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Introduction

Semiconductors materials such as silicon (Si), germanium (Ge) and gallium arsenide
(GaAs), have electrical properties somewhere in the middle, between those of a
“conductor” and an “insulator”. They are not good conductors nor good insulators
(hence their name “semi”-conductors). They have very few “free electrons” because
their atoms are closely grouped together in a crystalline pattern called a “crystal
lattice” but electrons are still able to flow, but only under special conditions.

The ability of semiconductors to conduct electricity can be greatly improved by
replacing or adding certain donor or acceptor atoms to this crystalline structure
thereby, producing more free electrons than holes or vice versa. That is by adding a
small percentage of another element to the base material, either silicon argermanium.

On their own Silicon and Germanium are classed as intrinsic Semiconductars, that is
they are chemically pure, containing nothing but semi-conductive material. But by
controlling the amount of impurities added to this intrinsic semiconductor material it
is possible to control its conductivity. Various impurities called donors,or acceptors
can be added to this intrinsic material to produce free electrons or holes respectively.

This process of adding donor or acceptor atoms tassemiconductor atoms (the order of
1 impurity atom per 10 million (or more) atomsiaf the'semiconductor) is called
Doping. The as the doped silicon is no longet pure; these donor and acceptor atoms
are collectively referred to as “impurities?, and by doping these silicon material with a
sufficient number of impurities, we'¢an turmit,into a semi-conductor.

The most commonly used semiconductor-basics material by far is silicon. Silicon has
four valence electrons in its outermost,shell which it shares with its neighbouring
silicon atoms to form full otbital’sief eight electrons. The structure of the bond
between the two silicom@atomsiis such that each atom shares one electron with its
neighbour making the bond, very stable.

As there are very fewfree electrons available to move around the silicon crystal,
crystals of pure silicon(er' germanium) are therefore good insulators, or at the very
least veryshigh, valuegresistors.

Silicon‘atems are arranged in a definite symmetrical pattern making them a crystalline
solid,structure. A crystal of pure silica (silicon dioxide or glass) is generally said to be
amyintrinsic crystal (it has no impurities) and therefore has no free electrons.

But.simply connecting a silicon crystal to a battery supply is not enough to extract an
electric current from it. To do that we need to create a “positive” and a “negative”
pole within the silicon allowing electrons and therefore electric current to flow out of
the silicon. These poles are created by doping the silicon with certain impurities.
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A Silicon Atom Structure
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Silicon Crystal Lattice

The diagram above shows the structure and lattice of a ‘ngtmalk’ pure erystal of
Silicon.

N-type Semiconductor Basics

In order for our silicon crystal to conduct electricityswe’need to introduce an impurity
atom such as Arsenic, Antimony or:Phosphorus intothe crystalline structure making it
extrinsic (impurities are added). Thesexatoms have five outer electrons in their
outermost orbital to share with neighbouring atoms and are commonly called
“Pentavalent” impurities.

This allows four out ofithe five orbital electrons to bond with its neighbouring silicon
atoms leaving one “free electron’;to become mobile when an electrical voltage is
applied (electron flow). As‘@ach impurity atom “donates” one electron, pentavalent
atoms are generallysknown as “donors”.

Antimony (symbol Sb) or Phosphorus (symbol P), are frequently used as a
pentavalent,additive to the silicon as they have 51 electrons arranged in five shells
aroun@ytheir nucleus with the outermost orbital having five electrons. The resulting
semiconducter basics material has an excess of current-carrying electrons, each with a
hegative charge, and is therefore referred to as an N-type material with the electrons
called “Majority Carriers” while the resulting holes are called “Minority Carriers”.

When stimulated by an external power source, the electrons freed from the silicon
atoms by this stimulation are quickly replaced by the free electrons available from the
doped Antimony atoms. But this action still leaves an extra electron (the freed
electron) floating around the doped crystal making it negatively charged.

Then a semiconductor material is classed as N-type when its donor density is greater
than its acceptor density, in other words, it has more electrons than holes thereby
creating a negative pole as shown.
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Antimony Atom and Doping
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The diagram above shows the structure and lattice of the doner,impurity atom
Antimony.

P-Type Semiconductor Basics

If we go the other way, and introduce a “Trivalent™(3-electron) impurity into the
crystalline structure, such as Aluminium,“Beron or Indium, which have only three
valence electrons available in their putermost orhital, the fourth closed bond cannot be
formed. Therefore, a complete connectionyis not possible, giving the semiconductor
material an abundance of positively.eharged carriers known as holes in the structure
of the crystal where electrons are effectively missing.

As there is now a hole ‘inthe silicen crystal, a neighbouring electron is attracted to it
and will try to move into theshole to fill it. However, the electron filling the hole
leaves another holetbehindg, it as it moves. This in turn attracts another electron which
in turn creates another.hole behind it, and so forth giving the appearance that the holes
are moving as\a positive charge through the crystal structure (conventional current
flow).

This movement of holes results in a shortage of electrons in the silicon turning the
entire,doped crystal into a positive pole. As each impurity atom generates a hole,
trivalent impurities are generally known as “Acceptors” as they are continually
“accepting” extra or free electrons.

Boron (symbol B) is commonly used as a trivalent additive as it has only five
electrons arranged in three shells around its nucleus with the outermost orbital having
only three electrons. The doping of Boron atoms causes conduction to consist mainly
of positive charge carriers resulting in a P-type material with the positive holes being
called “Majority Carriers” while the free electrons are called “Minority Carriers”.
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Then a semiconductor basics material is classed as P-type when its acceptor density is
greater than its donor density. Therefore, a P-type semiconductor has more holes than
electrons.

Boron Atom and Doping
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The diagram above shows the structure and lattiee of the acceptor impurity atom
Boron.

Semiconductor Basics Smmary.
N-type (e.g. doped with Antimony)

These are materials whichhave Pentavalent impurity atoms (Donors) added and
conduct by “electron” movement and are therefore called, N-type Semiconductors.

In N-type semiconductors there are:

o 1. The Donors are positively charged.
e 24There are alarge number of free electrons.
e « 3. A'small number of holes in relation to the number of free electrons.
» AuDoping gives:
o positively charged donors.
o  negatively charged free electrons.
e 5. Supply of energy gives:
o  negatively charged free electrons.
o  positively charged holes.

P-type (e.g. doped with Boron)

These are materials which have Trivalent impurity atoms (Acceptors) added and
conduct by “hole” movement and are therefore called, P-type Semiconductors.



www.studymafia.org

In these types of materials are:

1. The Acceptors are negatively charged.
2. There are a large number of holes.
3. A small number of free electrons in relation to the number of holes.
4. Doping gives:
o  negatively charged acceptors.
o  positively charged holes.
e 5. Supply of energy gives:
o  positively charged holes.
o  negatively charged free electrons.

and both P and N-types as a whole, are electrically neutral on their own.

Antimony (Sb) and Boron (B) are two of the most commonlygSed doping agents as
they are more feely available compared to other types of matekials, They are.also
classed as “metalloids”. However, the periodic table groups together a number of
other different chemical elements all with either three, or five electrens in‘their
outermost orbital shell making them suitable as a doping material.

These other chemical elements can also be used as doping,agents to a base material of
either Silicon (S) or Germanium (Ge) to producedifferent types of basic
semiconductor materials for use in electronic semiconductor components,
microprocessor and solar cell applications. These additienal semiconductor materials
are given below.

Periodic Table of Semiconductars

Elements Group 13 Elements,Group 14 Elements Group 15
3-Electrons in Outer Shell“%4-Electrons in Outer Shell ~ 5-Electrons in Outer Shell
(Positively Charged) (Neutrally Charged) (Negatively Charged)
(5) (6)
Boron ( BY) Carbon (C)
(13) (14) (15)
Aluminium ( Al) Silicon ( Si) Phosphorus (P)

(31) (32) (33)

Gallium (\Ga) Germanium ( Ge) Arsenic (As)

(51)

Antimony (' Sb)

In‘the next tutorial about semiconductors and diodes, we will look at joining the two
semiconductor basics materials, the P-type and the N-type materials to form a PN
Junction which can be used to produce diodes.
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Semiconductors

Intrinsic semiconductors — pure, no impurities
Extrinsic semiconductors — contain small amounts of

deliberately added impurity
(doped)

Intrinsic Semiconductors

Semiconducting elements'e.g. SK, Ge (Group 1V)

- each atomybonded to 4 nearest neighbours
1.e. tetrahedral bonding

-O—0O—0

(2D —representation) (O )—)—O)

O

\,

/
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Energy Band Diagram-fer Intkinsic Semiconductor
(in real space)

Energy, E
Conduction
4 \ 8 900 ) Band (CB)
Energy Gap
E|: _______________________________________ Eg
E, % 0//,07/76//.0 '
// // Valence

Band (VB)
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Recall idea of energy bands for electrons in solids.

energies of electrons lie in regions or bands. Bands
separated by forbidden regions or energy gaps.

Consider a material with either cimpletely filled or
completely empty bands.

T =0 - Insulator

T > 0 - some electrons from VB are excited inte CB.

Vacancies or “holes’ are createdin VB.

For an intrinsic semiconductor

Ne/{YPV

N. = electron conc’n in CB
Pv = hole conc’n in VB

Both electrons in CB and (positive) holes in VB
eontribute to electrical conduction (in applied E-field)

So for intrinsic semiconductor, electrical conductivity o
IS given by:

o - nceue + pVth
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Le — electron mobility
un - hole mobility

Definition of u:
= (v/E)

[v = carrier velocity in electric field,E]

Extrinsic (or Doped) Semiconductors

n-type Doped Semiconductors

These have smalhamounts of groupV impurities e.g. P,

As
() () ()
\J \J \J
bonds with neighbouring atoms e’
() ()
: : : \/ \J
4 go to form bonds with neighbouring P
Si atoms
() () ()
\J \J \J
5™ electron is unpaired and

weakly bound to P.
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Thermal excitation is usually enough AN AN AN
to break bond between P and unpaired 7 7 T
electron. e

| - O—@—O
This leaves an ionised P (donor atom) P
bonded to the Si netyvork, and a free A A X
(donor) electron which can carry charge @/ \/ N\

Donors can usually be considered to be completely
ionised at room temperature.

Energy Band Diagramfor n-t\we Semiconductor

conduction Er

band x x x x x x [,
S S S S S g /

valence E,

At T =0, all donor electrons are weakly bound to P
atoms.
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Represented on energy diagram by putting electrons in
levels at E4 (donor levels) — just below E..

Typically E.—E4=~0.01-0.1eV

This is small or comparable with thermal energies
(KT =~ 0.025 eV at room temperature).

So at room temperature, most of the donomatoms hawve
given up their excess electron

— large increase in n. (concentration of
electrons in conduction band)

— large increase {n cenductivity o.
So assuming all donorsiienised, charge neutrality gives
M= Pv + Ny
[Ng = conc’n of donor atoms]
which can normally approximate to
Ne = Ny

I.e. for n-type semiconductor, can normally neglect hole
contribution
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Hence, for n-type at room temp, conductivity c is

o~ nceue ~ Ndeue

p-type Doped semiconductors

Small amounts.ef Group Il impurities e.g. B, Al

B has,3'available electrons to form N A\ )
with neighbouring atoms. i i
B adopts tetrahedral bonding but with (O—@—O
broken bond. [In fact, broken bond shared B
between all 4 bonds to neighbouring Si’s] L A A
\J \J \J

Can regard as tetrahedrally bonded B
binding a hole.
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B can capture (accept) an electron from _®/ 0

el e
a Si-Si bond elsewhere. e
This leaves a negatively ionised B O o ()
atom (acceptor), and a broken Si-Si B
bond (mobile or free hole).
e o e
4 N ./

Can think of B as donating a free hole.

Process occurs easily, atithermal €nergies (room temp’).
Band diagram for.p-type Semiconductor

At T =0, all B atoms have a weakly bound hole.
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Represented on energy diagram by putting holes on
levels at E, (acceptor levels) — just above E,.

Typically E.—E,=~0.01-0.1eV
At room temperature, large numbers of electrons
excited from VB into acceptor level E, — leaves large

number of holes in VB.

[Alternatively: large numbers of holes excited dewn into
VB - as in diagram]

— largetinereass, in py

—»Jlarge‘increase in conductivity o

So assuming all acceptors ionised, charge neutrality
gives
pv=nc+ Ny [N, =acceptor conc’n]

which can normally approximate to

szNa

I.e. for p-type, can normally neglect electrons
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Hence, for p-type at room temp’, conductivity c is

G = pveun = Naeup

Temperature Dependence of n. and p,

Important sincesthis‘governs T-dependence of .

Coneln 'of electrons in conduction band, n. given by

(Ec B EF)}
KT

= Ncexp{—

N, - effective density of states at the conduction
band edge.
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N, = 2(mekT )2

27h*

[me - effective electron mass]

Conc’n of holes in valence band, p, given by

(EF B EV)}
KT

Py = N\,exp{—

N, - effective density of states at the'valence band edge.

N, = 2( m kil j2
27h’

[m,* - effective hole mass]

Law of Mass*Action

Above expressions for n. and p, give for the product n.p,

(E = EV)}

NPy = NCNVeXp{— T

Since energy gap Ey=E;-E,

E
NePy = NCNVexp{— ﬁ}
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True for any semiconductor, whether intrinsic or doped.

For an intrinsic semiconductor  n¢ = py = N;
[ni - iIntrinsic carrier concentration]

E
Hence NPy = Ni* = NcNyexpd ——2
kT

Law of Mass Action

Using N¢= 2(2‘; )2 and N, = 2(2“;12— )2
7l 7l

! E
ni = (NgN, )zexps — ==
(Ngl, ) p{ 2kT}

3
v o KT )2 E
n; = 2(m_m )4 exps — —
Y (wﬁj p{ ZKT}

Exponential teffidominates over (KT ): term.
How do Wwe obtain the expressions for n. and p,?

Basic idea - Integrate over all available energies
In conduction band

Conc’n of electrons between energy E and E + dE is
P(E)D(E)dE

P(E) is the Fermi-Dirac function
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1

1+ exp{ E ;TEF}

[Er = Fermi level; T = temperature]
I.e. P(E) is the probability of occupation

P(E) =

D(E) is the density of states (per unit volume) in

the conduction band. Assume D(E) is.free-€lectron-
like:

1
I.e. D(E) = A(E - E,)? ASr—
X 'h
[m. - effective electron mass}

Hence total conc’n of electrens\in conduction band n¢ IS
o0

ne = FR®B(E)IE
Be

pv (hole conc™n'inj valence band) obtained in similar way
Semiconductor Devices

pn.Junction

Rossible to fabricate wide range of devices by joining
together different semiconductor types.

One of the simplest of these - pn junction.

Large number of devices based on this —
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lasers, solar cells, LEDs (remember the PBL??)

Reminder of I-V behaviour of pn diode

What happens when external bias (voltage) V is
applied?

How does | vary?
What does it tell you?

Operation of LED

Band Diagrams

zero bhias
E.
— 000 0O°
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B,
n P

modest forward bias V

large forward bias V

__________________ N\

large numbers of'electrons flow from nto p
(and holes,from p to n) when eV > E,

Ideal A<V'behaviour
— 1 = lg[exp(eV/KT) -1] - forward bias

— 1 =1g[1—exp(-eV/KT)] - reverse bias

N.B. - 2 carrier types.

negative electrons flow from n to p
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positive holes flow in opposite direction.

9&
D

V
_______ Iy
So at large V, | predic increase ~ exponentially.
In practice, I increases linearly with V for large V.
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Jg/e

Once pn junction is forward biased by value greater
than ~ Eg/e, large numbers of electrons injected from
n to p, and holes from p to n

| becomes large and limited by series resistance of
device. Ohmic behaviour is obsgryed.

[Could be due to contact resistance between metal and
semiconductor, resistivity of the semiconductor, or series
resistance of connecting,wires].

Can extrapolate linear region'back to | = 0 to obtain
estimate for Eg,(as'doneyin PBL).

LED.(Light Emitting Diode)

Emission Process

Recombination of electron in conduction band with hole
in valence band; energy released emitted as photon of
well-defined frequency.

For process to occur, semiconductor must have direct
gap.
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¥
K\‘ /\‘

See original notes from/Unit 4.
Energy released insgecombination event is Eg i.e. Ey, = Eg

Both energy‘andsmomentum conserved (% Ak = 0)

LEDs4make use of emission process in semiconductors.

Cansist of pn junction of a direct gap semiconductor,
operated in forward bias.

Basic operation
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1. Electrons from n-region diffuse across depletion layer
Into narrow region just inside p-side.

2. Here, they recombine with holes, emitting photons.

3. Wavelength A of light determined by energy gap E,.

So could measure A of emitted light byse/gudiffraction

Could also use the I-V analysis
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