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1.1 INTRODUCTION

The term semiconductor was introduced by Alessandro Volta in 1782 to indicate those
materials that have intermediate properties between conductors and insulators.

The first experimental observation of a typical behavior of semiconductors, however, is
due to Michael Faraday: in 1833 he noticed that some non-metallic compounds, such as
silver sulfide (Ag,S), increase their electrical conductivity as the temperature increases.
This behavior is opposite to that of metals, in which conductivity decreases when the
temperature increases.

From a chemical point of view, semiconductors are divided into two groups:

* Elementary semiconductors. Materials consisting of a single chemical element belong
to this category. The most important are silicon and germanium, both tetravalent: this
means that they have four electrons in the valence band

e Compound semiconductors. They are indicated by a chemical formula of the type

AB, where A and B are different elements. Based on the value of A and B, distinct

groups are identified:

o Group llI-V: A is trivalent and B is pentavalent. Examples: InSb
(indium antimonide) and GaAs (gallium arsenide).

o Group lI-VI: A is divalent and B is hexavalent. Examples: ZnS

STRUTTURE A , , : :
SEMICONDUTTORE (zinc sulfide) and CdS (cadmium sulfide).
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE
1.1.1 Covalent bond

Silicon and germanium are referred to as diamond-type semiconductors, because they
have the same crystal structure as diamond.

This structure belongs to the
family of cubic crystals and
consists of the superposition of
two face-centered cubic
lattices staggered along the
diagonal of the cube by a
quarter of its length, i.e. by

av3/4.

In a lattice of this type, all the atoms are identical, and each one is
surrounded by four equidistant neighboring prime atoms, arranged at

STRUTTURE A the vertices of a tetrahedron, as shown in the Figure.
SEMICONDUTTORE
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE

1.1.1 Covalent bond

Most of the compound semiconductors of group IlI-V, such as GaAs, have the structure
called zincblende, which is substantially identical to that of diamond, with the only
difference that one of the face-centered lattices is formed by the atoms of Group Il
(e.g. Ga), while the other is made up of the atoms of Group V (e.g. As).

In  both structures (diamond and
zincblende) each atom has valence
electrons that it shares with adjacent
atoms forming covalent bonds; each pair
of shared electrons is in fact a covalent
bond.

In the zincblende lattice, the force that holds the crystal together is
mainly due to covalent bonds, although there is a weak ionic
component related to the electrostatic interaction between Ga™ and [

STRUTTURE A " AsT ions, or vice versa.
SEMICONDUTTORE
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE
1.1.1 Covalent bond

At low temperature the electrons remain bound within their
tetrahedral covalent bonds and are not available for electrical
conduction.

When the temperature rises, thermal vibrations can break
some covalent bonds: in this case an electron is freed and can
contribute to charge transport.

Breaking the bond also produces a lack of electron,
called a hole, which can be filled by an electron
belonging to a neighboring bond. This process
involves moving the hole from one location on the
lattice to another.

The hole behaves like a positively charged quasi-particle and, in the
presence of an electric field, moves in the opposite direction to the
electrons, contributing in turn to electrical conduction.

STRUTTURE A
SEMICONDUTTORE
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE

1.1.3 Band structure

The band structure of Germanium, Silicon and Gallium Arsenide is shown in the Figure.

ENERGIA (eV)
I

T

L L[111] r [100] X L [111] r [100] X L [111] r [100] X
VETTORE D'ONDA
In all three cases there is a band gap of amplitude E; between the lower

STRUTTURE A edge of the conduction band and the upper edge of the valence band.
SEMICONDUTTORE
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE

1.1.3 Band structure

In silicon, the maximum of the valence band is located at point
[, i.e. for k = 0, while the minimum of the conduction band is
located in the direction [100], at point X, so k #+ 0.

This highlights an important difference between the
momentum of the particle and the crystal momentum: in
fact, the momentum of an electron is zero when its kinetic
energy is zero, but in silicon an electron that is in the
minimum of the conduction band can have zero kinetic
energy while maintaining a crystal momentum that is
different from zero.

As a result, to make a transition from the
valence band to the conduction band, an
electron in silicon must change not only its
energy (by at least E;), but also its C [ [100] X
crystalline impulse. VETTORE D'ONDA

STRUTTURE A
SEMICONDUTTORE
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE

1.1.3 Band structure

In GaAs (gallium arsenide), on the other hand, the maximum of
the valence band and the minimum of the conduction band are

both found for k = 0. This means that an electron can pass from
the valence band to the conduction band without changing its

crystalline pulse.

For this reason, GaAs is called a direct semiconductor,
while silicon is classified as an indirect semiconductor,
since the transitions between the valence band and
the conduction band require a change in the crystal

momentum.
(}e )

The bandgap is defined as S

the energy difference S

between the minimum of bande l

the conduction band and = R

the maximum of the 7 panda Wl e %
STRUTTURE A valence band. \ — //
SEMICONDUTTORE -



http://www.presentationgo.com/

1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE

1.1.4 Band Gap

The Ilowest energy point of the
conduction band is called the edge of the
conduction band, while the highest point
of the valence band is called the edge of
the valence band.

The lower edge of the conduction
band is indicated by E. : it
represents the potential energy of
a conduction electron when it is at
rest, and the kinetic energy of this
electron is measured above E .

STRUTTURE A
SEMICONDUTTORE

AE
\ banda di /
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vettore d'onda (k)

Similarly, the upper edge of the valence band is denoted by E, and
corresponds to the potential energy of a hole; in this case the kinetic
energy of the hole is measured below Ej,.
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE

1.1.4 Band Gap

Both electrons in the conduction band and holes in the valence band contribute to
electrical conduction. The dependence of the bandwidth of the bandwidth on
temperature for silicon and GaAs can be described by the following relationships

(energies in eV and temperature in K):

b () = 117 - AT 0772
5(T) = 1. T +636) silicon
E (T) = 1.52 5410717
g\t ==& (T +204) %

In both cases the temperature coefficient dE;/dT is negative, which means that the
band gap decreases as the temperature increases.

€

In a direct absorption process, a photon is
absorbed by the crystal, and its energy is
used to create an electron—hole pair. In this
case, the optical absorption threshold at w, g
gives a direct measure of the band gap,

STRUTTURE A given by E; = hwy, 4
SEMICONDUTTORE L

Bordo della banda
di conduzione

Bordo della banda
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE

1.1.4 Band Gap

In the indirect absorption process, on the other AE ;
hand, the minimum energy gap of the band structure
involves a valence band state and a conduction band

state separated by a l_c)c wave vector, whose modulus
must be compared with that of the ks photon wave

Bordo della banda
di conduzione

Bordo della banda

vector. di valenzg —y——
| k.| coincides with the boundary of the first Brillouin zone
and, in the case of silicon, is given by: S, 0 k. g

|ko| =—~58-107 cm™?
a

with a = 0.54 nm the silicon lattice constant.

The modulus of the photon's wave vector can be estimated by the relation
- E

kel =-2~51-10% cm™

| f| fe

with A =6.6-10"%¢elV-s and ¢ =3.0-10°cm/s, and having

STRUTTURE A , -
SEMICONDUTTORE assumed E, = 1 eV , a value valid for silicon at room temperature.
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1.1 STRUCTURES OF SILICON, GERMANIUM AND
GALLIUM ARSENIDE
1.1.4 Band Gap

AE

Bordo della banda

It is therefore evident that a direct photon transition with diCO“d‘I;Zi";ed b

energy equal to E; cannot satisfy the law of conservation di valenz;

of the wave vector, since |l?f| K |EC|, in the range of G2
energies of interest. ~ke 0 ke

However, the conservation of the crystalline momentum can be restored if, in addition

to the photon, a phonon of a wave vector K and frequency (2 intervenes in the process.
In this case, the laws of conservation of crystalline and photon momentum require
respectively:

ke =k, +K
hw = E; + hQ)

The energy of the phonon 7 is typically much smaller than E; : even
phonons with large wave vectors possess relatively low energies. For this
reason, phonons represent an easily accessible source of crystalline

STRUTTURE A .
SEMICONDUTTORE momentum for indirect processes.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

From a microscopic point of view, at any temperature above absolute zero, thermal
agitation provides energy to the electrons of the crystal to cause the breaking of a
covalent bond between two adjacent atoms: one of the electrons involved in the bond
acquires enough energy to free itself from the lattice and become a conduction electron.

From an energy point of view, this process can be schematized as the transition of an
electron from the valence band to the conduction band. Each electron that is promoted
in the conduction band leaves a hole in the valence band: for this reason, in an ideal
intrinsic semiconductor, the number of free electrons is always equal to the number of
holes generated.

An intrinsic semiconductor is defined as a material in which the concentration
of impurities is negligible compared to the number of carriers created by
thermal effect. Under such conditions, the electrical properties depend solely
on thermally generated carriers.

To determine the concentration of electrons in the conduction band, it
is necessary to evaluate, for each value of energy E, how many states

STRUTTURE A . : :
NN e are available and how likely they are to be occupied.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

The concentration of electrons included in an infinitesimal range of energy dE is given
by the product:

n(E) = N(E)f (E)dE

where N(E) represents the density of allowable energy states per unit volume and
f (E) is the probability of occupation of an energy state E.

The total concentration of electrons in the conduction band is obtained by integrating
this expression from the lower edge of the conduction band E, (which for convenience
can be set equal to zero) to the upper limit of the band

Esup
n= f N(E) f(E) dE
0

The probability of occupation f(E) is described by the Fermi—Dirac distribution,

FE) = T G Emam

where Ey is the Fermi level, k is the Boltzmann constant and T is the

STRUTTURE A
SEMICONDUTTORE absolute temperature.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

The concentration of carriers can also be determined graphically, representing the density
of the states and the distribution function and evaluating the area of the N(E)f(E)
product in the region of the conduction band

E 4 Ei Ea E
BANDA
DI CONDUZIONE n=n;
Ec |2 _ -
Eg _—
Evi+-—oeo——+ pP—g—-—"————- - -
BANDA DI _-\ p=nj
VALENZA

N(E)

A very large number of permissible energy states are available in the conduction
band. However, in an intrinsic semiconductor, the number of electrons present in
this band is small, since the probability of occupying such states is very small.

In the valence band, on the contrary, there is also a large density of
allowed states, but most of them are occupied by electrons: the
e probability of occupation is in fact close to unity. Consequently, in the
eV lele b inre 12 Valence band the number of empty states, i.e. holes, is limited.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

EJI. E]

1

BANDA

DI CONDUZIONE n=n;
Ec s 2O . .

Eg _——

EvIt—Toe——— pP—xg—-—-————- - -

BANDA DI _-\ P

VALENZA

N(E)

Since the Fermi-Dirac distribution function f(E) decreases exponentially as energy
increases, the upper bound of the integral that gives the electron concentration can be
extended to infinity without introducing significant errors.

Furthermore, in an intrinsic semiconductor the Fermi level Ep is
approximately at the center of the bandgap; under such conditions, for
energies sufficiently greater than Er, the Fermi distribution can be
approximated by the Boltzmann exponential form:

~ o—(E-Ep)/KT

STRUTTURE A f(E) = 1 + e(E-Ep)/kT

SEMICONDUTTORE


http://www.presentationgo.com/

1.2 CONCENTRAZIONE DEI PORTATORI
ALLEQUILIBRIO TERMICO

1.2.1 Portatori intrinseci

Combining these expressions:

n=4n(2me) J\/_e T dE

with m, effective mass of the electron.

. E .
Setting x = T T, the integral becomes:

The integral: fowﬁe‘xdx = g and then:

STRUTTURE A
SEMICONDUTTORE
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

Referring now to the origin of the energy at the lower edge of the conduction band E,
the concentration of electrons in the conduction band is:

2mtm KT 3/2 _Ec-EF _Ec-EF
n=2 7 e KT = Nge KT
2mm kT 3/2 : : . .
where N = 2 ( 2 ) represents the effective density of the states in the conduction
band.

At room temperature (T =~ 300 K) you get the typical values: N, = 2.8 x 10*° cm~3

for silicon and N = 4.7 x 1017 cm™3 for gallium arsenide.

The concentration p of the holes in the valence band is determined by a procedure
similar to that used for electrons in the conduction band:

2mmy KT 3/2 _Er-Ey _Ep-Ey
p = —z e KT = Nye KT

with m,;, effective mass of holes and Ny = 2(

3/2
2my KT ,
2 ) is the

STRUTTURE A _ _ _
S=veeblinrela  effective density of the states in the valence band.


http://www.presentationgo.com/

1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

At room temperature (T = 300 K) you get the typical values: N, = 1.04 x 101 cm™3 for
silicon and N, = 7.0 X 1018 cm™3 for gallium arsenide.

In an intrinsic semiconductor, by definition, the number of electrons in the conduction
band is equal to the number of holes in the valence band. The fundamental relationship
therefore applies:

n=p=n;
where n; is the concentration of intrinsic carriers.

So equalizing the two expressions for n and p, we have:

_Ec—EF _Ep—Ey
Nce KT = Nye KT

From this equation we derive the position of the intrinsic Fermi level:

Ey + E kT N
F — v C+ an

STRUTTURE A 2 2 NC
SEMICONDUTTORE
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

By substituting the expressions previously determined for N, and Ny, as a function of the

effective masses:
_ EV + EC 3KTl mh
F=7) 4 'm,

Since, at room temperature, the second term is much smaller than the first, the intrinsic
Fermi level E; is placed practically in the middle of the bandgap.

The concentration of intrinsic carriers is finally determined by

the relationship

np = n?

n; =4/ NCNV e_Eg/ZkT
STRUTTURE A

SEMICONDUTTORE where E; = E¢ — E,,.

leading to:
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.1 Intrinsic carriers

This relationship is called the mass action law and is valid under thermodynamic equilibrium
conditions for both intrinsic and extrinsic semiconductors.

In a doped semiconductor, increasing the concentration of one type of carrier results in a
decrease in the concentration of the other type due to recombination processes, but the np
product remains constant for a given temperature.

The Figure shows the trend of n; as a

IDI"

function of T for Ge and Si. In both - v - %

cases, n; grows rapidly with T. "g 10 4 "i.ou //
At the same temperature, § T / . E - -
Ge has significantly higher _’gw"_ /’ 1 3°T ]
n; values than Si, as a E 1/ E |
result of its smaller 38"V 1 &° / ]
energy gap

STRUTTURE A 00 215 23 345 360 35 290 305 105 300 B5 30 35 400 45 450

SEMICONDUTTORE Temperaturs, K Temperatara, K
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.2 Donors and acceptors

When small amounts of impurities are intentionally introduced into a pure
semiconductor, the material becomes an extrinsic, or doped semiconductor.

The main effect of doping is the introduction of energy levels of impurities within the
bandgap, which can significantly change the concentration of charge carriers.

e ol ‘o o}
' | ' |
\ ’ ' )
- . 4——_—-\ ’_—-—.
. - -
- - -
- e ®” ~ — -

First consider the case in which a silicon atom is replaced
by an arsenic atom, which has five valence electrons. The
arsenic atom forms four covalent bonds with adjacent
silicon atoms, using four of its valence electrons.

ELETTRONE

\
4 M—— " DICONDUZIONE
-
-

The semiconductor obtained is called n-type, since the majority

STRUTTURE A carriers are electrons, and the arsenic atom is called a donor.
SEMICONDUTTORE

The fifth electron is weakly bound to the
impurity atom and can be easily promoted in the
conduction band. This generates an additional
free electron in the conduction band.

l
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.2 Donors and acceptors

Similarly, if a silicon atom is replaced by a boron atom, which has only three valence

electrons, an electron from a neighboring atom is "accepted" to complete the four
covalent bonds required.

This process leaves a hole in the valence band, which . ). S
behaves as a carrier of positive charge. : . Z
The resulting semiconductor is called p-type, and the (oo o n {on)
boron atom is called an acceptor. o O R
LACUNA :__\ =2 ~_'.- 9

A simple way to estimate the energy (onl (o0} fon
levels associated with impurities can '

be obtained using the Bohr hydrogen OJ

atom model.

In the semiconductor, the electron bound to the donor moves in a
medium characterized by an effective mass m, and a dielectric

STRUTTURE A L
SEMICONDUTTORE LA/ RS
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.2 Donors and acceptors

Substituting these parameters for those of the hydrogen
atom, we obtain for the ionization energy of the donor

2
€o me
En=|— — | E
P (85) <m0) "

For shallow donors, the ionization energy measured from the edge of the conduction
band is about 0.025 eV in silicon and 0.007 eV in GaAs.

In the case of acceptor atoms, the procedure is quite similar. One can interpret the
near-full valence band as a complete band plus a hole subject to the Coulomb field of
negatively charged impurity. The ionization energy thus obtained, measured from the
edge of the valence band, is about 0.05 eV in silicon.

For shallow donor and acceptor atoms in Si and GaAs, the thermal energy

at room temperature is sufficient to ionize virtually all impurities. Under

such conditions, we refer to complete ionization: each donor atom

provides an electron to the conduction band, and each acceptor atom
generates a hole in the valence band, directly determining the

STRUTTURE A . L :

o lele olaere s concentration of carriers in the doped semiconductor.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

Under conditions of complete ionization, all donor > ///////////////4

atoms are ionized and provide an electron to the
. : : Ep®@® ®®® ® ® ®v_ IONI
conduction band. In this case, the concentration of DONORI

electrons can be approximated simply by: E| ————— e

n=N, N7

where Np, is the concentration of donors.

Substituting the expression for the concentration of electrons,

we get:

N¢

EC - EF — KTln —

Np
This relationship shows that, as the concentration of the donors
increases, the energy difference E. — Er decreases and the Fermi level

STRUTTURE A shifts towards the lower edge of the conduction band.
SEMICONDUTTORE
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

Similarly, f -t iconduct ith shall 7
alcnc:s:oyr at(;:n:asd T:ih:ecn;:;c;Tetici:r:iz\;\gion ie;rrc:(\: /////////////////f EC

the concentration of the holes is:

— E
p = Ny |
. . 00006000 Ea
where N, is the concentration of acceptors.
A ’ -, } T B

Similarly as before, substituting the expression for the
concentration of holes:

Ny
Er — E, = KTln Ny

Therefore, the higher the density of acceptor atoms, the closer the

STRUTTURE A Fermi level is to the upper edge of the valence band.
SEMICONDUTTORE
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

According to the mass action law, under conditions of thermodynamic equilibrium the
product of the concentration of electrons n and that of holes p must coincide with the
value that occurs in the intrinsic semiconductor.

For this reason, it is often convenient to express the concentrations of
electrons and holes as a function of the intrinsic concentration n; and
the intrinsic Fermi level E;.

Starting from the expression found for an extrinsic semiconductor, Er
we add and subtract E; to the numerator of the exponential :
E;
Ec—E; Er—E; Er—E;
n = NCe KT e KT = n;e KT
. . EF
Similarly for holes:
_Er—Ey Ei—EF Ej
p = NVe KT = n;e KT

These expressions highlight how the concentrations of the carriers
depend directly on the shift of the Fermi level with respect to its

STRUTTURE A ~
SEMICONDUTTORE intrinsic value.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

When donor and acceptor impurities are present in a semiconductor at the same time,
the type of conductivity is determined by the type of impurities present in the highest
concentration.

The Fermi level is arranged in such a way as to guarantee the global electrical
neutrality of the material: the total negative charge, due to the free electrons and
ionized acceptors, must equal the total positive charge, associated with the holes and
ionized donors. This condition is expressed by the equation

n-l—NA:p-l-ND

Combining it with the mass action law , we obtain the general expressions for
carrier concentrations in an n-type semiconductor:

1 ng
nn=§[ND—NA+\/(ND—NA)2+4nlz ) pnzn_;

The subscript n indicates that it refers to an n-type semiconductor. In
this case, electrons are the majority carriers, while holes are the

STRUTTURE A i . .
SEMICONDUTTORE minority carriers.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

In a very similar way, for a p-type semiconductor we obtain:

2
1 _nl’
pp=E[NA—ND+\/(NA—ND)2+4ni2 , np——pp

where the subscript p indicates the semiconductor of type p. In this case, the holes are
the majority carriers, while the electrons are the minority carriers.

In most practical applications, the net concentration of impurities | Ny — Np | is
much greater than the intrinsic concentration n;. Under these conditions, the
expressions for n, and p,, are greatly simplified.

Ny, = Np — Ny se Np > Ny
Pp = Ny — Np se Ny > Np

By combining these expressions found for n,, and p,,, with
those found previously, it is possible to determine the
position of the Fermi level as a function of temperature

STRUTTURE A for a given concentration of donors or acceptors.
SEMICONDUTTORE
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

. 0.8
The. -Flgure shows .the trend- of“the % My
position of the Fermi Er level in silicon 0.6 o Ec
. B ‘ u)
as a function of temperature for 0.4} < Cm\
different .conce‘n-trations of donor Np e % wal = = 0 0163
acceptor impurities Nj. & of-———------—-3 o
! - 1012 /
The vertical axis shows the difference & -oz2} D 5
Er — E;, i.e. the shift of the Fermi level ol Na=10®— - =
. v
with respect to the intrinsic E; level, //////////////%//////
-0.8
while the horizontal axis shows the W/// ;;"‘,’392",')’,‘55‘,“},‘, /

100 200 400
temperature. T(K)

The dashed regions at the top and bottom of the Figure represent the
conduction band and the valence band, respectively, bounded by the E,
and E}, edges. Their trend as the temperature varies highlights the slight
dependence of the width of the band gap on temperature.

The central horizontal line corresponds to the intrinsic Fermi
level E;.

STRUTTURE A
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

At low temperatures, only a fraction of :.::///// BANOA o1 CONDUTIONE 1
the impurities are ionized, and the Fermi el Np=108em3  15¢
level is close to the impurity levels. In & L | : =
the case of n-type semiconductors, Ef is é" °'2_"_____§'______*_'_°_>'°_ s £
near the lower edge of the conduction 5 oL 02— /
band, while in the case of p-type it is o2 1016 s
near the upper edge of the valence =04 Na=10% 1ey
0 100 200 300 400 500 600
T(K)

As the temperature increases, the extrinsic regime is entered, in which the
complete ionization of impurities takes place: the position of the Fermi level
depends essentially on the doping concentration: the higher the Ny (or N, ), the
closer Er it approaches E (or Ey).

The different curves labeled with 1012, 10'%, 10%°, 10'8 cm™3 clearly
show how an increase in the concentration of impurities produces an
increasingly marked shift of the Fermi level towards the band

STRUTTURE A : . :
e e it A corresponding to the majority carriers.
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1.2 CONCENTRATION OF CARRIERS AT THERMAL
EQUILIBRIUM

1.2.3 Extrinsic carrier concentration

The purely thermal behavior of an n-type semiconductor is illustrated in the Figure,
which shows the trend of the electron concentration as a function of temperature for a

silicon crystal doped with a donor concentration equal to Np = 101> cm™3.
T(°C)
3x10'5  -200  -100 0 100 200 300
[ [ I [ I
At low temperatures, the thermal N
I
energy available is not sufficient to L N =105 em2
. . REGIONE
completely ionize the donor INTRINSECA

N
T

impurities: a part of the electrons
remains bound to the levels of the
donors and the concentration of
free electrons is therefore lower
than the density of the donors.

—y
I

n,/
B REGIONE DI

. . . /
This regime is called the eI /

freezing region. 1 , | Lot b
STRUTTURE A (0] 100 200 300 400 500 600

SEMICONDUTTORE T(K)

CONERNTRAI20NE DEGLELETFRONI p (¢m ~3)

(@)
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1.2.3 Extrinsic carrier concentration

T(°C)

As the temperature increases, the crystal 3x10 =200 100 © 100 200 300
enters the extrinsic region, in which almost . |
all donors are ionized. In this temperature L Np=10'S cm™ |
range, the concentration of electrons INTRINSECA ,"
remains almost constant and is 2r I/

|
/

B |
/
<—— REGIONE ESTRINSECA —| /l

/
/

approximately equal to Np.

By further increasing the temperature,
the thermal generation of electron-hole

iy
T

CONERNTRAIZONE DEGLELETFRONI p (cm ~3)

pairs becomes progressively more il
B REGIONE DI /
relevant, as can be seen from the dashed CONGELAMENTO /
. i=N
curve of n; as a function of temperature. | | | L ./ " i
oO 100 200 300 400 500 600
T(K)

Finally, a temperature is reached for which the concentration of the
intrinsic carriers n; becomes comparable with the concentration of the
donors: beyond this value, the behavior of the material is dominated by
thermally generated carriers, and the semiconductor enters the

intrinsic regime.

STRUTTURE A
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.1 Drift and mobility

Let us consider an n -type semiconductor sample, characterized by a uniform
concentration of donors and under condition of thermal equilibrium.
As already discussed, the electrons in the conduction band can be treated, in good

approximation, as quasi-free particles. The effect of the crystal lattice is in fact included in
the effective mass m,,, which is slightly different from the mass of the free electron.

At thermal equilibrium, the average energy associated to the motion of electrons is
determined by the energy equipartition theorem, according to which each degree of

1 . \
freedom corresponds to an average energy equal to EkT’ where k is Boltzmann's

constant and T is the absolute temperature.

Since the motion of electrons in space is three-dimensional, they possess three

translational degrees of freedom; consequently, their average kinetic energy is:
1 5 3
Emnvth = sz

m,, is the effective mass of the electrons and v, is the average

STRUTTURE A _
Savcestmea thermal velocity.
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1.3 CARRIER TRANSPORT PHENOMENA
1.3.1 Drift and mobility

At room temperature (T = 300 K), the thermal velocity of electrons is of the order of
107 cm/s in both silicon and gallium arsenide.

This means that, even in the absence of external fields, electrons
move very quickly and in a disorderly manner, in all directions. The
motion of a single electron can be described as a succession of
random collisions with the atoms of the lattice, with the atoms of
impurities and with other centers of dispersion, as in the Figure.

Because of this random motion, the average displacement of an
electron, over sufficiently long time intervals, is zero.

The average distance traveled between two successive collisions is called the mean
free path, while the average time between two collisions is called the mean free
time 7., typically of the order of the picosecond.

When an electric field £ is applied to the -
semiconductor, each electron is subjected to

the force —g& and is accelerated, between /\/E
o< 6

one collision and the next, along the direction 3

STRUTTURE A of the field but in the opposite direction.
SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.1 Drift and mobility

At this point, a small oriented velocity component, >-——

called drift velocity v, , is superimposed on the random

thermal motion. The overall motion of the electron thus /\ 5
results from the combination of the disordered thermal />
motion and the drift velocity, producing an average net 3 *“"6

displacement in the opposite direction to the applied
electric field.

The drift velocity v,, can be determined by comparing the momentum acquired by

the electron under the action of the force —qg during the mean free time with
the momentum gained by the electron over the same period, according to the
impulse-momentum theorem, which states that the change in the momentum of
a point mass in a time interval is equal to the momentum of the resultant force
acting on it in the same interval.

This is justified by the fact that, in steady state, the accumulated
momentum between two collisions is completely transferred to the

STRUTTURE A lattice during each collision.
SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.1 Drift and mobility

The impulse given to an electron by the electric field during the mean free time 7, is

equal to —q§TC while the corresponding change in momentum is m,, v,,.

Applying the impulse-momentum theorem, we then obtain the relation

~ —
_QETC = muyv,

. To\ =
Vp = — <h> €
mTL
This expression shows that the drift velocity of electrons is directly proportional
to the applied electric field. The proportionality coefficient

_qtc
Un m,

from which:

is called electron mobility and is determined by the mean free time

STRUTTURE A between collisions and the effective mass of the electron.
SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.1 Drift and mobility

{ W

In a compact form:

é H

Up = —Un€

which corresponds to a current density, in one-dimensional case, equal to:

Jn = qnvy, = quyn€

In a similar way, for the holes in the valence band, we obtain
Up = Hp

where p,, is the hole mobility.

Carrier mobility is closely linked to the mean free time between
collisions, which in turn depends on the different scattering
mechanisms present in the semiconductor.

STRUTTURE A
SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.1 Drift and mobility

The two main mechanisms are lattice scattering and impurity scattering.

Lattice scattering is due to the thermal vibrations of the lattice atoms, present at any
temperature above absolute zero. These vibrations perturb the periodic potential of the
crystal and allow the transfer of energy between the carriers and the lattice. Since the
amplitude of vibrations increases with temperature, this mechanism becomes dominant at

high temperatures. As a result, the mobility of the carriers decreases as the temperature
increases.

Diffusion by impurities, on the other hand, occurs when a carrier passes in proximity of
an ionized doping atom, donor or acceptor. In this case, the motion of the carrier is
deflected by the Coulomb interaction with the impurity. The probability of this type of
scattering depends on the total concentration of ionized impurities.

Unlike lattice scattering, impurity scattering becomes less effective at
high temperatures: in fact, at high temperatures the carriers move more

quickly, remain for a shorter time near the impurity and are therefore less
probability to be scattered.

STRUTTURE A
SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.2 Diffusion processes

In the previous section, drift current, i.e. the transport of carriers due to the application of
an electric field, was analyzed.

However, there is another important current component that occurs even in the absence
of external fields, when there is a spatial variation in the concentration of carriers in the
semiconductor. In these conditions, carriers tend to spontaneously move from regions
with higher concentrations to those with lower concentrations: this phenomenon is called
diffusion, and the associated current is called diffusion current.

To describe the process, let us suppose that the electron
density varies along the x -direction, as in the Figure.

Corrente

The semiconductor is kept at a uniform n ()
temperature, so that the average thermal
energy of the electrons does not depend
on x; instead, only the density n(x) varies.

|
Elettroni \
n (0) |

\

Consider the number of
electrons crossing the plane at

x = 0 per unit time and per unit
STRUTTURE A ! Distanza x

SEMICONDUTTORE area.

Densita di eletroni m (x)
T

|
|
|
|
|
|
|
|
|
|
|
|
|
[
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.2 Diffusion processes

Corrente

Due to thermal motion, electrons move randomly

with a thermal velocity v, and travel on average a - n (D)
distance | = v, T, between two successive collisions,
where 7. is the average free time.

I

Elettroni I
-~— n (0) |
I

Electrons in the x = —l region have the same "7
probability of moving to the right or to the left;
therefore, in a time interval 7. , about half of them

Densita di eletroni m (x)

T

cross the plane x = 0.

0
Distanza x

The average F; flux of electrons coming from the left is therefore

1
in(—l)l 1

Ff="——=—n(-1
1 I, Zn( )Ven

Similarly, the average F, flow of electrons crossing the plane from the right
is:

1

STRUTTURE A F, = En(l)vth
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.2 Diffusion processes

The net flow F of carriers from left to right will be:

1
F=F —-F= Evth[n(_l) —n(l)]

Expanding n(=+1[) in a Taylor series around x = 0 and keeping the first terms, we have:

1 d d
F=> v {[n(O) _ zd—’;] _ [n(O) n zd—’;]}

from which follows:

P ldn_ D dn
— TVt g T TP gy

where the quantity D, = vg,l is the diffusion coefficient, or

STRUTTURE A T
SEMICONDUTTORE diffusivity, of the electrons.
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.2 Diffusion processes

Since each electron has charge —q, the flow of particles is associated with a diffusion

current density /,, :

dn
Jn=—qF = anE

This expression shows that the diffusion current is proportional to the spatial
gradient of the electron density and originates from the random thermal motion
of the carriers in the presence of a concentration gradient.

If the electron density increases with x, the dn/dx gradient is positive
and the electrons diffuse in the negative direction along the x-axis. The
conventional current is therefore positive and flows in the opposite

STRUTTURE A direction to that of the motion of the electrons.
SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.3 Equation for Current Density

The expression of the electron current density J,, can be further reformulated using the
energy equipartition theorem in the one-dimensional case.

In this way the diffusivity of D,, electrons can be related to their mobility u,, :

UMy, kT \ [u,m,
n = Venl = Ve (VenTe) = vy < q ) <mn> < q >

kT
Dy = 7 Hn

This important relationship is known as the Einstein relation and relates two
fundamental quantities of carrier transport: diffusivity, which governs
diffusion transport, and mobility, which characterizes drift transport.

from which

kT

STRUTTURE A A similar relationship applies to holes. D, =—
SEMICONDUTTORE q
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.3 Equation for Current Density

When both an electric field and a concentration gradient are present in
a semiconductor at the same time, both the drift current and the
diffusion current contribute to the transport. The total electron current
density is therefore the sum of the two contributions:

dn
Jn = quun€ + ana

A similar expression also applies to holes:

dp
Jp = quppE€ — qD, dx

The negative sign in the diffusive term of the holes derives from the fact that, in
the presence of a concentration gradient, the holes diffuse towards regions of
lower density, i.e. in the negative direction of the x-axis; the associated
conventional current then also flows in the same direction.

Finally, the total conduction current density in the semiconductor is given
by the sum of the electron currents and holes:

STRUTTURE A _
SEMICONDUTTORE Jeona =Jn +p
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.4 Direct recombination

Consider a direct-band semiconductor, under
conditions of thermal equilibrium. This means that
thermal energy can provide an electron in the valence
band with the energy needed to make a transition to
the conduction band, leaving a hole in the valence
band.

<

G

E,

This process is called carrier generation and is described by the thermal generation rate
Gy, defined as the number of electron-hole pairs generated per unit volume and per unit

time.

the recombination rate balance exactly, i.e.:

STRUTTURE A : : -
Ve earem SO that the mass action law is always satisfied.

Gen = Rep

The reverse process occurs when an electron of the conduction band relaxes into the
valence band, annihilating an electron-hole pair. This phenomenon is called
recombination and is characterized by the rate of thermal recombination Ry,.

Under conditions of thermal equilibrium, the concentration of the carriers
must remain constant over time. This requires that the generation rate and
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.4 Direct recombination

When excess carriers are introduced into a direct-band semiconductor, the probability of
electrons and holes recombining directly increases.

From the phenomenological point of view, the rate of direct recombination R is
proportional to the product of the concentration of electrons in the conduction band and
that of holes in the valence band:

R = pnp
with B constant of proportionality called the recombination coefficient.

At thermal equilibrium, the rate of recombination must be equal to the rate of
generation. For an n-type semiconductor one can therefore write

Gin = Ren = BNyoPno

In this notation, the first subscript indicates the type of semiconductor,
while the subscript o identifies quantities evaluated under equilibrium
conditions. The quantities n,, and p,, are the electron and hole
densities in an n-type semiconductor at thermal equilibrium,
respectively.

STRUTTURE A
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.4 Direct recombination

When a semiconductor is illuminated, electron-hole s /3 +—E¢
pairs are generated at a G rate, so carrier
concentrations are higher than equilibrium values. ,@Y,\, G Gy, R
The generation and recombination rates become: !
o o e E,

R = pnppn = B(nyo + An)(ppo + Ap)

G =G + Gy
where An and Ap represent the concentrations of excess carriers.
To maintain charge neutrality, the following relation must be An = Ap.

The temporal variation of the concentration of holes in an n-type semiconductor is

therefore described by the rate equation:
d
%zG_RzGL‘FGth—R

. d
In steady-state conditions % = 0, and consequently

GL=R_GthEU

STRUTTURE A o
SEMICONDUTTORE where U represents the net recombination rate.
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.4 Direct recombination

Substituting the expressions found before for R and Gy, :

U= pLMNno +An)(Pro + Ap) — BpoPno = B(MpolAp + DpolAn + Anlp)
Since An = Ap

U= B(Npo + Pno + Ap)Ap

In the case of low levels of injection p,, < n,,, typical of n-type semiconductors, the

equation is simplified:
Pn — Pno

1
anTLO
It is therefore observed that the net rate of recombination is proportional to the

concentration of excess minority carriers. At thermal equilibrium, when Ap = 0,
U = 0 is obviously obtained.

U= fnpAp =

is called lifetime of the excess

The constant of proportionality 7, =
Bnno

minority carriers and represents the characteristic time with which the
STRUTTURE A

S=V[e\plUanrelalah excess holes are removed by recombination.
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.5 Continuity Equation

In the previous sections we have separately analyzed the main transport and
transformation mechanisms of carriers: drift in the presence of an electric field, diffusion
due to a concentration gradient and recombination.

Now consider the general case in which these phenomena act simultaneously within a
semiconductor material. The equation that describes the preservation of carriers under
such conditions is called the continuity equation.

To derive the one-dimensional

|
|
continuity equation for electrons, | , | o
consider an infinitesimal layer of S -—/—,'——-/—)——-----__nL;
thickness dx centered at the x A < il
position, as shown in Figure. — dx | Area A
) ) ], (x) : QAR : I [oe<taly)
The number of electrons contained in —_— Ty
this volume element can vary for two {Z\\ :
main reasons: due to the net flow of w5 AR
current that enters and exits the volume and due to the generation
STRUTTURE A and recombination of carriers within the volume itself.

SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA
1.3.5 Continuity Equation

The overall change in the number of electrons is

therefore given by the sum of four contributions: |

the number of electrons entering side x, minus v——e : -l
—————————————————————— P

the number exiting at side x + dx, plus the
number of electrons generated, minus the o & Area A

number recombining in the thickness dx.

J. () E QK. : J, (x + dx)
The first two terms are obtained by dividing the currents | i
on the two sides by the elementary charge, while the —
generation and recombination rates are denoted by G,, and
R,,, respectively.

o

Denoting the cross-section of the volume with A, we can write the rate of change
of the number of electrons contained in the elementary volume of section 4 and
thickness dx as:

on . Ja(x)A _]n(x + dx)A

+ (G, — R,))Adx
STRUTTURE A at —(q —(q
SEMICONDUTTORE
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1.3 CARRIER TRANSPORT PHENOMENA

1.3.5 Continuity Equation

on J.(x)A J,(x+dx)A
——Adx = —
dt —q —q

+ (G,, — R,,)Adx

By expanding the current density at the point x + dx in Taylor series, J,(x + dx) =
Jn(x) + %dx, and simplifying, we obtain the continuity equation for electrons:

We then replace the expressions found above.

Assuming G;, = 0, and then U = R, = @, the continuity

p
equations for minority carriers are obtained.

For electrons in a p-type semiconductor:

on o€ on d%n n, —n
P _ i p p p — Mpo
Nplly — + Up€——+Dp—— + G, ————
STRUTTURE A pln n n" A7 n
SEMICONDUTTORE Jat 0x 0x dx
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1.3.5 Continuity Equation

on 0E on 9%n n, —n
14 p p 14 po
— =y —+ U+ Dy + Gy — ————
gt pHngy TS TP T T
and for holes in an n-type semiconductor:

0 d€ 0 ik —
Pn _ pnﬂp_ . :ups Pn + Dp pzn + Gp . Pn Pno
dt d0x d0x dx Tp
These equations describe the temporal and spatial evolution of carrier concentrations,
including the effects of drift, diffusion, generation, and recombination.

The continuity equations must be satisfied together with the Poisson equation,
2
asy _Ps

=
dx &

where & is the permittivity of the semiconductor and p is the spatial charge
density, given by the sum of carrier densities and concentrations of ionized

impurities: pe=q(p—n+ Ng ~NJD)

The system formed by the continuity equations and the Poisson equation,
STRUTTURE A : : . : . .
Ve N ere With the appropriate boundary conditions, admits a unique solution.
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition

Consider a doped semiconductor, for example of n-type, and an electric field g applied.

Each conduction electron will be subjected to a force equal to —q 5, that can be intended
as the negative gradient of potential energy. In one-dimensional form:

dE.
—gf = ——=~
q dx

where E. is the lower edge of the conduction band, which represents the potential energy
of an electron.

Since we are interested in the gradient of the potential 4
energy, any energy level parallel to E can be used, such as ) | e |
the Fermi level EF, the intrinsic level E;, or the edge of the

valence band Ey, E,
——————————— E

In the case of a doped semiconductor, it is 7 ' “—E
particularly convenient to refer to the intrinsic Ey

Fermi level E;, obtaining Energy
dE; dE; )

STRUTTURE A qc =
SEMICONDUTTORE dx  dx
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition
o _ dEc _dE;
1= dx  dx

Now let's introduce the electrostatic potential |, defined so that its negative gradient is
the applied electric field:

d
€= i
dx
Let's compare the two expressions:
b=
q

which directly connects the electrostatic potential with the potential energy of
the electrons in the semiconductor.

It follows that, if a constant electric field is applied between the two edges
of a semiconductor sample, the potential Y scales linearly with the spatial

coordinate and, consequently, the edges of the energy bands also slope

SEMICONDUTTORE
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition

The inclination of the bands determines the ! -
drift motion of the carriers, which gives rise 7 | e B k. Y
to the electric current. The electrons in the

conduction band, under the action of Lo T T ——
Figure, moves from left to the right. b
The kinetic energy of electrons is measured Energy

with respect to the lower edge of the

conduction band, i.e. with respect to E.

Electron

Between one collision and the next, the electron is accelerated by the field and
increases its kinetic energy. When a collision with the lattice occurs, the electron gives
up part or all of this energy to the lattice, returning to a condition close to thermal
equilibrium, i.e. near the bottom of the conduction band. In the E—x diagram, this
process corresponds to a vertical transition to E.

Once the collision is over, the process begins again: the electron is accelerated

again, acquires energy, collides and loses it, in a continuous succession of cycles
that produces a net drift shift.

e A similar situation applies to holes in the valence band, where their
NVlele b inre s drift motion occurs in the opposite direction to the electrons.
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1.4.1 Thermal equilibrium condition

Now consider two semiconductors, one of p-type and the other
n-type, both uniformly doped and initially separated.

In this condition the Fermi level Er is located near the edge of
the valence band in the p-type semiconductor and near the edge
of the conduction band in the n-type semiconductor.

The p-type material is therefore characterized by a high
concentration of holes and few electrons, while in the n-type
material the opposite occurs.

When the two materials are brought into contact to form the
junction, the strong concentration gradients of the carriers
near the interface induce a diffusion process: the holes
diffuse from the p-side to the n-side, while the electrons
diffuse from the n-side to the p-side.

As the holes leave the p-side, the negative
acceptor ions N, , fixed in the lattice, remain
uncompensated. Similarly, when the electrons
leave the n-side, the positive donor ions Nj

STRUTTURE A _
Ve b liete . remain unbalanced.

p n
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition

A region of spatial charge is thus formed: negative on the p-side » R
and positive on the n-side. This charge distribution generates an SR B
internal electric field directed from the positive region to the

negative one, generating also a drift current of holes and electrons. k. -”\"”: __
At thermal equilibrium, i.e. in the absence of external excitations E, NL Ec
and at a constant temperature, the currents of electrons and 1«;\‘\//
holes through the junction compensate each other exactly, e e E,
resulting in zero overall. Drift

Therefore, for each type of carrier, the drift current induced by the
electric field must exactly compensate for the diffusion current due to
the concentration gradient. For holes we therefore have:

_(drift) = (diffusion) _
Jp =1, + /5 = qupp€ — qDp 7= =0
Using the relations previously found:
STRUTTURE A Jp = akpp qgdx ) o dx

SEMICONDUTTORE
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition

1dE; dp @‘;(9
To = aioP\ gy ) = Mo g =0 A1 18E8 ] "

We can substitute the expression for the concentration of holes Drift

E.- <38 A
and its derivative: NH_{I .
_ E; E,
dp _ | (Eiko) 1 (dE;_dEp\ _ p (dF; _dE \
dx kT \ dx  dx kT \ dx dx Diffusion Ey

™~
] Drift
to obtain:

Jp = HpP dx ] PP Vg T ax ) TP g T

With a similar procedure for electrons, we find:

dEr
.unn dx

01 ¢

From both relations it immediately follows that:

STRUTTURE A dEF _
SEMICONDUTTORE dx
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition

akr _ TSEST .,
dx i R =P B [ &
Therefore, for the net current of electrons and holes to be zero,

the Fermi level must be constant, i.e. independent of the x- E, Drift

spatial coordinate, throughout the sample. N "

The spatial charge distribution and the corresponding electrostatic E

Ey ki
potential 1 are determined by the Poisson equation: ‘| )N .

2 - '
d d€ Drift
—fz_—z—&=—i (p-n + Nf-Ny)
dx dx &g &g
We assume, as usual, that all donors and acceptors are
completely ionized.

In regions far from the junction, charge neutrality is
preserved, so the total spatial charge density is
zero. In such neutral regions, the Poisson equation
reduces to:

d*y
STRUTTURE A — =

> 0
SEMICONDUTTORE dx
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition -
O=—®

p O<4@ n
e O«4® &

Drift

E(' @
from which follows the condition of local neutrality ~__Diffusion
Eg

p-n+ Ni-N;f=0 . = E,
Now consider the neutral region of p-type. With the condition N} = ,)N E,
0 and, since p > n, neglect the concentration of electrons. Drift

The electrostatic potential 1, with respect to the Fermi level is obtained by imposing p =
N, in the expression of the concentration of holes

_ (Ei—EF)

from which:

n;

The potential in the p-type neutral region with respect to the Fermi level will

be: kT <NA_>
=——In|=2
x<—xp q i

STRUTTURE A ‘/Jp = _a(Ei — Er)

SEMICONDUTTORE
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1.4 THE p-n JUNCTION

1.4.1 Thermal equilibrium condition

1
Yy = _E(Ei — Ep)

Similarly, for the neutral region of n-type, imposing n = Nj :

(EF—Ej)

N =n;e kT

the potential 1, in the n-type neutral region with respect to the Fermi level is
obtained:
kT (Ng>
=—In|—
xsx, 4 i

The difference in total electrostatic potential between the two neutral regions in
thermal equilibrium is called the built-in potential V/; :

kT N N7
Vi :‘/)n_lpp :_ln< 2 2D>

STRUTTURE A q n;
SEMICONDUTTORE

1
n = _E(Ei_EF)
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1.4 THE p-n JUNCTION

1.4.2 The depletion zone

A representation of the distribution of charges at a p-n junction is shown in Figure.

Approaching from the neutral region towards the
junction, we first find a thin transition region, in which
the spatial charge of the impurity ions is only partially

compensated by the mobile carriers.

Beyond this zone we enter the emptying region,
where the densities of the carriers are negligible
and wecansetp = n = 0.

The width of the transition regions is much smaller

STRUTTURE A
SEMICONDUTTORE

than that of the depletion zone.

It is therefore a good approximation

to neglect

these zones and

represent the depletion region by a

rectangular
where the

distribution,
the

charge
extensions of

depletion zone on the p and n sides
are x, and x,, respectively.
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1.4 THE p-n JUNCTION

1.4.3 The voltage-current characteristic

. . . 26 L, w L
Applying a voltage to a p—n junction ,.L;' ifq ’H‘th.j
alters the balance between the diffusion v..[ n oo n eV,
current and the drift current of the o
electrons and holes. . 1 ;"(Y"'"VF) Ec T
¢ :__t—'_ E—) Ep | : q(Vy;+V)
Forward polarization is when the """ B, & \
. FPE i —— ==l
applied voltage reduces the ' i Ev AN ; Er
. . I Y
electrostatic potential across the " I
depletion region. Polarizzazione diretta Polarizzazione inversa

In this condition, a greater number of electrons present in the high-energy tail of the
conduction band of the n-side have sufficient energy to overcome the reduced barrier
and diffuse from the n-side to the p-side.

Similarly, holes in the p-side valence band can overcome the barrier and spread to
the n-side. Thus, the injection of minority carriers occurs: electrons injected into
the p-side and holes injected into the n-side.

Reverse polarization is when the applied voltage increases the
electrostatic potential across the depletion region. In this case, the

STRUTTURE A energy barrier increases and the diffusion currents are greatly reduced.
SEMICONDUTTORE
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1.4 THE p-n JUNCTION

1.4.3 The voltage-current characteristic
To derive the ideal voltage-current characteristic of the junction, we adopt the following
fundamental assumptions:
(a) the depletion region has sharp boundaries and, outside of them, the semiconductor
can be considered electrically neutral

(b) the carrier densities at the edges of the depletion region are related by the
electrostatic potential difference applied to the junction;

(c) low injection condition, i.e. the densities of the minority carriers injected are much
smaller than the densities of the majority carriers, i.e. the concentrations of the majority
carriers in the neutral regions remain unchanged as the voltage varies.

(d) in the depletion region there are no generation or recombination currents, and the
currents are constant throughout the region.

At thermal equilibrium, the density of the majority carriers in the neutral regions
essentially coincides with the doping concentration.

We will indicate with the subscripts n and p the type of semiconductor and
with the subscript 0 the condition of thermal equilibrium.
Thus, nyy and ny, represent the electron densities in equilibrium on the

IR n and p sides of the junction, respectively.

SEMICONDUTTORE
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1.4 THE p-n JUNCTION

1.4.3 The voltage-current characteristic

With this notation and, we assume N, = ppo and e N7 = nyy; The built-in potential then

becomes:
kT n
Vbi _ " <pp0 2n0>
q n;

l

Using the mass action law for the p-side of the Junction

kT n
Vbi =—In <ﬂ>
q Nyo

leading to:

qVpi
Npo = Npo€ kT

In a very similar way on the n-side of the junction we also obtain:

AVpi
Ppo = Pno€ kT

It is worth noting that the electron and hole densities at the two
boundaries of the depletion region are linked to each other by the
potential difference V/;,; under conditions of thermal equilibrium.

STRUTTURE A
SEMICONDUTTORE
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1.4 THE p-n JUNCTION

1.4.3 The voltage-current characteristic

Based on the second assumption, we expect the
same relationship to remain valid even when the
electrostatic potential difference is changed by
an applied voltage.

With a forward polarization, the potential barrier is reduced to V,; — I/r; with an inverse
polarization, it increases to V},; + V.

As a result, the above equation is modified:

qVpi=V)
n, =npe kT

where n, and n, are the out-of-equilibrium electron densities at the
boundaries of the depletion region at the n- and -side, respectively, and V is
positive in forward polarization and negative in reverse polarization.

In the low-injection regime, the density of injected minority carriers is
much smaller than the density of majority carriers; therefore, we can
assume, n, = n,,

STRUTTURE A
SEMICONDUTTORE
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1.4 LA GIUNZIONE p-n

1.4.3 La caratteristica tensione-corrente

Combining these expressions, we obtain for the electron density at the boundary of the

depletion region on the p-type side (x = —x): Giunzione metallurgica
av - & K
Ny, = NyoekT ' |
|
Similarly, for the holes at the boundary of the n- Regeweuzap. (S - Beghmeneicarn
type region (x = x,,) we have: "‘P: - e x
qv -l T

i :
|«— Regione di —»|

= e kT
pTl pTlO svuotamento

Under the assumptions, there is no current generation in the depletion region:
all current components originate in the neutral regions. In the n-type neutral
region, € = 0; therefore, the continuity equation in steady-state conditions is

simplified as:

2
d Pn  Pn —Pno _
STRUTTURE A - -
0x? D,1,

0

SEMICONDUTTORE
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1.4 LA GIUNZIONE p-n

1.4.3 La caratteristica tensione-corrente e g
0*Pn _Pn=Pno _ » | @
5 —
ax DP TP Regione neutra p N D~ N A !—> Regione neutran
The general solution has the form: p S| .
=

—Ppo = Ae*/v + Be ¥y -
pn pnO |« Regione di —»|
svuotamento

with L, = \/D,T, is the diffusion length of the holes in the n-side.

Now let's apply the two boundary conditions discussed above.

The first condition requires that, sufficiently far from the junction, the thermal
equilibrium of the carriers is restored. This is equivalent to imposing that p,,(x —
©) = p,,. Applying this condition to the general solution of the differential equation,
we immediately obtain that the coefficient of the increasing exponential must cancel
out,i.,e. A = 0.

The second boundary condition is derived from the equation at the edges of

the depletion region, evaluated at the point x = x,,. From it we obtain for

the coefficient B :

v
B pno(ekT —1

STRUTTURE A L
SEMICONDUTTORE e *n/lp
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1.4 LA GIUNZIONE p-n

1.4.3 La caratteristica tensione-corrente Gundone g
I -
Regione neutra;l) ND - NA !—> Regione neutran
We can have now the particular solution for the | ¥ ;
distribution of holes on the n-side: ' o |° P
(x_xn) |«— Regione di —>i

( L svuotamento
Pn = Pno = Pno\ekT —1/e ™7

We can now determine the diffusion current density of the holes in the n-type side by
substituting the solution obtained in the general expression of the diffusion current and

evaluating it at the point x = x,,, where the electric field is zero (€ = 0) :

dpy qupnO (
—_— kT — 1
P dx

Xn

]p (xn) = —qD

p

In a very similar way, in the p-type neutral region the distribution of minority
carriers (electrons) is

(x+xp)
STRUTTURE A ( qv Sahk S
SEMICONDUTTORE Ny — Ny = Ny kT —1Je Fn
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1.4 LA GIUNZIONE p-n

1.4.3 La caratteristica tensione-corrente

from which the electron current density at the boundary x = —x,, where the electric field
is zero (€ = 0) is:
dn qD n
“I'p n’tpo
x|, L,
n

where L,, = /D, 1, is called the diffusion length of the electrons (minority carriers) in the
p region.

Since there are no carrier generation in the depletion region, the total current is
constant throughout the device and is the sum of the two contributions

J = 1) +Jn(=xy) = Js (el — 1)

qDpDno + qDnNpo
Ly Ly,

with /o = called saturation current

STRUTTURE A
SEMICONDUTTORE
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1.4 LA GIUNZIONE p-n

1.4.3 La caratteristica tensione-corrente

The expression of the current density J is known as the ideal diode equation.

The resulting current-voltage characteristic is shown in Figure.

In forward polarization, with positive voltage applied to L
. 3kT o
the p-side, for IV = K the current density increases 5
exponentially with the applied voltage. n
B \Polarizzazione
. .. diretta

In reverse polarization, on B

the other hand, the current

density is saturated at the _POlaﬂzzaZlone B

constant value | =~ —J i el N | ' |

> -5 \ 0 5 qVI/KT
=— — -1
STRUTTURE A
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1.5 LIGHT-EMITTING DIODES

1.5.1 Radiative transitions and optical absorption

To fully understand the three main processes of interaction between light and matter in a
semiconductor, it is useful to start with simpler considerations on the energy levels rather
than energy band.

There are three fundamental processes of interaction between a photon and an electron
in a semiconductor: absorption, spontaneous emission and stimulated emission.

To introduce them clearly, let's consider a two-level energy system, consisting of two states
E, and E, of an atom, where E, represents the ground state and E, the excited state. Any
transition between these two levels involves the emission or absorption of a photon of

frequency vy, such that hv,, = E, — Ej.
Prima Dopo

At room temperature, most atoms

are in the ground state E\. [
h \‘17‘ Fa VoW o W W W
E ©

This situation changes when a photon of energy exactly equal to
hv,, interacts with this system: an atom in the E; state can absorb the
photon and move to the excited E; state. This process is called

STRUTTURE A absorption.
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.1 Transizioni radiative e assorbimento ottico

The excited state of the atom is unstable. After a Prima Dopo

short time interval, in the absence of external

stimuli, the atom spontaneously returns to the By

ground state, emitting a photon of energy e Ky
hv{, This process is called spontaneous emission. @ E,—— —

If, on the other hand, a photon of energy

hv{, hits an atom that is already in the Prima Dopo

excited state E,, the atom can be induced A

to return to the state E; by emitting a N\NZV» ——Igj\:::
second photon, with the same energy, & 12

H 1 . . e . f B
direction and phase as the incident photon. S ——=_inifaze)

This process is called stimulated emission. Since the emitted photons are in
phase, the resulting radiation is coherent.

From an application point of view, spontaneous emission is the dominant
mechanism in LEDs, stimulated emission is the basis of the operation of
laser diodes, while absorption is the fundamental process in
photoconductive and photovoltaic detector.

STRUTTURE A
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.1 Radiative transitions and optical absorption

We indicate with n; and n, the instantaneous populations of the E; and E, level. Under

conditions of thermal equilibrium and for E, — E; > 3kT, they ratio is ruled by the

Boltzmann distribution:

n, _(E;—Eq) _hvq,
—=e kT = e kT
nq

The negative sign of the exponent indicates that, in equilibrium, the population of the
upper level is much smaller than that of the lower level.

In a steady state, in order to keep the n; and n, constant, the overall emission rate
(stimulated and spontaneous) must balance the absorption rate:

stimulated emission rate + spontaneous emission rate = absorption rate

The stimulated emission rate is proportional to the energy density of the photon
field p(hv4,) and to the population of the upper level n,, and is therefore equal to
B,1n,p(hvy,), with B, is the Einstein coefficient for stimulated emission.

The spontaneous emission rate depends only on the population of the upper

level, and is equal to A,1n,, with A, is the Einstein coefficient for spontaneous
emission.

The absorption rate is proportional to n,p(hv,,) and is therefore equal
STRUTTURE A . L . :
e s iee A Bi2nyp(hvyy), with By, Einstein coefficient for absorption.
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1.5 LIGHT-EMITTING DIODES

1.5.1 Radiative transitions and optical absorption

Therefore, in steady state, it results:

By1nyp(hvuy,) + Azng = B12n1p(hU12)

The ratio between stimulated emission and spontaneous

emission Is. stimulated emissionrate = B

_ D21 n
- = p(hvy,)
spontaneous emission rate A,

To make the stimulated emission dominant, it is therefore necessary to increase the
energy density of the photon field p(hv,,), a condition obtained by using a resonant
optical cavity to trap the photons in a finite space.

Finally, comparing stimulated emission and absorption:
stimulated emission rate B, n,

absorption rate ~ Biymy

In order for stimulated emission to prevail over absorption, the population
of the upper level must exceed that of the lower level. This condition,

STRUTTURE A opposite to that of equilibrium one, is called population inversion.
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.1 Radiative transitions and optical absorption

After introducing the fundamental processes of absorption, spontaneous emission and
stimulated emission starting from a two-level system, we can now apply these concepts to
the specific case of semiconductors with energy bands.

In this context, the discrete energy levels of atoms are replaced by energy bands and
bandgap, and optical transitions must consider the band structure of the material.

When the material is illuminated, photons can "\'1\
be absorbed generating electron-hole pairs. In

the case in Figure(a), if the energy of the ‘
photon satisfies the condition hv = E,, the < E
absorption generates an electron-hole pair: an """ |@ (b) @ &
electron is promoted from the upper edge of
the valence band to the lower edge of the 3 5 5 t Ey
conduction band.

In the case of Figure(b), if the energy of the photon is greater than the
gap, hv > E;, an electron-hole pair is still generated, but the excess

energy is quickly dissipated in the form of heat through interactions
with the lattice.

STRUTTURE A
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.1 Radiative transitions and optical absorption

Both processes (a) and (b) are called intrinsic

transitions or band-to-band transitions, because :
they directly involve the two fundamental bands \H\
of the semiconductor. . 2 E,

In the case of Figure(c), if hv<E,,

absorption is possible only in the presence ,, ...
of energy levels within the bandgap,

introduced by chemical impurities or ,
structural defects. In this case, the photon

promotes an electron between one of these

intermediate levels and one of the bands:

this is called an extrinsic transition.

This discussion is also valid for the reverse situation.

A similar classification applies to inverse emission processes: for
example, the recombination of an electron at the edge of the
conduction band with a hole at the edge of the valence band gives rise

STRUTTURE A to the emission of a photon with energy equal to the gap Ej;.
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.1 Radiative transitions and optical absorption

Let us now consider quantitatively what happens when many photons induce band-to-band
transitions in a semiconductor. Suppose that a semiconductor is illuminated by a light
source with photon energy hv > E; and with an incident flux equal to @, photons per

square centimeter per second.

As the flow of photons penetrates the material,
a fraction of the photons are absorbed through
transitions from valence states to conduction
states.

([)()\/\_/-}

The number of photons absorbed in an
infinitesimal thickness dx is proportional

A

W

Y

to the local intensity of the flux and is

D(x)>

| P+ Ax)

<—Ax

given by a @(x) dx, with a the absorption
coefficient.

propagation satisfies the relation:

It follows that the variation of the flux along the direction of

STRUTTURE A d(x+dx) — dP(x) = —ad(x)dx

SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.1 Radiative transitions and optical absorption

d(x+dx)— P(x) = —ad(x)dx

or, in the differential limit

ry
=
Y

dd(x)
dx

= —ad(x)

D~ D(x)> ——>P(x+ Ax)
where the minus sign indicates the decrease in
intensity due to absorption.

—> <—Ax

Imposing the boundary condition ®(x) = &, for x = 0, the solution is:
d(x) = Dye ™

which shows how the flow of photons decreases exponentially within
the semiconductor. The absorption coefficient @ depends on the
energy of the photon hv and is therefore directly related to the energy

STRUTTURE A structure of the material.
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.2 Structure of an LED

The fundamental structure of an LED is a p—n junction.

Under direct polarization conditions, electrons are +
injected from the n-type side and holes from the
p-type side, as shown in Figure.

7
tipo p _Nf_ tipo n

The application of V voltage reduces the built-in

, L . | 506°5°,° 00 SRINEIERES
potential, allowing injected carriers to cross the 0°%6°6° o 0 [
depletion region and become excess minority e S
carriers in the opposite regions.

®e

Near the junction, the concentration of . A
carriers exceeds the equilibrium value — ____________
( 2 C g 0000000 X _

pn>nl) and the process of radiative 0000000 O35 By
recombination, i.e. the spontaneous
emission of photons, is triggered.

The efficiency of an LED can be significantly improved by using a

heterojunction, i.e. a junction between different semiconductor

STRUTTURE A materials.
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.2 Structure of an LED

By injecting carriers from a wide-bandgap
semiconductor to an active region
characterized by a narrower bandgap
semiconductor, energy band discontinuities
(band offsets) act as confinement barriers.

In this way, electrons and holes remain trapped in the active region, increasing the
probability of radiative recombination.

This configuration, known as double heterostructure, allows to obtain high
concentrations of carriers in the active region, as schematically shown in Figure. In
addition, the emitted photons are not reabsorbed in the wider bandgap confinement
layers, since their energy is lower than the bandgap value of the barriers.

The thickness of the central active layer can be further reduced to a quantum well.

A quantum well is a double heterostructure in which the narrow
bandgap layer is very small in thickness, typically less than 50 nm.

STRUTTURE A
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.2 Structure of an LED

T Ec 7 Ec
Ny T —Epg——- SRy i g
AE AE_ E,
i E=0 v _E=0
- AE\I__— ——————— [ E[P e AEV I i TR e = E[‘P
"_WDH _"—EV - —EV

When the thickness of the active region becomes comparable with the De Broglie
wavelength of the carriers (of the order of 10 nm), evident quantum effects emerge, with
the appearance of discrete intra-band energy levels (e.g. the E, level in the Figure).

Since the position of Ej is related to the thickness of the quantum well, it allows the
emission wavelength to be engineered more precisely than in the case of the bulk
semiconductor.

From an efficiency perspective, reducing the thickness of the quantum well

results in a significant increase in the density of carriers in the active region.

As a result, the average lifetime of carriers is reduced due to the
increased probability of radiative recombination. Furthermore, thanks to
the reduced thickness of the active region, the reabsorption of the
emitted photons is strongly limited, further contributing to the
improvement of the overall efficiency of the device.

STRUTTURE A
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.3 Emission spectrum

The fundamental mechanism by which a semiconductor LED emits light is the spontaneous
radiative recombination of electron-hole pairs, accompanied by the emission of a photon.

In order to quantitatively understand the #E=EC+ﬁzkz,(2me*)
spectral characteristics of the emitted o
Ec )

radiation, it is necessary to describe the
radiative transition process considering

the dispersion relationships of the energy
bands.

We assume that, near the band edges, | *V--—-===

-, | 2,2
: . . : E=Ey-#"kK|Q2my*)
the dispersion relations are parabolic, / \R
l.e.:

vettore d’onda £

energia E
1
<
e e
e
=
S

h2 k2

E=E.+ - (for electrons)
h?K?

E=FE, — o (for holes)

where m; and m;, are the effective masses of electrons and holes, E.

s ™ is the lower edge of the conduction band and Ey, the upper edge of
SaV[eel\blUarelala  the valence band.
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1.5 LIGHT-EMITTING DIODES

1.5.3 Emission spectrum

The recombination process must satisfy the laws ]
of conservation of energy and momentum. Q#E=Ec+ﬁ'k2/(2me*)
From the Boltzmann distribution it follows that, at /
room temperature, electrons and holes have an ‘;0 . . P N
average kinetic energy of the order of kT, smaller 2 . it
than the bandgap. ) ¢

5. N
The conservation of energy imposes that the T E =By K Qmy®)
energy of the emitted photon is equal to the \\
difference between the energy of the electron E, vettore d’onda k

and that of the hole E}, :

hv =E, — Ep = E,

that is, with a good approximation, the energy of the photon coincides with the
energy of the band gap E,. This results in a fundamental result for LED design: the
emission wavelength is determined directly by the value of the band gap of the
semiconductor material.

For example, GaAs has a bandwidth gap of E;, = 1.42eV at room
temperature; consequently, a GaAs LED emits in the infrared, with a

STRUTTURE A
Savce s tmresa  Wavelength of about 4 = 870 nm.
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1.5 LIGHT-EMITTING DIODES

1.5.3 Emission spectrum

It is useful to compare the momentum of a photon with the extension of the first Brillouin
zone in the one-dimensional case, for example for an atomic chain.

The momentum of a photon is derived from the de Broglie relation:

hk h
P72
Since the wavelength A is of the order of a few hundred nanometers, the momentum of
the photon is extremely small compared to the size of the Brillouin zone, equal to 2rt/3,

with a typically of the order of a few Angstrom.

It follows that, during a radiative transition # -

from the conduction band to the valence j o ferakien
band, the momentum of the electron
cannot vary appreciably. The transitions
are therefore vertical in the E-k diagram,
as shown in the Figure: the electrons B Jmc Q\L

. . E = Ey - ik Qmp*)
recombine only with holes that have the / \

same momentum vettore d’onda &

Otrj

]

I

I
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energia E
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1.5 LIGHT-EMITTING DIODES

1.5.3 Emission spectrum

By setting the conservation of momentum requirement, ﬁE:EC+ﬁ2k2/<zme*)
the energy of the emitted photon can be expressed via i
the joint dispersion relation. . / "
2 L P © N>
h2k?2 h2k?2 TR I N
hv =E, —E, = E. + ZmZ —Ey + Zm,’; N Eg + Zm;‘, &/°\Q\<Evﬁzk2/(2mh*)

. . . 1 1 1 vettore d’onda &
where m,. is the reduced effective mass, defined by — = — + —.. t
The joint density of states is therefore

1 (2m5\*?
N(E) = - E—F

nz hz g

Since the distribution of carriers in the permitted bands follows the
Boltzmann distribution, the spectral intensity of emission I(E) is proportional
to the product of the joint density of state and the occupancy distribution:

SEMICONDUTTORE

STRUTTURE A I(E) x N(E) fg(E) /E — E, e E/KT
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1.5 LIGHT-EMITTING DIODES

1.5.3 Emission spectrum

The spectral shape of the emission of an LED is =

therefore represented in the Figure as a product distribuzione T
. di Boltzmann densita dfglll}zldll

between the two opposite trends. wexp (EKT) w(E- Eg)

Intensita

1
1
1
1
! spettro di

emissione teorica

E,

-[~— FWHM = 1.8 kT —>
1

We determine the two most relevant figures of
merit for an emission spectrum: peak energy and
full width at half maximum (FWHM) value Eg EgtkIn2 Energia E

The peak energy can be determined directly by imposing zero the derivative of I(E)

OI(E) = ¢ E/kT ! /£~ Ey =0

0E 2 E—Eg_ kT

from which the solution for the peak energy value Ep

1
Ep =E, +=kT
The FWHM value |AE| can be calculated by determining the two energy

§E§?§(§ESS$TORE values E for which the peak intensity is halved, i.e. I(E}) = %I(Ep).
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1.5 LIGHT-EMITTING DIODES

1.5.3 Emission spectrum

This leads to the solution of a transcendent equation of which we report only the result:
|AE| = |[E; — E_| = 1.8kT

L L h
Converting it in wavelength unit, using |AE| = A—gA)L, we get

1= 1.8kT1?
"~ hc
For example, for a GaAs LED emitting at A = 870 nm at room temperature, you get AE =~
46 meV and AA = 28 nm.

The width of the spectral distribution of the output power of an LED emission plays an
important role from an application point of view.

In particular, although it covers only a small portion of the visible spectrum, it is
much narrower than the wavelength range associated with a single color
perceived by the human eye.

For example, the color red extends from approximately 625 to 730
nm, which is much wider than the typical spectrum of an LED. For this
reason, the emission of an LED is perceived as monochromatic by the

STRUTTURE A
SEV[eel\pllaarells  human eye.
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1.5 LIGHT-EMITTING DIODES

1.5.4 Quantum efficiency

The active region of an ideal LED emits one photon for each electron injected.
Therefore, the ideal active region of an LED has a unity quantum efficiency.

Internal quantum efficiency 1;,,; is defined as:

P' t

number of photons emitted per second by the active region ;Zl)
Tint = Number of electrons injected per second 1
e

where P;,; is the optical power emitted by the active region and [ is the injection current.

In an ideal LED, all the photons emitted by the active region are also emitted in free
space, and the extraction efficiency is equal to one.

In real devices, however, only a fraction of the optical power generated actually exit
the semiconductor.

Several mechanisms contribute to losses: part of the radiation can be
reabsorbed by the substrate, if it is absorbent at the same wavelength; a
part can be absorbed by metal contacts. In addition, total internal
reflection phenomena can trap light inside the device, reducing the

STRUTTURE A emission power to the outside.
SEMICONDUTTORE
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1.5 LIGHT-EMITTING DIODES

1.5.4 Quantum efficiency

Light extraction efficiency 7., is defined as:

P
number of photons emitted outside per second ho

Mext = number of photons emitted per second by the active region Py

hv
where P is the optical power emitted to the outside.

Without sophisticated manufacturing techniques, it is difficult to exceed next = 50%.

External quantum efficiency n is defined as:

77_ —

Number of electrons injected per second ~ MintMext

P
_ number of photons emitted outside per second 7
|

and gives the ratio between the number of useful photons emitteed and the number
of electrons injected.

The power efficiency (or wallplug efficiency) is defined as the ratio between
the optical power emitted and the electrical power absorbed IV by the LED
when electrically polarized: p

TIPOWGT' IV
STRUTTURE A This quantity measures the overall efficiency of conversion from
SEVIeeBBIRRela),  clectrical energy to light energy.
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1.5 LIGHT-EMITTING DIODES

1.5.5 The Light Escape Cone

Light generated within a LED may fail to escape from the material due to total reflection
within the semiconductor-air interface.

If a light ray strikes the surface almost normally, it can be
refracted and emerge outside; on the contrary, for oblique or
grazing incidences, total internal reflection may occur.

|
| D = 90°
N

This phenomenon significantly reduces external efficiency (1ox¢),
especially in LEDs made of semiconductor materials with a high
refractive index.

3

«—_— sorgente del
raggio luminoso

Let ¢ the angle of incidence within the semiconductor at the semiconductor-to-air
interface. The angle of the refracted ray @ is related to ¢ by Snell's law:

ngsing = ng;,-Sind

where ng is the refractive index of the semiconductor and n;,- is that of air.

The condition for the total internal reflection is when the refracted ray is
tangent to the surface, i.e. for ® = 90°, as shown in the Figure. In this

case:

Ny Ny
STRUTTURE A sing, = —sin90° = ——
SEMICONDUTTORE Ng Ng
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1.5 LIGHT-EMITTING DIODES

1.5.5 The Light Escape Cone

. Ngir . Ngiy
sing, = sin90° =

UX UX

and therefore the critical angle is:

. _1 [ Nair
¢, = sin
Ng

Because the refractive index of semiconductors is typically high, the critical angle is small.
For example, for GaAs n, ~ 3.4, and therefore ¢ is on the order of a few degrees.

In this case, the approximation sing,. =~ ¢, can be assumed, and:

Nair
¢c ~ ng

The critical angle defines the so-called light escape cone:
only the radiation emitted inside this cone can exit the
semiconductor, while all the radiation emitted outside is /
reflected internally.

To evaluate the fraction of power that can escape, consider a point
source that isotropically emits a total power Psgoyrce inside the

STRUTTURE A ]
SEMICONDUTTORE semiconductor.


http://www.presentationgo.com/

1.5 LIGHT-EMITTING DIODES

1.5.5 The Light Escape Cone

The power that emerges on the outside is proportional to
the area of the spherical cap delimited by the angle ¢, as

schematically represented in the Figure. This area is worth
dc

A= j 2nrsengrde = 2nr?(1 — cos,)

|
|
0 : : '
Since the total area of the sphere is 4r?, the fraction of power extracted : /

will be: 2nr?(1 —cosgp,) 1
412 2 (1 = cosgc)

Pescape = Psource
For small critical angles, the cosine can be expanded in Taylor series, cos¢, =~ 1 —

Pescape 1 CZ 1 2
o\t )| T

PSO‘LLT'CB

Areg =2nrsing - rdd

@,
-

2
Pescape . lnair

leading to: ~ >
source 4 nS

This relationship shows that, in semiconductors with high refractive
index, only a small fraction (< 4% assuming n,j = 1 and ng > 2.5) of

STRUTTURE A '
S=Ve)\plliarella  the light generated can escape from a planar LED.
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