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UNIT - III

Optical Sources: The Laser
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5.1 INTRODUCTION

X Optical Sources
Optical sources are active components whose fundamental function is fo convert
an Electrical energy into an Optical energy (light) i.e. E/O conversion in an
effective manner. Hence, the optical sources are also called as transducers. The
optical signal is then launched or coupled into an optical fiber.

% Semiconductor optical source is the major component in an optical transmitter.

The popularly used optical sources are,

(i)  Wideband ‘continuous spectra’ sources — Incandescent lamps.
(i) Monochromatic incoherent sources — LEDS.
(iii) Monochromatic coherent sources — Lasers.

5.1.1 Requirements of Optical Sources

d ideally meet the following requirements in order to use in

An optical source shoul
ptical fiber communication system:

the transmitter unit of an 0
(i) Compact Size:

Size of the emitting optical source must b
fiber.

(ii) Highly Directional:
d light should be preferably directive for easy launching of light from

e compatible to the size of the optical

The emitte
the source to the fiber.
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.(iii) High E/O Conversion Efficiency.

The light 6utput (optical power) must vary linearly with an electrical input for the
faithful E/O conversion.

(iv) Low Attenuation:

The emission wavelength should match with the attenuation window of the fiber.
i.e. wavelength at which the fiber offers low attenuation.

(v) Minimum Dispersion:

The spectral width of the source should be small in order to reduce chromatic
dispersion during propagation through the fiber.

(vi) High Modulation Capacity:

The source should have a large bandwidth in order to meet the large information
carrying capacity of the fiber.

(vii) Long Life:
The source should have moderately long life.

(viii) Cheap and Reliable;

It is essential that the source is comparatively cheap and hlghly reliable in order fo
compete with conventional transmission techniques.

*  Almost all these requirements are satisfied by semi — conductor laser diodes and
LEDs, where both operate in forward — biased mode.

5.2 BASIC CONCEPTS: PRINCIPLE OF OPERATION

5.2.1 Introduction

% LASER is an acronym for Light Amplification by Stimulated Emission of
Radiation. -

% Semiconductor laser sources are generally known as Laser Dzbde (LD) or more
specifically known as Injection Laser Diode (ILD).

& The lasing medium can be a gas, a liquid, an insulating crystal (solid state), or
a semiconductor.
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cially for long dj ..
s Especially g distance COmmunication, semiconductor laser diodes are

as an optica dod
used p . I source. This is mainly because, its output radiation is highly
monochromatic and also the light bear is very directional

s Ideal lasel: h.ght has single-wavelength only. This is related to the molecular
characteristics of ﬂfe material being used in the laser. It is formed in parallel
beams and both are in the single phase. Therefore, it is called as coherent.

5.3

5.2.2 Absorption and Emission of Radiation
s Laser action is the result of three key processes:
(1) Photon absorption,

. (i)  Spontaneous emission, and

(iii)  Stimulated emission.
& These processes are represented by the simple two—energy-level diagrams.

where, E; is the lower energy state level, and

E, is the higher energy state level. (E,> E,)

(1) Photon Absorption

& Definition: .
When photon with an energy hf;;= Ez — Ey is incident on an atom. An atom is
initially in the lower energy state Ej gets excited into the higher energy state E;

(Excited state) through the absorption ‘of photon. This process is sometimes

referred to as stimulated absorption.

' _ .. he
Incident photon energy, E = E;-Ei1 = hf= .

-3
where,  Plenck’s constant = h=6.626 x10""Js,

¢ — Velocity of light in free space,

f — Frequency of the light, and

1 is the corresponding wavelength.
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~ Fig 5.1 Absorption

o When an atom is at the highér energy state E,, makes a transition to the lower

energy state E; and thus, the emission of photon takes place. This emission
process can occur in two ways: o

‘(i) Spontaneous emission, and

- (ii) Stimulated emission.

(2) Spontaneous Emission

RN Deﬁnitjon:

Spontaneous emission occurs when an atom in higher energy state level (E,)

returns to the lower energy state in a random manner, by its own and releasing

the difference in energy in the form of a photon  such that

(E, — Ey) = hf, = Jrequency of the emitted photon. It gives an incoherent
radiation. o

' Initial state Final state

E2

.E2

~
-
N

Spontaneous
emission

Eq A By

' F. ig 5.2 Spontaneous emission

(3) Stimulated Emission

Y. Definition:

The stimulated emission is one which occurs when a photon having an equal

enersy difference between the two states (E; — E}) interacts with an atom causing

—

B

1
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E2

it to the lower state with the creation of the second (emitted) photon. It gives the
coherent radiation.

‘Initial state " Final state
— —o- = ——
Stimulated . hf12
; emission P AN,
(in phase)
¥ E, v

Fig 5.3 Stimulated emission

The light associated with an emitted photon is of same frequency of an incident

photon and in the same phase with same polarization.

Coherent means that, when an atom is stimulated to emit l1ght energy by an
incident wave, the liberated energy can be added to the wave in a constructive
manner and prov1des amplification.

The ratto of the sttmulated emission rate to the spontaneous emission rate is
given by,

Stimulated emissionrate_ _ 1 : B
Spontaneous emissionrate  exp(av KT)-1

In general, the spontancous emission rate is far more dominant than the

stimulated emission when an atomic system is in the thermal equilibrium state.

Spontaneous emission results in photons with random phase relationship and

LED acts as an incoherent source.
In order to make stimulated emission dominant, it is necessary to ensure the

presence of an intense radiation field. This is generally achieved by making use
of an opt1ca1 cavity resonatot t0 provide an optical feedback.

The ratio of stimulated emission rate 10 the absorption rate under thermal

equilibrium can be expressed as,

s mulated emission rate ' s e
Snmil!bsorption rate - exp - (&, _‘El)/ kT]. R )



: ‘ Optical Communication and Networks

# The rate of stimulated emission under thermal equilibrium is less than the
-absorption. In order to make stimulated emission dominates over absorption it is
necessary to create a situation such that the population in the higher energy level

is more than at the lower (ground) stable energy level.
5.2.3 Population Inversion

. Definition:
At the ihermal~equilibrium, the density of excited electrons is very small. Most
- photons incident on the system will be absorbed, so the stimulated emission is
essentially negligible. Stimulated emission will exceed absorption only if the
population of the excited states (E,) is greater than that of the ground state (E).
This condition is known as population inversion.
% At a non-equilibrium condition, the population inversion can be achieved by
vari_ous. “pumping” techniques.
& Pumpipg involves the use of intense radiation of short duration such as optical

flash lamp or a radio frequency field so that the atoms can gain sufficient energy
.from the external source to be excited from the higher energy state.

Energy (E) Energy (E)
A I\
\ ' !
‘\ \‘
\ \
\ \
\ \
\
Eal-\ .exp(-E/kT) . E, |\ 8P (-E/KT)
1\ : 3 —
P\ \ !
[N \ |
oy, N H
| N\ \ 1
= e \ .
: . ™ ‘ . ' I TN :
] N “ |
: . \\\ N :
E ' e ) Mo~
1 i N | Eq — \]l_\‘~
n 1 —— 1 ~< _
e, i ot T

atoms (N)

Fig 5.4 Populations in a two — energy — level system: (a) Boltzmann distfibution ﬁ')r
a system in thermal equilibrium; (b) a non-equilibrium distribution
showing population inversion
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& The population inversion may be obtained in systems with three or four energy

levels. The energy-level diagrams for two such systems, which correspond to two
non-semiconductor lasers, are illustrated in Fig 5.5.

The attainment of population inversion both systems display a central metastable

state in which the atoms spend an unusually long time. It is from this metastable

level that the stimulated emission or lasing tasks place.

In the Fig 5.5 (a), the three — level system consists of a ground level Ey, a

metastable level E), and a third level above the metastable level is E».

Initially, the atomic distribution wili follow Boltzmanﬁ’s law and with suitable

pumping the electrons in some of the atoms may be excited from ground state

into the higher level E,.

E; is a normal level where the electrons will rapidly decay by nonradiative

processes to either E; or directly to Ey. Hence empty states will always be

provided in E).
Energy (E) ; Energy (E)
't E, )
E Rapid
’ " decay
Rapid o [___. \
decay =
\ Lasing
T Pumping 1.15 pm
Eq}----
£ 1mping '
N Lasing Rapid
0.52-0.6 um decay
Eo ‘ 3 Eo | A

(a) _ (b)

Fig 5.5 Energy — level diagrams showing population inversion and lasing for two |

non-semiconductor lasers: (a) three — level system — ruby (crystal) laser;
(b) four — level system — He — Ne (gas) laser
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& The metastable level E, exhibits a much longer lifetime than E, which allows a

large number of atoms to accumulate at E,. Over a period the density of atoms in

the metastable state N, increases above those in the ground state Np and a

population inversion is obtained between these two levels.

& Stimulated emission and hence lasing ¢an then occur and is creating radiative

electron transitions between levels E; and E.

& Drawback:

A drawback with the three — level system such as the ruby laser generally
requires very high pump powers because the terminal state of the laser transition
is the ground state. Hence more than half the ground state atoms must be

pumped into the metastable state to achieve population inversion.

% A four — level system such as the He — Ne laser illustrated in figure 5.5 (b) is

characterized by much lower pumping requirements.

5.2.4 Optical Feedback and Laser Oscillation

* Light amplification in the laser occurs when a photon colliding with an atom in
the excited energy state that causes the stimulated emission of a second photon
and then both of these photons release two more.

& Continuation of this process effectively creates avalanche multiplication, and
when an electromagnetic waves associated with these photons are in phase
amplified coherent emission is obtained. '

% To achieve this laser action it is necessary to contain photons within the laser
medium and maintain the conditions for coherence., This is accomplished by

' placing or forming mirrors (plane or curved) at either end of the amplifying
medium, as illustrated in Fig 5.6.

& Anoptical cavity formed is more analogous to an oscillator than an amplifier as it
provides positive feedback of the Photons by reflection at the mirrors at either
end of the cavity.
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Fig 5.6 The basic laser structure incorporating plane mirrors

% Then an optical signal is fed back many times while receiving amplification as it

passes through the medium. The structure therefore acts as a Fabry-Perot

resonator. After multiple passes of an optical signal the net gain can be large.

If one mirror is made partially transmitting, useful radiation may escape from the

cavity.

A stable output is obtained at saturation when the optical 'gain is exactly matched
by the losses. The major losses result from the following factors:

(i)  Absorption and scattering in the amplifying medium.

(i) Absorption.

(iii) Scattering and diffraction at the mirrors.

(iv) Nonuseful transmission through the mirrors.

. . Oscillations occur in the laser cavity over a small range of frequencies where the

cavity gain is sufficient to overcome the above losses.

The ansplification within the laser medium results in a broadened laser transition
or gain curve over a finite spectral width as illustrated in Fig 5.7. The spectral

emission from the device therefore lies within the frequency range dictated by the

- gain curve.

The resonant cavity structure forms, when sufficient population inversion exists
in the amplifying medium, then the radiation builds up and becomes established

as standing waves between the mirrors.
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& These standing waves exist only at frequencies for which the distancé between

stegral number of half wavelengths. Consider when the

the mirrors is an ir
1 along the

optical spacing between the mirrors is L, then the resonance conditiol

axis of the cavity is given by

M . ()

where, A is the emission wavelength,

n is the refractive index of the amplifying medium, and

g is an integer.

&+ Alternatively, the discrete emission frequencies f” is defined as,

C
0o f = Eq,E soe (4)

where, ¢ is the velocity of light.

The different frequencies of oscillation within the laser cavity are determined by

the various integer values of ¢ and each constitutes a resonance or mode.

Equations (3) and (4) apply, when L is along the longitudinal axis of the structure
(Fig 5.6) and the frequencies given by equation (3) are known as the longitudinal

(or) axial modes.
& From equatioxi (4), the axial modes are separated by a frequency interval §f is

expressed as,

c
o = 3ox . 9)
% The mode separation in terms of the free space wavelength and assume

6f << [ and f =% and is given by

\Sf A2
o= =Ly .. (6)
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By substituting equation (5) for dfin equation (6)

B = s 7
~ 2nL - (1)
" I s
Relative
amplification
Gain curve
or envelope
Frequency

'

Fig 5.7 The relative amplification in the laser amplifying medium showing the
broadened laser transition line or gain curve.
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Fig 5.8 (a) The modes in the laser cavity.
(b) The longitudinal modes in the laser output
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& The laser emission will only include the longitudinal modes contained within the
spectral width of the gain curve which is illustrated in Fig 5.8 where several
modes are shown to be present in th_e laser output. Such a device is said to be
multimode.

5.2.5 Threshold Condition for Laser Oscillation
& To determine the lasing conditions and the resonant frequencies, an
electromagnetic wave propagating in the longitudinal direction is expressed as,

j(ot - Bz)

o EGtH=1e .. 8)
where I(z) - Optical field intensity,
| w - Angular frequency of the radiation field, and

- B - Propagation constant.

& Llasing

Lasing is the condition at which light amplification becomes possible in the
laser diode. The condition for lasing is that a population inversion can be

_achieved.

& The stimulated emission rate for a particular mode is proportional to the intensity -

of the radiation in that mode.

% The radiation intensity at a photon energy “if” varies exponentially with the

distance z, that is, it transverses along the lasing cavity according to the

‘relationship as,

I(z) = K0) exp {ITg (hf) — @ (hf)z W e )
where ® - Effective absorption coefficient of the material in the |
optical path,

I" - Optical-field confinement factor or fraction of optical power in
the active layer, '

g - Gain coefficient,
hf - Photon energy, and

z - Distance travels along the lasing cavity.
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# Optical amplification of selected modes is provided by the feedback mechanism
“of an optical cavity.

% In the repeated passes between the two partially reflecting parallei mirrors, a
portion of the radiation associated with those modes that have the highest optical

gain coefficient is retained and further amplified during each trip through the
cavity.

& Lasing occurs when the gain of guided modes exceeds above an optical loss
during one round trip through the cavity i.e. z=2L.
' R4 Ry

/2277772772227 72 2

Leaved ] < Cleaved facet

facet (mirror) (mirror) !
Active region

L =

- 2L

(one round trip time)

Fig 5.9 Round trip time in the optical cavity

% During this roundtrip, only the fractions Ry and Ry of an optical radiation are
reflected from the two laser ends 1 and 2, respectively, where R and R; are the

mirror r'eﬂeciivities or Fresnel reflection coefficients and it is commonly given

by
| n—ny )
R=|1—= ..
' ( nl + n2 ) (1 O)
» Now the expression (9) for this lasing condition is modified as-

1(2L) = 10) R, Ryexp { 2L (Tg (hf) = & (Af))} -ooees (1)
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W Lasing Condition

At the lasing threshold, a steady — state oscillation takes place, and th,

magnitude and phase of the returned wave must be equal to those of ap
original wave.
The condition of lasing threshold is then given as,
(i) For amplitude : 1(2L)=1(0)
(ii) For phase s e L L (12b)

Equation (12b) gives an information concerning the resonant frequencies of
the Fabry — Perot cavity.

& The condition to just reach the lasing threshold is the point at which the optical
gain is equal to the total loss o in the cavity.

Lasing threshold = Optical gain = Total loss in the cavity (a,)

% From equation (12a), the above conditions are expressed as,

I'gy, =a =6+Lln 1 13
th t oL Ry, (13a)

I‘gth =a+a end

where, aend corresponds to the end loss of the cavity and it is determined by

reflectivities of the mirrors. For 100 percent confinement, T

= 1’ and
equations (13a) can be expressed as,

\ — 1 1 '
gn = a+—1I
th L n(Rlej e (14)

For lasing to occur, one must ensure that the gain of the cavity must exceed the
threshold gain. i.e.,

4 2 g
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5.2.6 Advantages and Disadvantages of LASER

Laser diode has sevgral advantages and some disadvantages over LEDs are listed as,

. Advantages

(1)

(i)
(i)
@iv)

Laser diode emits coherent light, whereas LEDs emit incoherent light.
Therefore, laser have a more direct radian pattern, which makes it easier
to couple light emitted by the laser diode into an opticai fiber cable. This
reduces the coupling losses and allows 'smaller fibers to be used.

The radiant output power from laser is greater than that for an LED.
Lasers can be used at higher bit rates than LEDs.

Lasers generate monochromatic light, which reduces either chromatic.or
wavelength dispersion.

Good spatial coherence which allows an output to be focused by a lens
into a spot which has a greater intensity than the dispersed unfocused
emission. This permits efficient coupling of an optical output power into
the fiber even for the fibers with low numerical aperture.

W Disadvantages

(i)  Lasers are typically 10 times more expensive than LED:s.
(i) Laser:v operate at higher powers, they tygically have a much shorter
lifetime than LEDs.
(iii) = Lasers are more temperature dependent than LED:.
7.1.4 Comparisons of LED and LASER Diode
Sr.No Parameler LASER LED
1. | Output Beam Coherent In-coherent
2. Coupling Efficiency High Very low
3. | Principle of Stimulated Emission Spontaneous
operation Emission
14- Output Power High : Low
5. | Data Rate High | | ‘ Low ™
L6 | Cost | Expensive ‘ Less
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Sr.No Parameter LASER LED
. » 4 5 ]

1. | Life Time 10" hours 10° hours

8. | Circuit Complexity Complex Simple

S. | Temperature More temperature Less temperature

Dependent Dependent Dependent
10. | Applications Long distance with higher | Moderate distance
data rate. with lower data |
rate.

5.3 OPTICAL EMISSION FROM SEMICONDUCTORS

5.3.1 The p-n Junction

% A perfect semiconductor crystal containing no impurities or lattice defects is

called as intrinsic. An energy band structure of an intrinsic

semiconductor is

illustrated in Fig 5.10 (2) which shows the valence and conduction bands

separated by a forbidden energy gap (or) bandgap E¢ and its width varies for
different semiconductor materials.

[
Conduction band

Valence band

® Electrons

(a)

O Holes

cecapecae

=L
2

1

(b)

P(E)

Fig 5.10 (@) The energy band structure of an intrinsic semiconductor at a

temperature above absolute zero. (b) The Fermi —
corresponding to (a).

Dirac probability distribution
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it
s Fig 5.10 (a) shows the energy band structure of an intrinsic semiconductor at a

temperature above absolute zero showing an equal number of electrons and holes
in the conduction band and the valence band respectively.

& The thermal excitation raises some electrons from the valence band into the

conduction band and leaving empty hole states in the valence band.

.?. The thermally excited electrons in the conduction band and the holes left in the

valence band allow conduction through the material. These electrons and holes

are called carriers.

& The probability P(E) that an electron gains sufficient thermal energy at an
absolute temperature ‘T which is occupying a particular energy level E and ic
given by Fermi-Dirac distribution as:

| 1 ’
PE) = Tiexp (E-E/KT (D)

| where,
K is Boltzmann’s constant, and

Eris the Fermi energy (or) Fermi level.

X Fermi Level:

Fermi level is only a mathematical parameter which gives an indication of the

distribution of carriers within the material.

% Fig 5.10 (b) shows the Fermi level is at the center of the bandgap that indicates
there is small probability of electrons occupying energy levels at the bottom of

the conduction band and a corresponding number of holes occupying energy
levels at the top of the valence band.
* To create an extrinsic semiconductor the material is doped with impurity atoms

which create either more free electrons (donor impurity) or holes (acceptor

impurity). These tWO situations are shown in Figure 5.11 where the donor
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impurities form energy levels just below the conduction band while accepto;

.impurities form energy levels just above the valence band.

~ Electrons
Conduction band <

® © %90 o o @
000 ¢ o o %o i .

----------------------------- ~— Donor impurity level

el b EEE S LY I

Energy

-
Acceptor impurity level —= —=--===--—omccoeeo e
O 00000 O
°© o ° %o : co0o o _"o?°
Valence band Holes

(a) ' (b)
~ Fig 5.11 Energy baﬁd diagrams: (a) n — type semiconductor
(b) p — type semiconductor
% When the donor impurities are added, then thermally excited electrons from the
donor levels are raised into the conduction band to create an excess of negative

charge carriers. This type of semiconductor is called as n-type and the majority
carriers are electrons.

% The Fermi level corresponding to this carrier distribution is raised to a position

above the center of the bandgap, as illustrated in Fig 5.11(a).

& When the acceptor impurities are added, as shown in Fig 5.11(b), then thermally
excited electrons are raised from the valence band to the acceptor impurity levels
leaving an excess of positive charge carriers in the valence band and creating a

. P-type semiconductor where the majority carriers are holes. The Fermi level is
lowered below the center of the bandgap. |

& The p — n junction diode is formed by é_reating adjoining p — and n — fpe
semiconductor layers in a single crystal, as shown in figure 5.12 (a). A thin
depletion region (or) layer is formed at the junction through carrier
recombination which effectively leaves it free of mobile charge carriers (both

electrons and holes).
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‘P-type Depletion layer n-type
© © H
o o ? eeo i 5 ©l1®@ @ i ¢ @ o | e Electons
© (S} ! ® [ ] [ ]
o o e . ° E [2) ® . o ° ® o o Holes
«© © © ©.ie ) © Acceptors
° °®e 1 »© ® o © o o Donors

Potential
barrier

Fig 5.12 (a) The impurities and charge carriers at a p — n junction.
(b) The energy band diagram corresponding to (a)
This establishes a potential barrier between the p — and n — type regions which
restricts the inter diffusion of majority carriers from their respective regions, as
illustrated in figure 5.12 (b).

In the absence of an externally applied voltage, no current flows as the potential
barrier that prevents the net flow of carriers from one region to another. When
the junction is in this equilibrium state the Fermi level for the p = and n — type

semiconductor is the same as shown in figure 5.12 (b).

The width of the depletion region and the magnitude of the potential barrier are
dependent upon the carrier concentrations (doping) in the p — and n — type |

regions and any external applied voltage.

When an external positive voltage is applied to the p — type region with respect
to the n — type, both the depletion region width and the resulting potential barrier
are reduced and then the diode is said to be forward biased. Electrons from the
~ n —type region and holes from the p — type region can flow more readily across

the junction into the opposite type region.
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& These minority carriers are effectively injected across the junction by apply the
external voltage and form a-current flow through the device as they continuously
diffuse away from the interface. This situation in .suitable semiconductor

materials allows carrier recombination with the emission of light.

5.3.2 Spontaneous Emission

0000 0O00O0O0OO

Ooo0o00 ooooo~\\>

Electrons
shetee
e® 00 © o

p-type

n-type

Fig 5.13 The p — n junction with forward bias giving
spontaneous emission of plhotons

% The increased concentration of minority carriers in the opposite type region in the

forward — biased p — n diode leads to the recombination of carriers across the

bandgap.

& This process is shown in figure 5.13 for a direct band gap semiconductor material

where the normally empty electron states in the conduction band of the p — type

material and the normally empty hole states in the valence band of the n — type

material are populated by injected carriers which recombine across the bandgap.

& The energy released by this electron-hole recombination is approximately equal

to the bandgap energy E,. Excess carrier population is therefore decreased by

recombination which may be radiative or nonradiative.

& In non-radiative recombination, the energy released is dissipated in the form of

lattice vibrations and thus heat. In band-to-band radiative recombination, the
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energy is released with the creation of photon and the energy is approximately

equal to the bandgap energy E, in eV. as:

E, =hf=ljl_c : 5. (2)

where,
¢ is the velocity of light in a vacuum, and -
A is the optical wavelength in pm.

By substituting the appropriate values for / and ¢ in Equation (2) becomes,

A= % .03
% This spontaneous emission of light from within the diode structure is known as
electroluminescence. The light is emitted at the site of carrier recombination
which is primarily close to the junction and the recombination may take place
through the hole diode structure as carriers diffuse away from the junction region

as shown in Fig 5.14.
& The amount of radiative, recombination and the emission area within the

structure is dependent upon the semiconductor materials used and the fabrication

‘ <«——Ohmic contact
f <«— Photons

1

>4

of the device.

ptype —-o, ol o's

n-type ——o °
. ® .o /\/\/\,_)

<— p-n junction

Fig 5;1 4 An illustration of carrier recombination giving
spontaneous emission of light in a p — n junction diode
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5.3.3 Carrier Recombination :

5.3.3.1 Direct and Indirect Bandgap Semiconductors

(1) Direct Band Gap Material
.?3 Definition:

In direct band- gap material, an.electron from the conduction band cay
recombine with a hole in the valence band directly by emitting a light photon of

energy ‘hf’. Here, an electron and hole have the same momentum value. The

direct recombination is possible.

Conduction band electrons

----------- Electron
T Electron transition
Direct band W»
gap energy Egy Photon energy hv = E;,
] |

Hole

+ + o+ o+ o+

Valence band
+ + + + + + 4

Momentum k

Fig 5.15 Direct - band — 8ap material

B Recombination

» récombination process is just the

' | mbination is not successful it would
result into a scattering process.



Optical Sources: The Laser , 5.23

# The life time (i.e. Recombination time) of charge carriers is very less. They are
used to fabricate the LEDs and laser diodes.

+ Direct bandgap semiconductor devices in general have much higher internal
quantum efficiency. '

(2) Indirect Band Gap Material

. Definition:

» For indirect band gap materials, the conduction band minimum and the
valence band maximum energy levels occurs at the different values of

momentum.

» To perform band to band recombination, it must involve a third particle
phonons (i.e., crystal lattice vibrations) to conserve momentum, since the
photon momentum is very small.

Electron

Photon of Conduction band electrons

energy Epn

Photon energy

hv = Ejng + Eph Photon energy' Indirect band gap

VW hy = Eind - Eph energy Eind

Hole

+ + +
+ o+ +
¥ ¥ Valence band

Momentum K ——
Fig 5.16 Indirect band — gap material
& Here, the life time of charge carriers is more. Due to its longer recombination
| life time of charge carriers (= 10 ms to 0.1 -ms), these are used to Sfabricate the
rectifier diodes and transistors which are used to make amplifiers, switches and
integrated circuits.

% Both Si and Ge fall in the category of indirect bandgap semiconductor along with

some III-V materials. Indirect recombination process is generally slow as
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compared to direct recombination. As the recombination in an indirect bandgap
semiconductor is dominated by a non-radiative transitions.

In general, both dlrect and indirect recombination is possible in any
semiconductor. In a direct semiconductor, radiative recombination is generally
dominant over non-radiative recombmatlon

‘The recombination coefficient (B,) is obtamed from the measured absorption

coefficient of the semiconductor and the radiative minority carrier lifetime 1, is

expressed as,

= [B,(N+P)]_1 ......... €))

where N and P are the respective majority carrier concentrations in the n —and

p — type regions.

?S Internal Quantum Efficiency:

= Generally, the direct bandgap semiconductor devices have a much higher
internal quantum efficiency and it is defined as,

_ Number of photons created in the laser cavity
i Number of injected carriers

» The value of an internal quantum efficiency is very high ranging from 50 to
70 percent. Here, number of photons created in the laser cavity is nothing but
the number of radiative recombination.

5.3.3.2 Other Radiative Recombination Processes

)

Major radiative recombination processes at 300 K are shown in Figure 5.17.
(i)  Band-to-band transition: conduction band to valénce band,

(1)  Conduction band to acceptor impurity transition.

(iii) ~ Donor impurity to valence band transition.

(iv)  Donor impurity to acceptor impurity transition.

(v)  Recombination from an isoelectronic impurity to the valence band.
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& An indirect band gap semiconductor may be made into a more useful
electroluminescent material by the addition of impurity centers which will
effectively convert it into a direct band gap material.

Conductionband | g Electron

® __ Donor Impurity level

Acceptor Impurity level

]
l9

Y : Y
Valence band ° Hole

(a) (b)

Donor'lmpurity level ‘\\ I Isoelectronic trap

Acceptor Impurity level

(c) (d)

Fig 5.17 Major radiative recombination processes at 300 K (a) Band — to — band
transition (b) Band to acceptor impurity, and donor impurity to band transition
(c) Donor to acceptor transition (d) Recombination from an isoelecironic impurities

5.3.4 Stimulated Emission and Lasing

% Carrier population inversion is achieved in an intrinsic (undoped) semiconductor
by the injection of electrons into the conduction band of the material which is
illustrated in Figure 5.18 where the electron energy and the corresponding filled

. states are shown.

% Tigure 5.18 (a) shows the situation at absolute zero when the conduction band
contains no electrons. Electrons injected into the material fill the lower energy
states in the conduction band upto the injection energy or the quasi — Fermi level

for electrons.

% A charge neutrality is conserved within the material and an equal density of holes
created in the top of the valence band by the absence of electrons, as shown in

Fig 5.18 (b).
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o \
Energy ‘ -] Filled
i 2| electron
Conduction |- ErcT states
band
Eq

N — hf

" Valence
band

Fig 5.18 The filled electron states for an intrinsic direct band gap semiconductor
at absolute zero. (a) In equilibrium; (b) With higher carrier injection

% Incident photons with energy E, which is less than the separation energy of the

quasi — Fermi levels E, = Ep. — Ef, cannot be absorbed because the necessary

conduction band states are occupied.

& These photons can include a downward transition of an electron from the filled

conduction band sates into the empty valence band states and thus stimulating the
emission of another photon.

% The basic condition for stimulated emission is dependent on the quasi — Fermi

level separation energy as well as the band gap energy and is defined as:
- | .EFc_EFv 5 hf> Eg

* Population inversion may be obtained atap —n juﬁction by heavy doping
(degenerative doping) of both the p — and n — type material. Heavy p — tyP°
doping with acceptor impurities causes lowering of the Fermi level (or) boundary
between the filled and empty states into the valence band.

*

Similarly, degenerative n — type -doping causes the Fermi level to enter the

?Onduction band of the material. Energy band diagrams of a degenerate 7
Junction are shown in Figure 5.19.
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Filled
electron
states

Active region -

(b)
Fig 5.19 The degenerate p-n Jjunction (a) With no bias applied
(b) With strong forward bias.

& The position of the Fermi level and the electron occupation (shading) with no
applied bias are shown in Figure 5.19 (a). The junction is in thermal equilibrium,
the Fermi energy has the same value throughout the material.

% Figure 5.19 (b) shows the p —n junction when a forward bias nearly equal to the
bandgap voltage is applied and hence there is direct conduction. At high injection
carrier density in such a junction there exists an active region near the depletion

layer that contains simultaneously degenerate populations of electrons and holes

(doubly degenerate).
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(1) Laser Diode Rate Equations:

o The relationship between an optical output power and the diode drive curren
can be determined by examining the rafe equations that govern an interaction

of photons and electrons in an active region.

o The total carrier population is determined by carrier injection, spontaneous

recombination and stimulated emission.

o For a pn junction with a carrier—confinement region of depth d, the rate

equations are given as,

(1) In terms of number of photons (¢) as,

% = Cn¢+Rsp—;¢— m3s (1)

ph

= Stimulated emission + Spontaneous emission + Photons loss

(i1) Interms of number of electrons (n) as,

Z_’: = :]‘% - T—n- - Cn¢ m3st (2)

sp

= Injection + Spontaneous recombination + Stimulated emission

C - Coefficient describing the strength of the optical absorption and
emission interactions,

Ry, - Rate of spontaneous emission into the lasing niode,
n - Photon lifetime,

7, - Spontaneous recombination lifetime, and

J - Injection— current density.

. - d
o Solving the equation (1) and (2) for a steady — state condition that is, E? =0
dn

and -d— = 0, when » and ¢ have non zero values and it gives an expression for
t

the output power.
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In equation (1), assume R, is negligible and % must be positive when ¢ is

\
small, then we have,

d¢ é
—_— = C R e
dt ng+ R, T
0= Cnp-2-
Ton
1
Ch—-— >0 . 3)
Tph

From equation (3) it is clear that ‘»’ must exceed a threshold value ngy in
order for ¢ fo increase and this threshold value for an electron density ngy,

from equation (3) is obtained by substituting n = ny, in the steady state and it

can be expressed as,

1
C Tph

Pin (m-3)

From equation (2), the above threshold value (n;;) can be expressed in terms

of the threshold current Jy;,, when the number of photons ¢ = 0 as,

_{li_ﬁh_ =0

gd 7
_’1’!7_ e .ﬂ.m-:;s_l (5)
z_ qd . ssrsse

sp

The threshold current defined by an equation (5) accounts for the bias current
density required sustaining the decay of carriers through spontaneous emission

in the absence of photon flex density.

Next, consider the photon and electron rate -equations in the steady — state

condition at the lasing threshold and it is given as,
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Cn,, ¢, + R, = S 0, .5 seru io. 2t .7 cadess (6)
Tph
i_n;h_ n,, =0 . @)
qd
where ¢ is the steady — state photon flux density.
B, Steady State Photon Density ()
Adding equation (6) and (7), we will obtain
Cny ¢ + R, - bs 4D -Cng, ¢, =0 ... (8)
Tph qd Tsp '
T qd qd
Tph
d)s = "qF(J—th)'*'Tph Rsp

...... )

¢ =

resulting from generated
stimulated emission photons

{ Number of photons } { Spontaneously }
+

© Since ¢, cannot be negative, therefore, in the steady state the current must
exceed the threshold value, that is,
J>dy . (10)
o

The variation of an optical power output of an injection laser diode: with the
applied drive current is shown in Fig 5.20.

o From Fig 520, it is clear that below the threshold current (Iy) where only

spontaneous emission occurs, and there is a small increase in optical output

power with drive current.
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Lasing
(stimulated)
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Relative optical
output power

Y Spontaneous
L BRI (LED - type) emission -

. H h
Laser diode drive current

Fig 5.20 Relationship between optical output power and .
laser diode drive current
o At-this ‘threshold when lasing conditions are satisfied, the optical power
increases sharply after the lasing threshold because of stimulated emission.
‘At high power outputs, the slope of the curve decreases because of junction’

heating.

o The lasing threshold optical gain (gw) is related to the threshold current

‘density (Jy,) for stimulated emission and this expression is given as,

g =Blu| (11)

wﬁere B is a constant that depends on the specific device construction.

o Thethreshold current dénsity-(.lu,) is:given by,

1 1 1
Jth = E |: 2L lnR Rz] ...... (12)

—

5.4 HETEROJUNCTIONS

_ Homo;unctlon

A single p-ir junction fabricated from a single-crystal semiconductor material. -

This is known as a homoj junction.
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& Drawback of Homojunction Laser:

Optical Communication and Networks

» A simple homojunction laser diode generally requires a high thresholq
current for lasing to occur. |

The injection laser diodes are generally fabricated  with  double
heterostructure configuration to have a better carrier and optical

confinements that lead to a smaller threshold current for lasing and thus the
radiation properties also gets improved.

™. Definition: Heterojunction Structure

= Heterojunctions is an interface between [wo adjoining single crystal

semiconductors with different bandgap energies. Devices which are fabricated
with heterojunctions are said to have heterostructure.

' Heterojunction are also known as Double Hetero (DH) structure device
because of two different alloy layers on each side of an active region.

& The layer structure and an energy band diagram for a DH injection laser are

illustrated in Figure 5.21. A heterojunction is shown either side of the active
layer for laser oscillation.

The forward bias is supplied by connecting a positive electrode of a supply to the
p-side of the structure and-a negative.electrode to the n-side. When a voltage
which corresponds to the band gap energy of the active layer is applied then 2

large number of electrons (or holes) are injected into the active layer and laser
oscillation commences. '

These carriers are confined to the active layer by the energy barriers provided by

the hetero junctions which are o ] _
- placed within th ; : o
carsiers. e diffusion length of the injected

A refractive i ] ~
.fractlve index step (usually a difference of 5 to 10%) at the heterojunctions
provides radiation containment to the active layer. In effect the active layer

forms the center of a dielectric waveguide which strongly confines the
: electroluminescence within this region, as illustrated in Figure 5.20 (c)
.‘ . .
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Fig 5.21 The DH junction laser (a) The layer structure, .gltOWn with an applied. '
Jorward bias (b) Energy pand diagram indicating a p -p Iteterbjunction on the left
and a p — n heterojunction on the right (c) The corresponding refractive index

didgram and electric field distribution.



LIGHT EMITTING DIODES (LEDs)

6.1 INTRODUCTION

]

LEDs are used in optical communication systems that requirement of power is
not more than a few tens of microwatt ahd-the desired bit rate is in the range of
approximately 100 — 200 Mb/s. ' ' '

It is mostly coupled with the multimode optical fiber and the structure of an LED
largely depends on the desired application.

The radiation from an LED is incoherent and it is emitted over a wide range of

angles. It covers a broad spectrum of wavelengthis and the emitted power  is

. " proportional to the diode current.

LEDs require less complex drive circuitry than the laser diodes since no thermal

or optical stabilization circuits are needed.

E.mis‘sion‘of Light from LED

‘Normally, an empty conduction band of the semiconductor is populated by

electrons injected into it by the forward current through theé junction and light is
generated when these elections recombine with holes in the valence band to emit
a photon. This is the meclzamsm by which lzght is emztted from an LED

Advantages of LED e _
LED has a number of distinct advantages Which have given it a prominent place
in optical fiber communications. .

(i)  Simpler fabrication.
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(ii) Low Cost: The szmpler construction of the LED leads to much reduced
cost.

(iii) Reliability.

(iv) Generally less temperature dependence |

(v) Simpler Drive Ctrcuztry This is ‘due to the normally lower drive currents

and reduced temperature dependence which makes temperature
compensatlon c1rcu1ts unnecessary.

< B

(v1) Linearity: 1deally, the LED has a linear llght output agamchurrent.

characteristic.. - ]
. : THIL k¢
B Drawbacks: ‘ | e
IR ; : 2JHd &
The drawbacks of LED when compared to Lasers are, et 300
(i)  Generally lower optical power coupled into a fiber (microwatts);o1cq5
(1) - Usually supports lower modulation bandwidth, and.-. . - - srialil &
(iii) Harmonic distortion. ‘ r vovisosl
6.1.1 Principle of Operation o 4 _ ,
S . . W colufig
% LED can be used in fiber transmission applications, LED’s must have, 5001q
(i) « High radiance output (or) brightness, STIUT OR1 @
(ii)  Fast emission response time, and ' 10
(XX . ) .e . . . )
(iii) High quantum efficiency i3 s
(1) Radiahce‘(’Bri‘ghthess)' h o R s ; ¢ NG eioWk
B A R ORISR wigmiaels
& Definition: SIRTATIAY MR TSk szai saier Weligae
. ST RLLYIONGY

......

It is a measure of Opttcal power radtated info a unit solid angle per ulilz"zt ar\'e\a of

an emitting surface. The unit Jor radiance or power is-Watts.= -, ‘svbA M

High radiances are required to couple: su[/'czently hlghbptmal 'pﬁwerflevéls into
a fiber. .

A% {1

1100 1901} I8 10 1t

3\
(i)
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(2) Emission Response Time .0 11 ol notnsiidmioost 1sivise 101 nohisngs s odT &
w. Definition: © A sk
It is a time delay b i 3
i y between an appltcat:on of a current pulse and a respectzve
optical emzss:on - 4 sy
: wsups nadl L0 = r aciiibaoo muirdiliups JA

o This time delay is the factor limiting the bandwzdth with which the source (light)

can be modulated (intensity modulatzon) dlrectly by varying the injected
current . o '

(3) Quantum Efficiency v vo o vo i qgidenoiislet 2idT &

It is related to the fraction of an electron-holé' pazrs that recom!‘)z;feﬂf}c’z‘d:i ar}zvely

6.2 LED POWER AND EFFICIENCY ,‘:-‘a-ﬁ\cg? TR =21 F RS

6.2.1 Introductlon :noitinitsQ &

. An £ elect dh 1 d {9 ummlm\) Inmigint ol =
excess of ele - -
, ctrons and holes in p an n type mastee%e}) Ies ngctlvel%@ 3ferrea’
_to as minority carriers) are created in a senuconductor light source by the
‘injection of carrier at the device contacts. Thdixeassreapidesreant RESmbine

either radiatively or non- radiatively. L 150} 911 o) sint noltnnidimonsy

% When there is a constant current flow into an LED, an equilibrium condition is
established. That is, an excess densuy\of “elédtrons n and holes p are equal, then
the recombination of injected carriers is in accordance with the requirement of
charge neutrality within the Jevigsimonot sulinibofl — A otdw

& The total rate at which CAPriEEs are “gé}]‘é%‘%éa“% the ¥l of the externally
supplied and the thermally. generated rafes, %@sﬁgm;«m%mm isgivens.
by J/ qd,

‘where, J - Current density mA fentf,

q - Electron charge, and

2 ROThidKiiéss of %hé‘réci)h‘:bm}h‘b»‘%g?a}, sinibwi-non odT &

% The thermal generation rate is given Byniz. . p

R

------

where, n - Excess carrier density, and

7 - Carrier life time.
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& The rate equation for carrier recombination in an LED is given as,

= — — —
------

ﬁiﬁ J n R
& gd 1 )

At equilibrium condition, % = (. Then equation (1) becomes,

|

[ ]
[\®)
j

n —_— T deaees

)
QU

& This relationship gives the steady — state electron density in an active region
when a constant current is flowing through it.

6.2.2 Internal Quantum Efficiency (nin)

. Definition:
»  The internal quantum efficiency in an active region is the fraction of the
electron — hole pairs that recombine radiatively.

s The internal quantum efficiency (1,,) is defined as, “the ratio of radiative

recombination rate to the total recombination rate”,

: 3 R,
Nint R,- + Rm ...... (3)

where, R, — Radiative recombination rate, and
R,y — Non-radiative recombination rate

& The radiative recombination life time ( 7,) is expressed as
) b

T, =

n .
R, L e 4)

* The n - Ll ) . . L
on-radiative recombination life time (7,,) is expressed as
b

n
T =
R, e )

r
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Equation (3) can be rewritten as, ' ' |

1
Nim = — S eeeeee (6)
1+

r

% The bulk recombination life time ‘7’ is expressed as,

ool Bet® o o )
T TI‘ an rnrrr
From equation (7), : 1= —wlr g b ®)
T, +7, T, 147
T

& By substituting equations (4) and (5) in equation (6) and using equation (8),
we get

_ 1
Nimt = -
s

1+
n
v,
1 T
Nimp = ————— = — e 9)
142 T
an
& Ifthe current injected into the LED is /, then the fotal number of recombinations
per second is
. ; |
R+ Ry = — e, (10)
q
By substituting equation (10) in equation (3), we get
: R
N =174 | 0 e (11)
Nint I . )
= r o ob e s M essdes 12
R, 4q | (12)
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6.2.3 Internal Optical Power (Pint): 25 seontirwst od 6o (£} sousupd

R,- is the total number of plzotohs generated per second and that each photon p,

S
an. e}iergy ‘hf’, then an optzcalfp‘owpr generated internally in LED and it is givey
as, ol

: i X % 35 e v BEun o a1t @
RAS by CCUTRT oy ‘"Ih‘nlfs 51 nofinridmaoyy Mud ar] o
T4 % | ipmt f n mt q hf """ (13a)
(\*) % Wl . .
T ¥ wd {‘b" h cl
: Py = M g | (= c/x) e (130)
(8) ...... ———— —3»- <= _._;1.._..._ = 7 l\ } It

?I s 11.\00 Z

% The internal quantum efficieney isvabout 50% for szmple Izomo Junction LEDs,

However, LEDs having double — hetero ju

nction structures can have quantum
{8) refmieicREar s §0¥sa0tisups i

(2) bos (&) enobisups gaiduliiedue v &

98 aw
6.2.4 External Power EfficiFncy (Mep)
- privtd :“‘ ‘
= Definition: A o
: L“_:_:_‘..if. i '
The external power effi cienc}%f the device ( Nep) s defined as, “ the ratio of the
“
optical power emitted externallyI P, to the electric bower  provided to the
5 .
deé p.. T =&
3 S
e =25 % 10
Nep x100%
LNONDNIAINOIYT Yo tediug \™0N ol o Xpez AT odt oiai bs1osiai sustio srﬁ(;; ) &
+ The optical power emitted P, into a medium of low refractiveeiﬁdé%mﬁm the
((ﬁlye.p't: a planar LED fabricated froln &Il}?ﬁel;lakOf refractive index n, is given
approximately by b | '

log sw (€) @hﬁug; ai (01 nOHsYPS gaiintitady
P\_ml\

2y
cdAdnz | (15)
(In...... -\3—\_1 =%
enerated ¢ 5
where P, -Power gen Fﬂﬁm . | |
€D ...... F - Transmissipn factor OE theSemti-canductor external interface.
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6.3.1 Introduction

L)

LED’s should provide a Iugh radiance and a high quantum efficiency, 1t must
achieve a carrier and an optical confinement.

Carrier confinement is used to achieve a high level of radiative recombination

in the active region of the device, which yields a high quantum efficiency.

Optical confinement is used for preventing absorption of an emitted radiation
by the material surrounding the pn junction.

6.3.2 Homojunction LED

L

An LED in the simplest form is essentially a pn-junction formed by using one of
the suitable direct bandgap semiconductors that ensures emission in the desired
wavelength. Such a LED which uses the same material (say, GaAs) on both sides
with different conductivity is called as homojunction LED.

But homojunction LEDs are not useful for an application in fiber optic .
communication system because of their poor radiance and low quantum

efficiency.

6.3.3 Heterojunction LED: Double Hetero (DH) Structure LED:

n-Heterostructure LED

™. Definition of Heterojunction Structure

Heterojunction structures are used to achieve carrier and optical confinement in
the central active layer. It consists of two adjoining semiconductor materials with
different band — gap energies. Heterojunction are also known as Double

Hetero(DH) structure device because of two dzﬁ”erent alloy layers on each side

of an active region.

The band gap energy differences between the adjacent layers confine the charge
carriers (carrier confinement) and refractive_indices difference between the
ers which confine an optical field (optical confinement) to the

high efficiency and high radiance of the LED is

adjoining lay .
central active layer. SO,
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obtained due to this dual confinement. The electron — hole recombination occurs

only in an active layer.

& Advantages:
The advantages of heterostructure LED are,

=. A heterostructure LED generally consists of a combination of multiple
heterojunciions that secure the carriers and subsequently the emitted photon

in such a way that an overail quantum efficiency and radiance of the LED
is increased.

= Other parameters that influencing the device performance are optical
absorption in the active region (self-ubsorption), carrier recombination at

the heterostructure interfuces, doping concentration of the active luyer,
injection carrier density, and active-layer thickness.

.‘o

A Double Hetero junction (DH) structure will confine both holes and electrons
10 a namow active layer. Under forward bias, there will be

nart a large number of
camers injected inio an active region wh

ere they are efficiently confined.

> A
5 t ; J i
< | . ’
v Inizci=d : : A
§ | eomrrio | Ele |
S : €lerors | Electron brarrier
3 | (- ff
o SRR -
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L 151ey | oo hole recombination
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i : €20nm

!

Injected holes

Refractive index
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Havequide region |
Fig 6.1 Guq IAs doupfe

Thelero structyyp light emitter
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& A variety Olf LgD structures ranging from simple planar LED, Dome LED to
more compiex double heterostryctyre Surface Emitting LED (SELED), double

heterostructure Edge Emitting LED (ELED) and more advanced Super
Luminescent Diode (SLD).’

6.3.4 Planar LED

Light output

p-type \ T f ' _

epitaxial -*im‘ ‘ Tamemee
layer

R

Ohmic

n-type substrate contacts

Fig 6.2 Structure of a planar LED :
% . A planer LED is the simplest one which can be easily fabricated by Liguid Pl.ase
Epitaxy (LPE) or Vapour Phase Epitaxy (VPE) processes over the whole
surface of a GaAs substrate.
& Diffusion of p-type impurity on an n-type substrate can produce a planar LED as
illustrated in Fig 6.2. |
& TForward current flow through the junction gives Lambertian spontaneous '
emission and the device emits light from all surface and-only a limited amount
of light escapes the structure due to total internal reflection.

- 6.3.5 Dome LED _
: Light output . -k

Ohmic p-type
contacts

Fig 6.3 Structure of a dorze LED
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& The structure of a typical dome LED is shown in Fig 6.3. A hemisphere of n type
GaAs is formed around a diffused p type region. The diameter of the dome is

chosen to maximize the amount of internal emission reaching the surface within

the critical angle of the GaAs-air interface.

& This device has a higher external power efficiency than the planar LED. The
geometry of the dome structure must be far larger than the active recombination
area, which gives a greater effective emission area and thus reduces the

radiance.

& The two basic DH structure LED configurations are used in optical fiber links

are,
(i) Surface emitting LEDs (Burrus or front emitters), and
(ii) Edge emitting LED:s.

6.3.6 Surface Emitting LED(SLEDs): Burrus Emitting LEDs

* Surface emitting LEDs are needed where data rates excess of 100Mbps are
required.

. Definition:

:vin surface emitting LEDs, the plane of active Iight-emitt;'ng region will be always
perpendicular to the fiber axis. |

B Double Hetero junction (DH) Structure

DH  structures giving increased efficiency from electrical and optical

confinement as well as less absorption of the emitted radiation. This type of

surface emitter LED. is now ~ widely ..employed within optical fiber
communications. b oeqyt-n \ -7

e\ :
% The structure of a high ra jance %Ehed:@gll DH surface emitter for the 0.8 to
0.9 pm wavelength band is s;ow?/inili% 64127“
. 9cf ™~ -
& The internal absorption in thils/\de‘vic;‘:is rery low due to
confining layers, and the réflécion coﬁfi}r@gnt at the back
giving good forward radiance. o

e

the larger band gap
crystal face is high

AT saonn2 £ vl
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Light output
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Fig 6.4 Surface emtttmg LED

YN \ L}

‘el

* In thls configuration, a well is etched in a éubstrate ((;3aAs) of the device, in-

D O9RTISI B 1) Y019 noimmiditony | K
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= Coupled Power {PC)

The power coupled (Pc) from surface emitter LED into a multimode step index
fiber is given as,

2
P, =n(1-r)AR;NA)" ... (1)
where ¥ — Fresnel reflection coefficient at the fiber surface,
A - Emission area of the source, and

'p — Radiance of the source.
W\ Effective Lifetime of the Carriers:

The effective lifetime of the carriers for the DH-LED can be estimated as.

5 ,
-1, 2)
Ty T d

where 7 — Effective lifetime of the carriers in presence of surface

recombination,
T — Bulk carrier lifetime,

Surface recombination velocity at the interface, and

d — Thickness of the active layer.

B Drawbacks:
The drawbacks of SLED are,

(i) SLEDs generally suffer from the

when the contact area is less tha

problem of lateras current spreading
; n 25 um. In such cases, the effective
cmission area is much less than th

€ contact area which results in coupling
loss.
= The lateral current spreading can be reduced by making use of @
mesa structure SLED,
= The coupliﬁg can be increased by making use of a multimode fiber
with a relatively large value of numericql aperture,
i

The coupling efficiency can also be

improved by making use of
micro-lensing arrangemen;
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(ii) This lambertian pattern allows nrore power to be coupled into an optical
fiber, but they are also more difficult and expensive to the manufacture.

(iif) Lens coupling may give increased levels of optical power coupled into the

fiber but it will also leads to additional ‘complexity.

6.3.7 Edge Emitting LED (ELEDs)

= Definition:

= Edge emitting LEDs emit a more directional light pattern than the surface
emitting LEDs. ‘

® Inorder to reduce the losses caused by an absorption in an active layer and
10 make the beam more directional, the light is collected from the edge of the
LED. Such a device is known as edge emitting LED or ELED.

& The edge emitting LED has #two transparent guiding layers with very thin active
layer of about 50 to 100um in order that the light produced in the active layer
spreads into the transparent guiding layers, thereby reducing self absorption in

the active layer.

% The guiding layers have refractive indices which is lower than the active region
but higher than the outer surrounding material. This structure forms a waveguide

‘channel that directs the optical radiation toward the fiber core.

% To match the typical fiber — core diameters (50 - 100pm), the contact stfipes for
the edge emitter are 50 - 70pm wide.

% When the plane parallel to the junction, where there is no waveguide effect, an
emitted beam is lambertian (varying as cos €) with a half — power width of

61, = 120°(Horizontal), as illustrated in Fig 6.5.

*  When the plane highly directional perpendicular to the junction, then the half
power beam width 04 is ranging from 25° to 35° by a proper choice of

waveguide thickness.
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Fig 6.5 Edge — emitting double — hetero junction AIGaAs LED

M Advantages
Advantages of Edge emitter LEDs when compared to surface LEDs are,
~..(i). . Edge emitters have a substantially better modulation bandwidth of the

order of hundreds of megahertz than comparable surface — emitting
structures with the same drive level.

(i) The coupling losses with surface emitters are greater, and they have
narrow bandwidths. |

- (iii) ' An edge emitter couples 7.5 times more power into the low NA fiber than
a comparable surface emitter. : '

6.4 LED CHARACTERISTICS

6.4.1 Optical Output Power

& The ideal light output power against current characteristics for-an LED is shown

in Fig 6.6. It is linear corresponding to the linear part of the injection laser optical
power output characteristics before lasing occurs.
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Light output 4
(power)

Current

Fig 6.6 An ideal light output against current characteristic for an LED

% The LED is a very linear device as compared to with the majority of injection
lasers and hence it tends to be more suitable for analog transmission.

% In practical, LEDs do exhibit significant nonlinearities which depend upon the
configuration utilized. Therefore, it often use some form of linearizing circuit
technique in order to ensure the linear performance of the device to allow its
use in high-quality analog transmission systems.

12 L 12|
10 L 10L
Light g | Light g|
output output
(mw) 6L (mw) 6}
4r 4r
2t 2r
0 1 1 1 0 1 1 v
100 200 300 100 200 300
Current (mA) Current (mA)
(a) (b)

Fzg 6.7 Light output (power) against d.c. drive current for typically good LEDs

(a) An A1Gads surface emitter (b) An AlGaAs edge emitter
% Figure 6.7 (a) and (b) show the light output against current characteristics for
typically good surface and edge emitters respectively. The surface emitter
radiates significantly more optical power into air than the edge emitter, and that
both devices are reasonably linear at moderate drlvc currents.

% The internal quantum efficiency of LEDs decreases exponentially with
increasing temperature. Hence the light emitted from these devices decreases

as the p—n junction temperature increases.
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& The light output power against temperature characteristics for three importap;

LED structures operating at a wavelength of 1.3 pm are shown, for comparisop,

in Fig 6.8.
10 F
Optical -
output i
power i ‘
(mW) SLED
- ELED
3 i =200 mA - SLD
0.1 . ] ! 1 i 1 R
0 20 40 60 80

Temperature (°C)

Fig 6.8 Light output temperature dependence for three important LED
structures emitting at a wavelength of 1.3 pm

& It may be observed in Fig 6.8 that the edge-emitting device exhibits a greater
temperature dependence than the surface emitter and that the output of the
Superluminescent Diode (SLD) with its stimulated emission is strongly

dependent on the junction temperature.

6.4.2 Output Spectrum

& The principal material used for making optical sources operating in
800 — to — 900nm is based on Gay _ x Al As. The ratio x of aluminum arsenide

to gallium arsenide determines the band gap of the alloy and correspondingly»
the wavelength of the peak emitted radiation.

The value of x for an active-area material is usually chosen to give én emission
wavelength of about 800-850 nm.
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| Fig 6.9 Spectral emission of Ga 1-xAly As LED
& In the above Fig 6.9, x = 0.08. The width of the spectral pattem at its half-

power point is 36 nm and the peak output power is obtained at 810 nm.

. Full - Width Half - Maximum (FWHM)
The width of the spectral pattern at its half-power point is known as the F ull;,
Width Half-Maximum (FWHM) spectral width. For the given LED, FWHM is
36 nm. | I
& At longer,wav‘elengths,v the quaternary alloy In,_, Ga, 4s, P,_, is one of the
primary material candidates. By varying the mole fractions x and y in the active

area, LEDs with peak output powers at any wavelength between 1.0 and 1.7 pm

can be constructed.
Using the fundamental quantum—mechanical relationship between energy E

and frequency v. The relation between E and v is expressed as,

E=hf e (1)
= hy where ¢ = f);
hc
__?:-_i;E__ ...... 2)

where, energy (E) is in joules and wavelength (1) is in meters.
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% The peak emission wavelength ) in micrometers can be expressed as a functig,
of the band-gap energy E, in electron volts as,

1.240 :
A (um) = E, (eV) R O TR < YO - 3)

% Different materials and alloys have different band gap energies. The band gap

energy (Eg) can be controlled by two compositional parameters x and y, within
direct band gap region.

& The eﬁergy gap in electron volts for values of x between zero and 0.37 (the direct
band-gap region) can be found from the empirical equation as,

E, = 1.424 +1.266 x +0.266 x°

& For the given value of E, in electron -volts, the peak emission wavelength in

micrometers can be found from equation (3). The compositional parameters x and
y follows the relationship y ~2.20x with 0 <x < 0.47.

For In; -, Gax Asy Py _y compositions that are lattice matched to InP, the band
gap in el varies as,

| B, = 135-072y+0.12)%

& Band — gap wavelengths from 0.92 fo 1.65um are covered by this material
system.

Relative ,
" intensity

1.2 1.25 1 D 1.35 1.4
Wavelength (um)

Fig 6.10 LED output spectra for an InGaAsP surface emitter
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L Light
m the Fig 6.10, it { —

Fro . leve;‘i . t;lel: obsel:ved that the increases in linewidth due to increased

df’f!; gnces - ormation of bandtail states. This becomes apparent in the
dittere output spectra between surface and edge-emitting LEDs where

ices h .
the device fiwe generally heavily doped and lightly doped (or undoped) active
layers rgspectlvely, : .

.1.16 1.20 1.24 1.28 132 1.36 1.40 1.44
Wavelength (um)

Fig 6.11 Typical spectral output characteristics for In GaAsP surface- and edge-
‘emitting LEDs operating in the 1.3 ym wavelength region

% The differences in the output spectra between InGaAsP SLEDs and ELEDs

caused by self-absorption along the active layer of the de vices are displayed in

Fig 6.11. It may be observed that the FWHP points are around 1.6 times smaller

 for the ELED than the SLED.

ctra of the ELED may be further narrowed by the
due to the onset of stimulated gain and the line
n that obtained with the SLED

% In addition, the spe
superluminescent operation
width can be far smaller (¢-8- 30 nm) tha

' 6.4.3 Modulation Bandwidth

(1) Introduction
% The following three factors aré us
Lp.
(i) Doping level in the active region, ' | |
(i) The injected carrier radiation life time T in the recombination region, and

(iti) Pgrasitic capacitance of the LED.

ed to determine the frequency response of a
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% The optical output power P (w) of a LED biased by a drive current modulated o

an angular frequency @ can be expressed as,

B P(0) - |
- P@) = —=— e (1)
- ‘\_/1+(ra))2 | o '
where, P (0) corresponds to an optical power output of the LED under DC
condition. i.e., without modulation (or) an optical input power to LED.

& The parasitic capacitance can cause a delay of the carrier injection into the aciive

junction due to this optical output. This delay is negligible when a small,

- constant forward bias'is applied to the diode. During this condition, equation (1) |

becomes valid and also the modulation response is limited only by the carrier
recombination time.

(2) Comparison between Optical and Electrical Bandwidth

& The modulation bandwidth of a LED can be defined in either electrical or optical
terms as shown in Fig 6.12.
AT

1.0
_ Electrical 3-dB point

0.707]-———=—~m e =

_ ; Optical 3-dB point
0.500F~——————— =

Cuurent ratio I, / I,

_Electrical bandwidth |
Optical bandwidth

Frequengy

.

Y

Fig 6.12 Frequency response of an optical source showing the electrical
and optical 3-dB bandwidth point
(i) Electrical Bandwidth |

o Modulation bandwidth of a LED is defined in terms of electrical as, the point

where the electrical signal power has dropped to half of its constant value
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resulting from the modulated portion
electrical 3-dB point,

o The .electrical 3-dB point is nothing but, the frequency at which an output

electrical power is reduced by 3dB with res

pect to an input electrical power, as
illustrated in Fig 6.12.

o An electrical bandwidth (EBug) is defined as, “the ratio of an electrical output

power to an electrical inpyt Power in decibels” and it is given by,

_ Electrical power out (at the detector) .
EBg = 101 =D
a8 810 "Electrical power in (at the source)

(or) | |
EBg = 101 Output electrical power at frequency (®)

) - = :
€10 Electrical power at zero modulation

- 10 [ 2]

P(0)

I*(o)

Rou! ' ; )
TGy b e f (2)
R.

n

o Consider that an input resistance and output resistance are equal, that is,

Rin=Ro =R
2
= 10log;, (@)

1(0)

0 The electrical 3dB points occur when, |

I(@ )V _ 1
(I(O) ) 2
1

II((‘(‘)’)) - 5 - 0 AR 3)
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o Thus, the electrical bandwidth may be defined as the frequency when an outpy,
current has dropped to :/—17‘ or 0. 707 of an input “current to the

system.
o Then, a 3-dB electrical bandwidth is simply expressed as,

1

T 4
S3dpel nt “4)

" where, tis the carrier recombination life-time.
(ii) Optical Bandwidth
B, Definition: :
The optical 3-dB bandwidth is defined as, “the ratio of the optical power at
frequency @ to an unmodulated value of an optical power”.

o  Here, the detected current is directly proportional to an optical power and this
ratio is given as,

Rati0 ey = IOIOg[%((%)} = IQlog[-II((—K(I))))] ...... )

o The variation of an optiéal power output of a LED modulated by the drive current

. at frequency @ normalized with respect to an output of the LED in absence of
modulation with the modulation frequency is shown in Fig 6.13.

Po)}
P(0)

1.0

e

poas

348 —_

Fig 6.13 Frequency response of an optical source
showing the 3-dB bandwidth
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0 From. equatlon' (1) it is clear that an optical output power of the LED decreases
with increase in the value of the angular frequency of the modulating signal.
o The half-power point which corresponds to a drop of power by 3-dB from its

constant value can be obtained by locating the point on the normalized frequency
response curve corresponding to P (w)/ P (0) = 0.5.

o The frequency corresponding to this point is the 3-dB'bandwidth of the LED (in

terms of angular frequency) as shown in Fig 6.12. From equation (1), the half-
power (3dB) point i's expressed as, |

P(a))

P(O) =— when (cur)( =3 g oeie b PR 6)

o Designating the corresponding value of wby ®,,; we may write as,

W39 = ~ R ¥ ¢ (6a)

o Alternatively, the 3—dB optical bandwidth can be expressed as,

f3dB—op = ig— ...... (7)

27T

o The bandwidth calculated by the above method by considering the optical power
directly gives the bandwidth of the LED in the optical domain. Therefore, this
value of bandwidth is often referred to as the optical bandwidth of the source.

o Based on equations (4) and (7) the relation between electrical and optical 3-dB
bandwidth is expressed as,

SadB-op = V3 Sfadpel -, jeesees 8)

6.4.4 Reliability

% LEDs are not generally affected by the catastrophic degradation mechhnisms
which can severely affect injection lasers. Early or infant failures do, however
occur as a result of random and not always preventable fabricational defects
Such failures can usually be removed from the LED batch populatlon over an

initial burn-in operational perlod

% In addition, LEDs do exhibit gradual degradation which may take the form ofa
rapid degradation mode or a slow degradation mode.
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&  Rapid degradation in LEDs is similar to the injection’ lasers, and is due to boty

the growth of dislocations and precipitate-type defects in the active region giving

rise to Dark Line Defects (DLDs) and Dark Spot Defects (DSDS) reSpectlvely |
- under device aging. '

'LEDs may be fabricated largely free from ‘thest

' ’long-term degradation process.
" “recombinatios

e defeets ‘but subject to a slower
This homogeneous degradation - is due to

i enhanced point defect generation (Z.e. vacanczes and mterstztzals)
or the mlgratlon of impurities into the active region.

The opt1ca1 output power P, ( /) may be expressed as a functlon of the operating
time ¢, and is expressed as,

P,(1) = Pout exp (_Br 1)
.where, P,, - linitial output power, and

B, - Degrada’uon rate

The degradation rate is characterlzed by the activation energy of homogeneous
degradation E, and is a function of temperature. '

B, = Poexp (-E,/KT)

‘where " B, - Proportionality constant,
K - Boltzmann’s eonstant, and
T - Absolute temperature of the emitting region. | e
% The activation energy E, is a variable which is dependent on the material system
and the structure of the device. The value of E, is in the range 0.56 to 0.65. eV,

and 0.9 to 1.0, eV for surface- -emitting GaAs/AlGaAs and InGaAsP/InP 'LEDs
respectlvely ‘

|




_ opTicAL DETECTOR

7 1 INTRODUCTION

(

P
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.x- The detector is an essential component of an optical fiber communication system
.and it is one of the crucial elements which decide the overall system

peiformance.
lnpul optical Detected electrical
~ -signal ' ' A signal

Fig 7.1 Block diagram of a digital optical receiver

}3 Photodetector. :
A The phot odetector is basically a Ir ansducer that converts the variation in
optzcal power into a corresponding variation ‘in an eIectrzc current. This

process is known as Opncal-to-EIectrtcal (O/E) converszon

L function is simply to convert the received optical szgnal inio an electrzcal _

Slgnal which zs then ampllf ed before it is used for Sfurther processmg

7'1 1 Characterlstlcs of a General Photodetector- Requirements
The photodetectors which are used in optical fiber communication should have
ode

the following performance standerds.

T My L &2 4 v R 21 L 270 S P
IRT A Trid \
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(i) Size Compatibility: Small Size
The size of the detector must be compatible with the size of the fiber which is
carrying the light. i.e. radius of the core so that the optical power carried by the
Jiber can be efficiently coupled to the photodetector.

(ii) High Conversion Efficiency:

The photodetector must be able to produce ‘a maximum electrical signal for a

given amount of received optical signal.
(iii) High Sensitivity at Operating Wavelength:

The photodetectors based on suitable semiconductor materials are required in

the various operating wavelengths so as to provide a significant electrical output

Jora small input optical power at a room temperature.
(iv) High Response Speed:

The detector must be capable of converting Jast-changing optical signals which
carries millions of bits of information to the corresponding electrical signal,

(v) Minimum Noise:
The photodetectors must have extremely low noise.
(vi) High Reliability:

The detector must be capable of continuous stable operation at a room

temperature for so many years.
(vii) High Fidelity: . ' '
To reproduce the received signal waveform with Jidelity, for analogy

Iransmission the response of the photodetector must be linear with regard to the

optical signal over a wide range.
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(viii) Large Electrical Response to the Received Optical Signal:

The photodetector should produce a maximum electrical signal for a given

amount of optical power; that is the quantum efficiency should be high.

(ix) Stability of Performance Characteristics:

Ideally, the performance characteristics of the detector should be independent of
changes in ambient conditions. The detector has characteristics such as

sensitivity, noise and internal gain which vary with temperature. SO, the

. compensation for temperature effects is often necessary.

(x) Low Bias Voltages:

Ideally the detector should not require excessive bias voltages or currents.

The design of an optical receiver is much more complicated than that of an
optical transmitter because the receiver must first detect weak, distorted signals
and then make decisions on what type of data was sent based on an amplified
version of this distorted signal.

The two types of photodiodes used are the pin photo-detector and an Avalanche

PhotoDiode (APD). The photodetector works on the principle of optical

absorption.

7.2 OPTICAL DETECTION PRINCIPLES

o

The basic detection process in an intrinsic absorber is illustrated in Fig 7.1
which shows ap — 1t photodiode. This device is reverse biased and the electric
field developed across the p — 7 junction sweeps mobile carriers (holes and

electrons) to their respective majority sides (p —and n — type material).

A depletion region or layer is therefore created on either side of the junction.
This barrier has the effect of stopping the majority carriers crossing the junction

in the opposite direction to the field.
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Fig 7.2 Operation of the p-n photodiode (a) Photo generation of an electron-hole

pair in an intrinsic semiconductor (b) Structure of the reverse — biased
p — n junction (c) Corresponding the energy band diagram

The field accelerates minority carriers from both side of the junction and
forming the reverse leakage current of the diode. Thus intrinsic conditions are
created in the depletion region.

A photon incident in or near the depletion region of this dévice which has an
energy greater than or equal to the bandgap energy E, of the fabricationg material

(i.e. hf 2E;) will excite an electron from the valence band into the conduction

band.

This process leaves an empty hole in the valence band and is known as the

pltotogeneraiion of an electron — hole (carrier) pair, as shown in Fig 7.2 (a).

Carrier pairs so generated near the junction are separated and swept (drift) under
the influence of the electric field to produce a displacement by current in the

external circuit in excess of any reverse leakage current which is shown in
Fig 7.2 (b). '
Photogeneration and the separation of a carrier pair in the depletion region of this

reverse — biased p — n junction is illustrated in Fig 7.2 (c).
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& The depletion region must be sufficiently thick to allow a large fraction of the
incident light to be absorbed in order to achieve maximum carrier pair

gcnera!ion.

————

7.3 CHARACTERISTICS OF A PHOTODETETCOR

———

s Two important characteristics of a photodetector are:

(i) Quantum efficiency, and
(ii) Responsivity.

& These parameters depend on the material band gap, the operating wavelengtl

and the doping thickness of the p, i, and n regions of the device.

7.3.1 Quantum Efficiency (n)
The quantum efficiency ‘v’ is defined as,  the fraction of incident photons which
are absorbed by the photodetector and generate electrons which are collected at

the detector terminals”.

number of electrons collected

M= number of incident photons e (1)

r

n.= i ... (2)

, is the incident photon rate (photons per second) and r, is the

corresponding electron rate (electrons per second).

where r

7.3.2 Responsivity (R)
4 The responsivity is an useful parameter as it gives the transfer characteristic of
the detector that is, photocurrent per unit incident optical power.

& Itis defined as “ratio of photo output current in amperes to an incident optical

power in Watts”.
Photo output current

Incident optical power
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&

R = iﬁ(AW")' ...... (3)

F
where I, is the output photocurrent in amperes and P, is the incident optical

power (output optical power from the fiber) in Watts.

The incident photon rate 7, may be written in terms of incident optical power and

the photon energy as,
Py

= == ...(4
P hf (4)

r

Energy of a photon, E = Af
From equation (2), the electron rate is given by

7. = 0k, .. (5)
By substituting equation (4) in equation (5), we get
N’y
T ... (6)

r, = Ilf

where, P, is the optical power incident on the photo detector and r, is also

expressed as,
- 2
il 1)

From equation (7), the output photo current as,

I, = re ... (8)
By substituting equation (6) in equation (8),
nPye

Ip = hf ces (9)

~ where ‘e’ is the charge on an electron and from equation (1),

3
Il
.u‘l I;'l
Il
| K

o |5
Sz
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L _ ne
Py hf
R = 2 : ... (10)

hf
& Equation (10) is a useful relationship for responsivity which may be developed a
stage further to include the wavelength of the incident-light.

& The frequency ‘f”’ of the incident photons is related to their wavelength 4> and
the velocity of light in air ‘¢’ as,

C

r=£ ..(11)
By substituting equation (11) in equation (10), we get
_ NeA
R = . .. (12)

& The responsivity is directly proportional to the quantum efficiency at a
particular wave length. The ideal responsivity against wavelength characteristic

for a silicon photodiode with unit quantum efficiency is illustrated in Fig 7.3.

Responsivity
AW

0.88 1 . Ideal photodiode

Typical photodiode
044 ‘ .

0.5 1.0 A
Wavelength (um)

>

Fig 7.3 Responsivity against wavelength characteristics of
an ideal silicon photodiode

——

7.4 P-N PHOTODIODE

+ Fig 7.4 shows a reverse-biased p—n photodiode with both the depletion and

diffusion regions.
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& The depletion region is formed by immobile positively charged donor atoms in

tor material and immobile negatively charged acceptor

the n-type semiconduc
t to their majority

atoms in the p-type material, when the mobile carriers are SWep

sides under the influence of the electric field.

uf E field
= '
S T —
P Depletion
region
____________________ Absorption
ion
o| ~reg
_"1_ n
® Diffusion region ——

AN~
Load

Fig 7.4 The p-n photodiode showing depletion and diffusion regions

& The width of the depletion region is dependent upon the doping concentrations

for a given applied reverse bias .i.e. lower the doping results wider the depletion

region.
% Photo i i
"? o ns may be absorl.)ed in both the depletion and diffusion regions, as
g indicated by the absorption region in Fig 7.4. The absorption region’s positi
. sition
~and width depend upon the energy of the incident photons and on the material
from which the photodiode is fabricated. -

& In the case of the weak absorption of photons, the absorption region may extend
. exten
completely throughout the device. Electron-hole pairs are therefore gen yt di
erated in

both the depletion and diffusion regions.

& In the depletion region the carrier pairs separate and drift under the infl £
uence o

the electric field, whereas outside this region the hole diffuses toward th
s the

depletion region in order to be collected.
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The photons are absorbed in the depletion region. Thus it is made as long as
possible by decreasing the doping in the n-type material. The depletion region
width in a p—n photodiode is normally 1to3 pm and is optimized for the efficient

detectlon of light at a given wavelength

:

B Typlcal output characteristics for the reverse-biased p—n photodlode are
illustrated in Fig 7.5. The different operating conditions are moving from no light

input to a high light level.

Current
(HA) 800
High light level
600
400
200 Low light level
/ Dark current (no input light)
1 1 1 >
10 20 30 40 Reverse bias (V)

Fig 7.5 Typical p-n photodiode output characteristics

7.5 p-I-N(PIN) PHOTODIODE

— |l

Bias voltage
R < Load | OQutput

resistor

lp

P |hole |Electron n

Caall)

hv
Photon

Fig 7.6 Schematic representation of a pin photodiode circuit
with an applied reverse bias
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7.5.1 Working Operation

& The pin photodetector structure consists of p and n regions which is separateq by
a very lightly n — doped intrinsic (i) region.

% When the photodiode is reverse biased, the intrinsic region of diode is fully

depleted of carriers. That is, the intrinsic n and p carrier concentrations are

negligibly small in comparison with the impurity concentration in this region.

X, Photocarriers:
= A phoion incident near or in the depletion region of this device which has an
_energy greater than or equal to the band gap energy (Eg) of the fabricating

material (hv 2E,).

»  The photon can give up its energy and can excite an electron from the valance
band to the conduction band. This process leaves an empty hole in the valance
band and it is known as the photon-generation of a free electron-hole pairs,
which are known as photocarriers, mainly due to the absorption of photon.

& This photocarriers are generated in the depleted intrinsic region where most of an

incident light photons are absorbed.

Ec

O)
O - Hole
hv > Eg xono~—a E, O - Electron
Ev O

Fig 7.7 Electron — hole pair

% The depletion region must be sufficiently thick to allow a large fraction of an

incident light .
o ght (photon) to be absorbed in order to achieve maximum carrier -
pair generation.
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w Photocurrent

This current flow is known as the Photocurrent. One electron flows Jor every

i Photo generated
P hole

carrier pair generated.
k1 i P E . E ‘
O— i l E n ’
o E hole Electron O
| @— —0 ®
i Depletion E
| region i Photo generated
' /f/' electron
Ec | ! (_:K E
Band gap | Egq | E
i i Conduction band
E,—1 i |
é o
Photon : ; :
hv > Egq i Valence band

Fig 7.8 S’imple energy-band diagram for a pin photodiode

* Be f the large built-in electric field, electrons and holes generated inside
cause of the o :
the depletion region accelerate in opposite directions and drifts to the p-and
epletion .

p-sid tively. The resulting flow of current is proportional to the incident
~Sides respectively. .

optical power.
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Fig 7.9 The p —i— n photodiode showing the combined absorption
' : and depletion region
7.5.2 Diffusion Length

& As the charge carriers flow through the material, some electron-hole pairé will
recombine and hence disappear. '

On an average, the carriers move to a distance Ly or L, for electrons and ho.les,
respectively. This distance is known as the diffusion length. |

X Carrier Lifetime:

The time taken for an electron or hole to recombine is known as the carrier
lifetime and it is denoted by 7, and 7,. The life

times and the diffusion lengths
are related by the expressions: '

. L, =(D,7,)" b s v e 1)
and :

L, = (Dp ":p)v2

where Dy and Dy are the electron and hole diffusion coefficient (or constants),
respectively and their unit is cm?/second, '
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7.5.3 Optical Power Absorbed

# The absorption Of Photons in a photodiode to produce the carrier paxrs and thus a
photo current is dependent on the absorption co-efficient ‘o’.

& If P(x) is an optical power absorbed at .a distance ‘x’ in the semiconductor
material according to the exponential law as,

P(x)= P (l-e=®). . 3)
where Py — Incident optical power level, and
as(A) — Absorption co-efficient at a wavelength A.

’ ‘ . . . "
% ‘os’ depends on the wavelength, a particular semiconductor material can be used

only over a limited Wavelengtll range.

7.5.4 Cut-off Wavelength
% The cut-off wavelength is determined by band-gap energy E, of material. If E; is
expressed in electron volts (eV), then A is given in micrometers (um) by

he _ 1.24

E, E,(eV)

A (um) =
% Typical value of A, for silicon is 1.06 pum and for gerranium it is 1.6 um.

7.5.5 Depletlon Region Width

If the depletion region has a width w, then, from equation (3) the total power

absorbed in the distance w is given as,

pw) = Bll-e=") .. 5)

———

7.6 AVALANCE PHOTODIODE (APD)

7.6.1 Introduction |
% Avalanche Photodiodes (APDs) internally multiplies the primary signal photo

current before it enters an input circuitry of the following amplifier. It has an

internal gain and its responsivity is better than the p-i-n photodiode.
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Multiplication region

p i() Pl n

| | R v
Deplection region

e
Fig 7.10 Avalanche photodiode

% The photocurrent is multiplied to increase the receiver sensitivity. Extremely_
high electric field region is created. Most of the photons. are absorbed in the

depletion region and the primary electron-hole pairs are generated.

= Impact lonization

The photo-generated carriers traverse a region where a very high electric field is

present. A photo-generated electron or hole can gain enough energy in this high

electric field and excite new electron-hole pairs. This carrier multiplication

mechanism is known as impact ionization,

& Avalanche Effect

are multiplied internally.

7.6.2 Reach Through Avalanche Photo-Diode (RAPD)

% A commonly used structure for achieving carrier multiph‘cation with very little

€xcess noise is the reach-through construction shown in Fig 7.11.
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Fig 7.11 Avalanche photodiode showing high electric field (gain) region
% RAPD is composed of a high-resistivity p—type material deposited as an epitaxial

layer on p* (heavy doped p-type) substrate.

% A p-type diffusion or ion implant is.then made in the high-resistivity material,

followed by the construction of an n" (heavily doped n-type) layer. This

+
configuration is referred to as p'm pn” reach through structure.

+
i 1]

éhv
C s )
% p

Fig 7.12 Structure of a Silicon RAPD



L Optical Communication and Networks

% The n-layer is an intrinsic layer but has some p doping because of imperfect

purification.

(1) RAPD Operation

o When a low reverse-bias voltage is applied, most of the potential drop is
across the pn" junction. The depletion layer gets increases with an increasing

reverse bias voltage.

© At a particular voltage lesser than that needed to cause avalanche break

down, at this point, the depletion layer just “reaches through” to the nearly
intrinsic 7 region.

o Normally, RAPD is operated in the fully depleted mode. When light (photons)
enters the device through the p* region and its absorbed in the “x” region.
This “n” region acts as a collection of region for the photo generated
carriers.

o

The absorbed photon gives up its energy and electron — hole pairs are created
which are then separated by an electric field in the 1t region.
o The photogenerated electrons drift through the 7 re

where a high electric field exists, The carrier multj
high electric field region.

gion in the pn" junction,
plication takes place in this

A lonization Rate (k)

* “The average number of electron-hole pairs cre

. ated by a carrier per unit
distance traveled” is called the ionization rate,” '

Different materials exhibit different electron ionization rates (@) and hole

S B . ;
| lonization rate (f3). The ratio k = o of the two ionization rates of a measure

of the photodetector performance.

. Avalanche Multiplication (M)

» In the high electric Jield or avalanche region or mult

iplication region, the
charge carrier multiplication can takes place b

Y impact ionization or
avalanche effect. "
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Avalanche multiplication (M) = Ln
Vi
p

where, I, — Average value of the total multiplied output current. i.e. where

carrier multiplication occurs.

I, — .Primary or initial un-multiplied photocurrent. i.e. before
carrier multiplication occurs.

% Responsivity (R)

The responsivity of APD is given as,

- 149

R o = Ry M
APD i 0

where Ry is the unity gain responsivity.

7.6.3 Benefits and Drawbacks with APD

Benefits

(i) These diodles are having excellent linearity over optic power levels
ranging from a fraction of a nanoWatts to several microWatts.
(ii) Thep—-i-—n photodiode receiver has 10 to 12 dB less sensitive than the
APD. |
& Drawbacks

(i)

(if)

(iii)

(iv)

If power received at the receiver is more than one microwatts, then APD
is not used, because the pin diodes at this power level provide sufficient
responsivity and sufficiently large SNR.

The internal gain of an APD dep(ends on the temperature. The gain
normally decreases as the temperature rises.

Fabrication difficulties due to their more complex structure and hence

increased cost.
The random nature of the gain mechanism which gives an additional

noise contribution.



