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Semiconductor Laser Introduction
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A laser diode is an electrically pumped semiconductor hetero
structure in which the active medium is embedded within a
P-N junction

Optical gain is provided by the radiative recombination of

electrons and holes in a direct band gap semiconductor active
layer

Wire Bond

>

Stripe Contact Cladding Layer

- a
—__Active Layer

“Cladding Layer

Boffom Contact

"
.,
~

Highly Divergent
Astigmatic Qutput
Beam



i - Prima
J R Electro

When the P-N junction is forward-biased, electrons are
injected from the N side while holes are injected from the P
side. Both electrons and holes are confined within a lower
bandgap region (which can be so small to allow quantum
confinement) where they recombine via stimulated emission
excited by an existing photon

Diode Lasers can be extremely efficient showing “wall plug

efficiency” (ratio between optical power and electrical power)
exceeding 70%
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The Beam Parameter Product (BPP) quantifies the quality of a
laser beam and how well it can be focused to a small spot. Itis
the product of a laser beam's far-field divergence angle (half-
angle) and the radius of the beam at its narrowest point (the
beam waist).

BPP =w X 9 [mm mrad]

A
BPPgaussian = g

BPP 2 BPP cannot be reduced by manipulating
— M > 1 the optical beam with linear optics
BPPGaussian (lenses, mirrors, ...)

Combination of optical beams implies
adding their BPPs



Brightness orRadiance

Federal Standard 1037C k. \
Telecommunications: Glossary of G’

Telecommunication Terms

Radiance: Radiant power, in a given direction, per unit
solid angle per unit of projected area of the source,
as viewed from the given direction.
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B _ i Material processing efficiency is

for a Gaussian beam: 12 proportional to laser brightness

Prima
rﬁv Electro



E

Prima
Electro

1917, A.Einstein
“Zur Quantentheorie der Strahlung” Physik Annalen

1958, A Schawlow, C. Townes (Bell Labs)
“Infrared and Optical Masers”
Physical Review

Maser = Microwave Amplification by Stimulated
Emission of Radiation

1960, T.Maiman (1927-2007) (Hughes Research Labs)

"Stimulated Optical Radiation in Ruby” Nature

Laser = Light Amplification by Stimuwlated Emission of

Radiation

A brilliant solution in search of a problem!
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Semiconductor Laser:
1962: First Realization of Semiconductor Laser (GaAs @T = - 200 °C) [GEC, IBM, MIT]
1963: Proposal of Heterostructure Semiconductor Laser (H. Kroemer, Z. Alferov)

1970: First Realization of Heterostructure Semiconductor Laser (Z. Alferov)

1972: Invention of Quantum Well (Bell Labs)

1984: First Realization of Strained MQW in semiconductor laser

Z. Alferov receiving
his Nobel Prize
Stockholm 2000



Semiconductor Laser Applications




Laser revenues and 2015 forecast
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The total laser diode market is expected to reach USD 11.94 Billion by
2020, at a CAGR of 13.0% between 2015 and 2020

http://www.marketsandmarkets.com/




Communication has always been one of the main driving force for the
development of new technologies:

Telegraph, Telephone, Fiber Optic, Las

Tim Berners-Lee computer at CERN:
World’s first Web Server 1991

er, ...

Internet Users in the World

’\\“‘. . 4.000.000.000 I (ntemet

About 40% of world population """
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Worldwide communication traffic is doubling every 18 months (2dB/year)
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Relative Information Capacity (bit/s)

I l
10" ~ / » Short monochromatic
10 . optical pulsgs are easily
10" FBER _ produced with
10" . SN semiconductor lasers
5 Comnjunication _ (pS range : Gb/S tO TbIS)
10 Satellites v .
0f e Adianced * Photons do not interact
microwave systems "
102 ~ Early coaxial oaIJIn: links B E |eCtron ICS eaCh Other
§— Carrier Telephony first used 12 voice * Photons Can be
10° channels on one wire pair . - .
- Telephone lines first constructed - propagated In Optlcal fl ber
2 | | | ] | | | .
1880 1900 1920 1940 1960 1980 2000 2020 2040 with very low loss
vear (0.2dB/km)
Metro Access Network Metro Interoffice Network

Today Photonic Network:

WAN Wwide Area Network

Submarineg

Terrestrial

MAN

Storage Area Network Local Area Network Metro Area Network

|Traffic volume

10m 100m 1km 10km 100km 1000km
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Laser welding
Laser cutting
Laser drilling >
Laser hardening

Laser microprocessing
/

Subtractive manufacturing

Additive manufacturing

Material processing efficiency is proportional to Laser Brightness:
* High Power
* High Beam Quality (Low BPP)

P
i Prima T2 BPP?2




BPP required for material processing
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A process by which digital 3D design data is used to build up a
component in layers by depositing material

Advantages over traditional (subtractive) manufacturing
Rapid prototyping
Fabrication of otherwise impossible objects
No need for high-volume manufacturing to be competitive
Cost for N products = N x cost of one product
Complexity and variety comes free
Less waste

Spare parts production

Manufacturing in space
http://www.nasa.gov/mission_pages/station/research/experiments/1115.html
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Laser Diodejinviaterial Processing

Single laser diodes have optical power of the order of 10W
and cannot be directly used for material processing, requiring
several kW of optical power

Beam Coupling of many laser diodes intrinsically reduces the
total beam quality thus preventing use for material processing

(BPP,., ~ 2 BPP,)

Laser diode are typically used as pump sources for rare-
earth-doped fiber lasers which in turn deliver the required kW
optical power at low BPP

The low BPP recovery is achieved at the expense of optical
power loss of about 40%
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More than one hundred

diodes for 1kW out = N

(high power at high BPP)
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Semiconductor Laser
Principle of Operation and Key Points
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Laser rate equations:

Carrier density ﬁ Optical gain
| ﬁ Nonlinear gain
——i N _Gwy-a-i-5)-s
Photon density gV T, 17 Spontaneous emission factor
ds s T ﬁ N d
—=T,-G(N)-(1-g-8)-S-—+ —=0
dt : T, dt I q VN "
Optical confinement factor [ Cartier lifetime h = -
Photon lifetime "
1 2 3

High carrier density and high photon density in an active material

within an optical resonator
4

1. Electrical injection (p-n heterostructure)
Carrier Confinement  (Quantum Well)
2. Photon confinement  (Optical Waveguide)
3. Gain (Quantum Well)
4. Photon recirculation  (Facet Mirrors or Distributed Bragg Grating)
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» Optical gain, light emission (direct band gap) ...

Ener s_) of electron £

photon emission hao \

through e-h recombination AVAVAVER ™™

ole
Heavy hole band : \

Light hole band

Conduction band

Electron wave number &

Valence band

N

... at wavelength of interest: Splitoff band
Optical communication: A = 1.3 um, 1.55 um
Material processing (Yb pumping): A = 0.90+-0.98 um

» compatibility with semiconductor substrates: Si, GaAs, InP
[



Semiconductor alloys of llI-V elements are the best materials for semiconductor
lasers emitting at wavelength of interest
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T. P. Pearsall, GalnAsP Alloy Semiconductors, Wiley (1982)

] In, ,Ga,As P, , alloy, grown on InP
substrate, covers the spectral
range required for optical telecom

Al Ga,As (+ In,,Ga,As) alloy,
5 grown on GaAs substrate, covers
the spectral range required for Yb-

fiber laser pumping

HAMODGAF [ew)

= | * High quality material

- | » Established
growth techniques
and material processing

1
O | 1 | ] I ]
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LATTICE COMSTAMT(A)

L . . ) ) X ) i
Variation of the bandgap as a function of lattice constant for 111-V binary and alloy
semiconduclors
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JDOS
R o
Kk
t ho
Eg
Three bands are involved in optical transitions:  Joint density of states (available for optical
- Electrons Conduction Band transitions) is a square root function of the
- Heavy holes energy in excess of the energy gap
- Light holes } Valence Band
m,, >9m, JDOS o« Jhw—E,
m, = m,
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Double Heterostructure (DH) Aon> Lo b Separate Confinement

Heterostructure (SCH)
% refractive index
{ A ’ 3 P C
P | B
- B § = - B \Pphoton
A Yz A
Nl i "
: A
| (Substrate) B \ (Substrate)
E4(A)> Ey(B) E4(A)> E4(C) )> E4(B) , n(A)<n(C) <n(B)
e-h confinement Photon confinement

Combination of layers of different crystalline semiconductors.
f H. Kroemer, Varian associates 1963

> (Nobel Prize in Physics, 2000)

The idea was experimentally demonstrated using the Liquid Phase Epitaxy (LPE)
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The idea was experimentally demonstrated in 1974 using the newly developed Molecular
Beam Epitaxy (MBE).

B A B
BULK
2
d=3 o
A QW
Eg Eg
QUANTUM WELL ; ___________
72 Lk L

QW is now a widely spread
quantum product i .
based in atomic-scale technology L Transinission Electron MSHISEPRE

Prima view of QW . =
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Helmholtz equation (photon) ()

{% +k02n2(2)} W(Z):neffZW(z)
YA

Schroedinger equation (electron) N
¥

 2m dz?

{ h~ d +V(z>}//<z)=Ew<z>

n’(z) = -V (2)

cladding = barrier
core = well
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refractive index ridges confine photons (optical waveguides)
potential wells confine electrons (quantum wells)



Opt|cal Waveguide

TE polarization
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JDOS

E E . E bulk
€2 One step for
5 e, every
allowed
11| 11| 22 transition
o "N\
I,
TV<4m
Ih,

Strong carrier confinement and
2D Joint Density of States (JDOS):

* Low laser threshold M i

» High thermal operation JDOS = Z e @(ha) -k j)
- High differential gain H

* Wide gain bandwith
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The epitaxial layer can be grown with a lattice parameter slightly different from the
substrate lattice parameter (lattice mismatch).

=2 =3  a = lattice parameter of the epitaxial layer
as as = lattice parameter of the substrate
aLI a4

) )
- e - S

compressive strain tensile strain
m>0 m<O0
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1. P Pearsall, GalnAsP Alloy Semiconductors, Wiley (1982)
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LATTICE CONSTAMTIA)

Variation of the bandgap as a function of lattice constant for 1=V bina
semiconduciors
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compressive
strain A
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Low escape time

High T, (low thermal dependence)
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unstrained

s =

tensile
strain

I 1 hh hh
h h
k k
m=0 m<0
A el A A el
11 1’1 11___ 1’_1
hh
hhy |, B)TE, TM
In,

Low dichroism

Polarization-independent devices



Tailored with quantum well structure (thickness, composition, strain)

compressive
strain

= E“
gl \je

TE polarization
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n= ) i Citan, optical efficiency
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Low dissipated power, high optical efficiency = long device length, low propagation loss
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Afinement
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Optical Waveguide

Refractive Index
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Refractive Index
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Vertical Confinement

1

Far field pattern

1.0
High-power laser: i
. . 0.8 [~ Po = 500 mW
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L:Nl

n Cavity mode
o > }\‘

N=integer

A

N n=refractive index

A =wavelength

Cavity mirrors are due to refractive index
discontinuity from semiconductor active
layer (n~3.2) and air

Device:brOOTZOu; | =‘30.0 mA; Peak: 1291.0 nm; 23-Jan72003
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Multi-mode emission




Distributed Feedback Laser (DFB):

20
[FE lasar &
-3t
apacium
-ant
8-50¢
k=65 cm A |
A =0.244m 'M\Aﬂ““\d L\N\MM-,—."
B= 2_7[.3 2 _
A s 1560 565 0

1054 1645 1 |55 1.66F 1 IEB 1.665
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_ACTIVE LAYER
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: n® d?
n(A,N,F) +1k(A,N, F ———+V(z 2)=Ew(z
( ) +ik( )h[Zmdzz ()}//() w(2)
Control of Optical Properties through atomic-scale technology
Quantum Well requires sub-monolayer manufacturing control (c < 0.1nm over 10cm?)

achievable with Molecular Beam Epitaxy or Metal Organic Chemical Vapor Deposition.
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Machinery Division

—_—

Laser and sheet metal fabrication machinery: 3D Industrial grade dedicated electronics, numerical
laser cutting, welding/drilling, punching, combined controls & motions systems and high power laser
tech, bending, automation and FMS. sources for industrial applications.
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Champlin (MN) - USA Kauhava - Finland

Collegno (TO) - Italy

LASEROYNE

Laserdyne and 3D laser systems

Punching & Combi systems - 7 Cologna (VR) - Italy
Automation = . g
dd

Chicopee (MA) - USA D and 3D Laser
Rl systems

l

Barone (TO) - Italy Panel benders & press-brakes

Convergent Photonics laser
Moncalieri (TO) - Italy

\.

l‘ —
.
‘!llllh
revanaasT]

| 3

Suzhou - China

kﬁ"“ “'L‘L‘
ectronics: OSAl and DOTS

q E}‘ g . products assembly & testing

Torino - Italy
Electronics: R&D I "
processing
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Cutting, welding, and drilling applications of metallic and non-metallic
materials. Over 6000 high power industrial laser sources worldwide.

PRODUCTS

« CO, Lasers

 Fiber Lasers

* Nd:YAG
APPLICATIONS .
" e > =
4 Cutting W "= } : 4 L {. A L’:"““--—-ﬂ—’—d“‘“" ‘- . )
. Welding NORE CONVERGENT design and manufacturing main
Q‘ Ly facility is located in Massachussets (USA) one of
» Drilling & . " the world “centres of gravity” of laser technology
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Torino Diode Fab




1980 1990 2000
Team History

2010

CSELT ~ Agilent - Avago

v

Team heritage is a long path of
Research, Development and Production
of Photonic devices for telecom

* As Optical Technology Research Center for
Telecom Italia (CSELT - Tilab) since 1980; from
2000 to 2014 as R&D and Production center for
Agilent / Avago technologies

* Developing know how on modeling, EPI growth
and Technology Processes on semiconductor
for Photonic devices

« 2007 - 2014, developing key competences on
production engineering for telecom laser
sources

¥

h=
s

Production lasers in Torino
(2007 - 2014)

2 Million diodes shipped
to product line

Proven reliability:
No return from field

70 M device x hours
tested in Lab




2015
Team History >

Prima Electro

»
»

From January 2015, a new R&D S % POLITECNICO
centre has been opened in D MLAT | DITORN
QOPI

Torino as part of Prima Electro ,w&/:
and in co-operation with:

Mission: to develop Semiconductor and High Power Laser
Technologies for industrial applications

Team skills:

12 engineers, core competency of R&D and production of diode
lasers

« ElectroMagnetic, Quantum Mechanical, Electrical and Thermal
Design

Technology Know How (Wafer Fab, Die Fab)

Production Engineering

Testing and Characterization

Stress test of optoelectronic devices (new product

qualification, production quality)
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Site Numbers:

O Clean Rooms (10 -10000 class):
- 800 m2 Wafer Fab:
- 400 m2 Die Fab, Testing:

O Stress Test (reliability): 100 m2

U 600 m2 of R&D Lab for Diode Laser
testing, offices, meeting Room

Facilities:
U Dielectric and metal deposition, wet and

dry etching, nano-scale Lithography
(EBL)

O Automatic testing, Wafer Scribing, Chip-
on-Carrier assembly

O Stress tests and wafer validation (Burn
In, Lifetest)

O Multiemitter modules assembly line
(2016)
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| —  — mask / ]
~—photoresist

SiN

2) Chemical etch

1) Photolithography
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How. 10.make laser. diodes:

D2 Procass trorr Waliars to erlos

J

Wafer bars Coating /cleave Laser Chips

| | | | Dicing

~ 0.6mm(w) x 5mm(L) x 0.1mm(h)

Scribing




Thanks for your attention!

Claudio Coriasso

claudio.coriasso@primaelectro.com
WWW.primaelectro.com



mailto:claudio.coriasso@primaelectro.com
http://www.primaelectro.com/

