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LASER MARKET ISSUES

Costo approssimativo di dispositivi laser commerciali (ordine di grandezza):

- Laser Ar* per applicazioni metrologiche o pompa: decine kE

- Laser CO, per applicazioni industriali (saldatura, taglio, etc.): centinaio kE

- Laser eccimeri per marcatura, litografia e trattamento materiali: centinaia kE
- Laser Nd:YAG per applicazioni industriali: centinaio kE

- Laser Ti:Sa al femtosecondo (comprese pompe): centinaia di kE

- Laser a diodo: da pochi Euro a centinaia di Euro (esclusi sistemi alta intensita)!!!

Il laser a diodo, introdotto commercialmente su larga scala a partire da anni ’80,
ha rivoluzionato il modo di concepire, impiegare, vendere laser!!

La tecnologia rilevante per la fabbricazione € la tecnologia dello stato solido,
compreso VLS| (quando possibile)

Applicazioni principali: data storage e TLC, ma esistono anche impieghi di
laboratorio e trattamento materiali, medicina, etc.
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NOTE STORICHE

The first semiconductor lasers were realized in 1962 almost simultaneously by research
groups from General Electric (GE) Laboratories, IBM Research Division, and Massachusetts
Institute of Technology (MIT) Lincoln Laboratories. These early devices operated only at eryogenic
temperatures or under pulsed conditions. They werehomojunction lasers Jwhich means that the
same material (GaAs) was used in the active region as well as for the p- and n-doped side of the
laser diode ' 1963, Herbert Kroemer from the University of Colorado came up with the
idea € heterostructure laserd where a thin active layer 1s sandwiched between two slabs of different
material having a higher : oy to confine the carriers, but it lasted until 1970 before this
idea was realized in thé terial system. leading to the first semiconductor lasers
that operated continuously at room temperature. In the following two decades, there was a dramatic
development in the device properties and an extension of the emission-wavelength range that was
mainly driven by the development of fiber communication systems.

-» Zhores |. Alferov
The Nobel Prize in Physics 2000

Nobel Lecture

Double Heterostructure Concept and its Applications in Physics,
Electronics and Technology

Zhores I, aAlferov held his Mobel Lecture December &, 2000, at
Aula Magna, Stockholm University, He was presented by
Professor Stig Hagstram,
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| laser a diodo si basano su
concetti e dimostrazioni coevi
al laser stesso
ma
evoluzione tecnologica
(e.g., MBE) necessaria per
maturazione tecnica

(nota: I'evoluzione tecnologica, come al
solito, € motivata da applicazioni
commercialmente significative!)
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FUTURO ORGANICO???

Photonic Frontiers: Organic
Semiconductor Lasers - The pump is the
challenge

Light-emitting organic semiconductars fall into two broad
categaries: small malecules and conjugated polymers. Both types
are used in OLED fabrication, hut laser developers have focused on
conjugated polymers, which can be depaosited from salution or
printed by ink-jet-like devices.

Qrganic semiconductars have important attractions that extend
heyond the ahility to fabricate them in inexpensive arrays for QLED
displays. In polymers, the semiconducting propedies arise fram
overlap in electron arbits along carkbon chaing where single and
double bonds alternate. Both emission and absarption bands are
inherently wide, and wavelength ranges can be chosen by selecting
the compounds that make up the polymer. Like laser dyes, both
emission hands and absorption bands are broad, allowing both
wwavelength tuning and short-pulse generation. The absarption
hands are strong and widely separated from fluarescence hands,
as required far high gain.

Although electrical excitation seerms easy for organic LEDs, several
issues combine to make it a padicularly tough problem for arganic
semiconductar lasers. One is lower electron mohility than in
inorganic semiconductars, which limits current flow in organic
materials. Although QLEDs can be driven with a current density of

just 0.01 Ncmz, organic semiconductors can't withstand the current

densities of 1000 Afcm® needed to drive an inorganic diode laser.
To make matters worse, lasers are far maore vulnerable to cavity
losses than LED =, and organic diodes suffer losses from electrical
contacts and the depletion of excitons by junction current. "The more
charge wou throwe into the cavity, the more excitons get annihilated,
sovour guantum efficiency gets worse as yvou pump it harder," says
Stephen Farrest ofthe University of Michigan {Ann Arbar, M.
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FIGURE 3. A distributect-feedback grating on the substrate scatters Hight
Loty werticaily, fo procuce the cutout beam, and honzontaily, sothe
beam can be ampiified in the piane of the organic sermiconductor iayver.

Some keytechnical issues remain to be overcome, such as
irmpraving operating lifetimes ofthe arganic laser materials. But the
hig question about arganic semiconductor lasers is which way the
field will go—toward perfecting optically pumped versions or toward
a new approach to electrical pumping.

Samuel says that optically pumping with an LED is a key advance
toweard practical devices. "Ifyou have a low-cost package that gives
wou 3 versatile laser that has wires hanging off thatyou connectto a
hattery, no one will really care that the charges are injected into the
nittide and the light comes from the polymer," he explains. The
average user doesn't care if a green-laser pointer is diode-pumped

Mezzi attivi organici molto promettenti
(sintonizzabilita, costi, biocompatibilita, etc.), ma

doubled neodymium or direct-diode laser emission, and optical
pumping is much easierto achieve. "I'm hopeful that in five vears
tirme, rather than wandering when they finally will get injection
lasers, | hope they forget why they wanted injection lasers," he says.

ancora problemi per lasesaaporopaggioeleitronicanipi.itf~L . 5




UN CENNO SU APPLICAZIONE PRINCIPALE

CD

DVD

DVR

A (nm) 780 650 400
NA 0.45 0.6 0.85
Capacity (GB) 0.65 4.7 22
Parameter CE DVD 4h G eneration
A (nm T80 B50 400
HA 0.45 0.50 0.85-1.5
Track pitch (pm) 16 0.74 0.3-015
Velo: ity (m s 1) 12 4.0 3-25 -
Substrate thickness (mmj 1.2 0.5 1.2-2
Spot size A2HA (pm) 0.9 0.55 0.250.13
Capacity (GB) 0.65 47 100

n.b.: situazione al 2004!

Luce coerente sP

azialmente (laser!) necessaria |
aser a.a 2008/09 — http-//www df unipi.it/~fuso/dida — P

400 nanometers

Laser spot minimum size is
affected by diffraction

Optics with larger NA and
lasers with shorter wavelength
must be used to increase the
storage density

Abbe limit (d) = 4 / 2 x NA

Where. d = lateral resolution.
,. = wavelength,
NAg,j = numerical aperture of ob%ective.



ULTERIORI SVILUPPI???
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MERCATO |

Table 1. Worldwide commercial diode-laser sales 2004-2005 (units)

S
E
:

DIODE UNITS
and control

' Basic research
 Telecommunications
Optical storage
. Entertainment
Image recording
. Inspection, measurement
~ Barcode scanning

- Sensing
Other
Solid-state laser
' pumping
ALS

2 Instrumentation

. Medical

750.080nm 2004 755 58500 O 1,000 0 0 0 4487 10000 31000 19000 124722

L
R ] (1]
>1550nm
] 0

UNITS 2005 3102 MZE00 1200 1050 4802500 670700000 43000000 9204850 13820000 6300000  3FIO000  138951TS 159333 | 765929810

Numeri giganteschi di laser a diodo richiesti dal mercato per data storage (e TLC)
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MERCATO II
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SEMICONDUTTORI ED EMISSIONE

Broad diffusion of lasers driven by the availability of solid-state active media, but (bulk) semiconductors,
e.g., Si, are not suited because of energy gap (in the IR) and indirect transitions

£ - } X n
Lt AL / \ Band structure of Si

The top of valence band and the bottom of the
conduction band are displaced each other

Momentum conservation implies phonons to be involved
in the absorption process

Encrzy [eV]

Transition probability is small (10-10° s) (and
wavelength is in the IR, above 1 um)

L A r A X UK z I
Wavevector k

Fig, 2.10. Electronic band structure of §i calculated by the pseudopotential technique. The

solid and the dofed lines represent calculations with a monlocal and a local pseudopoten-

tial. respectively. [Ref. 2.6, p. 81

Bulk semiconductive materials with indirect gap

can be hardly used in electroluminescent devices
Laser a.a. 2008/09 — http://\. .. ... 10

Fundamentals of Semicond.
Springer (1996)
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LEGHE III-V
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Figura 3.5.13. Struttura di banda di un semiconduttore a gap diretta (a)
e a gap indiretta (b), e transizione radiante.
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Come si pud vedere dalla Figura 3.5.14, dove x indica la percentuale del materiale a gap indiretta, il
semiconduttore si comporta da diretta fino a quando x raggiunge circa il 40%:; semiconduttori di

questo tipo vengono detti a gap energetica maggiorata. Questi materiali consentono di variare la

frequenza della radiazione emessa pur mantenendo un'elevata radianza.

Maggiorazione gap
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For Hall, whw alreadyr had
extericire experience with Gade
allery pocticone, tmree] diodes, ard
light-emitt iz diodes, the project
to makee a laser diode wms an
extericion of his prior recearch
wioth . | also conmpled well writh his
optical experiehce it hic earlier
yonxtbdial hobberist efforts to taild
telescopes ard to polish lances and
mirrors [3]. Hall's laser project
Tedm e h1ded TACh CATls O,
Chardher Fermer, Tack Eingzeler,
arvd Ted Soltrs . Whereas other
gronapes thinkingg abontt
cemicotuhuctor lacers had proposed
o use a mAToscopic Tederal

car ity o which a Gade diode
was placed, Hall decided to polish
parallelfaces crdo his Gade diodes
co that the Faboy- Perot optical
car ity e ometry e Taailt o the
dewice. This spproach Ames rot
unirersalby applied and, inofact the
mportarce of opticalfeedback o
the diode ““actire rezion whs not
fialbyr apprecisted bry marer wrothers
Hall"s team operated their first
encceseinl Cade lacer diodes wmrder
plsed conditiones at 7TE on
September 16, 1962 [1]. 4
schematic diagram of Hall s earkyr
corwept for an mjection laser is
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Mezzo attivo : ricomb inazione e-h in giunzione
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R, = er _ lnl cos(6;) — ns ms{9t>r

RIFLESSIONE TRA DIELETTRICI

When light moves from a medium of a given refractive index »q into a second medium with refractive index ne, both reflection and refraction of

the light may ocour.

In the diagram on the right, an incident light ray PO strikes at paint O the interface
between two media of refractive indexes ny and ne. Part of the ray is reflected as ray
00 and part refracted as ray 0S. The angles that the incident, reflected and refracted
rays make to the normal of the interface are given as B, B, and By, respectively. The
relationship between these angles is given by the law of reflection and Snell's Taw.

The fraction of the intensity of incident light that is reflected from the interface is given
by the reflection coefficient H, and the fraction refracted by the transmission
coefficient T. The Fresnel equations, which are based on the assumption that the two
materials are both non-magnetic, may be used to calculate R and T in a given
situation. The fallowing fields are continuous: tangential E and H, normal B and D,

The calculations of R and T depend on polarisation of the incident ray. If the light is
polarised with the electric field of the light perpendicular to the plane of the diagram

Yariables used in the Fresnel equations,

\ U

Yariahles used in the Fresnel equations. &

ny cos(f;) — ng\/I — (% sinﬁi)z

2

sin(6; + ;) ny cos(#;) + ny cos(6;)

where B; can be derived fram B by Snell's law and is simplified using trigonometric identities.

If the incident light is polarised in the plane of the diagram (p-polarised), the R is given by:

R

r

ny cos(6;) + ng\/l — (% sinﬁi)g

When the light is at near-normal incidence to the interface (8;
2
Ny — Ny
R=R,=R,— ( )
ny + na
T:TQZTPZI_R:

4?‘!173-2
(ny + no)’

s

tan(6; + 6;) ny cos(6;) + ny cos(b;)

The transmission coefficient in each case is given by ;=1 - Rsand Tp=1- R,

- 2
ltan(ﬂf - 9,-)1 2 B lnl cos(f) — ngcos(ﬂi)r B ”1\/1 - (:—: S111 5':‘) — np cos(f;)
nl‘/l - (;—f: sin 6'2-)2 + ngcos(f;)

If the incident light is unpolarised (containing an equal mix of s and p-polarisations), the reflection coefficient is = (Fs + B2

GaAs: n~3.7
- R ~0.33

orthogonal

Nota: n dipende da drogaggio e, nelle leghe (soluzioni solide) anche da concentrazione materiali
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LASER A OMOGIUNZIONE

Figura 3.5.15
Schema di un laser a
OMOgINIZIONE

Qutput Power

These layers of semiconductor materials are arranged such that at the p-n junction an active
region is created, in which photons are created by the recombination process.
On the top and bottom layers, a layer of metal allows connecting external voltage to the laser)
The woltage is applied to metal contacts above and below the semiconductor layers.
The side of the erystalline semiconductor are cut to serve as mirrors at the end of the optical cavity.

The radiation comes out of a rectangular shape of a very thin active layer, and spreads at
different angles in 2 directions.

If the condition of population mversion does not exist, the photons will be emitted by
spontancous emission. These photons will be emitted randomly in all directions, that is the basis of
operation of a light emitting diode (LED). The condition for population inversion depends on the
pumping. By increasing the current injected through the p-n junction, we arrive at threshold current,
which fulfills this condition.It is easily seen that the slope of this graph in a stimulated emission
(laser) is far greater than the slope at spontaneous emission (LED).

The threshold current for lasing is determined by the intercept of the tangent to the graph at
stimulated emission with the current axis (this point is very close to the point of change in the
slope). When the current threshold is low, less energy will be wasted in the form of heat, and more
energy, will be transmitted as laser radiation. Practically, the important parameter is current density
(Afem”).

>

Stimulated
Emission
(Diode Laser)
Spontanecus
Emission
iLEDY Thrashold

'

T T gl
I"'{"r ‘_

Current

Mezzo attivo € nella giunzione

\ 4

Poco materiale
Scarsa qualita ottica

Cavita realizzata da
interfaccia giunzione/aria

¥

Forti perdite, scarso Q
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LIMITI OMOGIUNZIONE

Problema fondamentale omogiunzione:
fotoni non confinati in direzione trasversa all’asse
- forti perdite ottiche
= necessita alte correnti di iniezione
—> scarsa durata

Laser a omogiunzione

The entire laser is made from one substance, usually GaAs. In this simple structure, the
emitted photons are not confined in the directions perpendicular to the laser axis. Thus. the laser is
not efficient.

A Rttie
Hm qumtlm Active H@m Confoveman
p-GaAs in paper
plane

Laser ad eterogiunzione

La causa principale dell'alta corrente di soglia nei normali diodi laser. sopratutio a
temperatura ambiente, nasce dalla difficolta di confinare gli elettroni e le lacune nella regione della
giunzione. A causa del coefficiente di diffusione dei portatori iniettati, che cresce con la
temperatura, e difficile mantenere nella regione della giunzione una apprezzabile inversione di
popolazione. a meno di un continuo ricambio di cariche iniettate dalla corrente. Un geniale rimedio
allo sparpagliamento dei portatori e stato ottenuto con il laser ad eterogiunzione nel quale la
corrente di soglia e di oltre un ordine di grandezza piu bassa di quella del laser ad omogiunzione
finora descritto.
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MBE ARTEFICE DEL PROGRESSO

MASS __ ULTRAHIGH-VAGUUM
SPECTROMETER CHAMBER )
ELECTRON m — Key points for MBE:
GUN A :
\4 ___,_.._fi.g—tﬁmﬁgm__ e - clean process (UHV, p < 10" °mbar)
(. . ’ SCREEN . .
errusion LA MTROEN-CHOLEY - small continuous deposition rate (~ 1 pm/h)

OVEN J \ . i )

N | MUTTEL - suitable with semiconductor
5 _HEATING
6){, f Ty COIL
(/0

Thickness easily controlled at the monolayer level
(Relatively) low kinetic energy favors epitaxy
Heterostructures easily fabricated

1
@ ~—___ DOPANT __ —

MASS ULTRAHIGH-VACUUM

CHAMBER

SPECTROMETER

ELECTRON

GUN l STRATE

lﬁ —= —o WAFER RHEED
]

SCREEN

LIQUID RITROGEN-CODLED

EFFUSION CAYOPANEL

HEATING
CoiL

OrganoMetallics

(MO-VPE or MOMBE)

Sas sauRcE Example of effusive oven (MPI)
CRACKER FOR AsH,
AND PH; DR

b) ORGANDMETALLI
lga M. Ohring, The Materials ok

Science of Thin Films,
Academic (1992)

Inert materials used (but difficult with oxides!)
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CRESCITA PSEUDOMORFA

4.0

Now, higher gaps achieved with GaN
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Well Width {nm})
See MRS Bull. 27 (July 2002)

Figure 3. Transition energy of

Ga, i, ;N/GaN quantum walfs versus
well width, with and without buift-in
glsctric fisld The inset shows a
schematic view of the band scheme, the
effactive bandgap E 7, and the original
bandgap E.°.
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ETEROGIUNZIONI SINGOLE E MULTIPLE

Alternando strati di materiali diversi si ottiene confinamento dei fotoni in direzione
trasversale (direzione di crescita)

Good

Confinemant
Active Reglon in one side In

prGaAs parpandicular
plane (paper)

Single
Hetergjunction | Hatercjunction

Good

Active Region Confinement
Gals in both sidas in

perpendicular
plane (paper

Double
Heterojunction

Si pu0 avere confinamento radiazione anche nell’altra direzione trasversa
(piano della giunzione) definendo lateralmente concentrazione/drogaggio

(Gain or) index guided lasers

. Oxide p-GaflAs
... N P nGoAs | Boofinement
3 ‘ M
Gal ré-lﬁmdad (index Guided |  Adive b;lgﬁaixgrld?
"eda’ al fpendicular
pe npe Hetergundion Plahes

Geomelry) | .gaalas

wrrent
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ETEROSTRUTTURE

Al.Ga,_,As GaAs

Heterostructures(superlattices): sequence
of layers made of semiconductors with
different gap energies (as we have already
seen!)

(a)

8
o Crads
Q
5 E (Al Ga,_, As) E,(GaAs)
E £ S
4 EmbE———o -1 Ehh'l Al
L — hh2
€
hh3
{b)
i Gads
Figura 11.31
Schema di un superreticolo formato con Al.Gay_ . AsfGaAs (c =
reticolare nella direzione z).
1 mn
. —
Da Bassani Grassano, Fig. 9.1. High resolution transmission electron micrograph (TEM] shuwmg a GaAs/AlAs
Fisica dello Stato Solido, superlattice for a [110] incident beam. (Courtesy of K. Ploog, Paul Drude Institute.
Boringhieri (2000) Berling) In spite of the almost perfect interfaces, try to identily possible Al atoms in Ga

sites and vice versa
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MULTIPLE QUANTUM WELLS (MQWs)

A B A B A

R st viost relevant configuration: electrons and

B Ean < holes are confined in the same layer
Most favoured for exciton formation
e.g.: A=GaAs (E,, ~ 1.4 eV, lattice 5.653 A)
4 B=AlAs (E,z ~ 2.2 eV, lattice 5.62 A)
typ. thickness < 2 nm _
. or B=Ga, Al As (x typ. <0.3)
fstaggered) ~ "7 | |TT7° e
sz ; Table 4.1, Semiconductor Material Parameters
' Periodic Bandgap Bandgap Exciton Exciton
E,4 Table Energy Wavelength Bohr Radius Binding
G Material Classification (eV) (pm) (nm) Energy (meV)
_____ A [T = CuCl 1-VIL 3.395 0.36 0.7 190
i Cds I-vi 2.583 0.48 2.8 29
CdSe II-VI 1.89 0.67 4.9 16
GaN v 342 0.36 28
¥ “# GaP In-v 2.26 0.55 10-6.5 13-20
@ | InP -V 1.35 0.92 113 5.1
(msaliened) EBH Al‘:L GaAs v 1.42 0.87 12.5 5
sahigned) } AlAs n-v 2.16 0.57 42 17
BEI>Epy Z7=="feeee- . chalas o0 S Si v L1l 115 43 5
Lon g Ge v 0.66 1.88 25 36
f e Si, Ge, v 1.15-0874x  1.08-142x  0.85-0.54r  14.5-22x
+0.376x2 +3.3%7 +0.6x7 +20x?
Fig. 9.3. Schematic diagrams of three arrangements of the conlinement  PbS Iv-vl 0.41 3 18 4.7
foles in MOWs and superlattices formed by two semiconductors A and AN v 6.026 02 1.96 80
£y and Eyn. respectively. In type 1 samples both the clectrons and holes are confined
in the same layer A. The energies of the confined particles are represented by red lines.
In type ITA systems the electrons and holes are confined in different layers. Type 1B
samples are a special case of type 1TA behavior. They are either small gap semiconductors
or semimetals
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MQW li

electrons = . 4
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® For energies E < ¥, the energy levels of the electron are quantized for the di-

recti : ment; hence they are given by the model of particle in
one-dimensional box. The electronic encrgies in“the other two dimensions
(x an r iscrete and are given by the effective mass approximation

discussed iy Chapter 2. Therefore, for £ < ¥, the energy of anelectron in the
conduction band is given as

R PR+ kD)
8?12 2m*

e

En.kx,ky = EC +

4.1

where n =1, 2, 3 are the quantaum numbers. The second term on the right-
hand side represents the quantized energy; the third term gives the kinetic en-
ergy of the electron in the x—y plane in which it is relativelv free to move. The
symbols used are as follows: m? is the effective mass of electron, and £ is
the energy corresponding to the bottom of the conduction band.

Equation (4.1) shows that for each quantum number n, the values of
wavevector components k, and k, form a two-dimensional band structure.
However, the wavevector £, along the confinement direction z takes on only
discrete values, &, = nm/l. Each of the bands for a specific value of » is called
Thus 1 becomes a sub-band index. Figure 4.2 shows a two-di-
mensional plot of these sub-bands.

For £ > V', the energy levels of the electron are not quantized even along the =
direction. Figure 4.1 shows that for the AlGaAs/GaAs quantum well, the
quantized levels n = 1-3 exist, beyond which the electronic energy level is a
continuum. The total number of discrete levels is determined by the width / of
the well and the barrier height V.

. ;@. chave in analogous way, except their quantized energy is inverted

and the effective mass of a hole is different. Figure 4.1 alsc shows that for the
holes, two quantized states with quantum numbers # = 1 and 2 exist for this
particular quantum well (determined by the composition of AlGaAs and the
width of the well). In the case of the GaAs system, two types of holes exist,
determined by the curvature (second derivative) of the band structure. The
one with a smaller effective mass is called a /ight hole (1h), and the other with
a heavier effective mass is called a heavy hole (hh). Thusthe n=1and n =2
quantum states actually are each split in two, one corresponding to lh and the
other to hh.

Because of the finite value of the potential barrier (V¥ # =), the wavefunc-
tions, as shown for levels n = 1, 2, and 3 in the case of electrons and levels n =
1 and 2 in the case of holes, do not go to zero at the boundaries, They extend
into the region of the wider bandgap semiconductor, decaying exponentially
into this region. This electron leakage behavior has already been discussed in
Section 2.1.3 of Chapter 2.

The lowest-energy band-to-band optical transition (called -
sition) is no longer at £, the energy gap of the smaller bandgap semiconduc-
tor, GaAs in this case. It is at a higher energy corresponding to the difference
between the lowest energy state (n = 1) of the electrons in the conduction
band and the corresponding state of the holes in the valence band. The effec-
tive bandgap for a quanturn well is defined as

(4.2)

In addition, there is 3
These transitions are mod e corresponding transitions found for
a bulk semiconducter1n-addition to the interband transitions, new transitions
between th¢ different sub-bands {corresponding to different n values) within
the conduction band-ean-accur. These new transitions, called intraband bor in-
ter-sub-band transitions, find important technologic applications such as in
quantum cascade lasers. The optical transitions in quantum-confined struc-
tures are further discussed in the next section.

Da P.N. Prasad,
Nanophotonics,
Wiley (2004)



MQW liI

® Another major modification, introduced by quantum confinement, is in the
The density of states IX(E), defined by the number of energy
states between energy E and E + dE, is determined by the derivative
dn(E)/dE. For a bulk semiconductor, the density of states D(E) is given by
E'2_ For electrons in a bulk semiconductor, D(E) is zero at the bottom of the
conduction band and increases as the energy of the electron in the conduction
band increases. A similar behavior is exhibited by the hole, for which the en-
ergy dispersion (valence band) is inverted, Hence, as the energy is moved be-
low the valence band maximum, the hole density of states increases as EV2.
This behavior is shown in Figure 4.3, which also compares the density of
states for electrons (holes) in a quantum well, The density of states is a step
function because of the discreteness of the energy levels along the z direction
(confinement direction). Thus the density of states per unit volume for each
sub-band, for example for an electron, is given as a rise in steps of

D(E)=m?}/n? forE>E, 4.3)
The steps in D(E) occur at each allowed value of E,, given by Equation (4.1), for k,
and &, = 0, then stay constant for each sub-band characterized by a specific n (or k).
For the first sub-band with E, = E,, D(£) is given by Eq. (4.3). This step-like be-
havior of D(E) implies that for a quantum well. the density of states in the vicinity
of the bandgap is relatively large compared to the case of a bulk semiconductor for

which D(E) vanishes. As is discussed below, a major manifestation of this modifi-

cation of the density of states is in th€ strength of obtical transitiond A mainr factar

in the expression for the strength of optical transition (often defined as the oscillator
strength) is the density of states. Hence, the oscillator strength in the vicinity of the
bandgap is considerabl a quantum well compared to a bulk semicon-
ductor. This enhanced osciltatorstrength is particularly important in obtaining laser
action in quantum wells, as discussed in Section 4.4,

v'Interband transition energy is no longer E;,,

Censity of states

Bulk

DOS

Quantum well

Quantum wire  Quantum dot

= == ]

A7)kl

Energy

Figure 4.3. Density of states for electrons in bulk conduction band together with those in

various confined geometries.

Optical transitions in qguantum confined systems
Optical Transitions

I
Absorption

i

Interband:

Transition between
modified valence
and conduction
bands

v'Intraband (intersubband) transitions available
v'Increased transition “strength” (oscillator strength)

—

Iniraband
(Inter-sub-band):

Transition between
quantized sub-bands
of a band (e.g.,
conduction band)

]

Luminescence

|

Photoluminescence:

Optically excited
emission
Electroluminescence:

Emission generated
by recombination
of electrically
injected electrons
and holes
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ECCITONI

each other, a quasi-

Whenever electron and hole wavefunctions overlaj

bound system can be formed called exciton

In (type 1) quantum wells there is a high probability of
Il calcolo dell’energia di legame degli eccitoni pud essere effetato in modo €XCitON formation due to confinement of electrons and

analogo a quello delle impurezze nei semiconduttori se le bande di valenza e di holes in the same layer
conduzione sono sferiche e non degeneri. Analogamente a quanto visto nel cap. 11,
st ricava che i livelli idrogenoidi (riferiti alla cima della banda di valenza) hanno
energie date da: '

a1 Hydrogen-like energy levels! GaAs Buffer MQW Laysr
Hn=Eg— s (12.107) o
2%2g2 n? r
ove n & il numero quantico principale, « la costante dielettrica, e u la massa Eip |1 Eyy
ridotta del complesso elettrone-buca :
11 1 /‘/
e 1 (12.108) . \
[=
Nei semiconduttori abbiamo visto che ¢ ~ 10 & x = 0.5me, per cui I'energia % "g
di legame degli eccitoni sard dell’ordine causa della £ E, £
grande costante dielettrica I'eccitone & dunque debolmente legato e la distanza 5 £
media elettrone-buca ¢ dell’ordine di decine di distanze reticolari. Un eccitone 2
con queste caratteristiche & chiamato eccitone di Wannier-Mott, e ne discuteremo =

Electron and hole system bound by Coulomb

forces - L
@ 1,;3 — l1,5‘.".' 154 IL 1,;'38
Exciton behaves like an hydrogen atom (but Foto Energia (V)

for some degeneracy removal, e.g., lightand  Jec 2 o e o @) oo, _ALLAs + 64 subsoms

GaAs a 12 K. E; indica la posizione dell’eccitone nel substrato, E|, ed By gli eccitond
heavy hole StatES) di buca posante e di buca leggera nel Q.W. Per confranto & Tiportata anche la rifiettiviea. I
picco di buca leggera compare soltanto ad alte temperature in fluorescenza, mentre & visi-

Laser a.a. 2008/09 — http://www.df.u bile in riflettivid. (Da Y. Chen, R. Cingolani, 1.C. Andreani, F, Bassami e J, Massics, Il Nuove. 3

Cimente D10, 847 (1988)).



formed by a periodic array of quantum structures (quantum wells, MINIBANDEIN M QW

quantur wires, and quantum dots). An example of such a superlattice is a multiple
quantum well, produced by growth of alternate layers of a \‘vider bandgap (e.g., Al-
GaAs) and a narrower bandgap (GaAs) semiconductors in tl.le g_rowth (confine-
ment) direction. This type of multiple quantum wells is shown in Figure 4.10a,b by

a schematic of their spatial arrangement as well as by a periodic variation of their sak m_m
conduction and valence band edges. AlDaAs el

When these quantum wells are widely separated so that the wavefunctions of the
electrons and the holes remain confined within individual wells, they can be treated .l AlGaAS GaAs
as a set of isolated quantum wells. In this case, the electrons (or the holes) can not ) U—L]—U—
tunnel from one well to another. The energies and wavefunctions of electrons (and Substrale . X
hotes) 1 each well remain unchanged even in the multiple quantum well arrange- Ly z
ment. However, such noninteracting multiple quantum wells (or simply labeled
multiple quantum wells) are often utilized to enhance an optical signal (absorption
of emission) obtainable from a single well. An example is lasing, to be discussed in _
the next section, where the stimulated emission is amplified by traversing through Figure 4.10. Schematics of the arrangement (a) and the energy bands (b} of multiple quan-
multiple quantum wells, each well acting as an independent medium. tum wells.

To understand the-inferaction among the quantum wells, dne can use a perturba-
Ing idemntical interacting particles with degener- E 4

a b

tion theory approach similar to-trea T ider
ate energy states. As an example, let us take two quantum wells separated by a large
distance. At this large separation, each well has a set of quantized levels E, labeled ; i ;
by quantum numbers n =1, 2, . . . along the confinement direction (growth direc- E _ A E}
tion). As the two wells are brought close together so that the interaction between E.f-
them becomes possible, the same energy states £, of the two wells are no longer de- ] AlGaAs  GaAs
generate. Two new states £,* and E,- result from the symmetric (positive) overlap e
and antisymmetric (negative) overlap of the wavefunctions of the well. The £} = E, d=d.+d,’ _
+A,andE; =E,- A, are split by twice the interaction parameter A, for level 7. >

The magnitude of the splitting, 24,, is dependent on the level E,. It is larger for
higher energy levels because the higher the value of n (the higher the energy value
E,), the more the wavefunction extends in the energy barrier region allowing more
interaction between the wells.

-£ese Ol two wells now can be generalized into the case of N wells—TFheir |

Cractions lift the energy degeneracy to produce splitting into N levels, which are
closely spaced to form a band, the so-called miniband. In an infinite multiple qua

AE,

m

Figure 4.11. Schematics of formation of minibands in a superlattice consisting of alternate
layers of GaAs (well) and AlGaAs (barrier).

well limit, the width of such a miniband is 44, where A, is the interaction be- v “Minibands” formed due to
tween two Treighbering wells for the level . This regult= own in Figure 4.11 for . .
the two levels E, and E, for the case of a superlattice consisting of alternate layers interaction of different wells
of GaAs (well) and A oIy gyrks—(barrier);each-of width 9 nm. For this system, .
the miniband energies are £, = 26.6 meV and E; = 87 meVyywith the respective v Consequences in QC lasers (See later
bahdwidth of AE, = 2.3 meV and AE; = 202 meV (Barnfiam and Vvedensky, !
2001). As explained-abovethe-higher-enerzy Timiband (E) has a greater band- On-)

width (AE,) than the lower energy miniband (AE, ),



LASER ETEROGIUNZIONE CONVENZIONALE
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Figura 3.5.20 Esempi di narrow and broad siripe geomeiries

onventional semiconductor laser:
Ight is generated across material’'s

band-gap
diode \ i

— B
laser:

I.- naterial
— 10 E‘JB

Top Contact Array

Yy

Figura 3.5.21
Laser ad array

T
Active Array

Aumento di potenza attraverso aumendo volume mezzo attivo

Funzionamento generalmente impulsato (altrimenti problemi di dissipazione)
Potenze di picco fino a decine di W
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EQUAZIONI DI BILANCIO DEL LASER A DIODO |

The laser diode rate equations model the electrical and optical pedformance of 3 laser diode. Thiz system of ordinany diffarential
equations relates the number or density of photons and charge carriers(electrons) in the device to the injection current and to device

and material parameters such as camier lifetime, photon lifetime, and the optical gain.

The rate equations may be solved by numerical integration to obtain a time-domain solution, or used to derive a set of steady state or

small signal equations to help in further understanding the static and dynamic characteristics of semiconductor lasers.

The laser diode rate equations can be formulated with more or less complexity to model different aspects of laser diode behawior with

wanying accuracy.

Multimode rate equations [edit]

Inthe multimode formulation, the rate equations model a laserwith multiple optical modes. This farmulation requires one equation

forthe carrier density, and one equation forthe photon density in each of the optical cavity modes:

iN T N =M

TR T C:J‘P-:
dt el e ned
dP, _ 1, N
d_; == F;JG;. — F II_';‘L T j’”r_]‘

g~

where:

bl iz the number of modes modelled, p isthe mode number, and subscript p has been added to &, T, and § to indicate these

praoperies may vany for the different modes.

Spectral Shift [edit

Cynamicwawvelength shift in semiconductor lasers occurs as a result of the change in refractive index in the active region during
intensity modulation. It is possible to evaluate the shift in wavelength by determining the refractive index change of the active region
as a result of camier injection. A complete analysis of spectral shift during direct modulation found that the refractive index of the

active region varies propationally to carier density and hence the wavelength varies propoionally to injected current.

Experimentally, a good fit far the shift in wawelangth is given by:

| Iy .
dA=k[y/— -1
]'-' L ]

where Ig is the injected current and l4 is the lasing threshold current.
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e mGMSAZIONI DI BILANCIO DEL LASER A DIODO |,

G, the gain of the |_|1j mode, zan be modelled by a parabalic depandence of gain on wavelength as followns:

T AlE)=Ay 5 -
N [_ — Id)# Iz] — L‘L_'n".n

G, = -
g 1+eTi2) Py

where: o iz the gain coefficient and £ isthe gain compression factor (see below). by is the wavelength of the |.|11 made, Ghg isthe full
width at half maximum (FWWHK) of the gain curve, the centre of which is given by

E(Ng — Nt
Alt) = )'.g + .
Nn
where hj iz the centre wavelength for N = Ny and k is the spectral shift constant (see below). N4 isthe camier density at threshold and is
giwven by
1
-"'Ifﬁ = iV{r + —
[ ;pr

where My is the carier density at transparency.

Bp iz given by
3, = L
H T4 (20 = AN

where

Pois the spontaneous emission factor, by is the centre wavelength forspontaneous emission and Ghy is the spontaneous emission

FuHM. Finally, by iz the wavelength of the p“ maode and is given by
(mn—118A
2

:".’_. = fl‘lu Il'.l!.\'{-{:"u
where Gh is the mode spacing.

Gain Compression [2dit]

The gain term, &, cannot be independent of the high power densities found in semiconductar laser diodes. There are several
phenomena which cause the gain to 'compress' which are dependent upon optical poveer. The twve main phenomena are spatial hole

buming and spectral hole burming.

Spatial hole burning occurs as a result of the standing wave nature of the optical modes. Increased lasing power results in decreazed
carrier diffusion efficiency which means that the stimulated recombination time becomes sharter relative to the camier diffusion time.
Carriers are therefore depleted faster at the crest of the wave causing a decrease in the modal gain.

Spectral hole burning is related to the gain profile broadening mechanisms such az short intraband scattering which is related to
power density.

Tao account for gain compression due to the high power densities in semiconductor lasers, the gain equation is modified such that it
becomes related to the inverse of the optical power. Hence, the following term in the denominatar of the gain equation :

nu=M

]+€Z F,
=1
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PROPRIETA OTTICHE LASER INDEX GUIDED

Deseription
The SLO11353VE is a index-guided red [aser diode M-224 H H H H

for Laser pomter. The wavelength is 20nm shorier ; ASImmetrla € aStIgmatlsmo

tran SLOT122S. }@9 fascio dovuti a forte asimmetria

Features — cavita (dimensioni diverse nelle

= Small astigmatism (Tum typ.) . . . .

* Small package (p5 Emm) - varie d irezion |)

* Sing'e longitudinzl mode

* Low operating voitage 2.5V Max)

* Max operating temperature = 40°C (Zase temperature)

Electrical and Optical Characteristics (Tc = 25°C) Too Case temperaturs
[tem Symbal Condiions ki, Typ- Max. Uit aStlgmatlsmo
Thresheld cumrent Ilth an 40 i ik
Operating current logp Pz = 8mW a5 45 mé
Operating voltage Vop Pz = 8mW 22 25 W
Wavelength Ap Pz = 8mW 650 G660 nm
Radiation Perpendicular | 6L 22 a0 A0 degree
Pa = 5m\W
angle Paralle B 5 7 12 degrae
Position AN, AY, AT £150 prm ¥
Positiona A Po = SmW ) degree Figure 10. Schematic diagram showing the problem of astigmatisim.
ACCUracy Angle
Aipl +3 degree

Cifferental eficiency no Po = 5m\W 0.3 0.6 0e m W A
Astigmatism As Pa = 5m\W 7 5 prn
Wonitor current Imon Po=8mW, Ve =5V 0.05 01 0.25 mé

Fascio molto asimmetrico, divergente, astigmatico
Tipicamente bassa coerenza spaziale
Necessita di usare elevate aperture numeriche Per buona focalizzazione o coII|ma2|one
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PROPRIETA SPETTRALI LASER ETEROGIUNZIONE

Huitmade gain gulded Single-made indax guidea
670 nm fazer diade 780 nm faser diode
[
T
[
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=
T T T c T
[ili] ] &ra bk ey T
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el fangitudingl made Single kengiudinal mode
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Salti di modo al variare di
T = necessita di
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Figure 14. Mode hopping ohserved while temperature tuning a single-mode laser diode.

B

Figure 13. Effects of temperature on center wave

‘Wemeatangh i (rm)
=

L~

By = 2w

o

L~

20 o A}

Caes lomparaiure To ()

S0

Variazione lunghezza
cavita (e indice di
rifrazione) con T 2>
Sintonizzabilita

attraverso controllodi T
(~0.2-0.4 nm/K)

Leggera dipendenza da
endtrrente (YGHz/mA)

Normalmente competizione fra modi longitudinali

Nota: Av.~ 10 Hz = modi spaziati di qualche Angstrom in lunghezza d’onda
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CONTROLLO SPETTRO LASER ETEROGIUNZIONE

Accoppiamento ottico (feedback) con cavita esterna
- Sintonizzabilita (decina di nm)
—>Aumento monocromaticita (Av,., < MHz)

diode
loger Consente stabilizzazione lunghezza d’onda
tramite riferimento di frequenza e feedback

sulla lunghezza della cavita esterna

Cavita risonanti integrate: DFB e DBR (ben sintonizzabili con temperatura)

DFB = Distributed FeedBack Laser - in which the grating is distributed along the entire
active medium. The wavelength of the grating determines the wavelength emitted from the laser.
This laser emits radiation in a very narrow line spectrum.

DBR = Distributed Bragg Reflector - in which the grating is outside the region of the active
medinm, in a place where no current flows (the passive part of the cavity).

Grating Along
; Active Medium {Dis?:ni':hﬂ_lted
Lm i
Radiat) wen
null on Substrate Actve Medium Sdhaok)
Aclive I";'Iedium Grating Qutside OBR

P Aclive Flegon (Distributed
§-1 = ge— Bragg
Radiation Reflection)
out
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LASER A CAVITA VERTICALE (VCSEL)

Distributed Bragg Reflector structure (1D photonic crystal)

“Bragg mirrors” can be built by

1.000

3i/2
5n/2

0.995

depositing aiternate iayers with different
refractive index and highly controlled
thickness

o] A

0.990

960

1
980

2
1000 1020 1040

Reflectance

0.0

Figure 1. (a) Distributed Bragg reflector (DBR} structure using a high-refractive-index
quarter-wave layer on the sitbstrate foflowed by m low-index high-ndex {LH) quarter-wave
bitayers. (b) Relative phases at the DBR surface of light rays reflacted from each intertace
within the DBR stiucture. The minus sign indicates the 180° phase shift that occurs upon
reffection from a low- to high-index surface. A rounc-trip pass through each quarter-wave
layer results in a halwave phase shift. Every reflected ray returns to the DBR surface
shiifted by exactly 180" in phase. Alf reflected electric fields thus add constructively to give
a high net reflectance for the DBR, even If individual interface reflectances are small,

L
800

1008
Wavelength {nm)

i
1200

Figure 2. Reflectance spectrum in air

of a 1600-nm GaAs/AlAs DBR for

20 pariods and 5 periods fiower

two plofs). Dashed iines show the
reflectance from a bare GaAs subsirate.
Top plot shows the high-reftectance
region of the 20-period mirror near the

desian wavelength.

The laser cavity design discussed so far is that of an edge-emitting laser, also
known as an in-plane laser, where the laser output emerges from the edge. Howev-
er, many applications utilizing optical interconnection of systems require a high de-
gree of parallel information throughput where there is a demand for surface emit-
ting laser {SEL). In SEL the laser output is emitted vertically through the surface.
Many schematics have been utilized to produce surface emitting lasers. A particu-
larly popular geometry is that of a vertical cavity SEL, abbreviated as VCSEL. This
geometry is shown in Figure 4.20, It utilizes an active medium such as multiple
quantum wells sandwiched between two distributed Bragg reflectors (DBR), each
comprising of a series of material layers of alternating high and low refractive in-
dices. Thus for an InGaAs laser, the DBR typically consists of alternating layers of
GaAs with refractive index ~3.5 and AlAs with refractive index 2.9, each layer be-
ing a quarter of a wavelength thick. These DBRs act as the two mirrors of a vertical
cavity. Thus, both the active layer (InGaAs) and the DBR structures (GaAs, AlAs)
can be produced in a continuous growth process.

An advantage offered by a VCSEL is that the lateral dimensions of the laser can
be controlled, which offers the advantage that the laser dimensions can be tailored
to match the fiber core for fiber coupling. An issue to deal with in VCSEL is the
heating effect occwrring in a complex multilayer structure, as the current is injected
through a high series resistance of the DBRs,
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- Surface emission for integration in optoelectronics

Vertical Cavity Surface Emitting Laser

VCSEL advantages:

)

- “short” cavity: temp. stability, beam optical
features, ...;
- Small overall size, low threshold, high efficiency
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PROGRESSI NELLA FABBRICAZIONE

QC-Jaser crystal grown by
Molecular Beam Epitaxy (MBE)

Cross-sechion of 2 few siages of QC-laser crysfal  crystal growth one atomic layer at a fime

+ Many (~ 500), few-atoms thick layers of alloy matenals (Al, Ga, As, In);
+ atomic control of layer thickness, 1 nanometer (nm) =4 atomic layers
+ atomically flat layer interfaces

Progressi nella tecnica di

E
. . =
fabbricazione MBE o
consentono negli ultimi anni ©

di srealizzare dispositivi con
migliori proprieta ottiche e
di efficienza e di ottenere TEM by S. N. Geerge Chu

[

nuUovi approcci
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LASER A CASCATA QUANTICA (QCL)

Completely new approach to lasing action with the goals: |
-Mid-IR lasers with possibility to engineer wavelength (e.g., for trace analysis);

-Huge efficiency (low threshold, high power)

0

CE — B

canvetional laser

qc. =>—"*

laser:

—

QC-laser:
Light i

materials by design”

P
2and structure engineering and MBE

/\/\/\hv
I

I T e W =T =]
idyer IMcKness

ed energy ge ®

guantum cascade laser

® In contrast to the lasers discussed above, which involve the recombination of

an electron in the conduction band and a hole in the valence band, the QC
lasers use only electrons in the conduction band. Hence they are also called
unipolar lasers.

® Unlike the quantum-confined lasers discussed above, which involve an inter-

band transiti'in’b'emithe conduction band and the valence band, the QC
lasers invol\e intraband {inter-sub-band) transition of electrons between the
various sub-bands corresponding to different quantized levels of the conduc-
tion band. These sub-bands have been discussed in Section 4.1.

In the conventional laser design, one electron at the most can emit one photon
(quantum yield one). The QC lasers operate like a waterfall, where the clec-
trons cascade down in a series of energy steps, emitting a photon at each step.
Thus an electron can produce 25-75 photons.
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QCL

Figure 4.21 illustrates the schematics of the basic design principle of an earlier
version of the QC lasers that produce optical output These lasers are
based on AllnAs/GalnAs. It consists of electron injectors comprised of a quantum
well superlattice in which each quantized level along the confinement is spread

d Dy the interaction between wells, which have ultrathin (1-3 nm) b
layers. The active region is where the electron makes a transition-from-at tple
band to a lower sub-band, producing lasing action. The electrons are injected from
left to right by the application of an electric field of 70 kV/cm as shown in the slope
diagram. Under this field, electrons are injected from the ground state g of the mini-
band of the injector to the upper level 3 of the active region. The thinnest well in the
active region next to the injector facilitates electron tunneling from the injector into
the upper level in the active region. The laser transition, represented by the wiggly
arrow, occurs between levels 3 and 2, because there are more electron populations
in level 3 than in level 2. The composition and the thickness of the wells in the ac-

tive region are judiciously manipulated so that level 2 electron relaxes quickly to

INJECTOR

’\ ACTIVE

~_REGION

Minigap \}

’ INJECTOR
’ Miniband Ay [

A JNAVAN ACTIVE
g 3 \H‘EGION
Minigap| M

level 1.

The cascading process can continue along the direction of growth to produce
more photons. In order to prevent accumulation of electrons in level 1, the exit bar-
rier of the active region is, again, made thin, which allows rapid tunneline of elec-

trons into a miniband of the adjacent injector. After relaxing into the ground state g

of the injector, the electrons are re-injected into the next active region. Each succes-
sive active region is at a lower energy than the one before; thus the active regions

act as steps in a staircase. Therefore, the active regions and the injectors are engi-

neered to allow the electrons to move efficiently from the top of the staircase to the

— P

-‘ Miniband

1

Distance

ry

[ =

Energy

The slope is due to the electric field applied

Careful engineering and manufacturing of electron injector and active

layers allow to achieve an
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Quantum design of QC-laser
A Falst F Capasso, C. Sidord, DL Sheo, . N Bailargean, A. L Hufchinson, & NG, Chu,

and A Y. Cho, Appl Phys. Lett 68, pp. DBR0-0682 (1996).

QCL 1l
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well and barri
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55.1 nm

725 meV

multiple QWs under external

Key characleristics of QC-lasers

applied electric field

band-offset = 500 - 800 meV

through lattice matched or

strain-compensated n InP

1 - 100 active regions/injectors
(typically ~ 30)

layer thicknesses designed to
provide population inversion

Tap =7 Ty

designed for tunneling transport
Lucent Technologies 6 \

8ol Labs nnovations

+ Wavelength (“color”) determined by layer thickness
rather than by material composition

» all mid-infrared spectrum covered by the same material

.

» intrinsically high power lasers

+ High reliability: low failure rate, long lifetime and robust
fahrication

|

' Room temperature, pulsed, single-mode

QC-DFB laser @ /. ~4.65 um
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CONCLUSIONI

Il laser a diodo (ad omogiunzione) sfrutta conoscenze gia note negli anni ‘60

Lo sviluppo della tecnologia (MBE, in primis) ha permesso di ottimizzare
architetture e fabbricazione negli anni ‘70-'80

Nuovi mercati consumer hanno spinto verso la diffusione dei laser a diodo

Oggi TLC, data storage, entertainment rendono i laser a diodo diffusi in modo
universale e capillare

Esistono prospettive per nuovi ulteriori sviluppi
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