin Fig. 51.44 (a), then polarity of Hall voltage E,, would be reversed as shownin Fig. 51.44
(b). In fact, it was the observation of the polarity of Hall voltage associated with P-type material
which led to the concept of a positive hole.

Example51.15. The Hall-coefficient of a specimen of doped semiconductor is 3.66 x 10 m’
C™! and the resistivity of the specimen is 8.93 x 10™> Q-m. Determine the carrier mobility in

mv st

Solution. Using equation p, = R,/p
-4
He = M =0041m°v'st
8.93x 10

Example51.16. A sample of N-type semiconductor hasa hall coefficient of 160 cm/Coulomb.
Ifisresistivity is 0.16 Q-cm, estimate the electron mobility in the sample,

Solution. Using the relation, p, = R, /p, we have

Me = % = 1000 cm?/Volt-Sec.

Example 51.17. A current of 50 A is passed through a metal strip, which is subjected to a
magnetic flux of density 1.2 Wo/nt. The magnetic field is directed at right angles to the current
direction and the thickness of the strip in the direction of magnetic field is0.5 mm. The Hall voltage
is found to be 100 V. Cal culate the number of conduction electrons per cubic metrein the metal.

JB
eEy

Since J= /A = |/d.t where d is the distance between the two surfaces between the ends across
which the elecric field is measured. The above equation can be rewritten as,

- (1’A)B _(1/d.t)B _ p
T eE, eV, /d et
Substituting the values of V,, t, B, | and e, we get
1.2x50

— — 1, .3
"7 6 x107) <100 x(05 x107) 7510

Solution. We know that n =

(0 E,=V,/d)

Example 51.18. An N-type semiconductor hasa resistivity of 20 x 10~ ohm-m. The mobility of
electrons through a separate experiment was found to be 100 x 10~ nf v''s™. Find the number of
electron carriers per m.

Solution. Using the equation, .= 1/nep, we have
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1 _ 1
e 16x1079 x (100 x10) x (20 x 10°2)
=31 x10%/m®
Example 51.19. The Hall-coefficient of a specimen of doped silicon is found to be 3.66x 10™
m>C; the resistivity of the specimen is 8.93x 10 Q-m. Find the mobility and density of charge
carriers assuming single carrier conduction. (U.PS.C. Engg. Services 2002)

Solution. R, =3.66x10"m°C; p=8.93x10°Q-m.

1
W =oRy= 5 Ry x 3.66x10™ = 0.041mV.s

T 8.93x107
1 1 1
= —on= =
R = Te R.e (3.66><10‘4) x(1.6 x107%9

Example 51.20. Resistivity of a sample semiconductor is 9m Q-m. Its holes have mobility of
0.03 m/Vs. Calculate the value of Hall-coefficient of the sample. (U.P.S.C. Engg. Services 2002)

) = 1.7x10%/m?>

Solution. p = 9mMQ-m=9x10" Q-m, 4, = 0.03m/V.s
1 L 11115
o = == =111.19m
p 9x1073
up = ORH
_ Hp _ 003 s
Ry = o =q{pq=27*107"m’C

Tutorial Problem No. 51.1

1.  Compute the intrinsic conductivity of a specimen of pure silicon at room temperature given that
N =14x10°m >, = 0.145 m*V-s, u, = 0.05 m’/V-sand e = 1.6 x 10~ C. Also, calculate the
individual contributions from electrons and holes.

[0.437 X107 S/m ; 0.325 x 10> ¥m ; 0.112 x 10" S/m]

2. Find (i) conductivity and (ii) resistance of a bar of pure silicon of length 1 cm and cross-sectional
area 1 mm’ a 300°K. Given : n, = 1.5 x 10'® per m®, , = 0.13 m7/V-s, i, = 0.05 m*/V-s and
e=16x10"C. [(i) 4.32 x 107 S/m (ii) 23.15 M Q]

3. A specimen of silicon is doped with acceptor impurity to a density of 10% atoms per m®. Given that
n, = 1.4 x 10" per m®, p, = 0.145 M’V s, |, = 0.05 m*/V-s, e = 1.6 x 10° C. All impurity atoms
may be assumed to be ionized. [nearly 80 S/m]

4. Cdculate the conductivity of a specimen of pure Si at room temperature of 300°K for which
n=15%10°m>, =013 m/V-s, i, = 0.05 mM/V-s e= 1.6 x 10 ° C.

The Si specimen is now doped 2 parts per 10° of adonor impurity. If thereare 5 x 10% Si atomg/m®,
calculate its conductivity. By what factor has the conductivity increased ?
[4.32 x 107 9m ; 20.8 ¥m ; ~ 48,000]

5. Mobilities of electrons and holes in a sample of intrinsic germanium at room temperature are
0.36 m? /V-s and 0.17 m? / V-s respectively. If the electron and hole densities are each equal to
2.5 x 10" per m*, calculate the conductivity. [2.12 S/m](Electronic-1, Bangalore Univ.)

6. A p.d.of 10V isapplied longitudinally to arectangular specimen of intrinsic germanium of length
2.5 cm, width 0.4 cm and thickness 0.15 cm. Calculate at room temperature
(i) electron and hole drift velocities;

(i) the conductivity of intrinsic Geif intrinsic carrier density is= 2.5 x 10"/m®,
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(iii) thetotal current.
Given, h,=0.38m° Vs, 1, =0.18mV s, k= 1.38 x 10 Jdeg ', e= 1.6 x 10°C
[(i) 152 m/s, 72 m/s (ii) 2.24 S/m (jii) 5.38 mA]
(Applied Electronics & Circuits, Grad. | .E.T.E. 1987)
The resistivity of adopoed silicon material is9 x 10~°. TheHall coefficient is 3.6 x 10 Coulomb ™.
Assuring single carrier conduction, find the mobility and density of charge carriers. e=1.6 x 10
Coulomb. (U.PS.C. Engg. Services 1994)
Consider anintrinsic Ge bar with material time constant of 100 psec across a cross-section of 1mm?
and length 1 cm. One side of the bar isilluminated with 10> photons/sec. Assume that each incident
photon generate one electron hole pair and these are uniformly distributed throughout the bar. Find
the bar resistance under constant excitation at room temperature.
(Electronic Devices and Circuits, Nagpur Univ. Summer, 2004)
Find the concentration of holes and electrons in a p-type germanium at 300K, if the conductivity is
100 per ohm-cm. Also find these values for n-type silicon, if the conductivity is 0.1 per ohm-cms.
Given that
for germanium n, = 2.5 x 10%¥/cm3
M, = 3800 cm?/V—s, M, = 1800 cm?/V-s
for silicon, n, = 1.5 x 10° per cm?3
M =1300 cm?/V-s and M, =500 cm?/V—s (Electronics Engg; Bangalore Univ. 2004)

A germanium P-N junction at 300 K has the following parameters; N, = 5 x 10'¥/cm?,
N, =6x 10"/cm?, n = 1.5 x 10"/cm?, Cal culate the minority electron density in the P-region and the
minority hole density in the N-region. (Electronics Engg. Bangalore Univ. 2003)

OBJECTIVE TESTS —51

. The total energy of arevolving electron in an 6. The maximum number of electrons which the

atom can
(a) have any value above zero
(b) never be positive

valence shell of an atom can haveis
(@ 6 (b) 8
(c 18 (d 2

(c) never be negative 7. Silicon has Z = 14. Its outermost orbit is
(d) not be calculated. (a) partialy filled
. Anatom is said to be ionised when any one of (b) haffilled
its orbiting electron (c) completely occupied
(a) Jumpsfrom one orbit to another (d) empty
(b) israised to ahigher orbit 8. Major part of the current in an intrinsic
(c) comesto the ground state semiconductor is due to
(d) iscompletely removed. (a) conduction-band electrons
. The maximum number of electrons which the (b) valence-band electrons
M-shell of an atom can contain is (c) holesin the valence band
(a) 32 (b) 8 (d) thermally-generated electron.
(0 18 (d) 50. 9. Conduction electrons have more mobility than
. Electronic distribution of an Si atom is holes because they
(@) 2,10,2 (b) 2,84 (a) arelighter
(© 2,7,5 (d 24,8 (b) experience collisionsless frequently
. Semiconductor materials have ................. (¢) havenegative charge
bonds. (d) need less energy to move them.
(a) ionic (b) covalent 10. Doping materialsare called impurities because
(c) mutual (d) metalic. they
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(a) decrease the number of charge carriers

@

() germanium (d) intrinsic.

(b) change the chemical properties of 19. Any voltage that is connected across a P-N
semiconductors junctioniscaled ............. voltage.
(c) make semiconductors less than 100 (a) breakdown (b) barrier
percent pure (c) bias (d) reverse.
(d) alter the crystal structures of the pure 20. The areawithin a semiconductor diode where
semiconductors. no mobile current carriers exist when it is
11. Current flow in a semiconductor depends on formediscaled .......... region.
the phenomenon of (a) depletion (b) saturation
(a) drift (b) diffusion (c) potential barrier (d) space charge.
(c) recombination  (d) all of the above. 21. Thedepletion region of asemiconductor diode
12. Theprocessof adding impuritiesto apure semi- isdueto
conductor is called (a) reversebiasing
(a) mixing (b) doping (b) forward biasing
(o) diffusing (d) refining. (0) crystal doping
13. The most widely used semiconucting material (d) migration of mobile charge carriers.
in electronic devicesis 22. If anintrinsic semiconductor is doped with a
(a) germanium (b) sillicon very small anount of boron, thenin theextinsic
(c) copper (d) carbon semiconductor so formed, the number of elec-
14. Electon-hole pairs are produced by trons and holes will,
(a) recombination (b) thermal energy (a) decrease
(c) ionization (d) doping (b) increase and decrease respectively
15.  Recombination takes place when (c) increase
(a) an electron fallsinto ahole (d) decrease and increase respectively.
(b) apositiveand anegativeion bond together 23. Twoinitially identical samples A and B of pure
(¢) avaence electron becomes a conduction germanium are doped with donors to concen-
(d) acrystal isformed trationsof 1 x 10 _and_3 ><.tLO repeltz:tlvely. If
R thehole concentrationin A is9x 10™, then the
16. When aP-N junction isformed, diffusion cur- hole concentration in B at the same tempera-
rent causes ture will be
(&) mixing of current carriers (@ 3 10%m™3 (b) 7x102m?
(b) forwardbias (© 1x10%m= (d) 27x10%m>
(©) reversebias 24. Hall effect is observed in a specimen when it
(d) barrier potential. (metal or asemiconductor) is carrying current
17. The leakage current of a P-N diode is caused andisplacedinamagneticfield. Theresultant
by electric field inside the specimen will bein
(a) heat energy (o) chemical energy (a) adirection normal to both current and
(c) barrier potential  (d) majority carriers. magnetic field
18. Electronic components which are made of a (b) thedirection of current
semiconductor material are often called (c) adirection antiparallel to the magnetic
................... devices. field
(a) solid-state (b) silicon (d) an arbitrary direction depending upon
the conductivity of the specimen.
ANSWERS
1. (b) 2. (d) 3. (0 4. (b 5. (b 6. (b) 7. (b)
8. (3 9. (d) 10. (d) 11. (d) 12. (b) 13. (b) 14. (b)
15. (a) 16. (d) 17. (a) 18. (a) 19. (o) 20. (a) 21. (d)
22. (d) 23. (a) 24. (a)



	51.1. The Atom
	Fig. 51.1

	51.2. Bohr’s Atomic Model
	Fig. 51.2
	Fig. 51.3

	51.3. Calculations Concerning Bohr's Atomic Model
	Fig. 51.4

	51.4. Normal, Excited and Ionized Atom
	51.5. Electron Energy Levels in Hydrogen Atom
	Fig. 51.5

	51.6. Orbital (or Azimuthal) Quantum Number
	Fig. 51.6
	Fig. 51.7

	51.7. Electron Configuration of Atoms
	51.8. Orbital Magnetic Quantum Number (ml )
	51.9. Magnetic Spin Quantum Number (ms)
	51.10. Pauli’s Exclusion Principle
	51.11. Energy Bands in Solids
	Fig. 51.8

	51.12. Spacing Between Energy Levels of a Band
	Fig. 51.9

	51.13. Energy Bands in Lithium and their Occupancy
	Fig. 51.10

	51.14. Valence and Conduction Bands
	Fig. 51.11
	Fig. 51.12
	Fig. 51.13

	51.15. Insulators, Conductors and Semiconductors
	Fig. 51.14

	51.16. Crystal Structure
	Fig. 51.15
	Fig. 51.16

	51.17. Representation of Crystal Planes and Directions
	Fig. 51.17
	Fig. 51.18

	51.18. Atomic Binding in Semiconductors
	Fig. 51.19

	51.19. Types of Semiconductors
	51.20. Intrinsic Semiconductors
	51.21. Hole Formation in Semiconductors
	Fig. 51.20
	Fig. 51.21

	51.22. Fermi Level in an Intrinsic Semiconductor
	Fig. 51.22
	Fig. 51.23

	51.23. Extrinsic Semiconductors
	Fig. 51.24
	Fig. 51.25

	51.24. Majority and Minority Carriers
	Fig. 51.26

	51.25. Mobile Charge Carriers and Immobile Ions
	Fig. 51.27
	Fig. 51.28

	51.26. Electron Conductivity of a Metal
	Fig. 51.29
	Fig. 51.30

	51.27. Conductivity of Intrinsic Semiconductors
	Fig. 51.31

	51.28. Conductivity of Extrinsic Semiconductors
	51.29. Conductivity when Intrinsic Charge Carrier Densities are Neglected
	51.30. Conductivity of Pure and P-type Germanium
	51.31. Drift
	51.32. Diffusion
	51.33. Combined Drift and Diffusion Currents
	51.34. Relation Between D and µ
	51.35. Recombination
	51.36. Carrier Life Time
	51.37. Total Carrier Flow
	51.38. P-N Junction
	Fig. 51.32

	51.39. Formation of Depletion Layer
	Fig. 51.33

	51.40. Junction or Barrier Voltage
	Fig. 51.34
	Fig. 51.35

	51.41. Energy Band Diagram of a P-N Junction
	Fig. 51.36

	51.42. Forward Biased P-N Junction
	Fig. 51.37
	Fig. 51.38
	Fig. 51.39

	51.43. Forward V/I Characteristic
	Fig. 51.40

	51.44. Reverse Biased P-N Junction
	Fig. 51.41
	Fig. 51.42

	51.45. Reverse V/I Characteristic
	Fig. 51.43

	51.46. Hall Effect
	Fig. 51.44

	Tutorial Problem No. 51.1
	OBJECTIVE TESTS – 51
	ANSWERS

	first: 
	next: 
	prev: 
	cont: 


