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DiodeDiode laserslasers: : 

h lh l dd ff li ili ittechnologyechnology and a and a fewfew applicationsapplications
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OUTLOOK

‐ Short hystory of diode lasers and of their (huge) impact on the market:
technological progress (from 60’s to now)
groundbreaking applications

‐ DiodeDiode and and junctionsjunctions::
semiconductors and semiconductive alloys
homojunction laser (not working…)
heterojunctions, heterostructures, MQWs and excitons

( )technology and related issues (also for the future)

‐ Quantum Cascade Lasers (QCLs):
f b i tifabrication
operation and applications

Objective : to see how microelectronics has given a big impulse onto laser 
technology and to review applicative pros and cons of diode lasers
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LASER MARKET ISSUES

RoughRough estimationestimation of the of the costcost for a laser for a laser devicedevice (order of magnitude):
‐ Laser Ar+ for metrology or optical pump in laser systems: tens of kE
‐ Laser CO2 for industrial applications: hundred kE

l f l h h l k l h d d k‐ Excimer laser for lithography, optical marking, material treatment: hundreds kE
‐ Laser Nd:YAG for industrial applications: tens/hundred kE
‐ Laser Ti:Sa with femtosecond pulses (pumps included): hundreds kE

‐ DiodeDiode laserslasers:  a :  a fewfew EurosEuros (up to (up to thousandsthousands of of EurosEuros for high end for high end systemssystems)!)!!!!!

Diode lasers fully exploit the advancements in microelectronics, including VLSI, 
to offer to the market devices for market‐oriented applications (consumer)

For instance, blue diode lasers reduced their cost by roughly two orders of 
magnitude in the last 10‐15 years, corresponding to the explosion of the optical

data storage market (presently not so vital yet!)data storage market (presently not so vital, yet!)

Similarly, QCLs are now commercially available for sensing applications with a 
cost markedly reduced with respect to their introductioncost markedly reduced with respect to their introduction
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HYSTORICAL NOTE

A nice case story: diode lasers
have invaded the market in 

the last two decades
But

iideasdeas are are muchmuch olderolder and time and time 
waswas neededneeded for for technolgytechnolgy to to 

evolve evolve (e.g., MBE)

(Note: evolution of the technology has
been driven by applications!)y pp )
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(MAYBE) IN THE FUTURE LASERS WILL BE MADE OF “PLASTICS”??

A few years ago people were actively dreaming of
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A few years ago, people were actively dreaming of 
organic lasers (cheap, flexible, biocompatible, etc.)
Now, I don’t know… 5



LARGE SCALE APPLICATIONS (A FEW WORDS) I

One big and still growing application field for diode lasers is optical TLCOne big and still growing application field for diode lasers is optical TLC

Advantages:
• Immune to e.m. noise
• Inherently long haul• Inherently long haul
• Less expensive (due to the fiber cost with 

respect to copper)
• Fast and huge bandwidth (especially with 

wavelength division multiplexing WDM)wavelength division multiplexing – WDM)

Main requirements on laser sources:
• Miniaturized and easily coupled to fibers
• Wavelengths in the TLC windows
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Wavelengths in the TLC windows
• Pulsed (with seamless, e.g., electronics 

operation)



OPTICAL FIBERS AND TLC

Roughly: 
the core has a lower refractive index than the cladding 
--> total internal reflection (lossless) occurs at the 
core/cladding interfacecore/cladding interface 
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ATTENUATION AND “WINDOWS”

Silica fibers

Er+-doped fibers can amplify through Amplifed Stimulated Emission (ASE)
Similar to laser, but this is truly an amplifier rather than an oscillator!

S (l ) t t i th i f d
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Sources (lasers) must operate in the infrared range 



DEMULTIPLEXING AND SPEED

P l diff l hPulses at different wavelengths 
are sent into the same fiber 
(and then demultiplexed by, 
e.g, a prism)

Different carriers share the same fiber cord enhancing the TLC bandwidth

Monochromaticity is a stringent requirement

Furthermore, efficient coupling with the fiber is desired 
(lasers are better than other sources, e.g., LEDs)
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LARGE SCALE APPLICATIONS (A FEW WORDS) II

Optical data storage has been another relevant application (still now, but not so urgent)
CD DVD DVR

Optical data storage has been another relevant application (still now, but not so urgent)

400λ (nm) 650780

0.85
22

NA
Capacity (GB)

0.6
4.7

0.45
0.65 DVD

Laser spot minimum size is 
affected by diffraction

Optics with larger NA (we will 
see!) and lasers with shorter 
wavelength must be used to 
increase the storage density

Note: the table refers to the situation in 2005…

Coherent light (M‐number close to 1) strictly needed to achieve tight focusing!
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ULTRA‐HIGH DENSITY DATA STORAGE?

ch
2 ) 100

near f ield,

super-resolution

expansion

Main requirements on laser sources:
• Coherent
• Emission in the blue/UV
• Portable and cheap

y 
(G

bi
t /

 in
c

Hard disk10
DVR 22 GB

s
domain exp• Portable and cheap

   
   

  D
en

si
ty

CD

DVD

   1

Example of an attempt to optically writing at the 
nanoscale (with a near-field microscope using 
polarized laser light at 473 nm)

Year

   

     1995             2000            2005             2010

Near‐field optical writing shows 
limitations due to the material 
homogeneity rather than thehomogeneity rather than the 
writing method

11

Material: azobenzene containing polymer
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REMINDERS ON ENERGY BANDS IN SOLIDS

For a single atom, energy levels are discrete

For a molecule, i.e., a system of few bound 
l l li d i if ldatoms, levels are splitted into a manifold 

(splitting is caused by the inter-atom 
interaction)

Wh t b d t thWhen many many atoms are bond together 
such as in a crystal, the energy splitting into 
many closely spaced levels gives rise to the 
occurrence of energy bands

The energy of the different bands (and their 
separation) depend on the material

Filli ith l t f th b d f llFilling with electrons of the bands follows 
specific rules

Materials having “overlapped” bands are 
d t th i b dconductors, otherwise a band gap appears 

and materials are semiconductors or 
dielectrics (depending on the gap width):

V l d C d ti b d

12

Valence and Conduction bands appear
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REMINDERS ON p‐n JUNCTIONS AND DIODES I

For the moment, let’s consider Silicon as the prototypal semiconductive material (it’s not used in lasers!)For the moment, let s consider Silicon as the prototypal semiconductive material (it s not used in lasers!)
ΔEgap ≈ 1.1‐1.2 eV (corresponding to photon energy in the near IR)

Semiconductors can be easily doped with impurities: donors provide with a free electron, acceptors “eat” 
f l t h id ith “h l ” ( iti f h )a free electron hence provide with a “hole” (a positive free charge)

electron
holehole

n-doping p-dopingn doping p doping

By itself, the semiconductor is not a good conductor
The possibility to dope can make it a good/very good conductor using both
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The possibility to dope can make it a good/very good conductor using both 
negative and positive charge carriers



REMINDERS ON p‐n JUNCTIONS AND DIODES II

No bias applied (unpolarized equilibrium) F d/ bi d ( l i d)No bias applied (unpolarized - equilibrium) Forward/reverse biased (polarized)

Current vsCurrent vs
Voltage 
curve

A p-n junction is realized at the 
interface between p- and n-doped 
semiconductor (e g Si)
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semiconductor (e.g., Si)



PUMPING THE ACTIVE MEDIUM IN A DIODE

When forward-biased, electron and holes 
(negative and positive carriers) are both 
injected into the junction (from the negative 
and positive poles of theand positive poles of the 
generator, respectively)

When an electron and a hole are found in 
close proximity each other, a radiative
recombination may occur leading to 
“annihilation” of the pair into production of a 
photonphoton 

Indeed, electrons are injected into the 
conduction band and holes into theSomehow similar to excimer lasers, e-h conduction band and holes into the 
valence band
This is equivalent to consider an excited 
quantum system, hence a pumped 

recombination destroys the system
Population of the ground state is virtually 
null
Inversion of population (pumping) is active medium

For energy conservation, photons are 
emitted with an energy related to the 
band gap

Inversion of population (pumping) is 
automatically achieved
Pumping rate is controlled by the current
Gain can be very large!

15Laser a.a. 2012/13 – http://www.df.unipi.it/~fuso/dida – Part 7‐ Version 4 

band gap



SEMICONDUCTOR AND LIGHT EMISSION

In 3‐D systems, e.g., bulk semiconductor crystals, the energy bands are not “flat” but depends on the 
electron wavevector (energy dispersion) 
Bulk semiconductors, e.g., Si, are not suited because of energy gap (in the IR) and, mostly,  indirect 
transitions strongly hampering the “quantum efficiency” of the radiative recombination

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

Band structure of Si

conduction band are displaced each other in terms of 
electron wavevector

Momentum conservation implies phonons to be involved 
in the absorption processin the absorption process

Transition probability is small (10‐5‐10‐6 s‐1) (and 
wavelength is in the IR, above 1 ⎧m)

Special directions in the wavevector
space, related to directions of symmetry in 
the (complicated) crystalline structure of Si

Wavevector of the electrons
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Bulk semiconductive materials with indirect gap can be 
hardly used in electroluminescent devices
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SEMICONDUCTOR ALLOYS I

Luckily, it is possible to (artificially, mostly) produce semicondcutive alloysy p ( y y) p y

Typically, elements of columns III and V of the periodic table can be stably alloyed 
to attain semiconductors with a certain gap energy, e.g., GaAs and GaAlAs (first 
alloys to be used in this context)alloys to be used in this context)

Such alloys can be doped, similar to Si or other elemental semiconductors
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Note: alloy stability requires “structural affinity”, i.e., similar lattice constants



Larger gaps achieved  with GaN

SEMICONDUCTOR ALLOYS II

g g p
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At some extent, the band gap energy can 
be “engineered” to meet specific 

wavelength requirements
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DIRECT TRANSITIONS IN ALLOYS

Most III‐V alloys show 
direct transition

“Quantum efficiency” 
much larger than for, 
e.g., Si!e.g., Si!

The band gap energy can be (slightly) tuned
also by playing with the alloy concentration
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HOMOJUCNTION LASER (OLD!)

Homojunction: n‐ and p‐doped GaAs

Demonstrated in the ‘60s, but very cumbersome and not efficient
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REFLECTION AT THE INTERFACE

G A ~3 7GaAs: n~3.7 
Rorthogonal~0.33

Few interest for designing an optical cavity in the first diode laserFew interest for designing an optical cavity in the first diode laser…
End mirrors (plane parallel) just made by the interface between semiconductor and air
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LIMITS OF HOMOJUNCTION LASERS I

Radiative recombination
requires proximity of e‐h pairs

O l thi l t thOnly a very thin layer at the 
junction is interested by 

lasing

Huge threshold current
density (and short lifetime)

End mirrors with poor
reflectivity (and quality)

Small Q‐factor smallSmall Q‐factor, small 
efficiency
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LIMITS OF HOMOJUNCTION LASERS II

In other words: the inversion of population is realized only in a thin layer (inversion
layer) within the junction

Too poor efficiency (and too prone to damage) for practical use!
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Too poor efficiency (and too prone to damage) for practical use!



TECHNOLOGICAL PROGRESSES

Key points for MBE:
‐ clean process (UHV, p ≤ 10‐10mbar)

‐ small continuous deposition rate (~ 1 µm/h)
‐ suitable with semiconductor

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

Heterostructures easily fabricated

OrganoMetallics
(MO‐VPE or MOMBE)

Example of effusive oven (MPI)

Inert materials used (but difficult with oxides!)
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HETEROSTRUCTURES

Heterostructures(superlattices): sequence
of layers made of semiconductors with

different gap energiesdifferent gap energies

EgGaAs ~ 1.4 eV 

EgAlAs ~ 2.2 eV

Da Bassani Grassano,
Fisica dello Stato Solido, 
Boringhieri (2000)
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MULTIPLE QUANTUM WELLS (MQWs)

typ. thickness > 2 nm

Most relevant configuration: electrons and 

e.g.:  A=GaAs (EgA ~ 1.4 eV, lattice 5.653 Å)
B=AlAs (E B ~ 2 2 eV lattice 5 62 Å)

holes are confined in the same layer

B=AlAs (EgB  2.2 eV, lattice 5.62 Å)
or B=Ga1‐xAlxAs (x typ. ≤ 0.3)

typ. thickness < 2 nm
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MQW II
electrons

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

MQW III

Optical transitions in quantum confined systems

Interband transition energy is no longer EGAP
Intraband (intersubband) transitions available
Increased transition “strength” (oscillator strength)
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EXCITONS (A FEW WORDS)

Whenever electron and hole wavefunctions overlap each other, a quasi‐Whenever electron and hole wavefunctions overlap each other, a quasi
bound system can be formed called exciton

In (type I) quantum wells there is a high probability

Hydrogen like energy levels!

( yp ) q g p y
of exciton formation due to confinement of

electrons and holes in the same layer

Hydrogen‐like energy levels!

Electron and hole system bound by Coulomb 
fforces

Exciton behaves like an hydrogen atom (but 
for some degeneracy removal e g light and
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for some degeneracy removal, e.g., light and 
heavy hole states)
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HETEROJUNCTION LASER I

The use of heterostructuresThe use of heterostructures
enables realization of
heterojunction lasers with the 
double aim of:

Double heterostructure laser

Inversion of population occurs in a 
predefined region (the p-doped GaAs
layer in this case)

1

layer, in this case)

Pumping efficiency is greatly
enhanced

Thanks to the refractive index
variation, photons are confined into

2

, p
the active layer (a cavity is realized) 
n this case)

Q factor is impro ed
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Q-factor is improved



HETEROJUNCTION LASER II

The quality of the cavity, that is the 
quality of the end mirrors, relies
essentially on the correct cleavage of
th f tthe facets

In any case, unstable resonators are 
obtained with large losses (“balanced” g (
by the high gain, though)
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HETEROJUNCTION LASER III

Further improvements of the efficiency (intended as
lower threshold current and slightly enhanced optical
properties) can be achieved by confining photons and 
electrons also in the in-plane direction
- Gain guided (electrons are injected only in  the 

center of the junction)
- Index guided (a refractive index modulation in the 

in-plane direction leads to photon confinement)

Typical power of a GaAs/GaAlAs laser is below 200 mW, but large stripe and, especially, bar diode laser can 
produce up to several tens of W in cw operation (at the expenses of the optical quality awful )
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produce up to several tens of W in cw operation (at the expenses of the optical quality, awful…)



RATE EQUATIONS FOR DIODE LASERS I

The pumping rate is introduced as the number
of carriers injected into the junctionof carriers injected into the junction

The injection of current can modify the 
refractive index of the active medium the 
free spectral range of the cavity current

33

free spectral range of the cavity current-
driven wavelength shifts
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RATE EQUATIONS FOR DIODE LASERS I

Modeling the behavior of a laser diode is typically a very hard task since:Modeling the behavior of a laser diode is typically a very hard task since:
- Pumping rate depends on the current density, i.e., on the carrier injected
- Refractive index, hence frequency filtering by the cavity, depends on the current
- Moreover, any temperature change can cause thermal expansion leading to modify the 

34

, y p g p g y
optical beahvior as well
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AN EXAMPLE OF CHARACTERISTICS

astigmatism

Due to the short cavity and the use of an unstable resonator, output beam is highly divergent
Due to the asymmetric cavity geometry, an astigmatic elliptical (anisotropic) beam is obtained

Low coherence (spatial, temporal and, we will see, spectral) achievable!

35
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SPECTRAL PROPERTIES OF A HETEROJUNCTION LASER

Mode jumps at varying T
precise temperature 

stabilization required (atstabilization required (at 
the mK level)!

Variation of the caviity
length with T Thelength with T The 
wavelength can be tuned
with T (~0.2‐0.4 nm/K)
Note: tunability in a smaller

( / ) brange (~GHz/mA) can be
achieved also by controlling I 
(leading to change the 
refractive index)

Multimode operation (competition between differenc longitudinal modes) often achieved
NoteNote:: Δνfsr ~ 1011 Hz  mode spacing in wavelength units is several Angstrom

36
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GAIN CURVE AND TUNABILITY I

The gain curve of the active medium in aThe gain curve of the active medium in a 
heterojunction laser is typically very broad

This is due to several interconnected reasons:
f1. Appearence of bands in the solid state

2. Strong (non radiative) broadening effects
3. MQW and exciton-related effects

Tunablity (at some extent, typically tens of nm) can 
be obtained by coupling with an external cavity with
typical free spectral range of a few GHz

Typically, diffraction grating‐ended cavities are used

Note: this is an external cavity exploiting the optical
feedback effect
In fact, due to the poor reflectivity of the end mirrors, 
the iternal cavity of the laser is sensitive to
retroreflected beams

37
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Besides tunability, coupling with the external cavity improves
monochromaticity (linewidth below the MHz range!)



GAIN CURVE AND TUNABILITY I

External optical cavities can be also integrated (microfabricated) into the laser chip

DFB and DBR lasers are available: they show relatively narrow band 
emission (monochromaticity), typically in the MHz range, and are usually
tunable by acting on the temperature (thanks to controlled thermal
expansion of the grating)

38
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Distributed Bragg Reflector structure (1D photonic crystal) “Bragg mirrors” can be built by 
d iti lt t l ith diff t

VERTICAL CAVITY LASER (VCSEL)

depositing alternate layers with different 
refractive index and highly controlled 
thickness 

Vertical Cavity Surface Emitting LaserVertical Cavity Surface Emitting Laser

VCSEL advantages: 
‐ Surface emission for integration in optoelectronics
(e.g., seamless integration with optical fibers)

‐ “short” and engineered cavity: better temperature 
stability, beam optical features, ...;

‐ Small overall size, low threshold, high efficiencySmall overall size, low threshold, high efficiency

39
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PUSHING AHEAD THE FABRICATION PRECISION

P i th MBE dProgress in the MBE and 
related techniques enabled
(since the late ‘90s) highly
controlled fabrication of thincontrolled fabrication of thin
multilayered
heterostructures with
unprecedented precisionunprecedented precision

40
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MINIBANDS IN MQW WITH MANY LAYERS

“Minibands” formed due toMinibands  formed due to 
interaction of different wells
This is similar to the formation of 
bands in crystalline solids due tobands in crystalline solids due to 
inter‐atom interaction!

41
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Completely new approach to lasing action with the goals: 

QUANTUM CASCADE LASER (QCL)

‐Mid‐IR lasers with possibility to engineer wavelength (e.g., for trace analysis);
‐Huge efficiency (low threshold, high power)

e-h pair recombination is no longer e h pair recombination is no longer
used

Only electrons are involved being the 
stimulated emission occurring in the 
intraband (miniband) transitions

hν
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CASCADE EFFECT

Careful engineering and manufacturing of electron injector and

The slope is due to the electric field applied

Careful engineering and manufacturing of electron injector and 
active layers allow to achieve an efficient cascade behavior

Huge efficiency (each electron produces many photons!)

Tunability can be achieved (at some extent) by playing with the 
temperature (cavity length) and the electric field strength
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KEY FEATURES OF QCLs
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APPLICATIONS OF QCLs

Remember: molecules and molecular compounds show a large amount of possible
transitions associated with vibrations of the molecule itself

Such transitions involv small energy differences they fall in the infrared rangeSuch transitions involv small energy differences they fall in the infrared range
Such transitions are species selective they are material fingerprints
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Spectroscopic analysis of molecular fingerprints owns a huge potential for sensing in 
a variety of fields (materials, pollution, biosensing, etc.)



SPECTROSCOPY OF MOLECULAR FINGERPRINTS

QCLs:
o Can made to emit in the 

desired wavelength range
o Are extremely “brilliant” 

and rather coherent (the 
cavity features high-Q
cavities due to DBR-like
mirrors)

o Can be tuned by acting, 
e.g., on the applied electric
field or on the cavity length
(thermal expansion)

o Are very powerful and 
efficient and can lead to
remarkably large signal-to-
noise ratio

o Are portable, miniaturized
and (now) rather
unexpensive
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CONCLUSIONS

The evolution and diffusion of diode laser is an interesting case story to
study the interplay between fundamental, applicative and technological
issues

Billi f di d l h b b i d d t ithBillions of diode lasers have been or are being produced to cope with
important large scale applications (e.g., TLC, CD, DVD)

In spite of its wide diffusion diode lasers own inherently poor opticalIn spite of its wide diffusion, diode lasers own inherently poor optical
properties (enough, however, to distinguish from LEDs!)

There are technologies able to (partially at least) overcome conventionalThere are technologies able to (partially, at least) overcome conventional
limitations

Among them QCLs are gaining strong momentum for large scale analyticalAmong them, QCLs are gaining strong momentum for large scale analytical
applications
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