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USEFUL REFERENCE

Optoelectronics & Photonics: Principles &
Practices (2nd Edition) Hardcover — October 25,
2012 by Safa O. Kasap (Author)

OPTOELECTRONICS
AND PHOTONICS

Principles and Practices

S. O. KASAP

el UNIVERSITE

ISBN-10: 0133081753
Second Edition Version 1.056



http://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=Safa+O.+Kasap&search-alias=books&text=Safa+O.+Kasap&sort=relevancerank

Introduction

Optical Fiber Chronology
Light guiding in water jet, Tyndall (1878)

Dielectric waveguide analysis, Hondros & Debye (1910)
Early experiments with silica fibers, Lamb (1930)
Image trans. by fiber bundles,van Heel, Kapany (1951)
Mode analysis of optical fiber, Snitzer(1961)

1%, semiconductor lasers , various groups(1962)

1st. POF, DuPont (1963)

ekl UNIVERSITE

Fiber Lasers proposed & analyzed, Snitzer(1964)



Introduction

Optical Fiber Chronology

* FO proposed for long distance communication,
Kao & Hockman(1966)

* First fiber with < 20dB/Km loss, Corning(1970)
* Record low loss of 0.2dB/Km @ 1.55um (1979)
* Er fiber amplifier, Payne & Desurvire (1987)

* Holey fibers first proposed, Russell (1991)

* Fist solid-core PCF fiber made (1996)

* Bend-insensitive fiber introduced, Corning(2007)

ot UNIVERSITE



Introduction
Technological Revolution

Theodore Maiman, working at Hughes Research Laboratories in
Malibu, California, produced the first laser (Rubi).

(1927-2007)

The attenuation of glass 1s due largely to the
presence of 1mpurities, and if a glass can be
developed with attenuation of only 20 dB / km,
then optical communication could 'become a
reality. e

Charles Kao (1933)
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Basic of Optical Fibers




A. Types Of Optical Fiber

=L|ght .-/ nhycore
ay © . n, cladding
Single-mode step-index Fiber n, air
-------------- g JIRU
<~ ., n, core
~_— _ |
___________ n, cladding G )
Multimode step-index Fiber N air <
0]
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B. Numerical Aperture (NA)

> yd Maximum acceptance angle
ost . . . .
n, 6<g ” Cladding e 1S that which just gives

N total internal reflection at the
T . core-cladding interface, I.e.
........... smememsFlhEr AXiSrm e d e m ., When a = max then 9 — 9

Rays with a > o, (e.g. ray B)
become refracted and penetrate

0> Gy oy .
the cladding and are eventually
/12
. (h2-n2J”* NA ot
n, n, V=——NA
A
NA = ( n )l/ 2 2, .= total acceptance angle unesp
NA 1s an important factor in light launching @COPL
designs into the optical fiber. Photoniaue ef laser
reye v UNIVERSITE
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Modes in Optical Fibers

Mode LP, (linearly Polarized)

Weakly guiding modes in fibers
A<<1l weakly guiding fibers

ELP - Elm(r) ¢) expj(a)t _ ﬂlmz)
| l

Field Traveling
Pattern wave

E and B are 90° to each other and z

Optoelectronics & Photonics: Principles & Practices (2nd
Edition) Hardcover — October 25, 2012 by Safa O. Kasap

el UNIVERSITE
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Modes in Optical Fibers

Fundamental Mode is the LP,, mode: |=0and m=1

(a) Electric field of the (b) Intensity 1n the
fundamental mode fundamental mode LP,;

Core
Cladding ! |

l Lo I The electric field distribution of the .

l A l fundamental mode, LP,,, in the unesp w

| l transverse plane to the fiber axis z. The

| | light intensity is greatest at the center of @copL_

, , the fiber photonique et laser

: : I Fidei| UNIVERSITE
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Modes in Optical Fibers

(a) Electric field of the  (b) Intensity in the (c) Intensity in LP; (d) Intensity in LP,,
fundamental mode fundamental mode LP,;

Core
Cladding |
EOl

A |

AVA
AVAVAY

unesp”

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 LP,,, LP,, @coRL_
and LP,; modes. (a) The field in the fundamental mode. (b)-(d) Indicative light intensity hotoniaue et a:

photonique et laser
distributions in three modes, LP,,, LP,; and LP,;.
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Modes in Optical Fibers

LP,
ELP - Elm(r) ¢) expj(a)t o ﬂlmz)

m = number of maxima along r starting from the
core center. Determines the reflection angle 6

2/ = number of maxima around a circumference

[ - radial mode number

AVA
AVAVAY

[ - extent of helical propagation, i.e. the amount of unesp

skew ray contribution to the mode.
P
el UNIVERSITE
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Optical Fiber Parameters

n = (n, + n,)/2 = average refractive index

A = normalized index difference

A= (n,—ny)/n, ~[n?—n,?)/2

V-number sz%l n; —n%)l/2 22%61(27117&)1/2
V <2.405 only 1 mode exists. Fundamental mode
V <2405 or A> A, Single mode fiber (SMF).

V > 2.405 Multimode fiber

Number of modes M~ —

Optoelectronics & Photonics: Principles & Practices (2nd
Edition) Hardcover — October 25, 2012 by Safa O. Kasap
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Dispersion = Spread of Information

Input Signal Ouiput Signal

||| ' » | Dispersive Channel

Amplitude
Amplitude
—

W

|
I
.-I "I. o 5 -_

Time Time

a) Intermode (Intermodal) Dispersion: Multimode fibers

b) Materials Dispersion
Group velocity depends on N, and hence on 4

¢) Waveguide Dispersion
Group velocity depends on waveguide structure

d) Chromatic Dispersion @
Material dispersion + Waveguide Dispersion




a) Intermode Dispersion (MMF)

R

A7/L ~ 10— 50 ns / km @
L C

Optoelectronics & Photonics: Principles & Practices (2nd
Edition) Hardcover — October 25, 2012 by Safa O. Kasap

Depends on length!
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Intramode Dispersion (SMF)

Dispersion in the fundamental mode

Input Cladding
P vg(kl) e
Emitter [ Core |[— Output
—’Vg(lz) \
Very short
light pulse
Intensity Intensity Intensity
\ / A
S];_)ectrum, AL
.n Spread, Az
-
/1 ! ! > f
j41 110 ;bz 0 < T >

Group Delay 7= L /v,

Group velocity v, depends on

Refractive index = n(A1)

V-number = V(A)

A= (n;—n,)/n;=A(A)

Optoelectronics & Photonics: Principles & Practices (2nd
Edition) Hardcover — October 25, 2012 by Safa O. Kasap

Material Dispersion
Waveguide Dispersion

Profile Dispersion
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b) Material Dispersion

[nput

Emitter [

Very short
light pulse

Intensity
A

Spectrum, A4

VA

A

;‘1 j‘o ;'"2

Emitter emits a spectrum AA of wavelengths.

Cladding
_b Vg()\'l) /
Core |— Output
Intensity Intensity

A

Spread, At

-

Waves in the guide with different free space wavelengths travel at different group
velocities due to the wavelength dependence of n,. The waves arrive at the end of
the fiber at different times and hence result in a broadened output pulse.

AT _ DAz
L

D, = Material dispersion
coefficient, ps nm! km!

Optoelectronics & Photonics: Principles & Practices (2nd
Edition) Hardcover — October 25, 2012 by Safa O. Kasap
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Material Dispersion

Input Cladding
i Vo) C i Output
Emitter I > V(1) ore ~ p
Very short
light pulse
Group Velocit/y g g ~
A Depends on the wavelength JIRU
T -
D, = Material dispersion coefficient, ps nm! km-! o
A(d Zn Unesp v
D, ~— >
c| di =
Fiiek UNIVERSITE
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c) Waveguide dispersion

b hence S depends on V and hence on A

b
2
272'3. 2 2 \L/2 A b~ (1,1428_%j
V=——(n" —n 1 = Y
1 2
A LP,,
0.8 —
LP,,
Normalized 0.6 —
propagation constant LP,,
/ 04 —
! (Blk) —n3 L
b= 02
n2 — n2
1 2 0 = [ | | | I = |
0 1 2 T 3 4 5 6 @
— 2.405 ko
k=2m/A Sl
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Chromatic Dispersion

Dispersion coefficient (ps nm~! km=)
30
Material dispersion coefficient

(D,) for the core material
(taken as Si0,), waveguide
dispersion coefficient (D,) (a =
42 um) and the total or
chromatic dispersion coefficient
D, (=D, + D,) as a function
of free space wavelength, 4

20 -

1.1 12 1.3 1.4 15 1.6
A (pm)

AVA

Chromatic = Material + Waveguide unesp"e:e'

AY (D, + D, )AL =

photonique et laser

L

Fi4et] UNIVERSITE
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Attenuation

Medium

>

The attenuation of
light in @ medium

Attenuation = Absorption + Scattering

Attenuation coefficient « is defined as the fractional decrease in
the optical power per unit distance. a is in m-!,

Pout - PinCXp(—QZL)

10
Ol = 110 |Og Pin Q=7 0= 4.34¢
B L In(10)
out
Optoelectronics & Photonics: Principles & Practices (2nd
Edition) Hardcover — October 25, 2012 by Safa O. Kasap
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Attenuation

Absorption and Scattering Loss

10 =
3 _:‘\-\_\ Rayleigh ] _

E - 4 coattering OH™ absorption peaks

,._‘|_= _ =

=

E 1.0——=

; . UV absorption | 550 nm

E - [ Infrared

< 01— 15310 nm absorption

05— T [ | | | | | | | | | | ] |
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Wavelength (pm)
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Optical Loss Mechanisms

1) Losses (Material):

a) Intrinsic Absorption

UV Region

e “Urbach tail”: (a h j
o = o, exp (0—,)
kB
¢S10, : A, = 140 nm
¢GeO, : A,= 185 nm
IR Region

o o= 7.81 X 10"exp (- 48.48/% [um]) [dB/km]

ekl UNIVERSITE
S o8

LAVAL




Optical Loss Mechanisms

b) Absorption due to impurities:

Transition Metal: Cr, Mn, Cu, Fe, Ni, etc

e 1-10 dB/km @ 1-5 ppm

hydroxyl lons (OH")

* vy, (fondamental) > 2.73 um
2voy —> 1.38 um
3Voy — 0.95 um

2Voy + v, — 1.24 pm

Centre d'optique,
photonique et laser

x UNIVERSITE
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Optical Loss Mechanisms

¢) Rayleigh scattering :
e Microscopic variations (sub-A) density of Material.

o0 = (0.754+ 66 Ang,) A* [um]  [dB/km]

ou Ang, : n variation due to Ge.

e Main factor losses 1n the visible and near infrared

(— 1.6 um)

ekl UNIVERSITE
S 08
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Optical Loss Mechanisms

2) Guide Loss:

a) Guide Imperfection:

e Irregularities of the interface Core-cladding;
e Mie Diffusion (defects >> L)
e < (.05 dB/km for silice.

b) Bending L.oss:

¢ Distortion mode: Distortion of indice profil.

n'(r) = n(r)(l+%005(pj

R : Rayon de courbure

Centre d'optique,

LAVAL



Optical Loss Mechanisms

® aC:

JR(m)

g KR(m) |[dB/m]

o: 5 =3{ o) ] = o (5) Lo

K:m_0705

2
3aV n,

ec.g. An=5x 107

... =1 dB/km

(A”)3/2(2748 0.996 j [m]

A(m)
D. Marcuse, JOSA, 66(3), 1976
A= 1.0um A= 900 nm

a,...= 10* dB/km
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Attenuation dB/Km

Optical Loss Mechanisms

L
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Optical Loss for different Materials

Transmission Window:
Optical Loss for Different Fiber Materials

PLASTIC FLUORIDE
FIBER (PMMA) FIBER
100 -
o
g
-
R
Q@ 10 | SILICA
S FIBER
§ G s
= 1+ Visible Short  Long [ Mid Infrared . UI‘IESP )
\‘v— «)C\/ ..'v od r> Y - —.
4th 1st 5th @ ggel;ogﬁque
Window photonique et laser
| 2nd 3rd
0-1°0.4 06 1.0 1.52.0 3.04.0 {R\E}j&f

WAVELENGTH (pm)



Fabrication Methods

Centre d'optique,
photonique et laser
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Optical Fiber Fabrication Methods

» Glass
— CVD preform— fiber drawing

— Rod-in-tube prefrom — fiber drawing
— Cast preform — fiber drawing

— Double crucible — direct draw

— Sol gel preform — fiber drawing

— Stack and draw — PCFs

 Polycrystalline
— Extrusion
— Hot rolling

* Monocrystalline
— Seed crystal growth from melt
— Zone melting

* Polymer
— Extrusion
— Cast prefrom — fiber drawing

MCVD—Modified Chemical Vapor Deposition
PMCVD—REF Plasma Enhanced MCVD
PCVD—Microwave Plasma CVD
OVD—Outside Vapor Deposition

VAD—Axial Vapor Deposition

AVA
AVAVAY

unesp”

COPL

Centre d'optique,

photonique et laser
UNIVERSITE
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Optical Fiber Fabrication Methods

OVD MCVD AVD

Soot layer

j Transparent

-~ preform

Soot

Centre d'optique,
photonique et laser
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MCVD Process

gas flow

Yapour phase
reaction

: ' sintered
J|L Jll layer unsintered deposit
ak:
| oF
GeCl, POCl; | 5iCl, | SURPOrt

exhaust products
(05, Cls, so0t]

- v

Yapour exhaust

0ot
formation

flow controller

s1lics 5#Hs torch

tube “A:Q

e

sintered layer

_—

Fielr] UNIVERSITE
silica tube ‘ b b I.AVAL
——" Rl T

. . . . HEI -
21997 Encyclopaedia Britannica, Inc.

Yapour inlet

S0CT- burner support carriage

cladding

Centre d'optique,
photonique et laser




Typical Glass Fiber Compositions

Multimode

Singlemode

1

1

GOOQ L 82 03 e Si02

GeO,eP,05Si0O5
GeOj, e SiOz

Ge0,*Si0,

Si0,

———

—

82 Oa.pz 05 ’SiOQ

[ B,030P,05SiO;
FeP,05SiO,

| SiO,

( FeP,05Si0O;
SiO,

P,05SiO;

l F’SiOQ

{ FeP, 05 SiO,

FeSiO,

AVA
AVAVAY
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Indice Profil of the Preform

AVA
AVAVAY

100um BSEl 15KV u ne sp av
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Other Method: Rotational Casting

CLADDING GLASS MELT CORE GLASS MELT

b
*@\ -

= CLADDING
: re GLASS
n TUBE

MELTING FURNACE “@ S

.

REFORM

HJ—\
V¥
F

Rotational Preform Casting Process



Optical Fiber Coatings

 Environmental Protection
— Abrasion

— Moisture ingress

— Hydrogen diffusion

— Chemical attack

— Temperature resistance

— Mechanical bending

e Sensing

— Fluorescence

— Swelling

— Chem/Bio reactive
— Magnetic

— Acoustic

— Piezoelectric

AVA
AVAVAY

unesp”

COPL

Centre d'optique,

photonique et laser
UNIVERSITE
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Coatings Materials

Polyimide
~__ silicone >
<’rolyether|m|d\S

@poxy Resu>
< Acrylate A)

-100°C 0 100 200 300 400




Optical Fiber Coatings
Sensing

Evanescent-Wave Sensor Principle
Chemically-Induced Cladding Change

Chemical agent

Waveguide core ——_

S,
Waveguide cladding —

« Presence of chemical agent in cladding
region changes optical properties

« Light propagating through sensor waveguide
Is affected by changes in exposed region




Fiber Drawing Process
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Mechanical Properties
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Siress

e

Brittle

Silica Fiber Strength

Elastic (Silica Optical Fiber)

Ductife

Plastic

Strain (% Elongation)

* Optical fibers behave as an

elastic material up to the point

of failure.

* Theoretical strength of silica

glass determined by cohesive

bond strength of constituent

atoms > 20 GPa (3-5Mpsi)!

* Glass fiber strengths are on
the order of 4-6 GPa

AVA
AVAVAY

(~800Kpsi). unesp w

* Actual strength is limited by
surface flaw distribution. COPL

Centre d'optique,
photonique et laser

Ml UNIVERSITE
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Breaking Strength

Effective fiber strength

is a function of:

- Length

- Strain rate

- lemperature

- Relative Humidity

- Chemical or mechanically

induced flaws

TEST CONDITIONS

09959
0838~ 25°+C 00 o
09 1I00% RH
09 I0m GAUGE LENGTH
75 SPECIMENS/RATE
07~ o 4 %/min
4 0.4 %/min
05~ o 0.04%/min
e 0.004%/min
03
Q2
0.l
o ]
005 e o o
003_ < e Y #]
0.02— @ Q
0.0I—~ a0 o
il s
0.003— w
Fen unesp
0 00! ) | | ) S | g .4
200 300 400 500 600 700 800
COPL
Strength Kpsi ot A e T
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Proof-Testing

* Fiber 1s subjected to a short-term tensile strain
during or subsequent to production. Applied load
1s the proof-stress value.

 Establishes minimum strain capability: fiber
will break for large cracks larger than the proof-
stress value.

* Typical proof-stress levels: S0Kpsi & 100K psi

> c \ 4
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\ f DQ e — N iy unesp )
\ it /.~ J 4 K” '
& ) U] ),/'/ Load cell

o _— Pneumatic
) o slide
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Reducing the mode field diameter

Cladding

@
OO
O
O/@O

Air Hole

Depressing the cladding

Depressed
Cladding

Symmetric holes within the cladding

Adding a low index trench

Trench

NanoStructures Ring
Corning (2007)

AVA
AVAVAY
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Special Optical Fibers




Hollow Core Optical Fibers

In contrast to solid core glass fibers,
hollow core fibers can propagate light by:

» 5 B
- < e

Hollow-core fiber Metallic  Multilayer 2CD P:u;tomc @ .
Cladding Dielectric rysta
Mirror cladding




Hollow Core Optical Fibers

Agl
{ 5
Hollow core Glass capillary tube

Protective jacket

Waveguide Bundles

AVA
AVAVAY

Waveguide probes are currently being developed for unesp
applications in : beam delivery, trace gas detection,
signal collection, and IR imaging. @ o

photonique et laser

Jason M. Kriesel, SPIE defence, April (2011)



Fluoride Glasses |

» 1974- Fluoride glasses (M. Poulain)
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E.Snitzer

Potential A Regions for Systems Expansion

: A 3
S-Band
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Fiber Laser

Output power (W)

Dopant(s) Host glass Pump A (um) LaserA (um) Transition Output power (W)  Slope efficiency (%) Reference
Er*, Yb* Silicate 0.975 1.5 el 297 19 21
Tm3*, Ho3* ZBLAN 0.792 1.94 3F,>3H, 20 49 33
Tm?3* Silicate 0.793 2.05 3F,>3H, 1,050 53 22
Tm3*, Ho** Silicate 0.793 21 S 83 42 34
Ho3* Silicate 1.950 214 >3l 140 55 23
Tm3* ZBLAN 1.064 231 3H, > 3H, 015 8 85
ErS ZBLAN 0.975 28 e 24 13 24
Ho77 Bret ZBLAN 11 2.86 2l >3] 25 29 25
Dy3* ZBLAN 11 29 ®Hy3,> ®His/0 0.275 45 36
Ho** ZBLAN 115 3.002 *lg>°l, 0.77 124 26
Ho* ZBLAN 0.532 372 S, °Fs 0.0Mm 2.8 27
B3t ZBLAN 0.653 345 e 0.008 3 28
Ho** ZBLAN 0.89 3.95 25 5] 0.0Mm 3.7 29

10°
Y [20] Mid-infrared

0ty @

Tm3* [22]
10° 4 L]
£ [21)@
102 - 2
Ho[23] g3+ [24)
o
10" 4
Ho* [25]@
10° 4 ®Ho** [26]
107
Ho** [27]1  Ho* [29]

1072 e o [}

Near-infrared Er’* [28]
3 °
0 ————r—  §.,D.Jackson, Nature Photonics, 6,423 (2012)
Emission wavelength (1m)
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Emission cross-section (10 == m<)

Fiber Laser

Fluoride glass

+ o4 4
Er? Chya = "hs)

g — Oxide glass
Ho™* (31, = 5lg)

6 Tm3* GF, —3Hy)

E* (g, = s )

4 -

2 —

0 I

12 14 16 18

|
20 22 24 26 28 30 32 34

Emission wavelength (L.m)
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Fiber Laser
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Pump ESA
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Pump ESA
%%z
345Um
49

1.55um

‘ +
|15,-“2

Eet

552

3.22um

5|?

29um

alll

Dy**

AVA
AVAVAY

unesp*

COPL

Centre d'optique,
photonique et laser

UNIVERSITE




Microstructure Fibers

Optical fiber constructed with a lattice of voids (air holes) along
its length — provide unique optical properties impossible to
obtain with solid fibers.

Very large index of refraction differences

— 1.0 (air) to 1.45 (undoped silica): An ~0.45

— Doped silica fiber: An ~0.03

Voids can be filled with functional materials allowing dynamic
properties

— Control local index with temperature, electrical field, magnetic
field, etc.

Photonic bandgap operation

— Periodic structure creates resonance, like a 2-D gratings.

Centre d'optique,
photonique et laser
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Microstructure Fibers

Overall terms: Main classes: Subclasses:
High NA
High-Index Core
Index-Guidin an
Photonic Crystal . Large Mode "
Fibre (PCF) Holey Area '
_ Hole-assisted
Micro structured Highly
Fiber (MSF) Nonlinear
Micro structured A
Optical Fiber (MOF) . X "( (,UL Low-index vy
P (F;l;ot?gécGE)%and LUCC === unesp -
: Li‘i((( ‘ ‘ '1 ‘ “ " COPL
"“e ; S - o ke R
Bandgap Guiding [8E8: 88 81e: Al GUIdIng e S “@Sﬁzt;iﬁgﬁz";‘ﬁfger
‘a'a'a e Hollow Core xS &

el UNIVERSITE
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PCF: Index Guided

Tatal internal

\\/&@
w R &

Un-doped silica glass is used for both
core and cladding regions. Core is solid.

Refraction

Placement of air channels (n = 1) in the
cladding creates an “effective ” index
below that of the solid core region.
Light is confined and guided by total

internal reflection. NA can approach 1. _
Holey cladding

Different designs can be achieved by

varying index delta, channel spacing,
size & diam.

AVA

Solid core vy

S unesp™

glass
An COPL
Centre d'optique,
— photonique et laser
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PCF: Photonic Band Gap Guided

Photonic I:-and gap

1{}|.111

Un-doped silica glass is used for both core
and cladding regions. Core is hollow (air).

crystal lightcons

Placement of air channels (n = 1) in the
cladding creates a 2-D photonic bandgap
structure.

frequency al/i

Constructive interference is produced by e & coPL
scattered light refracted at the core/cladding .|~  ~ oty
interfaces of the periodic lattice structure. wavevector ) (2a)
Fi4et] UNIVERSITE
55 LAVAL

Light can only propagate in specific regions.



Special Fibers

PCF Fabrication:
Stack-and-Draw Process

J Preform
{

- Heating zone

00
| é‘ Fiber Spool
\
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Special Fibers

PCF Applications

e Telecommunications
— Dispersion compensation
— Transmission fibers

— Broadband SM fibers

* Lasers
— Double Clad fibers (laser cavity)

— Large Area fibers (high power transmission)
— White Light Sources

* Sensing
* Metrology
* Medical

— Optical Coherence Tomography

el UNIVERSITE
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Special Fibers

PCF Applications
Gas Sensor

aplice. 3plice
(‘\ﬂm\*- R VWY Y e e e e s e e e s X" 7
’ N S— P — —_— - - MW:" ¥ RIS BRI — == —
e H =i
launching o b
; gas inlet hole(s) 110
fiber - q
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laser drilled gas inlet hole laser drilled PCF (cross section) @ O e
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Special Fibers

PCF Applications

Ultra-Broad White Light Source -« s vigness
® Ultra broad spectrum
® Compact robust design
® No cooling
= 0.0
) " 7S
g r
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2 oo (100 mv¥) 4 SLEDs
g L (300 v
8 LA0.0 Incanclescant kemp
B {~104W)
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Ranka, J. K., Windeler, R. S., and Stentz, A. J.,
Conference on Lasers and Electro-Optics, 1999.119
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Special Fibers

Multimode
optical fiber ,
UV-light

curable
adhesive

50-um
wire
Graded index
|~ optical core
Hollow
core
Shoulder
. . AVA
Electrical Resistance : 6-26 MQ un es Ay
Shank o . .
Instability of the driver medium p
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Y.Lechasseur, Nature Method,v8,4,319 (2011)



Special Fibers

Fiber
Designs
at COPL
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