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n Energy Band and Charge Carriers in Semiconductors

Energy Bandgap

Difference between the lower energy level of conduction band E_and

upper energy level of valence band E is called energy band gap.
E,=E,-E,

In metals the conduction band is either partially filled or overlaps the

valence band.

In insulator energy band gap is very high.

In semiconductor band gap is relatively small.

An empty state in valence band is referred as hole.

A perfect semiconductor crystal with no impurities or lattice defects is

called intrinsic semiconductor.

When a semiconductor is doped such that equilibrium concentration n,

and p, are different from intrinsic carrier concentration n;, the material is

said to be extrinsic.

FermilLevel

Fermi level is energy state having probability ‘1/2" of being occupied
by an electron if there is no forbidden band.
Energy of fastest moving electron at 0 K is called Fermi energy.
Fermi Dirac distribution function f(E) gives the probability that an
available energy state E will be occupied by an electron at absolute
temperature 7, under conditions of thermal equilibrium
E)= !
1+expl[(E-Eg)/KT]
where, E.— Fermienergy level ; K— Boltzmann’s constant
T — Absolute temperature in Kelvin
The Fermi Dirac distribution function is given as
f(E)
1

12
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M [1-f(E)] givesthe probability that energy state £ will be occupied
by a hole.

Density of States

The density of allowed energy states per energy range per unit volume.
Density of states in conduction band

2mj, e 12
pc(E) =4n 2 (E- Ec)

where, my, — Effective mass of electrons ; E, — Energy level of lowest

conduction level ; h — Plank’s constant
L \3/2
\ \ E)=4 2mp E —E 1/2
Density of states in valence band , P, (E) =4n 7 (E, -E)
where, m; — Effective mass of holes ; £, — Highest energy level of

valence band

Concentration of Carriers

Concentration of electrons in conduction band, ng = j p.(E) f(E) dE
EC
e Concentration of electrons in conduction band is given by

_ ~(Ec—Ef)/KT
ng=N,e " ¢—F

where, n,— Concentration of e _in conduction band; E.— Fermienergy
level ; k — Boltzmann’s constant ; T— Absolute temperature ;
N, — Effective density of states in conduction band

* 3/2
o, kr} '

» Effective density of states N, is given by, Ng = 2{ p

E,
e Concentration of holes in valence band , Py = f p,(E) [1-f(E)] dE
e Concentration of holes in valence band is given by

po - N e—(EF—EV)/kT
12

where, p, — Concentration of holes ; N, — Effective density of states
in valence band ; E— Fermi energy level



MBDE ERSY Electronic Devices and Circuits <4 3

e [Effective density of sates in valence band is given by

. 3/2
N, = 2{2nm§ kT}
h
Mass Action Law
e |t states that at thermal equilibrium product of concentration of free
electrons and holes is equal to the square of intrinsic concentration at
that temperaturei.e.
NoPo = 1T
where, n,— Concentration of electron in conduction band ;
p, — Concentration of holes in valence band ; n, — Intrinsic
concentration at given temperature
e Intrinsic concentration is given by
~E4/2KT .

n, =N,N, e ; where, E — band gap
* n,can also be given as

n? = A, T3e 5T ; where, Aj— is a constant
e Concentration of electrons in conduction band can also be given as

Mo =, o\EF —EDIKT

where, E, — intrinsic level lies near the middle of bandgap
e (Concentration of holes in valence band can also be given as

_ (E; - EF)/KT
Py =n;€ F

M Intrinsic concentration depends on temperature. As temperature
increases the intrinsic concentration increases as T2,
M Mass action law is applicable to non-degenerate or lightly doped
materials. For degenerate materials, it is modified as
AEg
np=n?ek
The AEg term appears because of splitting of the energy levels due to
heavy doping which leads the reduction in energy band gap by AE

Space Charge Neutrality
e |f the material is to remain electrostatically neutral, the sum of positive
charges must balance the sum of negative chargesi.e.
Po+Ng=ng+N;
where, N+ — concentration of donor atoms ; N~ — concentration of
acceptor atoms ; p, — concentration of holes ; n, — concentration
of electrons
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Doping in Semiconductors

For N-type semiconductors For p-type semiconductors
n= Ny p= N
p= n n= 3
N N

M Expression for p and nis above equations are approximate under

the assumption that Njj >>n,, N >>n,.
M Exactexpressions are:

Mobility of Charge Carriers

o _ _ o Lo
e |tis drift velocity per unit electric field. (UNIT%E}

e [tdefines how fast the charge carrier travels from one place to other and
is given by

Va
=
where, v, — Drift velocity ; E — Electric field
Ge Si
e ¢ mobility 3800 cm?/V sec 1300 cm?/V sec
hole mobility 1800 cm?/V sec 500 cm?/V sec

M Electron’s mobility is always greater than hole mobility in a given
material. Hence electron can travel faster so contribute more current
for same electric field than hole as explained by quantum mechanical
physics.

e Mobility of charge carriers decreases with temperature and varies as
mwes T~ ; where, mis a constant

In Ge, m=1.66fore- and 2.33forhole
In Si, m=25forec and 2.7 forhole
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e Mobility also varies with applied electric field as

—

-

M At smaller electric field mobility is constant.

M At very high electric field product of mobility and electric field
becomes constant and is equal to saturation value of drift velocity.

Effect of Scattering on Mobility

e The two types of scattering mechanism are: Lattice Scattering and
Impurity Scattering.

e The variation of mobility in accordance with scattering is shown as

2
Wecm /v sec)
log scale

Lattice

e Qverall mobility is given by

1 1 1 1
=+ —F—F

By My g
where, u — overall mobility ; w,, u,, uy; — Mobility corresponding to
different scattering mechanism

Energy Gap (Eg) Variations
e Energy gap depends on temperature and interatomic spacing.
e Variation of energy gap with temperature is as
Eg = Ego -Bol eVv
where, EgO — Energy gap at 0 K, B, — material constant,
By =2.2x 10 eV/K for Ge = 3.6 x 10* eV/K for Si
E,— energy gap at temperature T(K)
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M E—0.785 eV(Ge), 1.21eV(Si)

| E a0

—0.72eV (Ge), 1.1eV(Si)

M E9300 —1.47 eV (GaAs)

Hall Effect

B
Zz

e Hall voltage is measured w.r.t. upper surface of specimen figure.

e |t states thatif a specimen (metal or semiconductor) carrying a current
l'is placed in transverse magnetic field B, an electric field is induced in
a direction perpendicular to both 7and B.

BI

e Hall Voltage (V,)) is given by, Vi =Ed or V= W
Y

where, E— Electric field induced ; d — Separation between upper and
lower surface of specimen or height of specimen ; W— Width
of specimen ; B— Applied magnetic field ; I — Current flowing
in specimen ; p — Charge density

1
. o is called Hall coefficient R, i.e. Ry =%

e V,canalsobegivenas Vi =Ry—

BI
w

8
e By hall experiment, mobility is given by W =——0FRy,

where, u — Mobility of charge carriers ;

&

metal, n-type SC or p-type SC.

NENENEN

3n

6 — Conductivity of material

For metal, value of V,,is lesser compared to SC.
Hall voltage is negative for metal or n-type SC.
Hall voltage is positive for p-type SC.
Hall voltage is zero for intrinsic SC.

Hall effect is utilized in determining whether a given material is
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&

It can be used in finding mobility of charge carries, concentration of
charge carriers, and type of semiconductor.

It is utilized in Hall effect multiplier.

In metal, R, increases with temperature.

In pure SC, R, decreases with temperature.

In extrinsic SC, A, is independent of temperature.

Conductivity (o)

6=q-Nu,+gpu,
where, n— Concentration e, in conduction band ; p — Concentration
of holes in valence band ; u, — Mobility of e, ; p,— Mobility of
holes

*  Conductivity of pure SC is given by, 6 =qgn[u, + up]

where, n.— Intrinsic concentration

M Conductivity of pure SC increases with temperature.
M Conductivity of pure SC at 0 K is zero.

e Conductivity of extrinsic SC is given by
o =gN,u, for n-type; where, N,— donor concentration

o=qgh, Uy for p-type ; N, — acceptor concentration

M Conductivity of extrinsic SC at 0 K is zero.

M Conductivity of extrinsic SC initially increases when temperature
rises above 0 K.

M Conductivity of extrinsic SC decreases with increase in temperature
above normal temperature.

M At Curie temperature, conductivity becomes equal to intrinsic
conductivity.

M Conductivity increases with increase in doping concentration.

Fermi Level in Intrinsic and Extrinsic SC
e Fermilevel E;in intrinsic SC is given by

N
EF = Ec +EV _ﬂln(_cJ

2 2 1N,
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If N,= N, then fermi level lies in the middle of energy gap.
At 0 K Fermi level lies in the middle of energy gap.
Fermilevel in pure SC depends on temperature.

As temperature increases, fermilevel moves away from the middle
of bandgap.

e Fermilevelin n-type SC is given by, E, = E, _/(T|n[x_0]
D

where, N, — density of states in conduction band ; N, — donor
concentration

M In n-type SC fermi level depends on both temperature and donor
concentration.

M At0 K Fermilevel coincides with E.

M Astemperature increases fermilevel moves towards the middle of
bandgap.

M For N, = Np, E-coincides with E_..

M Normally fermi level lies close to E..

M Atroom temperature, E.exists just below the donor energy level.

e Fermilevelin p-type SC is given by, Ep =E, +len%
A
where, N, — density of states in valence band ; N, — concentration of

acceptors

M In p-type SC fermilevel E.at O K coincides with E,,.
M In p-type SC fermi level lies close to valence band.

M In p-type SC fermi level moves away from valence band as
temperature increases.

M In p-type SC fermi level moves towards valence band as N,
increases and attains a saturation value of £, at N, = N. At room
temperature, E.exists just above the accepter energy level.

e  Shiftin the position of fermi level with respect to intrinsic fermi level in
n-type SC due to doping is given by
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1 1

N,
Shift = kTm(ﬂJ ~ len(—Dj upwards
n. n.
e Shift in position of fermi level in p-type SC with respect intrinsic fermi

level due to doping is given by

shift = kT1n 2 = kTin M4 downwards
n. n.

1 1

Remember: [T RO PRIPRI

M In a material at equilibrium there is no discontinuity in fermi level.
More generally we can say that fermi level at equilibrium must be
constant throughout the material i.e.

dEg
dx
M In asemiconductor minimum conductivity occurs at:

=0

“ Excess Carriers in Semiconductor

Introduction

e Letusassume that excess electron and hole concentration is created
in a p-type SC at t = 0 and initial concentration of excess electrons and
holes is Anand Ap, then concentration of excess electrons at any other
time tis given by

§8(t) = Ane™/®

where, T, — Recombination life time or minority carrier life time.
An — Concentrationatt =0
-1
Th= (ar :DO)
where, o, — Constant of proportionality for recombination

p, — Concentration of holes
e A more general expression for carrier life time is given by

Ty =———— ;valid for low level injection onl
o, (M + ) : y
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Steady State Carrier Generation (Quasi Fermi Level)

e |fwe optically generate excess charge carriers in a SC by shining light
on it then optical generation rate is given by
on

g
op -

n

where, dn— equilibrium excess concentration electrons

;
o, (Mg + o)
dn=38p
dp — excess hole concentration ; 9op™ optical generation rate
e When excess carrier are generated then there exist different fermi levels
F,and F, for electron and hole called quasi fermi level.
e Carrier concentration (resulting) is given by

T,=

(Fn—E))IKT (Ei=Fp)/KT

n=n.e ; p=ne
where, E, — intrinsic fermi level ; £, — fermi level for e™_;
F,— fermi level for holes ; n — net concentration of e~

p — net concentration of holes

Diffusion Process

e Diffusion is the natural result of the random motion of the individual molecules.
e Diffusion happens due to concentration gradient.
e Diffusion current density is given by

dn(x)
d

J.(diffy = gD, - J,(diffy=-gD, dplx)

X

where, J (diff) — diffusion current density due to electrons ;
Jp(diff) — diffusion current density due to holes ; D, — electron
diffusion coefficient; Dp — hole diffusion coefficient; n(x) — profile

of e with respect to x ; p(x) — profile of holes with respect to x

Drift Process

e Transport of carriers under the influence of applied electric field.
e J(drifty=nqu,E ; Jp(drift) =NqH, E
where, J (drift) — Drift current density due to electrons; Jp(drift) — Drift
current density due to holes ; n, p — Concentration of electron
and holes respectively ; E— Applied Electric Field
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Total Current Density
e Overall current density is given by, J,(x) =qgu, E(x)n(x)+gD,, dg(x)
X
_ _ dp(x)
Jp(x) =qu, p(x)E(x)-qD, dr Jx) = Jp (0)+ Jp (x)

where, J(x) — Overall current density; J,(x) — Current density due to e ;

Jp(x) — Current density due to holes ; E(x) — Electric field applied

Einstein Relation

e This gives the relation between diffusion coefficient (D), mobility ()
and temperature and given as

D
&=_D=H - where, H = V; — Thermal voltage
Bn Mp G aq

Continuity Equation
e This equation is given by
®p__ 19 _dp . Bn_13J, 8n
at qgo T, ot gox 1,
where, 8p, dn — Excess carrier concentration

T, T, — Carrier life time for 7, and holes respectively

P
e Another form of this equation is given by
2 2
88n_D88n_8_n . aﬁ_p_Daﬁp_S_p

W_ n ax2 T, ‘ ot Cp ax2 T

p

Diffusion Length

e Diffusion length for electrons is given by , L, = m
where, L, — Diffusion length for electron ; D, — Diffusion coefficient for
electron ; T, — Carrier life time for electron
 Diffusion length for holes is given by, L, = JDP Tp
where, Lp — Diffusion length for holes ; Dpe Holes diffusion coefficient ;
T, Carrier life time for holes
e |f excess carrier concentration An and Ap are introduced atx = 0 in

n-type material then at any other x excess carrier concentration will be

Sp(x) = Ape e

where, Ap — Excess holes concentration at x = 0 ; dp(x) — Excess
holes concentration atany x ; L, — Diffusion length for hole
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Direct Bandgap SC

* Most of falling e~ will be directly releasing
the energy in the form of light and hence
called direct bandgap SC.

® During e falling from conduction band to
valence band the energy of e~ changes
(both K.E. and P.E.). K

*  Momentum of e~ will remain same.

e Carrier life time is comparatively less. Ex. — GaAs.

E

~~> Photons

Indirect Bandgap SC E
* Most of falling e~ will be directly releasing
the energy in form of heat.
*  Momentum of e~ will change.
e Larger carrier life time. Ex. — Si, Ge.

Y Phonons

M Direct bandgap materials having higher carrier life time are used for
fabrication of Laser.

M When minority carriers are injected into extrinsic SC they flow inside
SC due to diffusion in absence of electric field.

m Junction Diode

Basic Structure
© 9i® ®
, |9 6ie @
©0® @
© 0,6 ®
*po o
Nd
_xpo +
— 0 +xno
N Space
@ charge
Xpo 0 *Xno
E-fielg
E=J.de
/V_ Electric
/ %1 potential
~po O o v - [Ed



MBDE ERSY Electronic Devices and Circuits < 13

Contact Potential or Built-in Potential (Vy)

W = Eln{Na—gld}

a n;
where, V, — Contact potential ; kK — Boltzmann’s constant
(1.38 x 103 J/K) ; g — Electron charge (1.6 x 10~° coulomb) :
T —Temperature in Kelvin of p-n junction ; N, — Concentration of
acceptors (/cm3) on p-side ; N,— Concentration of donors (/em?)
onn-side ; n,— Intrinsic concentration (/cm?3) at given temperature

Maximum Electric Field
Maximum electric field is given by, £, = —Q-Nd Xpg = —gNa Xp0
€ €

where, x,, — Width of depletion region on n-side ; Xpo = Width of
depletion region on p-side ; € — Permittivity of material from
which diode is made

M Contact potential in the terms of maximum electric field is given by
1
Vy = —=EW
0 2 0

where, V;— Contact potential ; £, — Maximum electric field at junction ;
W — Width of depletion region
M Negative sign is due to the fact that this electric field is from n to p.
M In case of unbiased p-n junction diode electric field is maximum at
the junction and decreases on the two sides of junction and is zero
outside the space charge region.

Width of Depletion Region
Width of depletion region in unbiased condition is given by

W{ze Vy (N, +N, r
q NaNd

M If we reverse bias the diode by voltage V then in formulae of depletion
width V, is replaced by |V, + V/.

M Depletion width increases with reverse and decreases with forward
biased.

M Depletion approximation is assumed in calculating the above
equations.
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Charge Neutrality Equation
xnoNd = xpoNa also Xno t+ xpo =W

M For a linearly graded junction with the charge density increasing
linearly from p-region to n-region asp = agx. p
The depletion width is given as

[12e v, j‘“ Wiz .
W= w2
oq

where, o — Impurity gradient
g — Charge of electron
€ — Permittivity of material ; V,— Contact potential
M Maximum Electric Field for such a junction is given as

Current Equation
I =1, [eVd/nVr _1]
where, I,— Reverse saturation or leakage current ; V,— Forward biased
voltage ; 1 — Recombination factor (material constant) = 1 for

Ge = 2 for Si; V;— thermal voltage ; V= kT/q = 0.0259 V at
room temperature

M I, — is majority carrier current and diffusion current.
M I, —driftcurrent

* Reverse saturation current (/,) doubles for every 10°C rise in temperature.

IO(TQ) = IO(E)XZ(E_H)“O

where, Iy7,) — Reverse saturation current at temperature 7,

Iy — Reverse saturation current at temperature T,
here, T,>T,
..................................................................................
M I, depends ontemperature and is minority carrier current.
M I.(forward diode current) is independent of temperature.
M Forward voltage across diode decreases with the temperature.
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M For 1°Crise in temperature it decreases by 2.5 mV

Y asmurc
ar = ~25mv/
D D
1. = Aary P n
° 'LpNDUnNJ

where, A — Area of cross-section ; D, D,— Diffusion constant of
holes and electrons respectively ; Lp, L, — Diffusion length of
holes and electrons respectively

Diode Resistance

. . . . V
e Dynamic or incremental resistance of diode, r = n[—T = %
¢
where, n — recombination factor = 1 for Ge = 2 for Si
I,— forward current, V;— thermal voltage

e Static resistance, R:%

Junction Capacitance

* Junction capacitance, C; =A_Mf

where, A — Area of cross-section of diode ; W — Width of depletion
region ; € — Permittivity of material
e Depletion layerin a p-njunction behave as a parallel plate capacitance
and capacitance is given by

1/2
c =| aqQ |=é 2ge NN,
T ldVy = V)| ™~ 2| (Vo =V) N, +Ng
where, V — Applied voltage ; A — Area of cross-section
..................................................................................
1
M Coc—
/ (VO _ V)1/2

M C/ is voltage variable capacitance.
M Incase of reverse bias transition capacitance Cis same as junction
capacitance.
M Inreverse biased diode, transition capacitance varies as
Cpoc V7
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where, V— applied reserve voltage

n

;
> for step graded diode (p*nor p—n*)

% for linear graded diode (p* n*)

y
=55 for diffused p-n junction diode

Diffusion Capacitance or Storage Capacitance (Cp)
e (Cpisjunction capacitance in forward biased diode.
e Cp>Cyalways
Cpesydoping ; Cpe<1l; ; Cp=1-g
where, T — Mean life time of minority carriers on either side or time
constant of diode ; g — Dynamic conductance of diode

g= 1
nvr
Tl
C, =—L Farads
SO o=y

e Diffusion capacitance of diode when itis operated with sinusoidal signal

(Cp) is Cp =%r-g at low frequency

112
e Athigh frequency, Cb:(ij -g

where, ® — Angular frequency ; T — Time constant of diode ;
g — Dynamic conductance of diode

Metal Semiconductor Junctions

e Metal-semiconductor junctions are of two types-ohmic contact and
Schottky junction.

e Band profile of disconnected metal and semiconductors can be drawn as:

Vacuum level Vacuum level Vacuum level
A L eo eXy eXy
Ia

e

Ees |
__________ Ers

Metal n-type p-type

C
2
JL‘
2]

g
)
(C

g

Er

m
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where, ¢ — Work function of metal ; X, — Electron affinity ;

Eg ,,— Fermilevel of metal; £, — Fermi level of semiconductor ;

E., E,— Conduction and valence energy levels respectively

e Formation of Schottky junction takes place when metal and
semiconductor are brought closer.

Vacuum level

ed,,

EFm
Metal \ E, Metal
fe—w —
Metal-n-Semiconductor Metal-p-Semiconductor
Schottky Diode Schottky Diode

where, V,, — Builtin potential ; W — Width of depletion region
e The difference between p-ndiodes and Schottky diodes can be tabulated
as

p-n Diode Schottky Diode

1. The forward bias needed to make the | 1. Cut-in Voltage is quite small.
device conducting (cut-in voltage)
is large.

2. The reverse current is due to minority | 2. The reverse current is due to the majority
carriers diffusing to the depletion layer, carriers that overcome the barrier, hence
hence strong temperature dependence weak temperature dependence

3. The forward current is due to the 3. The forward current is due to majority
minority carrier injection. carrier injection.

4. Switching speed is controlled by 4. Switching speed is controlled by
recombination of minority injected thermalization of hot injected electrons
carriers. across the barrier.

5. Ideality factor in -V characteristics 5. Essentially no recombination in
~ 1.2-2.0 due to recombination in depletion region - ideality factor ~ 1.0.

depletion region

e Heavy doping in the semiconductor causes a very thin depletion width
and electron can tunnel across the barrier leading to ohmic behavior.
Current is linear in ohmic contact.





