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INTRODUCTION TO

OPTICAL SOURCES
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TYPES AND APPLICATIONS —

W LED

afd

8 (1 Visible = visualization
% J near IR = telecom
<
Te LASER DIODE

Q .

c 1 Visible

Q —> industry

O

- medicine
- space telecom

J near IR = telecom

29 MARCH 2021 3. OPTICAL SOURCES - INTRODUCTION slide 7




AAAAAAAAAAAAA

FIBER-OPTIC COMMUNICATIONS \_”@)te'eggm @ UNIVERSITAY PoLITEGNICA

Continuous Wave (CW)

EOUT

L3 T

f,~ 10 Hz

- T

Direct Modulation (DM)

1
\/ I(t) =

ccC

General Aspects
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DESIRABLE CHARACTERISTICS

EMISSION FREQUENCY

HIGH E/O CONVERSION EFFICIENCY

FIBER COMPATIBILITY (COUPLING)

WORKING TEMPERATURE AND STABILITY

HIGH SPECTRAL PURITY (LASER)

LINEAR LIGHT-CURRENT RESPONSE

HIGH MODULATION SPEED

SMALL SIZE AND CONSUMPTION (INTEGRATION)
REDUCED COST

General Aspects
AN N N N N N NN
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LIGHT-MATTER INTERACTION

Bohr atomic model of a nitrogen atom

AtomiC/ MOlecular Energy Levels www.britannica.com/science/Bohr-model
“The energy level of an isolated Orbit
atom/molecule is discrete due to

Pauli’s Exclusion Principle. Electron

I v Atomic Energy Levels
\

n Proton

Neutron

Boltzmann
Statistics

Light-Matter
Interaction

P(E,)=exp(-E, /K,T)

Energy Levels

S~ K3: Boltzmann Ct. (1.38-10-%% J/K)

~ o
o
—
-~

v

P(E,.)
n Spectral lines video m

29 MARCH 2021 3. OPTICAL SOURCES - INTRODUCTION slide 10



https://www.youtube.com/watch?v=Va2F1e7VIKw
https://www.youtube.com/watch?v=Va2F1e7VIKw
https://www.britannica.com/science/Bohr-model
https://www.youtube.com/watch?v=_vK5KPycEvA
https://www.youtube.com/watch?v=_vK5KPycEvA

BCN BARCELONATECH

FIBER-OPTIC COMMUNICATIONS \f@telecom @ UNIVERSITAT POLITEGNICA

Compounds Energy Levels

When considering compounds, the influence of neighboring molecules unfolds
new energy sublevels. Apart from the original electronic levels, some new
kinetic energy levels appear.

S
Q C
+ 9 Molecule Aggregate Crystal
(C -lc; ‘ 2 ;.
E (8] E 1 E L] E ‘_
.'L p S 1 ‘ I&)O 1 ‘ Iu)o 1 ‘
= -8 \ ’ T 0 [ w
20 < A, k& A, "2 4 A, "2
— A A A

E, 1 I% Ex 1 ILOO Es 1

https://www.nature.com/articles/srep32620
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Light Absorption / Emission Processes

“Any given material shows a particular light absorption characteristic. Some
of them, under specific conditions, have the capacity of light emission”.

hf = photon energy h: C. Planck (6,63-10-3 J-s)
hf ~E,-E, = Eg (Energy Gap) f: light frequency

(STIMULATED) ABSORPTION

Excited State

Light-Matter
Interaction

(@) (@)
N, ° > e ° OAEZ “The incident photon is absorbed by an
i electron which increments its energy level”
hoton NNA\A>|
photon e E... @
| v
N, [%®%0e00s°0 %q00 00 | Photodetectors

Ground State
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SPONTANEOUS EMISSION

Ecited State “An excited electron releases energy in the form of a
N, [®°® 0000 Sg00 00 |E, photon with random frequency, phase, polarization,

A and direction” @
\/\ A photon E..

E=hf Incoherent light (LED)

€=——————————

(Bose-Einstein statistics)

K=

®
0® 560000520 550000 | E,

Ground State

No. of excited electrons [N]

Recombination Lifetime e e

(Exponential Distribution) » pdf =

N =N, " Z
“Average time to
return to ground state”

Ny

Light-Matter
Interaction

Ny/e[= t.: Carrier Lifetime =

r t[s]
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STIMULATED EMISSION

Excited State

N,| %C°%eg00%e %00 00| E, “Anincident photon forces an excited electron to
= i A release its energy in the form of a new photon with
Q C I photon mi/\% 2 photons [E, zf(actl.y tlle same frequency, phase, polarization, and
- o | Eenf irection @

b o =mm v v

O @ O @ O
© "5 N, [50® 500000070 5000e0 0| E, Coherent Light (LASER)
E (o Ground State (Poisson Statistics)
| . .

ofd Q

B e P [W] Spectra

-ED E $ coherent

— light
incoherent n
light How LASERs work

E,/h f [Hz]

29 MARCH 2021 3. OPTICAL SOURCES - INTRODUCTION slide 14



https://www.youtube.com/watch?v=1LmcUaWuYao
https://www.youtube.com/watch?v=1LmcUaWuYao

FIBER-OPTIC COMMUNICATIONS \_’@te'ecom @ UNIVERSITAT PoLITEGNICA

SEMICONDUCTORS PRINCIPLES

1. The electrons are located inside energy bands being the last two called the
Valence and the Conduction Bands, respectively, separated by an energy gap.

Compound
1 <0.1ev > Conductors
Eg =) 0.1-3 eV > Semiconductors
T >3eV - Isolators

Depending on the energy gap, the materials
s, NG divided among: isolators, conductors and

semiconductors.

BO _ Intrinsic & Extrinsic Semiconductors

29 MARCH 2021 3. OPTICAL SOURCES - INTRODUCTION slide 18

Semiconductor
Principles

Energy Bands



https://www.youtube.com/watch?v=a3PXVakobDU
https://www.youtube.com/watch?v=a3PXVakobDU

BCN BARCELONATECH

FIBER-OPTIC COMMUNICATIONS \_”@)temm @ UNIVERSITAT POLITEGNICA

' Energy

47 E electric field

CONDUCTION BAND

2k, T

electron () —> Electrons

A
I
I
I

e-h |
generation |

e-h
recombination

=

1

1

1

1

ole
«— hol

VALENCE BAND Holes

Concentration

L

2. Electrons in the CB are not tied to any particular atom so they are free to
move along the semiconductor.

3. When an electron gets liberated from its atom and moves to CB leaves a
hole in the VB which is called to have positive charge.

Semiconductor
Principles

4. An electron placed in CB may return to VB occupying a hole an releasing
its energy that can be in the form of a photon. This process is known as
electron-hole recombination.

29 MARCH 2021 3. OPTICAL SOURCES - INTRODUCTION slide 19




BCN BARCELONATECH

FIBER-OPTIC COMMUNICATIONS \@te.ecom @ UNIVERSITAT POLITECNICA

Carrier Concentration
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Distribution - .
Ef: Fermi Level
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Energy-Momentum Relations

Energy (E)

A Direct Bandgap Indirect Bandgap

CONDUCTION BAND CONDUCTION BAND

VALENCE BAND VALENCE BAND Explained: Phonons

>

Wave Vector (k)
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P-type Semiconductor

Some “acceptor” doping atoms are added which take electrons from the
Conduction Band. A positive carrier flux is produced.

4

' Energy

<— E clectric field

CONDUCTION BAND

Electrons
electron (=) ——>

@ FermiLevel (Acceptor)

Semiconductor
Principles

-— @ hole
VALENCE BAND Holes

\ 4

Concentration
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N-type Semiconductor

Some “donor” doping atoms are added which give electrons to the
B Conduction Band. A negative carrier flux is produced.
QO N

> 2 T Energy
O (@} <— E electric field

g .g . @ CONDUCTION BAND EleCtrO NS
O A i .
0 N h C
E (a W T FermiLevel (Donor)
m <«—— (%) hole
VALENCE BAND Holes
2k, T .

Concentration
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P-N Union Homojunction The P-N junction n
Isolated Equilibrium + voltage
p - =i
B P N P S N +°— P N ‘1_
u m A A A
= g o um.u.uj g u
T Qo ... 5 :
R
o © | NN “
u .E .§‘ h é‘ h éu
o = . . S =S S \\, -------- = S
3 > S
E & § """" e """"" h ) § """" e """" ” h ) §
m Position g Position i
Vg

In Thermal Equilibrium, the Fermi Level has to

: : . Diode
be continuous along the PN junction

I=1I,|exp v -1
K,T

| : Saturation Current

Active Region 1-10 microns The LED & Solar Cell

29 MARCH 2021
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Semiconductors for Optical Sources

13 14 15 16 17

1A IVA VA VIA VIIA .
é C N 6 F Post-transition metals
chrd e R s i MetaHOidS

Reactive nonmetals

S Cl
8 e o
" Se Br c
Q. E =h-f =h—
0 . 52 53 g g }d
@ Te | g
[ = e
O N 81 82 83 84 85
E TI Pb Bi Po At
d Binaries - GaAs
d Ternaries - Al Ga, As

-2 In,Ga, As
d Quaternaries 2 In,Ga, ,As P,
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Material Eg (eV) 7\,g (um)  GAP
Ge 0.66 1.88 I
Si 1.11 1.15 1
AlP 2.45 0.52 I
AlAs 2.16 0.57 I
AlSb 1.58 0.75 I
GaP 2.26 0.55 I
GaAs 1.42 0.87 D
GaSb 0.73 1.70 D
InP 1.35 0.92 D
InAs 0.36 3.5 D
InSb 0.17 7.3 D
(1%t window)
(1%t window)
(2" & 3 window)
(1st,2"d & 3rd window)
slide 26
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QUANTUM EFFICIENCY I

) 0 Yy

d:) 'l'] _ <N phOt/Seg> . POUT /hf di ACTIVE REGION P
ts; <N°e—h/seg> I/q I
i light-current characteristic
S
hT N

E Pour = nHI (W] N

: q é Ia_ising
E 0.8 g_ emission
S

= LED > 1 ~ 6% 2

o LASER > n ~ 70% )

LED
qg: electron Charge (116'10-19 C) Laser Diode [I;:ive Current -
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Internal / External Quantum Efficiency

Q>). ne ni

c r A N A

[T oo <N°ph0t/ seg>0ut _ <N phot/ seg>Out ’ <N phot/ Seg>genemte |
é <N e_h/seg>t0tal <N phOt/Seg>generated <N e_h/seg>total

(.

L — Si > 1, ~ 10
E =0 "N, AsGa > 1;~ 0.7
3 Inefficiency Causes

g e Non-radiative recombinations = thermal energy } INTERNAL
-3 e Phonon -2 kinetic energy

O’ e Stimulated absorption and scattering in the active region

e Emitted light omnidirectionality EXTERNAL
e Reflection in the source-air transition
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LIGHT-EMITTING

DIODE (LED)
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fiber N
M .
el \ bonding
circutar material
etched well
metalization

substrate
] double
confinement 7 ] - hetero-
layers _ i junction
SiO, isolation

active region circular metal contact

confinement
layers

substrate

Edge-Emitting LED

metalization

heat sink
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Surface-Emitting LED

stripe contact
active region
metalization

,— SiO, isolation

double hetero-

" junction

incoherent light

16 ArrIL 2021
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LED characteristic figures

A

linewidth
FWHM

relative power

I
|
v

1140 1180 1220 1260 1300 1340 1380 1420 1460

wavelength (nm)

Characteristics
Overview

» BW up to 100 MHz = R; up to 100 Mb/s
» AX huge 2 100 nm
» Poyr very small 2 -20 dBm
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WORKING PRINCIPLE

omnidireccional, different
frequency and phase

2 “LED source is a diode (PN junction) directly polarized which emits

Q. light by spontaneous emission (incoherent light) thanks to an

'O electron-hole recombination process”

.E depletion .

S region diffused electrons

& 1 /l

0o ntpe 1 (gl Ptype

< ©eee i®|lel ®®®

— @06 ®|6 ®e®®

- e0e Mo 0@ - >

é i\' i incoherent light
Efield !
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Carrier Injection — Optical Power

quantum efficiency

()
o <N°f0t/ seg> P, /hf
.% n= <N°e - h/seg> ) I/q
c
e N Joules
P=n—V-ht=
Q. E T, S
eT0)
C < > ﬁ
K L
o 3 N fotons
O N _ recomb/m . EV _ recomb e MV =
; T, S T, S T, S
N 1
POUT=nh_fI =11EV'hf — - Vv
q T, od equilibrium state
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Light — Current characteristic

() “Representation of the optical power emitted by the source as a
Q. function of the polarization electrical current intensity”
'O
P, [mW]
lg 15 7 SATURATION
oYo) : | |:> 10 e
V LINEAR i
E Ve T .
S 0~ a i .
O 0 50 100 I [mA]
; hf o
P, =n—1 | W typical efficiency : 0.1 uW/mA
1 hf
AsGa>n.~07 —~0.8
q
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Power Spectral Density

Q “One of the main characteristics of LED diodes is its spectral width due to the
E fact that the light is incoherent (spontaneous emission)”
0

— A AE ~ 2K .T| Direct band-to-band

c Energy B | most
‘o - Electron Relative Power — __— probable

B concentration .
AT um

Q. / distribution jump

c .

_________________________ .>

e N no. of electron
4 states

EGAP

o no. of hole

states
S .
Hole . KBT
\ concentration B, = Eg + 9
distribution Relative Power |
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Peak wavelength - A, (most probable jump):

v K. T C he hc
> E,=E B~ =hf =h— A = ~—
o o=Fy + == =hh=hge ) E,+K,T/2| E,
u [J] thermal
c
- Spectral width - A\ :
Q. -
— M=h,-n =S S he hep Rt Ap <<k,
.E 2 1 f, t, E, E, EE, E.~Ey
o AE AE
3 = hc AEAE AR = hc 5 NhCF
- ) ()
; 2 2 ‘ 2
~ CZKBT ~ ZKBT 7\«3
E’ hc AE~2K,T E,—E +~8l g
g g 9) g
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Working Principle

16 APRIL 2021

A)\,zZI(—BT}%:ZIl(l—BT}\,O}\,O |:> AA — 30-100nm
hc ~he

0.03—0.06 AE (5~ 3-4 KgT/q

Temperature Effect :

E,=E,(T)+ K;T —2,(T)

2K, T
hc

AL(T) = A2(T) A\ o~ 0.3-0.4 nm/2C

Incoherent Light :

spontaneous emission = photons with random frequency, phase, and
direction (incoherent light)

Bose-Einstein statistics c, = <m> (<m> + 1)
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Light Coupling
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LED LOSSES

Radiation Diagram

30

LED

20

10

source

0

10

\:;@ teIEeN

Lambert’s Law
1(6)=1, cos®
P(6)=P, cos O

P(0)sin 000

0,
P = 271:_[ P(O) sin 000
0

&

20

30

2
P NA
N, =—=sin"0, =|:—}
P, n
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Refractive Indices Mismatch (reflection)

0,
Py =2n[(1-R)P(0)sin0-20
0

2

n — 1N

R = ( ZA 0) «—— Fresnel’s Law
n, +n,

LED/fiber Effective Area Mismatch

0,
P, = ZEI LP(0)sin6- 00
0

Light Coupling

U
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LED DYNAMICS

“The way the carrier equilibrium is restored after a current fluctuation can be
modeled by what is known as LED’s rate equation”

(V)
s
E 4 ) 4 ) 4 )
m .
cC carrier (;:arrlir carrier density
> { density » = ¢ 9 L Jrecombination %
Qo variation generation rate

rate
8 \ y \ Y \ Y
—

ON I N9Tr

I: electrical current
N: AR carrier density T.: carrier lifetime
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I: AR polarization current

7

O P
.E d 1 ACTIVE REGION
(q¢)
c N LED’s rate equation
> I 1
Q current J= — ON I N
density area WL = | [m37]
o ot qV 7,
E carrier — 1 _ J >
generation -V .d
1 1 Unstimulated state tO{N =N,
carrier _ E I=0
recombination T, ) 6_N= N L NN o9 g
ot T 0

r
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LED’s modulation - sinusoidal modulation

______________________________

sinusoidal stimulus

I(t) =1, [1 + mlexmotm)]

N(O= N, [1+m, el ]

P(t)=P, I:l +m, ej(m0t+¢—eN):|

s et l,: DC electrical component

e P [mW]
0 “
e
L .
-
ge i
§ ]
= -
(& ) | | |
D i LI
i — —_—
- —

Optical Power

N©)
T

r

P(t)=n—2V -hf
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LED
Direct Modulation

16 ApPriL 2021

Modulation Signal

I(t)=1, I:l + mle(j‘”“”"’)u(t)]

I - . . 3
N(t)=—r |[1-e ¥ [+ — it [l — V= Ju(t)
qV 1 1+ jo,T, ’
—_——
No | my
Pt)= Oy . ht
Tl’
i hf i
P(t)=n—1I, [1—e "]+ My e [ei®t _ o V5 ]u(t)
q i\ + jO)OTr
P, my
- 5
I(t)

(1+my) P,
(1+my)) P,

P, |

(1-jmy)) P,
(1-my) P,

0
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LED’s Transfer Function

_AP P, =i nf
H((DO) = E 3 o =M q
. , hf 1
P(t)=P,[1+—— e [y ap=p T cia i H(@,) =7 :
1+ jo,T, 1+ jo,T, q 1+ jo,rt,
I(t) =1, I:l + mIej“"’t:I — Al =1,m e J

modulation cutoff frequency

|H()| Low-pass behavior

LED
Direct Modulation

N hf 1
H(o,)|=n 2
1 q \/ 1+ (O)O’L'r )
12 | :
| 1 1
0y=— > b=
T, 21T,
1 | 4
@t typically: 10-100 MHz
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Digital Modulation

C raé de corrent _
o ; N(t) = I—Q}«:r +%rr (1—e"/‘r ).u(t)
G q q
45 I(t)=1,+[ I, -, |-u(t) =
= == p() = hf+n-hf(1-e ) u(®)
A O A
™ @ P, P~ P,
i
d
(&)
Q
-
o
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Response Time

N;
N0+0.9(N1 'N0)

N,+0.1(N,-N,)

N, -
( )
_ NI_NO
N(t)=N0 +(N1 _NO)(I_e—t/tr) t =T, ln\Nl—(Ool(Nl_NO)-l-No)/
—t. /T ( )
Nf_N0=(N1_N0)(1_e tf/r) t,, =7, In N, =N,
(N, —(0.9(N, -N, ) +N, )

LED
Direct Modulation

e_tf/Tr =1—Nf_N0 =N1_Nf
Ny =N, Ny =N, t =t ,—t,, =T, ln(0.9/0.1)
N, -N, P —P, 1 1
= —_— = f = = In(0.9/0.1
T ln(  — Ny J o ln( P, —P; o 2T, 2mt, ( / )
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LED
Direct Modulation

16 APRIL 2021

Maximum Modulation Speed

LED’s response time limits
the modulation speed

0 T,

3. OPTICAL SOURCES - LED DIODE

1 R
f3dB LED — f3dB NRZ — —
’ 21T, ’ 2
f3dB,LED 2 f3dB,NRZ
R 1
! >—L8 5 R, <—
2T, 2 TT,

typically: T, ~ 10ns
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LASER DIODE
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dielectric reflecting
layers

confinement

Fabry-Perot ™
resonant cavity

crystal plane-cleaved
cavity ends

transversesize
0.1-0.2 um

lasing spot

lateral size
5-15um

confinement
layers

DFB laser

feedback
grating

active region lasing spot
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LASER Main Figures

N N

'n ﬂ n\\ multi-mode single-mode
4

= | -
2 / \ g I
. 4 \
o spectral width ¢ Y aser 2 aser
Q ! Q- . .
Qv FWHM /,“ \ (O] |InEWIdth
2 10nm ¢ 5 2 FWHM —>||«— 0.1pm
0 / ©
g 3]
= S

R
PR
-
-
=

I\ >

1530 1535 1540 1545 1550 1555 1560 1565 1570

S
>

1530 1535 1540 1545 1550 1555 1560 1565 1570

wavelength (nm) wavelength (nm)

Transverse Modes

» Single-moded (Transversal)

» AA very narrow = 10 MHz (0.08 pm) for DFB

Characteristics
Overview

» Pyt high 2 10 dBm (10 mW)
» BW up to 10 GHz = R; up to 10 Gb/s
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WORKING PRINCIPLE

“The LASER consists of an optical resonant cavity based on the stimulated
emission process and provides coherent light”

Optical Cavity Population Inv.

e :@0
° o o How L Work
° o o g ° ow Lasers Wor

Stimulated Em.

@ “\Wo N

0«”: ow; @ >

Wo®  ann® »
% % % Total  Laser Amplification Partial

External Energy Mirror Mirror

© 66
©e e
€0 e
© e e
© 66

Laser Medium

© 066
©e e
©0e ¢
e e
© 66

Laser’s Working
Principle
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Equivalent Model

“The LASER can be modeled as an amplification system with feed-back”

O 1ot 1ot
OM': ow; ® >
Feedback Wou®  oyn® >

\ » Coherent

Amplification

Laser’s Working
Principle

Condition = Gain > Losses
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MATERIAL GAIN
1 OPTICALPOWER aP P
—=g
1 oz
p-type
ED P / L Foe $
0 P=P0 es gz
© umm e —_
s AP {71, T P, P(z)=P,e
d]|~ >
S 2 g Z 2+0z POSITION
o Q n-type /V( _ ial . . 1
g = material unity gain [m]
; o mm L
g 300 | | | 300 | | | |
N o 250 - N=1.8x10"%cm? - InGaAsP
= S 200 - R 250 7 A=13pm ]
S (a ¥ = 150 |- . —
m g 100 | _ IE 200 i |
) 5 50| 4 £ 1s0 | transparency N
O 2 5
E 0 2
- E sl 1.0 ] $ 100 -
-100 —
hce 50 —
150 |- A=—El[eV]
2200 ! ! ! q 0 ! 1 !
0.90 0.92 0.94 0.96 0.98 0 1.00 1.25 1.50 1.75 2
photon energy [eV] carrier density [10'8 cm]
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. . . [m‘l]
material unity gain t g(A) ,,
22 = working
g=(N2 _Nl) > U(f) region
oo 1T 87n
: gmax ______________________________________
o =mm g oC }\'2 2
f v lineshape (1) [ (f) L
“~ f)——— f)of =1 . "
é R function ° !U b A [m]
J . . .
- Material Gain per unit length
'l ‘o mathematical model _ > (o]
v O g, (N.A)=a(N-N,)-y(r-2,)
g Smax a: gain coefficient
— v: curvature factor
A,: peak wavelength

N: carrier density
: . N,: transparence level
Ay Ay A [m] g,: peak gain
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Confinement Factor y

“Energy fraction inside the active region ”

E| .
E Total

¢

g(A)=Tg, () =Ta(N-N,)-Ty(A-2,)

I <1

far field pattern

Net Material Gain per unit length

Laser’s Working
Principle

2.(A)=g(A)-a,=Ta(N-N,)-Ty(A-1,) -o,

oL Scattering Loss Coef.
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L

g: Material Gain Coef. [m™]
o: Scattering Loss Coef. [m™]

S
=
V L
< S
-
O <
o I
LLl 7,
o w
. :

2 <

2 = m

= ©

= zg

o > 3

M 3 9

O -0 2
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Propagation Equations (plane wave)

Boundary Conditions
1

E*(z)=E; 2" ™) ¢l o E*(0)=r,E"(0)
E"(L)=r,E*(L)

1 1
+ +4 -~ _ e )l ey + ~(g-a,)L _.
E*(0)= Eoe/ét =r,E (0)=r, (ELe2 ¢ ’5Le/t) > E! = rl@ez o JBL

1
E (0)= ELeZ(g Jgoiptgion

E"(L)= Ee/‘ =r,E*(L)=r (E+e%(g'“S)Le'J'BLe7'&) S E —r e
L 2 2 0 L 2770

1

E'(L)= Ezez(g""s)Le‘jBLe'i‘ot

_ (g-0 )L ,-j2BL (8-0)L o -j2BL _
% = 1'11'2%9 e —r,r,e e ' =1

Lasing Condition
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Modulus Oscillation Condition

1= rll‘ze(gth_as)L g...: threshold gain
g o.: cavity losses
o 1 a 1 a,: total losses
o =mm = e(gth S)L_) ln = (gth — aS ) L t
o) Ir, Ir,
- 1 1 1 1
@ g, =0 +—In| — | =a, +—In = Q,
@) L \rr, 2L | R|R,
00 2 | ;
c R. =r,
'G scattering losses esl
2 Threshold Gain  [m] 2 TE;‘ZZ e(e-oL
&}
1 1 e (g-os—a)L
ngth=0LS+—ln ——————————— 1
2L (RR,

0 POSITION L
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Gain Saturation

OPTICAL POWER
A
ACTIVE REGION
: g EQUILIBRIUM
@) g(P) — 0 SITUATION
:: 1+ P/Psat —>
O g(P)=a,
C
O g < QL. —> Unstable Situation
U t (No Oscillation) ¢
eT0) .
= QL. — Stable Situation
.E g t (Oscillation) |
(V)
2 g > o, —)> Unstable Situation at
(Saturation)
g(r)
0 L ]

POSITION
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Phase Oscillation Condition

1=e 2Pt
C 27 A C
(@) 2BL=m-2t 52—nL=m-2n > L=m—2=m
e A 2n 2nf_
© C
c f =m—— Cavity Resonance Oscillation Modes
o 2nL Frequencies (longitudinal)
O A2 /2nL,
w Af = ﬁ A'm A'm+1
: n
- AN Af
© S ‘ -
— 22 22 oy £ f £
A}\‘ ~ Af ) P _ p m m+1
C 2nlL ¢/2nL

LYoA T 5A1 7T

2 ApRIL 2021 3. OPTICAL SOURCES - LASER DIODE slide 63




FIBER-OPTIC COMMUNICATIONS \f?)te.emm @ UNIVERSITAT POLITECNICA

)
gd)zg,

Combined Effect <

\
c
o 1 Spectrum Multi Mode
° mmm Pl .
o =mm p /‘/ A N\
S , Al
U A /lmin ﬂp ﬂmax yy
o]0
c 4 Spectrum
7 Pl Single Mode
4 // \\
(© AN
— A - y
> l' E E \\ >
A Ain /11, y A
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P(z) = P+(Z) +P (z)= P, [egnl + egn[L—Z]] — PoegnL/Z [egn[Z—L/z] + egn[L/Z—Z]]

P (z) = P,e” e x14g [2-1/2]
g P_(Z) — Pﬂegn[L—z] egn[L/Z—Z] o~ 1+gn [L/Z—Z] — l_gn [Z—L/Z]
.G —

v [P(z) ~ Pt [1+g, [2—172]+1-g [a~E72]| = 2P,e*"* = P ]
LLl P P P1-R
P =Pe*" (1-R)~ e*"(1-R)=—e*"?(1-R) =

E out 0 7 et o1z © 2 D) \/ﬁ
o Rett et o L gn_ L
— - "R /R

modes 1-R -
L) Z out,mNZZ\/_ m
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OPTICAL POWER SPECTRUM

Lorentzian Distribution

1
: \

c »r -

o Té 0.5 5t
QG 8
LD po . 1

E frequency (f)
- > [ . Af J
= f Finesse =—
Y 2 of
20 c p ,
—d 1. AMf=—— AA= (resonance frequencies>)

2nLL 2nLL
2 g2g,=0a +Lln 1 (gain condition)
’ T 2L R R,

2 ApRIL 2021 3. OPTICAL SOURCES - LASER DIODE slide 70




FIBER-OPTIC COMMUNICATIONS

Laser Dynamics
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LASER DYNAMICS

“Carrier and Photons concentration can be modeled using two coupled

rate equations”

carrier
variation

photon
variation

r . B
carrier

generation
rate

- _ N
stimul.

emission
rate

f

f

spont.
emission
rate

photon
losses
rate
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\
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f

\?@) teIEeN

stimul.
emission
rate

spont.
emission
fraction

&

\

\

S
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Photon Density — Optical Power Relationship

1

c
9
(7))
K7 p [Fotons P [J/s]
E sec. hf [J]
LL] ~
R R
ofd ry FABRY-PEROTCAVITY T2
< < 7 /
(o0) Photon Density in the Active Region S— S(z) 5 %ﬁ
o amm N S 7
S Y s Y Sout
.
é

0 L/2 L
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Temporal evolution of Photon Density

(V)]
s
- oP
(C —=vgP
c ot
™
S
O a—=VgS
ot
Q
(V]
m D vt aP vt
el P=P,e®" =P, et > = =gvPef" ' =gvP
S P S GS= 1 6P= 1 veP = vaS
hf-v-Wd ot hf-v-Wd ot hf.-v-Wd
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Photon Variation in the Cavity

¥
—
g > P
=
g e
1 1
- S=8, e )R =8, olg—o)2L TR S, e(g_“S_II“EJZL _g, et
w —Zlnl 1 1
g R:=e¢?™R - R atEas"'flnE
d S(Z) = SO e(g_at)d d=v-t > S(t) — SO e(g—at)v.t a,
OS(t o\
— %=V(g_°‘t)°soe(g M =v(g-a,)-S(0)
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LASER’S RATE EQUATIONS

¥y
O : ON I N AL
o Carriers - _
:> — = vV T VZ giSi [m3s1]
E ot q r i=1
) oS N
cC Photons — L_v.gS.—v-asS, +B— | [m3s7]
E ot T,
p S
) photon lifetime _ 1
(V) ’Cp = [s]
S V-,
—
N: carrier density in the AR I: electrical current intensity
S: photon density in the AR T,: carrier lifetime
g.: mode’s gain parameter B: spontaneous emission coeff.
M: number of long. modes o, cavity’s total losses
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Static Behavior

N 1 N

" - _ —— —v-gS=0 single-mode cavity (M=1)
U A aat v T <: stationary regime %=0
o mmm S
— —=V-gS—v-a S+ =0
| (et
= > v.gS—v.aS=0 > g=
> Ve _V.at - - g_at }“'emission=7“p
e 1"a(N—N0)=0Lt —> [N=N0+%] g=1"a(N—No)—W4p)2
a
Q
g +g || N T = 1
el (IV_'c —ves=0 bovea,

T I T
s+ N T, >N =—rp——P[N0+—t]
veaqV  v-ot, qV T, qV T, r
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Laser Dynamics
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Carriers

S [1021.

N = N-+F—=PJ M7 § = f:)

m-3]

Constant with J

N [1024.m-3] \

N

Spontaneous E.

LED

Stimulated E.
LASER
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qV

Photons Lineal with |
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N +— [m3]
I'a
Nth
0
Nth
_N L, _N,
T, qV T,

l,,: threshold current
N,,: threshold carrier density
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Laser Activation Condition
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I N Vv \Y oL,
S=0— —t=—u q =dEN -7 [N +—}
qV T, T, T, I'al Threshold Current
\Y o \Y V a The minimum current has to
12 q—|:N0 + F_ti| = q—NO + q—l_,—t compensate for the Medium’s
T a \ T , ,Tr a' Transparency and Cavity Losses

transparency  cavity

Photon Density

| T I
S = —VTp——p|:N0+%i|=—T
q T a

r /I\qV

Y

Laser Dynamics

1 I
I, = qV[N +°°—] BN —[N0+i]=i‘
I'a

T I'a

r

T

r

12 ApPrIL 2021

-1
qv
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Output Optical Power

1
I>1, T,=
P, =((1-R)/2VR)-$-v-W.d-f "oV
4 : i - Szt—:](l—lth)
B h q
= P = ((I—R)/Z\/ﬁ)m(l—lth) NZN,
q°
g. Influence of the active region’s length
o hf
- P =((1-R)/2JR WL (J-J == 0
g e (RAR) W)
S JE% o =a. +iln11( L0 o P-AL tradeoff
pT
d o 50
Jth:(,lc_[No"Fr_;} > o0 LT ALY
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LIGHT-CURRENT CHARACTERISTIC

Optical Power

g i
o = | | | 1V

v :

L. :
'g i Stim. Em. |
L b AT Spont. Em i
£ =

eT0) 1
- | > LED-like light, Spontaneous Emission

Il > Amplified LED-like light, Amplified Spont. Em.

IIl > Laser Effect, Coherent Light, Spontaneous Em.
IV = Saturation
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Temperature Effect 5 f

Threshold Current & Optical Power

V

TtT—1, T, P

. 1 ',

0 20 20 30 40 50

Relative Output Power (mw)
N

Laser Dynamics

€ 10 3prc a0 Laser Drive Current (ma)
3 200c{ ” ” r50°c
o
:,
- T - Wavelenth / frequency
7
T T ﬁ}vc T ° fC ¢

-20
1.53 1.54 155 1.56 1.57 1.58

Wavelength (um)
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LASER’S DIRECT MODULATION

| +info

4
p Direct Modulation —> %S :> info
4

P External Modulation | > %S o Ol m

Modulation Techniques

P Intensity Modulation ——> optical power (IM)
(direct detection) r

Laser
Direct Modulation

amplitude (ASK)
P Field Modulation —> { frequency (FSK)
(coherent detection) phase (PSK)
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Laser Transfer Function — Small Signal Analysis

A
P ON_I N__
| e ot qV ve
o I ....................................................................... o
Pl m (O)P ....................................................... L g _ S
2 | L o) S
= T O e m, (@, )
w ﬁ > ]0 a)z Wyt
v O / P(H)=P| 1+ m, ———————— e’
(¢o] E th I | I,—1, 0, — +]2aa)0,
d v M"
4= 1-R 1 hf ()
C p - (1) y
Q 2JR oL q
o : : (" 1 p
~ N o: laser damping factor |2a =—+7, @]
c mIIO Tr
Small Signal _ jayt , vla
m <<l (1) =1, [1"""18 } ,: laser resonance frequency |%. _q_V(IO_I”’)
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Laser Transfer Function — Small Signal Analysis

I=1,+Al
g PZPO-I—AP )i .
= By mM@)e™ ey,
B H(w)22P_ L S M (w,)
(O (0)0)— J oyt 0
— Al [,m,e 2\/E al q
.« =
QO O p_ =R VW, ¥
m o 0 \/_ L ( 0 th) 5
2R ol g H(w,) o
82 H(0) =M (@)= -2
Q W, + ]200
ofd 2"d order low-pass RLC filter /
o )
= NN T (1 1 *
c R L N ‘M(a)o)‘ - 2 2 2
o =1/LC @, 20
} | T 2%
a=R/2L C . W,
. \ J
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Laser Transfer Function — Small Signal Analysis

2

M\o,/ o, 2 1
g | (2"/ ) ) M (@) =—— 2
10°¢ . alw, =0 o 2t
® s : N\ 1-—=2 | +| = o
'E’ 1 ' w’ o>
10'}
E % 1002 2a:%+rpa)
% § 10'12- a)f:vr—;(lo—lth)
- i !
o 1071 '
Q 4
Q
S
O ajw, <1/N2 — resonance

Trade-off mmmp
rafeso a/o. >1/N2 - bandwidth {4
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Laser Transfer Function — Small Signal Analysis

o no resonance
C .
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Laser
Direct Modulation

frequency (GHz)
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Digital Modulation
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MODERN LASER STRUCTURES
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Distributed Feed-Back (DFB) Lasers
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Distributed Feed-Back (DFB) Lasers

1/4-wave shifted
+~— Grating

Cavity modes

Gain Curve

—1/4-wave shifted
» DFB Gain Curve
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% Lasing spectrum

Power spectral
density

Advanced
Laser Structures
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, tunning ~5 nm
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Power spectral
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speed ~ 1 ps
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Distributed Bragg Reflector (DBR) Lasers
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Sampled Grating DBR (SG-DBR) Lasers — 3 sections
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Grating Coupler Sampled Reflector (GCSR) Lasers — 4 sections
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External Cavity Lasers

Lens Output
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©
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(&) — Laser Diode
c =
.
C
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selected wavelength selected wavelength
Output Power ~10 W
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Vertical Cavity Surface Emitting Lasers (VCSELs)

Spot Size 35 um

Vertical Cavity Surface Emitting Laser (VGSEL)
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< g —Active Region Gaart Gore 62.5 um

Core 62.5 um
Laser i
AwTi Contact )
Light Out Light Out Single-Mode Laser
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