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Chapter

Semiconductor Physics

1.1 Introduction

A material whose conductivity lies between the metal and insulator is known as semiconductor.
Example : Silicon, Germanium

Energy Gap (E;) or Band Gap

e The minimum energy required to detach an electron from valence band to conduction band is equal
to it's Energy Gap (E).

——> Conduction
Band

—\alence
Band

e Energybandgap Eg is a function of temperature and tends to decrease as the temperature increases.
e Atanytemperature T,

Eg(T) = EgO—BT
Ego = Energy Band Gap at 0°K

B = Material constant (Unit: eV/°K)

Energy band structure of an insulator, a semiconductor and a metal

Insulator

Conduction band

E, =6eV Forbidden band
i (Energy gap)

Valence band

Fig. (a)
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Example : Diamond

e |arge forbidden band separates the filled valence band from the vacant conduction band. So electron
cannot acquire sufficient applied energy hence conduction is impossible. All insulators are bad
conductors of current at any temperature.

Semiconductor

C.B. —> Empty

EG(I

V.B — Filled

Semiconductor at 0°K
Fig. (b)
e At0°K, semiconductor behave as insulator because at 0°K conduction band is empty and there is
no charge carrier in conduction band.

[ N
CB. r>—> Free e~

EGSO(i

O
V.B o,>—> Holes

Semiconductorat 300k
e At300Kfree charge carriers are available, so semiconductor will contribute some current at 300 K.
e A material for which the width of forbidden energy band is relatively small (~1 eV) is called
semiconductor
Egaoo = 0.72 eV for Ge
E = 1.1eViorSi

G300
E; = 0.785¢eV for Ge & 1.21 eV for Siat 0° K

NOTE:

Conduction in semiconductors does not obey ohm’s law and will increase rapidly than voltage, i.e.
semiconductors are non-linear resistors.

Metal

Conduction

i

Valence band

|

Fig.(c)
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e Metals have overlapping valence and conduction bands.
e Metal are good conductor of current even at 0°K.
[Example : Copper (Cu) and Aluminium (Al)]

1.2  Transport Phenomena in Semiconductors

Mobility

e  Mobility is the proportionality constant which essentially gauges how easily current carriers (i.e.
electrons or holes) can move through a piece of semiconductor.

e When an electric field (E) is applied to a conductor or semiconductor then the charge carriers
(electrons or holes) starts flowing in it with velocity known as drift velocity (v).

e Mobility is the proportionality constant that relates the drift velocity to the electric field strength in a
semiconductor.
Hence, mobility of a carrier is given by

. Vv
“—ﬁ L(1.1)

e The unit of mobility is m?/volt-sec.
e  Electron mobility is always higher than hole mobility. For a particular material electron can travel
faster and contribute more current than hole.

Conductivity

e  The conductivity of a material can be related to the number of charge carriers present in the material.
In case of conductors the conductivity is given as:
G=neu ..(1.2)
where, n = number of free charge carriers
e = chargeof e
= 1.602 x 10" col.
u = mobility of e
o = conductivity
e Insemiconductor there are two types of charge carriers, i.e. electron and holes, hence the resultant
conductivity of a semiconductor depend upon:
+ The concentration of the mobile charge carriers (i.e. electrons and holes) and
+ The mobility of the charge carriers.
conductivity due to electrons

c,= neu,
and conductivity due to holes
Cp = PEK

Where, u, and w,are the mobility of electrons and holes respectively.
Total conductivity of a semiconductor.

o= Gn + Gp
= nep,+pep, ..(1.3)
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e In case of intrinsic (Pure) semiconductors the electrons and holes are always present in equal

concentration
n= p=n,
Therefore, conductivity of intrinsic semiconductors.
c, = nl.e(up+un) .(1.4)

Where, n.= n= pand is called intrinsic concentration.
Intrinsic resistivity is given as:

p = - (1)
o.

1

The unit of resistivity is ohm-m.

For good conductor, n= 10%8 electrons/m?

For insulator, n= 107 electrons/m?3

For semiconductor the concentration of mobile charge carriers lies between these two values.

Current Density

J = nev

=pv .(1.6)
=ne Uk

J — current density (current/ area)
n — carrier concentration (no. of carriers / m?)
v — velocity in meter per second
p — ne (charge density in coulombs / m®)
e Formetals, J = neukE
e  Forsemiconductors, J = neuE+ peppE

J = (nu,+ pu,)eE
Intrinsic Semiconductors

e Atabsolute zero, all the valence electrons are tightly bound to the parent atoms. No free electrons
are available for conduction.

e Theintrinsic semiconductor behaves as a perfect insulator at absolute zero.

e At room temperature, sufficient thermal energy is supplied to break the covalent bond, thereby,
generating electron-hole pairs.

e  The concentration of free electrons and holes will always be equal in an intrinsic semiconductor.
n= p=n, (n. = intrinsic concentration)

Extrinsic Semiconductors

e Inadditiontothe intrinsic carriers generated thermally, it is possible to create carriers in semiconductors
by introducing impurities into the crystal.

e This process, called doping, is the most common technique for varying the conductivity of
semiconductors.

e When acrystal is doped such that the equilibrium carrier concentration are different from the intrinsic
carrier concentration, the material is said to be extrinsic.
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(i) N-Type Semiconductor

1%\ (A 1%
o [

[ o [
Vel \ele Vel

5 or excess

e |fsuitable pentavalent impurities (antimony, phosphorus and arsenic) are added to intrinsic silicon
or Ge, such impurities donate excess (negative) electron carriers, and therefore referred to as donor
or n-type impuirities.

e This excess electron loosely bound to its parent atom, is relatively free to move within the n-type
material.

e When impurities are introduced in the material, additional levels are created in the energy bond
structure, usually within the band gap. For n-type impuirity, it is called “Donor Level”.

e Incase of Germanium, donor level is only 0.01 eV (0.05 €V in silicon) below the conduction band,
and therefore at room temperature almost all the excess electrons of the donor material are raised
into the conduction band.

e N-type semiconductor at 0°K is a perfect insulator.
e Donor energy level (Ep) does not depend upon temperature.
e Energy band diagram of n-type semiconductor.

0.05 eV for Si
Conduction 0.01 eV|for Ge
band l
A EC
S E
(@] D
3] EGK— donor energy level f
L
A Ev
valence band

Fig. (a)

e If intrinsic semiconductor is doped with n type impurities, not only does the number of electrons
increase, but the no. of holes decreases below that which would be available in the intrinsic
semiconductor. The reason for the decrease in the no. of holes is that the larger no. of electrons
present increases the rate of recombination of electrons with holes.

e Inn-type semiconductor, majority carriers are electrons and minority carriers are holes.
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(ii) p-type Semiconductor
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If trivalent impurity (Boron, Aluminium, Gallium or Indium) is added to an intrinsic semiconductor,
only three of the covalent bonds can be filled and such impurities make available positive carriers
because they create holes which can accept electrons. These impurities are referred to as acceptor
or p-type impurities.

Energy band diagram of p-type semiconductor.

Conduction band

A
acceptor energy level

E

Eg [— l / A

1

0.01 eV| for Ge

Energy

valence band

0.05 eV for Si

Fig. (b)
A very small amount of energy is required for an electron to leave the valence band and occupy the
acceptor energy level, it follows that holes generated in the valence band by these electrons constitute
the largest number of carriers in the semiconductor material.
The acceptor atom introduces an energy level near the valence band known as Acceptor Energy
Level (E,).
Acceptor Energy level exist just above the valence band. It represents the energy level of all the
trivalent impurities.
p-type semiconductor at 0°K behave as insulator.
Atroom temperature, enough thermal energy is available to excite electrons from the valence band
to acceptor level.
Acceptor Energy level (E,) does not depend upon temperature.
In p-type semiconductor, majority carriers are holes and minority carriers are electrons.

Standard Doping Levels

1.
2.
3.

Moderate Doping  :  1in(10%-108) : PN
Lightly Doped : 1in10™ PN
Heavily Doped © 1in 108 . Pt N

1in 10% is read as “1 impurity atom in 108 atoms”.
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Mass-action Law

e Under thermal equilibrium (at constant temperature), the product of positive and negative
concentrations is a constant independent of the amount of donor and acceptor impurity doping. i.e.

np = n? L(1.7)

l

e Theintrinsic concentration is a function of temperature.

Charge density in a semiconductor

N,— concentration of donor atoms.

N ,— concentration of acceptor atoms.

*.» semiconductor is electrically neutral

.. Total positive charge = Total negative charge

i.e. |ND+,D= NA+I’) (18)

= Foranntype material. N, + p = n. Because, n>> p

| n=Nporn, =Ny | ‘n’ subscript represent ‘n’ type material

- concentration p, of holes in n-type will be given by

NPy = '721'
n2
Py = NID ..(1.9)
e Fora ptype material
Py, = Ny
MNPy = ’712
I’]-2
"o N, (1.10)

here ‘p’ subscript represent ‘p’ type material.

NOTE:
If concentration of donor atoms added to a p-type semiconductor exceeds the acceptor concentration i.e.
(N, > N,), the specimen changes from p-type to n-type semiconductor. N, is replaced by (N, - N,) in
above equation (1.9).

1.3  Expression for Minimum Conductivity in Semiconductor

e  Conductivity of semiconductor is given as
G = Nnagu,+ pgu,
e For minimum conductivity

n= n f& and P=n L]
Hp Kp
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° Omin = 2ni Upkp q

Effect of Temperature on Conductivity of Intrinsic Semiconductor

e  Forintrinsic semiconductor, 6 = n,g(u,, + up)
* Astemperature increases, n, TTandul = oTas 7T
e  Conductivity of intrinsic semiconductor increases with temperature.

Effect of Temperature on Conductivity of Extrinsic Semiconductor

o

0<T<300K:

Conductivity increases with the temperature. Because of thermal energy, electrons from valence band
gets excited to Acceptor level (in p-type semiconductors) and free electrons from Donor Level gets excited to
conduction band (in n-type semiconductors).
300K<T<T:

Majority carrier concentration will remain almost independent of Temperature (N, >> nor N, >> P). As
temperature increases, mobility decreases and therefore, conductivity decreases with temperature.

T>T:
At T = T, (curie temperature) minority carrier concentration will become equal to majority carrier

concentration and the extrinsic semiconductor will become intrinsic semiconductor. Above curie temperature,
conductivity increases with temperature.

1.4  Electrical Properties of Ge and Si

Intrinsic concentration

Egy J

KT L(1.171)

n? = AT’ [

Eg, — energy gap at 0°K in eV

K — Boltzman’s constant in eV / °K.
A, — constant independent of temp.

Energy Gap

E depends on temperature.
For Si,E4(T) =1.21-360x10*T
at T=0K
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[E(T)=121eV

For Ge,ET) = 0.785-2.23 x 104 T
At T=0°K,

| Eg(T)=0.785¢V |

at T = 300°K (room temperature)
for Si, Eq(T) =1.1eV
for Ge, E4(T) = 0.72eV

Mobility Vs Electric Field Intensity for a Semiconductor

M“
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Variation of Drift Velocity with Electric Field Intensity in Semiconductor

Vy

100 10* E(V/m)

Variation with Electric Field Intensity

For E < 103 V/cm in Silicon, p — constant

103 < E< 10*V/em, y,, o 12

E>10*V/em, y, o E and for this higher field i.e. E> 10 V/cm, u_ o £ and carrier speed approaches
the constant value of 107 cm/s.

e  For smaller value of (E) applied, mobility (u) of charge carriers will remain almost constant.

e For smaller value of electric field (E) applied, the drift velocity linearly increases with electric field

(E).

e Forlarge electric field applied, mobility of charge carrier will be very small.

e Athigh electric field intensity applied, the drift velocity (v) will remain almost constant.

e Mobility of charge carrier decreases with temperature.

Generation of Electron-Hole Pairs:

The breaking of covalent bond in a semiconductor leads to generation of charge carriers, i.e., a pair of
electrons and holes.



Student's Assignments

Which of the
semiconductor
(@) Chromium
(c) Bismuth

following materials is

(b) Selenium
(d) Silica

Under thermal equilibrium in semiconductor the
ratio of number of holes to the number of
conduction electrons is

(@ 1/2 (b) infinity

(c) 1 (d) 2

Fermi energy level for P-type extrinsic
semiconductor lies

(a) at middle of the band gap

(b) close to conduction band

(c) close tovalence band

(d) none of these

The donor atoms in an n-type semiconductor at
normal temperature

(a) carry a positive charge

(b) carry anegative charge

(c) areneutral

(d) none of these

Resistivity of a semiconductor depends on

(a) thelength of the semiconductor specimen

(b) cross-sectional area of the semiconductor
specimen

(c) volume of the semiconductor

(d) the atomic nature of semiconductor

Under low level injection assumption, the injected
minority carrier current for an extrinsic
semiconductor is essentially the

(a) diffusion current

(b) drift current

(c) recombination current

(d) induced current

Donor impurity atom in a semi-conductor result
in new :

(a) wide energy band

(b) narrow energy band

IMEREDE ERSY Electronic Devices & Analog Circuits
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11.

12.

13.
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(c) discrete energy level just below conduction
level

(d) discrete energy level just above valence
level

The resistivity of a uniformly doped n-type silicon
sample is 0.5 Q-cm. If the electron mobility (u,,)
is 1250 cm?/V-sec, then the donor impurity
concentration (Np) in the sample is

(@) 2x10%/cm? (b) 1x10'6/cm3

(c) 25x10%/cm® (d) 5x 10'/cm?

A semiconductor has a band gap of 2eV. The
wavelength of radiation emitted from the
semiconductor when electrons and hole
recombine is
(a) 625nm
(c) 625mm

(b) 625um
(d) 625cm

A silicon sample is uniformly doped with 106

phosphorous atoms/cm? and 2 x 106 Boron

atoms/cm?®. If all the dopants are full ionized,

the material is

(a) n-type with carrier concentration of 10'6/cm3.

(b) p-type with carrier concentration of 10'¢/cm3.

(c) p-type with carrier concentration of
2 x 10"6/cm83.

(d) n-type with carrier concentration of
2 x 10"6/cm83.

At absolute zero, an intrinsic semiconductor
(a) becomes superconductor

(b) disintegrates into pieces

(c) behaves like an insulator

(d) becomes extrinsic semiconductor

= = =

On applying an electric field of intensity 10 V/cm
across a semiconductor at a certain temperature,
the average drift velocity of free electrons is
measured to be 70 m/s. Then, the electron
mobility is

(@) 7x10*cm?V-s (b) 700 cm?/V-s

(c) 7m2/N-s (d) 700 m?/V-s

The temperature coefficient of an intrinsic
semiconductor is
(a) zero

(c) negative

(b) positive
(d) like that of metals
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14. The carrier mobility in a semiconductor is
0.4 m?/V-S. It's diffusion constant at 300°K will

be (in m?/s)
(@) 0.43 (b) 0.16
(c) 0.04 (d) 0.01
15. In a homogeneously doped n-type

semiconductor bar, holes are injected at one end

of the bar. How will the hole flow to the other

end?

(@) By drift mechanism only

(b) By diffusion mechanism only

(c) By combination of drift and diffusion
mechanism

(d) Byrecombination mechanism

Q.16 A specimen of intrinsic germanium with the
density of charge carriers of 2.5 x 10'3/cm3, is
doped with donor impurity atoms such that there
is one donor impurity atom for every 108
germanium atoms. The density of germanium
atoms is 4.4 x 10??/cmq. The hole density would
be
(@) 4.4x10%6/cm? (b)
(c) 4.4x10'9cm? (d)

1.4 % 10'%cm3
1.4 x 10%%/cm3

Q.17 If for intrinsic Silicon at 27°C, the charge
concentration and mobilities of free-electrons and
holes are 1.5 x 10'® per m3, 0.13 m?/(Vs) and
0.05m?/(Vs) respectively, its conductivity will be
(a) 2.4x 1073 (Q-m)"

(b) 3.15x 103 (Q-m)~"

(c) 5x1074Q-m)~!

(d) 4.32x104Q-m)"

STUDENTS /)
wsooats | ANSWER KEY |
1. (b) 2. (o) 3. (o) 4. (a) 5. (d)
6. (a) 7. (o) 8. (b) 9. (a) 10. (b)
11. (¢) 12. (b) 13. (¢) 14. (d) 15. (b)
16. (b) 17. (d)
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soers [ EXPLANATIONS

2. @

At thermal equilibrium,

n=P=n,
B ©

NV
EF = EV + len(N_AJ

[ 4. [B)

As donor gives one electron, they are positively
charged. Acceptor like Boron takes an electron
and hence negatively charged.

[ 5. Q)

Resistance depends upon length, area of cross-
section, volume but resistivity of material depends
upon its crystal structure and atomic nature.

[ 8. [O)

0= qNDMn
]
= ND = ° _
aqu, Pau,
= N+ = !
D™ 05%x1.6x107"9 x1250
= Ny =1x 10"6/cm?3
B @
12500
A= E, (in A)
A= 12200 = 6250 A
= 625nm

[10.[0)

N, = 2x 10" atoms/cm?3

N, = 10" atoms/cm3
The material is p-type and carrier concentration:
N,—Np=10"® atoms/cm?3





