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* |In this section, we will learn:

* The basic properties of semiconductors and, in particular, silicone — the

material used to make most modern electronic circuits.
| * How doping a pure silicon crystal dramatically changes electrical
conductivity — the fundamental idea in underlying the use of
semiconductors in the implementation of electronic devices.

* The two mechanisms by which current flows in semiconductors — drift
and diffusion charge carriers.

* The structure and operation of the pn junction — a basic semiconductor
structure that implements the diode and plays a dominant role in
semiconductors.
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Agenda

1 Introduction

[ Intrinsic Semiconductors

O Extrinsic (Doped) Semiconductors

O Current Flow in Semiconductors

d The pn Junction with Open-Circuit Terminals (Equilibtium)
1 The pn Junction with Applied Voltage

d Capacitive Effects in the pn Junction
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Solid state electronic devices

Solid-state electronics are those circuits or devices built entirely from

solid materials and in which the electrons, or other charge carriers, are

confined entirely within the solid material.

The term is often used to contrast with the earlier technologies of vacuum
and gas-discharge tube devices, and it is also conventional to exclude
electro-mechanical devices (relays, switches, hard drives and other devices

with moving parts) from the term solid state.
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FEarlier Technologies

Vacuum Tubes
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First - BJ Ts

The transistor was probably
the most important invention

of the 20th Century, and the

story behind the invention is

one of clashing egos and top

secret research.

Reference:
Bell I.abs Museum

B. 6. Streeiman & S Banerjee 'Solid State Electronic Devices’, Prentice lj)gjg }29199
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Point-Contact Transistor -
first transistor ever made

The first transistor was a point-contact transistor

The first point-contact transistor |
John Bardeen, Walter Brattain, and William Shockley |
Bell Laboratories, Murray Hill, New Jersey (1947)

Bardeen Brattain

Collector
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j How did first point-contact transistor work?

Schematic of the first
point-contact transistor

& Spring

Emitter B Collector

Wedge
(insulator) '\GOId foil
S Y Base

[ 4
o ‘e
i a
e
. Gap beitween E and C cut
2 4 ” by razor blade
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Qualitative basic operation of point-
contact transistor

A gold foil was glued to a triangular insulating wedge.

A narrow gap was cut with a razor blade to form the E and C.

The gap was approximately 50 um wide.

Under forward bias of the EB junction, minority carriers are injected into
base (In case of point-contact transistor, strong forward bias is required).

Most minority carriers are collected by the reverse-biased BC junction.

Thus the base controls the current flow between E and C.

Problems with first transistor...

The point-contact transistor is a surface-effect device, i. e. important
effects occur at the semiconductor surface.

Surfaces are easily contaminated.

Surface-effectdexices are unstable (e. g. mechanical vibrations).o;1s/2017
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First Bipolar Junction Transistors

W. Shockley invented the p-n junction transistor
The physically relevant region is moved to the bulk of the

material

The First Junction Transistor
First transistor with diffused pn junctions by William Shockley
Bell Laboratories, Murray Hill, New Jersey (1949)

Emitter y Collector

Single-crystal Ge

Emitter Collector
type p-type >
L p- "

/
o
Base (n-type) 10/15/2017
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Why semiconductors? i

SEMICONDUCTORS: They are here, there, everywhere and in anything “intelligent”

* Computers, laptops Silicon (S1) MOSFETs, ICs, CMOS
* Cell phones, pagers S1ICs, GaAs FETs, B]Ts .
* CD players AlGaAs and InGaP laser diodes, Si photodiodes
* TV remotes, mobile terminals  Light emitting diodes (LEDs)
* Satellite dishes InGaAs MMICs (Monolithic Microwave 1Cs)
* Fiber networks InGaAsP laser diodes, pin photodiodes
* Traffic signals, car taillights GaN LEDs (green, blue)
InGaAsP LEDs (red, )

* Air bags Si MEMs, Si ICs
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Why semiconductors?

Semiconductor devices are W| DELY used
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Why semiconductors?
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Solid Materials

* Conductors: Allow Electric current to flow

through them

* Insulators: Do not Allow Electric current to flow

through them

OPEN
CIRCUIT

* Semiconductors: Materials whose conductivity lies in between that of
Conductors (copper) and insulators (glass). They have conductivities in
the ranre i 10« o [ BRe S e
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Semiconductors

* single-element — such as germanium and silicon. (column IV of periodic
table) —compose of single species of atoms

* compound — such as gallium-arsenide. — combinations of atoms of column
I1I and column V and some atoms from column II and VI. (combination of
two atoms results in binary compounds).

(a) II IIT IV v VI
B C
Al 31 F =
£n ra e As ne
C'd In ah Te
b Elemental | IV compounds Binary III-V Binary IT- VI
compounds comp ounds
o1 S1c AP zn3d
Ge Si1Ge Alds Znie
Al8b nTe
GaF Cds
Gaks CdBe
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Atomic Structure
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Atomic Structure

Electron shells and sub-shells

Lecture 02 - Semiconductors
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The octet rule

Atoms are most stable if they have a filled or empty outer layer of

electrons.

Except for H and He, a filled layer contains 8 electrons — an octet

Atoms will
gain or lose (ionic compounds)
share (covalent compounds)

Electrons to make a filler or empty outer layer.
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Atomic Structure

* valence electron — 1s an electron that

participates in the formation of chemical bonds.
. It can exist only in the outermost electron shell.

* Atoms with one or two valence electrons more than
are needed for a "closed" shell are highly reactive
because the extra electrons are easily removed to form
positive 10ns.

* covalent bond — is a form of chemical bond in
which two atoms share a pair of atoms.
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Solid state structures

A crystalline solid is distinguished by the fact that atoms making the
crystal are arranged in a periodic fashion. That 1s, there is some basic
arrangement of atoms that is repeated throughout the entire solid. Thus
the crystal appears exactly the same at one point as it does at a series of
other equivalent points, once the basic periodicity is discovered. However,
not all solids are crystals; some have no periodic structure at all (amorphous
solids), and other are composed of many small regions of single-crystal
material (polycrystalline solids).

(a) Crystalline

The periodic arrangement of atoms in crystal is called the lattice; the lattice
contains a volume, called a unit cell, which is representative of the entire

lattice and is regularly repeated throughout the crystal.
Lecture 02 - Semiconductors 10/15/2017 24




Solid state structures
* Cubic lattices: Unit cells for types of cubic lattice structure.
Simple cubic (sc) Body-centered cubic (bcc) Face-centered cubic (fcc)

. Diamond lattice unit cell, showing the four nearest neighbour structure

Vs a2 The basic lattice structure for many important
(A4 — 3,7 semiconductors is the diamond lattice, which is
characteristic of Si and Ge. In many compound
semiconductors, atoms are arranged in a basic
diamond structure but are different on alternating
sites. This is called a zincblende lattice and is
typical of the III-V compounds. The diamond lattice
can be thought of as an fcc structure with an extra
atom placed at a/4+b/4+c/4 from each of the fcc
atoms. 10/15/2017 25
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The Bohr model

To develop the atom model, Bohr made
several postulates:

1. Electrons exist in certain stable,
circular orbits about the nucleus.

2. The electron may shift to an orbit of
higher or lower energy, thereby
gaining or losing energy equal to the
difference in the energy levels (by
absorption or emission of a photon
of energy hv).

hv

Lecture 02 - Semiconductors
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The Silicon Atom

Finally, the work of Bohr, Boltzmann, Plank, Einstein and
others has developed an understanding of the atomic
structure which shows that electrons circle the nucleus in
orbits having different associated energies. The electrons also
spin on their own axes. The energy of electrons is quantised
in that only certain discrete levels of energy can be possessed
by electrons and no values in between these discrete levels are
allowed. The levels exist in groups which are referred to as
shells and there are sub-shells (1) within main shells (n).

Silicon, Si, is a group IV material having an atomic number of 14. Consequently it has
14 positively charged protons and 14 neutrons in its nucleus. It has 14 orbiting
negatively charged electrons: 2 in a full K shell; 8 in a full L shell and 4 in a half-full M
sub-shell. With a half full outer sub-shell the atom has an affinity for 4 additional
electrons to try to complete the outer sub-shell.

The Pauli’s Exclusion Principle

states that no two electrons in an atom or molecule can share the exact
same quantum specification. In practice, this means that no more than two
electrons can share precisely the same orbit or energy level and the two
must have opposite spins.
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The Silicon Atomic Structure

9 o=

Silicon: our primary example and focus

Atomic no. 14 However, like all other elements
14 electrons in three shells: 2)8) 4 it would pr'efer' to have 8
l.e., 4 electrons in the outer "bonding" shell electrons in its outer shell
Silicon forms strong covalent bonds with 4 neighbors
Lecture 02 - Semiconductors 10/15/2017 28
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n=3

n=2

n=1

Band theory of a solid

A solid is formed by bringing together isolated single atoms.

Consider the combination of two atoms. If the atoms are far apart there is no interaction

a particular energy 1s simply doubled

between them and the energy levels are the same for each atom. The numbers of levels at .

n=3 n=3
n=2 n=2
n=1 n=1

If the atoms are close together the electron wave functions will overlap
and the energy levels are shifted with respect to each other.

IAWZ_‘L— Semiconductors

Atom 1

n=3

n=2

n=1

Atom 2

Atom 2

n=3

- n=2

n=1

/KRG 1 + 2

TSI P ey gr=—weorer=r
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* A solid will have millions of atoms close o5 _
together in a lattice so these energy levels
will creates bands each separated by a gap.
* Conductors:
If we have used up all the electrons
available and a band i1s still only half Conduction band,
filled, the solid is said to be a good LRt
conductor. The half filled band is
known as the conduction band. Valence band,
filled with
Insulators: electrons

If, when we have used up all the

electrons the highest band is full and the

next one is empty with a large gap SRS
between the two bands, the material is ooy
said to be a good insulator. The highest

filled band is known as the valence band

‘ Large energy gap

while the empty next band 1s known as ~ Valence band,
the conduction band. filled with
electrons
Lecture 02 - Semiconductors 10/15/2017 30
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Semiconductots: Empty

conduction band

* Some materials have a filled valence band just like
insulators but a small gap to the conduction band.

I Small energy gailp

* At zero Kelvin the material behave just like an
insulator but at room temperature, it is possible for Valence bands,

some electrons to acquire the energy to jump up to filled with
electrons

the conduction band. The electrons move easily
through this conduction band under the application
of an electric field. This is an intrinsic
semiconductor. At zero Kelvin — no conduction

Conduction
band, with some
electrons

Top valence
band now .
missing some So where are all these materials

electrons to be found in the periodic table ?

At room temperature — some conduction
Lecture 02 - Semiconductors 10/15/2017 31




Semiconductors

Conduction B;d Energy Band Gaps in Materials

T Figure 1 Conduction
> Band Gap E, - Band\
§ ‘esseisenes § Conduction Band ¢ }
w
g EgoooocE'....~ ooeddovoo.n}
] S— ——————
% Valence Band ’ Valence Band 2 Valelnce
o KT = Eg Band
- e —————— e ————————
Filled Band (3) Filled Band (b) Filled Band (c)
e ————— e ————
Insulator Semiconductor Conductor (Metal)
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Semiconductors

Group Semi- Bandgap
1.06 eV

Y, Si
Ge 0.67
GaAs 1.4

-V GaP 2.2
InP 1.3

-V CdTe 1.5
CdS 4

Lecture 02 - Semiconduc
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Possible Semiconductor Materials

Carbon

Very Expensive

. Band Gap Large: 6eV

Difficult o produce without high contamination

Silicon

Si

14

Cheap
Ultra High Purity
Oxide is amazingly perfect for IC applications

Germanium

Ge

32

High Mobility
High Purity Material

. Oxide is porous to water/hydrogen (problematic)

X favEL__Lra b
LCCUUTC UZ = SCIIIT

1
OIIQUCTOIS

mrlodrrlondelod -

High Mobility

4o lac [ooao a4
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The Silicon Atomic Structure

Silicon : It's a Group 4 element which means it has 4 electrons
in outer shell

However, like all other elements it would prefer to have 8
electrons in its outer shell

Lecture 02 - Semiconductors 10/15/2017 35
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Bonding of Si atoms

This results in the covalent bonding of Si atoms 1n the
crystal matrix

e 2, \\ N
3 ' . \\ & \\ /y
N // N \\

\ /
Two electrons per bond

A Covalent Bond Formed by the Sharing of
Electrons in an Outer Energy Level

Lecture 02 - Se
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'jSi) o o Si[
ci’Sﬁ; o o] §f[o

T=0 all electrons are bound in
covalent bonds

Lecture 02 - Semiconductors

Electrons and Holes

Si and Ge are tetravalent elements — each atom of Si (Ge) has 4 valence
electrons in crystal matrix

no carriers available for conduction.

o (Si) e o (Si)

| . m

o 'sT). ) Si)_'

o e

For T> 0 thermal fluctuations can
break electrons free creating
electron-hole pairs

Both can move throughout the lattice
and therefore conduct currer2017 37
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Electrons and Holes

For T>0

some electrons in the valence band receive
enough thermal energy to be excited across the
band gap to the conduction band.

The result is a material with some electrons in an
otherwise empty conduction band and some
unoccupied states in an otherwise filled valence
band.

An empty state in the valence band is referred to
as a hole.

[P

Electron-hole pairs in a

semiconductor. The bottom of the

conduction band denotes as E, and If the conduction band electron and the hole are

the top of the valence band denotes created by the excitation of a valence band

as E electron to the conduction band, they are called
v an electron-hole pair (EHP).
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Silicon Lattice Struc?ure
ree electron

At OK, all Vacancy

electrons are left by
tightly shared electron.

with Overall
neighbours > charge on
no current silicon is

flow zero =
. this “hole"
must be

positive

- Shares electrons

Adding heat (even to room temperature) with 4 neighbouring
allows sgme bonds to break, and electrons afoms » 8




Intrinsic Material
A perfect semiconductor crystal with no impurities or lattice defects is

called an /ntrinsic semiconductor.

At T=0K —

No charge carriers

Valence band is filled with electrons
Conduction band is empty

e~ : Electron
h™: Hole

Electron-hole pairs in the covalent bonding
model in the Si crystal.

I oo Q o 1
L.CCUUTT UZ - SCTITIICOIITQUCTOTS

At T>0
Electron-hole pairs are
generated

EHPs are the only charge
carriers in /ntrinsic material

Since electron and holes are created
in pairs — the electron concentration

in conduction band, 77 (electron/cm?3)

IS equal to the concentration of holes
in the valence band, p (holes/cm3).

Each of these intrinsic carrier
concentrations is denoted 7,

Thus for intrinsic materials

ASESE 10/15/2017 40




Intrinsic Material

* Ata given temperature there is a certain concentration of electron-hole pairs 7, If
a steady state carrier concentration 1s maintained, there must be recombination ot
EHPs at the same rate at which they are generated. Recombination occurs when an
electron in the conduction band makes a transition to an empty state (hole) in the
valence band, thus annihilating the pair. If we denote the generation rate of EHPs
as g. (EHP/cm?'s) and the recombination rate as r, equilibrium requires that

Ly
* [FEach of these rates is temperature dependent. For example, g(T) increases when
the temperature 1s raised, and a new carrier concentration 7;1s established such that

the higher recombination rate 7, () just balances generation. At any temperature,
we can predict that the rate of recombination of electrons and holes 7, is
proportional to the equilibrium concentration of electrons 7, and the
concentration of holes p,:

L8 S SR
Fiss arﬂopo_ ar”z' o

7

* The factor o, 1s a constant of proportionality which depends on the particular
megchanisgbyawhich recombination takes place. S o
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Increasing conductivity by temperature

As temperature increases, the number of free electrons
and holes created increases exponentially.

17 Carrier Concentration vs Temp (in Si)
1°10 I I

1°100

1'10]'5

1'1014

111012
1:10%2

1'10ll

nip 1-10%0
1710
1°10
1710
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110

1°10

w A OO O N 0 ©

1710
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100 | | | | | |
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T
Temperature (K)

Therefore sthe.eenductivity of a semiconductor is influenced byotemperature




The process of freeing electrons, creating holes,
and filling them facilitates current flow...

Intrinsic Semiconductors

* silicon at low temps

* all covalent bonds — are intact

. ®* no electrons — are available for conduction
* conducitivity — is zero

* silicon at room temp

* some covalent bonds — break, freeing an electron angf cr
hole, due to thermal energy

* some electrons — will wander from their parent a ing
available for conduction

* conductivity — is greater than zero
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Increasing conductivity

* 'The conductivity of the semiconductor material increases when the temperature increases. %

* 'This is because the application of heat makes it possible for some electrons in the valence
band to move to the conduction band.

* Obviously the more heat applied the higher the number of electrons that can gain the

required energy to make the conduction band transition and become available as charge
carriers.

* 'This is how temperature affects the carrier concentration.

* Another way to increase the number of charge carriers is to add them in from an external
source.

* Doping or implant is the term given to a process whereby one element is injected with
atoms of another element in order to change its properties.

* Semiconductors (Si or Ge) are typically doped with elements such as Boron, Arsenic and
Phosphorous to change and enhance their electrical properties.
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Extrinsic Material

By doping, a crystal can be altered so that it has a predominance of either electrons or holes.
Thus there are two types of doped semiconductors, n-type (mostly electrons) and p-type
(mostly holes). When a crystal is doped such that the equilibrium carrier concentrations 7, and

p, are different from the intrinsic carrier concentration 7, the material is said to be extrinsic.

Sb P As
04 044 a0 When impurities or lattice

defects are introduced,
additional levels are create

Donor impurities (elements

Silicon of group V): P, Sb, As in the energy bands
E,=1leV Acceptor elements (group | structure, usually within the
l1): B, Al, Ga, In band gap.
- 065
- 057 '
N Total number of electrons
B Al Ga Il — Al - 13
The valence and conduction bands of IV - Si- 14
silicon with additional impurity energy
. V- P-15
levels within the energy gap.




Increasmg conduct1v1ty by dopmg

Inject Arsenic into the crystal with an implant step.
Arsenic is Groupb element with 5 electrons in its outer shell, (one more than silicon).

This introduces extra electrons into the lattice which can be released through the
application of heat and so produces and electron current

The resylt here,is an N-type semiconductor (h for negative current caprier) .

ecture Semiconductors
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Inject Boron into the crystal with an implant step.
silicon)
heat. This gives us a hole current

Lecture 02 - Semiconductors

Boron is Group3 element is has 3 electrons in its outer shell (one less than
This infroduces holes into the lattice which can be made mobile by applying

The result is a P-type semiconductor (p for positive current carrier)
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The Fermi - Dirac
distribution function

* The density of electrons in a semiconductor is related
to the density of available states and the probability
that each of these states is occupied.

* The density of occupied states per unit volume and
energy 1s simply the product of the density of states and
the Fermi-Dirac probability function (also called
the Fermi function):
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The Fermi - Dirac distribution function

Electrons in solids obey Fermi - Dirac distribution given by:

1

2.1
(E—Eg )/KT]

F(E) =

1+ e[
where kIS Boltzmann’s constant = A =1.38x10-23 J/K.

T is the temperature in kelvin

The function AE) called the Fermi-Dirac distribution function which gives the
probability that an electron occupies an electronic state with energy E.

The quantity Eris called the Fermi/ level, and it represents the energy level at which
the probability to find an electron is 50%. For an energy £ = £ the occupation
probability is

1 b b
1+1 2

This is the probability for electrons to occupy the Fermi level.
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The Fermi - Dirac distribution function

fE)
A !
1 At T=0 K, AE) has rectangular shape [
the denominator of the exponent is
e —— 1/(1+0) = 1 when (E<E;), exp. negative
1/(1+w0) = 0 when (E>E;), exp. positive

The Fermi — Dirac distribution
function for different temperatures

At O K every available energy state up to E£.is filled with electrons, and all states above £,
are empty.

At temperatures higher than 0 K, some probability AE) exists for states above the Fermi

level to be filled with electrons and there is a corresponding probability [1 - AE)] that states
below E.are empty.

The Fermi function is symmetrical about £, for all temperatures.

Lecture 02 - Semiconductors
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F(E) =

Lecture 02 - Semiconductors

1

e E—EET | q

Fermi level .

Boltzmann’'s constant
temperature in kelvins
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The Fermi - Dirac distribution function

Approximations in Fermi distribution function

1

(E—Eg)/KT]

F(E) =
()1+e[

for(E—E;)>3KT (highE)

F(E) ~ e—[(E—EF)/kT]

—> distribution of electronsin the C.B
for(E—E.)<3kT (lowE)

F(E) =1—e & 0T

= distribution of holesin the V.B
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for (E - Ex) > 3kT
F(E) ~ e—(E—EF YET
for (E - Eg) < 3T

F(E)y=1—e ¥ FaH .

» F(E)
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carrier concentration in Intrinsic Semiconductor

density of states Fermi distribution carrier
function concentration |
E E
Wﬂ%’ff%’ff%’ff%’ff/%’/ﬂ/ﬂ/ﬂé M?WWWWW/W/W/W
/V///ﬁg \ ;///ﬁ
Ec
Eg E-
Ey
- 0 - 1 >
N(E) 0 5
F(E) n(E),p(E)
Q0
n=p=n = jF(E)S(E)dE
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Electron and Hole Concentrations at Equilibrium

The Fermi distribution function can be used to calculate the concentrations of
electrons and holes in a semiconductor if the densities of available states in the

valence and conduction bands are known. The concentration of electrons in the

F(E)S(E)dE (2.2) .

where S(E)dE is the density of states (cm) in the energy range dE. The subscript

conduction band is

—y 8

=

m

o

o used for the electron and hole concentration symbols (n, p,) indicates

equilibrium conditions.
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Calculation of Density of Electrons

Let ‘dn’ be the Number of Electrons available between energy

interval ‘E and E+ dE’ in the Conduction band

dn = F(E)S(E)dE

F(E)S(E)dE -

Where S(E) dE is the Density of states in the energy interval E and E

——y 8

n, =

I.n
o

+ dE and F(E) is the Probability of Electron occupancy.
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Number of electrons in an energy level Number of holes in an energy level (E)
(E) in the conduction band is given by in the valence band is given by

1. (E)=5 (EIE(E) p,(E) =S, (E)[l- F(E)]

Where S; and S, are the density of energy states and given by:

S (E)_—(2m )¥2 JE—E, SV(E):i—Z(th):’”ZJEV—E

Whetre:

h: Planck's constant,

m,: effective mass of electron,
my,: effective mass of hole

Hence, the carrier densities can be given by

:jno(E)dE
P = | P (E)dE
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||
'—-.8

m

o

F(E)S.(E)dE = N e %F

= )/KT

m
<

—Q0

Po = j[l— F(E)]SV(E)dE — Nve—(EF—EV)/kT

27m. KT 42
N, =2(—=%—)*% =—=(7mkT)**
h h
27im, KT 4\/_
NV _ 2( h; )3/2 _ h3 hk-l-)3/2
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N.and N,, are the effective density of states in the conduction band and
the valence band, respectively

10/15/2017

2.3)

(2.4)

(2.5)

2.6)

58

T T P

T T



The product of 17, and p, at equilibrium is a constant for a particular material and

temperature (what is called the mass action law), even if the doping is varied:
S [~(Ec~Ef)/KT] [~(E¢~E,)/KT]
no po _(Nce f )(Nve : )
= [~(E-E)IKT] _ -, /kT]
=N_.N,e =N_N,e 2.7)

. For intrinsic semiconductors:

n p. = (N el E KTl gl-Ea-EN/KT]y
niz - NCNVe[—Eg/kT]

e 29
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The intrinsic electron and hole concentrations are equal (since the carriers are

created in pairs), 77, = p;; thus the intrinsic concentration is

—E, /2kT
ni:W/NCNVe( o/24T) (2:8)

The constant product of electron and hole concentrations can be written

. conveniently as
2

nOpO =N (29)

This is an important relation, and we shall use it extensively in later calculations.
The intrinsic concentration for Si at room temperature is approximately n,= 1.5 x

109 cm3.
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From n| — Nce_(EC_EFi)/kT and pl S Nve—(EFi—EV)/kT

_Ec+E, KT N,
2 2 N

E-+E, 3 m L2
E.,=——Y+-kTIn—" 2.10) - b
. : 2 4 m, Gl

ko I
(300°K or 25°c)
2.25x10%cm™ 1.42eV

9.65x10°cm3 1.1eV
2.0x1013cm™3 0.66eV

B, @103
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Temperature effect on band gap

e : —§ : : '
] Tt SRS S S
I
| u _y | ' |
— - e GaAs
[ — : . .
o 12 - '
LL i1, |
X B —
| N
05 | | i | | | |
y |00 200 300 400 S0 B0D 700 \ 800
T? T [K] T?
E,=1.170 eV-4.73x10"" eV-K'———— E,=1.519 eV-5.405x10" eV-K'———
T+636 K T+204 K
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Temperature effect on carrier concentration
300K
I
s 1DPDK | L 25=DI<
I
I
1 T e U . U OIS OO SOV O S
10 . “ H : H . I : H
' . ; O I ;
g “II:IID-----*:—--ﬂ:---—--E-——h:‘-\-r-—*:- I------i----——- 101[]
— ' ' ' 2 S '
= 1 GaAs N
0 USRSV SN SR SN SN b N SO
| s E s N N
: [ LN
s s
1EI" | ] [ | | n | |
0s 1 156 2 25 3 35 F.| 45
-1 x 10°
1/T [K ']
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extrinsic semiconductor

An extrinsic semiconductor 1s one that has been doped, that
is, into which a doping agent has been introduced, giving it
different electrical properties than the intrinsic (pure)

semiconductot.
Intrinsic
. Donor atoms Acceptor atoms
semiconductor
Group IV

semiconductors ’

Group I1I-V ’ 5 ,
semiconductors ’ > >
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https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Germanium
https://en.wikipedia.org/wiki/Phosphorus
https://en.wikipedia.org/wiki/Arsenic
https://en.wikipedia.org/wiki/Antimony
https://en.wikipedia.org/wiki/Boron
https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Gallium
https://en.wikipedia.org/wiki/Aluminium_phosphide
https://en.wikipedia.org/wiki/Aluminium_arsenide
https://en.wikipedia.org/wiki/Gallium_arsenide
https://en.wikipedia.org/wiki/Gallium_nitride
https://en.wikipedia.org/wiki/Selenium
https://en.wikipedia.org/wiki/Tellurium
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Germanium
https://en.wikipedia.org/wiki/Beryllium
https://en.wikipedia.org/wiki/Zinc
https://en.wikipedia.org/wiki/Cadmium
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Germanium

n-type extrinsic semiconductors

Formed by adding

atoms to the intrinsic semiconductor (Si)

donors: pentavalent elements from group V (P, As, Sb, Bi) —
release of electrons — n-type semiconductor

Phosphorus
atom

»

MNormal ”
I}nnd\--'

~Extra
unbound
electron
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e.g., Arsenic “ASs”, antimony
“Sb”, and Phosphorus “P”
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n-type semiconductors

Before doping

density of states Fermi distribution carrier
function concentration

E
f E

1 1

1 1

A, e e o 1 1
A -~ Al o Sl o S o Pl i it ot st s

e ey A
AT B o

W R

s P P A
e /QK?@BHN/’&&&?
o A R A A

- it

C At A A
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n-type semiconductors

After doping

density of states Fermi distribution carrier
function concentration

[}
1
A _// // ff".-"".—’

- .l'..l’..!.l'.l’
b
A ., AR -?/f

-"z'f.-f'?/f//’.
4-,,...{_,_,}_/////.:

//f'-/.-'f"./‘ﬁ"

e g
R

LA o

LA, ’ A AR
o S i z
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n-type semiconductors

Under complete ionization n = N
condition

D
\ Number of

donor atoms

Fi= N E T 211 .

E.—E., =KTIn(N./N,)
L Eg, =E. —KT In(N./Ny) (2.12)
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Electron concentration in doped semiconductor

n N Nce_(EC_EFn)/kT
St NCe_(EC_EFi+EFi_EFn)/kT

N @ e Erdiklia sl ste d
\ €

Y
r.]i
Ec,—Eg ) /KT
n = nle( Fn FI) (2.13)
n
E. =E. +kTIn— (2.14)
r]i
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p-type semiconductors

Formed by adding atoms to the intrinsic semiconductor (Si)

trivalent group Ill

Boraon

o

i)
Marmal .

bond .

e.g., Aluminum “Al”, Boron “B”,
and Gallium “Ga”
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density of states

E

>
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LA S e

Gl S, Y, A A
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carrier concentrations (p-type)

Before doping
Fermi distribution
function

E

[}
[}
1
R R

£l
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~
3
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AR E IS
s
o PR TP

carrier
concentration

“, P s
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f i

A
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carrier concentrations (p-type)

After doping |
density of states Fermi distribution carrier
function concentration

F(E)

p= |- F(E)]S(E)dE
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p-type semiconductors

Under complete ionization NS
condition p o NA
\ Number of
acceptor atoms
p - N e—(EFp—EV )/ KT
V

— N A (2.15) .

E., —E, =KT In(N, /N ,)
.. Eg, =E, +KT In(N, /N,) 2.16)
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Electron concentration in doped semiconductor

(B, —Ep KT |

p=N,e€

— N e_(EFp_EFi +Er—Ey ) /KT
e E

RN N e_(EFi—EV )/kTe_(EFp_EFl)/kT

J
S8
r.]i
(Er, —Er )/KT
D = nie A 2.17)
E. =E.—kTInL
o =2 = - (2.18)
ni
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Mass Action Law

For any S.C., at thermal equilibrium, there is a unique law
which governs the carrier densities n and p

since N=N.e EE 500 p=Ne EBIK
LE R
. N g N
..nxp_NCNve — i
. NX p = ni2
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Band diagram, density of states, Fermi-Dirac distribution, |
and the carrier concentrations at thermal equilibrium

E E E |
1—/ : Electrons i
| t
e KT Intrinsic semiconductor| |
————emmm E; ) |
P I
|
|
o _\ ' Holes
tah Intrinsic - 1

n-type semiconducto.

EI
(b] B=lype
E,
E, . p-type semiconductor
7 NE) 1-E)
() p-type —
Lecture 02 - Semicogglpctors e mfi‘ﬂf;tm 10/15/2017 76




Charge neutrality

Both acceptors and donors can be present simultaneously

The Fermi level must adjust itself to preserve charge neutrality
(zero net charge)

}-'I-NAZD—IlND (2.19)
negative ions Positive ions
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4 Majority and minority cartiers

n-doped MAJORITY MINORITY |
carrier carrier
(Np > Np) |
p-doped MINORITY MAJORITY |
carrier carrier
(ND < NA)
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n-type Majority and minotity carrier

In n-type semiconductors,

e . N-Type
electrons are the majority carriers e
r'rr 1“1 .
" 3 : s ] impur
and holes are the minority ¢ Si %;:;LUTQ” -
. WS e, : .L_f‘ree electrons
carriers. Ry
. * i LD ¢
N-type semiconductors are Si & s Si
| e e M
created by doping an intrinsic Animony o (S o

added as ;
semiconductor: © with: dopor s SR o

Impurities
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n-type Majority and minority carrier

— N2 —
from N XpP, =N and nn+NA_pn+ND
Majority electrons: .

nn:%[ND—NA+\/(ND—NA)Z+4nf} (2.20)

N,—N, >2n.=n ~N,—-N
‘ D A‘ | n D A

Minority holes: P, = ni2 / n, (2.21)
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p-type Majority and minority carrier

In p-type semiconductots,

holes are the majority carriers

Acceptor
3 > 3 impurity
and electrons are the minority ;o % creawsa
. L S| ® hole
carriers. At q/-
P-type semiconductors are s @:: B @ *
. ¥ ...
created by doping an g B g
intrinsic semiconductor with sl L S8 A
. SN impurity
acceptor impurities ST
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p-type Majority and minority cartrier

2 _
from npxpp:n. and np+NA—pp+ND

Majority electrons: .

pp:%[NA_ND+\/(NA_ND)Z+4ni2:| (2.22)

IN,=Np|>>2n, = p, =N, — N,

Minority holes: np = nf / pp (2.23)
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Summary
Intrinsic semiconductors |
EJEC_------------E,;EF n =N, exp[— (E.—-E)/ kT: |
E p, =N exp|-(E —-E)YKT| |
2
Doped semiconductors n,p, =N
r-type ptype
__________________________________________ ] , \
————————————— E 51——————--———-—E
EV‘ __________________________________________ E,
_ n al(Er—E)/kT] _ n plEi—Eg)/KT]
n,=ne" P, =N¢E i
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Production steps of silicon

“05% of materials used by the electronic industry is silicon’
Si0, sand (quartzite)

SiC (solid) + SiO, (solid) — Si (solid) +SiO (gas) + CO (gas)

98% pure silicon

Si (solid) + 3HCI (gas) —2° SiHC, (gas) + H, (gas)

gaseous trichlorosilane

SiHCl, (gas) + H, (gas) — Si (solid) + 3HCI (gas)

rods of ultrapure polycrystalline silicon
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Raw material of Silicon
(pure sand SiO,)

VU

Step 1: Preparing the
Molten Silicon Bath
The sand (SiO,)is put
into a rotating crucible
and is heated above
its melting point. The
molten sand will
become the source of
the silicon that will
form the wafer.

Step 2: Making the
Ingot

A pure silicon seed
crystal is now placed
into the molten sand
bath. This crystal will
be pulled out slowly as
it is rotated.

Photo: http://cnfolio.com/ELMnotes15

Silicon ingot

e i



Summary (1)

* Today’s microelectronics technology 1s almost
entirely based on the semiconductor silicon. If a
circuit 1s to be fabricated as a monolithic integrated |
circuit (IC), it 1s made using a single silicon crystal, .

no matter how large the circuit is.

* In a crystal of intrinsic or pure silicon, the atoms are
held in position by covalent bonds. At very low
temperatures, all the bonds are intact; No charge
carriers are available to conduct current. As such, at
these low temperatures, silicone acts as an insulator.
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Summary (2)

* At room temperature, thermal energy causes some
of the covalent bonds to break, thus generating
free electrons and holes that become available to

conduct electricity.
. * Current in semiconductors is carried by free

electrons and holes. Their numbers are equal and
relatively small in intrinsic silicon.

* The conductivity of silicon may be increased
drastically by introducing small amounts of
approFriat.e impurity materials into the silicon
crystal — via process called doping;
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Summary (3)

* There are two kinds of doped semiconductor:

. n-type in which electrons are abundant, p-type

in which holes are abundant.
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