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Ondas eletromagnéticas
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Ondas electromagnéticas

E
AX Direction of Propagatior—9» k

il \ ..
b l

An electromagnetic wave is a travelling wave whels time
varying electric and magnetic fields which are eaqicular to eac
other and the direction of propagatian,
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Wave fronts— regions with the same phase

E andB have constant phz

— in this xyplane; a wavefront

—p K
Propagation

A plane EM wave travelling alorgj has the samé&, (or B) at any point in a

givenxy plane. All electric field vectors in a giveay plane are therefore in phase.
Thexy planes are of infinite extent in tixaandy directions.
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Vector de Poynting

Propagation direction

A plane EM wave travelling alorig crosses an aré® at right angles to the
direction of propagation. In tind&, the energy in the cylindrical volumeAt
(shown dashed) flows through .
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Wave vector - Vector de onda

y Direction of propagation
A y

> 7

O
A travelling plane EM wave along a directién
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Examples of electromagnetic wave fronts

Wave fronts
(constant phase surfaces) Wave fronts

Wave fronts

»
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A perfect plane wave A perfect spherical wave A divergent beam

(a) (b) (c)
Examples of possible EM waves
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Ondas electromagnéticas — Gaussian beam

Wave fronts
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(a) Wavefronts of a Gaussian light beam. (b) Ligkgnsity across beam cross
section. (c) Light irradiance (intensity) vs. rddistancer from beam axisz).
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Group velocity
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Wave packet

Two slightly different wavelength waves travellingn the same
direction result in a wave packet that has an ampiude variation

which travels at the group velocity.
/1999 S.0. Kasap
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Indice de refraccéo de grupo
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Refractive indexh and the group indeldy of pure

SIO, (silica) glass as a function of wavelength.
999 8.0. Kasa
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Coeréncia temporal e espacial

Amplitude
—00 «— —> 0
P Q
G AVAVAVAVAVAVAVAVAVAV,
—— Time U, > U
Amplitude

H .

v= 1/At

(c) Q Amplitude

P Time 1‘ e
> U

(a) A sine wave is perfectly coherent and contains a weléfined frequengy (b) A finite
wave train lasts for a duratidkt and has a length Its frequency spectrum extends over
Av = 1/At. It has a coherence tindd and a coherence length (c) White light exhibits
practically no coherence.
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Coeréncia temporal e espacial e o fenomeno de
Interferéncia

No interference Interference : No interference
< At

—— Time
Source
P .
(b) c Spatially coherent source
Q

AVAVAVAVIRVAVARAVAVIRVAVAVAV A _
(c) ANV SINANNN N ¢ Anincoherent beam

VAYAVAVAVAVAVAVARVARAVAVELV,

—— Space

(a) Two waves can only interfere over the timervaeAt. (b) Spatial coherence involves
comparing the coherence of waves emitted from mffelocations on the source. (c) An
incoherent beam.

_ _ 11393 3.0. Kasap
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Fendmeno da reflexao interna total
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Reflexao e refraccao
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Incident Light B, & A Reflected Light

A light wave travelling in a medium with a greatefractive index 14, > n,) suffers

reflection and refraction at the boundary.

. , (1399 5.0. Kasap
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Leis de Snell

Transmitted
(refracted) light

Evanescent wave
>

Incident Reflected
light light

(a) (b) (c)

Light wave travelling in a more dense medium ssikdess dense medium. Dependir
the incidence angle with respect&owhich is determined by the ratio of the refragtiv

iIndices, the wave may be transmitted (refractedgfiected. (afd < g. (b) 8 =6. (c) 6
> @. and total internal reflection (TIR).

© 1999 S.0O. Kasa@ptoelectronicgPrentice Hall)

/1999 S.0. Kasap

U LISBOA ‘ i gencies  JOsé Figueiredo — Departamento de Fisica Ia




Equacoes de Fresnel

Ei/

Transmitted wave

y
i 4=90° "2
E: ; Evanescent wave
y Co)— P
x into paper ny>n,
Incident Reflected Incident Reflected
wave wave wave wave

(@) g < g.then some of the wave
IS transmitted into the less dense
medium. Some of the wave is
reflected.

(b) 8 > 6. then the incident wave

suffers total internal reflection.
However, there is an evanescent
wave at the surface of the medium.

Light wave travelling in a more dense medium stidess dense medium. The plane of
incidence is the plane of the paper and is perpeafatito the flat interface between the
two media. The electric field is normal to the diren of propagation . It can be resolved
into perpendicularl{) and parallel (/) components
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Coeficientes de reflexao e variacao da fase

Magnitude of reflection coefficier

Phase changes in degrees
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Incidence angle&]

10 20 30 40 50 60 70 80 90
Incidence angle

Internal reflection: (a) Magnitude of the reflectiooefficients;, andrp
vs. angle of incidencé for n; = 1.44 andy; = 1.00. The critical angle
44°. (b) The corresponding phase changesndg, vs. incidence ang
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Coeficientes de reflexao
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Incidence angled

The reflection coefficients; andrg vs. angle
of incidenced for np = 1.00 andh; = 1.44.
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Reflexao total: profundidade de penetracao

B Virtual reflecting plane

y
/r Penetration depth7,$

Incident Reflected
light light

The reflected light beam in total internal reflectiappears to have been laterally shifte
an amounfAz at the interface.
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Efeito de tunel optico

Incident Reflected
light light

When medium B is thin (thicknedsis small), the field penetrates to
the BC interface and gives rise to an attenuatacewamedium C.
The effect is the tunnelling of the incident beanAithrough B to C.
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Reflexao interna total frustrada

_ L Reflected
Reflected B = Low refra}ctlve index
l transparent film ¢.)
‘ ight \ >
n
" " ! FTIR -
: ! TIR n, I_nC|dent
/,/’gl > HC I,,8| > Hc I|ght
N -g— Transmitted — ' <
Incident
(a) / A light . A (b)
Glass prism

(a) A light incident at the long face of a glassprsuffers TIR; the prism deflects the
light.

(b) Two prisms separated by a thin low refractiveex film forming a beam-splitter cube.
The incident beam is split into two beams by FTIR.
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Filme fino — camada anti-reflectora

Ag AL A Ag

Thin film coating of refractive inder,
on a semiconductor device
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Principio de funcionamento de uma camada anti-reflectora

<—d—>
Ny 27 Ny
A
B <
L .
SurfaceAntireﬂec’[ion Semiconductor of

coating photovoltaic device

lllustration of how an antireflection coating reeésahe
reflected light intensity
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Espelho dielectrico

< Af/d>< A4~ Reflectance
A
1_
A
B <
C
1 2 1 2 0 | | | > A (hm)
n N m N, 330 550 770
A

o

Schematic illustration of the principle of the @elric mirror with many low and high
refractive index layers and its reflectance.
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Cavidade Fabry-Perot
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Cavidade oOptica Fabry-Perot

Relative intensit

<

(@) (b) ()

Schematic illustration of the Fabry-Perot opticaity and its properties. (a) Reflected
waves interfere. (b) Only standing EM wave®des,of certain wavelengths are allowed
In the cavity. (c) Intensity vs. frequency for \@ars modesR is mirror reflectance and
lower R means higher loss from the cavity.
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Filtro Fabry-Perot

Partially reflecting plate
Z N\ Transmitted light

1 i A
‘ utput Ii%
L

] L > Ll , ,

O > oo oo

Input Iigf>

Fabry-Perot etalon

Transmitted light through a Fabry-Perot opticaligav
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Interferdmetro Fabry-Perot

L
— / FP etalon ﬂ
Output light
Input light L —5

< || >+
Broad Lens

Fabry-Perot etalon monochromatic
source Screen

Fabry-Perot optical resonator and the Fabry-Patetferometer (schematic)
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Polarizacao e birrefringéncia
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Grelha polarizadora

X
A i

D 5

Wire-grid polariz

E,
A

v 5 g

The wire grid-acts as a polarizer
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Luz linearmente polarizada

Plane of polarization
E

(a) (b) (c)

(a) A linearly polarized wave has its electricdi@scillations defined along a line
perpendicular to the direction of propagatioii he field vectoE andz define aplane of
polarization (b) TheE-field oscillations are contained in the plane ofgpization. (c) A
linearly polarized light at any instant can be esmgnted by the superposition of two fieigs

andE, with the right magnitude and phase.
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Polarizacao circular direita

A right circularly polarized light The field vectoE is always at right
angles taz, rotates clockwise arourmd with time, and traces out a full

circle over one wavelength of distance propagated.

© 1999 S.0. KasaptoelectronicgPrentice Hall)
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Estados de polarizacao

(a) i/ (b) X (c) )\/ (d) ¥
/ AN
* > X > X X \/> X

Exo:O EXO:% Exo:l Exo:
Eyozl EYEZ Eyo:l Eyo:
9=0 ¢=0 p= T2 p=—112

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)

y y y
@ A ® A € 4
E
> X X \ j > X

E,=1 Eo=1 Eo=1
Eyo = 2 Eyo = Eo =2
9=0 9= 114 9= 112

(a) Linearly polarized light witlg,, = 2E,, and@= 0. (b) Wheng= 774 (45’), the light is
right elliptically polarized with a tilted major axis. (c) Wh s 772 (9C°), the light is

right elliptically polarized. IfE,, andE,, were equal, this would be right circularly
polarized light.
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Lel de Malus

Linearly _
polarized |ight\E Light detector
TA,
Polarizer 2 = Analyzer
Polarizer 1

Unpolarized light

Randomly polarized light is incident on a Polarizawith a transmission axis TALigh
emerging from Polarizer 1 is linearly polarizedwi along TA, and becomes incide
on Polarizer 2 (called "analyzer") with a transnoissaxis TA at an angleéd to TA;. A
detector measures the intensity of the incidetitlijA; and TA are normal to the light
direction.
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Anisotropia optica — birrefringéncia

L e - e
e =
e r— e e — —
"
L —— L | T gm—
e
e
Ao i, PR s i ——. e aru

A line viewed through a cubic sodium chloride (teglicrystal

(optically isotropic) and a calcite crystal (optlgaanisotropic).
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Birrefringéncia e polarizacao

Two polaroid analyzers are placed with their tralssman axes, along
the long edges, at right angles to each other.ofthi@ary ray,
undeflected, goes through the left polarizer whetba extraordinary
wave, deflected goes through the right polarizbe two waves
therefore have orthogonal polarizatic
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Birrefringéncia e polarizacao

Optic axic
\

Incident ray X E
/ —I—l» e-wave

e-ra
y ——t—p 0O-\VaVve
S E|:|
O-ray Incident wave \‘\
] - -~
A calcite rhomb Opti\c axis

(in plane of paper)

An EM wave that is off the optic axis of a calctte/stal splits into two waves called
ordinary and extraordinary waves. These waves latleogonal polarizations and

travel with different velocities. The-wave has a polarization that is always
perpendicular to the optical axis.
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Birrefringéncia e polarizacao

Z,N
A © Optic axis X/"\no
B Ee—wave E | S Eewave
i
| I N I R [ A PO
P v R ;
I | I —mmm e o]
! : : EO-Wave I Eo_wave
(@) (b) ~5 > Optic axis
X, nO y’ no

(a) A birefringent crystal plate with the optic sxaarallel to the plate surfaces. (b) A
birefringent crystal plate with the optic axis pemgdicular to the plate surfaces.
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Dispositivos baseados na birrefringéncia — laminas de atraso

z = Slow axi
A Optic axis

X = Fast axis

A retarder plate. The optic axis is parallel to phete face. The- ande-waves travel
in the same direction but at different speeds.
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Laminas de atraso

Half wavelength platg.=7

Optic axis

\
E

/
> X

Input /

a = arbitrary

Quarter wavelength plage= 7t/2

z
A

z
A

45>

(b)

a=45

z

N
%%

N
_

> X

X

Input and output polarizations of light through (a) a half-wavelength
plate and (b) through a quarter-wavelength plate.
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Dispositivos de atraso variavel

<> E;
E, Wedges can s

> Optic axis

@ Optic axis

Soleil-Babinet Compensator
© 1999 S.0O. KasaptoelectronicgPrentice Hall)
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Prismas birrefringentes

e-ray

o-ray Optic axi%

Optic axis &, /

|
|
(.
X $ >
o
— 5 E,
' :E
y b e
|
Optic axis o-ray

The Wollaston prism is a beam polarization splitgns orthogonal to the plane of

the paper and also to the optic axis of the fir®mp.E, is in the plane of the paper
and orthogonal t&;.
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Guias de Onda Dielétricos
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Principio do guia de onda e acoplamento de |uz

Laser light
d = Adjustable coupling ¢

Air nz
AL 7% 0] hinlayer [ Thin layer
n3
Glass substrate Glass substrate
(a) (b)

(a) Light propagation along an optical guide. (buf@long of laser light into a thin layer -
optical guide - using a prism. The light propagatesg the thin layer.

© 1999 S.0. KasaptoelectronicgPrentice Hall)
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Guia de onda planar

Light =7

Light =%

A planar dielectric waveguide has a central reatéargegion of
higher refractive inder; than the surrounding region which has

a refractive indexy,. It is assumed that the waveguide Is

Infinitely wide and the central region is of thidgs 2. It is
Illuminated at one end by a monochromatic lightreeu

© 1999 S.0. Kasa)ptoelectronicgPrentice Hall)
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Angulo de aceitacdo maxima

Maximum acceptance angle
Onax 1S that which just gives
Propagates ygtg] internal reflection at t
core-cladding interface, i.e.

--------------------------- A whena = Omaxthenfd= g..
a=<a, Rays witha > a.,,, (€.9. ray
A B) become refracted and

B penetrate the cladding ant
a>a. eventually lost.

© 1999 S.0. Kasa@ptoelectronic{Prentice Hall)

| J LISBOA| 2265 [ gonsee  José Figueiredo - Departamento de Fisica B 1333 3.0. Kasap 4B




Propagacao da luz num guias de onda planar

A light ray travelling in the guide must interfezenstructively with itself to

propagate successfully. Otherwise destructivefetence will destroy the
wave.
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Propagacao da luz num guias de onda planar

Two arbitrary waves 1 and 2 that are initially iraph must remain in phase

after reflections. Otherwise the two will interfedestructively and cancel each
other.
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Propagacao da luz num guias de onda planar

Guide center-«<«Z- -5 ___ PO . - v4
\ \

Interference of waves such as 1 and 2 leads @ndlisig wave pattern along tlye
direction which propagates aloag
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llustracao da propagacao da luz num guia de onda

High order mode Low order mod

addi Broadened
Light pulse Gl light pulse
intensity Intensity
t
0 t

Schematic illustration of light propagation in atsdielectric waveguide. Light pulse
entering the waveguide breaks up into various madash then propagate at different
group velocities down the guide. At the end ofdhele, the modes combine to
constitute the output light pulse which is broatthem the input light pulse.
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Distribuicao do campo eléectrico do primeiro modo

Field of evanescent wave y

(exponential decay) \

| i

Field of guided wave Ely.z,) =E(y)cos( - 52
E(y) < > Light
m=0 ny

| s

The electric field pattern of the lowest mode ttangewave along the
guide. This mode ham = 0 and the lowed It is often referred to as-
glazing incidence ray. It has the highest phasecityl along the guide.
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Distribuicdo do campo eléctrico dos 3 1°s modos

! % A
n, Cladding | %

The electric field patterns of the first three me¢e= 0, 1, 2)
traveling wave along the guide. Notice differentegs of field
penetration into the cladding.
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Dispersao intramodal

y y
A A
: Cladding ,
i i
A > A ' A, > Ay i
!
Core >vgl

Cladding

E(y) <--

The electric field of T mode extends more into the
cladding as the wavelength increases. As moresofi¢id
IS carried by the cladding, the group velocity aases.
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Determinacao do numero de modos num guia de onda

tan@k,cosg,,— m7'2)
m=1,0odd m=0,even

A
f(4,)
10}: ; : ; : 89.17
5 _ 88.34
gl | L | L s
] Lc g ! ! 86.68
O "N 3 | LR | . 6m

!
82° 84° 86° 88° o0°

Modes in a planar dielectric waveguide can be derexd by
plotting the LHS and the RHS of eq. (11).
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Dispersao modal

A Slope =c/n,

Slope =c/n,

a

cut-off[

> [

Schematic dispersion diagram, vs. S for the slab waveguide for various JEnodes.

Weut—off COMresponds tv = 772. The group velocity, at anywis the slope of they vs.3
curve at that frequency.
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Velocidade de grupo em funcao da frequéncia

Vg (M/s]

2.08x10¢°

2.07x10F —

2.06x10+ c/ny

2.05x10° - i | | > w (1/s)
o |

1x10'° 2x10' 3x10'°
Wyt-off = 2.3><1014

Group velocity vs. angular frequency for three nsofie a planar dielectric waveguide
which hasn; = 1.455n, = 1.44,a = 10um (Results from Mathview, Waterloo Maple

math-software application). fis for m = Oetc.
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Fibras Oticas
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Fibra 6ptica com perfil de indice em degrau

|_ Cladding

Core % z Fiber axis

The step index optical fiber. The central region, the core, hategrefractive
index than the outer region, the cladding. The fiber has cylindrical symriveégry.

use the coordinates r, @, zto represent any point in the fiber. Cladding is
normally much thicker than shown.

N> Ny

© 1999 S.0. Kasap, Optoelectronics (Prentice Hall)
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Seccao transversal de uma fibra optica mono-modo

Buffer tube:d= 1mm

A
Protective polymerinc coating
|- _ Cladding:d = 125 - 15Qum
N «ft——"
ny — Core:d= 8- 10um
n,

The cross section of a typical single-mode fibehwai tight buffer
tube. @ = diameter)
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Ralos meridionais e raios “skew”
Along the fibe

(a) A meridiorz
ray always
_______ _Fiber axis_ /2 - ___ - crosses the fibe
axis.

Meridional ray

(b) A skew ray
does not have
to cross the
fiber axis. It
zigzags around
the fiber axis.

Ray path along the fiber Ray path projected
on to a plane normal

to fiber axis

lllustration of the difference between a meridionay and a skew ray.
Numbers represent reflections of the ray.
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Distribuicdo do campo eléctrico e intensidade lumiosa

(a) The electric fiel (b) The intensity i (c) The intensit (d) The intensit

of the fundamental the fundamental in LPq; in LP,q
mode mode LR,
Core
Cladding

The electric field distribution of the fundamentadc

In the transverse plane to the fiber axis z. Tletli

Intensity is greatest at the center of the fibetemnsit
r patternsin Lk, LP;; and LB, modes.
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Constante de propagacao normaliza vs numend

b
A
LPy,
0.8—
0.6 —
LP,,;
0.4 —
LPg,
0.2 7
0- | | T | T = V
0O 1 2 3 4 5 6

2.405

Normalized propagation constantvs.V-number
for a step index fiber for various LP modes.
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Dispersao em fibras mono-modo

—Pp V(1) 7
Emitter v Cord—> Output

— v X

Very short

light pulse

Intensity Intensity Intensity
A Spectrum, 21 Alf A
Spread, 2r

g

PR L S

/]1 /]o /]2 0 —7 —>

All excitation sources are inherently non-monochatimand emit within a
spectrum, %, of wavelengths. Waves in the guide with différeae space
wavelengths travel at different group velocitieg doi the wavelength dependence
of n;. The waves arrive at the end of the fiber ateddht times and hence result in
a broadened output pulse.
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Dispersao material e dispersao do guia de onda

Dispersion coefficient (ps k-1 nm1)
30 -

20

10 4

-------------- =unm |ln---||||||l.---"D TR TRIIELT

w

1.1 1.2 1.3 1.4 1.5 1.6
A (um)

Material dispersion coefficienDy,) for the core material (taken as
Si0,), waveguide dispersion coefficieri? () (a = 4.2um) and the
total or chromatic dispersion coefficiebt, (= D, + D)) as a

function of free space wavelength,

© 1999 S.0. KasaptoelectronicgPrentice Hall)
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Dispersao devida a polarizacao

Intensity

t
Output light pulse &

Z AT

- AT = Pulse spread
y

n 1
Lt
Input light pulse

Suppose that the core refractive index has different values alongttvogamnal
directions corresponding to electric field oscillation direction (jiddéions). We can
takex andy axes along these directions. An input light will travel along the flberE,

andE, polarizations having different group velocities and hence arrive at thetait
different times
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Dispersao em fibras “flattened”

Dispersion coefficient (ps kmt nnr1)
30 n

20

Thin layer of cladding
with a depressed index

11 12 13 14 1516 17
A (um)

Dispersion flattened fiber example. The materigpdrsion coefficientd,,) for the
core material and waveguide dispersion coefficiéyf for the doubly clad fiber
result in a flattened small chromatic dispersiotwieen A; andA,.
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Dispersao em fibras opticas de vidro

Dispersion coefficient (ps kihnntl)

20 —

Material and waveguide dispersion coefficientsnn a
optical fiber with a core Si©13.5%GeQfora= 2.5

to 4 um.
© 1999 S.0O. Kasa)ptoelectronicgPrentice Hall)
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“Bit rate” e Dispersao

Fibel
Digital signal
_ Emitter Photodetector
Informatlon_>! ! I . —» [l Information
L Input Output
Input Intensity Output Intensity
A 2 T2
Very short ' PN
light pulses N\
t . : t
0 T > 0 ! ! >
B S— 1
'~22 1177

An optical fiber link for transmitting digital infonation and the effect of
dispersion in the fiber on the output pulses.
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Interferéncia intersimbolica toleravel

Output optical powe

1

0.61
0.5

> 1

A Gaussian output light pulse and some toleraldbrsymbol
Interference between two consecutive output lighses Y-axis Ir
relative units). At timé¢ = o from the pulse center, the relative
magnitude ie-1/2 = 0.607 and full width root mean square (rms)
spread 19\ iyms = 20.
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Ligacao de fibra Optica analogica e o efeito da giersao

Electrical signal (photocurrel

Fiber 0.70F----2

> f

Sinusoidal signal
1kHz 1MHz 1 GHz

A Emitter Photodetector ol
t - —» Sinusoidal electrical signal
[ Optical Optical ’
f = Modulation frequency Input Output
P, = Input light power P, = Output light power P, /P

An optical fiber link for transmitting analog sigaand the effect of dispersion in the
fiber on the bandwidtHg,
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Fibras opticas com indice gradual

————— n2
_____ L
3
2
- =77 |- >n
n,
. -- > N
ny
n,
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(a) Multimode step
index fiber. Ray paths
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.

i




Aproximacao a uma fibras opticas com indice gradual

We can visualize a graded index
fiber by imagining a stratified
medium with the layers of refractive
indicesn, > n, >n, ... Consider two

close rays 1 and 2 launched fr@n
at the same time but with slightly
different launching angles. Ray 1

. just suffers total internal reflection.
Ray 2 becomes refractedand
reflected aB".
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Propagacao de raios num melo estratificado

(a) TIR (b) TllR

T

A X\
/ N\
/ A\

n decreases step by step from one layetContinuous decrease imgives a ray
to next upper layer; very thin layers.  path changing continuously.

(a) A ray in thinly stratifed medium becomes refealcas it passes from one
layer to the next upper layer with loweand eventually its angle satisfies -
(b) In a medium whera decreases continuously the path of the ray bends
continuously.
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Lentes com distribuicdo de indice gradual

0.2:P

(a) (b) (c)

Graded index (GRIN) rod lenses of different pitci{@$ PointO is on the rod face
center and the lens focuses the rays @1iton to the center of the opposite face. (b)

The rays fronO on the rod face center are collimated outda$ slightly away froi
the rod face and the rays are collimated out.
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Absorcao da luz em fibras oticas na direcao de pr@gacao

Attenuation of light in the

direction of propagation. A solid with ion

e Medium @ ® é - ?
: _NoNoN X¢
[ T o E, @ ‘ @ O ’ Light direction

L~

Lattice absorption through a crystal. The fieldhe wave

© 1999 S.0. Kasaptodectronics(Prentice Hall) 0ScCillates the ions which consequently generatechaugical”
waves in the crystal; energy is thereby transfefreah the wave

to lattice vibrations.

»k
> Z

)

(
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Espalhamento da luz em fibras Opticas

A dielectric particle smaller than wavelen

] /,
\ e — /
/
N\
P
\\\ -7

Scattered waves

Rayleigh scattering involves the polarization aihaall dielectric
particle or a region that is much smaller thanligjig wavelength.
The field forces dipole oscillations in the pai¢by polarizing it)
which leads to the emission of EM waves in "manyéations so
that a portion of the light energy is directed avirayn the incident
beam.
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Atenuacao em fibras opticas de silica
10

OH absorptiompeaks

(dB/Rd)

Rayleigh
- scattering

Lattice
absorption|

Attenuation in

06 08 10 12 14 16 18 20
Wavelength (um)

lllustration of a typical attenuation vs. waveldmgharacteristics
of a silica based optical fiber. There are two camimations
channels at 1310 nm and 1550 nm.
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Perdas em fibras opticas devido a curvaturas

Field distributiol Microbending
\

Escaping wa

Cladding

Nre-

Sharp bends change the local waveguide geomettyctmlead to waves
escaping. The zigzagging ray suddenly finds iteglh an incidence
angle@’ that gives rise to either a transmitted wave, oa greater
cladding penetration; the field reaches the outsnéelium and some light
energy is lost.

© 1999 S.0. Kasafptoelectronic{Prentice Hall)
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Perdas em fibras opticas devido a micro-curvaturas

ag (nrt) for 10 cm of bend

102

10 —

10 —

A=633 nm
V=2.08 A=790 nm
V=167

1072

1073

F - 1 1 |
0O 24 6 8 10 12 14 16 18

Radius of curvature (mm)

Measured microbending loss for a 10 cm fiber bgrdiferent amounts of radius of
curvatureR. Single mode fiber with a core diameter of @A, cladding radius 48m,
A=0.004NA=0.11,V =1.67 and 2.08 (Data extracted and replotted witlorrection
from, A.J. Harris and P.F. Castl&EE J. Light Wave Technologyol. LT14, pp. 34-
40, 1986; see original article for discussion adfinag vs.R at 790 nm).
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Processo de producéao de fibras opticas

Preform feei

Furnace [ 2000°Q
Thickness

monitoring gauge —
Polymer coater_(j

Ultraviolet light or furnac
for curing

Take-up drum 60 Capstan

Schematic illustration of a fiber drawing tower.
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Processo “outside vapor deposicao” de preparacao de

fioras
Vapors: SiCl, + GeCl, + O,
Fuel: H,

Drying gases
Deposited soot
Target rod
(b)

Furnace Preform  Furnac
Deposited Ge doped SiQ Rotate mandrel \L R
(c) \L

Clear solid
glass preform

Porous soot
preform with hole

(@)

Drawn fiber

Schematic illustration of OVD and the preform prepian for fiber drawing. (a)
Reaction of gases in the burner flame produces glagt that deposits on to the outside
surface of the mandrel. (b) The mandrel is remaredithe hollow porous soot preform

Is consolidated; the soot particles are sintdrestd, together to form a clear glass rod.
(c) The consolidated glass rod is used as a prafofiber drawing.
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Seccao transversal de uma fibra optica mono-modo

Buffer tube:d= 1mm

A
Protective polymerinc coating
|- _ Cladding:d = 125 - 15Qum
N «ft——"
ny — Core:d= 8- 10um
n,

The cross section of a typical single-mode fibehwai tight buffer
tube. @ = diameter)
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Optoelectronica e otica integrada
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Efeitos electro-opticos

Modulador de fase

v y
1y NG
Irﬂgﬂ: X ,d E.\tx\_i \A‘§”$ O\ > 7 Output
I B8 N ' light
. | eV
> 7

Tranverse Pockels cell phase modulator. A lingaolgirized input light into an
electro-optic crystal emerges as a circularly potal light.E is the applied field
parallel toy.
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Modulador de intensidade

QWP

Transmission intensity

> V

Va2

Left: A tranverse Pockels cell intensity modulafbine polarizeP and analyzeA have

their transmission axis at right angles &yololarizes at an angle 4t y-axis. Right:
Transmission intensity vs. applied voltage charssties. If a quarter-wave plat®@\(\VP

IS inserted afteP, the characteristic is shifted to the dashed curve
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Modulador opticos integrados

Coplanar strlp electrodes V(t)

Polarized 4 / /h

input

light ’

<—FL—>

LiNbO

C/ EO Substrate ¢ Waveguide

Integrated tranverse Pockels cell phase modulatahich a waveguide is diffused
into an electro-optic (EO) substrate. Coplanapsttectrodes apply a transverse
field E, through the waveguide. The substrate iz-ant LiINbO; and typically there

> Z
yK

Thin buffer layer

=

E, LiNbO,

Cross-section

Is a thin dielectric buffer layee(g.~200 nm thick Si§) between the surface

electrodes and the substrate to separate theaglestaway from the waveguide.

© 1999 S.0. Kasa)ptoelectronicgPrentice Hall)
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Modulador Mach-Zehnder

V(t)

— Electrode

Wavegwde

EO Substrate

An integrated Mach-Zender optical intensity modulator. The ihglt is
split into two coherent wavésandB, which are phase shifted by the
applied voltage, and then the two are combined again at thetou
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Acoplador direccional passivo

A Top view
L > 7
Cross-section B__| Pg(L,)
Coupled waveguides Input | ___,_—"”m """""""
I:)A(O) --- PA(I—O)
Ny Ng a A |
rq4¢ B
A ' d! < |_0 >
EA EA : ; EB PA(Z)
[} U X
(a) (b) ,

(a) Cross section of two closely spaced waveguidasdB (separated by)
embedded in a substrate. The evanescent field Arertends intd and vice vers
Note:n, andng > ng (= substrate index).

(b) Top view of the two guide& andB that are coupled along tizalirection. Ligr
is fed intoA atz= 0, and it is gradually transferredBalongz. Atz =L, all the

light been transferred ® . Beyond this point, light begins to be transfdrback t
A in the same way.

© 1999 S.0. Kasa@ptoelectronicgPrentice Hall)
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Acoplador direccional activo

Cross-section
V(t)

Electrode

An integrated directional coupler. Applied fidlg alters the refractive indices o

two guides and changes the strength of coupling.
© 1999 S.0. KasapptoelectronicgPrentice Hall)
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Moduladores acusto-opticos

Acoustic absorbt  |nduced diffraction
grating _ _
Incident \ / Diffracted light
light o F— > \
Vi
Q’ —Ff / } 20
Acoustic
wave

Through light

fronts
Piezoelectric
crystal

Interdlgltally electroded
Modulatlng RF voltage transducer

Traveling acoustic waves create a harmonic vanatidhe refractive index

and thereby create a diffraction grating that ditts the incident beam thr
an angle 2
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Moduladores acusto-opticos

Incident optical beam Diffracted optical beam Acoustic
A A wave

b

\ Acoustic
wave fronts

Y

Vacoustic ! i
i N
4 i ) n H \ : ) n
nmin nmax nmin nmax
Simplified Actual

Consider two coherent optical wavksandB being "reflected" (strictly,
scattered) from two adjacent acoustic wavefrontseemomeA' andB'. These
reflected waves can only constitute the diffradiedm if they are in phase. The
angle@is exaggerated (typically this is a few degrees).
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Efeitos magno-opticos

Polarizer

Light

i Reflector
Reflected ligh

Source

The sense of rotation of the optical fi@lddepends only on the direction of the
magnetic field for a given medium (given Verdet stamt). If light is reflected

back into the Faraday medium, the field rotatagrthér 8in the same sense to
come out ag' with a 20 rotation with respect tg.
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Efeitos nao-lineares e geracdo do segundo harmonico

(a) (b) (©)

(a) Induced polarization vs. optical field for antinear medium. (b) Sinusoidal optical
field oscillations betweetE, result in polarization oscillations betwep andP.. (c)

The polarization oscillation can be representedibysoidal oscillations at angular
frequenciesv (fundamental), @ (second harmonic) and a small DC component.
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Geracao do segundo harmadnico

Second harmonics

Crystal

As the fundamental wave propagates, it periodiggdiyerates

second harmonic waveS( S, S, ...) and if these are in phase then
the amplitude of the second harmonic light builds u
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Duplicacao de frequéncia

Laser KDP. Optic axis Filter
pra g
NdYAG 'Q‘-:::::-':':"::'..'"'? M A =532 nm
)I=1064nm~"\___ v A=1064 nm ‘ ‘

A =532 nm

A simplified schematic illustration of optical fregncy doubling using a KDP
(potassium dihydrogen phosphate) crystal. IM isitidex matched direction ai
angled (about 39) to the optic axis along whial(2w) = ny(a). The focusing

the laser beam onto the KDP crystal and the callonaof the light emerging
from the crystal are not shown.

© 1999 S.0. Kasa)ptoelectronicgPrentice Hall)

Second harmon
photon Kk,

Fundamental phototk;
haoy
hoy

Fundamental phototk;

Photonic interpretation of second
harmonic generation (SHG)

Dipole moment-photon
interaction region
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Material semicondutores e sistema MBE

[Lattice mismatch to silicon (%)

=5 5 5 20

'f) 5 0 S 10 |5 2 500

2 AT apasl | | I

=9 N AL

® . GaP s HiS - -
R 20 ~ -~ =
2 ]l E
= - . - =
>, GaAs - =0
:L[J Sim - 1000 g
2 1.0 iy
S — 1500 =
= - 2 7
E L 2000 =
= — 3000

= o= 5000

= 0 1

= 0.55

lattice constant (nm)

Figure 2.12: Energy bandgap versus lattice constant for some semiconductors [11].
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(a)

Figure 2,13: (a) Functional schematic of a basic MBE system. (b) Schematic cross-section of a
typical MBE growth chamber [57].
Ver tambénmhttp://w3.ualg.pt/~jlongras/JLFPhDThesis.p@° capitulo)
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Heteroestruturas e engenharia de bandas
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Figure 2.14: Aligmmnent of bands at the heterojunction between GaAs and AlGaAs [23].
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Figure 2.15: Band alignment in InGaAs-InAlAs-InP and InAs-GaSb-AlSb heterostructures [23].
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Figure 2.16: Conduction band discontinuity in a n-AlGaAs-undoped GaAs heterojunction [23].
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Barreiras e pocos de potencial
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Figure 2.17: Schematic representation of tunnelling in a potential barrier.
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Figure 2.18: Quantum well schematic energy diagram. Figure 2.19: Double barrier quantum well.
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Confinamento 6tico e confinamento eletronico

potential energy refractive index potential energy refractive index
A
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Figure 2.21: (a) Electron and photon confinement in semiconductor heterostructures [30]. The
length scales of the confining structures, de and dpy,, are rather different, because the wavelength is
around 1 pm for near infrared light but only about 50 mm for electrons. (b) Separate confinement
heterostructure (SCH).
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Guias de onda

mm waveguide

substrate

M oad

Ridge channel embedded channel strip-loaded planar

Figure 2.22: Diagrams of basic channel waveguide configurations [58].
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Figure 5.1: AlGaAs/GaAs ridge waveguide cross section schematic.
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Fabricacao de dispositivos oticos integrados em semicondutores

light
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Figure 4.9: Lift-off process used in RTD-EAM fabrication.
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Figure 4.8: RTD-EAM ohmic contact pattern, without and with mesa configurations.
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Figure 4.10: RTD-EAM ohmic contacts, without and with mesas.
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Fabricacao de dispositivos oticos integrados em semicondutores
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Figure 4.12: RTD-EAM waveguide pattern configuration.
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Figure 4.13: Scheme of etched RTD-EAM waveguide.
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Figure 4.14: RTD-EAM SiO2 passivation/insulation, showing access contact windows.
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Modos em guias de onda semicondutores

mode | R TE | Meff TM FWave I'V mode profile

|

1st 3.073 3,972

2nd 3.967 3,907

3rd 3,008 3,208

Table 5.1: First three guided modes effective refractive index and profile, for the case of a 4 ym
wide 1.4 pm ridge waveguide (A = 900 nm).

-

Figure 6.4: Side view of the InGaAlAs waveguide (ridge depth: 1.4 pm: width: 4 pm).
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Perdas em guias de onda
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Figure 2.23: Loss mechanisms in ridge waveguides [69].
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Figure 4.21: Experimental apparatus for observation of optical waveguiding [58].
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Dispositivos electro-oticos

contact windows . o e .
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Figure 4.15: RTD-EAM high frequency bonding pads lithography.

Die Tap View

SMA Y :
connector Y e = SMA
connector

P iotalolataty! | amme

& sigtel.bal il e

=00
O

Figure 4.18: Photograph of the RTD-EAM package implemented.

Figure 4.17: Side view picture of a RTD-EAM ridge waveguide (ridge: 1.4 pm).
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Figure 4.16: RTD-EAM die top view, showing the CPW
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Figure 4.19: Schematic representation of a packaged RID-EAM device.
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Figure 4.20: Schematic of the RTD-EAM and SMA connection to the CPW package.
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Moduladores oticos
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Esquemas de modulacao

bias current light modulated output
? source o

modulating
input signal

Figure 2.29: Diagramatic represention of direct modulation [14].
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Figure 2.30: Schematic represention of external modulation [14].
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Modulacao externa por electrorefracao e por electro-absorcao

Light Light

gy L7

S
substrate )

f‘- (a) / (b)

Figure 2.31: (a) Mach-Zehnder modulator. (b) Directional coupler electro-optic switch.
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Figure 2.32: Electro-absorption modulator types. a) Waveguide modulator, b) Transverse trans-
mission modulator [58].
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Electroabsorcao em semicondutores
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Figure 2.26: Energy band diagram under an electric field, without (a) and with (b) photon
absorption. Absorption edge broadening (c¢) [23].
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Figure 2.27: Quantum-confined Stark effect (QCSE) in semiconductor quantum wells [23].
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