Semiconducting Materials

2.1 INTRODUCTION

Semiconductors are materials whose electrical conductivity lies between
that of conductors and insulators. The conductivity of semiconductor is in the
order of 10% to 10 mho m™. It is a special class of material, very small in size
and sensitive to heat, light and electricity.

Semiconducting materials behave as insulators at low temperatures and
as conductors at high temperatures. Semiconductors are of two types.

(i) Intrinsic (or) pure semiconductors, and

(ii) Extrinsic (or) doped semiconductors

We have seen that in metals addition of impurities as well as rise of
temperature result in decrease in the electrical conductivity whereas in
semiconductors the electrical conductivity increases. Germanium and Silicon
are important elemental semiconductors used in the manufacturing of diodes
and transistors. Gallium Arsenide (GaAs) and Indium Phosphide (InP) are the
important compound semiconductors used in LED’s and laser diodes.

Definition
The resistivity of a semiconductor is lesser than an insulator but more
than that of a conductor. It is in the order of 10™* to 0.5 chm-metre.

A semiconductor has nearly empty conduction band and almost filled valence
band with a very small energy gap (=1 eV).
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compound semiconductors belongs to the third and fifth group elements and |
also belongs to the second and sixth group elements. These are also named as
direct bandgap semiconductors since recombination of electrons and holes takes

place directly leading to the emission of photons in the visible (or) Infrared

Since the life time of the charge carrier is so small, the current amplification

is small. Hence, they are not suitable for making transistors and ICs and they
are used for making LEDs and LASER diodes.
Ex. GaAs and GaP

24 DIFFERENCES BETWEEN ELEMENTAL AND COMPOUND
SEMICONDUCTOR

S.No.| _Ele‘xi:éﬁﬁl semiconductors Compound semiconductors
1. |These are made from single These are made from compound
element (mixed) elements |
2. |These are made from IV group These are made from III and V [or] II
elements of periodic table and VI group elements of periodic table,
3. |These are called as indirect band |These are called as direct band
gap semiconductor (electron-hole |gap semiconductor (electron —hole
recombination takes place recombination takes place directly)
through traps)
4. |Heat is produced during Photons are emitted during
recombination recombination
5. |Life time of charge carriersis |Life time of charge carriers is
more due to indirect recombination,|less due to direct recombination.
6. |Current amplification is more Current amplification is less.
These are used for making These are used for making
diodes, transistor, etc. LED, laser diodes, etc.
i Example : Ge, Si Example : GaA, GaP

types.
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2.5 TYPES OF SEMICONDUCTORS

Based on the purity of the semiconductors, they are classified into two

(i) Intrinsic semiconductor
(ii) Extrinsic semiconductor
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To get free electrons, the covalent bonds must be broken. There are man}j]

ways of breaking the covalent bond and setting the electrons free. One such way
is to increase the crystal temperature above 0K

Due to thermal excitation, some of the electrons acquire sufficient energy
to break the covalent bonds. The energy needed to break such a covalent bond is
about 0.72eV for Germanium and 1.1eV for Silicon. Thus even at room
temperature an electron of one atom or the other can get detached from it’s bond
by thermal agitation. The detached electrons now becomes free and can move
throughout the crystal lattice in a random motion as shown in Fig.2.2
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Fig.2.2 Germanium crystal at temperature above 0K

At any temperature, the number of free electrons in the conduction band are
equal to the number of holes in the valence band.

When the electron escapes from the covalent bond, an empty space is left
behind which is called a hole. Once a hole is created, an electron from the covalent
bond of a nearby atom shifts to occupy this hole. In this way this process continues
and the hole goes on shifting from one atom to another. The hole acts like a free
positive charge and the hole moves towards the negative plate. Therefore in a
semiconductor both holes and electrons are charge carriers and current transport
is effectively taking place by holes and electrons.

2.7 CARRIER CONCENTRATION IN INTRINSIC SEMICONDUCTOR

The number of electrons in the conduction band per unit volume of the

Material is called electron concentration (n). Similarly the number of holes in
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the valence band per unit volume (p) of the material is called hole concemratmn
In general, the number of charge carriers per unit volume of the materiq] (e,
intrinsic semiconductor) is known as carrier concentration.

At 0 K intrinsic semiconductor behaves as insulator. As the temperatyre of
the semiconductor is increased, electrons from the valence band excited intq the
conduction band. These electrons in the conduction band behaves like g fme
electrons. Therefore, the mass of the electron is replaced by its effective magg m

Likely, the holes created by these electrons in the valence band also bEhaVe
like a free particle. Therefore, the mass of the hole is replaced by its effective

massm, .
Therefore both electrons in conduction band and holes in valence band will
contribute to electrical conductivity. Therefore the carrier concentration (or)
density of electrons (n_or n) and holes (n,or p) has to be calculated.
The electrons in the conduction band have energies lying from E to © and
holes in the valence band have energies from — « to E_as shown in F1g 2.3. Here
E represents the energy of the bottom (or) lowest level of conduction band and E

represents the energy of the top (or) the highest level of the valence band.

DENSITY OF ELECTRONS IN CONDUCTION BAND (DERIVATION)

The number of electrons per unit volume in the conduction band for the
energy range E and E + dE is glven by

dn = ZE (1)
where Z(E) dE — Density of states in the energy range E and E + dE

F(E) - Electron probability occupancy

T=0K " T>0K

=—+— Conduction band ——
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The number of electrons in the conduction band for the entire region is
3 culated by integrating equation (1) between energy range E_ and + =,

dn::n-

o0

Jan=n = [2()F(E)aE @

Ec
E, is the energy corresponding to the bottom most level of the conduction
band and + « is energy corresponding to the upper most level of the conduction

band.
Density of states in the conduction band between the energy range E and

E + dE is given by
3 1
Z(E)dE = i_n(zm;)zEz iE e
The bottom edge of the conduction band (Ec) denotes the potential energy
of an electron at rest. Therefore, (E — E) is the kinetic energy of the conduction
electron at higher energy levels.

Thus in equation (3), E is replaced by (E -E )

3 1
Z(E)dE = %(m;)z (E-E,)? dE ()

The probability of electron occupation is given by Fermi distribution
function.

FE =odl 5)

l+e ¥
Substituting the eqns (4) and (5) in (2), we get

Tdn o o3 S T
n = I?(Zme) (E—Ec)2 x—_—EﬁL
Ec l+e ¥
1
W2 (E-E,)?
T i_g(z,ne)z .[( (____Efgr)dE .(6)

Eo 14 KT

L3

Since kT is very small ~ 0.03 eV and (E - E) is greater than kT, e *' is

very large compared to ‘1. Hence, ‘1’ from the denominator of the equation (6) is
E-E,  E-Ey

neglected. i.e, 1+ KT xp KT ,
g

e — _—




Now the equation (6) becomes

n =
(or) n =
47 * g Bl = E)
n = Ei(2me)2 J‘(E E )29 kT dE
Eg
Ay, s L8 L 8
n = -h%t )2 e¥t I(E Eq)z e¥T gR A7)
To solve the integral in the eqn. (7), let us assume
when when
E—Ec=x E=EC E=+w
E=Ec+x E-—EC=x +co—E =x
dE = dx

a0 X=4
Substituting the above values in equation (7), we have

3 Ep @ 1 —(Ec+x)
g = %(2 ;)Ee“"'_’-xze KT dx
0
dn L R )
n = 3-3-(2111:)28 = jxa e*Tdy -(8)
0

Using the gamma function, it can be shown that

= 1 (z) 3 2
J x2e\gy _ (kT)2n .(9)
0 2

Substituting the eqn. (9) in the eqn. (8), we have

g 1
2% o) o | (KT
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Equation (10) is the expression for concentration of electrons in the
conduction band of an intrinsic semiconductor.

DENSITY OF HOLES IN VALENCE BAND

The number of holes per unit volume in the valence band of a semiconductor
can be found in a similar manner. As the presence of the hole can be regarded as
the absence of an electron, the Fermi function of holes in the valence band is the
inverse function equal to [1 - F(E)].

Let dp be the number of holes per unit volume in the valence band between
the energy E and E tdE

dp = ZE)(1-FE)dE A1)
Where Z(E) dE — Density of states in the energy range E and E tdE
We know, F (E) represents the probability of filled state. As the maximum
probability will be 1, the probability of unfilled states will be [1 - F (E)].

1
1-FE) = 1 — &5
l+e KT
(E-Eg)
_ l4+e ¥ -1
£ (B-E¢)
l+e *
(E-Ey)
1-F(E) = e (2)
(E-Eg)
l+e ¥
Since E is very small when compared to E; in the valence band, (E - Eg) is
(E-Eg)

a negative quantity. Therefore e ¥T is very small and it is neglected in the
eqn.(3).

: (E-Eg)
ie., e gkl
(E-Eg)

1-F@E) = e T W (3) |

Density of states in the valence band,
4 < SOk '

Z(E)dE = h—’a‘(zmh)2 E? dE 8|

Here, my, is the effective mass of the hole in the valence band.

E , top level in the valence band is the potential energy of a hole at rest.
s el
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Hence, (E_— E) is the kinetic energy of the hole at level below m @
is replaced by (E(, - E) in eqgn. (4).

4n o s 1
Z(E)dE = ?(2'“*‘)2 (E,-E)2 dE B
Substituting the equations (3) and (5) in (1), we get

4n L 3
= e 4% omi): (B, -B)ie ¥ am .(6)

The number of holes in the vslence band for the entire energy range i
obtained by integrating the equation (6) between the limits — « to E,. s
E, 1 (E- EF)
[dp=p = jh 2m; )2 (E ~E)ze ¥ dE
4 3 Ep )\ E, E
P = s(m)ie ) JE, -E) : ) g 7
To solve the above integral in egn. (7), let us assume, i
when when
E -E=x E=-w E=E,
E=-x+E, E +o=x x=H.-E
L dE =—-dx & e 0 A=
Substituting these values in equation (7), we have
An . 3 (%}?_) 0 1 -z+E,
- Slmf [ 0
4 3 (BB @1 (=x
or p = E’;(zmh)z e T sz e(k'l‘) dx .(9)
o
[—ve sign is omitted by interchanging the limits]
using the gamma function, it can be shown that
g3 1
w 1 -% - B
jxi e(“] " T (kT)27* ..(10)
0 2
substituting the eqn. (10) in the eqn. (9), we have
(E.-E,) 3 1
_ 4n LRty 7 T
o= Bmipe w | 0T
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. (E,-Eg)
(Ep-Ec) _ |y |2 a T .
e I v
m, )
{ \3 (E,+E¢)
: 2E m. |2 Ax!
1% or 2 w = |[=bif e ¥
. \ M, )
| Taking log on both sides, we get
‘ 3
* \5 (E,+E¢)
2E 2
log eT‘?F " loge (m}:] +logee o
: e
i &E_E = —10 E +EC
| kT
(E +EC)
E, =
[

E +E
NLRS S =

7:
| _ kT (m;) KT[(E, +Eo)
| e = 41°g°(m]+2[ KT

F 4

-

| Ifm;,=m;,thenloge[ ,}—logl 0
m

Hence, the equation (2) becomes
o .(3)
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Fig. 2.4 Positions of Fermi level in an intrinsic semiconductor at various temperatures.

(a) At T = OK, Fermi level is in the middle of the forbidden band.
(b) As the temperature rises, it shifts upward since m; >m, .
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Thus, Fermi level is located half way between the top of the valence band
and bottom of the conduction band as shown in Fig.2.4. Its position is independent
of temperature
In reality mj >m,; thus, Fermi level is just above the middle of energy

gap and it rises slightly with increasing temperature.

Density of electrons and holes interms of E,
In terms of energy gap (Ez) where Eg =E_-E_wecanget the expression of n_ H

and n, by substituting the value of E in terms of E_and E.
Substituting eqn. (2) in (10) we get

-"Ec + Ev 3 m; -l ”
2T[m; kT e %y +Zleoge( -)—Ec »
e e e S ,
) s kT o
L -
3 m;l - L
3.5 [21: kT)slz (m. )8 " 2E, +2E. + 3kT log, [mc) 4E.
- h? e) EXP o

on KTY'? | .92 E,-E) 3, (m
- 1[5 = W[%—ﬁ“*z“&#

2
h 4k ;
L

Since E = E - E_, we can write
g ¢ v

ey o kT oy By my )
E (h“ ) (me) " x| gy * 18 |
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A typical graph drawn between T and log o, is shown in Fig. 2.5. From the

graph we know that conductivity increases with temperature.

Log o,

{ 1/7 1
Fig. 2.5

2.10 DETERMINATION OF BAND GAP (OR) ENERGY GAP IN INTRINSIC
SEMICONDUCTOR

We know that for an intrinsic semiconductor

-E,/2kT
o = Ae ¢
- The resistivity of the intrinsic semiconductor,
1 (e, /2kT
LY )
: d iz i ; : 4 S R,a
Since resistivity is resistance per unit area per unit length | since p= 1
Ra _ T olEs/2K7)
L A

where R, is the resistance, ‘a’ the area of cross section and L is the length of
intrinsic semiconductor.

Since, ‘a’ and ‘L’ are constants,
= el _L
R = Ce where C = =
Take log on both sides,
El
log C + 9KT

The above equation gives us a method of determining the energy gap of an

I

Log R,

intrinsic material. If we find the resistance of the intrinsic semiconductor using
post office box or Carey Foster's bridge at various temperatures, we can plot a
graph between 1/T and log R, . Then the slope of that curve will give the value of

E,/ 2KT. (Fig. 2.6)
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From the curve ir - 2k
|
i Log R; |y
dx
5 =
' 1/T

| Fig. 2.6
' Therefore by finding the slope of line we can calculate the energy bang gap
Eg with the following expression.
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E‘ 2.11 EXTRINSIC SEMICONDUCTOR

A Semiconducting material in which the charge carriers originate from

- impurity atoms added to the material is called impurity semiconductor (or)
~ extrinsic semiconductor.

| Based on the type of impurity added they are classified into two types.
% They are,

J (i) n-type semiconductor  (ii) p-type semiconductor
) n-type semiconductor

n-type semiconductor is obtained when a pentavalent impurity atom (5
electrons in valence band) like Phosphorus, Arsenic, Antimony, etc., is doped
with an intrinsic semiconductor.

As shown in Fig. 2.7(a) the four electrons of the Phosphorous atom form
covalent bonds with the valence electrons of the Ge atoms. The fifth electron of
the Phosphorous atom is not covalently bonded but is loosely bound to the
Phosphorous atom. By increasing the thermal energy or by applying electric field,
this electron can easily be excited from the valence band to the conduction band
and is available for electrical conduction.

Every Phosphorous atom added to the semiconductor contributes one

: uction electron without creating a positive hole. Hence Phosphorous is called
a don

e or atom, s'ince it donates free electrons. The material as a whole has excess
ol electrons which are the majority current carriers and they form donor energy

—
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Jevel (£ which lies close to the conduction band. Since the majority current
carriers are negatively charged particles, this type of semiconductor is called an

Y,

n-type semiconductor. Fig. 2.7(b) gives the band diagram of the n-type
semiconductor.
,(:} ARy ]:] ‘.F_h::'. L
— ) e y R i i [ 7 J
l . \ el [ ol
’ ‘ lmpunty ' : Conduction band |
atom l
S5l R R R e e Fermi level (Eg)
@ Donor level (Eq)
= O o4 25 .
i 1 :
, . \ J ‘ l' \ l r
| | l | Free | |
Vo
B electron | *
L B i - Valence band
(a) crystal structure (b) Energy band diagram
Fig. 2.7 n-type semiconductor

It is seen that the Fermi level is shifted towards the conduction band and

lies in between the conduction band and donor level, indicative of the presence of
excess of electrons.

(ii) p-type semiconductor
p-type semiconductor is obtained when a trivalent impurity atom (3

electrons in valence band) like Aluminium, Boron, Gallium, etc., is doped with
an intrinsic semiconductor.

As shown in Fig. 2.8(a) the three valence electrons of the Aluminum atom
form covalent bonds with the valence electrons of Ge atom. One more electron is

needed for bonding which is not available. This deficiency of one electron becomes
a hole.

For every Aluminum atom added, a hole is introduced in the semiconductor.
The holes which are in excess in a p-type semiconductor are treated as positively
charged particles. They take part in electrical conduction and the majority carriers
in the p-type semiconductor.

Due to thermal excitation, a hole in one location may be occupied by an electron
from the neighbouring atom in which case the hole is shifted to a new location.

This process goes on as a result of which the hole moves about in random. Thus
the holes are free to conduct electricity.
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ﬁ The impurity atoms which contribute holes to the semiconm

acceptor impurities and they form acceptor level (E_ ) which lies close to the valene
band. Since the current carriers are positively charged holes, thig type of
semiconductor is called p-type. Fig.2.8(b) gives the band diagram of 4 P-type
semiconductor. As shown in Fig. 2.8(b), since the holes are in excess, the ferm; \
Jevel is shifted towards the valence band and lies in between the valence bang :

|
f and acceptor level.
|
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(a) crystal structure (b) Energy band diagram

Fig. 2.8 p-type semiconductor
2.12 CARRIER CONCENTRATION IN n - TYPE SEMICONDUCTOR [Derivation]
The energy band diagram of a n - type semiconductor is shown in Fig. 2.9.
In the n - type semiconductor, the donor level is just below the conduction band.
N, denotes donor concentration, i.e., the number of donor atoms per unit volume
of the material and E 4 represents the energy of the donor level.

Conduction Band
[ X
A A E¢
Eg
© ionized donor _“—-;@—Q. 00000000 Ep

E

. Valence Band —/—/—/—— Ev

Fig. 2.9 Energy band diagram of a n-type semiconductor
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2.14 CONCENTRATION OF HOLES IN THE VALENCE BAND OF p - TYPE |
SEMICONDUCTOR [Derivation]

In p - type semiconductor, acceptor energy level is just above the valence

band (Fig. 2.11). Ea represents the energy of the acceptor level and N, denotes
the number of acceptor atoms per unit volume.

/)

Conduction Band

A E,
hole

E 000000000 0"
g #A Ea
¢ F
E
0o 00 v

... Valgnce Ban!.

Fig. 2.11 Energy band diagram for p-type semiconductor

Density of holes per unit volume in the valence band is given by

(1)

where E — Fermi energy lvel
E, — Energy corresponding to the top level of valence band.
N, F(E) |
N,

— &) wk2)
l1+e M

N,

(EI'EP)

l+e T

Density of ionised donors

Where FE) =

(El 'EI"]
Since E_- E,, is very large when compared to kT, e *T is a large quantity

and thus ‘1’ from the denominator of R.H.S. of the equation (2) is neglected.

Now, the eqn. (2) is modified as,
, N,
N‘ F(E“) T T(EcEn)
e KT
(E'..EI) S
Density of ionised acceptors = N e T |







-(8)

-(9)

(10) |

where
Results
(i) Density of holes in the valence band is proportional to the square root
of acceptor concentration.
~ (ii) At high temperature, we must take the intrinsic carrier concentration
along with this.
(iii) At very high temperatures, intrinsic carrier concentration over takes
" holes due to acceptor concentration. i.e., At very high temperature,

p-type semiconductor behaves like an intrinsic semiconductor and
acceptor concentration becomes insignificant.

| 2.15 VARIATION OF FERMI LEVEL WITH TEMPERATURE AND
CONCENTRATION OF ACCEPTOR ATOMS
The increase of temperature decreases the Fermi level slightly. As the
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temperature increases more and more acceptor atoms are ionised. For a Particyly,
temperature all the acceptor atoms are jonised. Further increase in temperature
results in generation of electron hole pairs due to breaking of covalent bonds gy, d
the materials behave in intrinsic manner. The movement of Fermi level toway ds

intrinsic Fermi level with temperature is shown in Fig. 2.12.
A

Conduction Band
E.

21
N,= 10 atom/m?®
_EAE E, (intrinsic)

Valence Band

2 Temp (T) —

Fig. 2.12 Variation of Fermi level with temperature
The behaviour of P-type semiconductor with higher acceptor concentration
is compared with a lower one in Fig. 9.12. The Fermi level of the highly doped
semiconductor is also low. This is because the highly doped semiconductor will
behave in intrinsic manner only after all the acceptor atoms are ionised.

2.16 VARIATION OF CARRIER CONCENTRATION WITH TEMPERATURE

The variation of carrier concentration with temperature for a n-type semi
conductor is shown in Fig. 2.13.

At 0K both the conduction band and valence band are free from any charge
carriers and hence conductivity is zero.

Now, when the temperature is slowly increased, the donor atoms get ionised
and hence, the electron concentration in conduction band increases. Since this
range occurs due to impurity atoms ionisation this region is called impurity range.

When the temperature is further increased, say at about room temperature,
all the donor atoms are ionised and so, the concentrations of electrons in the

conduction band remains constant over a certain range of temperature. This range
is called the exhaustion range.
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As the temperature is increased further, and if the thermal energy is
sufficiently high, the covalent bonds get broken and thus electron-hole pairs are
generated. As a result, electrons from the valence band starts moving towards
the conduction band the thereby increasing the electron concentration in the
conduction band considerably. Thus, with continuous increase of temperature,
more and more electrons from the valence band reach the conduction band and
completely outnumber donor electrons. The Fermi level moves down gradually
until it reaches the middle of the forbidden gap. The material becomes intrinsic
and this range is called intrinsic range.

—)

Intrinsic Exhaustion Impurity
range range —s——=— range

| Electron
log n, | concentration
and [
log ' Hole

| concentration
|

1/"[‘——-—-—

Fig. 2.13 Variation of carrier concentration with temperature

Hole concentration

The dotted curve indicates the hole concentration. In the intrinsic range
both the hole and electron concentration curves overlap since they become equal
in number. The exhaustion range is observable only for smaller concentration of

N, If N, is large, the low temperature impurity region extends towards intrinsic
region.

Note : The variation of carrier concentration with temperature for a p-type
semiconductor can also be explained in the similar manner.

Conductivity of extrinsic semiconductor
The variation of conductivity with increase of temperature of an extrinsic
semiconductor is shown in Fig. 2.14.

At low temperature, near absolute zero, only few of the impurity atoms get
ionised and hence the conductivity low.
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As the temperature is increased further, more and more of the impyy.
s . 0 rlt
atoms get ionised and so conductivity ¢ increases. But, this increa y

Se in log o -
gradual due to large impurity scattering and the availability of smal] amoung 1sf
. 0
carriers.

Intrinsic Exhaustion Impurity
range range —=——=— range
I\
Electron
log & concentration

=

UT ——=
Fig. 2.14 Variation of electrical conductivity with temperature

At higher temperature the carrier density increases enormously and go the

practically intrinsic.

2.17 DIFFERENCE BETWEEN N-TYPE AND P
mx '\;'i':" 4 e

-‘,jp—,—': P ‘:5(

-TYPE SEMICONDUCTOR

o iy

L. | n-type semiconductor is
obtained by doping an
intrinsic semiconductor

p-type semiconductor is
obtained by doping an intrinsic

semiconductor with a trivalent
with pentavalent impurity. impurity.

2. | Here electrons are majority Here holes are majority carriers

carriers and holes are and electrons are minority
minority carriers. carriers.

3. | It has donar energy levels It has acceptor energy levels

very close to conduction band. very close to valence band.

4. | When temperature is increased, | When temperature is

these semiconductors can easily | increased, these semiconductors
donate an electron from donor can easily accept an electron

energy level to the conduction from valence band to acceptor

band

energy level,
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2.18 DIFFERENCE BETWEEN INTRINSIC AND EXTRINSIC i
SEMICONDUCTOR.
S.No. : Intrinsic semiconductors Extrinsic semiconductors

1. |Semiconductor in a pure form is | Semiconductor which are doped with

called intrinsic semiconductor. | impurity is called extrinsic
e semiconductor.

9. |Here the charge carriers are Here the charge carriers are produced
produced only due to thermal due to impurities and may also be
agitation. produced due to thermal agitation.

3. |They have low electrical They have high electrical
conductivity. conductivity.

4. |They have low operating They have high operating
temperature. temperature. J

5. |At OK, the Fermi level exactly At 0K, Fermi level lies closer to
lies between conduction band conduction band in ‘n’ type
and valence band. semiconductor and lies near valence

band in ‘p’ type semiconductor.
Examples : Si, Ge, etc. Examples : Si and Ge doped with
Al, In, P, As etc.

type

-

2.19 HALL EFFECT

Measurement of conductivity will not determine whether the conduction is

semiconductor.

due to electron or holes and.therefore will not distinguish between p-type and n-

Therefore Hall effect is used to distinguish between the two types of carriers

Hall Effect in n - type Semiconductor

and their carrier densities and is used to determine the mobility of charge carriers.

Hall Effect

When conductor (metal or semiconductor) carrying a current is placed in a
transverse magnetic field, an electric field is produced inside the conductor in a
direction normal to both the current and the magnetic field. This phenomenon 18
known as “Hall effect” and the generated voltage is called “Hall voltage”.

Let us consider an n-type material to which the current is allowed to pass

ﬁ
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e T
2.0
T 1602x107" x(0.32+0.15)
n = 2.656%10%m?
PROBLEM : 3

The following data are given for intrinsic germanium at 300 Kn,=24x
10'%/m3, p, =0.39 m?V-1s1, p =0.19 m*V-1s7L, Calculate the conductivity
of the sample.
Given @

p,=039m?V1sl = 019m?V-1lsl, e=1602x107°C, o;=?

1
Solution :

o; = mneu,+m)
2.4x1019x 1.602x 10719(0.39 + 0.19)

PROBLEM : 4

The Hall coefficient of certain silicon specimen was found to be
_7.35 x 105 m3 C-1. The -ve sign indicates it is n type of semiconductor.
Calculate the density and mobility of charge carrier if
o =200 Q' m.

Given :

Ry=7.35x10°m%C, ¢=200Q'm™.

Solution :

-1 -1
n, = =
: eRy  1.602x107°(-7.35x10°)
n, = 8492x10%/m’
. o)
e n.e
200

8.492 x102x1.602x 107"

-
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Intrinsic carrier concentration n, = 2.5 x 10'%m?

§e

Given data :

Electron mobility T

Hole mobility e

We know that the electrical conductivity of an intrinsic semiconductor |

Solution :

(Germanium)

Substituting the given values, we have

25x10¥x1.6x10(0.39 + 0.19)

6]

o

l
Resistance R = p_l orR= " [ o= ‘)
A cA

l

A

R

— length oftherod=1cm=1x10"m
A - Area of cross-section (width x thickness)

]

g =

2.32 Q'm™!

(1x10°m)(1x10°m)

1x107
232x(1x10°x1x107)

4310 Q

- 2.39)
O e =
i e L
nep  624x10%” x1.602x107" x107?
po= 01m?/Vs
PROBLEM : 7
Find the resistance of an intrinsic germanium rod 1 cm long, 1 mm
wide and 1mm thick at 300 K.
For germanium n = 2.5 x10"m?
p, = 0.39 m*V-g?!
#, = 0.19 m*V-'s'at 300K

0.39 m?*V-ig!
0.19 m?V-1g!

n.e (p,+p)

p
where
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|
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PROBLEM : 8

For an intrinsic semiconductor with a band gap of 0.7 eV, determ-
- . L ln
the position of E; at T = 300K if m, =6m_. e

Given: E =0.7¢eV(or) 1.12x 10-° Joules, T = 300K, b -

m e
Solution :

We know Fermi energy of an intrinsic semiconductor

E, 3K.T m,
g, i 1og{——‘:-)

e

E 112x10™ 3x138x102x300
P = - log, 6
2 4
= 56x102 +55634x 102
. 615634 x107%°

. 6.15634 x 10*J (or) E, =

16x107"

PROBLEM: 9

The energy gap of silicon is 1.1 eV. Its electron and hole mobilities at

room temperatures are 0.48 and 0.013 m® Vs, Evaluate the carrier
concentration and its electrical conductivity.

Given data :
Energy gap E =11 eV
Electron mobility p, = 048 m*V-s?
Hole mobility

p, = 0.013 m?V-is?
Temperature T = (27°C)= 300 K

Boltzmann’s constant k = 1.38 x 102 JK-!
Solution :

We know that intrinsic carrier concentration
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Qubstituting the given values, we have
3

0x314x91x10™ x138x10®x 300 | _hixléaly

= 22 1.38 x 1072 x300
R e

(6626 x10°%)

~50 g “1.76x107%®
(23626310} Iocio® ]
o 4.39038 x 1077

3
92 x [5.3942 X 10“*]2 o 21256

_  2x(1.2528 x 10%) (5.8697 x 10°)
1.4707 x 10 m™

n.

1

Electrical conductivity o, =n.€ (p,+ 1)
= 147O7x10‘6x16x10‘9(048+0013)

PROBLEM : 10
Find the intrinsic resistivity of Ge at room temperature 300K if the
carrier density is 2.15 x 10**/em’.
Given data :
Mobility of electron p, = 3900 em?/ Vs
Mobility of hole p = 1900cm?/Vs
Carrier density n = 2.15x 10/ cm®
Solution :
We know that o, = e(p+m)n
Substituting the given values, we have
o, = 16x10x(3900+ 1900) x 2.15 x 10*
= 16x10x5800x215x 10"
o, = 232x10*chm/cm
T e 1
Intrinsic resistivity p, = | T
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| EXERCISE PROBLEMS |

Calculate the intrinsic concentration in germanium gt 300K

3 giv
m," = 0.12my, m,” = 0.28 m, and E =067eV. N thyy
(Ans: n, = 4,69 X 1018,
The intrinsic carrier density is 1.49 x 1016/m3. It the mobility of R t“‘ )
c
and holes are 0.12 and 0.05 m2V-1s1, Calculate the conductivity, Tong

(Ans: 0 = 4,05 X 104 1 o
In a p-type germanium, n;=21x10%m3 density of boron 4.5 x 1023
m™". The electron and hole mobilities are 0.4 and 0.2m?/volt g respe
What is its conductivity before and after the addition of bor

atoms
ctiVely‘
on atomg 9

magnetic flux density of 0.5 Wh/m2 applied from front to back Perpendicyg,
to largest faces. When a current of 20 mA flows length wise through th,
specimen, the voltage measured across its width is found to be 37 uV. What
is the Hall coefficient of this semiconductor.

(Ans: Ry = 3.7 x 1075C-11y3)
The donor density of an n-type germanium sample is 102! / m3, The sample
is arranged in a Hall experiment having magnetic field of 0.5 tesla and the
current density is 500 Ampere/m2. Find the Hall voltage if the sample is
3 mm wide.

(Ans : Vg = 4.6875 mV)

What is a semiconductor?

The materials in which the electrical conductivity lies between conductors
and insulators are called semiconductors. They have resistivity value
between 10~ to 0.5 chm-m. The electrical conductivity of semiconductor
increases when we add impurities and by increasing the temperature and
it is contrary to the metals.

Define the pProperties of semiconductor?
1. The resistivity of semiconductors lies between that of a conductor and
an insulator. (i.e.,) It varies from 104 to 0.5 Q-m.




@@g Materials .

e

At 0K, semiconductors behave as Insulators

They have an empty conduction band and almost filled valence band at 0K
Semiconductors have negative temperature coefficient of resistance.

- L AT R

If impurities are added, it will increase the electrical conductivity of
semiconductors.

6. If we increase the temperature of semiconductor, its electrical
conductivity also increases.

With increase of temperture the conductivity of semiconductor
increases while that of metals decreases. Give reasons.

With increase of temperature more and more charge carriers are created
and hence the conductivity of semiconductors increases. In the case of

metals with increase of temperature the concentration of charge carriers

remains the same. But due to increase of thermal energy the electrons
make frequent collisions with lattice ions and hence the resistivity increases
and conductivity decreases.

Mention any four advantages of semiconducting materials.

(i) It can behave as insulators at OK and as conductors at high |
temperatures.

(ii) It possess some properties of both conductors and insulators.

(iii) On doping we can produce both n and p-type semiconductors with
charge carriers of electrons and holes respectively.

(iv) It possess many applications in electronic field such as manufacturing
of diodes, transistors, LED’s, IC etc.

Distinguish between Elemental semiconductors and Compound
semiconductors

" Compound semiconductors

e S

These are made from single These are made from compound
element (mixed) element

These are made from IV group | These are made from [Il and V for] II
elements of periodic table and VI group elements of periodic table;

r

These are called as indirect band | These are called as direct band
gap semiconductor (electron-hole | gap semiconductor (electron —hole

recombination takes place recombination takes place directly)
through traps) | "




Photons are emittem ‘

recombination

e
Life time of charge caE'e;sis\ |

Jess due to direct recombinatigy 1

I 1 S
‘ |

i
| eombinai O ot amplification is less, |
ot amplification is more Current amplification is less, |

' 6. | Curre |
| | — e are used for making These are used for making\ |

|

t | 7. |Thes :

] | diodes, transistor, etc. LED, laser diodes, etc.
| )

Examples : GaA, GaP \

—_

‘Examples : Ge, Si
What is an intrinsic semiconductors? |
Semiconductor in an extremely pure form (without impurities) is knowy

as intrinsic semiconductors

7. What is pair production or electron - hole pair generation?
When an energy 1s supplied to the semiconductor, the covalent bonds are
broken and the electrons are raised from valence band to conduction band
and a vacant site 18 created in the valence band. It is called pair

production or generation of electron ~hole pair.

8. Explain the concept of hole in semiconductor.
In intrinsic semiconductor, charge carriers are created due to breaking of
covalent bonds. When a covalent bond is broken, an electron escapes to the
conduction band leaving behind an empty space in the valence band. This

missing electron is called a hole.

9. Define effective mass of the electron.
When an electron moves through a crystal lattice, it experience a periodic
potential and hence an internal force. The effect of this force is incorporatEd

in the mass of the electron and such a mass is called effective mass of
electron m*.

10. State law of mass action.

It s i insi
tates that in an Extrinsic semiconductor, the product of electro?

concentration and hole conce . . .
 ethiatant ntration, produced by the doping process is

ie.,

T )
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11. What is an extrinsic semiconductor? T

A Semiconducting material in which impurity atoms added (doped) to the

material to modify its conductivity is known as extrinsic semiconductors
or impurity semiconductor.

12. What is an n-type semiconductor?

When a small amount of pentavalent inpurity is added to a pure
semiconductor, it becomes extrinsic or impure semiconductor and it is
known as n-type semiconductor.

13. What is an p-type semiconductor?
When a small amount of trivalent impurity is added to a pure

semiconductor, it becomes extrinsic semiconductor and it is called p-type
semiconductor.

14. What is meant by doping and doping agent?
The technique of adding impurities to a pure semiconductor is known as
doping and the added impurity is called doping agent.

15. What is meant by donor energy level?

A pentavalent impurity when doped with an intrinsic semiconductor donates
one electron which produces an energy level called donor energy level.

16. What is meant by acceptor energy level?

A trivalent impurity when doped with an intrinsic semiconductor accepts
one electron which produces an energy level called acceptor energy level.

17. What are the differences between intrinsic and extrinsic
semiconductor.

1. | Semiconductor in a pure form is | Semiconductor which are doped with
called intrinsic semiconductor. |impurity is called extrinsic

semiconductor.

2. | Here the charge carriers are Here the charge carriers are produced
produced only due to thermal | due to impurities and may also be
agitation. produced due to thermal agitation.




