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Who am 1?7

- RTD-B at Electronic and Telecommunication
Department, Politecnico di Torino.

- PhD (Wil eyele) on Numerical simulation of
multi-sections and multi-electrodes laser diodes.

- During the last IS years, | worked in a8 group focused on

the

>

numerical analysis and simulation of

edae-emitting laser diodes for high Bit-rate telecom
applications;

semiconductor optical amplitiers (SOAs) and LEDs for
telecom and medical applications;

low dimensionality structures (Quantum Dots) for
innovative active materials;

anti- and high-reflection coating layers.




Summary

- Introduction to laser devices

- Historical notes

- Semiconductor (diode) lasers

- Active material

- Optical cavity (Edae emitting, VCSEL)
- Laser Threshold

- Small siagnal and larae sianal modulation
- Laser failure due to radiations



What is 8 LASER.? a definition

- A laser is 8 device that emits ligcht throuch a process of
optical amplification rased on the stimulated emission of
electromaanetic radiation

- A laser differs from other sources of light in that it
emits light coherently.

» Spatial coherence allows a laser to Be focused to a tight
spot and tO stay narrow over areat distances
(collimation)

» Temporal coherence allows a laser tO emit licht with a
very Narrow spectrum, ie., it can emit a single color of
light




Inaredients

- Three main ingredients are required to create a Laser:

1. An active material, where the stimulated emission process
oceurs;

2. An external (optical or electrical) injection, to triaaer
the stimulated emission mechanism;

3. An optical resonator, such as a Farry-Pérot cavity, or a
ring structure: it provides the selection of the lasing
Mmodes.
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Photons spontaneous emission

- We consider a two-levels system with eneraies E;
(around or fundamental state) and E; (excited state).

- An electron in an excited state may spontanecusly decay
iINto a lower eneray level, releasing eneray in the form
of a photon

» the emitted photon has a random direction

» Einstein coefficient A,; indicates the prorasgility per unit
time that an electron in state 2 will decay spontaneously
to state |, emitting a photon with an eneray E; — E; = hy

E,

Eq
spontaneous
emission



Photons stimulated emission

- Photon emission can Be also stimulated By other
iINncoming photons (stimulated/induced emission)

» Einstein coefficient B, which aives the progagility per
unit time per unit spectral eneray density of the radiation
field that an electron in state 2 will decay to state |,
emitting a photon with an eneray E, — E; = hv.

» the emitted light wave will Be coherent with the incoming
wave, tricgaering a chain reaction

» stimulated emission only oceurs £Or iINncoOmiNnG photons
that have a photon eneray close to the eneray of the
material transition

A

E,

spontaneous stimulated
emission emission



Population inversion

- Only the excited atoms can amplify light; atoms in the
around state apsors it

- Net amplification can re ortained i£ more than SO% of
the atoms are in the excited state population inversion.

- An external pumping mechanism is then reaquired.

- Material amplification (‘gain" is stronaly frequency
dependent and exhiBits 8 maximum A pma(pmd~ 1.24/ Eg,p(eV)

- GQas and solid state lasers typically involve a three- of
four levels system.
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Laser cavity

- LEDs and lasers share the same physical mechanisms of

photons ceneration

- In the lasers the optical resonant cavity allow to limit the
emission to the cavity modes (spectral coherence)
- The optical cavity is created, ea., using terminal facets

reflectivity o Braaa aratinas, or using rina

contigurations

Optical spectra

LED

LASER

LED Versus Laser

Characteristic | LED Laser
Output power Lower | Higher
Spectral width Wider | Narrower
Numerical aperture | Larger | Smaller
Speed Slower | Faster
Cost Less More
Ease of operation | Easier | More difficult

m=8

~ ww Relativeintensity




Laser history



A short history

- The first laser was guilt in 1960 ey Theodore -H. Maiman
at Huches Research Laroratories, Based on theoretical
work By Charles -Hard Townes and Arthur Leonard
Schawlow.

Components of the first ruby laser
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- K still works!
https://www.youtube.com/watch?v=9wMBi3E818A


https://www.youtube.com/watch?v=9wMBi3E8l8A

A lonaer history

In 1911, Algert Einstein estaslished the theoretical foundations for the laser
and the maser in the paper "On the Quantum Theory of Radiation" via a
re-derivation of Max Planck’s law Of radiation, conceptually Based upon
proeagility coefficients (Einstein coeflicients) for the asorption,
spontaneous emission, and stimulated emission of electromaanetic radiation
IN 1928, Rudold W. Ladensura confirmed the existence of the phenomena of
stimulated emission and Nnecative agsorption

In 1947, Willis E. Lame and R.. C. Retherford found apparent stimulated
emission in hydroaen spectra and effected the first demonstration of
stimulated emission

IN 1950, Aldred Kastler proposed the method of optical pumping, experimentally
contirmed, two years later, By Brossel, Kastler, and Winter.

In 1931, Joseph Weerer susmitted a paper on usina stimulated emissions to
make 8 microwave amplifier.

In 1953, Charles -H. Townes and araduate students James P. Gordon and
Hereert J. Zeiger produced the first microwave amplifier, a device operating
on similar principles to the laser, But amplifyina microwave radiation rather
than infrared or visigle radiation




A lonaer history

Meanwhile, Nikolay Basov and Aleksandr Prokhorov were independently
WOrking on the @uantum oscillator usinag more than two eneray levels. These
&ain vedia could release stimulated emissions Retween an excited state and a
lower excited state, not the around state, facilitating the maintenance of a
population inversion.

In 1955, Basov and Prokhorov suacested optical puviping of a multi-level
system as a method for ortaining the population inversion, later a main
method of laser pumping.

In 1957, Charles H#. Townes and Arthur L. Schawlow, then at Bell Lags, recan a
serious study of the infrared laser. As ideas developed, they agandoned
infrared radiation to instead concentrate upon visigle licht. The concept
oriainally was called an "optical maser™.

In 1958, Bell Lars tiled a patent application £or their proposed optical maser.

Moreover, in [958, Prokhorov independently proposed usina an open
resonator. Elsewhere, in the LS. Schawlow and Townes had aareed to an
open-resonator laser desian, apparently unaware of Prokhorov's puglications
and Gould’'s unpuslished laser work.



A longer history

= Simuktaneously, at Columeia University, araduate student Gordon Gould was
working on a doctoral thesis agout the eneray levels of excited thalliuw. In
Novemeer 1957, Gould noted his ideas for a "laser”, including usina an open
resonator (later an essential laser-device component).

> Paces were notarized By a puilic notary in a candy store, on Novemeger
13,1951

> After a lona court Battle, Gould was finally aranted a patent for
"Optically pumped laser amplitiers" in Octoser (971 When Gould’s use
patent was approved in 1988, it covered most of the lasers made in the
us.

- At a conference in 1959, Gordon Gould purlished the term LASER.
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A lonaer history

On May I6, 1960, Theodore H. Maiman operated the first functioning laser at
Huahes Research Laroratories, Malieu, California, ahead of several research
teams, including those of Townes, at Columeia University, Arthur Schawlow,
at Bell Laks, and Gould, at the TR.G (Technical Research Group) company.

> Maiman’s laser used a solid-state flashlamp-pumped synthetic rusy crystal
at £94nm wavelenath; the device only was capakle of pulsed operation.

Later that year, the Iranian physicist Ali Javan, William R. Bennett, and

Donald Herriott constructed the first aas laser, using -He and Ne that was
capakle of continuous operation in the infrared. Basov and Javan proposed
the semiconductor laser diode concept.

In 1962, Rorert N. Hall demonstrated the first laser diode device, made of
GaAs and emitted at 850 nm the near-infrared Band of the spectrum.

Later that year, Nick Holonyak, Jr. demonstrated the first semiconductor
laser with a visigle emission. This first semiconductor laser could only Be used
in pulsed-Beam operation, and cooled to liQuid nitroaen temperatures (T1 K.
In 1964 Charles H. Townes, Nikolay Basov, and Aleksandr Prokhorov shared the
Noegel Prize in Physics, "for fundamental work in the field of Quantum
electroniecs, which has led to the construction of oscillators and amplifiers
Based on the maser-laser principle".

IN 1970, Zhores Alferov, in the USSR and lzuo Hayashi and Morton Panish of
Bell Telephone Laroratories also independently developed room—temperature,
continual-operation diode lasers, using the heterojunction structure.

In the late 19770s, researchers £rom the Tokyo Institute of technoloay
demonstrated the first VCSEL, suaaested gy Kenichi laa.




Types OF lasers



Types OF lasers

- Since their discovery, lasers have Been demonstrated in
solid, liQuid, aas and plasma materials.

- Today, the most important classes Of lasers, resides the
widespread diode/(or semiconductor) lasers, are aas, dye,
solid-state, and firer lasers.

- The -HeNe aas laser, the widely tunagle flowina-dye laser,
the Nd-doped YAG (yttrium, aluminum, and carnet La
silicate minerall) solid-state and the Er or Ye-doped silica
figer lasers are four popular examples.

- Solid-state lasers are lasers Based on solid-state @ain
media such as crystals or alasses doped with rare earth
or transition metal IoNs, or semiconductor lasers.

» Arthouah semiconductor lasers are Of course also
solid-state devices, they are often not included in the
term solid-state lasers, the term laser diode is used
instead.




Types OF lasers

- A firer laser is a laser in which the active ain medium is
an optical firer doped with rare-earth elements such as
ersium, ytterasium, neodymium, dysprosium, ..

» They are related to doped firer amplifiers, which provide
liaght amplification without lasing

- A HeNe laser is a type Of &as laser whose aain medium
consists of a8 mixture of helium and neon (IO to I inside
of a swall Bore capillary tuee, usually excited By a DC
electrical discharae.

» The Best-known and most widely used -HeNe laser
Ooperates at a wavelength of £32.8 nw, in the red part of
the visikle spectrum




Spectral coveraae (in wavelenath)
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Laser diodes



Laser diodes: advantaces

- Diode lasers are distinguished from these other types
Primarily By their agility to Be pumped directly By an
electrical current. They are characterized By

» A nmuch more efficient operation: overall power
conversion efficiencies of SO% are Nnot uncommon for
a diode laser, whereas efticiencies on the order of % are
common £or Gas and solid-state lasers and IO% per CO,
&8s lasers

» Hich reliagility or usetul lifetime, has led to their
widespread use in important applications such as
firer-optic communications systems. Whereas the useful
life of aas or flash-lamp-pumped solid-state lasers is
typically measured in thousands of hours, that of carefully
Qualified diode lasers is measured in hundreds of years.




Laser diodes: advantaces

» Net size. Whereas aas, solid-state and firer lasers are
typically tens of centimeters in lenath, diode laser chips are
cenerally arout the size of a arain of satt, althouah the
mounting and packaaing hardware increases the useful
component size to the order of a cugic centimeter or so.




Laser diodes: advantaces

» Low cost. The diode lasers are mass—-produced usina water
scale semiconductor processes, which makes themw really
inexpensive compared to all other types oOf lasers.

» Easy intearation. The semiconductor oriains of diode
lasers allows £or semiconductor intearation techniQues
t0 Be applied, and £or multiple Building Blocks to Be defined
along the common waveauide, yielding functionally complex
devices and openina a Nnew Ffield of photonic intearated
cireuits.

Diode lasers with intearated optical amplifiers, modulators
and similar other functions have Been realized. In addition,
monaolithic widely tunarle diode lasers and transmitters
have peen conceived and developed, in a footprint much
stwaller than that of external-cavity widely tunagle lasers.




Laser diodes: examples

Laser diode chip and mounting

) Laser diode
! mount

—_Wire bonding for
current injection

Qutput light
Semiconductor
laser chip

https://www.thorlabs.com/newgrouppage8.cfm?objectgroup_id=1832

Butterfly Packaging

Optical
fiber




Laser diodes: examples

© —
Arrayof Array of test
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Mach—Zehnder DBR lasers
modulators

p Laser diodes
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ALL integrated in one I1l/V semiconductor chip:

Multi-wavelength transmitter created from Bragg reflectors, optical amplifiers, phase
modulators, and interferometers



Diode laser active reaion

- Active reaion: the intrinsic reacion of a pin junction
where recomeining carriers contrirute to useful aain
and photon emission

- The active reaion is usually the lowest randaap reaion
within the depletion reaion of a pin diode for efficient
injection

«—— Epitaxial growth 4>‘
1
- p —>| i r— n ——»
.. |
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p-contact n-substrate

FIGURE 2.1: Band diagram of forward biased double-heterostructure diode.



Materials

- Direct Band @ap semiconductor: the minimal-eneray state in
conduction Band and the maximal-eneray state in valence gand
are alianed (same crystal momentum):
electrons can directly emit photons (many lI-V compounds, such
as InAs, GaAs)

- Indirect Band @ap semiconductor: the minimal-eneray state in
conduction rand and the maximal-eneray state in valence rand
are not aligned: electrons must pass trouah an intermediate
state (with emission of phonons) to emit photons. (Si, Ge)

conduction band conduction band

electrons

"_"'}';L;l-c-.\-"""““" B, .

valence band
k

k=0

(a) direct-band-gap structure (b) indirect-band-gap structure



R.educed dimensionality structures

- Bulk materials have reen replaced since the 90s ry
reduced dimensionality structures, ea. Quantum Wells

- Electrons in QW have a density of states vs Eneray
with distinct steps; effective mass of holes is also
modified

- a )-like density of states is ortained using Quantum
wire and Quantum dot materials (“artificial atoms™.

Bulk (3D) well (2D) Quantum wire (1D)
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R.educed dimensionality structures

QUANTUM WIRE

Nyp(E)

Nop(E)




Materials

- The following is a non comprehensive list of compounds
typically used iIn QW active materials

Laser diode material Typical emission wavelengths | Typical application

(active region / substrate)

InGaN / GaN, SiC 380, 405, 450, 470 nm data storage

AlGalnP / GaAs 635, 650, 670 nm laser pointers, DVD players

AlGaAs [ GaAs 720-850 nm CD players, laser printers, pumping solid-state lasers

InGaAs / GaAs 900-1100 nm pumping EDFAs and other fiber amplifiers; high-power VECSELs

InGaAsP / InP 1000-1650 nm optical fiber communications




Laser cavity: comparison

- In a vertical-cavity surface-emitting laser (VCSEL)
structure, the light propacates perpendicular to the
epitaxial layers and exits the tOp mirror stack in a cireular
Beam.

- By contrast, in an edge-emitting structure, the licht
Propaaates alona the epitaxial layers and exits throush
the cleaved facets in a8 high-diveraing elliptical Beam.
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(a) VCSELs (b) Edge emitting



Laser cavity: edae emitting

- Edae emitting (or in-plane) Iaser diode with ridae

waveauide and Mukti-Quantum-\Well active reaion
- Carriers volume: V = NopwdowwlL with

Now numeer of QW layers
dow sinale QW heiaht

w electrode width

L electrode lenath

vV vy vy

, l:injected current
layered nanostructure
p-contact
/ =
pinGaAs 7 []
= E
p-inP o=
InGaAsP- | 2
waveguide ‘ﬁ:i i e
active — w
7
L4 n-contact X
I

1200

1000

[+
o
o

[}
1=}
o

S
I=}
o

I
=3
o

(=]

R
=]
=]

—

>_\ n-In Al As buffer

\ electrons—»

InAs/In, Ga  ,As QWs

|

>
n-In, Al As
cladding i Ii
-

p-In Al As

cladding

In, .Ga, As waveguide

/.

innnnnne \I_|
L' 7 Electric field profile nnhyy&ic— holes
—

fundamental guided mode

00—, L
300 2000

2500 3000
Growth direction (nm)

3500




Laser cavity: VCSEL

- Vertical-cavity surface-emitting lasers (VCSELs) were
introduced commercially in 1996.

- Used in many practical applications (laser mice, laser
pPrinting, precision atomic clocks, Gesture recoanition,
solid state laser pumping, short-reach optical firer links).

- Carriers volume: V = Noywdownr? with

» Now numeer of QW layers
» dow sinale QW heiath
» r VCSEL radius

nt outpdt

lig



Laser structure: VCSEL
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Terminal facets

- The simplest way to create an optical resonant cavity is
10 keep "as cleaved" the terminal facets of the edce
emitting laser.

- The ortained reflection coefficient retween air and
semiconductor is ~ 0.32.

- Anxti- and high- reflection layers can e applied at the
terminal facets to modify this value and to ortain a
frequency dependent reflectivity.

Standard Visible Anti-Reflection Coatings

I I
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Braaa mirrors

- Wavelenath dependent terminal mirrors are ortained By
alternated layers of 2 different materials.

- Periaodic index modulation can Be permanenttly written in
a waveguide Or it can Be created By an electro-optic,
acousto-optie, or nonlinear optical effect.

- In VCSELs, it is simply ortained alternating layers of
two different materials during the vertical arowth
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Grating interpretation

- Consider a square wave aratinag.
r regiBA re"2IBA e 3iBA

- The field reflection coetficient r of the high-low indices
discontinuities follows the Fresnel formula r = Angg/2nesr.

- At high-low transitions, the field reflection is —r.

- The propaaating field accumulates a phase e 1//2
Between a discontinuity and the next one.

- In order to maximize the reflection, all the terms must
add up in phase at the Braaa wavelenath \g:

: 2mn fF
—re N =1 £

AN=m — A =2Ang.
B



Distriruted BPraaa Reflector (DBR)

- When a DBR. with lenath L is considered, the ratio
Between incident and exitina fields is

ktanholg
= —j———- . r(A\g) = —jtanh(kL
r U+J5tanh olg r(Ag) = —jtanh(rls)
with k =2An/\g and o = VKk? — &2
- For small klg, |r| = kLg, and the aratina coupling
coefficient k indicates the reflectivity per unit lenath.

T
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Volume of photons

- Therefore the volume V), occupied By the electric field
and By the photons is laraer than to the volume V
ocecupied Ry the carriers (e- — h™) that £ill the wells.

- Introducing the continement factor I

M= fAc'tive ‘E(G,X7y)’2d\/
[ |E(e,x,y)[2dV

we write V =TV,

- In VCSEL, the interaction retween carriers and field is
limited to a short reaion in the arowrth direction,
leading to values Of typical values of I much smaller than
for the edae emitting case.



Laser round trip condition

3
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FIGURE 2.6: Generic laser cavily cross-section showing active and passive sections (no
impedance discontinuity assumed) and the guided-mode profile.

- The TE field in the cavity is E(x,y,z;t) = )A/U(x,y)Eoef‘“te—J'Bz
- Starting £rom zT and movina toward left, we orserve

that the field

> is first (partially) reflected at the left facet

» then propagates toward right £or distance L

» aets (partially) reflected at the riaht facet

» finally propaaates toward left for distance L
- AssuminGg L, =0, the Roound Trip RT is then

RT = r]_efjﬁl'a rge’)BLa =n rge’zjmae

Ng—<a;>
2

t (1)



Laser and oscillator model

Forward beam amplification and phase change

e
Qutput
v facet 1
r2 r1
Output A
facet 2
<« H «

Backward beam amplification and phase change



Laser round trip condition
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FIGURE 2.6: Generic laser cavily cross-section showing active and passive sections (no
impedance discontinuity assumed) and the guided-mode profile.

- To sustain steady-state oscillation (Barkhausen stagility
eriterion): RT =1
» Modulus (@ain) condition: |RT| =1
» Phase condition: ZRT =2mr, my € Z
- For the other, non-lasing, lonaitudinal cavity modes:
» Modulus (@ain) condition: |RT| < 1
» Phase condition: Z/RT =2mn, me Z #+ m



Phase condition

- From the phase condition ZRT =2mm, m € Z we et
26,L; = 2mm But since 3, = aneff we finally oetain that
the lonaitudinal mode associated to index m is placed at

)\m = 2neffLa/m (2)
- More precisely, in a dispersive medium, we use the Taylor
expansion of the real part of the propaaation constant
around the wavelenath )\ at which the effective
refractive index n.g as Been measured:

Br(w) = Br(wo) + %(w — wo) + (’)(wz)

Oeservina that 9% = & and w = 2mc/\, we et

A, = 2ng

o= )%O(neff — ng)

with ng = ¢/vg; aroup refractive index.
As a first approximation, A\, = 2ngL,/m



Free spectral rance

- The Free spectral ranae (FSR) is the separation
Between two lonaitudinal modes m and m+ 1, in

wavelenath or freauency

2ngL,
m+1
sz 1dA, we have

’d)" = |/\m+1 -

- Since |df| ~
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Gain condition

- For the lasina mode, at threshold we have |RT| = 1; from
Ea D it follows

I’g7<a,->L
rnmne - 2 a=1

- The threshold cain gy, is then

2 1
Mg = —log —+ < a; >
Ly " nr
- We define the "power” mirror losses a,, a8s
2log(1/rir)/L; =log(1/RiR2)/L; (NB.: for cleaved facets
n=nrn= \[(0.32), am ~ 2/La)
- Threshold: the modal @ain equals all the cavity losses
(mirror+material)

Fgth = am+ < o > (5)



Laser threshold

- AMmona the several cavity lonaitudinal modes, there is
only one or just few modes that satisfies the laser
threshold condition RT = 1.

- When the laser threshold is reached, the @ain does not
increase with current anywore: the &ain is camped at
threshold.

- Below threshold: a current increase results in an
increase of carriers and Gain

- At threshold: @ain=losses for at least one cavity mode.

- Arove threshold: the @ain is clamped; a current increase
results in an increase Of the emitted photons




Laser threshold
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Laser rate equations: carriers

- The temporal evolution of the carriers density N in the
active reaion depends on the generation rate Gg, and
the recomeination rate Rec:

dN
E — Ggen - Rrec (6)

- The generation term depends on the injected current
density //V and the injection efficiency 7; (fraction of
injected carrier that ends in the active reaion)

nil
Ggen = v (7)

- The recompeination term includes different effects,
related to the non-radiative (R,,), radiative (Rs,), Aucer
(R4, recomeinations and to stimulated emission of
photons (Rs):

Rrec = Rsp + Rar + Rst = BN? + AN + CN°® + Ry (8)



R_.ecomrination rates

AN addresses, ea., impurity recomeinations

(Shockley-R ead--Hall recompination: an electron in
transition Between Bands passes throuah an eneray
state (localized state) created in the Band @ap BY material
impurities).

BN? accounts £or the spontaneocus emissions of
incoherent photons, over the whole emission randwidth
CN3 is related t0 Aucer processes, ie. Nnon radiative
recomerination retween e~ — h imparting their
transition eneray to another e~ (direct Auger) or to
another e~ and a phonon (indirect Auger)

Direct Auger Indirect Auger




Carrier lifetime

- |# we inject a certain amount of carrier in the active
reaion and we stop the injection, the accumulated
carrier density will decay with an exponential rate

an - N
dt T

with 7 carrier lifetime in the order of Nnanoseconds



Gain model
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FIGURE 4.24: TE gain spectrum versus carrier density in GaAs based materials. Indicated
values are the sheet carrier densities: x 1012 em=2 (the bulk “sheet” density assumes an
80 A width).
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FIGURE 4.26: Peak TE gain versus sheet carrier density in GaAs |



Gain model

- The @ain versus carrier density shown in the previous
slide can re approximated By a simple three-parameters

loaarithmic formula:

y N + N
g(N) (50|<)g,\,tr+/\,s (9)
with
» G} empirical @ain coefficient used for the fitting
» N, is transparency carrier density, ie. g(N,) =0
» N is a shift to force the natural logarithm to Be finite
at N = 0 such that the ain equals the unpumped
arsorption due to the Band—to-rand transitions

- The expression arove is Often approximated as:

N
ﬂM=%mN (10)
tr



Laser threshold

- At threshold (I = I;4), Rs: = 0 and

Mg = g(New) = £ log 2o+ < a; >

- In steady state condition Ea (£) Becomes

Nilen
qV

- We can then write

= ANy, + BN3, + CN3,

g(Nw) = Go

- and the threshold carrier density is then

<a;j>+am
Nth = Ntre Mo

- The threshold current is finally

v
o = = (AN, + BNZ, + CN,)

ni

(11)

(12)



Gain and carrier density vs. current

- N increases £or | < Iy it is damped for | > Iy,

- Gain adamps at the Iy any increase of | agove [y, turns
iNto emitted photons But NO carrier increase

T'e N
Differential y _
gain at ’ -
threshold \, 7 -7

Tey |- el N

/ Ne  Nan N Iy 1

FIGURE 2.8: Gain versus carrier density and carrier density versus input current. The carrier
density clamps at threshold causing the gain to clamp also.

- We define the differential ain a as the derivative of
the @ain respect to the carrier density
og _ G
N = TN
- Linearized aain at threshold: g = a(N — Ny,)



Carrier equivalent model

1/gV—>»

Current
leakage

R;d . ©

4




Stimulated emission

- We can write the total numper of photons aenerated
stimulated emission per unit time as

Rtot,st = Vgrng,tot = Vgrng Vp
- The rate of carrier loss per unit volume V is therefore

Rt = vglgN,V,/V = vzgh,



Laser rate equations: photons

- The temporal evolution of the photon density N, at the
lasinG wavelength can e written as
dN, N

W = rVgng + I_/BSPRSP - 7'7: (13)

with
» Bsp sPONtaneocus emission coefficient, which indicates the
proeagility for a photon cenerated By spontanecus
emission to have the same wavelenagth as the lasing mode
and a direction compatirgle with the field propaaation in
the cavity, therefore contriguting to N,
» 7, the photon lifetime



Empirical @ain model (with photons)

- Gain at the lasing wavelenath decreases with the
iNncrease of photons

- We introduce in Ea. (9) a term to descerire the aain
reduction (compression) due to N,

Go N

N, N, = —2 | 14
g( Y P) ].+€Np Og Ntr ( )

with £ Gain compression factor
- We define the aain derivatives

g _
ON 1+eN,

a

and
€g

%= 1+eN,




Photon density in steady state

- Below threshold:

Rs+ can Be neglected
Bspl Rsp — Np /75 =0

and we ogtain N, = 7,85 Rsp = TpBs, BN?

- Arove threshold:
nil

N is clamped

L= — ANy, — BNth* — CN3, — vggnN, = 0

qV

gut ANy, + BNth? + CN3, = nily/qV, theretore N

MNp 4

— nr(’*’m)
qWegtn

A
i /Stimulated

i __
P emission
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Stimulated
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FIGURE 2.9: Tllustration of output power versus current for a diode laser. Below threshold
only spontaneous emission is important; above threshold the stimulated emission power
increases while the spontaneous emission is clamped at its threshold value.



Optical eneray and power

- The total optical eneray stored in the cavity is
Eos = hwNpV,
- The optical output power £rom the two facets is

1 ni(l = len)
Py = —Eops = veamhwN,V, = vyamhw———-+-"2V,
0T T, T pTpo e qvggnV "

which can Be finally written as

Om hw hw
7(’ - /th) = nd?(/ - /th)

Py = nj—"
0= ot < o > q

where 14 is the differential Quantum efticiency.
- The Pl curve slope arove threshold is ngfuw/q
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Summary of laser rate equations

- Rate equations for carrier and photon densities:

daN  mil N
- = N
dt —qv ¢ e8P
dN N
Ttp = rVgng + I_IBS[JRSP — ?:

- Explicitating 7, 7, and Rsp:

dN-— nil
dt qV

— (AN + BN? + CN®) — vggh,

dN
T: = TvggNp + T BspBN? — vgNjp (< i > +am)



Summary of laser rate equations

1-n.) I/,
Heat & (;,)q
light nillq
Rﬂrv NV
Heat Carrier reservoir

RpV

Photon reservoir

NV,
Pp
(]_nu) T_

Heat & light

FIGURE 5.1: Model used in the rate equation analysis of semiconductor lasers.



Optical spectrum

- In Farry-Perot (FP) laser diodes several cavity
lonaitudinal modes can reach the lasing threshold

- We have several lasing lines (left), therefore the laser
emission is NoOt one sinale wavelenath

- Different cavity layouts are reauired to ensure that the
laser is sinale mode (right): DBR. and DFB lasers
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Multi-mode characteristics of FP
lasers

- FP lasers can exhigit multtiple lonaitudinal mode
characteristics, in particular if the cavity FSR is swall i$
compared to the aain dispersion and various modes can
reach threshold for similar levels of carrier densities.

- Moreover, the aain maximum depends on the carrier
density and it's not easy to control which mode start
lasing first.

10p Ty

Am = C ]

32-10+1+2+43 Cavity modes F 3

< 0.1 ;’ 1

Lorentzian model = 102 =
N

g 10'35r T

— S 0ty b

M A E E

10°F k-

PP S A W B
True gain spectrum 0
Carrier density (x 108 cm™3)



DBR_ laser

- Distrieuted Praaa Reflectors laser: one facet is replaced
By 8 suitarle desianed Braaa Grating

- Mirror losses are now wavelenath dependent since
Ry = R(\)

- A phase shift section can Be introduced to fine tune the
position of the lasina mode

Plot of |reff(A)|?

Gain 1
active Phase Dshift passive section 08| k: H;r:,—
. =
secti —L, Lr— L, ] o8 o i—-ﬂ
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e=Log—e \ o
Lpgg ' \ 03|
A\ 02
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DFB |aser

- Distriruted Feedrack laser: the arating is intearated in
the active waveaguide

- With the notation used in the Figure, the lasina mode
wavelenath and the threshold @aiN are OBtained £rom
the condition ry, (5ih)re,(Bem) = —1

o
iC n
]
P27
‘Standard’' DFB ™ I"— L, = AJAT
[ : ,
%2 /

Anti reflection coating mirrors



Wall plua efficiency

- The input electrical power Pj, is I°Rs + IV, with V4 diode
voMage which is clamped at threshold

- The wall plua efficiency, defined as the ratio petween
optical (output) power Pp and input (electrical) power is
WPE = Po/(I?Rs + IVy)
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Temperature effects and laser heating

- The dissipated power Py = Pj, — Py turns into heat and
causes an increase Of the device temperature AT o« Py

- This in turn causes a decrease Of the @ain (« reduction
of P) and a variation of the refractive index (+ shift in
wavelenath)

g
E
by =
2
8
]
o
0 10 20 30 40 50 60 70
Laser current (mA)
FIGURE 2.17: laser heating as a function of bias current, L-I

curve with thermal roll off (temperature effects taken into account) and ideal L-I curve (for
no heating) are shown.



Temperature effects in VCSELs

As in DFB and DBR_| the emission wavelenath of a VCSEL is
determined By the cavity resonance and Not By the &ain peak

For VCSELs in the 900 nm ranae, mode shift is ~ O.0O1
Nnw/K

The QWs pesk shift (due to randaap shrinkaae) is ~ O.32
NnW/K: a mutual shift of lasing mode and Gain spectrum oceurs.
As a result, In(T) = lpmin(1 + CT(T — Tpin)?) with Cr > 0.

With increasing driving current agove threshold or increasing
amBient temperature, a significant rollover of the output
power characteristics is orserved.

12

4 pm active diameter

=

.

Output power (mW)




Laser packaced with temp. control

Butterfly package: example output leads
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Packace w/out temp. control
TO-CAN

Diode Laser Anatomy

Output
light

Monitor
photodetector i Bonding’ Metallic
Wires Strip

Monitor
Photodiode

Laser



TO-CAN with firer connector

P e T B

Header
1

LD Chip
Fiber Stub  Split Sleeve

Window-cap Isolator Z-Bushing Receptacle LD Submount LD Chip

Lens cap with 8° facet



Small and larae sianal
rehavior



Small sianal rehavior
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Modulation transfer function

log|H ()2
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— I 2 2 2
X wp=wg [1 -5 (Veog)’]
) | —
~ (eoply)” ‘”.%dB = cu,% - \/a)‘,‘, + wh
|
@p
|
| Np increases
Bandwidth I 40 dB/decade
@3 dB /

log

FIGURE 5.4: Sketch of the modulation transfer function for increasing values of relaxation
resonance frequency and damping factor, including relationships between the peak frequency,
wp, the resonance frequency, wg, and the 3 dB down cutoff frequency, wigs.



Damping, resonance and -3dB frea

2 vgalp

A B2 vl [1422] +

Tp

- The relaxation $frequency wg iNcreases with photon
density: moving to higher Rias current the sandwidth
increases. The higher is the differential aain ag, the
etter it is for larae modulation Bandwidth.

» MKW lasers are preferred respect tO Bulk lasers Because
they have higher differential aain and therefore larce
modulation gandwidth. ldeally Quantum Dot lasers should
have the maximum modulation randwidth.

- The term a contains the compression factor e -Hence
the increase of N, causes a reduction of a and
therefore a reduction of the resonance frequency wg

- The dampinG v increases with N, as well. The damping is
also affected By the compression of the @ain due to a,
and By the differential carrier lifetime Tan



Maximumn —3dB modulation randwidth

- The -3dB Bandwidth is aiven By wi g = wi + /wh + wh

- K is maximum with respect to N, when w2 =0, ie,
w3dp = Wgr. This condition also corresponds to the
flattest modulation response.

. 2 . .
- Since w3 = w} [1 - 212} , iIMPOsinG w2 =0 we @et v = v2wg
R

- the value of N, leading to the maximum -3dB modulation
freq o34,

2 Fa,12
Np,—3dBp. = [1 + ap]
Vgan a

resuHting in

f3dBma =

Lo L

27Ty a - 27Ty E
rel?
= f_3dBiax le=0 {1 + ao}



K factor

- K is defined as the proportionality term retween
damping factor v and resonance frequency wr

- We orserve that

7= KfE + 70
with r
K = 27T2Tp 1+ 19
a
and
1
Yo = —
TAN
- The maximum modulation Bandwidth is
21
f_ =vV2—
3dBma>< K

- The K factor therefore defines the intrinsic modulation
randwidth caparilities of the laser



Linewidth enhancement factor

- Chanaes N n.g causes a shift in the emission
wavelenath, proportional to the linewidth enhancement
factor ay (typically ranaing Between 2 and L):

N __Am On/ON
"™ 7"\ og/oN

g 08
51/—04 EaiN(SN EV 36N



Larae sianal response

T0T0T1



R.esponse tO a current step
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R.esponse t0O a current step

- The current at t = 2ns increases $rom zero to [ = 4/,
on and off the laser. ON=> git . OFF=>git O

- The carrier density initially increases as the active-reaion
reservoilr is filled and we have only carriers loss due to
NnoNn-radiative recomeination and spontaneocus emission
Therefore little photon density exists until the carrier
density reaches its threshold value.

- At this point, stimulated recomeination reains and it
limits the increase in carrier density as soon as the
stimulated emission Becomes more and more relevant.
This delay Before the photon density turns on is called
the "“turn-on" delay of the laser.

- After a transient dominated By under-damped relaxation
oscillations N, will eventually reach the steady state value
and N will clamp at the threshold value.

- We have under-damped response: ¢ was set to zero and
the current step is NoOt larae enoush.



R.esponse to a current step: chirp

- The frequency chirp can e caleulated as
ay 1 dPo(t)

W) = 2 Pg dt

- The transient chirp depends on output power Pp(t) and
Its variations

ol Transient chirp

Laser-off Adiabatic chirp
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Chirp and spectrum Rroadening
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BER. and R

- In digital optical transmission, the Bit error ratio is
expressed as a function of the Q-factor ry

BER = %erﬁc(@/\@), Qx< P> //< 813 >

with < P > average power at the photodetector and
< 613 > variance of the current noise.

102
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VCSELs advantaaes vs. edae emitting
lasers

low threshold currents (<I mAD

Mminimized power consumption

easier desian Of electronic driver cireuits

excellent diaital modulation Behavior for data rates >4H0O Geit/s
high power conversion efficiencies

circular Beam profiles with small diveraence anales

wide ameient temperature range (>+21S °C)

complete testing and device selection on the wafer level

very high reliagility with projected lifetimes of the order of ten
million hours at room temperature



Lasers damace



Catastrophic optical (mirror) damaae

- We define as catastrophic optical (mirror) damaae (COD,
COMD), the power limit at which sudden, irreversisle
failure of a facet oceurs.

» The semiconductor material at the laser facet is melt and
recrystallized recause of the excessive heat, leading to an
increased Nnumper Of lattice defects.

» The typical values for COD in industrial products rance
getween 12 and 20 MW cm~L

- At high optical power densities (SO-I00% of the CODY:
the atomic states at the semiconductor/air interface
have eneray levels within the rand cap oOf the
semiconductor-

» Arsoreed photons can lead to Breakina of chemical Bonds
on the surface followed By oxidation which further
accelerates the dearadation

» Heating of the mirror causes the Band Gap to shrink in
the warmer areas, leading to increased aBsorption:
thermal runaway.



Catastrophic optical (mirror) damaae

- This mechanism ocecurs, with lower dearadation rates,
for optical powers down to < SO% COD.

- A sudden failure mechanism, independent of optical
power density, is caused Ry dark-line defects, ie.
Propaaating dislocation networks caused By nonradiative
recompination carriers, deriving £rom material defects.

- Aging and effects of the environment increase liaht
arsorption at the surface.

Table 1. Semiconductor laser diode active-layer materials for emission at 808 nm.

Sudden Typical Power at which
Failure Lifetime COD occurs
GaAs (~60 A) | Yes 8000 h 11 MW/cm®
AlGaAs Yes 4000 h
InAlGaAs No 5000 h
InGaAsP No >5000 h ~18 MW/cm®




Catastrophic optical (mirror) damaae

- Many solutions have Been proposed and are currently
used to reduce these failures

» The presence of aluminum in the active area is a critical
parameter: AlGaAs QW lasers have a shorter litetime and
higher dearadation rate than other laser sources.

» Doping of the surface shifts the arsorption wavelenath
in the proximity of the terminal facet.

» Increasing the terminal waveauide leads to a reduction of
the power density

» Depositing the electrodes away £rom the facet prevents
the injection of charae close to the facets.



Effects of radiation on Laser Diodes

- Laser diodes could conceivarly Be exposed tO ionizing and
par-ticles radiations, which mainly cenerate defect in the
semiconscious material.

- Radiation-induced defects produce eneray levels in the
BaNnd Gap affecting the electrical properties of the
semiconductors.

- Irradiation of laser diodes

speeds up aGinG characteristics

increases threshold current

shifts the lasing wavelenath

decreases licht output at constant current

increases turn-on time delays.

- In @eneral, carrier lifetime can Be written as

vV VY VY VvVYy

D14 Ko
.

with 79/7 pre/post-irradiation carrier lifefime, K damace
constant and ¢ radiation £luence Lcm™1]



Effects Of ionizing radiations

- Gamma irradiation is unlikely to cause significant
dearadation of performance in laser diodes at room
temperature.

- When ionizing radiation (1 MeV v rays from 0Co)
interacts with the semiconductor, it displaces round
electrons, producing electron-hole pairs.

- These primary electrons move throuch the material and
cenerate secondary (Compton) electron cascades.

- |# dopantt impurities are present in the material, the
electrons or holes may Be captured at the impurity atom
sites: charaed defect sites are created, serving as
nonradiative recomrination centers

- The eneray required to generate an electron-hole pair
in the semiconductor GaAs is 4.8eV

- In the case of high-power laser diode arrays, threshold
current and differential Quantum typically chanae < IO%
£or doses up to 4Mrad of ®Co v rays.



Effects Oof neutrons radiations

- Neutrons are consideraily more damaaing than v: the
damaae constant K is ~ OO times areater for neutron
irradiation damaae than for that caused By Gamma
irradiation

- The collision of a neutron with the lattice can transter
a large amount of eneray tO a primvary knock-on atom,
which in turn can cause a dense cascade Of several
hundred displacementts.

- This cluster of defects is thouaht to exist as a larae
disordered reaion with dimensions of a few hundred
anGstroms and to convtain a high density of Nnonradiative
recomaination sites.

- Neutron irradiation reduces the Quantum efficiency,
increase the susceptirility of the laser diode to facet
damace.

- A Blue shift of the lasing wavelenath has Been orserved
after neutron irradiation



Effects of M-ray radiations

- Experiments and simulations were carried out to study
the sensitivity of laser sources to M-ray radiations.

- Sianificant effects were orserved at dose rates near
10 Trads~ 1.

- The laser diodes exhigited a 500 ps interruption of
current and laser output in response to the radiation
pulse. After the optical power recovered £rom the pulse,
it oscillated aBove and Below its initial value. The laser
diodes also exhiBited temporary turn-on effects from
the Off state.

- When increased shielding and shorter cagles were used in
the experiment, the effects were areatly reduced or
eliminated. Therefore, the M-ray effects were
attriruted to electromaanetic pulse (EMP) or
photoinduced currents on the carles to the laser diodes.



R_adiation hardness

- "Good" lasers tend to Be radiation insensitive since they
tend to exhirit low threshold current, optimum heat
sinking, Iow dependence on temperature, low carrier
lifetime, high radiance and high initial licht output.

- K has reen reported that vertical cavity

surface-emitting lasers (VCSELs) show excellernt
resistance to a variety of radiation conditions.

» However, a recent Sandia report concluded that a
GaAs-rased VCSEL emittina at 850 nm underwent a 30%
decrease in output power after reing exposed tO a
fluence of 4.4 x 103 cm £from a Lission neutron source.

- Quantum dot materials show enhanced radiation
hardness as compared with edae-emittina QW lasers.
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