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‘ 1 Basic Electronics Engineering

1. Basics of Semiconductors

Level-1

1.1 Calculate the concentration of holes and electrons in a sample of Germanium at 300 K which has a
donor concentration of 2 x 10'* and acceptor concentration of 3 x 10'# atoms/cm3. Also calculate
conductivity.

(12 Marks)
Solution:

Given, N, = 2x 10 /cm3

N, = 3x10™ /cm3
Since, N, > Np, soits a p-type SC

Net impurity concentration = N, - N, = 104/ cm?3
For Germanium, n, = 2.5 x 10'3 /om?
Any semiconductor is electrically neutral i.e. net negative charge = net positive charge
n+N,=p+Np; Electrical neutrality equation

From mass action low,

np = n;
n?
n=—
o)
2
n;
?‘FNA =/O+ ND
= p? = (N, = Np)p-n? =0
2 2
(N = Np) £ (Na = Np )? + 4n
= p =
2
14 14\2 13\2
10 J_r\/(1o ) +4(2.5><1o )
P= 2
- p = 1.059 x 10" /om?
2 13\2
- po @510 ) 54,107 ) om?

P 1.059x10™
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G = nep, + pe
=59x%x10"2x1.6x 10719 %x 3800 + 1.059 x 10 x 1.6 x 107"° x 1800
=0.0345cm™!

[Note : Compensation doping is a term used to describe the doping of a semiconductor with both donors
and acceptors to control the properties. For example, a p-type SC doped with N, acceptors can be converted
to an n-type semiconductor by simply adding donors until the concentration N exceeds N,. The effect of
donors compensates for the effect of acceptors and vice versal.

1.2 In intrinsic GaAs, the electron and hole mobilities are 0.85 and 0.04 m?/V-sec respectively and
corresponding effective masses are 0.068 my and 0.5 m,,. If energy gap of GaAs at 300 K is 1.43 eV,
calculate the intrinsic carrier concentration and conductivity.

(12 Marks)

Solution:
For an intrinsic GaAs,
W, =0.85m?Vsec, p, = 0.04 m?/Vsec, m, = 0.068 m,,
m,=0.5mj, E;=143eV@300K; n=70="7

2(2nmnETj3/ ?
h2

Now, N,

-31 23 s/2
_ 5 2t x 0.068 x9.1x 107 x1.38 x 107" x 300
(6.63 x107%4)?

2 x (3.66 x 10'5)%2 = 4.43 x 10%/m3

o\ 3/2
2nm KT
N = Z[h—]

-31 23 3/2
> 2nx0.5%x9.1x1077" ' x1.38 x 107 x 300
(6.63 x 10734)?

8.83 x 1024 /m3

2 = N N,eEe/kT
143

= 4.43x 10 x 8.83x 10%* & 20026
n = 2.25x10'2/m3
=0, up)e
2.25x 1012 x (0.85 + 0.04) x 1.6 x 10719
=32x10708m™!

S
Il

S
|

Q
|

1.3 If E; and E, are the two energy levels below and above E but equidistant from E., show that the
probability of energy level E, being empty is same as the level E, being filled.
(10 Marks)
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Solution:
Fermi-dirac function;
E
1 } AE 2
fE) = —&5; Y
1+e KT &
Probability of £, being filled;
1
f(E,) = BB
1+e KT
1
f(E) = ——¢ (i)
1+ekl
Probability of £, being empty,
1 1
1-1(E) = 1- EE =1 Y3
1+e K 1+e kT
_AE
e kT 1 .
- AE ~ AE (i)

1+e KT 11l
Hence, from (i) and (ii)
f(E) = 1-1(E)

or f(E,) + f(E,) = 1;where E, and E, are equidistant from E.

1.4 With the help of E-k diagram explain the difference between direct and indirect band semi conductors.
(12 Marks)

Solution:

Direct Bandgap semiconductor:

e In a direct band gap semiconductor, an electron in conduction band can fall to an empty state in
valence band giving off the energy difference as photon of light.

E-k diagram:

Energy

() cB

.

Momentum
vector (K)

e These are the materials for which lowest energy state of conduction band and highest energy state for
valence band occurs for same momentum.

e Inthese type of materials, recombination occurs without help of extra agent.
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Indirect Bandgap semiconductor:

An electron in conduction band of an indirect bandgap semiconductor cannot fall directly to valence band
but it needs to undergo a momentum change.

E-k diagram:

Energy
(E)

Momentum
vector (K)

e These are the materials in which higher most energy state of valence band and lower most energy state
of conduction band occurs for different values of momentum. Probability of recombination is very less.

* 5o, an external agent like gold (A,) is required.
e Energy is released in the form of heat.
1.5 A hypothetical semiconductor has an intrinsic carrier concentration of 1.0 x 10'%cm?3 at 300 K, it has
conduction and valence band effective density of states N, and N,, both equal to 10'%/cm3.
(i) What is the energy band gap, Eg? Assume , KT = 0.026 eV

(ii) If the semiconductor is doped with N, = 1 x 10'6 donors/cm?, what are the equilibrium electron
and hole concentrations at 300 K?

(iii) If the same piece of semiconductor, already having N, = 1 x 10'® donor/cm3, is also doped with
N_= 2 x 106 acceptors/cm?, what are the new equilibrium electron and hole concentrations at
300 K?

(iv) Consistent with your answer to part (iii), what is the Fermi level position with respect to the
intrinsic fermi level, E.— E?
(8 + 3 + 3 + 3 Marks)
Solution:

Given, intrinsic carrier concentration,

n, = 1.0x10"%cm?
temperature, T = 300K
effective density of states in conduction band,

Ny = 10"9/cm?,
effective density of states in valence band,
N, = 10%%/cm3

(i) We know that,
intrinsic carrier concentration,

.= JNy x Nge 79217
1010 = /1019X1O1967Eg/2><0.026

S
Il
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(i)

(iii)

(iv)

1010 = 1019e—Eg/2><O.O.26

109 = g fo/2x00%
by taking ‘In’ on both sides
-E
9y - 9
0% = 5 0026
- 9
20.723 = 5%0.026
E, ~ 1.08eV

Given, donor dopant concentration,
N, = 10'®atoms/cm?

In a doped (donor) semiconductor, the equilibrium electron concentration, n, ~ N,
n, ~ 10'®atoms/cm?3

equilibrium hole concentration, p, = n—’

0
2
(1) :
pO = *]OT=1O atomS/Cm
Given, donor dopant concentration,
N, = 10'%/cm?®

acceptor dopant concentration,
N, = 2x10'6/cm3

a

since, N, > N, butnot N,>> N,
The equilibrium hole concentration,
py = N,—N,=2x10"®-10" = 10'6/cm3

the equilibrium electron concentration,

n. = ,712
h = —
Po
2
(10")
PPV

From part (iii),
the equilibrium hole concentration,

p, = 10'%/cm3
but, Py = nie(Ei—E/:)/KT

1016 — 1O1Oe(Ei_EF)/O-026

106 = glEi~EF)/0026
E - E. = 0.026In(10*9)

E.—E = -036eV
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1.6 The energy band gap of silicon (Si) depends on the temperature as follows:

Eg=117eV-473x10"

TQ
T+ 636

If the intrinsic carrier concentration of Si at T= 300 K is 1.05 x 10'° cm™3. Find the concentration of
electrons in the conduction band of intrinsic (undoped) Si at temperature T = 77 K? (Assume,

KT =0.026 eV, E(300 K) = 1.12 eV)

Solution:
Given that,
Energy band gap of silicon, Eg
The intrinsic carrier concentration,
i3
ni
Let at temperature, T, = 300 K,
ni(Ty)

Let at temperature, T,

where,

E(77K)

n(77 K)

n(77 K)

]

(12 Marks)

T2

1.17eV-4.73x10™
© 310" 535

7—3e—Eg/KT

Eg

T3/267%

EQ
(T2e

77K

&

(T,)%/2e 2T (i)

Eg(F)}

3/2 _{59(7'2)_
T o LK% 2KT,
T

Eg(TZ)iEg(TO
2KT, 2KT

3/2 {
n;(300 K)(l e
300

EST)

0.026 eV
7

T _ 77 _ 0.0066 eV
11600 11600

E (77K) = 1 17eV—473x1O’4ﬂ
g o ' 77 + 636
1.16 eV
3/2 | 1.16 71.12
0 (77 [0.0132 0.052}
1.05x10 X(_SOO) e

211x 1020 ¢cm=3

1.7 The bandgap of GaAs and AlAs are 1.43 eV and 2.16 eV respectively. Assuming the bandgap of
Al_Ga,_, As to vary linearly with x between the two extreme values, find the value of x that would
result in the emission of 680 nm from Al_Ga,__ As.

(10 Marks)
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Solution:
E;(GaAs) = 1.43eV
E; (AlAs) = 2.16eV
Al Ga,  As ; xis mole fraction

x can vary from O to 1. By changing x, bandgap of compound semiconductor can be varied. Hence, it is
called bandgap engineered semiconductor.

When x = 0; GaAs; E;=1.438eV Eg
x =1, AlAs, E; = 2.16 eV
Yoy, = Y2V gy
X2 — X4
2.16-1.43
Eo-143= =0 —— (x-0) x

E, = 1.43+0.73x

For 680 nm,
E.= @ =1.823eV =1.43+0.73x
G 680
x =054

Level-2

1.8 (a) Show that a semiconductor has minimum conductivity at a given temperature when

n=n, /%2 andp=n, = [P
u

n Up
(b) What is the expression for minimum conductivity 6,,;,?

(c) Calculate o, for silicon at 300 K and compare with intrinsic conductivity.

(15 Marks)
Solution:
(a) G = nep,+pew,
n2 n2
c = neu,,+7’eup ( p:#}

To find n for which 6 becomes minimum,

9@y

an

n?
eMn—n—zeMp =0

Wn
and p=n Bn
Up
As, M, < M, and p>n;

(Minimum conductivity occurs in a very lightly doped p type semiconductor)
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(b) Gmin =
Grnin =

Gmin =

(c) For silicon at 300 K, n, =
W, =

w, =

Gmin =

c, =

o, <

min

ni,f&eun +; Bn EUp
Un 29)

ne Upltn +'7ieanMp
2nie\/l~ln“p

15%x 100/ cm?

1300 cm?/ Vsec

500 cm?/ Vsec

2x1.5%x10" x 1.6 x 107941300 x 500
3.87x108%0 cm™

N, (u, +u,)e

(1.5 x 1019) (1800) (1.6 x 10719
432x108% 0 cm™!

()

i

(So, a very lightly doped ptype SC will have less conductivity than intrinsic SC because decrease in mobility
is more significant compared to increase in carrier concentration).

1.9 Obtain expression for intrinsic fermi level of a semiconductor w.r.t. conduction band edge. Estimate
the shift of fermi level from the middle of band gap at 300 K for I, S,. Assume that the ratio of electron

to hole mass is 0.014.

Solution:

For intrinsic semiconductor;

(15 Marks)

n=p
N e—(EC—EFi)/kT - N e—(E,:i—EV)/kT
& _ e(—E,:[+EV+EC—E/:[)/kT _ e(EC+EV—2E/:l.)/kT
Ny
In(&J _ Ec+Ey -2
Nv) KT
EC + Ev KT Nc ) ) )
Er = T—?m N_v [Fermi level w.r.t. middle of band gap] (1)
EF,- w.rt Eg
E.+E, KT [N,
_ nl e | _E
Er —Ee > 2 (/\/V c
(EE) ATy
B 2 2 N,
E.-E,\ KT, (N, ‘ .
E.-Er = +—-Inj == [Fermilevel w.r.t. conduction band edge]
2 2 N,
[E.-E, = Eg]
Given; Mo~ 0014
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E.+E, KT, [N, .
Er = =Y _—_|n| < from (i
Fi 5 5 (ij (i)
3/2
E.+E, KT [ m,
G g E
2 2 Mp ¢
_Ec+E, 0026, o, 00 0082 . Er,
2 2 Lo ] E . +E
1 C v
2
£ - Ee*B 083
i 2 Ev
So, fermilevel is 0.083 eV above the centre of forbidden band.
. E.+E, . . - .
[Note :if m, = m,, then Eg = 5 i.e. fermi level will lie exactly at the centre of forbidden band]

1.10 A new semiconductor has N, = 10" cm=3, N, =5 x 10'® cm= and E; = 2eV. If it is doped with 10"’
donors (fully ionized), calculate the electron, hole and intrinsic carrier concentrations at 627°C.
Sketch the simplified band diagram showing the position of E,.

Solution:

(15 Marks)

Given: N,=10"cm™3, N, =5x 108 cm, Eg =2eV, T=627°C =900 K, n=10" cm=3

We know that,

Now,

_(Ec=EF)
n=N,e K

n 10"
EC_ EF = _len[N—Cj = _0078|n(10—19}
E.-E-= 0366V
Er—E,=[(E,—E)—(E,—Ep)l = [E;— (Ec— EQ)]

= 2eV-0.36 eV
= 1.64eV
_(EF£)) 164
p=Ne K =5x10'%¢ 0078

=3.7x10%9cm™

Jnp =107 x3.7x10°

1.9%x 10" cm™

S
Il

Eg

[Note : n; = JNCNVe_ZkT may also be used]

1.64 eV > 2eV
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1.11 Derive one-dimensional continuity equation for (a) free electrons (b) holes in a semiconductor.
(20 Marks)

Solution:

Continuity equation is helpful in finding the net rate of change of carrier concentration when drift, diffusion,
generation and recombination processes are occurring simultaneously in a semiconductor sample.

(a) e Consider n-type semiconductor sample

—>| dx =

‘ ‘ I=J,(x)A J(x +dx) A
J'r{
X x+dx x x+dx
v
1

e | etus consider athin slice of sample having thickness dx. Current flow in n-type sample is due to
free electrons.

e The netrate of change of electron concentration in this thin slice can be calculated by considering
four factors.

(i) the rate at which electrons are flowing into the slice:

Jn(x+dx)A Jofx) A ‘ ‘ e Jx+rdn)A
- 4 e
e

(ii) the rate at which electrons are flowing out of the slice :

Jp(x)A
e
(iii) the rate at which electrons are generated in the slice i.e. G, Adx (G, : EHP/cm3/sec)

(iv) the rate at which electrons are recombining in the slice i.e. R, Adx

e the net rate of change of electron concentration in the slice is

A
My~ It A YA G Adks — A Ad
ot e e
J, ax)-J
a_ndx _ n (x + dx) = Jn(x) +(Gy - R,)dx
ot e
an 1] o
EO’X = g{%}dxn%@n -R,)dx
{From Taylor series; J,(x + dx) >~ J,(x) + a‘-2()6) O’x}
X
on  1dJ,(x) o .
- _ __7n G.-R.)-
ot e ox +( n n): Continuity equation for electrons

[Where Jy(x) =neu, +eA, @}
dx
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(b) Similarly, for p type sample;

Jp(x) A Jplx + dx) A
Jp(x) A Jp(x + dx) A ‘ ‘
x x+dx
J,(x)A  J (x + dx)A
W (pgy = LA S IOA o agy
ot e e
op J (x+dx)—J (x)
Spd = -{ P - 2| +(Gp - Rp)dx
8,0 1 aJp(x)
de = " -dx+(Gp—F1’p)dx
op 1 9Jp(x) o .
5 = —gTﬁL(Gp ~Ry); Continuity equation for holes

{where Jp(x) = pqupE —eA, %}
X

1.12 Explain Hall effect. An n-type Germanium sample is 2 mm wide and 0.2 mm thick. A current of 10 mA
is passed though the sample in x-direction and a magnetic field of 0.1 Wb/m? is applied perpendicular
to current flow in z-direction. The developed Hall voltage is —1.0 mV. Calculate the Hall coefficient

and density of electrons.

Solution:

(20 Marks)

e Hall effect occurs in metals and semiconductors. It refers to development of electric field in a current
carrying sample when it is placed in a perpendicular magnetic field.

Z(B)

Y

d (thickness)

e Consider a sample in which current is due to electrons. If current flows in positive x-direction, the
electron velocity will be in negative x-direction.

e When perpendicular magnetic field in z-direction is applied then, Lorentz force will act on electrons

Lorentz force = q(\7 X é)

e |orentzforce on electrons is in downward direction. Hence electrons bend down and lower surface gets
negatively charged. Relatively upper surface of sample becomes positive. Hence, an electric field
develops in the sample in downward direction. It is called Hall electric field.

e When Hall field becomes sufficiently strong, it will exert an additional force on electrons in upward

direction.

e When force due to Hall field becomes equal to Lorentz force, electrons are said to be in equilibrium.
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In equilibrium,

Force dueto E,, = Force dueto B

ek, = eBV

E,= BV, Hall electric field
Vy J
H _ Y (. J=pWV)
d Pv v

V. = BIRy where Ry = * is Hall coefficient
H

Pv
n-type Ge sample
W=2mm,d=02mm,7=10mA, B=0.1 Wo/m? V,=-1mV,RH=?n="

BIRy

V= m
-3
1510 < O.1><1O><1O_3 x Ry
2x10

107° 3.3
R, = =2x10"7m°/c
H 0.5 /
.
H™ ne

1 1

= n

R 2x10°x16x10° 9
3.125 x 1021/m3

1.13 Hall measurements are made on a p-type semiconductors bar 500 um wide and 20 um thick. The
Hall contacts A and B are displaced 2 um with respect to each other in the direction of current flow
of 3 mA. The voltage between A and B with a magnetic field of 10 kg (1 kg = 105 Wb/cm?) pointing
out of the plane of sample is 3.2 mV. When the magnetic field direction is reversed, the voltage

changes to -2.8 mV. What is the hole concentration and mobility?

(20 Marks)
Solution: 1
Displacement of the probes by an amount & given a small IR drop V3§ in addition to A S N
V.. The hall voltage reverses when the magnetic field is reversed. However, V§ ____5_____B
does not depend on the direction of magnetic field. 5 t
2
For positive magnetic field Vig = V,,+ V3§
For negative magnetic field Vg = -V, + V3§ B
Vig - Vag = 2V, ) = =75 B
W——-= =)
Ry
. v, - Vias - Vas tI
2 e
Given : W= 500 um, t=20 um, 8 = 2 um, I, = 3 mA, B, = 104 g

Wb/cm2, Vig =3.2mV, Vig =—2.8 mV





