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PREFACE

The titleAn lllustrated Dictionary of Important Terms and Effects in Optoelectronics and Phateitecss

exactly the contents of this dictionary. It is not meant to be an encyclopedia in this field but rather a self-
contained semiquantitative description of terms and effects that frequently turn up in optoelectronics and
photonics courses at the undergraduate level. We have missed many terms but we have also described
many; though, undoubtedly, our own biased selection. In our own view there is very little difference
between optoelectronics and photonics, except that in the latter there may not be any electronics involved.
Today, photonics is a more fashionable term than the old optoelectronics term which usually conjectures
images of LEDs, solar cells, optoisolatets whereas photonics is closely associated with optical
communications and optical signal processing.

Please feel free to email us your comments for improving the dictionary for its next edition. Although we
may not be able to reply individually, we do read all our email messages and take note of suggestions and
comments.

S.0. Kasap,
Saskatoon, Canada

H. Ruda,
Toronto, Canada

Y. Boucher,
Brest, France

“l know you believe you understand what you think | said, but | am not
sure you realize that what you heard is not what | meant”

Alan Greenspan
Chairman of US Federal Reserve
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reproduced, stored in a retrieval system, or transmitted, in any form or
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Absorption coefficient a characterizes the loss photonsas light propagates along a certain direction
in a medium. It is the fractional change in the intensity of light per unit distance along the
propagation direction, that is,

-_a
I Ox
where/ is the intensity of the radiation. The absorption coefficilmpends on the photon energy or
wavelength. Absorption coefficientr is a material property. Most of the photmsorption

(63%) occurs over a distancexland 1/ is called thepenetration depth d.
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Absorption is the loss in the power of an electromagnetic radiation that is traveling in a medium. The loss
is due to the conversion of light energy to other forms of energyattice vibrations (heat)
during the polarization of the molecules of the medium, local vibrations of impurity ions, excitation
of electrons from thealence bandto theconduction bandetc

Acceptance angleor the maximum acceptance angle is the largest possible light launch angle from the
fiber axis. Light waves within the acceptance angle that enter the fiber become guided along the fiber
core. If NAis thenumerical aperture of astep index fiber, and light is launched from a

medium ofrefractive index n,, then maximum acceptance angjg, is given by

sina,.. = —NA
max
n

0o
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Total acceptance angle is twice the maximum acceptance angle and is the total angle around the fiber
axis within which all light rays can be launched into the fiber.

Acceptance cones a cone with its height aligned with the fiber axis and its apex angle twice the
acceptance angleo that light rays within this cone can enter the fiber and then propagate along
the fiber.

Acceptance cone

S) Optical fiber

Acceptor atomsare dopants that have one less valency than the host atom. They therefore accept
electrons from thgalence band(VB) and thereby create holes in the VB which leads>m and
hence to g-type semiconductor.

Acousto-optic modulator makes use of thghotoelastic effectto modulate a light beam. Suppose
that we generate traveling acoustic or ultrasar@eeson the surface of a piezoelectchystal
(such as LiNbQ) by attaching an interdigital electrodes onto its surface and applying a modulating
voltage at radio frequencies (RF). Tiezoelectric effeds the phenomenon of generatiorsthin
in a crystal by the application of an external electric field. The modulating vd(gge electrodes
will therefore generatesurface acoustic wa&AW) via the piezoelectric effect. These acoustic
waves propagate by rarefactions and compressions of the crystal surface region which lead to a
periodic variation in the density and hence a periodic variation irefrective index in
synchronization with the acoustic wave amplitude. Put differently, the periodic variation in the strain
Sleads to a periodic variation imowing to the photoelastic effect. We can simplistically view the
crystal surface region as alternations in the refractive index. An incident light beamdifilfdated

by this periodic variation in the refractive index. If the acoustic wavelengthtieen the condition

that gives the anglé for a diffracted beam to exist is given by Bragg diffraction condition,
2Asing = Aln

wheren is refractive index of the medium.

Suppose thabis the angular frequency of the incident optical wave. The optical wave
reflections occur from a movingjffraction pattern which moves with a velociy,, ... AS a
result of theDoppler effect, the diffracted beam has either a slightly higher or slightly lower
frequency depending on the direction of the traveling acoustic wavas tthe frequency of the
acoustic wave then the diffracted beam has a Doppler shifted frequency given by

W=wtQ

When the acoustic wave is traveling towards the incoming optical beam, then the diffracted

optical beam frequency is up-shifte@, « = w+ Q. If the acoustic wave is traveling away from

the incident optical beam then the diffracted frequency is down-shiftedw — Q. It is apparent
that we can modulate the frequency (wavelength) of the diffracted light beam by modulating the
frequency of the of the acoustic waves. (The diffraction angle is then also changed.)
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Consider two coherent optical wavksindB being "reflected” (strictly, scattered)
from two adjacent acoustic wavefronts to becahandB'. These reflected waves

can only constitute the diffracted beam if they are in phase. The@isgle
exaggerated (typically this is a few degrees).

Activation energy is the potential energy barrier that prevents a system from changing from state to
another. For example, if two atoms A and B get together to form a product AB, the activation energy
is the potential energy barrier against the formation of this product. It is the minimum energy which
the reactant atom or molecule must have to be able to reach the activated state and hence form the
product. The probability that a system has an energy equal to the activation energy is proportional to

the Boltzmann factor: expE/KT), whereE, is the activation energy,is theBoltzmann
constantandT is the temperature (Kelvins).

Active deviceis a device that exhibits gain (current or voltage or both) and has a directional function.
Transistors are active devices whereas resistors, capacitors and inductors are passive devices.

Active region s the region in a medium where direct electron hole pair (Eetf®mbination takes
place. For LEDs it is the region where most EHP recombination takes placeldsethdiodeit is
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the region wherstimulated emissionsexceedspontaneous emissioandabsorption. It is
the region where coherent emission dominates.

Airy disk is the central white spot in théry ring pattern

Airy rings represent diffraction pattern from a circular aperture illuminated by a coherent beam of
light. The central white spot is called thgy disk , its radius corresponds to the radius of the first
dark ring.

Light intensity pattern - A [ight beam incident on a small
circular aperture becomes diffracted
and its light intensity pattern after
passing through the aperture is a
diffraction pattern with circular
bright rings (called Airy rings). If

the screen is far away from the
aperture, this would be a Fraunhofer
diffraction pattern.

Incident light wav

Circular aperture

Amorphous solid exhibits no crystalline structure or long range order. It only posses a short range order
in that the nearest neighbors of an atom are well defined by virtue of chemical bonding requirements.
Seeglass

Angstrom (A) is 10 meters.

Anisotropy (optical) refers to the fact that thefractive index n of acrystal depends on the
direction of the electric field in the propagating light beam. The velocity of light in a crystal depends
on the direction of propagation and on the state giatarization, i.e. the direction of the electric
field. Most noncrystalline materials such as glasses and liquids, and all cubic crysiptecaty
isotropig that is the refractive index is the same in all directions. For all classes of crystals excluding
cubic structures, the refractive index depends on the propagation direction and the state of
polarization. The result of optical anisotropy is that, except along certain special directions, any
unpolarized light ray entering such a crystal breaks into two different rays with different
polarizations and phase velocities. When we view an image through a calcite crystal, an optically
anisotropic crystal, we see two images, each constituted by light of different polarization passing
through the crystal, whereas there is only one image through an optically isotropic crystal. Optically
anisotropic crystals are callbgefringent because an incident light beam may be doubly refracted.
Experiments and theories on “most anisotropic crystag¢s'those with the highest degree of
anisotropy, show that we can describe light propagation in tertheeefrefractive indices, called
principal refractive indices n,, n, andn,, along three mutually orthogonal directions in the
crystal, say, y andz calledprincipal axes. These indices correspond to the polarization state of
thewavealong these axes. Crystals that have three distinct principal indices altatapéc
axes and are callddaxial crystals On the other handniaxial crystalshave two of their principal
indices the samen(=n,) and only haveneoptic axis. Uniaxial crystals, such as quartz, that
haven, > n, and are callegositive and those such as calcite that hayen, are callechegative
uniaxial crystals.

i A
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A line viewed through a cubic sodium chloride (halite) crystal (optically isotropic) and a calcite
crystal (optically anisotropic).

Annealing point of glassis the temperature at which thiscosity of a glass is about 1¥0Pa s (or 18
dPa s; dPa is decipascals) . For example, for fetied glassthis is about 1180C. Viscosity of

glass is strongly temperature dependent and decreases steeply as the temperature increases. At the
annealing point, the viscosity is sufficient to relieve internal stresses.

Antireflection (AR) coating is a thin dielectric layer coated on an optical device or component to reduce
the reflection of light and increase the transmitted light intensity.

hdﬁ

ny ny N3

Illustration of how an
)QUQU_) antireflection coating
reduces the reflected

light intensity

A
B «—

T T
SurfaceAntireﬂection Semiconductor of
coating photovoltaic device

Consider a thin layer ofdielectric material such as 3, (silicon nitride) on the surface of a
semiconductoroptoelectronic device such asalar cell If this antireflection coating has an
intermediateefractive index then the thin dielectric coating can reduces the reflected light

intensity. In this case,(air) = 1,n,(coating)= 1.9 andh,(Si) = 3.5. Light is first incident on the
air/coating surface and some of it becomes reflected. Suppose that this reflacteziA. WaveA

has experienced a 180° phase change on reflection as thisxtearal reflection. The wave that
enters and travels in the coating then becomes reflected at the coating/semiconductor surface. This
wave, sayB, also suffers a 180° phase change smcen,. When waveB reached, it has

suffered a total delay of traversing the thickrete§the coating twice. The phase difference is

equivalent td (2d) wherek, = 277 is thewavevectorin the coating and is given by7d_ where
A. is the wavelength in the coating. Since= A /n,, whereA is the free-space wavelength, the
phase differencAgbetweerA andB is (2rm,/A)(2d). To reduce the reflected lighk,andB must
interfere destructively and this requires the phase differencert@bedd-multiples oft mrrwhere
m=1,3,5,.. is an odd-integer. Thus

2 _ _0OaxO

D/\ZSZd—mn or d_m%l—nﬁ
Thus, the thickness of the coating must be multiples of the quarter wavelength in the coating and
depends on the wavelength. To obtain a good degréestifuctive interferencebetween waves
A andB, the two amplitudes must be comparable. It turns out that wenpeed(n,n,). Whenn, =
V(n,n,) then thereflection coefficientbetween the air and coating is equal to that between the

coating and the semiconductor. In this case we would ¥i&e¥)) or 1.87. Thus, $, is a good
choice as an antireflection coating material oedkar cells Generally an AR coating operates at
one or over a narrow range of wavelengths.

Ar ion laser can provide powerful CW visibleoherent radiation of several watts. The laser operation
is achieved as follows: The Ar atoms are ionized by electron collisions in a high current electrical
discharge. Further multiple collisions with electrons excite the argon igrtoAx group of g

energy level$B5 eV above the atomic ground state. Thpsjgulation inversion forms between
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the 4 levels and thedllevel which is about 33.5 eV above the Ar atom ground level. Consequently,
the stimulated radiation from the #evels down to theslevel contains a series of wavelengths
ranging from 351.1 nm to 528.7 nm. Most of the power however is concentrated, approximately
equally, in the 488 and 514.5 nm emissions. THadkr at the lower laser levelgdreturns to its

neutral atomic ground state via a radiative decay to th@Aiground state, followed by

recombination with an electron to form the neutral atom. The Ar atom is then ready for
"pumping" again. TheDoppler broadened linewidth of the 514.5 nm radiation is about 3500

MHz (Av) and is between the half-intensity points. Typically the argon-ion laser the discharge tube
is made of Beryllia (Beryllium Oxide).
Energy

A

4p levels

W 488 nm
W 514.5 nm
4s

72 nm
Pumping Kﬂ/\

15.75 e\H — Art ion
ground state

Ar atom
ground state

The Ar-ion laser energy diagram

Armoring is the protective “cover” made of metal wires or bands, that is put around the cable sheath; it
provides protection against harsh external environments.

Arrhenius temperature dependencemplies that the rate of change in a physical or chemical process,
or the particular property under observation, has an exponential temperature dependence of the form

0 AH[
Rate= CexpD RTO

whereC is a constanR is the gas constank,is the temperature (in Kelvins) aA#i is the
activation energyof associated with the process, in J ol

Asynchronous signalis not synchronized to any one time reference signal. A synchronous transmission
does not use a common clock signal between the transmitter and receiver.

Attenuation is the decrease in tluptical power of a travelingwave, or a guided wave in a dielectric
waveguide, in the direction of propagation due to absorption and scatteAna fifie optical
power at some locatidD, and if it isP at a distancé from O along the direction of propagation

then the attenuation coefficient is defineddby 10_"In(P/P,). In terms of attenuation measured in
decibels
10
dgg = a =4.3%4
In(10)
Avalanche breakdownis the enormous increase in the reverse currenpimjanction when the applied

reverse field is sufficiently high to cause the generation of electron hole painpdut
ionization in the space charge layer.
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Avalanche multiplication factor M of anavalanche photodiode(APD) is defined as
M = Multiplied photocurrent _

Primary unmultiplied photocurren_t | oho

wherel  is the APD photocurrent that has been multipliedignds theprimary or
unmultiplied photocurrent.

Avalanche noiseis the excess noise in the photocurrent ohemlanche photodiodedue to the
statistics of the multiplication process occurring in the avalanche region. The avalanche process does
nor occur continuously and smoothly in time but as discrete events whose frequency of occurrence
fluctuates in the avalanche region about some mean value. Thus the multiphtétiotuates about
a mean value. The result of the statisticBrgdact ionization is an excess noise contribution,
calledavalanche noisgo the multipliedshot noise The noise current in an avalanche photodiode

(APD) is given by,
.n APD — [Ze(ldo + I ho)lvleB]l/2
whereF is called theexcess noise factand is a function dfl and the impact ionization

probabilities (called coefficients). Generalyis approximated by the relationshig M* wherex

is an index that depends on gemiconductor, the APD structure and the type of carrier that
initiates the avalanche (electron or hole). For Si AR .3 - 0.5 whereas for Ge and IlI-V (such
as InGaAs) alloys it is 0.7 - 1.

Avalanche photodiode (APD)is aphotodiode with a depletion region in which the field is
sufficiently large for an avalanche multiplication of photogenerated charge carriemsdny
lonization. The avalanche process in the APD occurs over a limited region @épthetion layer
and the photodiode design allows only the multiplication of one type of carrier for example electrons
for Si.

Avogadro's number N, is the number of atoms in exactly 12 grams of Carbon-12. It is 6.02Z.x 10
Since atomic mass is defined 'gsof the mass of the carbon-12 atdwy,number of atoms of any
substance has a mass equal to the atomic iMgs8) grams.

Axial or longitudinal modes are allowed EM stationamnyavesthat exist along the optical cavity length
whose electric field patterns are determined by the ldngttthe optical cavitye.g.

m(z)‘—ﬂ) =L

whereA is the free-space wavelengthis the refractive index of the cavity medium and an

integer, 1, 2,.. Longitudinal modes of an optical cavity are normally associated with transverse
modes of the cavity. Each transverse mode has many longitudinal modes.

Azimuthal mode number (1) is one of two integers that are normally used to characterize propagating
modes in atep index fiber (or more generally in a cylindrical waveguide). It characterizes the
azimuthal field distribution. In a step index fiber, there &m@unber of maxima in the light intensity
around a circle center on the fiber axis.

Backscattered technique seeoptical time domain reflectometry.

Bandwidth, or optical bandwidth, is the range of modulation frequencies up to some maximum
frequencyf where the optlcal transmission characteristic of the fiber falls by a factor of 3dB. The
optical bandwidth is very roughly the same as the bit rate cafgaiynilarly toBL, the product
f,oL, called the bandwidth-length product, remains very roughly constant and a property of the fiber.
Strictly, howeverBL is not constant (especially for single mode fibers) and one should coiipare
products of fibers of comparable length. Frequently, the bandwidth-distance product is expressed as

BL” = constant whergis an index that is typically between 0.6 and 1.
Baud is a measure of the rate of digital signal transmission in terms of transitions per second.
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Beam diameter seeGaussian beam

Beam splitter is an optical device that split an incoming beam into two beams that are traveling in different

directions. Beam splitter cubes typically dsgstrated total internal reflection to split an
incident beam.

o Reflected
B = Low refractive index

transparent filmr,)

A

Transmitted -—

Left : Two prisms separated by a thin low refractive index film forming a beam-splitter cube.
The incident beam is split into two beams by frustrated total internal reflection (FTIR).
Right: Beam splitter cubes (Courtesy of Melles Griot)

Bend loss or bending losss theattenuation in anoptical fiber as a result of the bending of the
fiber. Seemicrobending lossand macrobending loss.

Bend radiusis the local radius of the fiber axis when the fiber is bent, that is, the fiber axis follows a
curvature. Typicallyattenuation increases exponentially with decreasing bend radius. Minimum
bend radius is the shortest radius of curvature to which a fiber can be bent without the induced
stressin the fiber exceeding the allowed stress.

BER, seebit error rate

Bessel functionJ,(x) of ordern is a mathematical function that is a solution to the differential equation
X2yn + Xy’ + (XZ _ nZ)y - 0

where prime represents differentiation with respeat i@.y = dy/dx andn is a constant
(independent of andy). Bessel functions are either tabulated or graphed for various algers.
looks like a damped sinusoidal wave. The electric field in cylindrical waveguides, coaxial cables,
step index optical fibers, are generally described by Bessel functions. For examgikyp fadex
fibers, zeros of the Bessel functidp(x) point to those values of thénumber at which various
modes, with the exception of thendamental mode are cut-off (cannot propagate). For
example, the LR (I = 1,m= 1) mode is cut off whed,(x) = 0 or wherV = 2.405.

Biasis a term used to describe the application of a continuous (dc) voltage across, or a current through, a
device that puts the device in a desirable operating condition. For example, applying a reverse dc

voltage across pin photodiode establishes the necessary electric field and pypis tho a
desirable operating condition.

Biaxial crystals, seeanisotropy.

Bipolar junction transistor (BJT) is a transistor whose normal operation is based on the injection of
minority carriers from theemitter into the base region and theliffusion to the collector

where they give rise to a collector current. The voltage between the base and the emitter controls the
collector current; this is the transistor action.

Birefringent crystals such as calcite are optically anisotropic which leads to an incident light beam
becoming separated into ordinaoy)(and extraordinaryef) waveswith orthogonal
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polarizations; incident light becomes doubly refracted because these two waves experience
different refractive indiceg andn,. There is no double refraction for light propagation along the

optic axis. If we were to cut a plate from a calottg/stal so that the optic axis (alormywould be

parallel to two opposite faces of the plate, then a ray entering at normal incidence to one of these
faces would not diverge into two separate waves.of a@de-waves would travel in the same

direction but with different speeds. The waves emerge in the same direction as well which means
that we would see no double refraction. This optical arrangement is used in the construction of
various optical retarders and polarizers as discussed below. If we were to cut a plate so that the optic
axis was perpendicular to the plate face, then both &mele-way would be traveling at the same

speed and along the same direction which means we would not again see any double refraction (see
alsoanisotropy)

Two polaroid analyzers are placed with their transmission axes, along the long edges, at right angles
to each other. The ordinary ray, undeflected, goes through the left polarizer whereas the
extraordinary wave, deflected, goes through the right polarizer. The two waves therefore have
orthogonal polarizations.
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An EM wave that is off the optic axis of a calcite crystal splits into two waves called ordinary
and extraordinary waves. These waves have orthogonal polarizations and travel with different
velocities. Theo-wave has a polarization that is always perpendicular to the optical axis.

Z,Ng X, no
Optic axis
A
: ! Eewave E """ Eewave
¢\A :>; i \I >y ¢\ S E— ¢\> z
E i E Ec»wave Eo—wave
(@) < (b) << Optic axis
X, Ny y,n,

(a) A birefringent crystal plate with the optic axis parallel to the plate surfaces. (b) A
birefringent crystal plate with the optic axis perpendicular to the plate surfaces.

Birefringent prisms are prisms made fromirefringent crystals for producing a highly polarized
light wave or polarization splitting of light. The Wollaston prism is a polarization splitter in
which the split beam has orthogonal polarizations. Two calcite (or quartz) right angle prisms A and
B are placed with their diagonal faces touching to form a rectangular block. Various Wollaston

prisms with typical beam splitting angles of 15 ¢ 42 commercially available.

eray

oray Optic axis,i A/ E, The Wollaston prism is a beam
'/ / polarization splitterE; is
orthogonal to the plane of the
paper and also to the optic axis
. of the first prismE, is in the
2 2 & plane of the paper and
/R orthogonal tcg;. e-ray is the
1 0 B " Optic'axis® extraordinarywave and-ray is

""""" theordinary wave.
o-ray

Optic axis

ptic axis
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al prism is held inside a cylindrical housing (Courtesy of

Melles Griot)

Bit error rate (BER) is the fraction of albits that are wrong (corrupted) within a long series of bits of
information received over a long period of time. Stated differently, it is the ratio of errors to the total
number of bits transmitted during a long digital transmission period. The lower the BER. the better
Is the transmission system.

Bit is the basic unit of information idigital communication systems and corresponds to the presence
or absence of pulses.

Bit rate is the rate at whichits are transmitted in digital communications system. Maximum rate at
which the digital data can be transmitted along the fiber is the bit rate cadbitsg, per second),
and is directly related to tlispersion characteristics of the fiber.

Bit rate x distance(BL) is the product of the bit rate capacity and fiber length and is a measure of the
information carrying capacity of a fiber. Generally, tligpersionor time spread of an optical
pulse increases with distance and the bit rate capacity consequently decreases with distance. In
multimode fibers, B decreases approximately linearly witlso thatBL is nearly constant and
fiber characteristic. Strictly, howevdl is not constant (especially for single mode fibers) and one
should compar8L products of fibers of comparable length. $aadwidth.

Black body is a hypothetical (an ideal) body that absorbs all the electromagnetic radiation falling onto it
and therefore appears to be black at all wavelengths. When heated, a black body emits the maximum
possible radiation at that temperature. A small hole in the wall of a cavity maintained at a uniform
temperature emits radiation that approximately corresponds to that from a black body .
I)

3000 K v Classical theory

Escaping black body
radiation
\ Planck's radiation law

Hot body

Spectral irradiance

Small hole acts as a black body

Schematic illustration of black body radiation and its characteristics. Spectral irradiance
vs wavelength at two temperatures (3000K is about the temperature of the incandescent
tungsten filament in a light bulb).

Black body radiation is the distribution of radiation energy as a function of wavelengths emerging from
a hotblack body such as a small hole in a cavity. The maximum amount of radiation intensity that
can be emitted by an object is called the black body radidtitraugh, in general, the radiated
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intensity depends on the material's surface, a radiation emitted from a cavity with a small aperture is
independent of the material of the cavity and corresponds very closely to black body radiation.

Spectral irradiance, is the emitted radiation intensity (power per unit area) per unit wavelength so
that/ ,dA is the intensity in a small range of wavelengtiis Planck’s black body radiation law

describes the wavelength dependence, afs
2rhc?

0. 0Ohc O
A expo—

i pDAkTglE
wherek is theBoltzmann constant T is the temperature (Kelvind),is the Planck constart,is
the speed of light.

Boltzmann energy distribution, seeBoltzmann statistics.

Boltzmann statisticsdescribes the behavior of a collection of partickeg.gas atoms) in terms of their

energy distribution. It specifies the number of partidg), with an energye throughN(E) [

exp(-E /kT) wherek is the Boltzmann constant aids the temperature (Kelvins). The description

IS non-quantum mechanical in the sense that there is no restriction to how many particles can have
the samestate (the sameavavefunction) with an energyE. It applies when there are only a few
particles compared with the number of possible states so that the likelihood of two particles having
the same state becomes negligible. This is generally the case for thermally excited electrons in the
conduction bandof asemiconductorwhere there are many more states than number of
electrons. The kinetic energy distribution of gas molecules in a tank obeys the Boltzman statistics.

A

__— = exp(EKT)

The Boltzmann energy distribution describes the
statistics of particle®.g.electrons, when the
particles do not interact with each othiex, when
there are very few electrons compared with the
number of available states.

N(E)

1 2

Boltzmann’s constantk is the gas constant per atom or per molecule, that is, the gas constant divided

by Avogadro’s number (k = R/N,); k = 1.3810% J K*. (%, kT is the mean kinetic energy
associated with the translational motions of gas molecules in a gas cylinder at tempgrature

Boron trioxide (B,O,) is added tailica glassto form B-doped silica to modify (decrease) the
refractive index.

Boundary conditionsrelate the normal and tangential components of the electric field next to the
boundary. The tangential component must be continuous through the boundary. SupgQsesthat
the normal component of the field in medium 1 at the boundary, gisdhe relative permittivity in

medium 1. Using a similar notation for medium 2, then the boundary condi&gk js= €,.E.,.
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Boundary

Boundary conditions between dielectriEsis the

~a tangential and,, is the normal electric field to the
boundary Subscripts 1 and 2 refer to dielectrics 1 and 2.
€r1En1 = €roEp andEgy = Epp

%
L
Bragg diffraction condition, seediffraction grating.

Bragg wavelengthis a particular wavelengthy, of electromagnetic radiation that satisfies Bnagg
diffraction condition,

qE:Z/\sinG
n

whereA\ is the periodicity of the diffracting structurejs therefractive index of the medium

diffracting thewavesand@ is the diffraction angle, and g is an integer (1,2,so that the
electromagnetic radiation becomes diffracted.

Brewster's angle or polarization angle(g,) is the angle of incidence which results in the reflected
wave having no electric field in the plane of incidence (plane defined by the incident ray and the
normal to the surface). The electric field oscillations are in the plane perpendicular to the plane of

incidence. When the angle of incidence of a light wave is equal to the polarizatiof atigidield
in the reflected wave is then always perpendicular to the plane of incidence and hence well-defined.
The reflected wave is then plane polarized. This special angle is given by

n
tang, = —2

In addition, the transmitted (the refracted) wave has a greater field amplitude in the plane of
incidence. By using a pile glassplates inclined at the Brewster angle, one can construct a
polarizer that provides a reasonable polarized light with the field in the plane of incidence.

When an unpolarized light
wave is incident at the
Brewster angle, the reflected
wave is polarized with its
optical field normal to the

1 plane of incidence, that is
parallel to the surface of the

1 glass plate. The angle

between the refracted

| cident Reflocteq  (transmitted) beam and the

light light reflected beam is 90

Glass plate

\ E parallel to paper

® E normal to paper
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David Brester(1781-1868), a British physicist, formulated the polarization law in 1815. He was a
Professor of Physics at St. Andrew’s University and later the Principal of the University of Edinburgh.
(Courtesy of AIP Emilio Segré Visual Archives, Zeleny Collection.)

Brillouin scattering is thescattering of electromagnetic wavesn a non-linear medium by high
frequency acoustic (‘sound”) or ultrasonic generated in that medium. The frequency of the scattered
waveis shifted by an amount equal to the frequency of the sound wave.

Built-in voltage (V,) is the voltage acrosspm junction, going fronp to n-type semiconductor, in an
open circuit. It is not the voltage across dnede which is made up df, as well as the contact
potential at the metal electrode to semiconductor junctions.

Buried double heterostructure laser diodeis a double heterostructusemiconductor laserdevice
that has it@ctive region“buried” within the device in such a way that it is surrounded by low
refractive index materials rendering the active region as a waveguide.

Oxide insulation___ Electrode
pr-AlGaAs (Contacting IayerLM
ini )
PAIGaAs (CO”“?]'_R?G'Z{&” Schematic illustration of the cross
p-GaAs (Active layer) sectional structure of a buried
n-AlGaAs (Confining layery— heterostructure laser diode.
n-GaAs (Substrate)
——

Butt jointed optical fibers are two fibers that are placed end-to-end with their flat ends as close as possible
to allow light exiting one fiber to enter the other fiber.

Carrier confinement is the restriction of injected charge carriers to a small volume to increase the carrier
concentration. The restriction of injected carriers is achieved by usiegejunction so that

there is a step change in ttenduction bandedge QE,) or a step change in thalence band

edge (E,).

Cathode-ray tube (CRT)is a vacuum tube device that uses an electron beam to provide an image on a
luminous screen. Thermionically emitted electrons from a heated cathode at one end of the tube are
accelerated by ring shaped anodes (hollow cylinders) which form an electrostatic lens system to
focus the beam. Electrons pass through the anode rings and form a beam that strikes the enlarged
end of the tube. The latter is coated on the inside with a fluorescent material (a phosphor) so that the
region struck by the electron beam becomes luminous. A negative voltage applied to a grid between
the cathode and the anode controls the intensity of the electron beam. The cathode (including the
filament), grid and the anode assembly is termed an electron gun. The electron beam from the
electron gun can be deflected>ogindy-deflection plates or by magnetic coils.

Cathodoluminescence seeluminescence

Centrosymmetric crystalshave a unit cell with a center of symmetry. If we draw a vectaym point

O to any charge and then reverse the veceomake it-r, we will find the same charge. If, on the
other hand, we dootfind the same charge when we reverse the vector, then the uninceit is

centrosymmetricr and-r point on to different ions. Non-centrosymmetric crystals exhibit
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piezoelectricity.

® O, ® ®

S S
© o ©
r O @
® 0 @ =
(a) Centrosymmetric (b) Non-centrosymmetric

Chemical potential i or Gibbs free energy per atomG of a system or a substance is the potential
energy per atom for doing n@V (non-mechanical) work, for example electrical or magnetic work.
It is the change in the chemical potential (or change in Gibbs free energy per atom) that results in
non{pV work to be done. For example in a battery, the EWJfhat is available is the chanfp.
The term chemical potential (potential energy) is used because the work comes about typically
through chemical changes.

Chemical vapor deposition (CVD)is a chemical process by which reaction between gaseous reactants
results in products that are deposited as solid.

Chip is a piece (or a volume) of a semiconductystal which contains many integrated active and
passive components to implement a circuit.

Chirp, seeoptical Kerr effect.

Chromatic dispersion coefficientD,, is time spread of a propagating optical pulse in an optical guide
per unit length and per unit spectral wavelength width due to the wavelength dependence of all the

guide properties. 184 is the spread of the excitation wavelengths coupled into the dibsrthe
spread in propagation times of these different wavelengtisshe fiber length then,
190t
LA
The overall chromatic dispersion coefficient can be written as
Dy, =D,+D,+D,
whereD,, D, andD, are the material, waveguide apibfile dispersion coefficients.
Chromatic dispersionis due to thalispersion of a traveling pulse of light along amptical fiber as a
result of the wavelength dependence of the propagation characteristics and waveguide properties but
excluding multimode dispersion. Chromatic dispersion arises as a result of the range of wavelengths
in the emissiorspectrum of theemitter (e.g.LED or laser diode that are coupled into the fiber.
It is the combination ofmaterial dispersionandwaveguide dispersion

Circularly birefringent crystal is a medium in which the right and left handed circularly polarized
waves propagate with different velocities and experience different refractive indieesin, . Since
optically active materials naturally rotate thatical field, it is not unreasonable to expect that a
circularly polarized light with its optical field rotating in the same sense afttecal
activity will find it easier to travel through the medium. Thus, an optically active medium
possesses different refractive indices for right and left handed circularly polarized light and exhibits
circularly birefringence.

Circularly polarized light has the magnitude of the field vecEbronstant but its tip at a given location
on direction of propagatioe,g.z -direction, traces out a circle by rotating either in a clockwise
senseright circularly polarized with time, as observed by the receiver ofwlae or in a
counterclockwise sendeft circularly polarized
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__________________________

A right circularly polarized light The field vectoE is always at right
angles ta, rotates clockwise arourzdwith time, and traces out a full
circle over one wavelgth of distanceropagated.

y y y y

(a) (b) (c) (d)
X X X X

v NN,
Ex0:0 Exo: Exo: Exo:]-
£0=1 0= £,= 1 o= 1
9=0 =0 ¢ =ml2 ¢ =-nl2

Examples of linearly, (a) and (b), and circularly polarized light (c) and (d); (c) is right
circularly and (d) is left circularly polarized light (as seen when the wave directly
approaches a viewer)

Cladding is thedielectric layer that surrounds the dielectric core ofogtical waveguide

Cleaved-coupled-cavity(C® laser device, two different pumped laser optical cavitiaadD (different
lengths) are coupled in such a way that only modes that satisfy both cavities can exist for the whole
system (of two cavities). The two lasers are pumped by different currents . OnlywHwesthat
can exist as modes looth cavities are now allowed because the system has been coupled. The
modes irnL are more closely spaced than modd3.iithese two different set of modes coincide
only at far spaced intervals. This restriction in possible modes in the combined cavity and the wide
separation between the modes, results in a single mode operation.

Cavity Modes

LS I I Y I

< <~ = Active |, p
layer | | | | | | | A

«~—VL——> <D—> In both | |
L andD A

(a) (b)

Cleaved-coupled-cavity @laser

Coherence length is the spatial distance over which any two poihedQ on a waveform at a given
instant can be correlated, one can be predicted from the other. Supposeaetrain has a

coherence timeAt then itscoherence length= cAt.
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Coherence timeAt is the longest time period over which any two poihtendQ at a given location can
be correlated, one can be predicted from the other. When aaieés chopped, truncated, so that

it exists only over the time peridd, then it is not a perfect sine wave and contains a distribution of
frequencies. Thepectral width Av and thetemporal coherenceAt are related byhu = 1/At.

Amplitude
At | = cAt
AVAVAVAV, A\
—— Time ——> Space °
Av = 1/At

A finite wave train lasts for a duratiart and has a lengihlts frequency spectrum
extends oveAv = 1/At. It has a coherence tina¢ and a coherence lendth

Coherent radiation (or light) consists oWavesthat have the same wavelength and always have the
same phase difference with respect to each other at all times.

Compensated semiconductocontains both donors and acceptors in the saystal region which
compensate for each other's effects. For example, if there are more donors than abigepgtrs,
then some of the electrons released by donors are captured by acceptors and the net eff¢et is that
N, number of electrons per unit volume are left in¢baduction band

Complex refractive indexcharacterizes the propagation of a light wave in a medium in which there is a
loss of energy, that is, the electromagnetic wave experiences attenuation, due to various loss
mechanisms such as the generation of phonons (lattice waves), photogeneration, free carrier

absorption, scattering, etc. If N is the complex refractive index, then NjK, where the real

partn, the refractive index, represents the effect of the medium on the phase velocity, and the
Imaginary part, K, called the extinction coefficient, represent the attenuation suffered by the wave as
it travels along a well-defined propagation direction. N can be defined in termscohtpéex

relative permittivitye. = &' — j&" by
N=n-jK=Ve =V(g' -jg")

By squaring both sides we can relat@ndK directly tog, ande,”. The final result is

n+K?=¢g' and HK=g"

Optical properties of materials are typically reported either by showing the frequency
dependences ofandK or &' andg,”. The complex relative permittivity and the complex refractive
index of crystalline silicon in terms of the photon enefg@y(or frequency) are shown below. For
photon energies below the bandgap energy, H6thindK are negligible and is close to about
3.7. Bothe” andK increase and change strongly as the photon energy becomes greater than 3 eV;

far beyond the bandgap energy (1.1 eV). Notice thatdodimdn peak aroundw= 3.5 eV.

The optical properties andK can be determined by measuring the reflectance from the surface of a
material as a function of polarization and the angle of incidence (based on Fresnel's equations). The
reflection and transmission coefficients that are normally given by Fresnel’s equations are based in
using a real refractive index, that is, neglecting losses. We can still use the Fresnel reflection and

transmission coefficients if we simply use the complex refractive iNdestead oh. For example,

consider a light wave traveling in free space incident on a material at normal inci@eng€}.
The reflection coefficient is now,
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= N-1_n- jK-1
N+1 n-jK+1
The reflectance is then
_n-jKk -1 _(n-1%+K?
Cn-jK+1  (n+1)? +K?
which reduce to the usual forms when the extinction coeffi&ien0.

50
] 87 7l
30+ I . a xl?’ m
_ Imaginary 24
20
£ 541 n _ —20
10 na- Imaglnary_16
K
04 3 —12
2 —8
-10- 1 —4
-20 — T T T T T T 0 S S R B B B S 0
15 2 3 4 5 6 0 2 4 6 8 10
Photon energyh(») Photon energyh(»)
Complex relative permittivity of a Optical properties of a silicon crystal vs.

silicon crystal as a function of photon  photon energy in terms of real) (@nd _
energy plotted in terms of real) and ~ Imaginary K) parts of the complex refractive

) _ index.
imaginary €¢,') parts.

Complex relative permittivity (&' +j&") has a real parg() that determines the charge storage ability
and an imaginary parg() that determines the energy losses in the material as a result of the
polarization mechanism. The real part determines the capacitance tBroggh’' A/d and the
imaginary part determines the electric power dissipation per unit volume as @by, where
E is the electric fieldwis the angular frequency aggls the absolute permittivity.

Complex propagation constant(k' — jk") describes the propagation characteristics of an
electromagnetic wavehat is experiencingttenuation as it travels in a lossy medium. K& k'

- jk" is the complex propagation constant, then the electric field componeplapieawave
traveling along in a lossy medium can be described by

E = Eexpk'zexg(wt — kK'2)
E Medium

—»k

Attenuation of light in the
direction of propagation.
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The amplitude decays exponentially while tesve propagates alorng Thereal k' part of the
complex propagation constamtgvevectoln describes the propagation characterisgag.,phase
velocity v = wlk. Theimaginaryk” part describes the rate of attenuation albnthe intensity at
any point along is

I D|EF O exp2K'z2)
so that the rate of change in the intensity with distance is

d/ /dz=-2K"1
where the negative sign represents attenuafioppose thak, is thepropagation constantin
vacuum. This is a real quantity as a plane wave suffers no loss in free spaoemphex
refractive index N with real parh and imaginary pak is defined as the ratio of the complex
propagation constant in a medium to propagation constant in free space

N =n-jK = kik, = (1k)[K - k']

n=Kk/k, and K =Kk"/k,
The real parh is simply and generally called theal refractive index andK is called the
extinction coefficient In the absence of attenuation,

k" =0,k=Kk andN = n = k/k, = K'/k,.

Complex refractive index, seecomplex propagation constant.

Compton effect is thescattering of a high energyphoton by a "free" electron. The Compton effect is
experimentally observed when drray beam is scattered from a target that contains many
conduction (“free") electrons such as a metal or graphite. When an X-ray photon interacts with a
conduction electron in a metal it becomes deflected just as if it were a "particle” with a certain
momentunp. The photon loses some of its energy to the electron and therefore suffers a reduction

in the frequency fronw to v'. From the Compton experiment, the momentum of the photon has
been shown to conform = h/A (De Broglie relationship).

Conduction band (CB) is a band of energies for the electron seaniconductorwhere it can gain
energy from an applied field and drift and thereby contribute to electrical conduction. The electron in
the conduction band behaves as of were a "free" particle with an effectiveniass,

Confining layer is a layer with a wider bandgap than the active layer, and adjacent to it, to confine the
injectedminority carriers to the active layer.

Connector is a mechanical coupling component (frequently at the end aptecal fiber cable) that
allows two fibers to be easily aligned and coupled together end-to-end as close as possible. A
connector can also couple a fiber toeanitter or a detectorinsertion lossof a connector is
usually higher than that ofsplice

Consolidationis a process by which the hollow soot rod coming out fronothside vapor

depositionprocess is sintered, bypassing through a furnace (1400 20§phhto a cleaglass

preform rod; thigoreform is next used in the fibelrawing process. Seeutside vapor
deposition.



lllustrated Dictionary of Important Terms and Effects in Optoelectronics and Photonics (O 1999 S.0. Kasap) 22

The soot rod is fed into the consolidation furnace for sintering (Courtesy of Corning.)
Constructive interference seeinterference.

Contacting layerin a heterostructure device is a layer that is grown on a gemnconductorfor the
purpose of making amhmic contact that is for avoiding a Schottky junction.

Continuous wave(CW) is an untruncated sinusoidal oscillation; untruncated means over the time scale of
observation as opposed to a pulsed oscillation that lasts for a short duration of time.

Conversion efficiencygauges the overall efficiency of the conversion from the input of electrical power
to the output obptical power. Although this is not generally quoted in data sheets, it can be easily
determined from the output power at the operating diode current and voltage. In some modern LSD
this may be as high as 30-40%.

Core is the central region of awptical fiber that has a higheefractive index than the outer region.
Most of the light propagates through the core region of a fiber.

Cotton-Mouton effectis the inducement of birefringence in a material due to the application of a
magnetic field, analogous to the electro-optic Kerr effect. For example, when a magnetic field is
applied to a liquid, the molecules may become aligned resulting in an optical anisotropy. The
induced change in thefractive index is proportional to the square of the magnetic field.

Coupled waveguidesare two sufficiently closely spacexptical waveguides sayA andB) such that
the electric fields associated with the propagation modésidB can overlap so that light can be
coupled from one guide to another in a reminiscent wdgustrated total internal reflection.
We can use qualitative arguments to understand the nature of light coupling between these two
guides. Suppose that we launch a light/e into the guideA operating in single mode. Since the
separatiord of the two guides is small, some of the electric field inethenescent wavef this
mode extends into guid® and therefore some electromagnetic energy will be transferred from
guideA to B. This energy transfer will depend on the efficiency of coupling between the two guides
and the nature of the modesArmndB, which in turn depend on the geometries and refractive
indices of guides and tteribstrate (acting as &ladding). As light in guideA travels along, it
leaks intoB and, if the mode iB has the right phase, the transferred light waves build up aksg
a propagating mode B. By the same token, the light now travelinddialongz can be transferred
back intoA if the mode imA has the right phase. The efficient transfer of energy back and forth
between the two guidésandB requires that the two modes be in phase to allow the transferred
amplitude to build-up along If the two modes are out of phase, the waves transferred into a guide

do not reinforce each other and the coupling efficiency is poor. Suppogk dmal3; are the
propagation constantsof thefundamental modesin A andB, then there is phase

mismatch per unit length alongthat isAS = 3, — Bs. The efficiency of energy transfer between
the two guides depends on this phase mismatch. If the phase migfiat€hthen full transfer of
power fromA to B will require a coupling distande,, called theéransfer distanceThis transfer

distance depends on the efficiency of couplingetween the two guidésandB, which in turn
depends on the refractive indices and geometries of the two glidepends on the extent of
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overlap of the mode fields, andE; in A andB respectively. The transmission lengths inversely
proportional toC (in fact, theory shows that = 77C). In the presence of no mismat&{i = 0, full
transmission would occur over the distahgeHowever, if there is a mismat&¥8 then the

transferred power ratio over the distabhg®ecomes a function &8. Thus, ifP,(2) andPy(2)
represent the light power in the guideandB atz, then

Ra(Lo) _
P.(0) f(AB)

This function has its maximum whé& = 0 (no mismatch) and then decays to zeyGat

mV/3/L.. If we could induce a phase mismatch\gf= rv/3/L, by applying an electric field, which

modulates the refractive indices of the guides, we could then prevent the transmission of light power
from A to B. Light is themottransferred td.
X

Top view
,T—> 4
Cross-section B Pg(Ly)
e ——
Coupled waveguides Input "=
Pa(0) >—pazet™ PA(L
Ny Ng A A A( o)
B s

(a) (b)

(a) Cross section of two closely spaced waveguidaisdB (separated bgl) embedded
in a substrate. The evanescent field flidextends intd and vice versa. Not@ey, and

Ng > Nng (= substrate index).

(b) Top view of the two guide& andB that are coupled along tzealirection. Light is
fed intoA atz= 0, and it is gradually transferredBalongz. At z=L,, all the light has
been transferred . Beyond this point, light begins to be transferred badkitothe

same Wg.
Pg(L,)/PA(0)
100% Transmission power ratio from guideto
guideB over the transmission lengtly as
a function of mismatchp.
f T Ap =V
0 (nv3)IL,

Critical angle (6, is the angle of incidence that results in a refrastede at 90° when the incident wave

is traveling in a medium of loweefractive index and is incident at a boundary with a material
with a higher refractive index.

Crystal is a three-dimensional periodic arrangement of atoms or molecules or ions. A characteristic
property of the crystal structure is its periodicity and a degree of symmetry. For each atom the
number of neighbors and their exact orientations are well defined, otherwise the periodicity will be
lost. There is thereforelang range orderesulting from strict adherence to a well defined bond
length and relative bond angle (or exact orientation of neighbors).
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Crystal momentum of the electron in arystal is 77k wherek is the ‘wavevector' of the electron in the

crystal, that igp(x) =U(X)expjkx) is a solution of the Scrodinger equation given the periodic
potential energy for the particular crystal of interest. Such a solution is a travaimegvith a
wavevectok and that is spatially modulated byx). The rate of change &k is equal to the sum of

all external forces only thusk represents what we understand as the momentum of a particle.
However, in this case the electron is in the crystal and subject to a periodic potential energy; hence
the name crystal momentum. In geneiklis not the true momentum of the electron because the rate
of change ofik is not equal to the total force, including internal forces. Nonetheless, we caiktreat
iIn most cases as a “momentum”.

Crystallization is a process by whiotrystals of a substance are formed from another phase of that
substance, for example, from the melt by solidification just below the fusion temperature or by
condensation of the molecules from the vapor phase mtbstrate The crystallization process
initially requires the formation of small nuclei of the crystal phase which contain a limited number
(perhaps 1810%) of atoms or molecules of the substance. Following nucleation, the nuclei grow by
atomicdiffusion from the melt to the nuclei.

Cut-off wavelength of a mode of amwptical waveguideis the critical wavelengtid, below which the
guide cannot support the propagation of this particular mode. For example, in a planar slab dielectric

waveguide, when the wavelength is such thavdmeimber is less thamr2, them =1 (TE) mode
cannot be supported and the guide can only suppam th® mode (TE); it becomes &ingle
mode waveguide

Dark current of a photodetector is the dc current that flows in the absence of light when it is carrying a
bias voltage. In gon junction photodiode, the bias voltage is @verse biasacross the device,
and the dark current depends strongly on the temperature. There are two contributions to the dark
current which are thdiffusion of minority carriers in the neutral regions and the thermal
generation of electron hole pairs (EHPS) in the space charge layer (SCL). Both depend strongly on
the temperature and the dark current increases exponentially with increasing temperature, typically as

a thermally activated process. | .., ~ expEE/nkT) wheren is 1 if the reverse current is
controlled by minority carrier diffusion in the neutral regions and 2 if it is controlled by thermal
generation of EHPs in the SCE, is the bandgap of th@miconductormaterial k is the
Boltzmann constant andis the temperature (K). Seeverese diode current

Data rate is the rate at whichits are transmitted per unit time according to a well-defined information
coding system usee,g.return-to-zero (RZ) ornonreturn-to-zero (NRZ). NRZ data rate is
higher than the RZ data rate.

Debye equationsattempt to describe the frequency response otdineplex relative permittivity,

£'+¢g", of a dipolar medium through the use of a single relaxationttimelescribe the
sluggishness of the dipoles driven by the external ac field.

Decibelis a logarithmic unit opower gaindefined as dB = 10log( /P,) whereP is the power. It can be
used to describe voltage gain as well in which case dB = 2Q|@g() whereV is the voltage.
Similarly it can also describe a current gain by dB = 20Jof() wherel is the current.

Degenerate semiconductohas so many dopants that the electron concentration gotidiction
band (CB), or hole concentration in thalence band(VB), is comparable with thdensity of
statesin the band. Consequently the carriers interact with each othétesmd-Dirac statistics
must be used. The Fermi level is either in the CB fortgpe degenerate, or in the VB fopatype
degenerate semiconductor. The superscript + indicates a hdapég semiconductor

Density of statesg(E), is the number of electrastates(e.g. wave functions¢(n,4,m,m)) per unit

energy per unit volumg(E)dE is thus the number of states in the energy r&tgeE+dE per unit
volume.
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Depletion (space charge) layer capacitands the incremental capacitanai(dV) due to the change
in the exposed dopant charges indegletion layeras a result of the change in the voltage across
thepn junction.

Depletion layer (or space charge layerSCL) is a region around theetallurgical junction
whererecombination of electrons and holes has depleted this region of its large number of
equilibrium majority carriers.

Destructive interference seeinterference.
Detectivity is the reciprocal ohoise equivalent power(NEP).

Dichroism is a phenomenon in which the optiehisorption in a substance depends on the direction of
propagation and the statepdlarization of the light beam. A dichroicrystal is an optically
anisotropic crystal in which either teevave or thed-wave is heavily attenuated (absorbed).

Dielectric is a material in which energy can be stored by the polarization of the molecules. It is a material
that increases the capacitance or charge storage ability of a capacitor. Ideally it is a non-conductor of
electrical charge so that an applied field does not cause a flow of charge but instead relative
displacement of opposite bound charges and hence polarization of the medium.

Dielectric lossis the electrical energy lost as heat in the polarization process in the presence of an applied
ac field (an alternating electronic field). The energy is absorbed from the ac voltage and converted to

heat during the polarizations of the molecules. It should not be confused with conductimfiioss
or V?/R. Seecomplex relative permittivity.

Dielectric mirror is made from alternating high and loefractive index quarter-wave thick
multilayers. Such dielectric mirrors provide a high degree of wavelength seleftaatanceat

the required free space wavelengtifithe thicknesses of alternating laydysandd, with refractive
indicesn, andn, are such that

n,d, + n,d, =,
which then leads to theonstructive interferenceof all partially reflected waves at the interfaces

Dielectric strength is the maximum field£,,) that can be sustained irdeelectric beyond which
dielectric breakdown ensue<. there Is a large conduction current through the dielectric shorting
the plates.

Diffraction grating is an optical device with a periodic array of slits for diffracting (“deflecting”) an
incident light beam through an angle that depends on the wavelength and the periodicity of slits in
the grating. In its simplest form it has a periodic series of slits in an opaque screen. An incident

beam of light is diffracted in certain well-defined directions that depend on the wavelengttihe
grating properties, that is the slit separatipn
dsinf=mA ;m=0,%1,+2, ...

which is the well knovgrating equationalso known as thBraggdiffraction condition The value
of mdefines thaliffraction order;m= 0 being zero-ordem = 1 being first ordeetc. Orderm =
0 corresponds to the fraction of light unperturbed by the grating (transmitted without deviation).
This basic geometrical formula does not give the amount of diffracted power in each order.

In atransmission grating, the incident and diffracted beams are on opposite sides of the
grating. Typically parallel thin grooves orgkassplate would serve as a transmission grating.
Among transmission gratings, it is customary to distinguish betasgtitude gratings (the
transmission amplitude is modulated) and so-callease gratings(only the refractive index is
modulated, without any losses).réflection grating has the incident beam and the diffracted
beams on the same side of the device. The surface of the device has a periodic reflecting structure,
easily formed by etching parallel grooves in a metal &étmThe reflecting unetched surfaces serve
as synchronous secondary sources that interfere along certain directions to give diffracted beams of
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zero-order, first-ordegtc. If 6 is the angle of incidence, then the diffraction aljléor them-th
mode is given by,
d(sing,+sinf) =mA; m=0,%1, 2, ...
where the negative (positive) sign applies to a transmission (reflection) grating. Some unintentional
defects of periodicity can also lead to spurious diffracted beams knaghostsA grating is not

necessarily plane nor strictly periodic; volurhmogramscan be considered as a generalised three
dimensional diffraction grating.

One possible ~ Single slit :
diffracted beam diffraction

y
envelope
Incident
light wave | a| B
—:}T , m=2 Second-order
I ,< m=1 First-order

m=0 Zero-order

:dl\
1 \0

i dsing

%

m= -1 First-order
m= -2 Second-order

i

Diffraction grating
Intensity<——

(a) (b)

(a) A diffraction grating wittN slits in an opaque screen. Slit
periodicity isd and slit width isa; a << d. (b) The diffracted light
pattern. There are distinct beams in certain directions (schematic)

AT

William Lawrence Bragg (1890-1971), Australian born British physicist, won the Nobel prize with his
father William Henry Bragg for his "famous equation" when he was only 25 years old. (Courtesy of
Emilio Segre Visual Archives, AIP, Weber Collection.)

Diffraction is a spread or bending of a freely propagating wave when it encounters any type of obstacle.
For example, sound waves become bent (deflected around) corners. When a light wave passes
through an aperture (an opening in an opaque screen) it spreads out from the aperture and the
exhibits regions of maximum and minimum intensity as a resuft@fference of spherical
wavesemitted from every point in the aperture in accordance witlkthgens-Fresnel
principle. The intensity distribution in the diffracted beam as registered by an observer is called the
diffraction pattern The light pattern of the diffracted beam does not correspond to the geometric
shadow of the aperture. Diffraction phenomena are generally classified into two categories. In
Fraunhofer diffractionthe incident light beam isgane wave(a collimated light beam) and the
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observation or detection of the light intensity pattern (by placing a photographic screen etc.) is done
far away from the aperture so that the waves being received also look like plane waves. Inserting a
lens between the aperture and the photographic screen enables the screen to be closer to the apertul
In Fresnel diffractionthe incident light beam and the received light waves are not plane waves but
have significantvavefront curvatures. Typically, the light source and the photographic screen are
both close to the aperture so that wavefronts are curved. Fraunhofer diffraction is by far the most

important.

Incident plane wave

A secondary
wave source

~
\

1
1 1
1 1
1
1
1
:_bl I L |_>
[N
1 RNV H !
X
! ! /<~,‘>f A/ 1
1 TN I—;
l_>: '\ o | New H H
1 1 <=/ N
1 1 T wavefront : 1
1 1 oy ISTN 1 |
o v
1 E VN 1 P [N
1 1 NP AN 1 1 -
S ~ } 1
: 1 ’ >:>\’ \ s 1
E L e ﬁ
1 NPT ! !
H H < ¥ 1 1
1 1 vI>T Ny 1
[ Vov
LA o

(a)

\ =
A

/ Another new
A wavefront (diffracted)

[ ]
>
[ ]

~ -
YOV TN
4.,\/\
v '
— -\ 7/

]

v LT TN
d

l‘/\ ".I\/\
ARSI
< PN
- N
-

(a) Huygens-Fresnel principles states that each point in the aperture becomes a source of

secondary waves (spherical waves). The spherical wavefronts are separsat€ey
new wavefront is the envelope of the all these spherical wavefronts. (b) Another

possible wavefront occurs at an an@l® thez-direction which is a diffracted wave.
Light intensity pattern

Incident light wave

Circular aperture

A light beam incident on a small circular aperture becomes diffracted and its light
intensity pattern after passing through the aperture is a diffraction pattern with circular
bright rings (called Airy rings). If the screen is far away from the aperture, this would be

a Fraunhofer diffraction pattern.

Diffraction limited system is an imaging system whose resolution is diffraction limited. Even in the
case of perfettigmatismthe actual resolution of an imaging instrument is never perfect. For
instance, a parabolic telescope, although perfectly stigmatic for the conjugation between an on-axis
distant star and the focal point, exhibits a typical Airy diffraction pattern in the focal plane, with a
transverse dimension inversely proportional to the diameter of the entrance pupil. From a signal-
processing aspect, the Airy pattern is the response function of the apparatus. The only way to
enhance the performance is to enlarge the pupil — hence the realization of so-called “very large”

telescopes.
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Diffuse radiation, seesolar radiation air mass

Diffusion coefficientis a measure of the rate at which atoms diffuse. It depends on the nature of the
diffusion process and typically it is temperature dependent. It is defined as the diffusion flux per
unit concentration gradient.

Diffusion is a random process by which particles move from high concentration regions to low
concentration regions. There is a flow of particles of a given species from high to low concentration
regions by virtue of their random motions. Diffusion is a process by which atoms migrate by virtue
of their random thermal motions.

Digital communicationsis the transmission of information in the form of pulses from one location to
another. Typically, an analog signal is sampled at fixed intervals and the value at each interval is put
into a binary code containing 1s and Os and the coded information is then transmitted as pulses (1
corresponding the presence and 0 to the absence of a pulse). Thus the analog signal is digitized and
sent by pulses.

Diode (short diode)is apnjunction in which the neutral regions are shorter thantimerity carrier
diffusion lengths.

Dipolar (orientational) polarization arises when randomly oriented polar molecules dietectric
are rotated and aligned by the application of a field so as to give rise to a net average dipole moment
per molecule. In the absence of the field the dipoles (polar molecules) are randomly oriented and
there is no average dipole moment per molecule. In the presence of the field the dipoles are rotated,
some partially and some fully, to align with the field and hence give rise to a net dipole moment per
molecule.

Dipolar relaxation equation describes the time response of the induced dipole moment per molecule in
a dipolar material in the presence of a time dependent applied field. The response of the dipoles
depends on their relaxation time which is mean time required to dissipate the stored electrostatic
energy in the dipole alignment to heat throlaghce vibrations or molecular collisions.

Dipole relaxation (dielectric resonance)ccurs when the frequency of the applied ac field is such
that there is maximum energy transfer from the ac voltage source to healigigb&ic through
the alternate polarization and depolarization of the molecules by the ac field. The stored electrostatic
energy is dissipated through molecular collisionslatiite vibrations (in solids). The peak occurs
when the angular frequency of the ac field is the reciprocal of the relaxation time.

Direct radiation, seesolar radiation air mass

Direct recombination capture coefficientB is a material constant that characterizes the rate of
recombination of excess injected carriers in a direct bandggpiconductor. Suppose that
excess electrons and holes have been injected, as would pe-jumation under forward bias, and

thatAn, is the excess electron concentration Apgs the excess hole concentration inreeatral
p-side of a GaAgn junction. Injected electron and hole concentrations would be the same to

maintain charge neutrality, that &, = Ap,. Thus, at any instant,
n, =n, +An = instantaneousinority carrier concentration,

and P, = P,, + AN, = instantaneousajority carrier concentration.
The instantaneous recomeination rate will be proportional to both the electron and hole
concentrations at that instant , thatjs,. Suppose that the thermal generation rate of electron hole

pairs isG The net rate athange of An, is then,
dAnp/dt = _Bnppp + Gthermal

whereB is a constant called thigrect recombination capture coefficietrt equilibrium dAn /ot =
0 andn, =n,, andp, = p,,, Where the subscriptrefers to thermal equilibrium concentrations, so

thermat
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thatGye.ma = BN,P,- Thus, the rate of changem, is
oAn /ot = -B(n,p, = N,P,0)
Directional integrated coupler has two implanted symmetrical guideésandB which are coupled over
atransmission length land also have electrodes placed on them. In the absence of an applied field,

the guides are identical and thlease mismatGiAS, is zero (no mismatch) and there is a full
transmission from guida to B. If we apply a voltage between the electrodes, the two guides
experiences an applied fidld in opposite directions and hence experience opposite changes in their
refractive indices. Ih ( =n, =ny) is therefractive index of each guide, anfin is the induced

index change in each guide Byckels effect The induced index differend,; between the

guides is An. Taking, as a first approximatioR, = V/d, and using\3 = r/3/L, for prevention of
transfer, the corresponding switching voltag¥,is

\3Ad

° T 2n’rL,
wherer is the appropriate Pockels coefficient. Sihgdepends inversely on the coupling efficiency
C, for a given wavelengtly,, depends on the refractive indices and the geometry of the guides.

| Waveguides
n d ‘\) A7) - i
/4/_/ / N, Cross-section
™ —~ V(t)
. i _L_i_
L d -
" ==
Electrode S A E, B
. LiNbO,
/S P4
74 L Coupled waveguides
o Fibers<§ LiNbO,

S

An integrated directional coupler. Applied fidl] alters the refractive indices of the two
guides and chages the stregth of copling.

Dislocationis a line imperfection within erystal that extends over many atomic distances.

Dispersion diagram of a waveguidas the angular frequencyyf vs. propagation constant(f)
behavior forelectromagnetic wavegpropagating in the guide. For example, for an infinite planar
dielectric waveguide, thgroup velocity of a modan can be found from the dispersion diagram

=f(B,) inasmuch as
dw dw

V. = =
7 dB,  dB(w)]

=Function of w
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Slope =c/n,

Schematic dispersion

diagram,w vs.p for the
slab waveguide for various

TEm. mOdeSﬂ)CUt_off
corresponds tv =x/2. The
group velocityv,, at anym

is the slope of the vs.f
curve at that frequency.

Slope =c/n,

cut-off

By

Dispersion flattened fiberis anoptical fiber that has aefractive index profile that results in
chromatic dispersion being small and flat over a wavelength révigeeguide dispersion
represented blp,, can be adjusted by changing the waveguide geometry. Waveguide dispersion
arises from th@roup velocity v, dependence on the wavelengthAs the wavelength increases,
the field penetrates more into tbladding which changes the proportion of light energy carried by
thecore and the cladding and hence changgdVe can thus alter the waveguide geometry , that is
the refractive index profile, and thereby confglto yield a total chromatic dispersion that is
flattenedbetween the waveleng andA , . The refractive index profile of such a fiber looks like a

W in which the cladding is a thin layer with a depressed refractive index; the fiber isdcaitdy
clad. The simplestep index fiberis singly clad. Greater control on waveguide dispersion can be
obtained by using multiply clad fibers. Such fibers are more difficult to manufacture but can exhibit

excellent chromatic dispersion 1 - 3 psknm* over 1.3 - 1.um. Low dispersion over a
wavelength range, of course, allows wavelength multiplex@rgusing a number of wavelengths

(e.g.1.3, 1.55um) as communication channels.
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Dispersion coefficient (ps kinnnr?)
30 n
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Dispersion flattened fiber example. The material dispersion coeffiéetfér the core
material and waveguide dispersion coefficid) for the doubly clad fiber result in a

flattened small chromatic dispersion betwem@andi,

Dispersionin fiber optics is the spread in time, known as temporal broadening, of an infinitesimally thin
optical pulse as it propagates along the fiber. The temporal broadening is due to the different
propagation characteristics of different wavelength components of light that are coupled into the fiber
and propagate along the guide. Due to the dispersion effect there is an upper limit for the rate at
which we can transmit light pulses along a fiber.

Dispersion shifted fiberis a fiber in which the chromatic dispersion characteristics (dispersion vs
wavelength) has been shifted to longer wavelengths by adjusting the waveguide dispersion by
appropriately changing the waveguide geometry or the refractive index profile. Zero dispersion
shifted fiber has its chromatic dispersion zero at around 1550 nm. Nonzero dispersion shifted fiber
is designed for use with WDM (wavelength division multiplexing) and has its chromatic dispersion
outside the Er-doped amplifer band, 1525 - 1620 nm.

Dispersion of a light waveis the separation of light into its various wavelength componeetss
spectral components.

Dispersive mediumhas arefractive index n that depends on the wavelength, that is not a
constant. The dispersion relation for the medium is the angular frequemegpagation
constant, i.e. w vs. S behavior in the medium. The slope of this curve atf&uglue is thegroup
velocity awave with that .

Distributed Bragg reflector (DBR) laser diode has one of the optical cavity reflectors as a mirror that
has been designed like a reflection tgd&action grating ; it has a periodic corrugated structure.
Intuitively, partial reflections ofvavesfrom the corrugations interfere constructively (that is

reinforce each other) to give a reflected wave only when the wavelength corresponds to twice the
corrugation periodicity. For example, two partially reflected waves sualaadB have an optical

path difference of & whereA is the corrugation period. They can only interfere constructivel if 2
Is a multiple of the wavelength within the medium. Each of these wavelengths is &iseha

wavelengthA, and given by the condition for in-phaisgerference,
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A

—B=2A
n

q

Distributed Bragg
reflector

m A0g/2n) =A

Active layer Corrugated
(a) dielectric structure (b)

(a) Distributed Bragg reflection (DBR) laser principle. (b) Partially reflected waves at
the corrugations can only constitute a reflected wave when the wavelength satisfies the
Bragg condition. Reflected wavAsandB interfere constructive whegn/2n) =A.

Distributed feedback (DFB) laser has a corrugated layer, called theding layer next to the active
layer; radiation spreads from the active layer to the guiding layer. These corrugations in the
refractive index act as optical feedback over the length of the cavity by producing partial
reflections. Thus optical feedbackdistributedover the cavity length. In the DFB structure,
travelingwavesare reflected partially and periodically as they propagate . The left and right
traveling waves can only coherently couple to set up a mode if their frequency is related to the

corrugation periodicity\, taking into account that the medium alters the wave-amplitudes via
optical gain. The allowed DFB modes are not exactl\Beagg wavelengthsout are

symmetrically placed about. If A is an allowed DFB lasing mode then
2

A
A=A +—E (m+1
n=Apt JE(m+])

wheremis a mode integer, 0, 1, 2,, andL is the effective length of theiffraction grating
(corrugation length)The relativethreshold gainfor higher modes is so large that only the 0

mode effectively lases. A perfectly symmetric device has two equally spaced modes placed around

Ag. In reality, either inevitable asymmetry introduced by the fabrication process, or asymmetry
introduced in purpose, leads to only one of the modes to appear. Further, typically the corrugation

lengthL is so much larger than the periddhat the second term in the above equation is very small
and the emission is very closeXp There are various commercially available single mode DFB
lasers in the market witkpectral widthsof ~0.1 nm at the communications channel ofusb

Ideal lasing emission Optical power

N\
Corrugated gratin 9 e
Guiding layeM>
Active layer—= —»[|<—0.1 nm

i A A(nm)
(a) (b) Ag (c)

(a) Distributed feedback (DFB) laser structure. (b) Ideal lasing emission output. (c)
Typical output spectrum from a DFB laser.

Diverging waveshavewavevectors vectors that are normal to thevefront, that arenot parallel.
The vector that is normal to a wavefront surface at a point siRhegsesents the direction of wave
propagationk) at that poinP. Clearly, the propagation vectors everywhere are all parallel and the
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plane wavepropagates without the wave divergitige plane wave has no divergentle

amplitude of the planar wave does not depend on the didtanta reference point, and it is the

same at all points on a given plane perpendicularite.kndependent ot andy. Moreover, as

these planes extend to infinity, there is infinite energy in the plane-wave. A plane wave is an
idealization that is useful in analyzing mamgive phenomena. In reality, however, the electric field

in a plane at right angles kodoes not extend to infinity since the light beam would have a finite

cross sectional area and finite power. (We would need an infinitely large electromagnetic source with
infinite power to generate a perfect plane wave.)

Wave fronts

(constant phase surfaces) Wave fronts
Wave fronts
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Examples of some possible electromagnetic waves

Donor atomsare dopants in theemiconductorthat have a valency one more than the host atom. They
therefore donate electrons to twnduction band(CB) and thereby create electrons in the CB
which leads ta > p and hence to amtype semiconducton(is the electron concentration in the CB
andp is the hole concentration in the VB).

Doped semiconductorsseeextrinsic semiconductors

Doping as a general term is used to describe the addition of impurities into a material to modify its
properties. For example, phosphorus dopants in a siigstal act as donor impurities and
donate electrons into tle®nduction bandand thereby increase the conductivity. When silica
(Si0,) is doped withlgermania (GeQ,), the resultingglass(Si-Ge-0O) has a higheefractive
index because the relative permittivity is higher.

Doppler broadened linewidthis the broadening of the emissispectrum of a collection of identical
sources as a result of their random motions with respect to the observer. Since the atoms of a gas ar
in random motion then, due to tbeppler effect, the observer will detect a range of light
frequencies or wavelengths emitted by these atoms. This leads to a Doppler broadened spectrum.
When we consider the Maxwell velocity distribution of the gas atoms in the laser tube, we find that
the linewidthAuv,,, between the half-intensity point&l| width at half maximum FWHM) in
the output intensity vs. frequency spectrum is given by
12k, TIn(2)
AU >=2U ;B—
whereM is the mass of the lasing atom or molecule @yid the center frequency of the spectrum
(source emission frequency). See déser output spectrum

Doppler effectis the change in the measured frequencywsee due to the motion of the source relative
to the observer. If the source is moving towards the observer the frequency increases (wavelength
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decreases), and it decreases when the source is moving away. As a fast train approaches an
observer, its whistle becomes higher in pitch (frequency) and as the train moves away from the
observer, its pitch becomes lower. The true source frequency remains the same but more waves
arrive at the observer per second when the source is moving toward the observer than when it is

moving away. In the case of electromagnetic radiationisithe relative velocity of the source
object toward the observer anglis the source frequency, then the measatectromagnetic
wavefrequencyv is v = u [1+(v/c)], for (v/c) << 1.

Doubly clad fiber, seedispersion flattened fiber.

Drawing in fiber manufacture is a process in which@asspreform rod is slowly fed into a hot
furnace that has a hot zone around 1900-2000 °C where the glass flows like a viscous melt
(resembling honey). As the rod reaches the hot zone and its end begins to flow, its tip is pulled, with
just the right tension, to come out as a fiber and is spooled on a rotating take-up drum. The diameter
of the fiber must be highly controlled to achieve the required waveguide characteristics. An optical
thickness monitor gauge provides information on the changes of the fiber diameter which is used (in
an automatic feedback control system) to adjust the speed of the fiber winding mechanism and the
speed of thgreform feeder to maintain a constant fiber diameter, typically better than 0.1%. In
some cases, the preform is hollow, that is, it has a thin central hole along the rod axis. The hollow
simply collapses during the drawing and does not affect the final drawn fiber. It is essential that, as
soon as the fiber is drawn, it is coated with a polymeric laygrurethane acrylate) to mechanically
and chemically protect the fiber surface. When a bare fiber glass surface is exposed to ambient
conditions it quickly develops various microcracks on the surface and these microcracks dramatically
reduce the mechanical strength (fracture strength) of the fiber. The applied polymeric coating is
initially a viscous liquid and needs to be cured (hardened) which is done as the coated fiber passes
through a curing oven, or ultraviolet lamps if it is UV hardenable. Sometimes two layers of

polymeric coating are applie@ladding is typically 125-15Qm and the overall diameter with the

polymeric coatings is 250-5@0n. There is a thick polymeric buffer tube, or a buffer jacket,
surrounding the fiber and its coating to cushion the fiber against mechanical pressure and
microbending (sharp bending). Some fibers are buffered by having the fiber loose within a buffer
tube. The tube may then contain a filling compound to increase the buffering ability. Single and
multiple fibers are invariably used in cable form and the structure of the cable depends on the
application €.g.long-haul communications), the number of fibers carried and the cable environment
(e.g.underground, underwater, overhesd).
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Preform feei

Preform

Furnace 2000C

Thickness 11 |
monitoring gauge

]

Polymer Coater{ Glass preform fed into the

Ultraviolet light or furnace || | fiber drawing furnace.
for curing (Courtesy of Corning.)
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Take-up drum (“e"X®) Capstan

Schematic illustration of a fiber drawing tower.

Drift mobility is thedrift velocity per unit applied field. i, is the drift mobility then the defining
equation is/, = u,E wherey, is the drift velocity and is the applied electric field.

Drift velocity is the average velocity, over all the conduction electrons in the conductor, in the direction
of an applied electrical forc& & —eE for electrons). In the absence of an applied field, all the
electrons are moving around randomly and the average velocity, over all the electrons, in any
direction is zero. With an applied fiel,, there is a net velocity per electrog, in the opposite

direction to the field where,, depends oIk, via v, = 4 E, wherey, is thedrift mobility .

Edge emitting LEDs (ELED) has the emitted radiation emerging from an area on an edgeay thal
I.e.from an area on a crystal face perpendicular to the active layer. ELEDs provide a greater intensity
light and also a beam that is more collimated thastiniace emitting LEDs The light is guided
to the edge of the crystal bydeelectric waveguidéormed by wider bandgagemiconductors
surrounding a double heterostructure. Té@mbination of injected carriers occurs in the InGaAs

active regionwhich has a bandgdf) = 0.83 eV. Recombination is confined to this layer because

the surrounding InGaAsP layernfining layers, have a wider bandgag (= 1 eV) and the
INnGaAsP/InGaAs/InGaAsP layers form a double heterostructure. The light emitted in the active
region (INGaAs) spreads into the neighboring layers (InGaAsP) which act to contain the light and

guide it along the crystal to the edge. InP has a wider banBga (35 eV) and thus a lower

refractive index than InGaAsP. The two InP layers adjoining the InGaAsP layers therefore act as
cladding layersand thereby confine the light to the DH structure. Generally some kind of lens
system is used to conveniently couple the emitted radiation from an ELED into a fiber. For example,
a hemispherical lens attached to the fiber end can be used for collimating the beam into e fiber.
graded index (GRIN) rod lensis a glass rod that has a parabolic refractive index profile across
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its cross-section with the maximum index on the rod axis. It is like a large diameter short length
graded index "fiber" (typical diameters are 0.5 - 2 mmE&RIN rod lens can be used to focus
the light from an ELED into a fiber. This coupling is particularly useful for single mode fibers

inasmuch as theaore diameters are typically ~30n. The output spectra from surface and edge
emitting LEDs using the same semiconductor material is not necessarily the same. The first reason is
that the active layers have differeltping levels. Second is the self-absorption of some of the
photonsguided along the active layer as in ELED. Typically the linewidth of the osp@atrum

from an ELED is less than that from a SLED. In set of experiments, for example, an InGaAsP

ELED operating near 1300 nm was observed to have a linewidth of 75 nm whereas the
corresponding SLED had a linewidth of 125 nm.

60-70um
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Light from an edge emitting LED is coupled into a fiber typically by using a lens or a
GRIN rod lens.

Effective density of stategN,) at theconduction bandedge is a quantity that represents all the
statesin the conduction band per unit volume as if they were &|.&imilarly N, which is the
effective density of states at thalence bandedge is a quantity that represents all the states in the
valence band per unit volume as if they were & at

Effective electron massm.*, represents the inertial resistance of an electron instdgstal against an
acceleration imposed by an external force such as the applied electric fig)c: HE, is the
external applied force due to the applied fi€|dhen the effective mass\*, determines the
acceleration of the electron b, _m.*a. It takes into account the effect of the internal fields on the
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motion of the electron. In vacuum where there are no internal figftiss obviously the mass in
vacuumm,. Effective mass of an electron is a quantum mechanical quantity that behaves like the
inertial mass in classical mechaniEs; main that it measures the objects resistance to acceleration.
It relates the accelerati@of an electron in theonduction bandto the applied external forée,,

by F.,.,= m*a. The external force is most commonly the force of an applied electricef€|cind
excludesall internal forces within the crystal . Similarly the effective mass of a hole wratbece
band is its inertial mass against acceleration imposed by an external force. We should note that the
internal fields depend on the location of the electron and its effect on the motion of the electron can
only be determined by solving tisehrddinger equationwith the appropriate potential energy
termV. The effective mass.* depends inversely on the curvature of Ehes.k behaviorj.e.
mg = 12 wEd
=h G50
| ok® O |
which shows that a high curvature represents anighand a broad curvature represents a heavy

m.*. For example, GaAE vs.k diagram for the conduction band has a central vélligat has a
sharp curvature and a satellite vallethat has a small curvature. The electron effective mass is

small in/” but large inL. Consequently the electrainift mobility , inversely proportional to the
effective mass, is high ih and low inL.

E

A n-type GaAs has the
Central . conduction electrons in
valley valley , Mg =0.35m, the central valley at low

L
J AE=0.3eV

E me* = 007|'ne

[111]

[111]

fields. These have a light
effective mass of 0.0/

At sufficiently high fields
some of these electrons
can be scattered to the
satellite valley where
they have a heavy
effective mass of 0.3h..

Einstein coefficientsA,,, B,, andB,, are constants that are used in describing the rates of
spontaneous emissiombsorption andstimulated emissionrespectively between two
energy level€, andE, whereE, > E,. For example, the rate of spontaneous emission Epamd
E, is proportional to the number of atoidsatE, so that spontaneous transition raté,iN,. The
rate of upward transitions frof to E, by photon absorption is proportional to the number of

atomsN, atE, and also to the number of photons with endngy E, — E, i.e. absorption rate is
B..N,o(hv) whereB,, is the EinsteirB,, coefficient, angp(hv) is the photon energy density per

unit frequencyvhich represents the number of photons per unit volume with an eme(gyE, -
E,). The Einstein coefficients are interrelated. For examplg,ahdE, have the same degeneracy,

thenB,, = B,, andA,/B,, = 8rhv®/c. In the above expressiortsis Planck’s constant v is the
radiation frequencyg is the speed of light.
Einstein relation relates thaliffusion coefficient, D, of a given species of charge carriers to their

drift mobility , u, viaD/u = kT/q whereq is the charge of the carridejs the Boltzmann constant
andT is the temperature (in Kelvin).
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Elastic modulus or Young's modulus(Y) indicates the ease with which a solid can be elastically
deformed. The greater ¥ the more difficult it is to elastically deform the solid. When a solid of

lengthL is subjected to a tensitress o (force per unit area), it will extend elastically by an

amountdL. AL/L is thestrain, €. Stress and strain are relateddy Ye so thaty is the stress
needed per unit elastic strain.

Electric dipole momentexists when a positive charg®+s separated from a negative char§e Even
though the net charge is zero, there is nonetheless an electric dipole npomieen byp =Qx
wherex is the distance vector fror®+o +Q. Just as two charges exert a coulomb force on each
other, two dipoles also exert a force on each other which depends on the magnitudes of the dipoles,
their separation and orientation.

Electric susceptibility (x,) is a material quantity that measures the extent of polarization in the material
per unit field. It relates the amount of polarizatiBpat a point in thelielectric to the field,E, at

that point viaP = x £ E. If & is the relative permittivity thex, = & — 1. Vacuum has no electric
susceptibility.

Electrical conductivity (o) is a property of a material that quantifies the ease with which charges flow
inside the material along an applied electric field or a voltage gradient. It is the inverse of electrical

resistivity, p. Since charge flow is due a voltage gradieng the rate of charge flow through unit
area per unit voltage gradiedts oE, wherel is the current density argdis the electric field. The
power dissipated as heat per unit volume in a conductor of conductigityiven by Joule’s law,
that isoE®. In a metal where the conduction electron concentrationaisd the electrodrift

mobility is u, the conductivity is given by = enu, wheree is the electronic charge. In a
semiconductorthere are both electrons in tbenduction band(CB) and holes in thealence
band (VB) contributing to electrical conduction and the conductivity is

0 = eny,, +epu,
where n is the electron concentration in the CB, p is the hole concentration in theid/@Bge drift
mobility of electrons in the CB, angq is the drift mobility of holes in the VB.

Electro-optic effectsrefer to changes in threfractive index of a material induced by the application
of an external electric field, which therefore “modulates” the optical properties; the applied field is
not the electric field of any lightave but a separate external field. We can apply such an external
field by placing electrodes on opposite faces of a crystal and connecting these electrodes to a battery.
The presence of such a field distorts the electron motions in the atoms or molecules of the substance
or distorts the crystal structure resulting in changes in the optical properties. For example, an applied
external field can cause an optically isotropic crystal such as GaAs to become birefringent. In this
case, the field inducgwincipal axesand anoptic axis. Typically changes in the refractive index
are small. The frequency of the applied field has to be such that the field appears static over the time
scale it takes for the medium to change its properties, that is respond, as well as for any light to
cross the substance. The electro-optic effects are classified according to first and second order
effects. If we were to take the refractive inaebo be a function of the applied electric fi@dthat is

n =n(E), we can of course expand this as a Taylor serigésTime new refractive indax is
n=n+aE+aF*+..

where the coefficients, anda, are called thénear electro-optic effect ansecondrder electro-optic

effect coefficients. Although we would expect even higher terms in the expansion of the above

equation, these are generally very small and their effects negligible within highest practical fields.
The change im due to the firsk term is called th&ockels effectThe change im due to the
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seconcE” term is called th&err effect, and the coefficiend, is generally written adK whereK
is called the Kerr coefficient. Thus, the two effects are

An=aE
An = a,E* = (AK)E?
All materials exhibit the Kerr effect. It may be thought that we will always find some (non-zero)

values fora, for all materials but this is not true and only certain crystalline materials exhibit the
Pockels effect. If we apply a fielélin one direction to a crystal and then reverse the field and

apply —E thenAn should change sign. If the refractive index increasel,farmust decrease for
—E. Reversing the field shoultbtlead to an identical effect (the safk®. The structure has to
respond differently t& and—E. There must therefore be soasymmetryn the structure to
distinguish betweek and-E. In a noncrystalline materialn for E would be the same @ for

—E as all directions are equivalent in termsl@fectric properties. Thua, = O for all

noncrystalline materials (such gisssesand liquids). Similarly, if the crystal structure has a center
of symmetry then reversing the field direction has an identical effe@, andgain zero. Only

crystals that araoncentrosymmetric exhibit the Pockels effect . For example a NaCl crystal
(centrosymmetric) exhibits no Pockels effect but a GaAs crystal (noncentrosymmetric) does.

Electromagnetic (EM) waveis a travelingwave in which the electric field anthagnetic field
oscillations are at perpendicular to each other and also to the direction of propagation. It is a solution
of Maxwell's wave equationsubject to appropriate boundary conditions. One very simple
example is a plane polarized electromagnetic wave that has harmonic electric and magnetic field
variations with time and space. Such a wave, if of infinite extent, wouldrimmachromatic EM
wave. Suppose thé&t (sayE,) is the electric field anB (sayB,) is the magnetic field at one instant
at one location (at a particuldr If k is thewavevector, thenE, B andk are all perpendicular in a
lineardielectric medium (optically isotropic).
EX

7 4l 4l

y

An electromagnetic wave is a travelling wave which has time varying electric
and magnetic fields which are perpendicular to each other and the direction of
propagationz.

The electric and magnetic field components in an EM wave are related. Consider an EM
wave propagating alorgwith electric and magnetic field andE,. If v is the phase velocity of an
EM wave in an isotropic dielectric medium amt$ the refractive index, then at all times and
anywhere in an EM wave

_ _C

E, =B, = B,
wherev = (g,¢,14,) "> andn = Vg,. The two fields are simply and intimately related for an EM wave
propagating in an isotropic medium. Any process that dfeatso intimately change; . As the

EM wave propagates in the direction of the wavevdces shown in the figure, theré is an energy
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flow in this direction. The wave brings with it electromagnetic energy. A small region of space in
which the electric field i&, has an energy density, that is, energy per unit volume, given by

()&, E2 Similarly, a region of space where the magnetic fie} Isas an energy density

(1/2)By2/u0. Since the two fields are related, the energy densities I, dredB, fields are the same
£ 2uo

The total energy denS|ty in the wave is therefpedE >

Electromagnetic wave equations the result of combininylaxwell’'s equationsfor
electromagnetism to obtain a single equation for the space and time dependence of the eldetric field
or themagnetic fieldin adielectric medium; the solution of this equation is an electromagnetic

(EM) wave that propagates with a veloaity c/e %, wheree. is the relative permittivity. In an

isotropic and linear dielectric mediune. relative permittivity €) is the same in all directions and
that it is independent of the electric field, the fielchust obeyMaxwell's EM wave equation

J’E,0E ,E___ OE
0)(2 &y 022 [o] r:uo dZ
wherey, is the absolute permeability of the medium gnid the absolute permittivity. It is assumed

that the conductivity is zero. To find the time and space dependence of the field, we must solve
Maxwell's equation in conjunction with the initial and boundary conditions.

Electron affinity, x is the energy required to remove an electron from the bottom of the conduction band
E. to thevacuum level

Electron hole pair (EHP) creation energygauges the sensitivity of a high energy particlXaay
radiation detector in terms of the energy absorbed from the incident radiation per free electron hole
pair that is collected. Stated differently, it is the energy that the material absorbs from the incident
beam to generate a free electron and a free hole (or one electron of collected charge in the external
circuit). High sensitivity means that the amount of radiation energy required, denoted as W+, to
create a single free EHP must be as low as possible because the free (or collectabl®charge
generated from an incident radiation of enekgyis simplyeAE/W,. All experiments on examining
the amount of charge generated by high energy particles, including X-rays, have shown that this

charge depends on the incident radiation eney\Q [1 AE. This has lead to the introduction of

an EHP creation energ\M). The creation of EHPs by an X-ray photon first involves the
generation of an energetic primary electron from an inner core shell, for example, the K-shell. As
this energetic photoelectron travels in the solid it causes ionizations along its track and hence the
creation of many EHPs. For masgmiconductorsthe energyV, required to create and electron
hole pair has been shown to depend on the energy baBggaptheKlein rule

= 2. 8E honort
wherek,; ,.,,1S aphonon enerE]y terme,,.., 1S expected to be small (~0.5 eV) so that typically
W, is close 1o 2. B,. Further in many crystalllne semiconductors, just like the optical quantum
eff|C|ency W, is field independent and well defined. TS is so well defined in crystalline
semiconductors, such as high purity Ge, ZnCdTe, for example, that they are used in spectrometers
to measure the energy of the incident X-rays or high energy charged particles. Que and Rowlands
argued that if one relaxes the conservatiok lnfle as required for amorphous semiconductors then
the EHP creation energy should be abouE2+2E ., where the latter is again a small phonon
energy term.
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EHP creation energy, vs energy bandgap for semiconductors (for #5es field dependent and

the value plotted is extrapolated to very large fields softha “intrinsic” or saturated EHP
creation energy).

Electronegativity is a relative measure of the ability of an atom to attract electrons to form an anion.
Fluorine is the most highly electronegative atom as it most easily accepts an electron to become an
anion (F). Typically halogens (F, Cl, Br, I) are electronegative elements. In HCI, for example, the
Cl atom is more electronegative than the H atom and therefore attracts the electrons more than the H
proton. Cl therefore acquires a net negative charge and the hydrogen proton becomes exposed. The
molecule therefore has a permanent dipole moment.

Electronic polarization is the displacement of the electron cloud of an atom with respect to the positive
nucleus. Its contribution to the relative permittivity of a solid is usually small.

Elliptically polarized, or elliptic light, light has the tip of thEé-vector trace out an ellipse as thave
propagates through a given location in space. As in circular polarization, light can be right and left
elliptically polarized depending on clockwise or counterclockwise rotation &-treetor.

y y y (a) Linearly polarized light with
(@) (b) E () E Eyo = 2E,, andg = 0. (b) Wher
/ y y = a/4 (45), the light is right

X / elliptically polarized with a tilted
/ L \/ major axis. (¢) Wheg = /2

(90r), the light is right elliptically

o= Eo= Eo=1 polarized. IfE,, andE,, were
Eyo= Eo= E,=2 equal, this would be right
¢$=0 o = /b o =2 circularly polarized light.

Emitter in optoelectronics s a device that emits electromagnetic (EM) radiation, tipéice power,
such as an LEDaser diode etc.
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Emitter of a bipolar transistor is one of the two similarly doped.pothn-type) regions that surrounds
the oppositely dopeg{type) base and injectsinority carriers into the base when the emitter-
base junction is forward biased.

Energy of the electron in the crystal whether in theconduction band(CB) orvalence band
(VB), depends on its momentuik through thee-k behavior determined by the solutions to
Schrédinger equationfor the particulacrystal structure (with a particular periodic potential
energy) E-k behavior is most conveniently represented graphically thratigtliagrams. For
example, for an electron at the bottom of the EBicreases a%k)?/(2m.*) whererk is the
momentum andn.* is the effective mass of the electron which is determined frorg-thkeehavior.
The quantityzik is called thesrystal momentum of the electron because the rate of changd of
theexternal applied forcen the electrord(7k)/dt = F,..,., and not the actual force which is the
sum of external and internal forcé&sk diagrams are essentially plots of electron energy vs. crystal
momentum of the electron.

E
CB
S Electrons E - kdiagram for a direct bandgap
Direct Band Gap {E semiconductor such as GaAs. The
E, - Holes minimum of the CB is directly above the
maximum of the VB.
VB
-k k

Epitaxial layer is typically a thin layer of near perfeatystal grown on a crystallinsubstrate of the
same crystal structure (Greapislayered andaxis-ordered).

Evanescent wavas thewave that propagates in a lowegfractive index medium, along the boundary
with a higher refractive index medium, when a wave traveling in the medium of higher refractive
index is incident at the boundary at an angle equal to or greater thaitita¢ angle. The
amplitude of the evanescent wave decreases exponentially with distance from the boundary into the
medium with a lower refractive index.

Excess carrier concentrationis the excess concentration above the thermal equilibrium value. Excess
carriers are generated by an external excitation suphaegenerationor appliedbias.

Excess noise factor(F), seeavalanche noise

External reflection is the reflection of aelectromagnetic (EM) waveinitially traveling in a medium
of lowerrefractive index n, at the boundary with a medium of higher refractive indgfe n,); a
light wavetraveling inn, is reflected at the boundamy-n, (some of the energy may however be
transmitted). For example, external reflection occurs when a light wave traveling in air is incident on
an air-water surface and becomes reflected.

Extinction coefficient K represent the attenuation suffered by an electromagnetic wave as it travels
along a well-defined propagation direction. It is the imaginary part of the complex refractive index

N which is written asn — jK. The amplitude of the field in the wave decreasds[dexp(k Kz)
wherek, is the propagation constant in vacuum.

Extraordinary wave is alinearly polarized light wave that propagates in an anisotragigstal
without necessarily having the electric fi@dscillations orthogonal to theavevectork; in
ordinary lightE andk are orthogonal. ThE oscillations do not necessarily lie in tlvavefront
plane. The energy flow direction (tReynting vector) is not along the wavevector direction and
this phenomenon is called the Poynting vector “walk-off”. The extraordinary and the ordinary waves
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have orthogonagpolarizations.
S, = Power flow

E, Ke

An extraordinary wave in an anisotropic
crystal with a wavevectde, at an angle

k to the optic axis. The electric fiek, is
not normal tok.. The energy flow (group
velocity) is alongS; (the Poynting vector)
which is different thark,.

_\

Wavefronts (constant phase fronts)

Extrinsic semiconductoris asemiconductorthat has been doped so that the concentration of one type
of charge carriers far exceeds that of the other. Adding donor impurities releases electrons into the
conduction bandandthe concentration of electrons) (n the conduction band (CB) far exceeds
the concentration of holep)(in thevalence band(VB) and the semiconductor beconmetype.
When acceptor impurities are added, these acceptors accept electrons from the VB and thereby creat
holes in the VB so that the hole concentratrdr exceeds the electron concentratignthe
semiconductor becomgstype. Themass action lawnp = n?, remains valid in extrinsic
semiconductors as long as the semiconductor is in the dark and in thermal equilibrium. Thus, adding
donors to increaseconcomitantly also decreageby the same ratio.

CB
EEl® © e @ |  |eccecoee E e o
EFn ------------
A It [ IR I A
EFp ------------

Energy band diagrams for (a) intrinsic (B)ype and (cp-type semiconductors. In all cases,
np =n,2. Note that donor and acceptor energy levels are not she®n= conduction band,
VB = valence bancdg; = CB edgeFE, = VB edge Er = Fermi level in intrinsic
semiconductorzg, = Fermi level im-type semiconductoEg, = Fermi level inp-type
semiconductor,

Fabry-Perot laser amplifier, seeoptical semiconductor amplifier.
Fabry-Perot resonator or etalon, seeoptical resonator.

Fall time is the time it takes for a pulse.g.an optical pulse) to fall from its 90% peak value to its 10%
peak value.

Far field distribution refers to the field distribution or intensity distribution very far from an aperture or
source so that the intensity pattern, by and large, can be examined in terms of its angular dependenc
(dependence on the distance from the source can be neglected in examining the intensity
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distribution).
Photodetect&%i Relative intensity
Optical fiber 5 X \l
p— S P Fiber axis------- Lt \ 6
', _emaximum Qmaximum

Far field distribuioﬁ from an optical fiber

Faraday effect originally observed by Michael Faraday (1845), is the rotation of the plane of
polarization of a lightwave as it propagates through a medium that has been placed in a
magnetic fieldthat is parallel to the light propagation direction. When an optically inactive material
such agylassis placed in a strong magnetic field and then a plane polarized light &l@amthe
direction of the magnetic field, it is found that the emerging light's plane of polarization has been
rotated. The magnetic field can be applied, for example, by inserting the material into the core of a

magnetic coil - a solenoid The induced specific rotatory poéky flas been found to be

proportional to the magnitude of applied magnetic fiBldfThe amount of rotatiofis given by
6=39BL

whereB is the magnetic field (flux density),is the length of the medium, afids the so-called

Verdetconstant. It depends on the material and the wavelength. The Faraday effect is typically

small. A magnetic field of ~0.1 T causes a rotation of abbthrbugh a glass rod of length 20 mm.

It seems to appear that amptical activity” has been induced by the application of a strong
magnetic field to an otherwise optically inactive material. There is however an important distinction
between the natural optical activity and the Faraday effect. The sense of ®tatthe Faraday

effect, for a given material (Verdet constant), depends only on the direction of the magneic field

If 3 is positive, for light propagating parallel By theoptical field E rotates in the same sense as
an advancing right-handed screw pointing in the directidh @he direction of light propagation

does not change the absolute sense of rotatiénlbive reflect the wave to pass through the
medium again, the rotation increases o 2

Fermi energy (E;) or level may be defined in several equivalent ways. Fermi level is the energy level
corresponding to the energy required to remove an electron frasertiieonductor, there need
not be any actual electrons at this energy level. The energy needed to remove an electron defines the

work function ®. We can define the Fermi level to ebelow thevacuum level E-can also be
defined as that energy value below whiclstdtesare full and above which all states are empty at
absolute zero of temperatukg.can also be defined through a difference. A difference in the Fermi

energy AE., in a system is the external electrical work done per electron either on the system or by
the system just as electrical work done when a cleangaves through a electrostatic potential

energy PE) difference i®AV. It can be viewed as a fundamental material property. In more
advanced texts it is referred to as the chemical potential of the semiconductor.

Fermi-Dirac statistics determines the probability of occupancy dcftateat an energy levet by an
electron. It takes into account that when we are considering a collection of electrons, they must obey
the Pauli Exclusion Principle. The Fermi-Dirac function quantifies this probability via



lllustrated Dictionary of Important Terms and Effects in Optoelectronics and Photonics (O 1999 S.0. Kasap) 45

1
f(E)
E-EO
1+ exp T O
whereE; is theFermi energy, k is theBoltzmann constantandT is the temperature (Kelvins)
E
A

The Fermi-Dirac functiorf(E), describes the

T=0 statistics of electrons in a solid. The electrons
interact with each other and the environment
so that they obey the Pauili Exclusion
Principle.

> f(E
0 7 = 1B

Field effect transistor (FET) is a transistor whose normal operation is based on controlling the
conductance of a channel between two electrodes by the application of an external field. The effect of
the applied field is to control the current flow. The current is due to majority carrier drift from the
source to the drain and is controlled by the voltage applied to the gate.

Fill factor (FF) is a figure of merit for theolar cellthat gauges what maximum fraction of the power

represented by (short circuit currer{gpen circuit voltage), as available as output power
deliverable to a load.e.
FF= M
i i ISCVOC ) A
where FF is the fill factod,, andV_ are the current and voltage corresponding to maximum power
transfer to load, anid, andV,_ are the short circuit current and open circuit voltage. It is clearly
advantageous to have FF as close to unity as possible but the exppngatiation properties

prevent this. Typically FF values are in the range 70-85% and depend on the device material and
structure. Se@hotovoltaic I-V characteristics.

Filter is a device that allows only certain frequencies (or wavelengths) to pass and others to be blocked.
Filters typically have a certamesonant frequencyu, and abandwidth Av aroundu, such that
input (incoming) signals within thi&v are passed.
Finesseof aFabry-Perot resonatoris a measure of how finege. narrow, an individual resonant
cavity mode is with respect to the separation of two consecutive modes. For a loptikes
resonator, it is the ratio of mode separatiohu,) to spectral width (du,). The narrower the
individual mode width and larger the mode separation, the greater is the finesse. Mathematically, the
finesseF is defined in terms of the mirroeflectanceR as
nR'?
F=
1-R
Finger electrodes seephotovoltaic devices
Fluorescencesee luminescence

Fluorine is a gas that is used to dope silica (and thereby introduce F into thgl&®network) to reduce
its refractive index.
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Fraunhofer diffraction, seediffraction.

Free carrier absorption is the attenuation of an electromagnetic (EM) wave as it propagates through a
medium in which there are free carrieeg(electrons). The electric field in the EM wave couples
with the free charges in the medium and drifts these carriers, the result of which is a transfer of

energy from the EM wave to the medium via the scattering of the free carriers (the soEalbsd
whereo is the conductivity ané is the electric field). Since free carrier absorption represents loss,
it contributes to the imaginary part of the relative permittigitipy

" = dl(g,w)
wherea is the electrical conductivity and w is the angular frequency of the EM wave. Since the
relationship between the attenuation (absorption) coefficient and a = (w/cn)g”, wheren is the
refractive index, we can represenin terms ofo as

q= 01 Oo

= EC?OEF

For example, EM wave absorption in doped semiconductors is more significant than in intrinsic
semiconductors.

Frequency division multiplex, seewavelength division multiplex.
Fresnel diffraction, seediffraction.

Fresnel prismis a prism that converts an incoming unpolarized light into two divergent beams that have
opposite circulapolarizations. Light that enters the right-handed quartz priBspiism) can be
thought as two different circularly polarizedves right circular polarizationRolarization) and
left circular polarizationl(-polarization). These travel with different velocities and experience
different refractive indices; andn,, wheren, <n,_ so thatR-polarization propagates faster. In the
left-handed quartz prisni{prism) however, the indices are reversgé n, asL-polarization
moves faster ih-quartz. Thus-polarization wave at the interface experience an increagemd
L-polarized wave experiences a decreases ifiherefore they have different angles of refraction
and hence enter theprism diverging from each other.

L-polarized .
R-handed quartz The Fresnel prism for
/@7 separating unpolarized light
N into two divergent beams with
AN opposite circular polarizations
& (R=right,L = left; divergence
L-handed quartz is exaggerated)
R-polarized

Fresnel reflectionis partial (or full) reflection of aelectromagnetic waveat a dielectric-dielectric
boundary. Sed&resnel’'s equations

Fresnel's equationsdescribe the amplitude and phase relationships between the incident, reflected and
transmittedvavesat a dielectric-dielectric interface in terms of the refractive indices of the two
media and the angle of incidence.
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y Transmitted wave
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1ot mEt’ | Evanescent wave
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x into paper i N, >n,
Incident Reflected Incident Reflected

wave wave wave wave

(a) 6; < 6 then some of the wave is (b) 6; > 6., then the incident wave suffers

transmitted into the less dense medium. total internal reflection. HOWeVer, there is
Some of the wave is reflected. an evanescent wave at the surface of the
medium.

Light wave travelling in a more dense medium strikes a less dense medium. The plane
of incidence is the plane of the paper and is perpendicular to the flat interface between
the two media. The electric field is normal to the direction of propagation . It can be
resolved into perpendicular)and parallel/() components

Consider an electromagnetic (EM)wave going from medium 1 to 2 as illustrated in the figure. The
amplitudes of the reflected and transmitted waves can be readily obtained in teymganid the
incidence anglé alone. If we defin@ = n/n,, as the relativeefractive index of medium 2 to

that of 1, then theeflection and transmission coefficientdor E, are given by

[ . 1/2
E,, cosf —|n’~-sif@
rg= = = S - 7 Reflection coefficient
Eoo cosB +|n* - sifg
Eo o 2cos, . -
t, = = = . - 73 Transmission coefficient
Eoo cosd +[n® - sirf@

There are corresponding coefficients for Bydields with correspondingeflection and
transmission coefficientsr, andt,,

. /
_E,, _|n?-sin’g]"" - cody
Eo. [n2 —Sinz@i]l/2 + 1’ cod
0./ 2ncosy
U=="=5 PPN T
Eoy n?coss +[n’ - sirfg]

Further, the above coefficients are related by

r,+nt,=1 and ry + 1 =t Transmission coefficient

Reflection coefficient

r//

5 Transmission coefficient
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Augustin Jean Fresnel (1788 - 1827) was a French physicist, and a civil engineer for the French
government, who was one of the principal proponents of the wave theory of light. He made a number
of distinct contributions to optics including the well-known Fresnel lens that was used in light houses in
the 19th century. He fell out with Napoleon in 1815 and was subsequently put into house-arrest until
the end of Napoleon's reign. During his enforced leisure time he formulated his wave ideas of light into
a mathematical theory. (Photo: Smithsonian Institution, courtesy of AIP Emilio Segré Visual Archives.)
("If you cannot saw with a file or file with a saw, then you will be no good as an experimentalist.”
Augustin Fresnel)

Frustrated total internal reflection (FTIR) occurs when theptically densermedium has a finite
thickness such that instead of the whole incident beam reflected from the denser medium, some of
the incident radiation penetrates this medium and emerges out from the other side. The incident
waveis partially transmitted through the more dense medium. The intensity of the reflected beam is
therefore reduced.

Full width at half maximum (FWHM) is the width on the abscissa between half maximum points of
the ordinate. Suppose thats.x has a maximurg =y, . atx = x; and then falls to half the

maximum valuely _ atx = x, andx = x;, wherex, > x, > X,. Then FWHM isAx of y vs.x
between the half poirity__ so thatAx = x, — x,.

Fundamental modeis the lowest order mode that can exist in a dielectric guide and it is the traveling
electric field pattern that has no nodes in the transverse direction to the waveguide axis (nodes are
locations where the electric field is zero).

Fusion splicingdescribes permanently joining two fiber end together by means of heat fusion; melting
the fiber ends. The flat ends of the two fibers are aligned and then locally melted (by an electric arc)
and fused together to form a continuous fiber.

Gain guided laseris alaser diode such as atripe geometry laser diode in which the width of
theactive region or theoptical gain region, is defined by current density from the smaller
electrode to the larger electrode. Optical gain is highest where the current density is greatest. The
optical gain width therefore depends on the current density.

Gain is the output signal per unit input signal. For voltagess V,/V,, and for optical signals with
powerP, usually,G,, = P, /P,
Gauss's lawis a fundamental law of physics (oneMéxwell's equationg that relates the surface
integral of the electric field over a closed (hypothetical) surface to the sum of all the charges enclosed
within the surface. IE, is the field normal to a small surface addeandQ,,, is the enclosed total
charge then over the whole closed surface

& JEdA=Q,, o
where the integration is over the whole closed surface. If themiédeatric medium, then we can
use

gogr IEndA = eree
whereQ, .. represents the sum of &ite charges (excluding polarization charges) within the surface.
This equation applies to an isotropic medium in wigjal independent of the direction of the field.
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Gauss’s law in point form relates the gradient of the electric field at a point to the chargealansity
that point,.e. in a one dimensional problem (as through the space charge regipn johation)
the gradient would beE/dx, and

£, dE/dX = p,

Charges inside
the surface

Gauss Law: The surface integral
dA  of the electric field normal to the
surface is the total charge
enclosed. Field is positive if it is
coming out, negative if it is going
into the surface.
Surface

Gaussian beamis an electromagnetic beam that propagates with jfdxpkz) dependence but has an
the amplitude that varies spatially away from the beam arisacrossthe beam, and alsdongthe
beam axis. The light intensity distribution across the beam cross-section anywhemsalong
Gaussian. Thbeam diamete2w at any pointis defined in such a way that the cross sectional area

m%# at that point contains 85% of the beam power. Thus the beam diaméteréases as the

beam travels along A Gaussian beam starts with a finite widy ®vhere thevavefronts are

parallel and then the beam slowly diverges as the wavefronts curve out during propagatian along
The finite width 2v, where the wavefronts are parallel is calledvwhestof the beamyy, is the

waist radius and 2v, is thespot size Far away from the source, the beam diameter 2
increases linearly with distanze

y

Wave fronts

(b)
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(a) Wavefronts of a Gaussian light beam. (b) Light intensity across beam cross section. (c)
Light irradiance (intensity) vs. radial distarrcBom beam axisZ).

Germania is germanium dioxide, Ge{glass.

Glan-Foucault prism produces dinearly polarized light. It is made of two right angle calcite prisms

with a prism angle of 38:5Both have their optic axes parallel to each other and to the block faces
as in the figure. Explain the operation of the prisms and show thadthee does indeed
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experiencetotal internal reflection.
Absorber

The Glan-Foucault prism
provides linearly polarized
light

——>

eray

© Optit axis* -

N
Air-gap
Glassis a term that can be used generically to refemonarystallinesubstance below the glass transition
temperatureT,) or more specifically to a range of inorganic (noncrystalline) materials composed of
such oxides as SiPB,0O,, Na,O, RO, etc. The glass structure has no long range order of the
crystal, but exhibits onlyshort range orderwe can identify the nearest neighbors of an atom
because its valency requirements in forming bonds must be satisfied.
e Silicon (or Arsenic) atomO Oxygen (or Selenium) atom

Crystalline and amorphous
structures illustrated
schematically in two
dimensions.

(a) A crystalline solid reminiscent to (b) An amorphous solid reminiscent to vitreous silica
crystalline SiQ.(Density = 2.6 g crd)  (SiO,) cooled from the melt (Density = 2.2 g )

Glass transition (transformation) temperature T is usually a narrow temperature range over which
the properties of a material change from solid-like, béllgwto liquid-like behavior, abové,. For
example, the heat capacity oflassis solid like (small) belowr, and liquid like (high) above,.
The transition is not always very clear and sometime the distinction between solid-like and liquid-
like behavior is made in terms of thiscosity of the material. Below the glass transition
temperature, the viscosity of the structure is so great that over the time scale of observation there is
no significant flow (one may, of course, argue that over thousands of years there may be indeed be ¢
noticeable flow but this will not change our general view of the substance in our lifetime). Any
shearingstressbelowT, results in an elastic response due to the stretching of bonds, and on
removal of the stress the glass returns to its original shape. This is a typical solid-like behavior and
for all practical purposes we view the structure beT%ws that of a solid. The glass transition
temperature is not actually a unique temperature where the liquid on cooling suddenly becomes glass
but a temperature range in which the liquid-like behavior gradually changes over to a solid-like
behavior as the substance is cooled. It depends not only on the viscosity of the material, which in
turn depends on the bonding and structure, but also on the rate of cooling. Clearly, if the cooling is
very slow then the atomic arrangements can follow the demands of the cooling rate much more
closely and the structure exhibits liquid like behavior to lower temperatures. If the cooling rate is too
slow then there may be sufficient time for atomhiifusions to form thecrystal.

Goose-Hanchen shifts the lateral shift of the reflected beam upon being reflected from a boundary with
an optically less dense medium. The reflection appears as if it had occurred from a virtual plane
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inside the second medium at a distance equal fpahetration depthfrom the interface/z in the
figure is the Goose-Haenchen shift.)

y B Virtual reflecting plane N,
T Z
i er n >n2
<Az —>
Incident Reflected
light light

The reflected light beam in total internal reflection appears to have been laterally shifted
by an amounf\z at the interface.

Graded index optical fiber has acore refractive index that is graded graduallg,. changes
continuously, towards theladding. Typically in a graded index fiber, thefractive index
profile is approximately parabolic to minimingodal dispersionto a virtually inoccuous level .
All different mode rays in the graded index fiber arrive at the same time. The intuitive reason for this
Is that the velocity along the ray patin, is not constant and increases as the ray is farther away
from the center. A ray such as 2 that has a longer path than ray 1 then experiences a faster velocity
during a part of its journey to enable it to catch up with ray 1. Similarly, ray 3, experiences a faster
velocity than 2 during part of its propagation to catch up with ray 2 and so on.

N,
Ln |
~ - (a) Multimode step
5,2 index fiber. Ray paths
e 31 --- N are different so that
rays arrive at different

"“]— times.

(b) Graded index
fiber. Ray paths are
different but so are
the velocities along
the paths so that all
the rays arrive at the
same time.

GRIN is an acronym for graded index

GRIN rod lens is aglassrod whoserefractive index is highest at the center, on the rod axis, and then
decreases with distance from the rod axis. It is typically used to focus or couple light into a fiber.
One pitch P) is a full one period variation in the ray trajectory along the rod axis.
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(a) (b) (
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c)

Graded index (GRIN) rod lenses of different pitches. (a) Rdiaton the rod face
center and the lens focuses the rays @tin to the center of the opposite face. (b)
The rays fron© on the rod face center are collimated out{e3 slightly away from
the rod face and the rays are collimated out.

GRIN rod lenses and a spherical lens (a ball lens) used in coupling light into fibers. (Courtesy of
Melles Griot.)

Group delay s signaldelay timeper unit distance. The transit time of a light pulse from the input to the
output representsdelay timen the information being sent. The group detgis determined by the

group velocity vy as it refers to the transit time of signals (energyf,lis thepropagation
constantof thefundamental modethen by definition
_dBy

=1
7 v, dw
Group index (Ng) represent the factor by which theoup velocity of a group ofvavesin a

dielectric medium is reduced with respect to propagation in free spadd, = v,/c wherey, is
the group velocity. The group index can be determined from the ordafamgtive index n

through
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Group velocity (vg) is the velocity with which a group efavesof closely spaced wavelengths (called a
wave packet) travel in a medium. It is the velocity with which the energy in the group of waves is
propagated in the medium. The group velocity in free space is the same as the velocitg of light

vacuum. Mathematically group velocityvg= da/dk Consider the way in which a group of waves
differing slightly in wavelength will travel along tlzedirection. When two perfectly harmonic

waves of frequencie® — dwandw + dwinterfere, they generatenmve packetvhich contains an
oscillating electric field at the mean frequenrathat is amplitude modulated by a slowly varying

field of frequencydw The maximum amplitude moves witlgeup velocitythat is given by
The group velocity therefore defines the speed with which energy or information is propagated since
it defines the speed of the envelope of the amplitude variation. The maximum electric field advances

with a velocityv, whereas the phase variations in the electric field are propagatingphaee
velocity v.

+0
T Two slightly different

wavelength waves
traveling in the same
direction result in a
wave packet that has
an amplitude variation
which travels at the
group velocity.

w

Wave packet

Guard ring is an annular region arounga junction to reduce or eliminate undesirat@lanche
breakdown in the junction periphery; this limits avalanche multiplication to the illuminated region.

Half-wave plateis a retarder plate (made from a birefringent refraatmggtal) that results in a relative
phase change of a half-wav@ petween therdinary andextraordinary waves propagating
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inside the crystal from entry to exit.|llearly polarized light incident with itsE-field at an angle
a to theoptic axisleaves the crystal with its field rotated bg.ZSeeretarding plates.

He-Ne laseris a gas laser in which he Ne atoms are made to lagerbyging them through atomic
collisions with He atoms that have been excited by an electrical discharge. The emissions may be in
theinfrared (1523 nm), red (632.8 nm), orange (612 nm), yellow (594.1 nm) or green (543.5
nm). Most popular is the red emitting HeNe laser. Ne is an inert gas whose ground state can be
represented in terms of the outer subshell B8. (2 one of the electrons from the Brbital is
excited to a orbital then the excited configurationpf3s') is astate of the Ne atom that has
higher energy. Similarly He is also an inert gas which has the ground state configuratn of (1
The state of He when one electron is excited te@ldital can be represented as'2$") and has
higher energy. The HeNe laser consists of a gaseous mixture of He and Ne atoms in a gas dischargs
tube. The ends of the tube are mirrored to reflect the stimulated radiation and buildup intensity within
the cavity. In other words, aptical cavity is formed by the end-mirrors so that reflection of
photonsback into the lasing medium builds up the photon concentration in the cavity; a
requirement of an efficiergtimulated emissionprocess as discussed above. By using dc or RF
high voltage, electrical discharge is obtained within the tube which causes the He atoms to become
excited by collisions with the drifting electrons. The excitation of the He atom by an electron
collision puts the second electron in He intsatate and changes its spin so that the excited He
atom, He*, has the configurations{2s') with parallel spins which ismetastablélong lasting) with
respect to the ) state. He* cannot spontaneously emit a photon and decay down t&’the (1

ground state because thiital guantum numbdrof the electron must change by &, Al must
be £1 for any photon emission apsorption process. Further, the emission or absorption of
electromagnetic radiation cannot change the electron’s spmisthemagnetic spin quantum

number then a radiation emitting transition must hawe, = 0. Thus a large number of He* atoms

build up during the electrical discharge because they are not allowed to simply decay back to ground
state. When an excited He atom collides with a Ne atom, it transfers its energy to the Ne atom by
resonance energy exchange because Ne happens to have an empty energy level, corresponding to t
(2p°5s") configuration, matching that of§Ps') of He*. Thus the collision process excites the Ne

atom and de-excites He* down to its ground energy. The excited Ne atom, Ne*, hqs5ste (2
configuration. With many He*-Ne collisions in the gaseous discharge we end up with a large
number of Ne* atoms andgopulation inversion between (@°5s") and (°3p") states of the Ne

atom. Aspontaneous emissionf a photon from one Ne* atom falling frons & 3p gives rise

to an avalanche of stimulated emission processes which leads to a lasing emission with a wavelengtr
632.8 nm in the red. From thep{3p') energy levels, the Ne atoms decay rapidly to thes¢d)

energy levels by spontaneous emission . Most of Ne atoms withpf3s'Zonfiguration,

however, cannot simply return to the ground statéog photon emission because the return of the
electron in 8requires that its spin is flipped to close tipesBbshell. An electromagnetic radiation

cannot change the electron spin. Thus the N8§) energy levels ammetastablestates. The only

possible return to the ground state (and for the next repumping act) is by collisions with the walls of
the laser tube. We cannot therefore increase the power obtainable from a He-Ne laser by simply
increasing the laser tube diameter because that will accumulate more Ne atoms at the metastable
(2p°3s") states.A typical He-Ne laser consist of a nargtasstube which contains the He and Ne

gas mixture. The lasing emission intensdpt{cal gain) increases with the tube length since then
more Ne atoms are used in stimulated emission. The intensity decreases with increasing tube
diameter since Ne atoms in thg@{&") states can only return to the ground state by collisions with

the walls of the tube. The ends of the tube are generally sealed with a flat mirror (99.9% reflecting)
at one end and, for easy alignment, a concave mirror (99% reflecting) at the other end to obtain an
optical cavitywithin the tube. The outer surface of the concave mirror is ground to behave like a
convergent lens to compensate for the divergence in the beam arising from reflections from the
concave mirror. The output radiation from the tube is typically a beam of diameter 0.5-1 mm and a
divergence of 1 milliradians at a power of few milliwatts. In high power He-Ne lasers, the mirrors
are external to the tube. In additi@rewster windoware typically used at the ends of the laser
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tube to allow only polarized light to be transmitted and amplified within the cavity so that the output
radiation is polarized (has electric field oscillations in one plane).Even though we can try to get as
parallel a beam as possible by lining up the mirrors perfectly, we will still be facediffriiction

effects at the output. When the output laser beam hits the end of the laser tube it becomes diffracted
so that the emerging beam is necessarily divergent. Simple diffraction theory can readily predict the
divergence angle. Further, typically one or both of the reflecting mirrors in many gas lasers are made
concave for a more efficient containment of the stimulated photons withactilie mediunand for

easier alignment. The beam within the cavity and hence the emerging radiation is approximately a
Gaussian beamDue to their relatively simple construction, He-Ne lasers are widely used in
numerous applications such interferometry, for example, accurately measuring distances or flatness
of an object, laser printingpolography, and various pointing and alignment applications (as in

civil engineering).

Flat mirror (Reflectivity = 0.999)  Concave mirror (Reflectivity = 0.985)

Very thin tube v<
A >
H

Laser beam

He-Ne gas mixture

N

Current regulated HV power supply

A schematic illustration of the principle of the He-Ne laser. Right: A modern stabilized
compact He-Ne laser. (Courtesy of Melles Griot.)
He Ne

(181231) Collisions (2p55sl)

e

20.66 eV 632.8 nm

W Lasing emission

20.61 eV

—~\_—> Fast spontaneous decay
~600nm

Electron impact

Collisions with the walls

0 asd) YV o

Ground state

The principle of operation of the He-Ne laser. He-Ne laser energy
levels (for 632.8 nm emission).

Hervé-Vandamme relationship see refractive index

Heterojunction is ajunction between differensemiconductormaterials, for example between GaAs
and AlGaAsternary alloy. There may or may not be a change indbping. The doping in the
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wider bandgap semiconductor is denoted with a capital eteP, and that in the narrower
bandgap semiconductor with lower casa p.

Heterostructure laser diodeshave a thin narrower bandgapmiconductorlayer sandwiched
between two wider bandgap semiconductors so that there aheterojunctions. The wider

bandgapk,) layers provide potential energy steps and heacger confinement within the
narrowerk, layer and also provide a step change inrdifictive index and hence optical

confinement. The sandwiched narrowgrayer acts as thactive regionin which the electron
and hole concentrations are sufficiently high to leastitaulated emission

Hole (h*) is a missing electron in an electrostatethat is in thevalence band Intuitively, it is a
missing electron in a bond between two neighboring atoms in the semicoratystal. The
region around this “ruptured” bond is a net positive charge.dt ¢an drift in an applied field
because an electron in a neighboring bond can tunnel into this vacant site and thereby cause the
positively charge bongacancyto become displaced, shifted. Thus holes contribute to electrical
conduction irsemiconductorsas well. In a full valence band there is no net contribution to the
current. There are equal number of electreng. atb andb’) with opposite momenta. If there is an
empty statehole atb at the top of the valence band (VB) then the electrbhcaintributes to the
current. The reason that the presence of a hole makes conduction possible is the fact that the
momenta of all the VB electrons are canceled except thatBHius, we can consider the net result
of the motions oé&ll the electrons in the VB just by examining the behavior of the missing electron at
b’ and assigning to it a positive chargeand an effective masg*

" (d)

h* (e)

()

A pictorial illustration of a hole in the valence band wandering around the
crystal due to the tunnelyof electrons from nghboring bonds.
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In a full valence band there is no net
contribution to the current. There are equal

E number of electrons (e.g. laandb’) with
opposite momenta. (b) If there is an empty
b’ b state fiole) atb at the top of the band then
the electron ab' contributes to the current.
(b) VB
—k k

Holography is a technique of reproducing three dimensional optical images of an object by using a highly
coherent radiation from a laser source. The objeety.a cat, is illuminated by a highly coherent
beam as normally would be available from a laBke laser beam has bapatialandtemporal
coherence Part of the coheremtaveis reflected from a mirror to formraference beam Eand
travels towards a fine-grained photographic plate. The waves that are reflected fromBhewiit,
have both amplitude and phase variations that represent the cat's surface (topology). If we were
looking at the cat, our eyes would registerwaefront of the reflected waves_,. Moving our
head around we would capture different portions of the reflected wave and we would see the cat as a
three dimensional object. The reflected waves from thdecgti¢ made to interfere with the
reference waveH,) at the photographic plate and give rise to a complicatederence patterthat
depends on the magnitude and phase variatigp,ifThe recorded interference pattern in the
photographic film (after processing) is calledadogram It contains all the information necessary to
reconstruct the wavefrofg,, reflected from the cat and hence produce a three dimensional image.

To obtain the three dimensional image, we simply have to illuminate the hologram with the reference
beamE,, Most of the beam goes right through but some of it becdiffezctedby the interference

pattern in the hologram. One diffracted beam is an exact replica of the original wakigffoon

the cat . The observer sees this wavefront as if the waves were reflected from the original cat and
registers a three dimensional image of the cat. This w@rtin@l image We know that first order

diffraction from a grating has to satisfy the Bragg conditasind = mA (m = 1) whereA is the
wavelength and is the separation of the slits. We can qualitatively think of a diffracted beam from
one locality in the hologram as being determinethieylocal separatiothbetween interference

fringes in this region. Sinagchanges in the hologram depending on the interference pattern
produced b¥E_,, the whole diffracted beam dependstopand the diffracted beam wavefront is an
exact scaled replica &,. Just as normally there would be another diffracted beam on the other side
of the zero-order (through) beam, there is a second image, calledltimmagewhich is of lower

quality. (It may help to imagine what happens if the object consists of black and white stripes. We
would then obtain periodic dark and bright interference fringes in the hologram. This periodic
variation is just like aliffraction grating ; the exact analysis is more complicated). Holography is
therefore a method @favefront reconstructian
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(b)

A highly simplified illustration of holography. (a) A laser beam is made to interfere with the
diffracted beam from the subject to produce a hologram. (b) Shining the laser beam through the
hologram generates a real and a virtual image.

Homojunction is ajunction between differently doped regions of the same semiconducting material, for
example gnjunction in the same silicarrystal; there is no change in the bandgap eneggy,

Hund's rule states that electrons in a given subsing]ltry to occupy separate orbitals (differemj and
keep their spins parallel (samrg. In doing so they achieve a lower energy than pairing their spins
(differentm) and occupying the same orbital (samg Hund'’s rule must be consistent with the
Pauli exclusion principle.

Huygens-Fresnel principlestates that every unobstructed point efavefront, at a given instant in
time, serves as a source of spherical secondary waves (with the same frequency as that of the
primary wave). The amplitude of tloptical field at any point beyond is the superposition of all
these wavelets (considering their amplitudes and relative phasesdjff@etion.

Impact ionization is the process by which a high electric field accelerates a free charge carrier (electron in
theconduction band which then impacts with a Si-Si bond to generate a free electron hole pair.
The impact excites an electron from tfsdence band(E,) to the conduction bandk).

Incandescencas the emission of radiation from a heated object.

Index guided laser diodeis a double heterostructusemiconductor laserdevice that has itactive
region defined by aefractive index variation to guide the lasing radiation. For example, a
buried double heterostructure diotas its active region surrounded by high refractive index
semiconductor materials so that gfetonsare confined to the active region which acts as an
optical waveguideor confines the radiation to this region.

Infrared (IR) is radiation with wavelengths that are longer than 700 nm but shorter than 1 mm. Infrared
radiation was discovered William Hersche1738 - 1822) in 1800 in thepectrum of the Sun.

ordinaryglassabsorb infrared wavelengths greater thamr2
Injection (electrode) limited current through a solid occurs when the current flow is limited by the
rate at which the electrical contacts can inject carriers into the sample. As the applied field increases,

the potential energy barrier against the injection of carriers from the electrode into the sample is
lowered by the Schottky effect .

Injection electroluminescence seelight emitting diode.
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Injection laser diode, seelaser diode

Injection pumping is the achievement gfopulation inversion in a region of aemiconductor
laser device by injecting sufficiently large number electrons (incthreduction band and holes
(in thevalence band by virtue of passing a sufficiently large current.

Insertion lossis anattenuation caused by the insertion of a component into a optical transmission
system.

Instantaneous irradianceis the instantaneous flow of energy per unit time per unit area and is given by
the instantaneous value of tReynting vector, S = v’ e ExB, wherev is the velocity of the

electromagnetic waven the medium = c¢’/¢), ¢, is the relative permittivityE is the electric
field andB is themagnetic field.

Integrated opticsrefers to the integration of various optical devices and components on a single common
substrate, for example, lithium niobate, just as in integrated electronics all the necessary devices
for a given function are integrated in the same semicondagtstal substratedhip). There is a
distinct advantage to implementing various optically communicated degigegser diodes
waveguides, splitters, modulators, photodetectors and so on, on the same substrate as it leads to
miniaturization and also to an overall enhancement in performance and usability (typically).

Interband absorption in a direct bandgap semiconductors such as IlI-V semiconduct@g (GaAs,
InAs, InP, GaP) and in many of their alloysd.InGaAs, GaAsSb) is a phot@isorption
process in which there is no assistance fiattice vibrations. Thehoton is absorbed and the
electron is excited directly from thalence bandto theconduction bandwithout a change in its
k-vector (or itscrystal momentum7k) inasmuch as the photon momentum is very small. The
change in the electron momentum from the valence band (VB) to the conduction band (CB) is

hik.g — K,z = photon momenturs 0.
This process corresponds to a vertical transition oi-thdiagram, that is electron enerds) ¢/s.
electron momentumzk) in thecrystal). Theabsorption coefficientof thesesemiconductors

rises sharply with decreasing wavelength frijas for GaAs and Infaterband absorption in
indirect bandgagsemiconductors such as Si and Ge, is a photon absorption process for photon
energies near and above the band@gpenergy and requires the absorption and emission of lattice
vibrations, that iphonons during the absorption processKlis thewavevectorof a lattice
wave (lattice vibrations travel in the crystal), tid#hrepresents the momentum associated with such
a lattice vibration, thaiK is aphonon momenturitVhen an electron in the valence band is excited
to the conduction band there is a change in its momentum in the crystal and this change in the
momentum cannot be supplied by the momentum of the incident photon which is very small. Thus,
the momentum difference must be balanced by a phonon momentum:

kg — 1K, s = phonon momentum &K.
The absorption process is said tarmirect as it depends on lattice vibrations which in turn depend
on the temperature. Since the interaction of a photon with a valence electron needs a third body, a
lattice vibration, the probability of photon absorption is not as high as in a direct transition.
Furthermore, theut-off wavelengthis not as sharp as for direct bandgap semiconductors.

During the absorption process, a phonon may be absorbed or emiftésithe frequency of the

lattice vibrations then the phonon energiids The photon energy I whereu is the photon
frequency. Conservation of energy requires that the

hu=E,+ hd
Thus, the onset of al?)sorption does not exactly coincideByithut typically it is very close &,
inasmuch abkd is small (< 0.1 eV). The absorption coefficient initially rises slowly with decreasing

wavelength from abouk,
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(a) GaAs (Direct bandgap) (b) Si (Indirect bandgap)

(a) Photon absorption in a direct bandgap semiconductor. (b) Photon absorption
in an indirect bandgap semiconductor (VB, valence band; CB, conduction band)

Interference is the interaction of two or mormeavesof the same typee(. all waves are oscillations of
the electric field) that are at the same location. Consider the interferenceadétivomagnetic
wavesin terms of their electric field oscillations. When the two waves are at the same location, they
will interact and the result of the interaction is an instantaneous net electrie fieltlis the vector
sum of the individual electric fields, andE,: E = E, + E,. Constructive interferenceccurs when
the two individual waves reinforce each other and the resultant is greater than the individual
amplitudesDestructive interferenceccurs when the two waves have opposite instantaneous vector
fields (.e. oppositely directed fields) so that the net resultant is zero if the individual waves have the
same amplitude.

Interferometer is an optical instrument that uses the wave-interference phenomena to produce interference
fringes €.g.bands, rings) which can be used to measure the wavelength of light, surface flatness or
small distancetc, In theFabry-Perot interferometela broad mononchromatic source is incident on
a Fabry-Perot etalon and the transmitiexvesare focused onto a screen using a lens. The
interference fringes consist of bright and dark rings. The ring diameter depends on the wavelength

and the optical separatiore{ractive index x distance) of the plates of the etalong s the angle
that a bright ring makes with the axis of the etalon-lens system passing through the center of the
rings, then the interferometer bright rings are determinetbhgtructive interferenceas
determined by

2nLcos@) = mA,
whereL is the separation of the faces of the etafhds,the refractive index of the material within the
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etalon,A is the frefe-space wavelengtiwgvevectork = 277A) andmis the integer, 1,2...

FP etalon reen

L
<>
Input light g

Broad Lens

Fabry-Perot (FP) etalon monochromatic
source Screen

Fabry-Perot optical resonator and the Fabry-Perot interferometer (schematic)

Internal quantum efficiency (n,,) of a light emitting diode gauges what fraction of electron hole
recombinationsin the forward biasedn junction are radiative and therefore leagboton
emissionNonradiative transitions are those in which and electron and a hole recombine
through arecombination centersuch as arystal defect or an impurity and enphonons
(lattice vibrations). By definition,

Rate of radiative recombination

e = Total rate of recombination (radiative and nonradiative)
1
—_ TI‘
or nint - 1 1
-4+
T, T

nr

wherert, is the mean lifetime of minority carrier before it recombines radiatively anglis the
mean lifetime before it recombines via a recombination center without emitting a photon. The total
current | is determined by the total rate of recombinations whereas the number of photons emitted

per secondd®,) is determined by the rate of radiative recombinations. Thus,

_ Photons emitted per second® pn _ Poginy / U

" Total carriers lost per secondl /e /e

whereP,_ ., is theoptical power generated internally (not yet extracted), e is the electronic
charge, anthv is the photon energy.

int

Internal quantum efficiency of a photodetectoris the number of free electron hole pairs
photogenerated pabsorbedohoton ; this is not per incident photon on the device. Inasmuch as
internal quantum efficiency is defined in terms of per absorbed photon, it is greater than external
guantum efficiency which is defined in terms of per incident photon; not all incident photons are
absorbed.

Internal reflection is the reflection of aelectromagnetic (EM) waveinitially traveling in a medium
of highrefractive index n, at the boundary with a medium of lower refractive indgg n,); a
light wavetraveling inn, is reflected at the boundamy-n, (some of the energy may however be
transmitted). For example, internal reflection occurs when a light wave traveling in water is incident
on the water-air surface and becomes reflected.

Intramodal or intramode dispersion describes the temporal spread of a propagating optical pulse in a
fiber when the propagation is through a single mode (and hence intramode) and the dispersion arises
because the guide properties force different frequencies present in the optical pulse to travel with
different group velocities. Put differently, the input signal into an optical guide has a range of
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frequencies or wavelengths and these propagate with different group velocities and arrive at different

times at the destination. The cause is the nonlimaes: 8 dispersion diagramof the guide.
Intramode dispersion can be broken intaterial dispersion, waveguide dispersionand
profile dispersion.

Intrinsic carrier concentration (n) is the electron concentration in tbenduction bandof an
intrinsic semiconductor (an ideal perfectrystal that has not been doped). The hole
concentration in thealence bandis equal to the electron concentration. The intrinsic concentration
is @ material property that depends on the energy bargjgaqa the temperature and can be written
as

n?=NNexpE/KT)

whereN, andN, are the effective densities of states at the conduction and valence ban&gdges,
the bandgapk Is theBoltzmann constantandT is the absolute temperature.

Intrinsic semiconductor has equal number of electrons and holes due to thermal generation across the

bandgapE.. It corresponds to a pure semiconduciystal in which there are no impurities and
crystal defects to cause an effectilaping of the crystal.

Inversion layer is a region in thesemiconductor laserdevice in which there is population
inversion (morestimulated emissionthanabsorption) due to the presence of sufficiently
large number of injected electrons and holes brought in kgidke current. Holes represent empty
electronstatesin thevalence bandand electrons occupy states in teduction band

lonization is a process that either removes an electron or adds an electron to an atom or a molecule which
results in the creation of an ion (an atom or a molecule with a net charge). lonization of an atom or a
molecule can occur by a collision with a projectile partielg.@ projectile electron) with a sufficient
energy, by ambsorption of aphoton with the right energy, or by an application of a very large
electric field.

Irradiance (average)is the average flow of energy per unit time per unit area where averaging is
typically carried out by the light detector (over many oscillation periods). Average irradiance can also
be defined mathematically by the average value oPthting vectorS = v’ e, ExB over one
period;S, ...~ 1.c&nE,* whereE, is the amplitude of the electric fieldjs the speed of light, is

the relative permittivityn is therefractive index (¢?), E is the electric field anB is the

magnetic field. Theinstantaneous irradiancecan only be measured if the power meter can
respond more quickly than the oscillations of the electric field, and since this is in the optical
frequencies range, all practical measurements invariably yield the average irradiance because all
detectors have a response rate much slower than the frequencyafée

Jones Matricesrepresent the state pblarization of a lightwave. Various operations on the
polarization state correspond to multiplying this matrix with another matrix that represents the optical
operation. Consider a light wave traveling alavgth field componentg, andE, alongx andy.
These components are orthogonal and, in general, would be of different magnitude and have a phast

differencepbetween them . If we use the exponential notation then
E,=Eexpl(wt-kz+@)] and E =Eexpl(at-kz+ @)

Jones matrixs a column matrix whose elements By@andE, without the common exut - k2)
factor

0 [E0exP(ig, )0

E= = :
£ el H
Usually this equation is normalized by dividing the total amplitigle (EZ, + E5)” °. We can
further factor out exp@) to further simplify to obtain the Jones matrix
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whereg= @, - @. For example &nearly polarized light that is 43 to the x-axis is
1 040

V2 HY

Passing a wave of given Jones vedjpthrough an optical device is represented by multiplyjng
by thetransmission matriX of the device. 19  is the Jones vector for the output light through the
device, then) ,, =T J,.

Junction is a plane in arystal which has differently doped materials, suclpdgpe and-type
semiconductorg on opposite sides.

Kerr effect is a second order electro-optic effect in which an applied strong electric field modifies the
refractive index in such a way that the refractive index change is proportional to the square of the
applied field. For example, when a strong field is applied to an otherwise optically isotropic material
such agylass(or liquid), the change in the refractive index will be due only to the Kerr effect, since
such materials exhibit n@ockels effectIf E, is the applied field, then the change in the refractive
index forpolarization parallel to the applied field is given by

An = AKE/?
whereK is the Kerr coefficient. Suppose that we arbitrarily set#es of a Cartesian coordinate
system along the applied field. The applied field distorts the electron motions (orbits) in the
constituent atoms and molecules, including those valence electrons in covalent bonds, in such a way
that it becomes “more” difficult for the electric field in the ligidveto displace electrons parallel to
the applied field direction. Thus a light wave with a polarization parallel trdkis will experience
a smaller refractive index, reduced from its original value n.. A light waves with polarizations
orthogonal to the-axis will experience the same refractive indgxXThe applied field thus induces
birefringence with awptic axis parallel to the applied field direction. The material becomes
birefringent for waves traveling off thzeaxis. The polarization modulator and intensity modulator
concepts based on the Pockels cell can be extended to the Kerr effect. In the Kerr case, the applied
field again induces birefringence. The Kerr phase modulator uses the fact that the applied field along
zinduces a refractive index parallel to the-axis whereas that along tkexis will still ben,. The
light component&, andE, then travel along the material with different velocities and emerge with a

phase differencAgresulting in arelliptically polarized light. However, the Kerr effect is small

as it is a second order effect, and therefore only accessible for modulation use at high fields. The
advantage, however, is that, all materials, including glasses and liquids, exhibit the Kerr effect and
theresponse timen solids is very short, much less than nanoseconds leading to high modulation
frequencies (greater than GHz). See a&ksxtro-optic effects

J
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(a) An applied electric field, via the Kerr effect, induces birefringences in
an otherwise optically istropic materia}, andn, are the ordinary and

extraordinary refractive indices (b) A Kerr cell phase modulator.
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Kramers-Kronig relations relate the frequency dependence of the real part of the relative permittivity
&'(w) to the frequency dependence of the imaginary garw). If we know the frequency
dependence of the real pgftof the relative permittivity of a material, we can also determine the

frequency dependence of the imaginary partand vice versa. This may seem remarkable but it is
true provided that we know the frequency dependence of either the real or imaginary part over as
wide a range of frequencies as practically possible (ideally from dc to infinity) and the material is
linear, i.e.it has a relative permittivity that is independent of the applied field; the polarization
response must be linearly proportional to the applied field. Similarly one can relate the real and
imaginary parts of the polarizatioar',(cy) anda”(w), and the real and imaginary parts of the

complex refractive indexy(w) andK(w). For example, Kramers-Kronig relations for the relative
permittivity are

.2, (rwWg(w) _ 2w
8;(60)—1+]—TPI0 SR and £ (w) = ?PJ'
whereP represents the Cauchy principal value of the integral and the singulavity@tis
avoided. For'(w) anda” (w),

w d (W)
———>dw

a'(w) ——PI 7 and a'(w) = 2w PIO (j’z(wz)zdw

Kramers-Kronig
relations

g (0) [ —»| " (w)

&' (o) g ()
| Vi A @

Kramers-Kronig relations allow frequency dependences of the real
and imaginary parts of the relative permittivity to be related to
each other. The material must be a linear system.

Laser diode equationrelates the outpudptical power P, to the diode current densify(or currentl)
above thehreshold current densityJ,,. In simple terms,

_ Ehczrph\N(l—/?)%J 1)
o E 2erA N "
whereR is thereflectanceof the optical cavity reflectors is therefractive index, A is the
wavelength, W is the width of treetive regionandt,, is thephoton decay time in the cavity; the
power in a lightvave in the absence of amplification, decreases as-exy(which is equivalent

to a decay in time as exfi(t,)) wheret,, = n/(ca,) anda, is the totahttenuation coefficient
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Laser

Laser

Laser

representing all these loss mechanisms.
n P,

Nyl : -~ Threshold population
| inversion

| P, = Lasing ouputpoweét Nph
‘ I

Simplified and idealized description of a semiconductor laser
diode based on rate equations. Injected electron concentration
n and coherent radiation output pov&vs. diode current

diode external differential quantum efficiencyn;,. of alaser diodeis defined as

Increase in number of output photons from dipde per unit s¢coride UdP,

Increase in number of injected electrons into dipde per unit s)agcﬂﬁgg dl

whereP, is the emittedptical power, E; is the bandgap of thactive regionsemiconductor and
| is the diode current.

Nepoe =

diode external power efficiency.,., of thelaser diodeis defined by
. = Optical output power_ n %Q
P Electical input power ' "°TeV

wherern. is the laser diode external quantum efficienEyis the bandgap of tretive region
semiconductor andl is the diode voltage.

diode external quantum efficiencyn,, is defined as
_ Number of output photons from the diode per unit sefoneP

"5~ Number of injected electrons into diofle per unit seponcE, |

whereP, is the emittedptical power, E; is the bandgap of thective regionsemiconductor and
| is the diode current.

Laser diodeis a semiconductor diode which emitsherent radiation in contrast to an LEDIight

Laser

emitting diode) which emits incoherent radiation. Laser diodes operate on the principle of
stimulated emissionresulting from electron hole pair injection agpldoton induced direct
recombination under forward bias.

diode output vs current characteristicstypically refer to the lasing output power vs. diode
current characteristics at various temperatures. Abovihteshold current (1)), theoptical
power in the lasing emission increases sharply with the diode current and, to a first order, the

optical power is proportional to the diode current above the threshold vallig).(
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Output optical power vs. diode current as three different temperatures. The
threshold current shifts to higher temperatures.

Laser modesare distinct electric field patterns that are allowed by the agofitieal resonator structure
of alaser diode The outpuspectrumfrom a laser diode (LD) depends on two factors: the nature
of the optical resonator used to build thser oscillationsand theoptical gain curve
(lineshape) of the active medium. The optical resonator is essentially a Fabry-Perot cavity which can
be assigned a length)( width (W) and heightKl). The length_ determines thngitudinal mode
separation whereas the widthand heightd determine the transverse modedateral modesn
LD nomenclature. If the transverse dimensiaagdH) are sufficiently small, only the lowest
transverse mode, TEJyimode, will exit. This TEN, mode however will have longitudinal modes
whose separation dependslon

RS TTTTTT Dielectric mirror

The laser cavity definitions and the
output laser beam characteristics.

Height,H Diffraction

limited laser
beam

Width W

Laser oscillationsoccur in a laser device when the it has achieved lasing emission, that is, there are
sustainable electromagnetic oscillations in the laser optical cavity as a regiitaf gain (from
stimulated emission$ which overcomes the cavity losses.

Laser output spectrumrefers to thespectral intensity vs. wavelength characteristics of the laser
beam. The outpugpectrumis the result of the broadening of thyatical gain curve of the lasing
medium and the requirement that the optical cavity can only sustain certain wavelengths. For
simplicity, consider a gas laser. The frequency of the emitted radiation from the gas atoms is

broadened around the stimulated emission transition frequgndye to thédoppler effect
Consequently, the optical gain of the medium vs. frequency characteristic is also broadened. We
recall from the kinetic molecular theory that gas atoms are in random motion with an average kinetic

energy of/ k,T (kis theBoltzmann constantandT is temperature). Suppose that these gas

atoms emit radiation of frequencywhich we label as the source frequency. Then, due to the
Doppler effect, when a gas atom is movavgayfrom ortowardsan observer, the latter detects a
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lower or higher frequency, or v, respectively given by
Vx Vx
U1:Uo§~_zg and U2:Uo§+zg
wherev, is the relative velocity of the atom along the laser tuaxis) with respect to the observer

andc is the speed of light. Since the atoms are in random motion the observer will detect a range of
frequencies due to this Doppler effect. As a result, the frequency or wavelength of the output

radiation from a gas laser will have a "linewidtkt) = v, — v,. This is what we mean byCoppler
broadened linewidtlof a laser radiation. There are other mechanisms which also broaden the output
spectrum but we will ignore these in the present case of gas lasers. From the kinetic molecular
theory we know that the velocities of gas atoms obey the Maxwell distribution. Consequently, the
stimulated emission wavelengths in the lasing medium must exhibit a distribution about a central

wavelengthi, = c/u,. Stated differently, the lasing medium therefore haspdical gain (or a

photon gain) that has a distribution aroutg= c/v,). The variation in the optical gain with the
wavelength is called theptical gain lineshape For the Doppler broadening case, this lineshape

turns out to be a Gaussian function. For many gas lasers, this spread in the frequenaigsdrom

U, is 2 -5 GHz (for théHe-Ne laser the corresponding wavelength spread of ~0.02 A). When we
consider the Maxwell velocity distribution of the gas atoms in the laser tube, we find that the

linewidth Au,,, between the half-intensity pointall width at half maximum FWHM) in the
output intensity vs. frequency spectrum is given by,

12k, TIn(2)

Vo Mc?

whereM is the mass of the lasing atom or molecule. This wAdif above can be taken to be the
FWHM of the optical gain curve of nearly all gas lasers. It does not apply to solid state lasers in
which other broadening mechanisms operate. Suppose that for simplicity we consider an optical
cavity of lengthL with parallel end mirrors. Such an optical cavity is call&@lary-Perot optical
resonator or etalon The reflections from the end mirrors of a laser give rise to traveiavgs

in opposite directions within the cavity. These oppositely traveling waves interfere constructively to
set up a standing wave, that is stationary electromagnetic (EM) oscillations. Some of the energy in
these oscillations is tapped out by the 99% reflecting mirror to get an output just like the way we tap
out the energy from an oscillating field in la@ circuit by attaching an antenna to it. Only standing
waves with certain wavelengths however can be maintained within the optical cavity just as only
certain acoustic wavelengths can be obtained from musical instruments. Any standing wave in the

cavity must have an integer number of half-wavelengfthshat fit into the cavity length,

m%@z L

wheremis an integer that is called theode numberof the standing wave. The wavelengtin
this equation is that within the cavity medium but for gas laseretteetive index is nearly

unity andA is the same as the free space wavelength. Each possible standing wave within the laser
tube (cavity) satisfying this standimgave equationis called acavity modeFurther, each allowed

wavelength is a mode wavelength and is labgledViodes that exist along the cavity axis are called
axial (or longitudinal) modes Other types of modes, that is stationary EM oscillations, are
possible when the end mirrors are not flat. The laser output thus has a broad spectrum with peaks at
certain wavelengths corresponding to various cavity modes existing within the Doppler broadened

optical gain curve. At wavelengths satisfying the mode wavelengthat is representing certain

cavity modes, we have spikes of intensity in the output. The net envelope of the output radiation is a
Gaussian distribution which is essentially due to the Doppler broadened linewidth. Notice that there

Av12= 20,
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is a finite width to the individual intensity spikes within the spectrum which is primarily due to
nonidealities of the optical cavity such as acoustic and thermal fluctuations of the cavity. landth
nonideal end mirrors (less than 100% reflection). Typically, the frequency width of an individual
spike in a He-Ne gas laser is ~1 MHz, though in highly stabilized gas lasers widths as low as ~1
kHz have been reported. It is important to realize that even if the laser medium has an optical gain,
the optical cavity will always have some losses inasmuch as some radiation will be transmitted
through the mirrors, and there will be various losses susbadiering within the cavity. Only

those modes that have an optical gain that can make up for the radiation losses from the cavity can

exist.
Optical Gain Relative intensity

Doppler

(a)
Ve broadening

Allowed Oscillations (Cavity Modes)

m(4/2) =L
I
I
B
‘ L ys Stationary EM oscillations
04 Mirror Mirror

(b) ||

(a) Optical gain vs. wavelength characteristics (called the optical gain curve) of the
lasing mediuni,, is the source wavelength correspondingJo(b) Allowed modes

and their wavelengths due to stationary EM waves within the optical cavity. (c) The
output spectrum (relative intensity vs. wavelength) is determined by satisfying (a) and
(b) simultaneously, assuming no cavity losses.

Lasing conditionsare the conditions for obtainingpntinuous wavelasing emissions from a laser
device consisting of a pumped medium withogical gain within anoptical resonator
structure, that is within an optical cavity with end reflectors. The optical gain of the medium is must
just overcome the losses in the medium and also the losses from the end refleatadsation
escaping from the cavity). The net round-trip gain must be unity and the phase change must be a

multiple of 2rt otherwise thelectromagnetic wavecannot replicate itself. The corresponding
optical gain of the medium is the threshold optical ggin

Lateral laser diode modeis a distinct electric field pattern within tisemiconductor lasercavity that
is determined by the lateral dimension of the cavity. Each lateral mode has many longitudinal modes.

Lattice is a regular array of points in space with a periodicity. There are fourteen distinct lattices in the three
dimensional space. When an atom or molecule is placed at each lattice point the resulting regular
structure is therystal structure.

Lattice parameters are the lengths of the sides of the unit cell and the angles between the sides.

Lattice scattering limited mobility is the mobility of the electrons when their motion is limited by
scattering from thermal vibrations of thiattice atoms. Generally lattice scattering limited drift
mobility decreases with increasing temperature.

Law of the junction relates the injectechinority carrier concentration just outside tlkepletion
layer to the applied voltage. For holes in thside, that is for minority carriers, it ig,(0) =
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P..eXp€eVKT) wherep (0) is the hole concentration just outside the depletion lpygs the

equilibrium hole concentration (both in theside),V is the external applied voltageis the

Boltzmann constantandT is the temperature. Law of the junction states that the injected minority
carrier concentration depends exponentially on the voltage acrgssjtimetion device.

Laydown is the first stage in theutside vapor depositionprocess by which soafiassproducts
(from the chemical burning of silicon tetrachloride and germanium tetrachloride vapors with a fuel)
are deposited onto a target rod (a fusidida glassrod, or a ceramic rod such as alumina). This
target rod acts as a mandrel and is rotated during the deposition. The required glass material for the
preform with the right composition is grown on the outside surface of this target rod by depositing

glass soot particle.

LED characteristics typically refer to the emitted light spectral characteristics in terrspaxtral
intensity vs. wavelength, output light intensity vs. diode current, current-voltage characteristics
and the angular variation of the emitted light intensity. There may be other additional associated
characteristics as well such as changes in the light output characteristics with temgierdiioee
width of the output light spectrum depends not only on the temperature but also on LED material,
whether direct or indirect bandgapmiconductoris used. Typically the output spectral with
corresponds to a felyT in the energy distribution of the emittptotons Typical current-voltage
characteristics exhibittarn-onor thecut-in voltagefrom which point the current increases sharply
with voltage. The turn-on voltage depends on the semiconductor and generally increases with the
energy bandgahl,. For example, typically, for a blue LED it is about 3.5 - 4.5V, for a yellow
LED, it is about 2 V, and for a GaAsfrared LED it is around 1 V.

Relative  (a) (b) (c)
Intensity 655nm Relative light intensity \Y
2_
1_
A0 T T T 1 (mA) 0 [ B I (MA)
0 20 40 0 20 40

(a) A typical output spectrum (relative intensity vs. wavelength) from a red GaAsP LED.
(b) Typical output light power vs. forward current. (c) Typical I-V characteristics of a
red LED. The turn-on voltage is around 1.5V.

LEDs for optical fiber communications are used asmitter in short haul application®.g.local
networks because they are simpler to drive, more economic, have a longer lifetime and provide the
necessary output power even though their owgpecttrum is much wider than that oflaser
diode. LEDs are frequently used with graded index fibers inasmuch as tygicsglgrsionin a
graded index fiber is primarily due toodal dispersionrather tharintramodal dispersion.
For long-haul and widbandwidth communications invariably laser diodes are used because of
their narrow linewidth, high output power and higher signal bandwidth capability. There are
essentially two types of LED devices. If the emitted radiation emerges from an area in the plane of
the recombination layer then the device sigace emitting LED (SLED). If the emitted
radiation emerges from an area on an edge dafritstal i.e. from an area on a crystal face
perpendicular to the active layer, then the LED igdge emitting LED (ELED).
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Light

Light

Double-]
heterostructure

(a) Surface emitting LED (b) Edge emitting LED

Light emitting diode (LED) is a semiconductor diode which emits incoherent radiation. LEDs operate
on the principle oépontaneous emissionesulting from electron hole pair injection adidect
recombination under forward bias. Consider what happens whegm'gunction is forward
biased. As soon as a forward bias applied across thjanction, this voltage drops across the
depletion region since this is the most resistive part of the device. Consequently, the built-in

potentialV, is reduced t&, — V which then allows the electrons from thiside to diffuse, or
become injected, into theside. The hole injection component frgrimto then*side is much

smaller than the electron injection component frommttte p-side. The recombination of injected
electrons in the depletion region as well as in the nquisale results in the spontaneous emission
of photons Recombination primarily occurs within the depletion region and within a volume
extending over the diffusion length of the electrons in thg-side. This recombination zone is
frequently called thactive region The phenomenon of light emission from electron-hole pair
(EHP) recombination as a resultrafnority carrier injection as in this case is calledjection
electroluminescenc®ecause of the statistical nature of the recombination process between electrons
and holes, the emitted photons are in random directions; they result from spontaneous emission
processes in contraststimulated emission The LED structure has to be such that the emitted
photons can escape the device without being reabsorbed $gnti@onductormaterial. This

means th@-side has to be sufficiently narrow or we have toheterostructurelevices as

discussed below,

Electron energy
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(a) The energy band diagram gb-a™ (heavilyn-type doped) junction without any bias. Built-
in potentialV, prevents electrons from diffusing from to p side. (b) The applied bias reduces
V, and thereby allows electrons to diffuse, be injected, intp-thde. Recombination around

the junction and within the diffusion length of the electrons impthiele leads to photon
emission.
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Light emitting diode (LED) materials are typically various direct bandgapmiconductor materials
that can be readily doped to make commepmiglinction LEDs which emit radiation in the visible
range of wavelengths.

(a) Photon emission in a

direct bandgap

. E- E.- semiconductor. (b). GaP is
- c By an indirect bandgap
o semiconductor. When doped
A N\
O<—

> with nitrogen there is an
electron trap aEy. Direct

__ A a  recombination between a
& trapped electron &, and a

hole emits a photon. (c) In

GaAs P :~ Al doped SiC, EHP
(a) GaAs,P, (b) N doped GaP  (c) Al doped SIC 0~ "1\ Stion is through an

x < 0.45 acceptor level likd,.

O<— E, -

An important class of commercial semiconductor materials which cover the gisdagum is the

l1I-V ternary alloys based on alloying GaAs and GaP which are denoted as, (FaAtn this
compound, As and P atoms from group V are distributed randomly at normal As sites in the GaAs
crystal structure. Whey < 0.45, the alloy GaAgP, is a direct bandgap semiconductor and hence
the electron hole pair (EHP@combination process is direct . The rate of recombination is directly
proportional to the product of electron and hole concentrations. The emitted wavelengths range from
about 630 nm, red, for= 0.45 (GaAs.P, .- to 870 nm fory = 0, GaAs.

GaAs P, alloys (which includes GaP) with> 0.45 are indirect bandgap semiconductors. The

EHP recombination processes occur throrgggombination centersand involvelattice

vibrations rather thaphoton emission. However, if we adsloelectronic impuritiesuch as

nitrogen (in the same group V as P) into the semiconductor crystal then some bf dt@®es

substitute for P atoms. Sinbeand P have the same valency, N atoms substituting for P atoms form
the same number of bonds and do not act as donors or acceptors. The electronid\canelsFof

are, however, different. The positive nucleutas$ less shielded by electrons compared with that

of the P atom. This means that a conduction electron in the neighborhoodhtdra Will be

attracted and may become trapped at this sitgohs therefore introduce localized energy levels, or
electron traps;, near theeonduction bandedge. When a conduction electron is capturéds] at

it can attract a hole (in thelence band in its vicinity by Coulombic attraction and eventually
recombine with it directly and emit a photon. The emitted photon energy is only slightly lekg than
asE, is typically close td,. As the recombination process dependslawoping, it is not as

efficient as direct recombination. Thus, the efficiency of LEDs fodoped indirect bandgap

GaAs P, semiconductors is less than those from direct bandgap semiconductors. Nitrogen doped
indirect 6andgap GaAgP, alloys are widely used in inexpensive green, yellow and orange LEDs.
There are two types of blue LED materials. GaN is a direct bandgap semiconductorkyit an

3.4 eV. The blue GaN LEDs actually use the GaN alloy InGaN which has a bandgap of about 2.7
eV which corresponds to blue emission. The less efficient type is the Al sitiped carbide(SiC),

which is an indirect bandgap semiconductor. The acceptor type localized energy level captures a hole
from the valence band and a conduction electron then recombines with this hole to emit a photon. As
the recombination process is not direct and therefore not as efficient, the brightness of blue SiC
LEDs is limited. Recently there has been considerable progress made towards more efficient blue
LEDs using direct bandgap compound semiconductors such as II-VI semiconductors, for example
ZnSe ( Zn and Se are in groups Il and VI in the Periodic Table). The main problem in using 1I-VI
compounds is the current technological difficulty in appropriately doping these semiconductors to
fabricate efficienpn junctions.
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Free space wavelength coverage by different LED materials from the visible spectrum to the
infrared including wavelengths used in optical communications. Hatched region and dashed
lines are indirecEy materials.

There are various commercially important direct bandgap semiconductor materials that emit in the red
andinfrared wavelengths which are typicaltgrnary (containing three elements) and

guarternary (four elements) alloys based on Il and V elements, so chili&dalloys . For

example, GaAs with a bandgap of about 1.43 eV emits radiation at around 870 nm in the infrared.

But ternary alloys based on AlGaAs wherex < 0.43 are direct bandgap semiconductors. The
composition can be varied to adjust the bandgap and hence the emitted radiation from about 640 -
870 nm, from deep red light to infrared. In-Ga-Al-P is a quarternary 111-V alloy (In, Ga, Al from 11l
and P from V) that has a direct bandgap variation with composition over the visible range. It can be
lattice matched to GaAsubstrateswhen in the composition range, Al , ,/Ga, . P to

Iny . Al 05 4P Recent high intensity LEDs have been based on this material which is likely to
eventually dominate the high-intensity visible LED range. The bandggyeaoternary alloys In,_
GaAs,, P, can be varied with compositior §ndy) to span wavelengths from 870 nm (GaAs) to

3.5um (InAs) which includes the optical communication wavelengths of 1.3 angith 55

TABLES OF SELECTED PROPERTIES
Selected LED semiconductor materials. Optical communication channels are at 850 nm (local

network) and at 1.3 and 1.5/ (long distance). D = direct, | = Indirect bandgap. DH = Double
heterostructurey,,....,iS typical and may vary substantially depending on the device structure.
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Semiconductor ~ Substrate Dorl ) (nm) Noarny(%0)  COMMENt
GaAs GaAs D 870 - 900 10 Infrared LEDs
Al.Ga, As GaAs D 640 - 870 5-20 Red to IR LEDs. DH
(0O<x<0.4)
In,,GaAsP,, InP D 1-1.6um >10 LEDs in communications
(y= 2.2, 0 <x<
0.47)
InGaN alloys GaNorSiC D 430 - 460 2 Blue LED

Saphire 500-530 3 Green LED
SiC Si; SiC | 460 - 470 0.02 Blue LED. Low efficiency
Ing 4Al, Gay 514 P GaAs D 590 - 630 1-10 Amber, green red LEDs
GaAs.P, (y< 0.45) GaAs D 630 - 870 <1 Red - IR
GaAs P, (y>0.45) GaP I 560 - 700 <1 Red, orange, yellow LEDs
(N or Zn, O doping)
GaP (Zn-0) GaP | 700 2-3 Red LED
GaP (N) GaP I 565 <1 Green LED

Linear polarizer will only allow electric field oscillations along some preferred direction, called the

transmission axis to pass through the device palaroid sheets a good example of a

commercially available linear polarizer. Dichreiystals such as tourmaline crystals are good
polarizers because they are optically anisotropic and attenuate electromagnetic (EM) waves with
fields that arenot oscillating along the optical axis (hence the transmission axis) of the crystal. The
emerging beam from the polarizer has its field oscillations along the transmission axis and hence it is
linearly polarized.

Linearly polarized (LP) modesare allowed nearly plane polarized, transverse electric and magnetic

(TEM) propagating modes in a weakly guiding step optical fiber, that is a fiber with a small

refractive index difference Q << 1). The field magnitudes in a LP mode, however, are not
constant in a plane. A guided LP mode along the fiber can be represented by the propagation of an

electric field distributioriE(r,¢) alongz wherer, ¢ andz represent cylindrical coordinates in which
is along the fiber axis. This field distribution, or pattern, is in the plane normal to the fiber axis and

hence depends arand¢ but not ore. A guided LP mode along the fiber can be represented by the
propagation of an electric field distributi&fr,$) alongz. This field distribution, or pattern, is in the

plane normal to the fiber axis and hence dependsaod¢ but not ore. Further, because of the
presence of two boundaries it is characterized by two intdgardm. The propagating field

distribution in an LP mode is therefore givenEy(r, ¢) and we represent the mode ag, LPhus
an LR, mode can be described by a travelvaye alongz of the form,

ELP = Elm(r’¢) eXg(O‘I - B|mz)
whereE_; is the field of the LP mode arf§}, is its propagation constant(wave number) along
z Itis apparent that for a givémandm, E_(r,¢) represents a particular field pattern at a pos#ion
that is propagated along the fiber with an effectwaeevectorf,..
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(a) The electric field (b) The intensity in (c) The intensity (d) The intensity
of the fundamental the fundamental in LPy; in LP,q
mode mode LR,

Core

Cladding

The electric field distribution of the fundamental mode in

the transverse plane to the fiber axis z. The light intensity

is greatest at the center of the fiber. Intensity patterns in
> LPgs, LP;; and LB, modes.

The electric field patterrE,) in thefundamental mode which corresponds to= 0 andm = 1,
the LR, mode, has maximum intensity in the center ofcthre (or fiber axis) and penetrates
somewhat into theladding due to the accompanyirgyanescent waveThe extent of
penetration depends on tenumber of the fiber (and hence on the wavelength). The light
intensity in a mode is proportional B3 which means that the intensity distribution in the,ltRode
has a maximum along the fiber axis. The integarsim are related to the intensity pattern in g LP
mode. There amn number of maxima alongstarting from the core center arich2mber of
maxima around a circle around the fiber akis.called theazimuthal mode number.

Linearly polarized light has its the electric field oscillations contained within a well defined plane.

Lithium niobate polarization modulator is an integrated optic device in which the phase of a light
wave propagating through a waveguide channel is modulated by an external applied voltage. The
modulator has an embedded waveguide is fabricated by implanting a JsNbSrate with Ti
atoms which increase thefractive index. Two coplanar strip electrodes run along the waveguide
and enable the application of a transverse &gl light propagation direction The external
modulating voltag&/(t) is applied between the coplanar drive electrodes and, by virtue of the

Pockels effectinduces a changkn in the refractive index and hence a voltage dependent phase

shift through the device. We can represent light propagation along the guide in terms of two
orthogonal mode<;, alongx andE, alongy. These two modes experience symmetrically opposite
phase changes. The applied (or induced) field is not uniform between the electrodes and, further, not
all applied field lines lie inside the waveguide. EBbdectro-optic effecttakes place over the

spatial overlap region between the applied field anaptieal fields. This spatial overlap

efficiency is lumped into a coefficieftand the phase shiipis written as

Ap=T ZTITng’rZZEV

where typicallyf = 0.5 - 0.7 for various integrated polarization modulators of this type. Since the
phase shift depends on the produc¥ @ndL, a comparative device parameter would béskie
product for a phase shift af(half-wavelength)i.e. V, L. At A =1.5um for anx-cut LiINbG,
modulator, withd = 10 pm, V, ,L = 35 V-cm. For example, a modulator with= 2 cm has a half-

wave voltagev,, = 17.5 V. By comparison, foracut LiNbO, plate, that is for light propagation
along they-direction anck, alongz, the relevant Pockels coefficients,@ndr,,) are much greater
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thanr,, which leads t&/, L =5 V-cm.

Coplanar strip electrodes
A

. d
Polarized b — .

V() Thin buffer layer

input >
iont 7 AE— ==
<L 2 LiNbO,
LiNbO, o/ EO Substrate  x Waveguide Cross-section
z
y/

Integrated tranverse Pockels cell phase modulator in which a waveguide is diffused into an
electro-optic (EO) substrate. Coplanar strip electrodes apply a transverss, fleidugh the

waveguide. The substrate is»anut LiNbO; and typically there is a thin dielectric buffer layer
(e.g.~200 nm thick Si¢) between the surface electrodes and the substrate to separate the
electrodes away from the waveguide.

Lithography is a process by which a pattern is defined on the surface of the wafer which identifies the
crystal regions to be doped.

Longitudinal Pockels cellhas the applied field is along the direction of light propagation, both parallel
to z-axis (ptic axis). Suggest schemes that would allow light to entectistal along the
applied field direction. Suppose that a KDP crystal is used. KDP is uniaxial &g = n,
(polarizations parallel tox andy) andn, = n, (polarization parallel t@). Theprincipal axesx

andy are rotated by 430 becomex’ andy’ and

ni:no_%rﬁ'ésEa nézno"'%rﬁ'ésEa and nN'y=n;=n,
Calculate the half-wave voltage required induce a retardatimetiveen the emerging components
of the electric field, for free space wavelength of 633 nm if for KDP at 638wnl.51,r , =
10.5¢<10" m/V. Light propagates alormwith polarizations parallel t& andy axes and these
orthogonaWwavespropagate with different refractive indicgs andn’,. The applied field, = V/L
alongz so that, the relative phase chadgebetweerk,’ andg, is

21T 21T
Ap==SL(m; ~ 1) === gV

and forAp= rwe have
A (633x 10°)

" . 2L50°a05x 107 o0 KV
063 " '
x/
E —L— E,
v E,
7 Output
Input L light
light Crystal A¢
—_——

Ring electrode

Ea
I i A longitudinal Pockel cell
vV phase modulator
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Luminescence in general terms, is the emission of light as a result of an excited electron transiting down
to the ground energy level. Insemiconductor, this would correspond to thecombination of
an electron and a hole; the excited electron istimeluction band(CB) electron and its ground
state corresponds to a hole in fadence band(VB) . In contrast, light emitted from an ordinary
light bulb is due to the heating of the metal filament. The emission of radiation from a heated object
is calledincandescenceln luminescence, emission of radiation requires the initial excitation of
electrons. If the electron excitation is due to phatiosorption, then the process is identified as
photoluminescencd he direct electron—hole recombination mechanism generally occurs very
quickly. For example, typicahinority carrier lifetimes are in the range of hanoseconds so that
light emission from a semiconductor stops within nanoseconds after the removal of excitation. Such
luminescence processes are normally identifidtiasgescenceThe emission of light from a
fluorescent tube is actually a fluorescence process. The tube contains a gas mixture of argon and
mercury. The Ar and Hg gas atoms become excited by the electrical discharge process and emit light
mainly in ultraviolet region which is absorbed by the fluorescent coating on the tube. The excited
electrons in the fluorescent coating material then recombine emitting light in the visible spectrum.
There are also materials, callggosphorsfrom which light emission may continue for milliseconds
to hours after the cessation of excitation. These slow luminescence processes are normally referred
to asphosphorescence

Optical absorption generates an
EHP. The electron thermalizes and
Thermalization CB then becomes trapped at a local
center and thereby removed from

, , , c the CB. Later it becomes detrapped
Trappir:L L cied Stath * and wanders in the CB again.
—F& I Eventually it is captured by a

Luminescent Center (—V\/\\\—»hu <€, lUMiNescent center where it
(Activator) recombines with a hole emitting a
Ground S‘a"eE photon. Traps therefore delay

hv >E, O/e/’ Recombination v recombination.

N\ VB

m
Q

Consider a semiconductor that has localztatiesthat are electron traps and temporarily capture an
electron from the conduction band and thereby immobilizes it. After a while a kitooe

vibration returns the electron back into the conduction band (by thermal excitation). The traps may
be due tarystal defects or they may be added impurities. The time the electron spends trapped at
E, depends on the energy depth of the trap from the conductionfaid Initially the incident

photon excites a valence band electron to the conduction band. The electron then therializes,
loses the excess energy as it is collides with lattice vibrations, and falls dfyseM®the electron
wanders in the conduction band it becomes captured by a Eaptaemains captured until a strong
lattice vibration excites it back into the conduction band. The electron wanders around again in the
conduction band and eventually it becomes trapped in an excited state of a luminescent center or an
activator. Typically, luminescent centers are intentionally added impurities or crystal defects such as
interstitials or vacancies. The electron then falls down in energy to the ground state of the activator
releasing a photon. Later the electron at the ground state recombines with a wandering hole in the
valence band band. Thus the activator acts as a radietiombination center. With some

impurities the energy that is released when the electron falls down to the ground state is in the form
of lattice vibrations so that the impurity acts as a nonradiative recombination center. The time
interval betweephotogenerationand recombination can be quite long if the electron remains
captured aE, for a considerable length of time. In fact, the electron may become trapped and
detrapped many times before it finally recombines so that the emission of light can persist for a
relatively long time after the cessation of excitation. There are many examples of phosphors with
various activators. For example, ZnS is a typical phosphor material. Small amounts of Cu in the
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ZnS phosphor acts as an activator with luminescence occurring in the green region. Mn, on the
other hand, is an activator which gives luminescence in the red region. It is also possible to excite
electrons into the CB by bombarding the material with a high energy electron beam. If these
electrons recombine with holes and emit light then the process is called cathodoluminescence. This
is the mechanism which allows us to view the electron beam trace on the screen of a CRT (cathode
ray tube). The electron beam excites EHPs in the phosphor coating on the CRT screen. In the case
of color CRT displays, typically the screen is coated uniformly with three sets of phosphor dots
which exhibitcathodoluminescende the blue, red and green wavelength®léctroluminescence

an electric current, either ac or dc, is used to excite electrons into the CB which then recombine with
holes and emit light. For example passing a current through certain semiconducting phosphors such
as ZnS doped with Mn causes light emission by electroluminescence. The emission of light from an
light emitting diode (LED) is an example aijection electroluminescencan which the

applied voltage causes charge carrier injection and recombination in a dexie that has a

junction between g-type and am-type semiconductor.

Mach-Zehnder modulator is a lithium niobate based electro-optic device whose tighsmittance is
controlled by an applied external voltage. It usePihekels effecof liINbO, and the
intereference of twavaveswhich have a relative phase difference, induced by an applied external
voltage. It converts induced phase shift by an applied voltage to an amplitude variation by using an
interferometer, a device that interferes two waves of the same frequency but different phase. As
shown below in the figure, the device has implanted single-mode waveguides in g (oNbther
electro-opticsubstratein the geometry shown. The waveguide at the input that branches®ut at
to two armsA andB and these arms are later combineD &b constitute the output. The splitting at
C and combining aD involve simple Y-junction waveguides. In the ideal case, the power is equally

split atC so that the field is scaled by a fact@ going into each arm. The structure acts as an
interferometer because the two waves traveling through thefeamdB interfere at the output port

D and the output amplitude depends on the phase difference (optical path difference) betveen the
andB-branches. Two back-to-back identipllase modulatorsenable the phase change#iand

B to be modulated. Notice that the applied field in brah@hin the opposite direction to that in
branchB. Therefractive index changes are therefore opposite which means the phase changes in

armsA andB are also opposite. For example, if the applied voltage induces a phase cha@ge of
armA, this will be-r72 in armB so thatA andB would be out of phase by These two waves

will then interfere destructively and cancel each oth&r. dthe output intensity would then be zero.
Since the applied voltage controls the phase difference between the two interfering wasgBsat

the output, this voltages also controls the output light intensity, though the relationship is not linear.
It is apparent that the relative phase difference between the two Avane8 is therefore doubled

with respect to a phase changi@ a single arm. We can predict the output intensity by adding
wavesA andB atD:

Pout((p) - C052 §0

Ru(0)
The power transfer is zero wheaxs 772 as expected. In practice, the Y-junction losses and uneven
splitting results in less than ideal performarandB do not totally cancel out whep= 772.
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T = Electrode
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Waveguide

LiNbO, EO Substrate

An integrated Mach-Zender optical intensity modulator. The input light is split
into two coherent wave& andB, which are phase shifted by the applied
Vi

communications up to 16 GHz. Operates at 1550 nm. Maximum modulation voltage is £20V. (Courtesy
of Lucent Technologies.)

Macrobending lossis due to small changes in thefractive index of the fiber due to inducestrains
when it is bent during its use,g.when it is cabled and laid. Induced strains chamgadn,, and
hence affect thenode field diameter, that is the field penetration into tbkadding. Some of this
increased cladding field will reach the cladding boundary to become lost into the outer medium
(radiation,absorption etc.). Typically macrobending loss crosses over miorobending loss
when the radius of curvature becomes less than a few centimeters.

Magnetic field of a propagating electromagnetic radiation is related to its electricidhdan isotropic
medium ofrefractive index n, (n = V(relative permittivity)), the magnetic fiel = E/v wherev =
c/n=clV(g) is thephase velocityin the medium which is assumed to be nonmagnetic.

Magneto-optic effectsare changes in the optical properties due to the application of an external
magnetic field.

Malus’s law relates the output light intensity to the input light intensity whénearly polarized light
is pass through two polarizers that have their transmission axes aligned at different orientations.
There are various optical devices that operate opdlagization state of avave passing through
it and thereby modify the polarization state. Consider light passing through two polarizers with their

transmission axes making an an@ld he field in the radiation passing through the first polarizer
will have the E-field aligned with thieansmission axisof this first polarizer. However, only the

componenEcos o of the field will be allowed to pass through the second polarizeririéakance
(intensity) of light passing through the second polarizer is proportional to the square of the electric
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field which means that the detected intensity varieEessg)>. Since all the electric field will pass
when@ = 0, this is the maximum irradiance condition. The irradidnatany other angl@is then
given by Malus’s law, / (6) = I (0)cogé.

. Randomly polarized light is

Light detector incident on a Polarizer 1 with
a transmission axis TA
Light emerging from

Linearly Polarizer 1 is linearly

E =~ polarized light polarized withE along TA,,
and becomes incident on

Polarizer 2 (called

"analyzer") with a

transmission axis TAat an

anglef to TA,. A detector
_ measures the intensity of the
Polarizer 1 incident light. TA and TA

Unpolarized light are normal to the light
direction.

Mass action lawin semiconductorscience refers to the lamp = n? (wheren andp are electron and
hole concentrations amgis the intrinsic concentration) which is valid under thermal equilibrium
conditions and in the absence of extebiasesand illumination.

Material dispersion coefficientD , is the time spread of a propagating optical pulse in an optical guide
per unit length and per unit spectral wavelength width due to the wavelength dependence of the

medium. IfdA is the spread of the excitation wavelengths coupled into the &ibsrthe spread in
propagation times of these different wavelengths dumeat@rial dispersion, L is the fiber length

TA,

Polarizer 2 = Analyzer

then,
_ 190t
™ LA
D,, can be determined from tinevs. A relationship via,
D = _i[ldan
" c LHA?

Material dispersion is the spread in the velocities of different wavelengdivesin adielectric
medium due to the wavelength dependence ofafiactive index of the medium. As long as the
propagating EM (electromagnetic) wave is not monochromatic (single wavelength), and the medium
has agroup index that changes with the wavelength, there will always be material dispersion.

Matrix emitter , seevertical cavity surface emitting lasers.

Maxwell's equationsare a set of equations that describe the space and time dependence of the electric
andmagnetic fieldsin a medium through partial derivatives. In an isotrapetectric material

with a relative permittivitye,, Maxwell's equations lead toveave equationfor the electric fieldE.

0°E J°E  O0°E _ 0°E

de + dy2 + dZZ _£OETIJO dZ
whereg, andy, are the permittivity and permeability of free space. It is assumed that the dielectric
material is nonmagnetice p. = 1. The solution of this equation is an electromagnetic wave that is
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traveling with a velocity given by
1

\ EOEI’IJO

V=

James Clerk Maxwell (1831 - 1879) was a Scottish physicist born in Edinburgh. He held professorships
at Aberdeen (1856 - 1860), London (1860 - 1865) and Cambridge (from 1871) Universities; at
Cambridge he set up the Cavendish Laboratory (1856). He is renowned for his mathematical
formulation for describing light in terms of the behavior of time varying electric and magnetic fields . He

also made distinct contributions to the kinetic molecular theory. [(Source: Physics World, March 1999,
p.43.)

See electromagnetic wave.

Mean free pathis the mean distance traversed by an electron between scattering evaatthdfmean
free time between scattering events, amglthe mean speed of the electron, then the mean free path,

A=ur
Mean free timeis the average time it takes to scatter a conduction electipis. e free time between
collisions (between scattering events) for an electron labeiethast = t averaged over all the

electrons. Thelrift mobility is related to the mean free time flgy= et / m,. The reciprocal of the

mean free time is the mean probability per unit time that a conduction electron will be scattered, or,
put differently, the mean frequency of scattering events.

Meridional ray is a light ray that enters aptical fiber through the fiber axis and hence also crosses
the fiber axis on each reflection as it zigzags down the fiber. It travels in a plane that contains the
fiber axis. Guided modes resulting from meridional rays are either TE or TM type.

Along the fiber

A meridional ray
always crosses
the fiber axis.

Metallurgical junction is where there is an effectiygnction between th@-type andn-type doped

regions in therystal. It is where the donor and acceptor concentrations are equal or where there is
a transition frorm- to p-type doping.

Microbending lossis theattenuation of light in a fiber due to the local (sharp) bending of the fiber;
typically for fiber bending with radius of curvature less than ~10 mm. Microbending loss is due to a
“sharp” local bending of the fiber which changes the guide geometmefradtive index profile
locally which leads to some of the light energy being radiating away from the guiding direction. A
sharp bend will change the local waveguide geometry in such a way that a zigzagging ray suddenly
finds itself with an incidence angl, narrower than its normal angdg6’ < 6) which gives rise to
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either a transmittedlave (a refracted wave into tleéadding), or to a greater cladding penetration.

If 8’< 6,, thecritical angle, then there will be ntotal internal reflection and substantial light

power will be radiated into the cladding and eventually to the outside medium (polymer etidting
Greater penetration can lead to tical field reaching the cladding-outer boundary and hence to
some of the light being lost away into the outer coating. Attenuation increases sharply with the extent

of bending; a®’ gets narrow and TIR is lost, substantially more energy is transferred into the

cladding. Further, highest modes propagate initllence angleé close tof, which means that
these modes are most severely affedt@altimode fibers therefore suffer more frofmending

losseghen single mode fibers. Microbending l@ssincreases rapidly with increasing bend

“sharpnessi.e. with decreasing radius of bend curvatiRe, The microbending loss, increases
exponentially withR which depends on the wavelength and the fiber charactersgcy{
number). Typically, bend radii less than ~10 mm can lead to appreciable microbending loss.

Microbending lossr, depends on the fiber characteristics and wavelength and can be calculated

approximately given various fiber parameters using the single mode fiber microbending loss
equation (D. Marcuse). Op. Soc. AmVol. 66, pp. 216-220, 1976)

12,2 3
= 3/27712 K . R‘l’zexp(—z—y2 R)
2y VK, (ye) 3p
whereR is thebend radius of curvaturea = fiber radius 8 is thepropagation constant
determined byb, normalized propagation constant which is related t&, 8= nk[1 + bA]; k
= 217 is the free-spacwavevector, y= V[ — n,K]; k = V[ nk* — B], andK,(x) is a first-
order modifiedBessel function available in math software packages. Note lbtvat

(1.1428-0.996/")° for a single mode fiber with 1.5¥ < 2.5.(See A.J. Harris and P.F. Castle,
IEEE J. Light Wave TechnoWVol. LT4, 34-41, 1986.)

Ug

Field d\istribution Microbending Sharp bends change the
Escaping wave l0cal waveguide
geometry that can lead to
waves escaping. The
zigzagging ray suddenly
finds itself with an
incidence angl®’ that
gives rise to either a
transmitted wave, or to a
greater cladding
penetration; the field
reaches the outside
R medium and some light
./ enepgy is lost.

Cladding

Y
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Measured microbending loss
for a 10 cm fiber bent by

102 — different amounts of radius of
curvatureR. Single mode fiber
with a core diameter of 3.9

10 — um, cladding radius 48m, A

= 0.00275NA= 0.10,V =

1.67 and 2.08 (Data extracted
and replotted from A.J. Harris
and P.F. CastldEEE J. Light
Wave Technologyol. LT14,
1071 — pp. 34-40, 1986; see original
article for discussion of peaks

in ag vs.Rat 790 nm).

ag (nt?) for 10 cm of bend

102 — A =633 nNm
V=2.08 A=790 nm
V=167

107 1T T T T T T 1

0 I2 4 6 8 10 12 14 16 18
Radius of curvature (mm)
Microlaser, seevertical cavity surface emitting lasers.
Minority carrier diffusion length (L) is the mean distancenainority carrier diffuses before

recombination, L = V[D1] whereD is thediffusion coefficient andt is theminority carrier
lifetime.

Minority carrier injection is the flow of electrons into thgside and holes into theside of apn
junction when a voltage is applied to reducelibit-in voltage across thgunction. It can also
refer to an increase in tmeinority carrier concentration due tphotogeneration

Minority carrier lifetime (7) is the mean time for minority carrier to disappear by

recombination. 1/t is the mean probability per unit time that a minority carrier recombines with a
majority carrier. Suppose that excess electrons and holes have been injected, as woyld-be in a

junction under forward bias, and tifat, is the excess electron, minority carrier, concentration and

Ap, is the excess hole, majority carrier, concentration iméural p-side of a GaAgn junction.
Injected electron and hole concentrations would be the same to maintain charge neutrality, that is,

An, =Ap,. In many instances the rate of chadge /dt is proportional taAn, and arexcess
minority carrier recombination time (lifetime) is defined by
dAn, _ An,

& T,
In practice, the injected excess minority carrier concentratipris much greater than the actual
equilibrium minority carrier concentration),. There are two conditions @m, corresponding to
weak andstrong injection based om\n, compared with the majority carrier concentragmn In
weak injection, An, <<p,, wherep,, is the majority carrier concentration. Then=An and

P, = Py, + AP, = P, = N, = acceptor concentration. The rate of recombination in this case is given
by,

e
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single wavelength as it propagates along a fiber through various modes. Each mode has a different

dAn /ot = —B(n,p, — N, P, = —B,N,An,
where B is the direct recombination capture coefficient.. Thus, under weak injection, the lifetime is
constant and given by,

T, = 1BN,
In strong injectionAn, >>p, . Then the rate of recombination becomes,
dAn /ot = -BAp An = B(An)?

so that under high level injection conditions the lifetimis inversely proportional to the injected
carrier concentration. Whenlight emitting diode (LED) is modulated under high injection

levels for example, the lifetime of the minority carriers is therefore not constant, which in turn leads
to distortion of the modulated light output. S#ieect recombination capture coefficient.

Minority carriers are electrons in p-type and holes in amtype semiconductor.

Modal noise,or speckle noiseijn an optical system is random fluctuations in the transmitted power
due to theoptical power carried by various modes experiencing random phase changes which
result in randomrhode mixing’ andthe fact thaattenuation losses being mode dependent;
single fiber has no modal noise.

Modal or intermodal dispersionis due to the spread in time of imfinitesimally thin light pulse of

propagation constantso that at the end of the fiber the modes arrive at different times and

constitute an output pulse that is broadened in time. Modal dispersion zero in a single mode fiber that

allows only one mode, thiendamental mode to propagate. In multimode fiber, modal
dispersion in terms of full spredd is approximately given by,
At _n-n,

L c
wherelL is the guide lengtim, andn, are the refractive indices of there and thecladding andc
is the velocity of light in free space.
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Schematic illustration of light propagation in a slab dielectric waveguide. Light pulse entering

the waveguide breaks up into various modes which then propagate at different group velocities
down the guide. At the end of the guide, the modes combine to constitute the output light pulse
which is broader than the input light pulse.

Mode field diameter MFD (2w,) is the extent of the field distribution across the optical guide in the
fundamental mode The field penetrates tlbadding so that the mode field diameter is not
simply the diameter of theore. The MFD depends on theénumber. If 2a is the core region
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thickness, then approximately,

2w, = 2a(V 1)
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Mode hopis a sudden change in the mode appearing in the lasing epgmitum from a laser as a result
of temperature change or an increase imptimaping (e.g.increase in the diode current).

Single mode
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Mode hopping
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Peak wavelength vs. case temperature characteristics. (a) Mode hops in the output
spectrum of a single mode laser diode. (b) Restricted mode hops and none over the

temperature range of interest (20 -°4). (c) Output spectrum from a multimode laser

diode.

Mode locked laseris a laser that has been constructed to have one transverse mode and many
longitudinal modes that have the same phase so that the longitudinal modes reinforce each other to
generate an intense pulse of lasing emission at fixed time intervals which depends on the laser cavity
length and the speed of light in the lasing medium. Normally the longitudinal modes of a laser tube
would be “independent” with random relative phases. In such a case, the output intensity from the
laser would simply be the sum of these many individual modes. If, on the other hand, the modes
have the same phase then they would reinforce each other in such a way that they generate an intens
optical pulse that repeats itself evéry,,.,= 2L/C seconds wherk is theoptical resonator
length,c is the velocity of light in the medium afg,,,q.wi, = A/ is the round-trip time of a light
pulse in the optical resonator. The situation is analogous to taking a fixed numbemai\sse
with multiple frequencies, adjusting their phases so that one can obtain the maximum amplitude from
their summation. The achievement of such an intense light pulse aflgygry, seconds requires
that the “modes are locked”, that is their relative phases have been correctly adjusted and fixed, to
yield the required maximum output intensity. When modes have been locked, there must be an
optical pulse in the resonator that is traveling between the mirrors with a round-trip ige, of

= 2L /c. The widthAt of an individual pulse depends on the frequency widtlof theoptical
gain curve between points where the gain just exceeds cavity losses (threshold condition). Of

course Av also determines how many modéshere are in the output. Thus,~ 1AL ~T,
/M. In practice, it is not very difficult to obtain mode locking since the required output must
correspond to an intense pulse train of repetitionTate,;
single optical pulse in the resonator bouncing back an
Each time this pulse impinges on a partially reflecting mirror, a portion of it is

trip

trip time T,

round-trip*

d'f

round-

This output itself corresponds to a
orward between the mirrors with a round

transmitted as an output pulse. Suppose that we insert an electro-optic switch that is switched to be
made transparent at evely, ..., Seconds. The switch is on to be transparent only when the pulse

is there and only for the duration of the pulse. Then the only possible situation is where a single
optical pulse can bounce back and forward in the resonator and this corresponds to locking the
modes. This is an exampleaaftivemode locking. Another possibility assivemode locking

where a saturable absorber is used in the optical cavity. A saturable absarberfgion

decreases with increasing light intensity so that it becomes transparent only at high intensities. This
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means the optical cavity is lossy for low light intensities. Such an absorber would only allow a high
intensity light pulse to exist in the cavity which would correspond to various modes having the right
phases; mode locking. The output pulses are spatially separatédbégaise this is the effective
distance the pulse in the resonator travels at évery,, seconds to come back to the output mirror
and generate another output pulse. A mode-lotletie lasertypically has a pulse width of

about 600 ps where as a mode locked Nd:glass laser pulse width is around 400 fs.

L Intensity

] 7 Optical resonator [ Tmund_mp:z_/c

iesing 30}

Electro-optic switch turned on transparent every
2L/c seconds.

Output light intensity from a mode locked laser is a periodic series of short intense
optical pulses that are separated in time lblg,2he round trip time for the pulse in the
resonator. Each time the pulse in the resonator impinges on the right mirror, lefeery 2
seconds, a portion of it is transmitted which constitutes the output .

y

Y A

Mode mixing is the exchange of radiation energy between various modes as light propagates along an
optical fiber. Due to small variations in the sample geometry andetnactive index profile
along the fiber, there is a small but finite energy exchange between the propagating modes. One
propagating mode gradually excites and transfers energy to another mode and so on leexdiag to
mixing Consequently, theandwidth of a longmultimode fiber is generally wider than the
expected bandwidth obtained by simple extrapolation from a short fiber. Thus, bandwidth-distance

(BL) product is strictly not a constant and is express&l ds= constant whergis an index

between 0.5 to 1 depending on the extent of mode mixing. The ynsléxfor a short fiber but
approaches 0.5 for a long fiber.

Mode numberis an integer quantity, analogous to a quantum number, that identifies and distinguishes
various allowed modes in aptical waveguide

Mode of a laseris a distinct field pattern at a reflector that can propagate to the other reflector and back
again and return the same field pattern. If a particular field pattern can travel from one reflector to the
other and back again, experience the right phase change and experience the right amplitude changes
to replicate itself, then it is an allowed field pattern and hence a mode of the laser device (the active
optical resonator). All suclaser modes can be represented by fieldsgndB) that are nearly
normal to the cavity axis; they are referred ttrassverse modes transverse electric and magnetic
(TEM) modesEach allowed mode corresponds to a distinct spatial field distribution at a reflector.
These modal field patterns at a reflector can be described by three iptegerand designated by
TEM,,» The integerp, g represent the number of nodes in the field distribution along the
transverse directionsandz to the cavity axix (put differently across the beam cross section). The
integerm is the number of nodes along the cavity aasd is the usual longitudinadode
number. Each transverse mode with a giygm| has a set of longitudinal modes yalues) but
usuallymis very large (~10in gas lasers) and is not written, though understood. Thus, transverse

modes are written as TEMand each has a set of longitudinal modes (, 2,...). Moreover, two
different transverse modes may not necessarily have the same longitudinal frequencies. (For

example, theefractive index may be not be spatially uniform and different TEM modes have
different spatial field distributions.)
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Laser Modes (a) An off-axis transverse mode is able to self-replicate after one
round trip. (b) Wavefronts in a self-replicating wave (c) Four low order transverse
cavity modes and their fields. (d) Internysgatterns in the modes of (c).
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Mode of an optical fiberis a distinct transverse (to the waveguide axis) electric field pattern that can
propagate and hence be guided along the waveguide.

Molecular beam epitaxy (MBE)is one of the most advanced epitaxial techniques available today,
offering arguably the most flexibility during growth and highest quality material. MBE is a refined
form of vacuum evaporation. The refinement comes from the nature of the sources used and the
vacuum system itself. The vacuum levels typical for this technique are on the ord&rTdri0
permitting molecular flowi(e., molecules from the source arrive at shdstrate without suffering
collisions with other molecules). These conditions are commonly referredUtvasligh Vacuum
(UHV) conditions. MBE sources provide beams of material used for deposition. These beams result
in very slow growth rates (about 1 to 3 A/second for GaAs). Source beams originakanfrdsen
or effusion cells which are essentially heated crucibles with a defined aperture at their open end.
The cells are filled with high purity charges of appropriate elements or compounds and are heated to
provide a flux of pure vapor of the appropriate constituent. By blocking the aperture with a shutter
the beams can be turned on and off. Given the extremely slow growth rates, this enables atomically
engineered device structures to be fabricated (so-cadleolstructures Growth is usually
performed at relatively low temperatures (from about 580 td®306r GaAs).Doping is achieved
by adding appropriate additional Knudsen cells. In general, complex materials structures can be
programmed; this is done in practice by adding appropriate Knudsen cells, and by adjusting the flux
of atoms from the given cell by adjusting its temperature, while applying appropriate shuttering.
Because of the extremely slow growth rates, film quality is excellent, as is the capability to vary
structures€.g, thickness, composition and doping) on the nanoscale. Moreover, layer purity is
also excellent as source purity is always strictly controlled and the environment itself is conducive to
strict purity standards. Another key feature of the MBE UHV environment is that it is ideally suited
for incorporatingn situ characterization tools including, for example, techniques for real-time layer-
by-layer thickness monitoring.

Monochromatic waveis an untruncated sinusoidabve of the form sinft — kz+ @) that has a well-

defined frequencw andwavevectork (or wavelengti); it is of infinite space and time extent and

hence an idealization. The quanglyis a phase constant (independert afdt) that simply
accounts for the fact that the wave may not be zero whéhandz = 0. The period of the wave

represents the periodicity on the time domain andri®.2l'he wavelengtiA of the wave represents
the periodicity of the spatial variations and 1gk2
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A plane monochromatic wave is a wave in which a property or a
quantity such as the electric fieldy field along thex-direction) is
varying with time and space in a sinusoidal fashion over an infinite
time scale and for all space

Monomode optical fiber is a single mode optical fiber. Semgle mode fiber.
Moss’s rule see refractive index

Multimode fiber allows the propagation of light via many guides EM (electromagnetic) waves called
guided modes along the fiber. Typically it hasoge diameter that is much larger than the
wavelength of light which leads tovanumber greater 2.405 and hence to many guided modes.

Multiple quantum well (MQW) lasershave the structure of alternating ultrathin layers of wide and
narrow bandgapemiconductors The smaller bandgap layers are the active layers where electron
confinement and lasing transition take place whereas the wider bandgap layers are the barrier layers.

Active layer Barrier layer

¢ v A multiple quantum well

(MQW) structure.

— Electrons are injected byeh

NG A A S fvavvg forward current into active
layers which are quantum

e, — — E_“ wells.

Although the optical gain curve is narrower than the corresponding bulk device, the output
spectrum from aquantum well deviceis not necessarily a single mode. The number of modes
depends on the indiviual widths of the quantum wells. It is, of course possible, to combine a MQW
design with a distribued feedback structure to obtain a single mode operation. Many commercially
available LDs are currently MQW devices.

Multiple quantum well device is asemiconductorstructure that has more than one quantum well
and that the quantum wells form a period structure.

Multiplied photocurrent , see avalanche multiplication.

Mutual temporal coherencebetween twavavesis time duration over which there is a correlation
between two waves. Suppose that two finite length (truncated) identical frequency sine waves

coincide only over the time intervAt. Thus, they can only give riseitgerference phenomena
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over this time interval. They therefore hamatual temporal coheren@er the time intervaht.

No interference Interference ~ No interference
< At >

> Time

Two waves can only interfere over the time intetMalhich defines
their mutual temporal coherence.

Nanoelectronicsrefers to the technology for fabricating electronic devices with feature sizes ranging from
a fewnanometersto the sulbmicron range. The general motivation for implementing this
technology is to achieve enhanced functionality of electronic devices; this includes (i) operating
speed, (ii) memory capacity, and (iii) novel devices based on quantum-confinement effects.
Ultimately, this can lead to a “superchip”, which would consist of a three-dimensional network of
trillions of switching elements operating at terahertz switching speeds. This will be made possible by
reducing feature sizes to the level of several nanometers. Since on this scale, the quantum-
mechanical nature of electrons determines their behavior, novel structures, devices and circuits are
possible. In such cases, electtonneling and energy quantization are of paramount importance
and novel types of nanoelectronic devices have been developed including, for egaarglen dot
and quantum wire based devicessonant tunneling devicesdsingle electron devices
Nanofabrication refers to thenanometerscale fabrication of semiconductor structures and
devices and nanometer-scale modification of surfaces. This field is rapidly developing to realise the
benefits ofnanoelectronicdevices. We can distinguish between several types of nanofabrication
methods: (iconventional lithographgnd patterning using electron beaiXsays, andions, (ii)
methods employingelf-assembly and (iii) nanometer-scale fabrication of semiconductor
structures and modification of surfaces usngnning probe microscofg$PM) techniques, such as
scanning tunneling microscof$TM) andatomic force microscopfAFM).

Nanometer (nm)is the unit of linear measurement equal to 1/1,000,000,000 (one billionth) of a meter. It
Is equivalent to 10 angstroms or typically to several atom diameters. It is also used in the
measurement of the wavelength of light.

Nanotechnologyrefers to a multidisciplinary field (or set of technologies) for designing, fabricating,
and applyinghanometerscale materials, structures and devices.

Near field distribution refers to the field distribution or intensity distribution very near an aperture or
source so that the intensity pattern differs from the far-field pattern. The near field distribution
normally has a distance dependence. In the caseagtieal fiber, the near field distribution
normally refers to the intensity distribution over the cross sectional area of the fiber.

Photodetector  R€lative intensity

Optical fiber | /-1 |/~---- + - Fiber axis -

r : . r
a 0 a

Lens

Near-field distribuion from anptical fiber

Noise equivalent powel(NEP) is an important property of a photodetector that is defined as the optical
signal power required to generate a photocurrent signal that is equal to the total noise current in the
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photodetector at a given wavelength and withimadwidth of 1Hz. It is numerically equal to the
optical power necessary to give a photocurrent equal to the noise current in the detector when the
detector bandwidth is 1Hz. NEP represents the required optical power to achieve a signal-to-noise
(SNR) of 1 within a bandwidth of 1 Hz. Thietectivity D is the reciprocal of NEF) = 1/NEP.

Non-linear opticsis the utilization of the fact that the when the electric field of the liggteis
sufficiently high, the inducepolarization in a medium is not linearly proportional to the electric
field but depends on its higher power as well. The application of an electriE tielddielectric
material causes the constituent atoms and molecules to become polarized. The medium responds to

the fieldE by developing a polarizatidd which represents the net induced dipole moment per unit
volume. In a linear dielectric medium the induced polarizaanproportional to the electric fiele

at that point and the two are relatedy £, XE wherey is theelectric susceptibility. However,
the linearity breakdown at high fields and fhgs. E behavior deviates from the linear relationship.

P becomes a function & which means we can expand it in terms of increasing powé&diok
customary to represent the induced polarization as

P = g x,E + g x,E* + £ X.E
wherey;, x, andy ; are the linear, second-order and third-order susceptibilities. The coefficients
decrease rapidly for higher terms and are not shown in the above equation. The importances of the
second and third termise. nonlinear effects, depend on the field strerigtNon-linear effects

begin to become observable when fields are very large; 10 V m. Such high fields require
light intensities (~1000 kW ci) that invariably require lasers. All materials, whether crystalline or

noncrystalline, possess a fingcoefficient. However, only certain classesofstals have a
finite x,, and the reason is the same as for the observation Bbtiels effect Only those

crystals, such as quartz, that have no center of symmetry have nog-zeeficient; these crystals
are also piezoelectric.

Nonradiative transitions, seeradiationless recombination

Nonreturn-to-zero, seereturn-to-zero.

Normalized frequencyis another name for thé-number.

Normalized index differenceA for a step index optical fiber is defined By= (n, — n,)/n, wheren,
andn, are thecore andcladding refractive indices respectively.

Normalized propagation constantb is a dimensionlespropagation constantthat is used for

mathematical convenience to represent a waveguide mode with a propagation Gahetagh a
definition
p= BN e B=nkl+ba]
M~ . o
wheren, andn, are thecore andcladding refractive indicesk is the free-spaceavevectorand

A is the normalizedefractive index difference. Thé vs. V-number characteristics for various
linearly polarized modesare then universal for weakly guidirsgep index fibers
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b, normalized propagation
constant vsV-number for
a step index fiber for
various LP modes.

Normalized thicknessis another name for thé-number.

Numerical aperture is a characteristic of apptical fiber that depends on the refractive indices of the
core and thecladding and measures light gathering ability of the core. It is the sine of the
maximumacceptance anglat which a ray of light can enter the fiber core and propagate along the
core. Ifn, andn, are the core and cladding refractive indices of a step index optical fiber, the
numerical aperturBlAis defined by

NA:(an a n5)1/2

Ohmic conductionrefers to electrical conduction that is governed byoE whereo is the conductivity
of the material. The current flow is limited by the rate of transport of intrinsic charge carriers (e.g
electrons and holes) in the material and tdeit mobility and not by the rate of carrier injection
from the electrical contacts. The contacts ideally simply replenish the electrons and holes in the
material reaching the electrodes and exiting the sample.

Ohmic contactis a contact that can supply charge carrierssienaiconductorat a rate determined by
charge transport through the semiconductor and not by the contact properties itself. Thus the current
is limited by the conductivity of the semiconductor and not be the contact.

Optic axis of an anisotropicrystal is a direction in the crystal along which athveshave the same
phase velocitywhatever theipolarization. For example therdinary and theextraordinary
wavestraveling along the optic axis have the same phase velocity and experience the same
refractive index.

Optical activity refers to the rotation of the electric fieldvector of alinearly polarized light wave as
it passes through certagmystals, such as a quartz, along thetic axis. This rotation increases

continuously with the distance traveled through the crystal (abolitf@dr. nm of quartz). The

rotation of the plane of polarization by a substance is cafiedal activity In very simply intuitive

terms, optical activity occurs in materials in which the electron motions induced by the external
electromagnetic field follows spiraling or helical paths (orhitS)ectrons flowing in helical paths
resemble a current flowing in a coil and thus possess a magnetic momeoptic¢akfield in light
therefore induces oscillating magnetic moments which can be either parallel or antiparallel to the
induced oscillating electric dipoles. Wavelets emitted from these oscillating induced magnetic and
electric dipoles interfere to constitute a forward wave that has its optical field rotated either clockwise

or counterclockwise. 18 is the angle of rotation, thehis proportional to the distantepropagated

! The explanation of optical activity involves examining both induced magnetic and electric dipole moments which will not be
described here in detail. There are very readable qualitative explanations as mentioned under Further Reading.
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in the optically active medium. For an observer receiving the wave through quartz , the rotation of
the plane of polarization may beckwise(to the right) ocounterclochvise (to the left) which are
calleddextrorotatoryandlevorotatoryforms of optical activity. The structure of quartz is such that
atomic arrangements spiral around dipéic axis either in clockwise or counterclockwise sense.

Quartz thus occurs in two distinct crystalline forms, right-handed and left-handed, which exhibit
dextrorotatory and levorotatory types of optical activity respectively. Although we used quartz as an
example, there are many substances that are optically active, including various biological substances
and even some liquid solutioresd.corn syrup) that contain various organic molecules with a

rotatory power. Thepecific rotatory poweis defined as the extent of rotation per unit lengi.)(
of distance traveled in the optically active substance. Specific rotatory power depends on the

wavelength. For example, for quartz this i§ 48400 nm but 1°7at 650 nm.

E g Levo, i Dextro
Lt T B e e
o e
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Optic axis

An optically active material such as quartz rotates the plane of polarization of
the incident wave: The optical fiell rotated toE’. If we reflect the wave béc
into the materialE’ rotates back t&.

Optical amplifier is an amplifier that amplifies an optical signal, that is light. A common type of an
optical amplifier is arerbium ion doped optical fiber amplifi@EDFA) in which erbium ions are
pumped to an excited state by usingser diode(or an LED) at 980 nm. Thigumping leads to
apopulation inversion of Er-ions that corresponds to a narrow wavelength range around 1550
nm which is long-haul communications wavelength.

Optical divergencerefers to the angular separationvdvevectorson a giverwavefront. Put
differently, it describes how a propagatwwgve spreads out as it travels.sidherical wavehas a

360 of divergence. A perfegiane wavehas a 0 of divergence. Plane and spherical waves
represent two extremes of wave propagation behavior from perfectly parallel to fully diverging
wavevectors. They are produced by two extremes sizes of electromagnetic (EM) wave source; an
infinitely large for the plane wave and a point source for the spherical wave. In reality, an EM source
Is neither of infinite extent nor in point form, but would have a finite size and finite power. See
diverging waves

Optical fiber amplifier is anoptical amplifier consisting of aglassfiber doped with certain rare-
earth ions such as £ions, operating on the principle sfimulated emission Typically it is a
glassoptical fiber whosecore is doped with rare earth ions which are optically excited from an
external light source to achiepepulation inversion and hence optical amplification.

Optical fiber is a thin cylindrical glass fiber, perhaps 100 microns or so in total thickness (as thin as hair),
that acts as a dielectric waveguide, that is guiding liglec{romagnetic wavesfrom one end to
the other. An optical fiber hascare region of higherefractive index and a surrounding region,
cladding, of lower refractive index which “clads” the core. In the casesiép index fiber, the
change in the refractive index from the core to the cladding occurs as a step and typically this change
is very small (less than 1%). The core region must have as low @itexalation as possible to
allow the transmission of light through the optical fiber. Light entering the fiber can only propagate
along the fiber as certain distinct electric field patterns across the fiber, each of which is a distinct
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modeof the fiber. If the wavelength of the light is longer thandbeoff wavelengthof the
waveguide, then only tHfendamental modecan propagate and there in no intermode

dispersion.

Cladding
Core Fiber axis

Refractive index

A step index optical fiber

Professor Charles Kao who has been recognized as the inventor of fiber optics is receiving an IEE
prize from Professor John Midwinter (1998 at IEE Savoy Place, London, UK; courtesy of IEE)

Reeled optlcél fibers on a drum. (Courtesy of Corning.)
Optical field is the electric field in a lighivave

Optical gain lineshapedescribes theptical gain g vs. wavelengti (or frequencyv) behavior of a
medium. Normally the medium is pumped to achieve an optical gain. The lineshape function is the
functiong = g(v) that represents the optical gains. frequencyd) behavior. Setaser output
spectrum.

Optical gain occurs whenever theadiance of an electromagnetic radiation is amplified as the radiation

propagates through a medium. The amplification is usually describeddpyiced gain coefficieny
which is the fractional increase in thptical power per unit distance along the direction of
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propagation. The amplification generally involves the ratgiofulated emissionsexceeding
absorption andspontaneous emission

Optical indicatrix (Fresnel's ellipsoid) is gefractive index surface placed in the center of the
principal axesx, y andzof acrystal; axis intercepts are,, n,, andn,. We can represent the
optical properties of a crystal in terms of three refractive indices along three orthogonal axes, the
principal axes of the crystal, y andz . These are special axes along whichpiblarization
vector and the electric field are parallel. (Put differently, the electric displacddnamd the electric
field E vectors are parallel). The refractive indices along thegandz axes are the principal
indicesn,, n, andn, respectively for electric field oscillations along these directions (not to be
confused with thevave propagation direction). For example, for a wave with a polarization
parallel to thex-axes, the refractive indexris. The refractive index associated with a particular
electromagnetic (EM) wave in a crystal can be determined by using this optical indicatrix, that is
Fresnel'srefractive index ellipsoidif all three indices were the sanmg=n, = n, = n, we would
have a spherical surface and all electric field polarization directions would experience the same
refractive indexn,. Such a spherical surface would represent an optically isotropic crystal. For
positiveuniaxial crystals such as quartzy, = n, <n,. Suppose that we wish to find the refractive
iIndices experienced by a wave traveling with an arbitrary wave Jeondrich represents the
direction of phase propagation. Suppose that this phase propagation diredfamis is at an

angle@to thez-axis. We place a plane perpendicula®®and passing through the cen@eof the
indicatrix. This plane intersects the ellipsoid surface in a cABAB’ which is arellipse The

major BOB) and minoi(AOA) axes of this ellipse determine the field oscillation directions and the
refractive indices associated with this wave. Put differently, the original wave is now represented by
two orthogonallypolarized EM waves The lineAOA', theminor axis corresponds to the

polarization of the ordinary wave and its semias is the refractive indewr, = n, of thiso-wave.

The electric displacement and the electric field are in the same direction and patalal. b we
were to change the direction©P we would always find the same minor axis, n, is eithem, or
n, whatever the orientation &P (try orientatingOP to be along and along). This means that the
o-wave always experiences the same refractive index in all directionso-(¥énee behaves just like

an ordinary wave (hence the name). The B@#', themajor axis corresponds to the electric
displacement fieldl¥) oscillations in thextraordinary wave and its semiaxi®B is the

refractive indexn (6) of thise-wave. This refractive index is smaller thaybut greater than, ( =

n,). Thee-wave therefore travels more slowly than theave in this particular direction and in this
crystal. If we change the direction©P, we find that the length of the major axis changes with the
OP direction. Thusn,(6) depends on the wave directigh As apparent), = n, whenOP is along
thez-axis, that is, when the wave is traveling alanghis direction is theptic axisand all waves
traveling along the optic axis have the saghase velocitywhatever their polarization. When the
e-wave is traveling along theaxis, or along the-axis,n(6) = n, = n, and thee-wave has its
slowest phase velocity. Along a@P direction that is at an angfo the optic axis, thewave has

a refractive index(6) given by
1 _cosé N sirf 8
(>~ m e
Clearly, for@ = 0°, n(0°) =n, and for@ = 9C°, n(90°) = n_. The major axi8OB’ determines the
e-wave polarization by defining the direction of the displacement vBEc&md notE. AlthoughD is
perpendicular t&, this is not true foE. The electric fieldbf thee-wave is orthogonal to that of the
o-wave, and it is in the plane determinedkognd the optic axis, as discussed belus
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orthogonal t&k when thee-wave propagates along one of the principal axes.

(a) Fresnel's ellipsoid (b) An EM wave propagating alor@P at
an angled to optic axis.

Optical isolator allows light to pass in one direction and not in the opposite direction. For example, the
light source can be isolated from various reflections by placing a polarizer and a Faraday rotator that

rotates the field by £5The reflected light will have a82= 90° rotation and will not pass through
the polarizer back to the source. Thagnetic fieldis typically applied by enclosing the Faraday
medium in a rare-earth magnet ring.

Polarizer

Light

Reflected ligh

Source

Reflector

The sense of rotation of the optical fiflddepends only on the direction of the magnetic field for
a given medium (given Verdet constant). If light is reflected back into the Faraday medium, the

field rotates a furthe in the same sense to come ouEdswvith a 2 rotation with respect tg.

_—

Faraday effect optical isolators: Air-path isolators (top) and laser diode-to-fiber isolator (below). The
cylindrical case contains a rare-earth magnet. (Courtesy of OFR.)

Optical Kerr effect is the change in theefractive index of an optically isotropic medium when the
intensity of a propagating lightaveis sufficiently high. Consider a material in which the

polarization P does not have the second order term
P=¢x,E+ex,E® or PI(g,E) = x, + X-E
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The first term with theslectric susceptibility x, corresponds to the relative permittividyand

hence to the refractive indexof the medium in the absence of the third order teemynder low
fields. TheE? term represents theadiance / of the beam. Thus, the refractive index depends on
the intensity of the light beam, a phenomenon called the optical Kerr effect

_30Xs

4n?

0]

The phaseapof anelectromagnetic waveat a pointzis given by
o=t - —mz =w,t - 2n[nA nZL]

It is clear that the phase depends on the light intensity and the change in the phasedalerig
light intensity alone is

Ap= 2yt Az

As the light intensity modulates the phase, this is cakdidphase modulation Obviously light
is controlling light. Consider the phase at tin@ad pointz
2rn, + 4]

A

When the light intensity is smail/ <<n,, obviouslyw = d@ot = w.. However, suppose we have
an intense beam and the intengitig time dependerit =/ (t). Consider a pulse of light traveling
along thez-direction and the light intensity visshape is a “Gaussian” (this is approximately so

when a light pulse propagates ingptical fiber, for example). Then the instantaneous frequency
is

n=n,+n,/ and n,=

2m
Q= (A)Ot _TZ :O.)Ot_

w_d_(p_wo _2m,zoL
ot A ot
so that the frequency changes with “time”, or across the light pulse.Bifetes rising at the
leading edge and falling in the trailing edge, the two ends of the pulse contain different frequencies!
The change in the frequency over the pulse is caligging. Self-phase modulation therefore
changes the frequenspectrum of the light pulse during propagation. The second term above
results in the broadening of the frequency spectrum and hence leads ttigpersionfor a
Gaussian pulse propagating in an optical fibeGaussian beanpassing through a plate of
nonlinear medium can becomself-focusedby the optical Kerr effect.

y . .
A Nonlinear medium

The intensity variation across
I the beam cross section leads to

T a similar refractive index

I < -—> 5 z variation in the nonlinear

B medium. Thus, the medium
e — resembles a graded index guide

or a GRIN rod and can focus
the beam.

Intensity across beam
Cross section

Optical power is theelectromagnetic wavglight) energy flowing per unit time through an area of
interest. It is also called the radiant flux. Light intensity, also knowmaiance or radiant flux
density, is the optical power flowing per unit area.
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Optical rectification is the generation of a dc voltage,pmlarization (P), in a nonlinear medium from
anelectromagnetic wavglight). The electromagnetic oscillations at the light frequency are
“rectified” by the medium to result in a constant (dc) polarization.

Optical resonator is anoptical cavitydefined by two reflectors such that only certain light frequencies are
allowed to exist within the cavity just as only certain frequencies are allowed in an elé@rical
circuit. The cavity may contain an optical medium with a refractive index. If the reflectors are flat
and parallel mirrors then the resonator is callBdlary-Perot resonator or etaloi®©nly certain

frequenciew,, are allowed within the cavity, or to pass through the resonator. For exanoples if
an allowed frequency,raode of the resonatothenu,, = md(2L) whereL is the cavity length and
mis an integer 1,2,...The width of each mode depends on the cavity losses including mirror
reflectances

Partially reflecting plates

\ . / N \ Transmitted light
i i D> | i . .
| i — v | i Transmitted light
@ - ) IUpu o Perot optical
| i _ AN, > : ! cavity.
! ! | | L | ! ' : | v
Fabry-Perot etalon Ym Y g

Optical semiconductor amplifier is asemiconductor laserstructure that can be used asogtical
amplifier that amplifies lightvavespassing through itactive region Light to be amplified is
made to enter the active region of the laser semiconductor diode and the active region is pumped by &
sufficiently large diode current just as in a norfagker diode The wavelength of radiation to be
amplified must be within the optical gasandwidth of the laser. Such a device would not be laser
oscillator, emitting lasing emission without an input, but an optical amplifier with input and output
ports for light entry and exit. In thieaveling wave semiconductor lasanplifier the ends of the
optical cavity have antireflection (AR) coatings so that the optical cavity does not act as an efficient
optical resonator, a condition for laser-oscillations. Light, for example, fromoatical fiber,
is coupled into the active region of the laser structure. As the radiation propagates through the active
layer, optically guided by this layer, it becomes amplified by the indsiedilated emissions
and leaves the optical cavity with a higher intensity. Hétery-Perot laser amplifiers similar to the
conventional laser oscillator, but is operated belowvthreshold current for lasing oscillations;
the active region has aptical gain but not sufficient to sustain a self-lasing output. Light passing
through such an active region will be amplified by stimulated emissions but, because of the presence
of an optical resonator, there will be internal multiple reflections. These multiple reflections lead to
the gain being highest at the resonant frequencies of the cavity within the optical gain bandwidth.
Optical frequencies around the cavity resonant frequencies will experience higher gain than those
away from resonant frequencies. Although the Fabry-Perot laser amplifier can have a higher gain
than the traveling wave amplifier, it is less stable.
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Pump current

v v

Signal in Signal out
N\ | Active region S\ N\ NN\ \/\>
AR = Antireflection * AR Partial mirror * Partial mirror
coating
(a) Traveling wave amplifier (b) Fabry-Perot amplifier

Simplified schematic illustrations of two types of laser amplifiers

A 1550 nm semiconductor optical amplifier using an InGaAsP chip. (Courtesy of Alcatel)

Optical time domain reflectometry (OTDR) is a technique in which ligtdttenuation along an
optical fiber is determined as a function of distance along the fiber by measuring the backscattered
light power . A very short light pulse is launched at the front end of a fiber. As this pulse
propagates, portions of it become scattered (Rayssigtiering). A further portion of these
scatteredvavesin the backward direction will enter a guided mode of the fiber and become guided
back; this is thdackscattered wav&Vhen the backscattered waves reach the front end, they are
directed towards a detector where the backscattered pgwiermeasured as a function of titne
from the launch instant. The tinhef observation represents a “round trip” time from the fiber front
end to the scattering poiriand back to the front end. Thus, titr@rresponds to a distance=2

tx(velocity incore) which means that = ct/2n,, wheren, is the corgefractive index. The

detected backscattered signal is analyzed and displayed as backscattered power (usually in dB) vs.
distancex. Asx (i.e.time) increases, representing further propagation along theRiQer,

decreases as a result of attenuation along the fibspli¢e typically leads to a drop iR, due to a

degree of attenuation at the splice. An end-to-end fiber connection may exhibit a spike due to a
Fresnel reflection(dielectric-dielectric reflection). When the pulse reaches the far-end, it
experiences a Fresnel reflection which occurs as a final spike in the OTDR sigrigj., The

power in the backscattered wave, is a fraction of the forward traveling wave but attenuated by

expFax), wherea is the attenuation coefficient. This is because the backscattered wave travels a
distancex back to the front end. Since the forward wawveiatexptax) of the launch power,

Pys O exp2ax),
and din(P9)/dx = —2a
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Clearly, the slope d?, (dB) vsx provides an indication of the local attenuatioat x.
Emitter ‘ Splitter  £ocus Optical fiber

»- »- A B D E F
Short puls¢ ‘ID>‘, ‘ -—— C_ Fend
s - — Splice Connector
Backscattered X =tc/2n;
light
Focus

Photodetector \

Analyzer and Display

Backscattered Power (dB)

Attenuation due to scattering

Attenuation due to scattering
D "Reflection” at fiber end

Connector

E

X =tc/2n,
Distancex into fiber

Optical time domain reflectometer (schematic) and a typical result on a fiber that has a splice and a
connector (the curve is idealized.)

Optical tunneling is a phenomenon in which light is able to tunnel through a thin optical barrier and
appear on the other side. The intensity of the transmitted light through the barrier depends on the
thickness of the barrier; and decreases exponentially with this thickness.

Tranmistted
light by

y tunneling When medium B is thin
(thicknesd is small),
the field penetrates to
the BC interface and
gives rise to an
attenuated wave in
medium C. The effect is
the tunneling of the
Incident Reflected incident beam in A

light light through B to C.

Optical waveguideis a dielectric waveguide which hagare region of higherefractive index
surrounded by a region of lower refractive index calledctadding. Electromagnetic waves
with wavelengths in the optical region propagate in the core region of guideabinternal
reflection.

Optically denser medium has a higheefractive index.
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Optimal profile index (y,,ma) iS the value of therofile index that results in a minimum of intermodal
dispersion; typically= 2.

Outside vapor deposition(OVD) is one of the vapor deposition techniques used to produce the rod
preform used in fibedrawing. The OVD process has two stages. The fagtlown stage
Involves using a fusesilica glassrod (or a ceramic rod such as alumina) as a target rod. This acts
as a mandrel and is rotated. The required glass material for the preform with the right composition is
grown on the outside surface of this target rod by depositing glass soot particles. The deposition is
achieved by burning various gases in an oxyhydrogen burner (torch) flame where glass soot is
produced as reaction products.

Vapors: SiCj+GeC, + Q,
Fuel H,
Deposited soot

C ~~~~~~~~~~~~~~~~ Target rod

Drying gases

Porous soot
preform with hole

Furnace Preform  Furnace

-~
-~
-~

Deposited Ge doped SjO Rotate mandrel

(a) (b) Clear solid
glass preform

Schematic illustration of OVD and the preform preparation for fiber drawing. (a) Reaction of
gases in the burner flame produces glass soot that deposits on to the outside surface of the
mandrel. (b) The mandrel is removed and the hollow porous soot preform is consolidated; the
soot particles are sintered, fused, together to form a clear glass rod. (c) The consolidated
glass rod is used as a preform in fiber drawing.

Drawn fiber

Pauli exclusion principle excludes any two electrons from having the same set of quantum numbers,
/, m, m, in a given system of confined electrons, where theprincipal quantum number, /
is the orbital angular momentum quantum numimers the magnetic quantum number ands the

magnetic spin quantum number. There can be no two electrons occupying stafegrn, 7, m,,
m,), wherey is the electrowavefunctionincluding spin. Equivalently, up to two electrons with
opposite spins can occupy a given orbiggh, 4, m).

Penetration depthof anelectromagnetic wavanto a medium is the distance over which the electric
field drops by a factor a#*. Penetration deptdis the reciprocal of thattenuation coefficienta
in the medium;0 = 1/a. Seeabsorption coefficient.

Phase mismatchoetween two propagatingavesto the difference between their propagation constants
B, that isAS .

Phase modulatoris aPockels effectmodulator in which the an applied voltage, and hence the applied
electric field, modulates thefractive index and hence the phase of a ligldve propagating
through thecrystal. For example, in the transverse phase modulator, the applied electriE freld,
VI/d, is applied in a transverse direction to the propagation of the light wave. Supp&seshat
parallel to they-direction, normal to the direction of light propagation alen§uppose that the

incident beam isinearly polarized with E say at 45to they axes. We can represent the incident
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light in terms ofpolarizations (E, andE,) along thex and y axes. These componeifsandE,
experience refractive indic@s andn’, respectively. Thus wheg, traverses the distanteits
phase change is @,

@ = 2my; L= 21

\%
) T(no +3 M0, E)
When the componei, traverses the distanteits phase change is lgy, given by a similar
expression except that, changes sign. Thus the phase chaxpgbetween the two field
components is

Ap=qg- @ :27nn3r Ly

ozza

The applied voltage thus inserts an adjustable phase diffekgrm=tween the two field
components. The polarization state of output wave can therefore be controlled by the applied voltage
and the Pockels cell isplarization modulatarWe can change the medium from a quarter-

wavelength to &alf-wave plateby simply adjusting/. The voltageV =V, ,, thehalf-wave

voltage corresponds tAg= rrand generates a half-wave plate. The advantage of the transverse
Pockels effecis that we can independently redutend thereby increases the field, and increase

the crystal lengtih, to build-up more phase chandgpis proportional td./d. This is not the case in
the longitudinal Pockels effect. lfandd were the same, typically,, would be a few kilovolts but
tailoring d/L to be much smaller than unity would brivig, down to desirable practical values.

V|
Ey Y Ey

45°  wm !
Input | d . TA(/) /} o , Output
light £\ 1| E_ AN N U =% light
Ex E,
= Z

Tranverse Pockels cell phase modulator. A linearly polarized input light
into an electro-optic crystal emerges as a circularly polarized light.

Phaseof a travelingvaveis the quantityix— «t) which determines the amplitude of the wave at position

x and at timé givenk( = 271 /A) andw. In three dimensions it is the quantikyr(— «t) wherek is
thewavevectorandr is the position vector; the amplitude is measured atttime

Phase velocityis the rate at which a given phase on a traveliage advances. It represents the velocity
of a given phase rather than the velocity at which information is carried by the wave. Two

consecutive peaks of a wave are separated by a waveleagthit takes a time periodulfor one
peak to reach the next (or time -separation of two consecutive peaks at one location), then the phase

velocity is defined ag = A/(1/v) = Av.
Phononis a quantum of energy associated with the vibrations of the atomsciryste, analogous to the
photon. A phonon has an energy® whereQ is the angular frequency of thadtice vibration,

andz = 2r7h, h = Planck's constant If K is thewavevectorof a lattice vibration wave, a
phonon, then the momentum of the phonaotkis

Phosphorescenceseeluminescence
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Phosphors seeluminescence

Photocarrier is a charge carrier insemiconductor(or any device) that has been generated by the
absorption of light.

Photoconductive detectordrave the simple metal-semiconductor-metal structures, that is two electrodes
are attached to semiconductorthat has the desireabsorption coefficientand quantum
efficiency over the wavelengths of interest. Incidagmtons become absorbed in the
semiconductor and photogenerate electron hole pairs (EHPS). The result is an increase in the
conductivity of the semiconductor and hence an increase in the external current which constitutes the
photocurrent . The actual response of the detector depends whether the contacts to the
semiconductor are ohmic or blocking (for example Schottky junctions that do not inject carriers) and
on the nature of carrieecombination kinetics.

Light
A semiconductor slab of length widthw and
/ / d depthd is illuminated with light of wavelength
n=n,+An A and intensity is$ . Equilibrium carrier
p=p.+Ap concentrations ane, andp,. Under steady state
7 " illumination these become=n, + An andp =
v | P, + Ap. The change in the conductivityr is
I I i‘“" the photoconductivity of the sample.

The photoconductivity of the sampléo under uniform illumination is given by

Ap = EMATW, +1,)

hcd

where e is the electronic chargejs the quantum efficiency, andy, are the electron and hole
drift mobilities, T is the mean recombination time (lifetimb)is Planck’s constani c is the speed
of light andd is the thickness of the photoconductive slab. It is assumed that all the incident radiation
Is absorbed; otherwise this expression must be multiplied bekpad)], wherea is the
absorption coefficient at the wavelength of interest.

Photoconductive gainis occurs in a photoconductor when ghéernalphotocurrent is due to more than
one electron flow per absorbptioton. The photoconductor must haskbmic contactsto allow
carriers to enter theemiconductor. The photoconductive gain is then simply

Rate of electron flow in external circuit

" Rate of electron generation by light absorption
which can be shown to be

_r4_ u0
G=—+&n
i

wherep, andy, are the drift mobilities of the electrons and holes respectiyédythe electron
transit time t, = ¢/( 1 E) where/ is the photoconductor length a&ds the electric field andis the

mean recombination time. The photoconductive gain can be quite highsitkept large which

means a long recombination time and a short transit time. The transit time can be made shorter by
applying a greater field but this will also lead to an increase idatiecurrent and more noise.

The speed of response of the device is limited by the recombination time of the injected carriers. A
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(d) (e)
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A photoconductor with ohmic contacts (contacts not limiting carrier entry) can exhibit gain. As
the slow hole drifts through the photoconductors, many fast electrons enter and drift through the
photoconductor because, at any instant, the photoconductor must be neutral. Electrons drift
faster which means as one leaves, another must enter.

long T means a slow device.

% (a)
Y

(b) (c)
<®nht <® <®
e——— eo———
-4
Photoconducto
Iph
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I I
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—
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Photoconductivity is the change in the conductivity from dark to lighif,, — Oy

Photodetectoris a device that converts a light signal to an electrical signal such as a voltage or current. In
many photodetectors such as photoconductors and photodiodes this conversion is typically achieved
by the creation of free electron hole pairs by the absorption of photons, that is, the creation of
electrons in the conduction band and holes in the valence band. In some devices such as
pyroelectric detectorsthe energy conversion involves the generation of heat which increases the
temperature of the device which changes its polarization and hence its relative permittivity.

Photodiodeis a semiconductor diode f§a junction) that generates a photocurrent upon illumination with
a suitable range of wavelengtps.junction based photodiodes are small and have high speed and
good sensitivity for use in various optoelectronics applications, the most important of which is in
optical communications.

Photoelastic effectis the phenomenon in which the induegdhin (S)in acrystal changes its
refractive index n. The strain changes the density of the crystal and distorts the bonds (and hence
the electron orbits) which lead to a change in the refractive mdéwe were to examine the
change in X instead oh, then we would find that this is proportional to the induced s8aind
the proportionality constant is the photoelastic coeffigiene.

0lo_
AEhZ O pS
The relationship is not as simple as stated above since we must consider the effect & alstrgin
one direction in the crystal on the induced changefam a particular light propagation direction and
some specifipolarization. The above equation in reality is a tensor relationship.

Photogenerationin asemiconductoris the excitation of an electron from thalence band(VB) into
the conduction band(CB) by theabsorption of aphoton. Thus, an electron hole pair is
generated.

Photogenerationis the excitation of an electron into tbenduction bandby theabsorption of a
photon. If the photon is absorbed by an electron invllence bandthen its excitation to the
conduction band will generate an EHP.

Photoinjection is thephotogenerationof carriers in thesemiconductorby illumination.
Photogeneration may involve the excitation of an electron fromaleace bandto the
conduction bandin which case electrons and holes are generated in pairs.

Photolithography uses light in the lithographic process to define a pattern on the surface of wafer.
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Photoluminescencesee luminescence

Photonis a quantum of electromagnetic radiation whose enetgy, iwhereh is the Planck constant and
v the frequency of the electromagnetic radiation. It also has a zero rest mass and a mpmentum
given by the De Broglie relationship= h/A whereA is the wavelength.

3 10° photons

s

4 .

9.3 10* photons 7.6 10° photons

3.6 < 10° photons 2.8 107 photons
These electronic images were made with the number of photons indicated. The discrete nature of
photons means that a large number of photons are needed to constitute an image with satisfactorily
discernable details. [A. Rose, “Quantum and noise limitations of the visual process” J. Opt. Soc. of
America, Vol. 43, 715, 1953 (Courtesy of OSA)]

Photon or optical confinementis the restriction obptical power, photons, to certain region of a
device by virtue ofefractive index profiling; for example, by constructing a waveguide
structure.

Phototransistor is abipolar junction transistor (BJT) that operates as a photodetector with a
photocurrent gain. Typically the base terminal is normally open and there is a voltage applied
between the collector amuitter terminals just as in the normal operation of a common emitter
BJT. An incidenphoton is absorbed in the space charge layer (SCL) between the base and
collector to generate an electron hole pair (EHP). The electricHigldhe SCL separates the
electron hole pair and drifts them in opposite direction. This iprih@ary photocurrent and
effectively constitutes a base current even though the base terminal is open circuit (current is flowing
into the base from the collector). Since the photon generated primary photoklyieamplified
as if it were a base curremt)( the photocurrent flowing in the external circuit is
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ph pho
wherefis the current gain (di..) of the transistor. Thehototransistor construction is such that
incident radiation is absorbed in the base-collector junction SCL. It is possible to construct a
heterojunction phototransistahat has different bandgap materials for the emitter, base and collector.
For example, if the emitter is INE(= 1.35 eV) and the base is an InGaAsP alloy (for exarfple,

= 0.85 eV) then photons with energies less than 1.35 eV but more than 0.85 will pass through the

emitter and become absorbed in the base. This means the device can be illuminated through the
emitter.

Photovoltaic devicesor solar cellsconvert the incident solar radiation energy into electrical energy.
Incidentphotonsare absorbed to photogenerate charge carriers that pass through an external load to
do electrical work. Photovoltaic devices may be metal/semiconductor Schottky jungiions ,
junction orpin devices . For example, a crystallingpBjunction solar cell may have a tmrtype
semiconductorlayer on a thiclp-type substrate The electrodes attached to theide must
allow illumination to enter the device and at the same time result in a small series resistance. They are
deposited on ta-side to form an array dinger electrodesn the surface. Theside is very narrow
to allow most of the photons to be absorbed within the depletion region and within thepeutral
side. These photons photogenerate electron hole pairs (EHPS) in these regions. EHPs
photogenerated in the depletion region are immediately separated by the builtfy Wbidh drifts
them apart. The electron drifts and reaches the netisigle whereupon it makes this region

negative by an amount of charge Similarly the hole drifts and reaches the neydsile and

thereby makes this side positive. Consequently an open circuit voltage develops between the
terminals of the device with thpeside positive with respect to theside. If an external load is

connected then the excess electron imthEle can travel around the external circuit, do work, and
reach the-side to recombine with the excess hole there. There will be an external photocurrent. It is
important to realize that without the internal fiéglit is not possible to drift apart the

photogenerated EHPs and accumulate excess electronsresidieeand excess holes on fhside.

A thin antireflection coating on the surface reduces reflections and allows more light to enter the

device.
Bus electrode . .
for current collection ni E 1 P
1
Finger electrodes i'__°>:
Light :‘ DI’Iﬁ:° :
A o> Back
. ] ! electrode
Finger ! '
electrode | 1 !
——|
n “—0 Depletion ! NeUtrf'J"
; region 1 p-region
p
I
photocurrent
o—>
Finger electrodes on the - N/ +

surface of a solar cell reduce o _
the series resistance The principle of operation of the solar cell.
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Honda’s two seated Dream car is powered by photovoltaics. The Honda Dream was first to finish 3,010
km in four days in the 1996 World Solar Challenge. (Courtesy of Photovoltaics Special Research

Centre, University of New South Wales, Sydney, Australia)
Photovoltaic effectis the generation of an emf (electromotive force) as a result of illumination. See

photovoltaic devices

Photovoltaic or solar celll-V characteristics are the current vs. voltage characteristics of the device
under different intensities of illumination within the spectral response curve of the device. Under
illumination, the dark-V characteristics become shifted so that there is a short circuit cuyrand

an open circuit voltage

Q¢!

that is, a photocurreif, when the solar cell is shorted and a voltsge

when it is in open circuil, represents the conventional current that would normally flow in a
forward biasedliode. However, the actual photocurreptis in the opposite direction tg, thus

sc _I ph*

‘Y
N—>

V

/
20—

-
.

\

I (MA)

— |
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Light

When a solar cell drives
a loadR, R has the same

Twice the light

voltage as the solar cell
but the current through
it is in the opposite
direction to the

-20

Typical -V characteristics of a Si solar cell. The short
circuit current is b, and the open circuit voltageVg.. The

convention that current I-V curves for positive current requires an external bias
flows from high to low voltage. Photovoltaic operation is always in the negative

potential.

current rgion.

Thetotal current through gnjunction solar cell can normally be written as,

neV o

(]

B

whereV is the voltage across the solar cglljs the short circuit photocurreritjs theBoltzmann
constant T is temperature (K) andlis the ideality factor (1 to 2) for th@n junction. The open
circuit output voltagey, of the solar cell is given by the point where vecurve cuts th&/-axis
(I =0). It is apparent that although it depends on the light intensity, its value for Si solar cells
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typically lies in the range 0.4-0.6 V. When the solar cell is connected to R,Itzelload has the
same voltage as the solar cell and carries the same current. But thel¢brme@hR is now in the
opposite direction to the convention that current flows from high to low potential. Thus,

[:—K
R

The actual currerit and voltagéd/’ in the circuit must satisfy both thé&/ characteristics of the solar

cell and that of the load. We can fildandV' by solving these two equations through a graphical
solution; called a load line construction. Thé characteristics of the load is a straight line with a
negative slope -/ This is called théoad line The load line cuts the solar cell characteristic at a
point P called theoperating point At P, the load and the solar cell have the same current and

voltagel"andV’. The current’ and voltagé/’ in the circuit are hence given by poihtThe power
deliveredto the load i?, . =1’ V’, which is the area of the rectangle bound-BndV- axes and

out —

the dashed lines in the figure. Maximum power is delivered to the load when this rectangular area is

maximized (by changinB or the intensity of illumination), whelri=1 andV’ V_. Since the
maximum possible current i, and the maximum possible voltagefgg [ Voo represents the
desirable goal in power delivery for a given solar cell. It is therefore useful to compare the maximum
power output] V,, with IV . Thefill factor FF, which is a figure of merit for the solar cell, is
defined as

.V,

.V,

SC” oC

FFis a measure of the closeness of the solat-tkedurve to the rectangular shape (the ideal shape).
It is clearly advantageous to have FF as close to unity as possible but the expomgmtction
properties prevent this. Typically FF values are in the range 70-85% and depend on the device
material and structure.

FF=

I (MA)
VOC
A vy S
0 | | | L g
0.2 0.4 0.6

I
E I-V for a solar cell under an
1 ! illumination of 600 Wn?.
-10— Slope = -/R |

| Operating Point

| =, —» The Load Line foR=30Q
s¢” ph P (I-V for the load)

—20—

The current” and voltage/’ in the circuit of (a) can be found from a load

line construction. Poir® is the operating point’(V’). The load line is for
R=30Q.

Piezoelectric materialhas a non-centrosymmetigcystal structure which leads to the generation of a
polarization vector P, or charges on the crystal surfaces, upon the application of a mechanical
stress T. When strained, a piezoelectric crystal develops an internal field and therefore exhibits a
voltage difference between two of its faces. Equivalently, a piezoelectric crystal when strained
develops an internal field and therefore exhibits a voltage difference between two of its faces. The
mechanical stress,, in one direction (along i) can generate polarizatralong a different
direction (along) and are related Wy, = d; T, whered, is the piezoelectric coefficient.

Pigtail is a shorpptical fiber that is directly coupled to an optical component, for example, an LED. A
pigtailedemitter, for example, comes with this short fiber already attached to it so that one can
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simply use this short fiber to couple the emitter to another compangra (ong-haul fiber by
splicingetc).

A 1550 nm MQW-DFB InGaAsP laser diode pigtail-coupled to a fiber. (Courtesy of Alcatel.)

pin diodeis semiconductor diode that has the strucpivantrinsic h* with a relatively thick intrinsic
region that is depleted of free carriers. The intrinsic layer has a much smaller doping thgn both

andn® regions and it is much wider than these regions, typically jiab@epending on the

particular application. In the idealizpth photodiode, the Si region is simply taken to be truly

Intrinsic whereas in practice it is slightly doped. When the structure is first formed, holes diffuse
from thep’-side and electrons froni-side into tha-Si layer where they recombine and disappear.
This leaves behind a thin layer of exposed negatively charged acceptor iongisitleeand a thin

layer of exposed positively charged donor ions imthgide. The two charges are separated by the
I-Si layer of thicknes®V. The depletion layer widths of the thin sheets of acceptor and donor
charges in the" andn” sides are negligible compared with There is a uniform built-in fiel&,_ in

I-Si layer from the exposed positive donor ions to exposed acceptor negative ions. In contrast, the
built-in field in the depletion layer offan junction is not uniform. With no applied bias, equilibrium

is maintained by the built-in fielEf, which prevents further diffusion of majority carriers into ithe

Si layer.The separation of two very thin layers of negative and positive charges by a fixed distance,
width W of thei-Si, is the same as that in a parallel plate capacitor. The junction capacitance tends to
be very small, in the picofarad range, and independent of the bias voltagvein iBheormally

reverse biased with a voltagewhich drops almost entirely across the widtl8f layer. The field

E in thei-Si layer is still uniform and increases&c= V./W. Thepin structure is designed so that
photon absorption occurs over 1h8i layer. The photogenerated EHPs initielayer are then

separated by the field and drifted towards th& andp’ sides respectively. The drift of the
photogenerated carriers through itt& layer they gives rise to an external photocurrent which is
detected as a voltage across a small sampling reBistdreresponse timeof thepin photodiode

is determined by the transit times of the photogenerated carriers across th&/ widkiei-Si layer.
IncreasingWV allows more photons to be absorbed which increases the quantum efficiency but it
slows down the speed of response inasmuch as carrier transit times become longer. The intrinsic
response time of than is normally determined by the drift time of the slowest carriers across the
depletion region. This response time can be shortened by increasing the drift velocity of the carrier,
that is, by increasing the fieldd. V) but eventually the carrier drift velocity saturates and the drift

time cannot be shortened furthEor ani-Si layer of width 1Qum, with carriers drifting as
saturation velocities, the drift time is about 0.1 ns which is longer than tifizgtime constants.
The speed gbin photodiodes are invariably limited by the transit time of photogenerated carriers
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across the-Si layer.
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(a) The schematic structure of an idealipedphotodiode (b) The
net space charge density across the photodiode. (c) The built-in

field across the diode. (d) Thé photodiode in photodetection is
reverse biased.

Planck’s black body radiation law, seeblack body radiation.

Planck’s constanth is a universal constant that is defined as the smallest quantum of radiation energy (at

108

one frequency) per unit radiation frequenity; 6.626<10%* J s. The quantiti/2rris denoted as.
Plane electromagnetic waveés a travelingvave with time varying electric anchagnetic fields that

is E, andB, respectively, which are propagating through space in such a way that they are always

perpendlcular to each other and the direction of propagatidre simplest traveling wave is a

sinusoidal wave which, for propagation alanfas the general mathematical form,
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E, = E, cost - kz+ )
whereE, is the electric field at positionat timet, kis thepropagation constant orwave
number, given by 2VA, whereA is the wavelengthpis the angular frequenc, is the amplitude
of the wave ang, is a phase constant which accounts for the fact that @tandz= 0,E, may or
may not necessarily be zero depending on the choice of origin. The arguinehkt ¢ ¢,) is called

thephaseof the wave and denoted pyln any plane perpendicular to the direction of propagation
(along2), the phase of the wave is constant which means that the field in this plane is also constant.
A surface over which the phase of a wave is constant is referred weagfaont. A wavefront of
aplane waveis obviously a plane perpendicular to the direction of propagation.

Direction of Propagatior—pp» k

An electromagnetic wave is a travelling wave which has time varying electric
and magnetic fields which are perpendicular to each other and the direction of
propagationz.

Plane waveis awavethat has a constant electric field and a constagnetic fieldin any given
infinite plane perpendicular to the direction of propagatoiihe field in successive planes,

however, oscillates with time. The field is said to have a constant phase anywhere on a given plane
perpendicular td.

Pockels cell intensity modulatoris a Pockels phase modulator with a polarRend an analyzei
before and after the phase modulator such that they are cross-polaifedndA have their

transmission axes at 9@ each other. Thigansmission axisof P as at 45 to they-axis (hence

A also has its transmission axis at #by) so that the light entering tloeystal has equaE, andE
components. In the absence of an applied voltage, the two components travel with the same
refractive index andpolarization output from the crystal is the same as its input. There is no

light detected at the detectorAsandP are at right angle®9(= 9¢° in Malus’s law). An applied

voltage inserts a phase differeagbetween the two electric field components. The light leaving
the crystal now has an elliptical polarization and hence a field components along the transmission
axis ofA. A portion of this light will therefore pass througho the detector. The transmitted
intensity now depends on the applied volts¥g&he field components at the analyzer will be out of
phase by an amouaip. Only the component of the field along the transmission a¥dscah pass
through. The intensity of the detected beam (output beam) is then

| =1 sit @l

Al2

where/  is the light intensity under full transmission, and an applied voltaye,a$ needed to

allow full transmission. In digital electronics, we would switch a light pulse on and off so that the
non-linear dependence of transmission intensity @rould not be a problem. However, if we wish
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to obtain a linear modulation between the intensigndV we need tdias this structure about the
apparent “linear region” of the curve at half-height . This is done by insertjngrger-wave

plate after the polarizeP which provides aircularly polarized light as input. That meansp
Is already shifted byr4 before any applied voltage. The applied voltage then, depending on the

sign, increases or decreagas. The new transmission characteristic is shown as a dashed curve.
We have, effectively, optically biased the modulator at @iah this new characteristics .

Qwp |
: v I Transmission intensity
\ T y | o [====z—rz-2a
P | . A / |
. i / N
Input L, : & Detector o ;““ \i
light a Crystal | D < O) y !
450 '\\ X ' / E
1 / 1
: z z ' \%
1 0 Vi

Left: A tranverse Pockels cell intensity modulator. The polaRzand analyzeA have their

transmission axis at right angles d@hgolarizes at an angle 4% y-axis. Right: Transmission
intensity vs. applied voltage characteristics. If a quarter-wave Q& is inserted aftel, the
characteristic is shifted to the dashed curve.

Pockels effectis a change in theefractive index of acrystal due to an application of an external
electric field, other than the field of the lighttve. Suppose thaty andz are theprincipal axes
of a crystal with refractive indices, n, andn, along these directions. For an optically isotropic

crystals, these would be the same whereas fimiaxial crystal n, = n, # n,. Suppose that we
suitably apply a voltage across a crystal an thereby apply an external &g, &&ldg thez-axis. In
Pockels effect, the field will modify theptical indicatrix . The exact effect depends on the crystal
structure. For example, a crystal like GaAs, optically isotropic with a spherical indicatrix, becomes
birefringent, and a crystal like KDP (KPO, - potassium dihydrogen phosphate) that is uniaxial
becomes biaxial. In the case of KDP, the fig|dlongz rotates the principal axes by*4&boutz,

and changes the principal indices. The new principal indices ara’nandn’, which means that
the cross section is now an ellipse. Propagation alormgakis under an applied field now occurs

with different refractive indices’, andn’,. The applied field induces new principal axéy’ andz’

for this crystal (though in this special case 2). In the case of LiNb¢Xlithium niobate), an
optoelectronically important uniaxial crystal, a fiéldalong they-direction does not significantly
rotate the principal axes but rather changeptheipal refractive indices n, andn, (both

equal ton;) ton’; andn’, . As an example consider a wave propagating alongdhrection Eptic
axis) in a L|qu crystal This wave will experience the same refractive index §, = n,)
whatever thepolarization. However, in the presence of an applied figlgarallel to the principal
y axis, the light propagates as two orthogonally polarized waves (paradi@htly) experiencing

different refractive indices’; andn’,. The applied field thusmduces a birefringender light
traveling along the-axis. The field induced rotation of the principal axes in this case, though
present, is small and can be neglected. Before theHjetdapplied, the refractive indicesandn,
are both equal to,. The Pockels effect then gives the new refractive indiesdn’, in the
presence oE, as
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m=n+3mLE and m=n-3mLE
wherer,, is a constant, called a Pockels coefficient, that depends on the crystal structure and the
material. The reason for the seemingly unusual subscript notation is that there are more than one
constant and these are elements of a tensor that represents the optical response of the crystal to an
applied field along a particular direction with respect to the principal axes (the exact theory is more
mathematical than intuitive). We therefore have to use the correct Pockels coefficients for the
refractive index changes for a given crystal and a given field direction. If the field were aloeg
Pockels coefficient above would bg It is clear that the control of the refractive index by an
external applied field (and hence a voltage) is a distinct advantage which enables the phase change
through a Pockels crystal to be controlled or modulated; spblase modulatoris called a
Pockels cellln thelongitudinal Pockels cell phase modulatbe applied field is in the direction of
light propagation whereas in tlransverse phase modulaithe applied field is transverse to the
direction of light propagation. sesectro-optic effects

E
y a
: f
7 ‘\ //
Ny

LiNbO3

(a) (b) (c)

(a) Cross section of the optical indicatrix with no applied fiejds n, =n, (b) The
applied external field modifies the optical indicatrix. In a KDP crystal, it rotates the

principal axes by 45to x” andy” andn; andn, change tm’; andn’, . (c) Applied field
alongy in LiINbO, modifies the indicatrix and changesandn, change to’; andn’, .

*
Friedrich Carl Alwin Pockels (1865 - 1913) son of Captain Theodore Pockels and Alwine Becker, was
born in Vincenza (Italy). He obtained his doctorate from Géttingen University in 1888. From 1900 until
1913, he was a professor of theoretical physics in the Faculty of Sciences and Mathematics at the
University of Heidelberg where he carried out extensive studies on electro-optic properties of crystals -
the Pockels effect is basis of many practical electro-optic modulators (Courtesy of the Department of
Physics and Astronomy, University of Heidelberg, Germany.)

Polarization angle,seeBrewster’'s angle.

Polarization by anisotropic scatteringis a phenomenon in which tip®larization of the scattered
light wave depends on the direction eattering and the polarization of the incoming light wave.
An oscillating electric dipole emits electromagnetic radiation which has a non-spherical the electric
field (E) pattern around it as shown in the figure for an oscillatiegtric dipole momentp(t)
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parallel to they-axis. There is no field radiation along the dipole sxiBheirradiance / of the
radiation along a direction at an anlto the perpendicular to the dipole axis, is proportional to

co<6. The electric field in an incominglectromagnetic wavewill induce dipole oscillations in a
molecule of the medium. The scattering of an incident unpolarized electromagnetic wave by this
molecule leads to waves with different polarizations along ey axes as in the figure.

(a) A snap shot of the field
pattern around an

Oscillating oscillating dipole moment
molecular dipole ¥ in they-direction.
7 | Maximum electromagnetic
N\ T radiation is perpendicular
-z ﬂtf £ tothe dipole axis and there

Vs is no radiation along the
| '>$/ dipole axis. (b) Scattering
! | of electromagnetic waves

dip_ole osc_:illations is
anisotropic.

Polarization dispersionarises when the fiber is not perfectly symmetric and homogeneous, that is, the
refractive index is not isotropic When the refractive index depends on the direction of the electric
field, thepropagation constantof a given mode depends on [islarization. Due to various
variations in the fabrication process such as small changesghatiseomposition, geometry and
induced locabtrains (either during fibedrawing or cabling), the refractive indices andn, may
not be isotropic. Suppose thmthas the values,, andn,, when the electric field is parallel to the
andy axes respectively. Then the propagation constant for fields rlandy would be different,

B,(01) andB(01), leading to differengroup delaysand hencelispersioneven if the source
wavelength is monochromati€he situation in reality is more complicated becaysendn,, would

vary along the fiber length and there will be interchange of energy between these modes as well. The
final dispersion nonetheless depends on the extent of anisat{pps,,, which is kept minimum

by various manufactures procedures (such as rotating the fiber durmg detoyinbypically

polarization dispersion is less than a fraction of a picosecond per kilometer of fiber; dispersion does
not scale linearly with fiber length(in fact, it scales roughly as).
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The core refractive index has different values along two orthogonal directions corresponding to
two orthogonal electric field oscillation directions (polarizations). Ta&edy axes along these
directions. An input light will travel along the fiber wilfy andE, polarizations having different

group velocities and hence arrive at the output at different times which leads to the dispersion of
the light pulse.

Polarization of an electromagnetic (EM) wave describes the behavior of the electric field vector in the EM
wave as it propagates through a medium. If the oscillations of the electric field at all times are
contained within a well-defined line then the EM wave is said tinbarly polarized. The field
vibrations and the direction of propagatierg.z-direction, define a plane of polarization (plane of
vibration) so that linear polarization impliesvave that isplane-polarized By contrast, if a
beam of light has waves with thefield in each in a random perpendicular direction then this
light beam isunpolarized A light beam can be linearly polarized by passing the beam through a
polarizer, such as a polaroid sheet, a device that only passes electric field oscillations lying on a well
defined plane at right angles to the direction of propagation.

Plane of polarization

E \

(a) (b) (c)

(a) A linearly polarized wave has its electric field oscillations defined along a line
perpendicular to the direction of propagatimnThe field vectoE andz define aplane of
polarization (b) TheE-field oscillations are contained in the plane of polarization. (c) A
linearly polarized light at any instant can be represented by the superposition of twh,fields
andE, with the right magnitude and phase.

Polarization vector (P) measures the extent pblarization in a unit volume of dielectric matter. It is
the vector sum of dielectric dipoles per unit volume. il the average dipole moment per molecule
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andn is the number of molecules per unit volume tRennp. In a polarized dielectric mattez.§.
in an electric field), the bound surface charge dengjtydue to polarization is equal to the normal
component oP at that pointg, =P

normaf

Polarized EM wave (polarized light) is an EM (electromagnetic) wave which has the oscillations of the
electric field in a well defined direction (but still at right angles to the direction of propagation). In
unpolarized light the field oscillations are in random directions but once polarized the field
oscillations are along a well defined direction. If this direction does not changevesthe
propagates it is said to be plane polarized.

Population inversionis the phenomenon of having more atoms occupy an excited energk,|évah a
lower energy levek, so that the normal equilibrium distribution is revers&dN(E,) > N(E,)).
Population inversion occurs temporarily as a result of the excitation of a meguiompi(g). If left
on its own, the medium will eventually, however long, will return to its equilibrium population
distribution with more atoms &, than atE,. For gas atoms, this meaN&E,)/N(E,) =
exp[-E,-E,)/kT], wherek is theBoltzmann constantandT is the temperature (Kelvins).

Poynting vector Srepresents the energy flow per unit time per unit area in a direction determined by

ExB (direction of propagations = v’¢,e ExB. Its magnitude, power flow per unit area, is called
theirradiance.

Preform is aglassrod which has an appropriatere andcladding from which anoptical fiber is
drawn by a fibedrawing process at an elevated temperature.

Primary or unmultiplied photocurrent is normally the photocurrent in avalanche photodiode
just below the onset of avalanche multiplicatios,when thereverse biasis sufficient to cause
reach through (the depletion region reaches through the device) but not sufficiently high to cause
avalanche breakdown

Principal axesof acrystal are three appropriate orthogonal directions,xsgyandz, corresponding to
the threeprincipal refractive indices n;, n, andn,.

Principal quantum number, n, is a quantum number with integer values 1,2,3,... which characterizes
the total energy of the electron. The energy increaseswiitdetermines, with the other quantum

numbers/andm, the orbital of the electron in an atogy,, ., .{0.6,@. n=1,2,3 ,4,... are labeled

asK,L,M,N,... shells within each of which there may be subshells baséd @1,2,..0-1) and
corresponding te,p,d... states

Principal refractive indices of acrystal, according all experiments and theories, are a set of three
refractive indices,, n, andn, (along three mutually orthogonal directions in the crystalxsgy
andz calledprincipal axes) which are necessary to characterize light propagation even in the most
anisotropic crystal. These indices correspond tgdtarization state of thavave along these
axes. Crystals that have three distinct principal indices alsaWwawgptic axes and are called
biaxial crystals. On the other handiniaxial crystals have two of their principal indices the
same (, = n,) and only hav@neoptic axis. Uniaxial crystals, such as quartz, that haye n,
and are callegositive, and those such as calcite that haye n, are callechegativeuniaxial
crystals.

Profile dispersionis the broadening of a propagating optical pulse in a fiber as a resultgrbtipe
velocity v4(01) of thefundamental modealso depending on thefractive index difference

A, i.e.A =A(A). If A changes with wavelength, then different wavelengths from the source would
have different group velocities and experience diffegeotip delaysleading to pulse broadening.

It is part of chromatic dispersion because it depends on thespectrum AA. Profile dispersion
coefficientD,, is the time spread of a propagating optical pulse in an optical guide per unit length and
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per unit spectral wavelength width due to the wavelength dependence of the refractive index
difference TypicallyD, is less than 1 ps ntkm™ .

Profile index or index grading coefficient()) is a parameter that describes the variation of the
refractiven with radial distance from the fiber axis assuming that fok a, therefractive index

decreases withasn =n,[1 — 2A(r/a)"|*?, wherea is the fibercore region radiusA is the
normalized refractive index difference and nl is the maximum refractive index at the fiber axis. At
=a,n=n,and is a constant.

Propagation constantfis a property of avavethat, for a given frequency and at a given time,
represents the change in the phase per unit distance. Since this phase clraongr ia 2

wavelength), B = 211/A. The propagation constafitandwavevectork represent essentially the
same property except thahas a direction associated with it. Seenplex propagation
constant

Pumping in lasers involves exciting atoms from their ground statetatesat higher energies.

Q-factor or quality factor of an impedance is the ratio of its reactance to its resistanc&-fdwtor of

a capacitor i,/ R, whereX = 1/wC andR, is the equivalent parallel resistance that represents the
dielectric and conduction losses. TQdactor of a resonant circuit measures the circuit's peak
response at theesonant frequencyand also itbandwidth. Greater i), higher is the peak

response and narrower is the bandwidth. For a seti€sesonant circuitQ = wL/R= 1/(w,CR)
wherew, is the resonant angular frequenay~= 1~(LC). The width of the resonant response
curve between half-power pointsiis = w Q.

Q-switched laseris a laser whose optical cavity is switched from a @0 a highQ to generate an
intense laser pulse. While the optical cavity has@wasing is suppressed and the active medium
can be pumped to high energies to achieve a [aygalation inversion. When theQ of the
optical cavity is switched to a high value, then an intense lasing emission is generated. hile the
Is low, the pumped lasing medium is effectively a very high gheton amplifier. There is too
much loss in theptical resonator (i.e. no optical feedback) to achieve a lasing oscillation. As
soon as th€) is switched to a high value, the low loss in the optical resonator allows lasing
oscillations to occur which depletes the population inversion and decreases the gain until the
population inversion falls below the threshold value and lasing oscillation ceas@-sWhtehing
can be conveniently, for example, implemented by using an electro-optic switch.

Pump energy

(@) (0)

Mirror |
High population inversion|| 259
| i N\ N pulse
Lasing medium 3
Mirror vV \V <\
Optical cavity has lov@Q Optical cavity has higp

(a) The optical cavity has a lo@ so that pumping takes the atoms to a very high
degree of population inversion; lasing is prevented by not having a right hand
mirror. (b) The right mirror is flung to make an optical reson&as switched to a
high value which immediately encourages lasing emissions. There is an intense
pulse of lasing emission which brings down the excess population inversion.
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Quantum efficiency (QE) n of the detector, or external quantum efficiencyis defined as
_ Number of free electron - hole pairs generated and collected

Number of incident photons
Not all the incidenphotonsare absorbed to credtee electron-hole pairs (EHPS) that can be
collected and give rise to a photocurrent. The efficiency of the conversion process of received
photons to free EHPs is measured by the above quantum efficiency definition. The measured
photocurrent,,, in the external circuit is due to the flow of electrons per second to the terminals of
the photodiode. Number of electrons collected per second,le. If P, is the incidenbptical

power then the number of photons arriving per secoi®j/lw. Then the QEj can also be defined
by

whereh is the Planck constargjs the electronic charge apds the frequency of light. Not all of
the absorbed photons may photogenerate free EHPs that can be collected. Some EHPs may
disappear byecombination without contributing to the photocurrent or become immediately

trapped. Further if theemiconductorlength is comparable with theenetration depth (1/a)
then not all the photons will be absorbed. The device QE is therefore always less than unity. It

depends on thabsorption coefficienta of the semiconductor at the wavelength of interest and

on the structure of the device. QE can be increased by reducing the reflections at the semiconductor
surface, increasingbsorption within thedepletion layerand preventing the recombination or
trapping of carriers before they are collected. The above QE is for the whole device. More
specifically, it is known as thexternal quantum efficiencinternal quantum efficienag the

number of free EHPs photogeneratedgieorbed photoand is typically quite high for may

devices (see alsaternal quantum efficiency). The external quantum efficiency incorporates
internal quantum efficiency because it applies to the whole device.

Quantum noise or photon noises the fluctuations in the photocurrent due to the quantum or discrete
(i.e. photon) nature of light. Incident light on a photodetector is a flux of photons, discrete entities,
which means that thghotogenerationprocess isiota smooth continuous process without
fluctuations; photons arrive like discrete particles.

Quantum well deviceis aheterostructure devithat has an ultra thin, typically less than 50 nm, narrow
bandgapmsemiconductor, such as GaAs, sandwiched between two wider bandgap
semiconductors, such as AlGaAs. We assume that the two semiconduckaitecarmatched in
the sense that they have the sdattece parametera. This means that interface defects due to
mismatch otrystal dimensions between the two semiconductor crystals are minimal. Since the
bandgapE,, changes at the interface, there are discontinuitiEsandE, at the interfaces. These

discontinuitiesAE, andAE,, depend on the semiconductor materials and doging. In the case
of GaAs/AlGaAs heterostructure shown in the figlg, is greater thadE,. Very approximately,
the change from the wid&, to narroweiE, is proportioned 60% tAE, and 40% ta\E,. Because

of the potential energy barrigks,, conduction electrons in the thin GaAs layer are confined in the
x-direction. This confinement lengthis so small that we can treat the electron as in a one-
dimensional potential energy (PE) well in thdirection but as if it were free in tlyzplane.
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A quantum well (QW) device. (a) Schematic illustration of a quantum well (QW) structure in
which a thin layer of GaAs is sandwiched between two wider bandgap semiconductors (AlGaAs).
(b) The conduction electrons in the GaAs layer are confinedERyin the x-direction to a small

lengthd so that their energy is quantized. (c) The density of states of a two-dimensional QW. The
density of states is constant at each quantized energy level.

We can appreciate the confinement effect by considering the energy of the conduction electron that is
bound by the size of the GaAs layer whicd elongx andD, andD, alongy and z.The energy of
the conduction electron will be the same as that in a three dimensional PE welbpDsiaadD,
and given by

2,2 2.2 2,2
e=g+ 0 R, N

smd 8mD; 8D

wheren, n, andn, are quantum numbers having the values 1,2,3he reason for the in this
equation is that the potential energy (PE) barriers are defined with reseckitese PE barriers

areAE_ alongx andelectron affinity (energy required to take the electron fremo vacuum)
alongyandz. ButD, andD, are orders of magnitude greater theso that the minimum energy,
denoted ag,, is determined by the term withandd, the energy associated with motion aleng

The minimum energ§, corresponds ta = 1 and is abovE_ of GaAs. The separation between the
energy levels identified by, andn, and associated with motion in theplane is so small that the
electron is free to move in tlyzplane as if it were in the bulk semiconductor. We therefore have a
two-dimensional electron gas which is confined inxiarection. The holes in thealence band

are confined by the potential energy barfEy (hole energy is in the opposite direction to electron
energy) and behave similarly. The density of electronic states for the two dimensional electron
system is not the same as that for the bulk semiconductor. For a given electron concentifagion
density of stategg(E) number of quantum states per unit energy per unit volume, is constant and
does not depend on the energy. The density of states for the confined electron and that in the bulk
semiconductor are shown schematically belg{i) is constant &, until E, where it increases as a

step and remains constant ulgjiwhere again it increases as a step by the same amount and at every
value ofE,. Density of states in the valence band behaves similarly.
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E In single quantum well (SQW) lasers electrons are
E injected by the forward current into the thin GaAs
! layer which serves as the active layer. Population

ﬁ// inversion betweek,; andE’; is reached even with a

, small forward current which results in stimulated
= emissions.

Since at, there is a finite and substantial density of states, the electronscorttiection band

do not have to spread far in energy to find states. In the bulk semiconductor, on the other hand, the
density of states & is zero and increases slowly with energyE(Jé% which means that the

electrons are spread more deeply into the conduction band in search for states. A large concentration
of electrons can easily occurBgtwhereas this is not the case in the bulk semiconductor. Similarly,

the majority of holes in the valence band will be ardafidince there are sufficient states at this

energy. Under a forward bias electrons are injected into the conduction band of the GaAs layer
which serves as the active layer. The injected electrons readily populate the ample number of states a
E, which means that the electron concentratidf, atcreases rapidly with the current and hence
population inversion occurs quickly without the need for a large current to bring in a great

number of electrons. Stimulated transitions of electrons EptmE’, leads to a lasing emission.
Thethreshold current for population inversion and hence lasing emission is markedly reduced

with respect to that for bulk semiconductor devices. For examplsimgle quantum we(SQW)

laser this is typically in the range 63 mA whereas in a double heterostructure laser the threshold
current is in the range 1050 mA.

Quarter-wave plateis a retarder plate (made from a birefringent refraatimggtal) that results in a
relative phase change of a quarter efave (174) between therdinary andextraordinary
wavespropagating inside the crystal from entry to exitirRarly polarized light incident with
its E-field at an angler to theoptic axisleaves the crystal either aBiptically polarized light

or as acircularly polarized light (a =45°).

Quarternary (lll-V) alloys have four different elements from the Ill and V groups. For example In
,GaAs, P, is a quaternary alloy having Ga and In from group Ill and As and P from group V.
There are as many group lll elements as there are group V elements and formula reflects this
requirement.

Radiant sensitivity, seeresponsivity.

Radiationless recombination a nonradiative transition, is that in which an electron and a hole
recombine through secombination centersuch as a&rystal defect or an impurity and emit
phonons(lattice vibrations).

Raman scatteringis thescattering of light due to its interactions with the vibrations of the molecules of
the material system, or the vibrations of ¢tingstal lattice, in such a way that the scattered light has
been shifted in wavelength; tbboton energy has been changed by the scattering process by an
amount that corresponds to a change in the vibrational energy of the moleculaticéhe

vibrations. Suppose thkd is thephonon energy associated with molecular or lattice vibrations of
frequencyd, hu is the incidenphoton energy that has a frequengythen the scattered photon
energy is

hu' = hu - ho.
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Normally Raman scattering is weak. The scattered photon has less energy because it generates a
phonon, or excites a molecular vibration, therefore it has a lower frequency but a longer wavelength.

The shiftv’ — v (or its corresponding shift in wavelength) is catBdkes shiftif the incident

photon interacts with a molecule that is already excited so that the photon absorbs energy is absorbe:
from the molecular vibration, the scattered photon has a higher energy, higher frequency and
therefore a shorter wavelength. This is calat-Stokes shiffThe latter process is in tleeystal is
theabsorption of a phonon by a photon.

Ramo’s theoremrelates the external photocurreft} due to a charge being drifted with a velocity,(t)
by a field between twbiasedelectrodes separated bythat is

I(t) = qLL(t) , t< ttransit

Consider aemiconductormaterial with a negligible dark conductivity that is electroded and

biased to generate a fiditin the sample that is uniform and is given\ii.. This situation is
almost identical to the intrinsic region of@verse biasedin photodiode Suppose that a single
photon is absorbed at a positiar= | from the left electrode and instantly creates an electron hole

pair. The electron and the hole drift in opposite directions with respective drift velogriggE

andv, = .E, wherep, andy, are the electron and hole drift mobilities respectively. tfdesit time
of a carrier is the time it takes for a carrier to drift from its generation point to the collecting
electrode. The electron and hole transit titgesdt, are
L-I I
t,=—— and t =—
Ve Vh

Consider first only the drifting electron. Suppose that the external photocurrent due to the motion of
this electron i (t). The electron is acted on by the foeéeof the electric field. When it moves a
distancedx, work must be done by the external circuit. In toihethe electron drifts a distand&
and does an amount of wagkdx which is provided by the battery in tindéasVi(t)dt. Thus,

Work done =eEdx = Vi (t)dt

Using E = V/L andv, = dx/dtwe find the electron photocurrent
i) =%
¢ L

€5 t<t,
It is apparent that this current continues to flow as long as the electron is drifting (has a wglocity
in the sample. It lasts for a duratirat the end of which the electron reaches the battery. Thus,
although the electron has been photogenerated instantaneously, the external photoeatrent is
instantaneous and hasirme spreadWe can apply similar arguments to the drifting hole as well
which will generate a hole photocurreyft) in the external circuit given by

. e
W=,

The total external current will be the sumi () andi,(t). If we integrate the external curregft) to

evaluate the collected char@ge,....,we would find,
t t

Qcollected e Ie(t) + Jh.lh(t) =e

Thus, the collected charge is nettfut just one electron.
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(a) An EHP is photogeneratedxat |. The electron and the hole drift in opposite

directions with drift velocitiesy, andv,. (b) The electron arrives at time= (L - 1)/v,

and the hole arrives at timye=I/v},. (c) As the electron and hole drift, each generates an
external photocurrent shown ig&t) andiy(t). (d) The total photocurrent is the sum of

hole and electron photocurrents each lasting a durgtenmdt, respectively.
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Rayleigh criterion determines the minimum angular resolution of an imaging system by specifying that
the an imaging system can just resolve two neighboring points wheditfreiction patterns are
such that the maximum intensity of one coincides with the first zero intensity of the other. If the two

point sources have an angular separaii@and are observed through an aperture of diarbgter
and ifA is the wavelength in the observer's medium, then the minimum angular sepaétios

given by

A

sin(A@_. Y=1.22—
(B0,)=1.227

min
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Screen

Resolution of imaging systems is limited by diffraction effects. As p&nasidS, get
closer, eventually the Airy disks overlap so much that the resolution is lost.

Reach-through avalanche photodiode (APDis an avalanche photodiode device with a struattire

p -11- p*, whererrrepresents very sligpttypedoping. Then® side is thin and it is the side that is
iluminated through a window. There are thpeype layers of different doping levels next to the
layer to suitably modify the field distribution across the diode. The first is pilye layer and the

second is a thick lightlp-type doped (almost intrinsieflayer and the third is a heavily dopgd

layer. The diode iseverse biasedo increase the fields in the depletion regions. Under zero bias
thedepletion layerin thep-region (betweem’p) does not normally extend across this layer. But
when a sufficient reverse bias is applied the depletion region pAlélyer widens taeach-through

to therelayer (and hence the nameach-through. The field extends from the exposed positively
charged donors in the thin depletion layen'iside, all the way to the exposed negatively charged
acceptors in the thin depletion layempirside. The electric field is given by the integration of the net

space charge density., across the diode subject to an applied voltdgeeross the device. The
variation in the field across the diode is such that the field lines start at positive ions and end at

negative ions which exist through therrandp® layers. This means thitis maximum at the'p

junction, then decreases slowly throughpHayer. Through therlayer it decreases only slightly as
the net space charge density here is small. The field vanishes at the end of the narrow depletion layel
in thep’ side. Theabsorption of photonsand henc@hotogenerationtakes place mainly in the

long 7elayer. The nearly uniform field here separates the electron-hole pairs (EHPs) and drifts them
at velocities near saturation towards thandp® sides respectively. When the drifting electrons

reach thg-layer, they experience even greater fields and therefore acquire sufficient kinetic energy
(greater than the bandggp) to impact-ionizesome of the Si covalent bonds and release EHPs.
These generated EHPs themselves can also be accelerated by the high fields in this region to
sufficiently large kinetic energies to further caumpact ionization and release more EHPs

which leads to aavalanche of impact ionizatiggrocessesThus from a single electron entering the
p-layer one can generate a large number of EHPs all of which contribute to the observed
photocurrent. Thehotodiode possesses anternal gain mechanisim that a single photon

absorption leads to a large number of EHPs generated. The photocurrent in the APD in the presence
of avalanche multiplication therefore corresponds to an effective quantum efficiency in excess of

unity. The reason for keeping the photogeneration withimditegion and reasonably separate from
the avalanchp-region is that avalanche multiplication is a statistical process and hence leads to
carrier generation fluctuations which leadexaess noism the avalancheultiplied

photocurrent. This is minimized if impact ionization is restricted to the carrier with the highest
Impact ionization efficiency which in Si is the electron.
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(a) A schematic illustration of the structure of an avalanche photodiode (APD)
biased for avalanche gain. (b) The net space charge density across the photodiode.
(c) The field across the diode and the identification of absorption and multiplication
regions.

Recombination centersare defects or impurities inaystal that facilitate theecombination of
electrons and holes, usually (but not always)phianon emissions, that is, withophoton
emission.

Recombination current flows under forward bias to replenish the carriers recombining in the space
charge (depletion) layer (SCL). Typically the recombination current is described by
| .[expEeVI2kT)-1], wherel  is a constang is the electronic chargk,is theBoltzmann
constantandT is the temperature (Kelvins). The constgntontains the details of the carrier
recombination process in the space charge layer, for example, the mean recombination times in
the SCL in thg andn-sides.

Recombinationof an electron hole pair involves an electron indbeduction band(CB) falling in
energy down into an empsgate (hole) in thevalence band(VB) to occupy it. The result is the
annihilation of the electron hole pair. Recombination is direct when the electron falls directly down
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into an empty state in the VB as in GaAs. Recombination is indirect if the electron is first captured
locally by a defect or an impurity, calledecombination center, and from there it falls down
into an empty state (hole) in the VB as in Si and Ge.

Reflectanceis the fraction of power in the reflectetectromagnetic wavewith respect to the incident
power.

Reflection coefficientis the ratio of the amplitude of the reflected EM (electromagnetic) wave to that of
the incidentwave. It can be positive, negative or a complex number which then represents a phase
change.

Refraction is a change in the direction @waivewhen it enters a medium with a differeafractive
index. A wave that is incident at a boundary between two media with different refractive indices
experiences refraction and changes direction in passing from one to the other medium. The angles of
incidence and refraction ob&nell's law. If light is traveling in a medium with index is

incident on a medium of index, and if the angles of incidence and refraction (transmissior) are
and@, then according to Snell’s law:

sin6, _n,

sinB, n

Transmitted
(refracted) light

Incident Reflected
light light

(a) (b) (c)
Light wave travelling in a more dense medium strikes a less dense medium. Depending
on the incidence angle with respecBtpwhich is determined by the ratio of the
refractive indices, the wave may be transmitted (refracted) or reflect&i<(&) (b) &6
= 6. (c) & > 6. and total internal reflection (TIR).

Refractive indexn of an optical or dielectric medium is the ratio of the velocity of lggint vacuum to its
velocity v in the mediumn =c/v. If ¢, is the relative permittivity at the frequency of interest, the
electromagnetic wave frequency at whicis of interest, then = (¢)"% The refractive index

depends on the wavelength of light; for example, in glasgdesreases with increasingThe
refractive index of a semiconductor material typically decreases with increasing energy lﬁgndgap
There are various empirical and semi-empirical rules and expressions that telateln Moss’s

rule, n andg, are related b;n“Eg =K = constant (roughly ~100 eV). In the Hervé-Vandamme
relationship,

O A Ef
+
E, + BH
whereA andB are constantsy(= 13.6 eV and = 3.4 eV anddB/dT= 2.5x10° eV K). The

refractive index typically increases with increasing temperatureterhperature coefficient of
refractive index TCRI of semiconductors can be found from the Hervé-Vandamme relationship

n®=1
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Eld_n _ (n2 _])3/2 [dEg +ED
dT  136n* HdT dTH
TCRI is typically in the range o 10°. The dependence of the refractive index on the wavelength
can generally be described by thellmeier equation which, for diamond, takes the form
AN N BA?
N=X2 ¥-A2
whereA = 0.3306 and = 4.3356,A, = 175 nm and\, = 106 nm.

Repeater, optical repeaterjs a device or an electronic circuit restores the received optical signal back to
its original shape with amplification so that it can be sent again along a transmission line.

Resonancein generaljs a “state” of a system in which the smallest driving oscillations can most easily
build up into large amplitude oscillations of the system. For example, a parallel inductor-capacitor
circuit is in resonance when the driving oscillator frequeheyl/[2r(LC)"? at which the circuit
oscillates naturally and consumes the minimum energy from the driving oscillator.

Resonant frequency in generaljs the frequency of an allowedave or oscillation within a given
structure; a natural frequency of the structdreesonant frequency of an optical cavidya
frequency of an allowed mode of electromagnetic oscillations within the optical cavity. The resonant
frequency depends on the cavity properties; the cavityrgftectancesand therefractive
index

Response timas the duration of time it takes for a device to produce the required output in response to a
step input.
Responsivityis the photocurrent generated bpleotodiode per unit incidenbptical power. It

depends on the quantum efficiency and the wavelength of the incident radiation. The resgdnsivity
of a photodiode characterizes its performance in terms of the photocurrent gehgyated (
incident optical powerR) at a given wavelength by

_ Photocurrenf A _ o
Incident Optical Powef W P,
From the definition ouantum efficienc{QE)

TCRI=

1
n

n?=1+

wheren is the quantum efficiency which depends on the light wavelehdtls Planck’s

constant v is the light frequency anglis the electronic charge. The responsivity therefore clearly
depends on the wavelengfRis also called thepectral responsivitgr radiant sensitivity TheR

vs. A characteristics represents the spectral response of the photodiode and is generally provided by
the manufacturer. Ideally with a quantum efficiency of 109% (), R should increase with up

to A, In practice, QE limits the responsivity to lie below the ideal photodiode line with upper and
lower wavelength limits as shown for a typical Si photodiode in the same figure. The QE of a well
designed Si photodiode in the wavelength range 700 - 900 nm can be close to 90-95%
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Retarding platesare optical devices that change the stafgotdrization of an incident light beam. For
example, consider a positiumiaxial crystal such as quartn(>n ) plate that has theptic
axis (taken along@) parallel to the plate faces. Suppose tHatearly polarizedwave is incident at
normal incidence on a plate face. If the fildgs parallel to the optic axi&f), then thisvave will
travel through the crystal as enwave with a velocity/n, slower than the-wave sincen, > n,.
Thus, optic axis is the “slow axis” for waves polarized parallel to &.i#f right angles to the optic

axis E.) then this wave will travel with a velocityn,, which will be the fastest velocity in the

crystal. Thus, the axis perpendicular to the optic axis{sayll be the “fast axis” for polarization

along this direction. When a light ray enters a crystal at normal incidence to the optic axis and plate
surface, then the- ande-waves travel along the same direction. We can resolve a linear polarization

at an anglex to zinto E; andE,. When the light comes out at the opposite face these two
components would have been phase shiftegl{ope component retarded relative to the other).
Depending on the initial angkeof E and the length of the crystal, which determines the total phase

shift @through the plate, the emerging beam can have its initial linear polarization rotated, or
changed into an elliptically anircularly polarized light. If L is the thickness of the plate then
theo-wave experiences a phase chakgg, Ll through the plate whelg, . is thewavevectorof

the o-wavek ... = (277A)n,, whereA is the free space wavelength. Similarly, ¢heave
experiences a phase changdg A L through the plate. Thus, the phase differeapbetween the
orthogonal components, andg, of the emerging beam is

2
=—(n,—n)L
@ A(e )

The phase differenagexpressed in terms of full wavelengths is calleddterdationof the plate.
For example, a phase differergef 180 is a half-wavelength retardation. The polarization of the
through beam depends on the crystal-type~ @,), and the plate thickness We know that

depending on the phase differergeetween the orthogonal components of the field, the EM wave
can be linearly, circularly aglliptically polarized. A half-wave plateretarder has a thickness

L such that the phase differengés rtor 180, corresponding to a half of wavelengit?) of
retardation. The result is th, is delayed by 180If we add the emerging, andE, with this shift
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@ E would be at an angtex to the optic axis and stiinearly polarized. E has been rotated
counterclockwise througha2 A quarter-wave plateretarder has a thicknessuch that the

phase differenceis 172 or 90, corresponding to a quarter of wavelength. If we add the emerging
E, andE, with this shiftg, the emerging light will be elliptically polarized if Oc< 45 and

circularly polarized ifa = 45°.

z = Slow axis

Optic axis
. A E A retarder plate.
1l el T 4 Ne =N, The optic axis is
o P 4 T parallel to the plate
g : t_) - y face. Theo- ande-
A 28 S~ . waves travel in the
Bl 1 E, M same direction but
B L at different speeds.
~

x = Fast axis

Half wavelength platep = Tt Quarter wavelength platg:= 172

Optic axis

E
/
Input X
/|

z z

45

x\Q
x
x

o = arbitrary O< a<45 o =45
z z z
E
(84
(A (A
Output X X X

(a) (b)

Input and output polarizations of light through (a) a half-wavelength
plate and (b) through a quarter-wavelength plate.

Return-to-zero (RZ) is a digital coding system in which information in binary form is represented by
pulses that return to zero, for a duration equal to the pulse width, before thé éxbformation.
Suppose thdl is the information bit period, that is information is sent evesgconds. In RZ
coding, the pulse width for informationT& and is zero for the next half peridt2. In nonreturn
to zero (NRZ}he information is represented by pulses that do not have to return to zero. The pulse
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width is the same as the information pefiod
T

<>

Information| 1 0 1 1 0 1 0 0 1

NRZ ‘

Rz

Reverse biags the application of an external voltage torgunction such that the positive terminal is
connected to the-side and negative to tipeside. The applied voltage increases the built-in potential
and hence the internal field in the space charge layer.

Reverse diode currentis thediode current in the dark when the diode is reverse biased. Under reverse
bias, the hole concentration in theide just outside the space charge layer (SCL) is nearly zero by
thelaw of the junction, whereas the hole concentration in the bulk (or near the negative terminal)
is the equilibrium concentratigs,, which is small. There is therefore a small concentration gradient
and hence a small hotiffusion current towards the SCL.

Minority Carrier

Concentration
+
Neutralp-region 40 Neutraln-region
i @@ ® i Thermall)(;|
" .
. ® / gonerate Reverse biasegin _
i A junction. Minority carrier
I profiles and the origin of
| | | Holes the reverse current
Electrons > I» © V— pno .
np 1 T ®W@ 1 X
| — O*)‘ I
w == Diffusion
o ba wp- Drift
|
\Y

r
Similarly, there is a small electron diffusion current from hu#ide to the SCL. Within the SCL,
these carriers are drifted by the field. This reverse current is basically the Shockley equation under
reverse biasand is called theeverse saturation current I, This saturation current depends
on the square of the intrinsic concentration, thafidut not on the voltage. The thermal generation
of electron hole pairs (EHPS) in the space charge region can also contribute to the observed reverse
current since the internal field in this layer will separate the electron and hole and drift them towards
the neutral regions. This drift will result in an external curtgpt..,.,due to EHP generation in the
SCL. | sneraioniNCreases slightly with the reverse biabecause SCL width increases with
| seneration!S PrOpOrtional tay. The totakeverse current,, is the sum of the diffusion and generation
components. Their relative importance of these terms depends not only on the semiconductor
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properties but also on the temperature smeeexp(-E,/2kT), wherek is thesemiconductor
bandgapk is theBoltzmann constantandT is the temperature. For example, the revdes&
current |,...iN @ Gepn junction (a photodiode) when E)Iotted ad In(.) vs. 1 as in the figure
shows two regions. Above 238 K, . s controlled byn* because the slope of In(, ) vs. 1T

yields ank, of approximately 0.63 eV, close to the expedgdf about 0.66 eV in Ge. In this

range the reverse current is due to minority cadiféusion in neutral regions. Below 238 K,

| eversdS CONtrolled byn, because the slope of Ip(.) vs. 1T is equivalent to ak /2 of

approximately 0.33 eV. In this range, the reverse current is due to EHP generation in the SCL via
defects and impuritiegécombination centers.

Photodiode reverse current (A)\4t= 5V

104- Ge Photodiode

i 323 K Dark currentj.e. reverse diode current,
106 0.63 eV in a Gepn junction as a function of

_ o€ temperature in a lhgyersd VS 1T plot.
108 Above 238 Kl eyerseiS controlled byn,2
1010: and below 238 K it is controlled by.

| 0.33 eV The vertical axis is a logarithmic scale
1012— with actual current values. (From D.

| Scansen and S.0. Kas&mnd. J. Physics.
1014 70, 1070-1075, 1992.)
1016

I I I I I I
0.002 0.004 0.006 0.008
1/Temperature (1/K)

Reverse saturation currentis the reverse current that would flow in a reversed biasedpdgaihction
obeying the Shockley equation.

Rise timeis the time it takes for the photocurrent to rise from the 10% to the 90% of the steady state value
when the photodetector is suddenly illuminated as a step function.

Scatteringis a process by which the energy from a propagating EM (electromagnetic) wave is redirected
as secondary EM waves in various directions away from the original direction of propagation. There
are a number of scattering process. In Rayleigh scattering, fluctuationgéfrtutive index,

inhomogeneities etc. lead to the scattering of light that decreases with the waveldhgdoman
EM (electromagnetic) wave propagating alongptical fiber, scattering is a cause of
attenuation along the fiber (direction of propagation). Rayleigh scattering is responsible for the
blue color of the sky as blue wavelengths are scattered more in the atmosphere.
A dielectric particle smaller than wavelengthRayleigh scattering involves the
polarization of a small dielectric

\ / particle or a region that is much
| id smaller than the light wavelength.
nC' A ave Through wave The field forces dipole oscillations in
p the particle (by polarizing it) which
V V \/ \/ leads to the emission of EM waves in

} "many" directions so that a portion of
R the light energy is directed away from
Scattered waves the |nC|dent beam
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Lord‘Réﬁé‘igh (John William Strutt) was an English physicist (1877 - 1919) and a Nobel Laureate (1904) who made
a number of contributions to wave physics of sound and optics. (Courtesy of AIP Emilio Segré Visual Archives,

Physics Today Collection)

Schradinger equationis a fundamental equation in nature whose solution describes the wave-like
behavior of a particle. The equation cannot be derived from a more fundamental law. Its validity is
based on its ability to predict any known natural phenomena. The solution requires as input, the
potential energy functiony/(x,y,zt), of the electron and the boundary and initial conditions.Pithe
function,V(x,y,zt) describes the interaction of the particle with its environment. Time independent
Schrodinger equation describes the wave behavior of a particle under steady state comditions,
when thePE is time independen¥/(x,y,2). If E is the total energyy? = (d?/dx* + d?/dx +

d?/dx?),m, is the electron mass angis thewavefunction of the electron theR*y + (2m/n%)(E -
V)Y = 0. The solution of the time independent Schrédinger equation, gives the wavefunction
Y(x,y,z) of the electron and its energy The wavefunction//(x,y,z) has the interpretation that
|w(x,y,2)F is the probability of finding the electron per unit volume at paint.

Second harmonic generation (SHG) and photonic interpretatiorinvolves twofundamental
mode photons that interact with the dipoles moments to produce a single second hatmotornic

The photon momentum i& and energy igw. Suppose that subscripts 1 and 2 refer to fundamental
and second harmonic photons. In general terms, we can write the following two equations.
Conservation of momentum requires that

nk, + nk, = nk,
The conservation of energy requires that

how, + hw, = hw,
We tacitly assumed that the interaction does not resptianon (lattice vibration) generation or
absorption. We can satisfy the second equation by taking 2w, so that the frequency of the
second harmonic is indeed twice the fundamental. To satisfy the first equation vkg nekd
The phase velocityv, of the second harmoniwavesis

V. :&:2_0{ :ﬂ =V,

2
k, 2k Kk
Thus, the fundamental and the second harmonic photons are required to have the same phase
velocity which is tantamount to a phase matching criterion in terms of pure wakigs. bt
exactly X,, i.e. Ak =k, — 2k, is not zeroj.e. there is a mismatch, then SHG is only effective over

a limited lengtH_ which can be shown to be givenlpy 7Ak. This length,_ is essentially the
coherence lengthof the second harmonic (depending on the index difference, this may be quite

short,e.g.l.=1 - 100um). If thecrystal size is longer than this, the second harmonics will
interfere randomly with each other and the SHG efficiency will be very poor, if not zero. Phase
matching is therefore an essential requirement for SHGcoheersion efficiencydepends on

the intensity of exciting laser beam, the matepalsoefficient and the extent of phase matching and
can be substantial ( as high as 70-80%)) if well-engineered by, for example, placing the converting
crystal into the cavity of the laser itself.
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Second harmonic
photonk»

Fundamental phototk,;

Photonic interpretation of second
harmonic generation (SHG)

Fundamental phototk,

Dipole moment-photon
interaction region

Second harmonic generation (SHGpccurs an intense light beam of angular frequen@assing

through an appropriatgystal (e.g.quartz) generates a light beam of double the frequengyf 2

E is the electric field in the lightave then the inducedolarization P becomes a function &
and can be written as

P = g x,E + g x,E* + £ X.E
wherey;, X, andy, are the linear, second-order and third-order susceptibilities. SHG is based on a
finite x, coefficient in which the effect gf; is negligible. Consider a beam of monochromatic light,

with a well-defined angular frequenay passing through a medium. Toygtical field E at any

point in the medium will polarize the medium at the same point in synchronization with the optical
field oscillations. An oscillating dipole moment is well known as an electromagnetic emission source
(just like an antenna). These secondary electromagnetic emissions from the dipoles in the medium
interfere and constitute the actual wave traveling through the medium (Huygen’s construction from

secondary waves). Suppose that the optical field is oscillating sinusoidally bef#eenshown in
the figure. In the linear regim&fis “small”), P oscillations will also be sinusoidal with a frequency
w. If the field strength is sufficiently large, the induced polarization will not be linear and will not
oscillate in a simple sinusoidal fashion. The polarization now oscillates beRyveadP_ and is not
symmetrical. The oscillations of the dipole mom@mow emit waves not only at the frequehay
but also at @. In addition there is a dc component (light is “rectified®, gives rise to a small
permanent polarization). THendamentatv and thesecond harmoniw, components, along with
the dc, are shown in shown in the figure below. If we write the optical fidkd=ds sin(ct) and
substitute into the expression féiwe would find the induceR as

P = g x,Esin(at) — Y,&.x,E cos(au) + 7,6 x,E,
The first term is the fundamental, second is the second harmonic and third is the dc term. The
second harmonic ¢d oscillation of local dipole moments generates secondary second harmonic (
2w-) waves in the crystal. It may be though that these secondary waves will interfere constructively

and result in a second harmonic beam just as the fundameitsé¢ondary waves interfere and
give rise to the propagating light beam. However, the crystal will normally possess different

refractive indicesi(w) andn(2w) for frequenciesvand 2o which means that the and 20- waves
propagate with different phase velocitigsndv, respectively. As therwave propagates in the

crystal it generates secondary ®aves along its patlg, S, S,, .... When wavs, is generated,
S, must arrive there in phase which me&nsiust travel with the same velocity as the fundamental

2 In this section, the adjectiamgularis dropped from the frequency though implied.
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wave; and so on. It is apparent that only if themevaves are in phase, that is they propagate with

the same velocity as thewave, that they can interfere constructively and constitute a second
harmonic beam. Otherwise, tBg S, andS,.. will eventually fall out of phase and destroy each

other and there will be either no or very little second harmonic beam. The condition that the second
harmonic waves must travel with the sgph@se velocityas the fundamental wave to constitute a

second harmonic beam is callg@iase matchingnd requires(w) = n(2w). For most crystals this is
not possible as is dispersive; depends on the wavelength. SHG efficiency depends on the extent of

phase matchingy(w) = n(2w). One method is to useb@refringent crystal as these have two
refractive indices: ordinary index and extraordinary index. Suppose that along a certain crystal

direction at an anglé to theoptic axis, n(2cw) at the second harmonic is the sama é®) at the

fundamental frequency(2aw) = n (). This is calledndex matchingnd the anglé@is thephase
matching angleThus, the fundamental would propagate as an ordinary wave and the second
harmonic as aextraordinary wave and both would be in phase. This would maximize the
conversion efficiency though this would still be limited by the magnitude of second order term
with respect to the first. To separate the second harmonic beam from the fundamental beam,
something like aiffraction grating , a prism or an optical filter will have to be used at the output

as. The phase matching an@ldepends on the wavelength ¢grand is sensitive to temperature.

P
E, [\
) AN
P+ 77777 / rd” _EO ,,,,u,,,,\./ P
_Eo |
; - E, E P, m [\/[\/ Sinwt
U TT ANAA cosat
(a) (c) t

(b)
(a) Induced polarization vs. optical field for a nonlinear medium. (b) Sinusoidal optical

field oscillations betweenE, result in polarization oscillations betweepandP.. (c)
The polarization oscillation can be represented by sinusoidal oscillations at angular

frequenciess (fundamental), @ (second harmonic) and a small DC component.

Second harmonics

AVAVAYRY

Crystal

W Zl:: % As the fundamental wave
AVAVAVAY 2 propagates, it periodically
> generates second harmonic
Fundamental waves §,, S,, S;, ...) and if
<V —> kl

these are in phase then the
amplitude of the second
harmonic light builds up.
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Laser Optic axis Filter
6
Nd:YAG > M >—|H|—>A=532nm
A =1064 nm-- A =1064 nm

A=532nm
A simplified schematic illustration of optical frequency doubling using a KDP (potassium
dihydrogen phosphate) crystal. IM is the index matched direction at anfan@leout 35) to

the optic axis along which,(2w) = n,(w). The focusing of the laser beam onto the KDP
crystal and the collimation of theghit emeging from the cystal are not shown.

Selection rulesdetermine what values @fandm, are allowed for transitions involving the emission and
absorption of electromagnetic radiationg. photons In summaryA/ = +1 andAm, = 0, *1.
The spin of the electrom), remains unchanged. The transition of the electron within an atom from

onestate, ¢(n,/,m,m), to anothery(n’, ¢/, m,, m,"), due to collisions with other atoms or
electrons does not necessarily obey the selection rules.

Self-focused light see optical Kerr effect.

Self-phase modulation dispersions the modulation of the phase ovave by its own magnitude.

At sufficiently high light intensities, theefractive index of glassn’ can be written ag’' =n +

Cl whereC is a constant and is the light intensity. The intensity of light modulates its own
phase.

Self-phase modulations the modulation of the phase olvave as a result of time-dependent changes
in therefractive index of the medium due to the instantaneous intensity of the wsaee;
optical Kerr effect.

Sellmeier equationrelates the refractive index of a substance to the wavelength of light through an
empirical dispersion relation of the form,

X=X X=X NV-X
whereG,, G,, G, andA,, A, andA, are constants (called Sellmeier coefficients) that are determined
by fitting this expression to the experimental data. The actual Sellmeier formula has more terms in
the right hand summation of the same tgme G, A%/(A* =A%) wherei = 4, 5,... but these can
generally be neglected in representings. A behavior over typical wavelengths of interest and
ensuring that three terms included in the Sellmeier equation correspond to the most important or

relevant terms in the summation. Sellmeier coefficients for pure Silicg) @@ SiQ-13.5 mol.%
GeQ, are given in the table below.

The A, A, A; ae inpm.

Gl GZ G3 Al AZ A3
Sio, 0.696749 | 0.408218( 0.89081% 0.0690460 0.115662 9.900559
Si0,-13.5%GeQ, 0.711040 | 0.451885( 0.704048 0.0642700 0.1294P8 9.425478

Semiconductoris a nonmetallic elemeng.Q.Si or Ge) that contains both electrons and holes as charge
carriers in contrast to an enormous number of electrons only as in metals. A hole is essentially a
"half-broken” covalent bond which has a missing electron and therefore behaves effectively as if
positively charged. Under the action of an applied field the hole can move by accepting an electron
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from a neighboring bond thereby passing on the "hole". Electron and hole concentrations in a
semiconductor are generally many orders of magnitude less than those in metals thus leading to
much smaller conductivities.

Semiconductor laseris a solid state laser device that may have various structures to fanmicai
resonator and to provide a lasing output at a particular wavelength under forward bias.

A semiconductor laser (Courtesy of SDL, San Jose, California)

Separate absorption and multiplication (SAM) avalanche photodiode (APDis typically a
heterostructureg.g.InGaAs-InP, with different bandgap materials to separate absorption and
multiplication (SAM). InP has a wider bandgap than InGaAs ang émeln type doping of InP is
indicated by capital letter® andN. The main depletion layer is betwdenlnP andN-InP layers
and it is within theN-InP. This is where the field is greatest and therefore it is ilNthi$ layer
where avalanche multiplication takes place. With sufficiemerse biasthe depletion layer in the
n-InGaAs reaches through to tNelnP layer. The field in the depletion layemdnGaAs is not as
great as that iN-InP. Although the long wavelenggiotonsare incident onto the InP side, they
are not absorbed by InP since the photon energy is less than the bandgap enerds; of 1n#5(
eV). Photons pass through the InP layer and become absorbed-im@&As layers. The field in
then-InGaAs layer drifts the holes to the multiplication region wihe@act ionization multiplies
the carriers. The real device is more complicated than this simple description. Photogenerated holes
drifting from n-InGaAs toN-InP become trapped at the interface because there is a sharp increase in

the bandgap and a sharp chaAgein E, (valence bandedge) between the two

semiconductorsand holes cannot easily surmount the potential energy baEjeThis problem
is overcome by using thin layersmtype InGaAsP with intermediate bandgaps to provide a graded

transition from InGaAs to InP. EffectiveljE, has been broken up into two steps. The hole has
sufficient energy to overcome the first step and enter the InGaAsP layer. It drifts and accelerates in
the InGaAsP layer to gain sufficient energy to surmount the second step. These devices are called
separate absorption, grading and multiplicati@AGM) APDs. Both the InP layers are grown
epitaxially on an InBubstrate The substrate itself is not used directly to makdthgjunction to
preventcrystal defects (for examplalislocationg in the substrate appearing in the multiplication
region and hence deteriorating the device performance.
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Short diodeis apnjunction in which the neutral regions are shorter thanrtimerity carrier
diffusion lengths.

Shot noiseis the fluctuations in the current due to the discrete nature of charge. Electrons in a current flow
as discrete charges, as particles with each one carrying a chaeg# tifie-current were a
continuous flow of "gaseous charge" without any fluctuations then the shot noise would be zero.
Each time an electron arrives at an electrode, there is a discrete chargetlod collected charge. It
Is analogous to randomly dropping ball bearings on a drum. The balls are discrete (each the same
mass) but they arrive at random times, like shots, and the sound they make is called shot noise. If
the current were a continuous flow of "gaseous charge" without any fluctuations then the shot noise
would be zero.

Signal to noise ratio(SNR, §N) in the photodetector is defined as the ratio of the power in the
photogenerated current to the noise power (power in the random fluctuations) in the detector. When
the photodetector is connected to a receiving circuit, the noise power must include that generated in
the circuit as a whole:

SNR= Signal Power

Noise Power

Silica glass or fused silica glasis the non-crystalline, or amorphous, form of SiDis similar to
melt silica but, due to a very higiscosityat room temperature, behaves like a salidg9. The
crystalline form is called quartz.

Single mode step index fibeiis astep index fiberthat allows only thdundamental modeto
propagate at the wavelength of interest. To allow the fundamental mode to propagate, the fiber
normally has a thigore (e.g.= 5-10um in diameter) and a very smadifractive index different
between the core arafiadding (0.2-0.3%). The/-number of the fiber must be less than 2.405.
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Buffer tube:d = 1mm

Protective polymeric coating
Cladding:d = 125 - 15um

Core:d= 8-10um  The cross section of a typical

single-mode fiber with a tight
buffer tube. d = tube
diameter)

Single mode waveguidés a waveguide that can only carry fnedamental mod@owest mode) of
radiation within the wavelength range of interest, that is wavelengths longer than the critical cut-off
wavelength. Seeut-off wavelength

Skew rayis a light ray that enters the fiber off the fiber axis and zigzags down the fiber without crossing
the axis and when viewed looking down the fiber (its projection in a plane normal to the fiber axis) it
traces out a polygon around the fiber axis. A skew ray thereforehedisa patharound the fiber
axis. In astep index fiberboth meridional and skew rays give rise to guided modes (propagating

wavesg along the fiber each with@opagation constantf alongz. as in the case of the planar
waveguide. Skew rays give rise to modes that havelathdB, (or H,) components along the
guide axizz and they are therefore not TE or TM waves.

Along the fiber

A skew ray does
not have to cross
the fiber axis. It
zigzags around
the fiber axis.

Ray path projected on
to a plane normal to
fiber axis

Ray path along the fiber

Slope efficiencydetermines theptical power P, in the lasing emission in terms of the diode current

above thehreshold current |.. If | is the diode current, the slope efficiengy, . (in watts per
ampere) is defined by

nslope =—
I =1
Snell's Law describes the motion @lectromagnetic waveshrough a medium with different
refractive indicesd.g.traveling from air taylasg. Suppose that light is traveling in a medium with
indexn, is incident on a medium of index, and if the angles of incidence and refraction

(transmission) aré and 68, then according to Snell’s law,sing = n,sing,. Seerefraction.

Softening point of glassis the temperature at which thiscosity of a glass is about 1610* Pa s.

For example, for fusesilica glassthis is about 1600 - 173W. Viscosity of glass is strongly
temperature dependent and decreases steeply as the temperature increases. At the softening point, t
viscosity is sufficiently low to allow the glass the flow under its own weight. Very roughly, the
softening point is the glass transformation point where the rigid glass (solid) “transforms” to a
supercooled liquid that can flow under a small sk&asss(just like “honey”).
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Solar cell, seephotovoltaic devices

Solar constantis the integrated intensity above Earth’s atmosphere, that is, the total power flow through a
unit area perpendicular to the direction of the sun. This quantity is callsdigheonstanor air-
mass zer¢AMO) radiation and it is approximately constant at a value of 1.353 KW m

Solar radiation air massm (Amm) is defined as the ratio of the actual sun radiation ipathithe

shortest patlh,, that ism = h/h,. Sinceh = h;sed, AMmis AMsed. Thisspectrumrefers to

incident energy on a unit arearmalto sun rays (which have to travel the atmospheric lemyth

The actual intensity spectrum on Earth’s surface depends absbeption andscattering effects

of the atmosphere and hence on the atmospheric composition and the radiation path length through
the atmosphere. These atmospheric effects depend on the wavelength. Clouds increase the
absorption and scattering of sun light and hence substantially reduce the incident intensity. On a cleatr
sunny day, the light intensity arriving on Earth’s surface is roughly 70% of the intensity above the
atmosphere. Absorption and scattering effects increase with the sun beam’s path through the
atmosphere. The shortest path through the atmosphere is when the sun is directly above that locatior
and the received spectrum is called air mass one (AM1). All other angles of incidence increase the
optical path through the atmosphere, and hence the atmospheric losses. In addition, atmospheric
molecules and dust particles scatter the sun light. Scattering not only reduces the intensity in the
direction towards the Earth but also gives rise to the sun’s rays arriving at random angles.
Consequently, the terrestrial light hadifilusecomponent in addition to tttirect component. The

diffuse component increases with cloudiness and sun’s position, and has a spectrum shifted toward
the blue light . The scattering of light increases with decreasing wavelength so that shorter
wavelengths in the original sun beam experience more scattering than longer wavelengths. On a clea
day, the diffuse component can be roughly 20% of the total radiation, and significantly higher on

h, Atmosphere

| v

cloudy days.

T AMO
| Direct Diffuse
Earth AM1 AM(sedd)  Tilted PV device

(a) (b)
(a) lllustration of the effect of the angle of incidersoen the ray path length and the

definitions of AMO, AM1 and AM(se). The anglex between the sun beam and the
horizon is the solar latitude (b) Scattering reduces the intensity and gives rise to a diffused
radiation

Soleil-Babinet compensatolis an optical compensator is a device that allows one to control the
retardationi(e. the phase change) ofvave passing through it. In a wave plate retarder such as the

half-wave plate the relative phase changdetween therdinary andextraordinary waves

depends on the plate thickness and cannot be changed. In compepsatmigjstable. The Soleil-
Babinet compensator has two quartz wedges touching over their large faces to form a “block” of
adjustable heigid. Sliding one wedge over the other wedge alters the “thickessthis block.

The two-wedge block is placed on a parallel plate quartz slab with a fixed thi€knBss slab has

its optic axis parallel to its surface face. The optical axes in the wedges are parallel but
perpendicular to the optic axis of the slab. Suppose thaaxly polarized light is incident on

this compensator at normal incidence. We can represent this light by field oscillations parallel and
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perpendicular to the optic axis of the two-wedge block; these fields arelE, respectively. The
polarization E, travels through the wedged) experiencing aefractive index n, (E, is along
the optic axis) and travels through the pl&@gdxperiencing an index, (E, perpendicular to the
optic axis). Its phase change is

@ = 2771 (nd+nD)
But theE, polarization wave first experiencesthrough the wedgesl{and them, through the
plate D) so that its phase change is

@ = 2TH(nOd +nD
The phase differenag( = @ — @) between the two polarizations is

2
¢= T(r!e -n,)(D-d
It is apparent that as we can chadg®ntinuously by sliding the wedges (by using a micrometer

screw), we can continuously alter the phase differerfoem O to 2t We can therefore produce a
guarter-wave of half-wave plates by simply adjusting this compensator. It should be emphasized that
this control occurs over the surface region that corresponds to both the wedges and in practice this is
a narrow region.

<~@Q—>
o E Wedges can slide

Optic axis

Soleil-Babinet Compensator

D |Plate- - - ~- - -- - - - ® Optic axis

5
A Soleil-Babinet compensator (Courtesy of Melles-Griot.)

Soliton is an isolatedvave (a solitary wave), in the form of a “pulse of vibration” with a certain shape
and intensity profile, in a non-linear medium that is able to propagate without sutfespegsion
A soliton can propagate without experiencing a net dispersion because the dispersive effect, due to
therefractive index depending on the wavelength, is balanced by the non-linearity of the medium
in which the refractive index depends on the intensity. The overall result is as if the wave were
propagating in a non-dispersive linear medium. Such solitons have interesting properties. For
example, two solitons do not interfere as normal waves do. They pass right through each other
without changing their shapes as if they were independent entities; only a phase shift is induced as a

result of the interaction. I is the disturbance or perturbation that is propagating, such as
displacement, one possible soliton shape (wave envelope) that is propagating aahigttien is
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a sech function,

W = AsecH[(vt - 2/1]
wherev is the local signal velocity arland| are constants;is a constant that represents the spatial
extent of the soliton. The above is only one possible soliton from a family of solitons that can exist

in a given non-linear medium. Solitons satisfy a special equation called the noBtheadinger
equation. A soliton pulse can only be excited and propagated if the input pulse has the right shape

and the amplitudevidth product; otherwise an ordinary optical pulse will be excitespatial
solitonis an intense beam that can propagate without diverging becautsirfiotion effects (that
lead to divergence) have been balanced by the non-linear effects of the medium. One can intuitively
appreciate this as follows. All propagating beams of finite cross sectional area are known to diverge.
If the intensity is sufficiently large, the intensity profile of the beam will modify the refractive index
of the medium due to the non-linear response of the megiolarization is not a linearly related
to the field). If the beam has the right intensity profile such that the altered index variation results in
an induced waveguide, and the beam is a mode of this waveguide, then the beamdmtomes
guided it no longer diverges.

Asech[(vt - 2)/1]

A visualization of a soliton wave packet

Spatial coherencealescribes the extent of coherence betweavesradiated from different locations on
a light source. If the waves emitted from two locatiBrandQ on the source are in phase tien
andQ are spatially coherent. A spatially coherent source emits waves that are in phase over its entire
emission surface. These waves however may have gartipbral coherence A light beam
emerging from a spatially coherent light source will hence exhibit spatial coherence across the beam
cross section. A mostly incoherent beam will contain waves that have very little correlation with each
other.

Source

PON\NN—>
Q f\/\/\/\/—>i> i

Spatially coherent source

AVAVAVAVIRVAVARAVAVIRVAVAVAVA
NN NN NN ANNN N—> C An incoherent beam
(VARAVAVAVAVAVAVASVARAVAVELV

—> Space

Spatial coherence involves comparing the coherence of waves emitted from different
locations on the source
Speckle noise seemodal noise

Spectrais a general term used to describe the emitted or absorbed radiation at various wavelengths.
Spectra of gases have discrete wavelengths because they correspond to electronic transitions
between various quantized energy levels. In an absorption process, an atom with aB,esergy
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excited to a higher energy le\ie] by absorbing a photon of energy = E, — E,. The absorption

spectrum is observed when white light, light with all the wavelengths, is passed through the
medium. Those wavelengths that are missing represent the photons that have been absorbed from
white light in exciting the gas atoms. The emission process is the reverse of the absorption process,
except that there must be atoms at the energyBgweat can become de-excitedgoby emitting

photons of energhiv = E, — E;. Emission spectra can be obtained by first exciting the atoms in the
gas, for example, by an electric discharge. The excited atom with an Eneagybecome de-

excited to a lower energy levg] by emitting a photon that has an enengy= E, — E,, provided
that the transition obeys the quantum mechasmalction rulesTypically the excitation of gas
atoms involves accelerating electrons (or gas ions) in the discharge colliding with the gas atoms.

Absorption spectrum

I (a)

A

———— Emission spectrum

Photon
— | . > [
A

.....

The physical origin of (a) absorption spectra and (b) emission spectra.

Photon

[ ]
Electron

(a) Before collision (b) Just after collision (c) Photon emission
An atom in a gas discharge tube can become excited by a projectile electron colliding with it.

Spectral intensity / ,is intensity per unit wavelength so thigdA is the intensity in a small intervah.
Integration of/ , over the wholepectrum gives the integrated ¢otal intensity / .

25 The spectrum of the
5 o Black body radiation at 6000 K | Solar energy
: represented as spectral
Spectral 1 51 intensity () vs

wavelength above the
earth's atmosphere
(AMO radiation) and ta
the earth's surface
(AML1.5 radiation).
Black body radiation

0 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0at 6000 K is shown for

Wavelength im) comparison.

Intensity
kKW m=2 (Mm)-l 1.0

0.57

0
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Spectral responsivity, see responsivity.

Spectral width du,, of the Fabry-Perot etalon is tfal width at half maximum (FWHM) of an
individual mode intensity and depends onfthessefactor of the cavity. The greater the finesse,
the narrower the width of an individual mode. $pécal resonator.

Spectral width is the frequency (or wavelength) width of #ectrum of a signal that contains majority
of the power.

Spectrum of a laser diode outpuis theoptical power density vs. wavelength behavior of the lasing
emission from the diode. This spectrum may be multimode or single mode depending on the
optical resonator structure and thpumping current level.

Relative optical power

P,=5mW Output spectra of lasing
emission from an index
guided LD. At sufficiently
high diode currents
corresponding to high
P,=3mwW optical power, the operation
ol I becomes single mode.
(Note: Relative power scale
applies to each spectrum
Po=1mW individually and not
: ‘ ‘ A (nm) between spectra)
778 780 782

Spectrum of an optical signal is generally understood to be the “relative optical power” vs. frequency
distribution that constitutes the optical light signal. It represents all the necessary frequencies each
with the correcbptical power level that is needed to constitute the signal. The relative optical
power vs. frequency spectrum is represented in such a way that its integration over aII the
frequencies represents the taiptical power of the signal. Thus, “relative optical power” means
optical power per unit frequency. The spectrum can also be represented in terms of wavelength. The
necessary phase information is typically not included in spectrum discussions.

Spherical waveis described by a traveling field that emerges out from a point electromagnetic source
(EM) source and whose amplitude decays with distafrcen the source. At any poinfrom the
source, the field at timieis given by

Ez?Acos@t—kr)

whereA is a constantp is the angular frequency akds thepropagation constant

Spin of an electron,S, is its intrinsic angular momentum (analogous to the spin of Earth around its
own axis) which is space quantized to have two possibilities. The magnitude of the electron's spin is
constant/V3 / 2, but its component alongragnetic fieldin thez-direction ismJj:, wherem, is
the spin magnetic quantum numbel, r -/, The quantityz is Planck’s constantdivided by

2T
Spliceis a permanent joint between two fibers usually achieved by heat fusion of the end of the fiber.
Spontaneous emissiors the phenomenon by whichpaoton is emitted when an electron in a high
energystate, ¢(n,/,m,m) with an energy,, spontaneously oscillates down to a lower energy
state,i(n’,7’,m,’;m,) with energyE, that is not occupied. The photon eneryy = (E,—E,), where
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h is Planck’s constant Since the emitted photon has an angular momentum, the orbital quantum
number,/, of the electron must changes. A/ = /— /= 1.

E, E, E,
hu Ji"s’\? e 1 hu Absorption,
NN\> AN\> Wom spontaneous (random
- photon) emission and
stimulated emission.
E E E

1 1 1

(a) Absorption  (b) Spontaneous emissioffc) Stimulated emission
Spot size seeGaussian beam

Stateis a possiblevavefunctionfor the electron that defines its spatial (orbital) and spin propertges
Y(n,/,m,m) is a state of the electron. From thehrddinger equation each state corresponds to
a certain electron ener@y We thus speak of a state with enelfgys state of enerdy, or even an
energy stateGenerally there may be more than one statgith the same enerdy.

Stefan's Lawis a phenomenological description of the energy radiated per unit second from a surface.
When a surface is heated to a temperafuhen it radiates net energy at a rate giveRhy,..=
e0A(T* - T,*) wherec'is Stefan's constant ( = 561L0° W m?* K™), ¢is the emissivity of the
surface A is the surface area aiiglis the ambient temperature.

Step index fiberhas a centratore of constantefractive index and a surrounding layer ofadding

of smaller refractive index. There is a step decrease in the refractive index from the core to the
cladding.

Stimulated emissionis the phenomenon by which an incompigpton of energyhu = E,—E, interacts
with an electron in a high energtate, ¢/(n,Z,m,m), atE,, and induces it to transit down to a
lower energy statgp(n’,/’,m,/;m,"), atE,, that is not occupied. (Noth:is Planck’s constantand

v is the frequency of light.) The photon that is emitted by stimulation has the same energy and phase
as the incoming photon and, further, it is in the same direction. Consequently, stimulated emission
results in two coherent photons, with the same energy, traveling in the same direction. The
stimulated emission process must obey the selection rule jgppataneous emissigm\ 7/ = /"

—/=%1.

Stimulated Raman scatteringis aRaman scatteringof electromagnetic wavesn a such a way
the the scatteradavesare in phase and reinforce each other to generate a strong scattered radiation.
This can be achived bytmping” the system with an intense radiation at the right frequency, for
example, at the frequency that excites the required molecular vibrations.

Strain is a measure of the deformation a material exhibits under an agipéed It is expressed in

normalized units. Under an applied tensile stress, s&gis the change in the length per unit
original length AL / L,. When a shear stress is applied, the resulting deformation involves a shear

angle.Shear strains defined as the tangent of the shear angle that is developed by the application of
the shearing force.

Strain point of glassis the temperature at which thisscosity of a glass is about 10Pa s. For

example, for fusedilica glassthis is about 1050C. Viscosity of glass is strongly temperature

dependent and decreases steeply as the temperature increases. Below the strain point , the glass ca
be cooled rapidly without introducing unwanted internal stresses.
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Stressis force per unit ared, / A. When the applied force is perpendicular to the area it leads either to a
tensile or compressive stress: F / A. If the applied force is tangential to the area then it leads to a
shear stresg,=F / A.

Stripe geometry laserdiodeis a double heterostructure laser device in which one of the electrodes has a

stripe geometry, narrow width, to increase the current density acthe region and which
results in a lowethreshold current for lasing emissions.

Cleaved reflecting surface

Stripe electrod /L
Oxide msulator\

p-GaAs (Contacting layer) “§=
p-Al Gg _As (Confining layer)
p-GaAs (Active layer)
Al Gg_As (Confining layer)
n-GaAs (Substrate)——

Substrate

Electrode

i \ / .
Elliptical| Cleaved reflecting surface
' laser | -
\

+ beam 1/

\

Active region wheré >J,.
(Emission region)

~

Schematic illustration of the the structure of a double heterojunction stripe contact
laser diode

Strong injection is usually a condition isemiconductordevice in which the injectechinority
carrier concentration is much greater than the equilibrium majority carrier concentration in the same
region; injection may be due photogenerationor voltage application to forward biapa
junction. Seeminority carrier lifetime.

Substrateis a single mechanical support which carries active and passive devices. For example in the
integrated circuit technology, typically, many integrated circuits are fabricated on a single silicon
crystal wafer which serves as the substrate.

Superlattice avalanche photodiod€dAPDSs) is aphotodiode that minimized excess noise in the
photocurrent by limiting avalanche multiplication to a single type of carried by the use of a
superlattice structure which is formed by alternating thin layers of different bandgap
semiconductors as in multiple quantum well (MQW) devices. The multilayered structure
consisting of many alternating layers of different bandgap semiconductors is calj@etlattice
Typically, the bandgap in each layer changes from a minigyto a maximuni, which is more

than twicek,. There is a step changé&, in theconduction bandedge between two neighboring
graded layers that is greater thgp In very simple terms, the photogenerated electron initially
drifts in the graded layer conduction band. When the electron drifts into the neighboring layer, it

now has a kinetic enerd)E_ abovek, in this layer. It therefore enters the neighboring layer as a

highly energetic electron and loses the excess eddtglyy impact ionization. The process
repeats itself from layer to layer leading to an avalanche multiplication of the photogenerated
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electron. Since the impact ionization is primarily achieved as a result of transitiakEQvitre
device does not need the high fields typical of avalanche multiplication in bulk semiconductor; it can

operate at lower fields. Further, the impact ionized holes experience only &Bpvaltich is

insufficient to lead to multiplication. Thus, effectively, only electrons are multiplied and the device is

a solid state photomultiplier. Such staircase superlattice APDs are difficult to fabricate and involve
varying the composition of a quaternary semiconducting alloy (such as AlGaAsSb) to obtain the
necessary bandgap grading. Superlattice structures that are simply alternating layers of low and high
bandgap semiconductor layers, that is layers do not have a graded bandgap, are easier to fabricate
and constitute multiple quantum well (MQW) detectors. Typicalyecular beam epitaxyMBE) is

used to fabricate such multilayer structures.

. (b)

L

Energy band diagram of a staircase superlattice APD (a) No bias.
(b) With an @plied bias.

Surface acoustic wave seeacousto-optic modulator

Surface emitting LEDs (SLED)has its emitted radiation emerging from an area in the plane of the
recombination layer .The simplest method of coupling the radiation from a surface emitting LED into
anoptical fiber is to etch a well in the planar LED structure and lower the fiber into the well as
close as possible to tlaetive regionwhere emission occurs. This type of structure is called a
Burrustype device (after its originator). An epoxy resin is used to bond the fiber and provide
refractive index matching between trgdassfiber and the LED material to capture as much of the
light rays as possible. Note that in the double heterostructure LED used in this wengttires
emitted from the active regiom.g. pGaAs) do not get absorbed by the neighboring layer (AlGaAs)
which has a wider bandgap. Another method is to use a trursgdtedcal lenga microlens) with a
high refractive indexr(= 1.9 - 2) to focus the light into the fiber. The lens is bonded to the LED
with a refractive index matching cement and, in addition, the fiber can be bonded to the lens with a
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similar cement.

Fiber (multimode) b
Fiber

Epoxy resin #kx| | Microlens (T,0,4:SiO, glass)

Electrode
il &- Etched well —Sg ZZ/P

[‘ Double heterostructur
- = SiO, (insulator)
Electrode *
(a) (b)
Light is coupled from a surface A microlens focuses diverging light from a
emitting LED into a multimode fiber surface emitting LED into a multimode optical

using an index matching epoxy. Thefiber.
fiber is bonded to the LED structure.

Surface statesare electronic states originating from surface-related phenomena - these include, surface
relaxation and reconstruction processes, as well as states formed as a result of chemical processes ¢
surfaces. The latter includes surfasgdation, and the interaction of surfaces with adsorbed
species. The surface state related energy bands would not exist in the absence of these phenomena
resulting in the only a bulk band structure. It should be noted that a so-called ideal surface, in which
atoms assume their bulk relationships, can still result in a surface band structure owing to the
severing of bonds at the surface resulting in a redistribution of charge, distinct from that of the bulk.
The occupation of surface bands is responsible for a surface charge, and this, in turn, results in a
near surface field. The insensitivity of Schottky barrier heights to the metklfunction, for
certain combinations of metals deposited on semiconductor surfaces, has been attributed to a pinning
of theFermi energy within such surface states.

Temporal coherencemeasures the extent to which two poiatandQ on a given waveform separated in
time at a given location in space can be correlated, that is one can be reliably predicted from the
other. For a pure sine wave, at any given location, any two poandQ separated by any time
interval are always correlated because we can predict the phase @) en(the phase of the
other @) for any temporal separation.

Ternary llI-V alloys alloys have three different elements from the Il and V groups. For example GaAs
and InAs are IlI-V compounds individually but they can me alloyed to produce a ternary alloy, In
GaAs. There are as many group Ill elements as there are group V elements.

Ternary semiconducting alloyhas three different elements in its composition, for examp|&ajJAs
has three elements Al, Ga, As. Thig@4,_As alloy is composed of 11l (Al and Ga) and V (As)
groups only and the molar amounts from each group is the same; and hentié-V iemary
alloy. The bandgaf, of the ternary alloys ,Q(BaiiAs follows the empirical expression,

E,(eV) = 1.424+ 1.266k + 0.266¢".
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Thermal equilibrium carrier concentrations are those electron and hole concentrations that are solely

determined by the statistics of the carriers andléresity of statesn the band. Thermal

equilibrium concentration obey timeass action lawnp = nZ.

Thermal generation current is the current that flows inr@verse biasedon junction as a result of the
thermal generation of electron hole pairs indkpletion layerwhich become separated and swept

across by the built-in field.

Thermalization is a process in which an excited electron indbeduction band(CB) loses the excess
energy as it is collides witlattice vibrations, and falls close ), that is, until its average energy

is (3/2KT aboveE..

Etx

s

@)

VB

Optical absorption generates electron hole

CB
"X\T\hfrmalization ) ) !
Largehu | aq PAIS Energetic electrons must loose their
E.Tr 2 excess energy to lattice vibrations until
E
[¢]

their average energy %kT in the CB.

EVL (CB = Conduction Band, VB = Valence
Band,E, = Bandgap energy)

Thermionic emissionis the emission of electrons from the surface of a heated metal. When a metal is
heated, the proportion of electrons having grater energy thavotlkefunction (®) plusFermi

energy (E;) increase due to the tailing of the Fermi-Dirac function to higher energies.

Consequently, some of the electrons can be emitted over this potential barrier into vacuum and
become free. The emission probability depends exponentially on the temperature. If the emitted
electrons are collected and the metal replenished with electrons, as in the vacuum tube, then the
thermionic current density is described by the Richardson-Dushman equation.



lllustrated Dictionary of Important Terms and Effects in Optoelectronics and Photonics (O 1999 S.0. Kasap) 146

Thin film optics involves multiple reflections of light entering a thin filirelectric (typically on a
substrate) so that the reflection artdansmission coefficientsare determined by multiple wave
interference phenomena.

A1

Ag Ay Az
\/ / / M
B3 B5

By

Ny
Be

1L

Cy C Cs

Thin film coating ona substrate and
multiple reflections.

Consider a thin film coating on an object. Suppose that the incidenthaaasn amplitude @,
then there are various transmitted and reflected waves as shown in the figure. We then have the
following amplitudes based on the definitions of the reflection and transmission coefficients,

A, = Ay, B, = A, B, = Atialss C, = Aoty
A, = By = Agtioloslss B, = Agtioloal21 23 C, = Adtioloalaitss
A = Agtioloaloiloatss  Bs = Agtioloalailoalsy B = Atioloaloiloal 21l 23 Cs = Agtioloaloil sl o1lss

and so on, wherg, is the reflection coefficient of a wave in medium 1 incident on medium 2, and

t,, is the transmission coefficient from medium 1 into 2. Supposetkat, <n, and that the
thickness of the coating @ For simplicity, we will assume normal incidence. The phase change in

traversing the coating thicknedss = (2rvA)n,d whereA is the free space wavelength. The wave
has to be multiplied by exp) to account for this phase difference. The reflectiand
transmissiort coefficients are then given by,

—_— n —_—
I’lzrlzz:ll_l_z:—l’ﬂ, r2:r23:nz+i
and t,=t,= 2Ny t,=t, = 2", :
n+n n+n
where
1_11f2=/12

The reflection coefficient is then

A tt, i20\K

— flected — , _ ‘12 — i2e

r= eflecte: —’1 _Z( ,-1r2e )
- ,1 :l

which can be summed to

_ At
1+ e’
The transmission coefficient is
i¢ o i vi2¢
t - Ctransmitted - _tltZe —_ Ij11‘2e D r;I.rZe

(—rr e‘jz“’)k
12 - —i
A, nr, Zl nr, QL+ e
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which can be summed to
tte'?
1+rnre’??

Threshold current |, of alaser diodeis the minimum current that is needed for achieving a lasing
emission from the device. At this current value,dpécal gainin theactive regionis the
threshold gain Lasing radiation is only obtained when the optical gain in the medium can
overcome th@hoton losses from the cavity, which requires the diode cutreméxceed a
threshold value,. Belowl,, the light from the device is due $pontaneous emissioand not
stimulated emission The light output is then composed of incoherent photons that are emitted
randomly and the device behaves like an LED. Threshold current is strongly temperature dependent.

. Optical Power Laser
Optical Power P

Optical Power LED Stimulated

emission e ]

Optical Power Laser

/\ Spontaneous
emission

A f

L =" 5 A

Ith

Typical output optical power vs. diode curreftgharacteristics and the
corresponding output spectrum of a laser diode.

Threshold gainis the criticaloptical gain g,, that an active medium in aptical resonator must
have to achieve steady state (self-sustained) lasing radiation as output from this resonator; this
threshold gain just overcomes the losses in the active medium and also the losses from the optical

cavity and the reflectors. When the optical gain of the medium is equal to the threshgjgtbain
device becomes a self-sustaitesker oscillator If yis the loss coefficient of the mediumnis the

length of the optical cavityR, andR, are thereflectancesof the end-reflectors of the cavity, then
the optical gain of the medium for lasing oscillations. for continuous wavelasing emission
from the device),

goys il LD
oL 'HrAH

Threshold population inversionis thepopulation inversion N, — N, that corresponds to the
thresholdoptical gain (g,,).
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(N, - N,) andP,

N, - N, P, = Lasing output power

Ny~ N | " Threshold population Slm.phfled description of a laser
2 U inversion oscillator. (N, - N;) and coherent

output powerR,) vs. pump rate

under continuous wave steady

state operation.

Pump rate

Threshold pump rate

Total internal reflection (TIR) is the total reflection of a wave traveling in a medium when it is incident
at a boundary with another medium of lowedractive index. The angle of incidence must be

greater than theritical angle 6, which depends on the refractive indicesfsimn,/n;.

Transmission axisof a polarizer identifies the electric field direction that is allowed to pass through the
polarizer.

Transmission coefficientis the ratio of the amplitude of the transmittealve to that of the incident
wave when the incident wave traveling in a medium meets a boundary with a different medium
(different refractive index).

Transmittance is the fraction of transmitted intensity whewave traveling in a medium is incident at
boundary with a different medium (differer@fractive index).

Transparency current |, .is the diode current that provides just sufficient injection to lead to
stimulated emissiongust balancingabsorption there is then no ngthoton absorption and the
medium is transparent. AboVig, .there is a natptical gain in the medium though the optical
output is not yet a continuous waseherent radiation.

Transverse electric field (TE)mode has the electric field oscillations at right angles to the direction of
propagation of the mode along the waveguide axansverse magnetic fie({dM) mode has the
magnetic field oscillations at right angles to the direction of propagation of the mode along the
waveguide axisTransverse electric and magnetic field mo@dsM) have both the electric and
magnetic field at right angles to the direction of propagation.

(a) TE mode (b) TM mode

O . Z  Possible modes can be classified in terms of (a) transelectric
x (into paper)  field (TE) and (b) transmagnetic field (TM). Plane of incidence
is thepaper.

Traveling wave semiconductor laser,seeoptical semiconductor amplifier.

Ultraviolet (UV) radiation is anelectromagnetic wavewith a wavelength typically in the range 400
nm-4 nm, shorter than violet light but longer thxarays. When the wavelength is in the 400-300
nm range it is called near uv and in the 300-200 nm range it called far UV. Ultraviolet radiation with
a wavelength shorter than 200 nm is known as extreme or vacuum uv.
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Uncertainty principle states that the uncertaintyx, in the position of a particle and the uncertainty,
Ap,, in its momentum in the-direction obey&x)(Ap,) > 7. This is a consequence of tvave
nature of matter and has nothing to do with the precision of measurendgéhis ithe uncertainty in
the energy of a particle during a tindg, then according to the uncertainty principlEE)(At) > 7.
To measure the energy of a particle without any uncertainty means that we will need an infinitely

long time,At — oo,
Uniaxial crystals, seeanisotropy.

V-number or normalized frequencyis a dimensionless quantity that is a characteristic of a dielectric
waveguide which determines the nature of propagation of EM (electromagnetic) waves along the

guide. For astep index fiberit is defined by = (2m@/A)[n,? —n,?]*? wherea is thecore radius,

A is the free space wavelength of the radiation to be guided amdn, are the refractive indices of
the core andladding respectively.

Vacancyis a point defect in erystal where a normally occupiddttice site has a missing atom .

Vacuum levelis the energy level where the potential energy of the electron and the kinetic energy of the
electron are both zero. It defines the energy level where the electron is just free from the solid.
Typically at distance of ~100 nm, the electron would be considered free from a solid.

Valence band (VB)is a band of energies for the electrons in bondssenaiconductor. The valence
band is made of all thostates(wavefunctiong that constitute the bonding between the atoms in
thecrystal. At absolute zero of temperature the valence band is full of all the bonding electrons of
the atoms. When an electron is excited toctreduction band then this leaves behind an empty
state which is called a hole. It carries positive charge and behaves as it were a "free" positively
charged entity with an effective masswf. It moves around the VB by having a neighboring
electron tunnel into the unoccupied state.

Varshni equation describes the change in the energy banégap a semiconductor with temperatdre
in terms of
2
E-E + AT
¢ P B+T
whereE is the bandgap dt= 0 K, andA andB are material-specific constants . For example, for
GaAs,E,, = 1.519 eVA = 5.40510" eV K*, B = 204 K, so that af = 300 K,E, = 1.42 eV. We
can find the temperature coefficient of bandBgy differentiating the Varshni equation,
o -9 __AT(T+28
¢ dT (B+T)?
which for GaAs, using the values above, gikgs= -0.45 meV K.

Vertical cavity surface emitting lasers (VCSELs)has the optical cavity axis along the direction of
current flow rather than perpendicular to the current flow as in convenlésesldiodes The
active regionlength is very short compared with the lateral dimensions so that the radiation
emerges from the “surface” of the cavity rather than from its edge. The reflectors at the ends of the
cavity aredielectric mirrors made from alternating high and laefractive index quarter-wave
thick multilayers. Such dielectric mirrors provide a high degree of wavelength seteditsatance

at the required free surface wavelenyjihthe thicknesses of alternating laydrsindd, with
refractive indices, andn, are such that

n,d, + n,d, = ,A
which then leads to theonstructive interferenceof all partially reflectedvavesat the

interfacesSince the wave is reflected because of a periodic variation in the refractive index as in a
grating, the dielectric mirror is essentiallglistributed Bragg reflector (DBR). High



lllustrated Dictionary of Important Terms and Effects in Optoelectronics and Photonics (O 1999 S.0. Kasap) 150

reflectance end mirrors are needed because the short cavityllaegtices theptical gain of the

active layer inasmuch as the optical gain is proportional t@exp(hereg is the optical gain

coefficient. There may be 20 - 30 or so layers in the dielectric mirrors to obtain the required
reflectance (~99%). The whole optical cavity looks “vertical” if we keep the current flow the same as

in a conventional laser diode cavity. The active layer is generally very thin gnd.dnd is likely

to be a multiple quantum well (MQW) for improvdtdeshold current. The required
semiconductorlayers are grown by epitaxial growth on a suitaibstrate which is transparent

in the emission wavelength. For example, a 980 nm emitting VCSEL device has InGaAs as the
active layer to provide the 980 nm emission, and a @aystal is used as substrate which is
transparent at 980 nm. The dielectric mirrors are then alternating layers of AlGaAs with different
compositions and hence different bandgaps and refractive indices. The top dielectric mirror is etched
after all the layers have been epitaxially grown on the GaAs substrate. In practice, the current
flowing through the dielectric mirrors give rise to an undesirable voltage drop and methods are used
to feed the current into the active region more directly, for example, by depositing “peripheral”
contacts close to the active region. There are presently various sophisticated VCSEL structures. The
vertical cavity is generally circular in its cross section so that the emitted beam has a circular cross-
section, which is an advantage. The height of the vertical cavity may be as small as several microns.
Therefore the longitudinal mode separation is sufficiently large to allow only one longitudinal mode

to operate. However, there may be one or more lateral (transverse) modes depending on the lateral
size of the cavity. In practice there is only one single lateral mode (and hence one mode) in the

outputspectrum for cavity diameters less than p8. Various VCSELSs in the market have several
lateral modes but thepectral width is still only ~0.5 nm, substantially less than a conventional
longitudinal multimoddaser diode With cavity dimensions in the microns range, such a laser is
referred to as microlaser. One of the most significant advantages of microlasers is that they can

be arrayed to construchaatrix emitter that is a broad area surface emitting laser source. Such

laser arrays have important potential applications in optical interconnect and optical computing
technologies. Further, such laser arrays can provide a togtieal power than that available

from a single conventional laser diode. Powers reaching a few watts have been demonstrated using
such matrix lasers.
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SEM (scanning electron
microscope) of the first low-
threshold VCSELs developed at
Bell Laboratories in 1989. The
A simplified schematic illustration of a vertical largest device areais 5 um in
cavity surface emitting laser (VCSEL). diameter (Courtesy of Alex
Scherer, CalTech)

Surface emission
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Very large scale integration (VLSI)is the integration of 1010’ devices into a single $hip to
implement very complex circuits (for example, microprocessor chips, memories etc.)

Viscosity is a measure of the resistance of a material against flow under an appliestraissdt is the
reciprocal of thdluidity of a material. If under an applied shear stress, the substance tends to flow

easily, then it is said to be fluid, or exhibit little viscosity. When a shear strelSFA is applied to a
liquid-like material, atomic layers flow with respect to each other resulting in permanent deformation
which we callviscous flowWithin the material, the atomic layers move with different velocities

with respect to the bottom layer, which we take as reference. There is therefore a velocity gradient in
the material. In timét, the permanent displacementis= vAt wherev is the flow velocity.

Viscosity is then defined as shear stress required to generate a unity velocity gradient,

dv
T=I7d—y

Viscosity is measured in Pa s (Pascakcond). If an applied shear stress generates a uniform flow
velocity gradient, the fluid is called Newtonian; otherwise it is called non-Newtonian. Viscosity of

glassesexhibits a strong temperature dependence, typically followigdrenius behavigrn O
exp@H,/RT) whereAH, is theactivation energy (in J mol'), Ris the gas constant afids the

temperature.

Material Water Olive oil
Viscosity (Pas) 18 10!

Surface are% Shearing FOI’CEE

material

Time,t = At

Waist radius, seeGaussian beam

Liquid-like

Borosilicate glass
10° at 1245°C, 10 at 820°C, 10°at 435°C.

y
7
—
7

Flow
Velocity, v

Under a shear streB#A,
the atomic layers move
with different velocities
with respect to the
bottom layer. There is
therefore a velocity
gradient in the material.

In timeAt, the permanent

displacement idAx = vAt
wherev is the flow
velocity.

Wave equationis a general partial differential equation in classical physics, of thevfafoidx —
d’u/dt? whose solution describes the space and time dependence of the displaggt)efram
equilibrium or zero, given the boundary conditions. The paramé&tdhe wave equation is the
propagation velocity of thevave. In the case oflectromagnetic wavesn vacuum, the wave

equation describes the variation of the electric (or magnetic)A{@lt) with space and time,
C*PE/d¥ — d’E/dt* = 0 wherec is the speed of light.

Wave is a periodically occurring disturbance, such as the displacements of atoms from equilibrium
positions in a solid carrying sound waves, or a periodic variation in a measurable quantity, such as
the electric fieldE(x,t) in a medium or space. In a traveling wave, energy is transferred from one

location to another by the oscillations. For examp|éx,t) = E, sin(kx-at), wherek = 2t/ A and
w = 21w, is a traveling wave in thedirection. The electric field in thedirection varies periodically

along thex with a periodA called the wavelength and with time with a periodbMWhereuv is the
frequency. The wave propagates alongxthéirection with a velocity of propagation,In a
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longitudinal wave, the displacement is in the direction of propagation as in the propagation of a
sound wave, whereas in a transverse wave, the displacement is at right angles to the direction of
propagation as in aglectromagnetic wave Electromagnetic waves are transverse waves in

which the electric anthagnetic fieldsE (x,t) andH,(x,t) are at right angles to each other and also
the direction of propagatior, A traveling wave in the electric field must be accompanied by a

similar traveling wave in the magnetic fidtj(x,t) = H, sin(kx - «t). Typical wave-like properties
areinterference anddiffraction .

Wave number or propagation constantis defined as &A. It is the phase shift in theave over a
distance of unit length.

Wavefront is a surface where all the point have the same phase. A wavefroptareavaveis an
infinite plane perpendicular to the direction of propagation.

al

E andB have constant phase
in thisxy plane; a wavefront

k
Propagation

]
A plane electromagnetic
wave travelling along,

has the samé, (or B))

E, = E_sin(t—k2 at any point in a given

Xy plane. All electric

field vectors in a given

Xy plane are therefore in

> 7 phase. Thay planes are

\ - of infinite extent in the

andy directions.

Wavefront reconstruction, seeholography.

Wavefunction, W(x,y,zt), is a probability based function that is used to describavéve-like
properties of a particle. It is obtained by solving $ulirdodinger equationwhich in turn requires

the knowledge of thBE of the particle and the boundary and initial conditio#i$x,y,zt)f* is the
probability per unit volume of finding the electronayf) at timet. Put differently,

|W(x,y,zt)fdxdydzs the probability of finding the electron in the small voluineydzat (,y,z) at
timet. Under steady state conditions, tha&vefunction can be separated into space dependent,

Y(xy,2), and time dependent component$tds,y,zt) = Y(x,y,2exp(4Et/z) whereE is the

energy of the particle arid=h/(27t) The spatial partj(x.y,2) satisfies the time independent
Schrédinger equation.

Waveguide conditionspecifies the condition which &M (electromagnetic) wavemust satisfy to
be propagated and hence be guided through a waveguide gixémdneber of the waveguide.
Each EM (electromagnetic) wave satisfying the waveguide conditiomagleof the waveguide as
it can be propagated. Waveguide condit®oa mathematical relationship for determining the
allowed modes, particular EM radiation patterns, that can propagate in a waveguide from the
waveguide properties (thickness, refractive indete$

Waveguide dispersion coefficienD,, is the time spread of a propagating optical pulse in an optical
guide per unit length and per unit spectral wavelength width due to the wavelength dependence of
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theV-number, a waveguide property. &A is the spread of the excitation wavelengths coupled

into the fiber,d7is the spread in propagation times of these different wavelengths due to waveguide
dispersionL is the fiber length then,
_ 190t
YL oA
If the V-number is in the range 1.5\k< 2.4, then
_ 1984N,,

Du =" (2rmm)* 2crg

whereN , andn, are the group and refractive indices of ¢lelding (medium 2) ana is thecore
radius.

Waveguide dispersion as separate from materials dispersion, is dispersion that arises because of the
wavelength dependence of tienumber which determines thpropagation constantinside the

guide. As the radiation fed into tere has a finite range of wavelengtids) # 0, theV-number is
not constant which leads tondamental modeswith different wavelengths which propagate at
different velocities. Waveguide dispersi@sults from the guiding properties of the dielectric
structure and it has nothing to do with the frequency (or wavelength) dependence=fraittiee
index. Since increasing the wavelength, decrease¥-thember, a characteristic property of the
guide, the dispersion can also be stated as due to the wavelength dependentawitber.

y y
A A
i Cladding |
Alyc: 22>h A 1) The electric field of Tgmode
; ; extends more into the cladding
i ! as the wavelength increases. As
@Vm o core \:> Y927 Va1 more of the field is carried by
\! : the cladding, the group velocity
w; < wcut—oﬁ: w, <) i INncreases.
E(y) < - ! Cladding i

Wavelength division multiplexing (WDM) is a method of transmitting information by breaking it
into a sets of information and then transmitting the sets at different wavelengths through the
transmission medium; it is the samdragjuency division multipleX hus, the communication
systems operates at more than one wavelength.

Wavepacketis a group ofvaveswith slightly different frequencies traveling together and forming a
“group”. This wavepacket travels withgaoup velocity v, that depends on the slopec¥s. k
characteristics of the wavepacket, v, = daw/dk

Wavevectoris a vector denoted &sthat describes the direction of propagation wiaae and has the
magnitude of thevave number, k= 27T /A.

Weak injection is usually a condition isemiconductordevice in which the injecteshinority carrier
concentration is much less than the equilibrium majority carrier concentration in the same region;
injection may be due tohotogenerationor voltage application to forward biapajunction. See
minority carrier lifetime.

Wire-grid polarizer consists of closely spaced parallel thin conducting wires. The light beam passing
through the wire-grid becomésearly polarized at right angles to the wireg, is along the
wires and drives the conduction electrons along the length of the wires and thereby generates a
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current. The collisions of these driven electrons Vdttice vibrations leads to Joule loss. FR.
Thus energy is absorbed from fRgfield and the wires heat up a little (negligible amount) just as
energy would be absorbed from a battery driving a current through a wire. As the wires are very
thin, E, field cannot drive the electrons too far.

X

The wire grid-acts as a polarizer

E

Wire-grid polarizer

E

Work function, @, is the minimum energy needed to free an electron from the metal at absolute zero of
temperature. It is the energy separation of the Fermi level from the vacuum level. Work function, in
general, is the energy required to remove an electron from the solid to the vacuum level. The energy
involved in freeing an electron from a metal surface depends on the crystal surface because different
surfaces have different surface concentrations and arrangements of positive metal ions. Two
examples are shown in the table below for an FCC and a BCC c¥@&tahm level defines the
energy where the electron is free from that particular solid (typically ~ 10 nm away from the
surface) and where the electron has zero kinetic energy. The semiconductor work function

P_.conaucoStll represents the energy difference between the vacuum level and the semiconductor’s
Fermi energyE., even though there are normally no electroris. at may be thought the minimum

energy required to remove an electron from the semiconductor is simplgthen affinityy but

this is not so. Thermal equilibrium requires that only a certain fraction of all the electrons in the
semiconductor should be in the conduction band at a given temperature. When an electron is
removed from the conduction band, then thermal equilibrium is upset and some additional energy
has to be supplied to maintain the thermal equilibrium. The effective energy required to remove an

electron, as for metals, is energy fr&mto the vacuum levefp

semiconductar

Crystal Plane (100) (110) (111) Typical
FCC relative planar concentration, atoms | 0.87 0.61 1

/nn? (1 is maximum)

Nickel dg (eV) 5.22 5.04 5.35 5.09
BCC relative planar concentration, atoms | 0.71 1 0.41

/nn? (1 is maximum)

Tungsten®g (eV) 4.63 5.25 4.47 4.57
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Electron outside

the metal Electron Energy Typical electron energy band
A diagram for a metal (Li). All
vacuum the valence electrons are in an
----Lg\yeT-T- 7.2eV energy band which they only
empty  Partially fill. The top of the
Electron inside T states band is the vacuum level wieer
the metal the electron is free from the
Ero=%- 47eV" solid (potential energy 0).
Erg is the Fermi energy at O K.
E Ful of Er is the bottom of the
FO electrons —B
conduction bandb is the wok
E,-%-- 0 function.

Working point of glassis the temperature at which thiscosity of a glass is about 1®a s. Viscosity
of glass is strongly temperature dependent and decreases steeply as the temperature increases. At tl
working point, the viscosity is sufficiently low to allow the glass to be easily worked in various
glass fabrication processes sucliesving, pressingetc.

X-rays are electromagnetic radiation of wavelength typically in the range 10 pm - 1 nm pKeaiayns
have high energies.

Zener breakdownis the enormous increase in the reverse currenpimjunction when the applied
voltage is sufficient to cause the tunneling of electrons fromadlece bandin thep-side to the
conduction bandin then-side. Zener breakdown occurspnjunctions that are heavily doped on
both sides so that thdepletion layerwidth is narrow.
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Physical Constants

c Speed of light in vacuum 2 9979% 10F m s
h Planck’s constant 6.6261% 10%*J s
h h=h2 1.0546x 10% J s
e Electronic charge 1.60218x 10%° C
£, Absolute permittivity 8.8542x 102 F ni
Ks Boltzmann constank({ = R/N,) 1.3807% 102 J KL
k;T/e Thermal voltage at 300 K 0.02585 V

m, Mass of the electron in free space 9.10939% 10°% kg
U, Absolute permeability 477x 107 H mt

N, Avogadro’s number 6.022 1107 mol™
R Gas constant\ k) 8.31457 J mol K™

Useful Information

Wavelength ranges and colors as usually specified for LEDs

Amber Red- Infrared

Orange

Emerald | Green Yellow Red

green

Color Blue Orange Deep red

A (nm) | A <500 | 530-564| 565-57&1 580-581 588-59|4 595-61)6 607-6|1616 - 632 | 632-700| A >700

1eV=1.6021& 10*°J
1A=10"m=0.1 nm

Some Useful Formulae
Complex Numbers

j=Ce et
exp(o) = coP + jsin@
Z=a+jb=ré" r = (a+ b?)*? tand = b/a

Z* =a-jb=ret’
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Re(Z2) =a Im(2) =b

Magnitudé=|Z =2z = a®> + b* Argument =6 = arctanip/a)
cosQ:%[e"e +e‘“’] sin9=2—1j[ej9 —e‘“’]
Trigonometry

sin(rr2 + 6) = cod sif@+ cogf=1

sin26 = 2 sind cosH cosP = 1-2siff=2cos6 -1
Sin(A + B) = sinrAcosB + cOAsinB CoS@A + B) = cOAcOosB - sinAsinB

SinA + sinB = 2sin[/,(A + B)]cos[/,(A — B)]

COSA + coB = 2cosl/,(A + B)]cos[/,(A - B)]
Expansions

et :1+x+£x2 +ix3 +...
2l 3

1+x)"=1+nx+

n(n-1) 2+ n(n-1)(n-23 i
2!

Smallx (L +x)"=1+nx SinX = X tanx = x cox=1
: wf o

Small Ax in x = x_ + AX, f(x)= f +AXT—
: (0= f06) + Ax

0

Materials Data
See Web-Materials for extensive data
http://Materials.Usask.Ca

Properties of Selected Semiconductors at 300 K

& (0) ande, () represent the relative permittivity at dc (low frequency) and at optical (high) frequencies.

(e0) excludes ionic polarization but includes electronic polarization. Effective mass related to condagtivity (
Is different than that related to the density of stdips (

Property Ge Si GaAs hGa ,As InP
Density gcriit 5.33 2.33 5.32 6.15 4.81
E, (eV) 0.66 1.12 1.42 0.75 1.35
n (cm?) 2.4x10%  1.45¢10%° 1.8x1(Ff 1.2x107
N, (cm) 1.04x10%°  2.8x10'°  4.7x10Y 5.4x10"
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N, (cm) 6x10t 1.02%10° 7x10' 1.2x10
£ (0): £ (=) 16 11.9 13.1: 10.6  12.5: 9.61 12.5: 9.61
m/m, 0.12a 0.26a 0.07a,b
0.56 1.08
m*/m, 0.2% 0.3% 0.40a
0.4Ch 0.56 0.5
L (en? Vsl 3900 1350 8500 13800 4600
1900 450 400 400 150

K, (e V' sY)

158
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Selected Semiconductors

Crystal structure, lattice parametgibandgap enerdy, at 300 K, type of bandgap (D = Direct and | =
Indirect), change ik, per unit temperature changte(/dT), bandgap wavelengthy and refractive inder
close toA,. (A = Amorphous, D = Diamond, W= Waurtzite, ZB = Zinc blende)

Semiconductors Crystal a E, Typ dE/T A n
nm eV e meV K* 9 around

(m)
Group IV
Ge D 0.5658 0.66 | -0.37 1.87 4
Si D 0.5431 1.12 | —0.23 1.11  3.45
a-SicH 1.7- 0.73

1.8
SiC 2.9 I 042 3.1
[11-V Compounds
AlAs zB 0.5661 2.16 | 05 0.57 3.2
AP zB 0.5451 2.45 | ~0.35 052 3
AISb zB 0.6135 1.58 | —0.3 0.75 3.7
GaAs ZB 0.5653 142 D _pgys 0.87 3.6
GaAs :Shy 1, zB 1.15 D 1.08
GaN W 0.3190 3.44 D _pgys 0.36
8.5190

GaP ZB C0.5451 224 | _ps5a 055 3.4
GaShb zB 0.6096 0.73 D _g35 1.7 4
Ing.Ga ,AsoniInP  zB 0.5869 0.75 D 1.65
:n(l):.)SBGrs\ﬂ.MAsOIQPO.1 on zB 0.5870 0.80 D 1.55
:2%7266\).28,A50162P0.380n ZB 0.5870 0.95 D 1.3
IEP zB 05869 135 D _pug 0.91 3.4-35
InAs zB 0.6058 0.35 D _pog 3.5 3.8
InSb zB 0.6479 0.18 D _g3 7 4.2
[1-VI Compounds
ZnSe zB 0.5668 2.7 D _o72 0.46 2.3
ZnTe zB 0.6101 225 D 0.55 2.7
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Selection of TypicalNotation and Abbreviations
in Semiconductor Science and Optoelectronics

A area; cross sectional area

a half dimension of the core region of an optical waveguide; fiber core radius; lattice parameter of a crystal, side of
cubic crystal

a (subscript) acceptore.g. N = acceptor concentration

A, Einstein coefficient for spontaneous emission

ac alternating current

AM air mass, describes the integrated solar intensity and depends on location
APD avalanche photodiode

AR antireflection coating

B maximum bit-rate; frequency bandwidth; direct recombination capture coefficient
B, B magnetic field vector (T), magnetic field, magnetic flux density

b normalized propagation constant

B, B,; Einstein absorption and stimulated emission coefficients for the rate transitions between energy levels 1 and 2
BJT bipolar junction transistor

BL bit-ratex distance product (Gb"s<km

C capacitance

c speed of light in free-space 310° m s%)

c? cleaved coupled cavity

CB conduction band

Caep depletion region capacitance opajunction; junction capacitance pin

CVvD chemical vapor deposition

Ccw continuous wave

D diameter of a circular aperture; diffusion coefficient &t); detectivity; thickness
D,D displacement vector (C

D direct (bandgap)

d differential in mathematics; distance; diameter

d (subscript) donor,e.g. N = donor concentration

DBR distributed Bragg reflector

dc direct current

D., chromatic dispersion coefficient
DFB distributed feedback

DH double-heterostructure

D, material dispersion coefficient
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E (arial)

e

e

e (subscript)
E.

Ea E

E. E
EDFA
Er

Er

Er,
=
=
EHP
ELED

EM

EMF, emf

p

EO
Eph
eV
exp&)

f(E)
FF

op

FTIR
FWHP

9(E)

density of states, number of electronic states per unit energy per unit volume in a given energy band

polarization dispersion coefficient

waveguide dispersion coefficient

electric field; energy

electric field

electronic charge (1.6022810"° C)

Napierian base, 2.71828...

electron,e.g.u, = electron drift mobility

applied external field (non optical field) in an electro-optic crystal
acceptor and donor energy levels

conduction band edge energy, valence band edge energy
erbium dopediber amplifier

Fermi energy with respect to the bottom of the valence band.
Fermi energy in the intrinsic semiconductor

Fermi energy in the-side of apnjunction

Fermi energy in the-side of apnjunction

bandgap energy

electron hole pair

edge light emitting diode

electromagnetic

electromagnetic force (V)

energy corresponding to quantum nunber

electro-optic

photon energyhu (usually stated in eV)

electron volt

exponential function of

Finesse of a Fabry-Perot cavity; excess noise factor
Fermi-Dirac function

fill factor of a solar cell

optical bandwidth , optical bandwidth and fiber length product
frustrated total internal reflection

full width at half power

gain; rate of generation (f5"); photoconductive gain

optical gain coefficient due to stimulated emissions exceeding absorption between the same two energy levels (

)

density of states, number of electronic states (possible electron wavefunctions) per unit volume per unit energy
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g(v)
GOp
gph
Gph
GRIN
9

c;thermal

H

H,H

h

h (subscript)
h

HF

I

I (courier)
I

i (subscript)

optical gain lineshape; optical gain vs. frequency curve shape

net optical gain
photogeneration rate per unit volume
rate of photogeneration (hs?)

graded index

threshold optical gain coefficient for achieving a lasing emission from a laser device (for laser oscillations)

thermal generation rate of electron hole pairs 1)

height of the optical cavity in a laser diode

magnetic field intensity (strength) or magnetizing field (A)m

Planck’s constant (6.6264103% J s)
hole, e.g.u, = hole drift mobility

Planck’s constant divided byniZ1.0546x 10°*J s),i = h/2.

high frequency

electric current (A)

irradiance or intensity of light ( W ®)

indirect (bandgap)

initial; intrinsic, e.g.n; = intrinsic concentration
integrated circuit

dark current

forward diffusion (Shockley) current ofpm junction
photocurrent; multiplied APD photocurrent
unmultiplied APD photocurrent

forward recombination current ofpen junction
reverse recombination current op@junction
short circuit current in light (solar cells)

reverse Shockley saturation current @igunction

threshold current

noise current, rms fluctuatig in the photodetector current

photocurrent

current density

imaginary constanty/—1

reverse current in gnjunction due to thermal generation of EHPs in the SCL

total reverse current in@njunction
threshold current density value
Kerr coefficient

phonon wavevector
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k, k
Ke
KDP
KE
L

¢

lo Lo

LASER
LD

Le Ly
LED

LF

In (X)
Lo

LP

M

m

m (arial)
MBE

mB

me*! mh*

MFD

m
MMF
MQW

n (arial)
Na

NA

Na Ny
Ne N,

wavevector, wavenumber, free-space wavevedter 2771
Boltzmann constankg = R/N, = 1.3807x 102 J K1)
potassium dihydrogen phosphate

kinetic energy

distance, length; optical cavity length; inductance

length
lengths of the neutral andp regions outside depletion region ip@ajunction

orbital angular momentum quantum number of an electrai,, &2, ...n — 1; nis the principal quantum
number

lightamplification by stimulated emission of radiation

laser diode

electron and hole diffusion lengtts;= v(D,1,) andL, = V(D,1;)

light emitting diode

low frequency

natural logarithm ok

transfer distance for full light transfer from one to another coupled optical guide
linearly polarized

number of modes; multiplication in avalanche effect; mass

integer; mode number; mass

numerical constant characterizing the photon energy width of the LED output spectrum
molecular beam epitaxy

mass of the electron in free space (9.10939>' kg)

electron and hole effective masses in a crystal

mode field diameter &,

effective mass of a hole in a crystal (in the valence band)

magnetic quantum number for an electre,.., -1, 0, +1,...+

miltimode fiber

multiple quantum well

spin magnetic quantum numberl(2)

number of molecules per unit volumretype semiconductor with a wider bandgap
electron concentration in the conduction band; principal quantum number (0,)1r&ractive index.
refractive index

Avagodro’s number ( 6.0%10%° mol?)

numerical aperture

acceptor and donor dopant concentrations in a semiconductor

effective density of states at the conduction and valence band edges respectiyvely (m
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ng, Ng

N Py
Nhor Ppo
Nps P
Npor Pro
n,(0)
Nph
NRZ
OovD

P (arial)
P

p

PD

PE

pin
P:(0)

QE
R (arial)

R, R
R

R, R

I, Iy

r

r

r (arial)
R (arial)
Re

Rz

donor concentration ()

refractive index for the extraordinary and ordinary waves in a birefringent crystal
noise equivalent power, 1/Detectivity

group indexNy =c/ v,

intrinsic concentration

refractive index experienced by left handed circularly polarized and right handed circularly polarized waves in a
crystal

instantaneous majority carrier concentratiang.glectrons in am-type semiconductor)
equilibrium majority carrier concentratiors.g.electrons in am-type semiconductor)
instantaneous minority carrier concentratiagg.electrons in ap-type semiconductor)
equilibrium minority carrier concentrations.§.electrons in ap-type semiconductor)
electron concentration just outside the depletion region ip-gide of gon junction
photon concentration in the optical cavity

nonreturn to zero (pulses)

outside vapor deposition

polarization vector, polarization per unit volume in a dielectric

power, energy flow per unit timep:type doping in a larger bandgap material.

hole concentration in the valence band; photoelastic coefficient

photodiode, photodetector

potential energy

p-typelintrinsich-type semiconductor photodiode

hole concentration just outside the depletion region in-gide of apn junction

charge

an integer; diffraction order; charge

guantum efficiency

reflectance (fractional reflected light intensity at a dielectric-dielectric interface); spectral responsivity or radiant
sensitivity of a photodetector

resistance

load resistance (external to device)

parallel and series resistances of a solar cell
Pockels coefficient

radial distance

position vector

EM wave reflection coefficient

responsivity

real part

return to zero (pulses)
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rms

S

S, S
s, p, f
SAGM
SAM
SCL
SHG
SLED
SMF
SNR, S/N
SQW
T

T (arial)
t

t (arial)
t,

TA
Carire
TE
TEM
Tf

TIR
™

t;

uv

\

\

v

Vor
Va2

root mean square

strain

Poynting vector that quantifies the rate of electromagnetic energy flow
atomic subshells

separat@absorption, grading and multiplication

separate absorption and multiplication

space charge layer, depletion region, phgunction

second harmonic generation

surface emitting LED

single mode fiber

signal to noise ratio

single quantum well

temperature in Kelvin

transmittance, fractional intensity transmitted through a dielectric-dielectric interface
time; thickness

transmission coefficient

transit time of holes

transmission axis of a polarizer

drift time of a carrier

transverse electric field modes

transverse electric and magnetic (TEM) modes

fictive temperature, softening temperature of glass (K)

total internal reflection

transverse magnetic field modes

rise time of a signal (usually from 10% to 90%)

ultraviolet

V-number,V-parameter, normalized thickness

applied voltage , potential energy in the Schrédinger equation
velocity

avalanche breakdown voltage

applied voltage in a Pockels cell that introduces a relative phase db@aofer
built-in voltage, potential

open circuit voltage of a solar cell

reverse bias voltage

valance band

vertical cavity surface emitting laser

165
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Vy drift velocity

Vo Vi, electron and hole drift velocities

Vg group velocity

Vi thermal velocity of an electron in the conduction band and a hole in the valence band
w width

w width; thickness; width of depletion region ippajunction

W, W, widths of depletion region on threside and on thp-side of thepnjunction

W, half-waiste of a Gaussian beammode field radius (MBD

W, width of depletion region of pn junction with no applied voltage

X distance; excess avalanche noise index for APDs

O (subscript)  perpendicular

/I (subscript)  parallel

a optical attenuation; attenuation coefficient for the electric field in medium 2; absorption coefficient of a
semiconductor; dielectric polarizability per molecule

Oys attenuation in dB

Og Rayleigh scattering attenuation

a, total attenuation coefficient in the optical cavity of a semiconductor laser

O'nax maximum acceptance angle for an optical fiber

B propagation constant; base-to-collector bipolar transistor current gain

B. propagation constant along a planar dielectric waveguide for mode

B: isothermal compressibility (fiN)

[ flux (m? s%), photon flux (photons hs?)

y loss coefficient in a laser optical cavity

A difference, change; normalized index differeree,(n, — n,)/n;

AT propagation time difference along an optical guide

ATy, time width of the output light pulse between half intensity points

AU s the width between rms points of the intensity vs. frequency spectrum

AB phase mismatch per unit length between two propagating waves

Ap phase change

AA spectral width of the output spectrum (intensity vs. wavelength) of a light source. This can be between half-
intensity points A,,,) or between rms points.

A, wavelength separation of allowed modes in an optical cavity

An=n-n, excess electron concentration (above equilibrium)

ANy, (N, — Ny, threshold population for threshold gain (lasing emission)

AB divergence angle due to diffraction effects

o) small change; penetration depth of an EM wave from one medium to another
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r’extemal

Pret
p(ho)
Peghv)
o

T
Ig

ph

~

sp

<o

S

spectral wavelength width of an allowed mode in an optical cavity; wavelength separation between two
consecutive optical cavity modes

permittivity of a medium where, = permittivity of free space or absolute permittivity= relative permittivity
or dielectric constant

energy in a quantum well with respect to the bottom of the conductiontena quantum number 1,.2,
efficiency; quantum efficiency; ideality factor of a diode

external efficiency

slope efficiency of a laser diode

angle ; angular spherical coordinate

critical angle for total internal reflection

angle of incidence

Brewster's polarization angle

propagation constant along the transverse direction of a planar dielectric waveguide
periodicity of a corrugated Bragg grating; acoustic wavelength

free space wavelength

Bragg wavelength of a grating type structure that satisfies the Bragg condition
critical or cut-off wavelength

threshold wavelength for photoexcitation; bandgap wavelength

magnetic permeability (H M); 1, = absolute permeability, = relative permeability
drift mobility (m? V= s?)

hole drift mobility, electron drift mobility (v s?)

micron, micrometer

pi, 3.14159...

resistivity; charge density (CH

net space change density

photon energy density per unit frequency

Planck's black body equilibrium radiation distribution as a function of frequency
conductivity; rms deviation of dispersion of a light pulse going through a fiber

group delay time in a fiber; recombination time of a charge carrier; lifetipder(electronsy, for holes); time
constant

group delay time per unit length, = 1/,; mean time to thermally generate an electron-hole pair in a
semiconductor

photon decay time in the optical cavity, time it takes for the photon to be lost from the cavity
average time for an electron-hole pair recombination by spontaneous emission

phonon frequency; lattice vibration frequency;Verdet constant

frequency

phase change; work function
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@

X

X1 X210 X3
W(x)

WX

Q

w

an angular spherical coordinate

phase ¢=wt — kz+ @); phase change

phase constant

electron affinity; electric susceptibility

linear, second-order and third-order electric susceptibilities

spatial dependence of the electron wavefunction under steady state conditions satisfying the Schrédinger equatic
Bloch wavefunction, electron wavefunction in a crystal with a wavevé&ctor

phonon angular freqeuncy

angular frequencyta (of light)
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“Al Asuli writing in Bukhara some 900 years ago divided his
pharmacopoeia into two parts, 'Diseases of the rich' and 'Diseases of

the the poor'.
Abdus Salam  (1926-1997; Nobel Laureate, 1979)
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