Examples of Specific Laser Systems

>Gas Lasers
CO, (9-10 um), High Power
He:Ne (632 nm), Ar (ion) Laser (520 nm)
Excimer (UV) Lithography

>So|id-$tate Lasers
Nd:YAG , Ti:Sapphire (Ultrafast Revolution)

>Fiber Lasers (Rare-Earth Doped Fiber Lasers)
Yb3* (5+ kW), Tm3*, Ho3* (2 um), Er3* (1.5 um)

> Dye Lasers

>Chemica| Lasers
COIL (7+kW), MIRACL (>1 MW )

>Semiconductor Lasers




Laser Market and Applications

Laser segments 2018

Displays— Optical storage

Lithography

Medical & aesthetic Materials

) processing
Instrumentation
& sensors

R&D & military

Source: Strategies Unlimited Communication

Industrial Laser Revenues by Laser Type Laser revenues and 2019 forecast

(USSM)
4855 5058 5161 «Total $13.078 $13.76B $14.60B «Total

|« Carbon dioxide $10.75B

$9.71B

: f Solid-state/disk 30794 Non-Diode

: Diode/excimer

Fiber Diode

2015 2016 2017 2018 2019

2047 2048 2013 Source: Strategies Unlimited

Source: Strategies Unlimited



Ultraviolet

dye lasers

excimer
lasers semiconductor lasers

solid-state lasers

wavelength
T T T T >

100 nm 500 nm 1pm 10 pm

atomic gas lasers




Optical Transitions

R , I

discrete levels OR energy bands
1 1
emission
electronic transitions @ VIS, UV
vibrational transitions .\/W\/\/\,. NIR, IR
“—>
-

rotational transitions .—‘—. FIR

Proprietary Data
University of New Mexico
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output power

Typical laser efficienciesn: 7= T
electrical input power

Argon - ion < 0.1%
CO, laser <20%
Excimer <20%
GaAlAs (diode laser) <40%
HeNe <0.1%

Nd:YAG <10%

Proprietary Data
University of New Mexico



Gas Lasers (Examples: HeNe, Ar*, Excimer, CO,,..)

rear
mirror

high
voltage output
coupler
------ - - - -
discharge laser
beam

The excitation mechanism in most gas lasers is via electric discharge




The first Gas Laser: He-Ne

Ali Javan, et al. (Bell Labs, 1962)

EnergyA i
oy | [Heliu “Neon - -
F gar
E Mirror Mirrar
065 ——E5—r ——
| ; Metasapie\ %3391 [t 1 \ Gas Tube L
States ) E4
198_ E ;o ARy
i ? 632.8 [nm] Anode Cathode
Energﬁ/Transfer E Continueous
fry Collisions 14152[ ] o Ill | I' Operatuin
allast
; Power
Resist
esistor Supply | itial O_lll |I
Ignition
o Ground State B

e The second working LASER system to be demonstrated.

e The first gas LASER to be produced.

e The first LASER to produce a continuous output beam

e The active laser medium is a gaseous mixture of He & Ne atoms, in a roughly 10:1 proportion

e The gas is enclosed in a cylindrical quartz DISCHARGE tube

PP¥



Comparison of Gas Lasers

Laser Type Linear Power Maximum Power Power Efficiency
Density %
w/m w
He-Ne 0.1 1 0.1
Argon 1-10 50 0.1
CO: 60-80 >10* 15-20




CO, Lasers (9-11 micron)

C. K. N. Patel, "Continuous-Wave Laser Action on Vibrational Rotational Transitions of CO2," Physics
Review, Vol. 136 A, (Nov., 1964) P. 1187

Applications (pealing peanuts to star wars)

e|Industrial (cutting, welding, material processing)

eMilitary (range finding, targeting, remote sensing, sensor blinding, destroying ...)

eMedical (cutting, skin resurfacing)



Molecular Vibrations and Rotations

eTransitions are between molecular vibrational-rotational levels.

® 0 O

Modes of vibrations:
«Symmetric stretch
«Asymmetric stretch

*Bending mode



Simple Harmonic Oscillator (Quantum Mechanics):

E(n,n,,n;) =hv,(n, +1/2) +hv,(n, +1/2) + hv,(n, +1/2)

Symmetric Stretch Bending Asymmetric Stretch

00 06,° "¢ oo

ol it
(200) /*/

J=50

J=18 ‘ Rotational

states

J=1

(010)



CO, Laser Transitions

Section 11.2 p.3

10.6 10.4 9.4
X(um) | | | | | | | | | | | | | | | | | |
001100 001r1020
P- branch R- branch P- branch R- branch
JRU-1 JR+1 JBU-1 JBEU+1
| “
i i v
P(50) P(20) R(17) P(19)
5 . n n
Tunlng- @ V ‘ @7 @ WY \\ I = 7Y 7 I
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diffraction grating il A=9-11(um)




Section 11.2 p.4
Effect of Gas Mixtures: CO,+N,+He

-« <« -— —
He 0o o _90 "5 o9 o—@ N,
(001)- (1) Metastable
10.6 um
9.6 um
(100)
(020) .
discharge
excitation
(010)
(000) — (0)

eNitrogen helps populating the upper laser level in a discharge

eHelium helps to depopulate the lower laser level by collisions

Other possible additions to the gas mixture: CO, H,



Typical Co,:N,:He Gas Ratios Recommended by Laser Manufacturers

COZ N, He Laser Power Rating W

1 3 17 20

1 1.5 9.3 50

1 1.5 9.3 100
1 1.35 12.5 275
1 8 23 375
1 6.7 30 525
1 2.3 17 1000




11.3 Gas Discharge Phenomena

cathode

+H.V.

eElectrons emitted from cathode get accelerated by the electric field

*The energetic electrons excite the vibrational modes of the gas molecule via inelastic collisions

100

80

Percentage of total power

CO, (001) + N, (v=1)

CO,:N,:He =1:2:3

______
.....
_________
""""
o

Lo
K
)

ionization

1 10
E/P (V/cm/torr)

100

Example:
L=1 meter and P=25 torr

Need V=25 kV for optimum operation




11.4 Specific Types of CO, Lasers

High Power CW Operation

O DC-Discharge § L CO,N,:He |

’ IR Brewster Windows (ZnSe, NaCl, KCl)

eLongitudinal discharge (High Voltage: 10-100 kV)
ePressure: 10-100 torr

*Multistage discharge tubes can be used to produce kilowatts of output
power

/@ RF (10KHz-100 MHz)
D RF'DiSCharge ~+—

\ CO,:N,:He Z

|n practice waveguides are used.

*High discharge stability, high pulsing frequency (up to 100 kHz)

eExpensive RF generator and requires EMI shielding

0.2 W/cm in a waveguide laser



Laser Hardened Materials Evaluation Laboratory (LHMEL)
WP-AFB, Dayton, OHIO

.m-fiﬁw?‘"g

\"_' sy e e

o

o=

LHMEL I- 15 kW CO,

LHMEL 11 - 150 kW CO, CW Laser eVl aes

Electric Discharge Coaxial Laser (EDCL)

#
ADJUSTABLE COOLANT IN GASOUT ADJUSTASLE
MIRROR MIRROR
MOUNT MOUNT




Section 11.4 p.4

 Gas-Dynamic Lasers Basov & Oraevskii (1963)

Principle: Population inversion by rapid expansion (supersonic flow) of a super-heated gas

C02+N2+H2 -m=s, V=10° cm/sec.

T=1000-3000 K ! |

P=1-20 atm.

—m‘ —COMBUSTION
| CHAMBER
, OIFFUSER}
v
__\__"h___ o /
t" “"\-\
K
SER BEAM l

ecw powers up to 1 MW have been obtained from gas-dynamic CO, lasers !!

flnversion region




Section 11.4 p.5
Gas-Dynamic Lasers

Large scale 135 Kilowatt gasdynamic laser at Avco Everett Research Lab.

N2 =

1L/ o —t- >

= :l 1: p—

HELEX e & HE =
M2 QUICK-FREEZE J 4 J | DIEFUSER

NOZZLE v N NOZZLE

E

High Energy Laser Experimental
Germany, 1970’s



Section 11.4 p.6

*Pulsed CO, Lasers

Most Common: Transversely Excited Atmospheric (TEA) CO, Lasers

Pulsed H..V

Low pressure gain cell

(for single longitudinal operation) —

eFlowing or sealed systems
ePulsewidths from 50 ns to 300 ns
eRepetition rates: 1Hz. to 1 kHz.

ePulse energy: 50 mJ to 10 J (amplified)




. . Section 6.5, p.4
Excimer (Exciplex) Lasers

Nikolai Basov*, V. A. Danilychev and Yu. M. Popoy, at the Lebedev Physical Institute

Applications: lithography, micromachining and eye surgery

Molecules exist only in the excited state
(Excimer=Excited-Dimer) or (Exciplex= Exciated-Complex)

XeCl* 308 nm
KrF* 248 nm
ArF* 193 nm
F,x 156 nm

Pulsed, Typically 10-50 ns, 5-20 mJ

v

Laser Transitions
in the Ultra-Violet
Spactrum

‘ 4-

s N
excitation b o S
emission 0 | | Separlated Atc:ms .

of a photon 02 03 04 05

Distance Between Atoms [nm]

*Nobel Prize, Physics (1964), Shared with Townes and Prokhorov E:)is;'riti:x? ;?w Mexico



Excimer Lasers

Eye surgery

Lithography

ST SS.
//'/ 1//
/ "

(www.spie.org)

(Cymer Inc.) University of Michigan
ANDY_GEC2009 Institute for Plasma Science & Engr.



Argon lon Laser

488 and 514 nm

Ar*

514.5 [nm|

o ~+488 [nm]
Laser

Transiions

Pumping ~ 72 [nm]
Radiative

Decay

15.75-
"~ Ground Level of Ar lon
] {fﬁmund Level of Ar Atom

-
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Organic Dye Lasers

Example: Rhodamine 6G

..'; output birefringent [
coupler tuner
Niagara College Dye Laser

Output Pump Laser
Blégrl:] (Lumonics Excimer 500)

Shutter

-

A Apeture
Output /

Wavekangth Range [nm)

CITIIIS T
860 2 | 650 Coupler

: * Cylinder Lens
00 600

‘. i
550 i ’ 550 Dye Cell \ High Reflector
or

500 l I l 510 Diffraction Grating

Rotational Stage

Angular Adjust \\ Pump Focus
G = )\ Adjust

Niagara College Dye Laser




Solid-State Lasers

* The lasing atoms (ions) are fixed in a solid (crystal, glass).
» Solid-state lasers can operate in continuous (cw) or various pulsed modes.
* The active ions are most commonly either a rare-earth or transition metal elements

host crystal Group 1 2 3 4 5 6 T B 9 10 11 12 13 14 15 16 17 18
Perlo-d
IE O Mon Metals & hoble Gases m
3 Akl Metals 2 Metalloids g =
Al ghne Metals Halogens
2 .E @ Tiansition Metals O Dther Metals B |C N
@ Rare Eaith Elemgnts EEN B
Al |Si| P
3
IIF -—---%n

5 Sr .._
I Ba

g2

Pb Bl L
113 114 | 115 118 18

ut |[Uug|Uup|Uuh Uuo

e R TR
“*Actinides .

Examples:

(@) Nd**:YAG A =1.064 um, 1.331 um

(b) Nd3*:glass A =1.062 um (silicate glass), A =1.080 um (fused silica)
(d) Hm3*:YAG, Tm3*:YAG A=2.1um

(e) Yb3:YAG, A=1.03-1.05um

(f) Ti3* :sapphire, A=0.7-1.1 um

(g) Fe?*:ZnSe A =3.7-5.5um




- . Optical Science & Engineerin
The 4f-4f transitions in Rare-Earths lons: D niversity of New Mexico
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Energy (103cm'1]

Lanthanides

Rare-Earth lon Doped Lasers
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McCumber Relation
D. E. McCumber, “Einstein relations connecting broadband emission and absorption spectra”, Phys. Rev. 136 (4A), A954 (1964),

/
m—-F
— — 1]
e T V) = a, (V) exp| ———
j ———1 KT
13/2 B
A
@ Yb-doped germanosilicate glass
UJ EG 3 T T T T T
:-1 ----- absgrption
m ‘__2-5 emission
NE F
: — m— ] -Els
By — 1 I, 7

S00

Vibronic Transitions

Energy

Relative Intensity

— 500 600 700 800 900 1000
Nuclear Coordinates Wavelength (Nanometers)



Layout of early (flash-lamp or arc-lamp pumped) solid-state lasers

Laser rod (solid host material doped
with the atoms of the active medium)

— (reflective walls to
concentrate the

outcoupler
MEEEENE NN /
end /I— I ”
mirror | :
A R I I OO O O
. e laser head

lamp pump

pump light)
(flashlamp,
arclamp, power supply
laser diodes)
coolant coolant
in out
dual elliptical reflector
lamps laser rod



Maiman’s Ruby Laser




Nd replaces Y

Example: Nd:YAG laser
YAG: Yttrium Aluminum Garnet (Y;Al.0,,)

Energy diagram of Nd3*:

absorption
bands

lasing

energy is transferred
to the crystal (heating)

ground
state
‘G
20 e 0,
“Fay —_—
18- “Gen Dy itz
P, L
T.;ﬁw : 53
16
- SF,
- 14 o Faa s
E .
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"’2 12 ::” ‘ R
< Fuz o o1y laz JE—
2 10 P
g Fs Hea bz 1460 nm —— ©
ol 4 Fip tHyitFae
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6- Hisa " —_— i
o Fan 7Fs T ) -
4 Hwz _Fs p— — 1050 nm
] 7Fy
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Frp SHyz -
2 TFa —F 1310 nm
“Hre s
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0 Fsn SHez o "S1a "Fs tHusn Iy lisn Hy o
Ced+ Sm3 Eu3+ Gd¥ Th3+ Dy Hod* Er® Tm3+ Yb3+
n=1 n=5 n=6 n=7 n=8 n=9 n=10 n=11 n=12 n=13

Output (Nd:YAG, Nd:YLF, Nd: YVO,)

cw: <1000 W

pulsed: pulse energy <1 Joule
Q-switched — 5-20 ns pulse duration
modelocked — 10-100 ps pulse duration
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DPSS :

Laser
Diode

TE Cooler

/

Diode-Pumped Solid-State Laser

High-Reflector Coating

v

Output-Coupler Coating

v

A A

A

Laser Beam Expanding Optics

SHG Crystal

Focusing optics Crystal

Similar to one used in our Optics Lab

e

Pump-Through
Mirror
Q-Switch
High
Reflector
Laser Crystal
Antireflection
Coatings Laser Crystal
Output
Imaging Output
Optics Coupler
Pump
Laser :
Diodes Fiber

Delivery



Diode Lasers for Pumping
Semiconductor lasers will be covered in more detail (next lecture)

ELECTRONICS
i
\\
=
\
Metal Contact

P-type Material / Laser Outpyt
Intrinsic Layer

N-type Material

» Efficient (current injection)
* High power

* Designer Wavelength

e Poor Beam Quality

* Broadband (3-5 nm)

LASER DIODE CONSTRUCTION

Diode/Stack

( Diode/Stack Output Beam>
x (_Beam Shaping

N

5)
|

[ (_Fiber Entrance )
o\

High Power (Diode Bar) Fiber Coupled



5-10mW
S20

5-10W
$10k-S40k

DPSS : Diode-Pumped Solid-State Laser
Example Nd:YVO, (Vanadate)

From laser pointers (5-10 mW) to 100W lasers

Battery Pump LD DPSS

Dri
o] Laser Module
‘ MCA

LD+
LD-

808nm  Pump Expanding
Pump  Focusing Lens Collimating !R
Diode Lens Lens Filter

|Beam Paths: [808 nm — [1064+632nm  [632nm — |

HR@1064nm HR1 HR2 HR@1064nm

HT@808nm /~ Ng:YV0, ¢ HT@808nm
Pump —-—%%;E:—%q—wmp
. : 8,
— Compensat % HR@1064
ompensator nm
HR@1064nm ~s AR@532nm

HR3
7T - O = °°
Ly | :
Temperature-Controlled Optical Greon

Etalon Diode Output

[Beam Paths: [808 nm —[1064 nm — [1064+532 nm  [532 nm —|

Ring Cavity Resonator of Coherent, Inc. Verdi Green DPSS Laser




Titanium doped sapphire (Ti3* :Al203) laser
The jewel of ultrafast lasers

Relativ_e Intensity

Ti: Sapphire AbsorptlonIEmlssion Spectra el
100 L3 Pump Laser
et
W
Ti: sapph .
7 }stal Focusmg S
5 Pnsms————"" = 5
0

400 500 600 700 800 900 1000
Wavelength (Nanometers)

Figure 1

Prisms
(Dispersion compensation)

Qutput
coupler

High reflector
Ti:Sapphire

crystal



Historical Progress in Ultrashort Pulses

Nobel Prizes

John L. Hall and Theodor W. Hansch

“for their contribution to the development of laser-
based precision spectroscopy, including the optical
frequency comb technique” (2005)

Gérard Mourou and Donna Strickland
“for their method of generating high-intensity, ultra-
short optical pulses” 2018

Ahmed H. Zewail “for his studies of the transition
states of chemical reactions using femtosecond
spectroscopy” 1999 (Chemistry)

SHORTEST PULSEDURATION

10ps

100fs

10fs

Nd:YLF
Nd:YAG

Diode

CW Dye

Color
Center

CriLiS(C)AF
b Er:fiber

Nd:ﬁb%‘x AG

Cr:forsterite

CP M Dve

o w/Compression

Ti:sapphire

1 1 1 i 1 1 1 1

1970

1980 1990 1995 2000 2003 2010 2015 2020
YEAR


https://www.nobelprize.org/prizes/physics/2005/hall/facts/
https://www.nobelprize.org/prizes/physics/2005/hansch/facts/
https://www.nobelprize.org/prizes/physics/2018/mourou/facts/
https://www.nobelprize.org/prizes/physics/2018/strickland/facts/
https://www.nobelprize.org/prizes/chemistry/1999/zewail/facts/

High Power Scaling: Heat is such a nuisance!

Increase surface-to-volume ratio (fibers, disks)

Laser Emission

pump light
quasi frontal

LR |
i

43838838338

L

] <

flat temperature profile

Cooling + pumping Cooling via Cooling via base area Direct conversion of
via lateral area lateral area current to light

Rod Laser Fiber Laser Disk Laser Diode Laser

parabolic temperature profile



Fiber Lasers

High-reflector Qutput-coupler
dielectric mirrar dielectric mirror

Fartial

reflection

Nd**
Pr*/Er*Ho™/Tm®*  Yb** Pri* Er** Ho** Er*

2400 2800 A[nm]

first demonstration of a fiber laser: in the early sixties !

E. Snitzer, “Neodymium glass laser,” Proc. of the Third International conference on Solid Lasers, Paris, page 999 (1963).
C.J. Koester and E.Snitzer, “Amplification in a fiber laser,” Appl. Opt. 3, 10, 1182 (1964).




Fiber Lasers

Single-Mode Fiber Multimode Fiber
6 um core / 125 pum cladding 50 um core / 125 um cladding
+  High Beam Quality +  Higher Power Pumping
- Lower Power Pumping + Inexpensive Pumping

-  Expensive Pumping Poor Beam Quality

core

cladding

\ Single-Mode Fiber

different modes

/'M

Multimode Fiber

A 4

core

Optical Fiber Modes

Graphics: courtesy of Colin Diehl & Jered Richter
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Example: Erbium-Doped fiber Lasers
The wavelength of about 1550 nm is particularly interesting for applications in telecommunication.
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attenuation coefficient (db/km)

0.3 -

Fiber-optic Communications

silica-glass fibers

Rayleigh

scattering £ d
/ infrare

absorption

1 1 >
1.0 1.5 wavelength (um)



Fiber transmission line

input

A

signal signal amplifier ignal
—> & ) transmitter P / receiver o °8 a‘
processing repeater processing

6000 km

InGaAsP
diode laser

¢ transatlantic US - UK

e 80000 simultaneous voice channels
e repeaters 100 km apart




Absorption (a.u.)

High Power Fiber Lasers

active fiber
pump
diodes FBG FBG output fiber
pump pump
coupler coupler
Mainly: Yb Silica Fiber Lasers 12000/~
Absorption Emission 2
800 850 900 950 1000 1050 1100 1150 1200 7 FSu"2
T T T T T 1 T 6
1.0 110 B 5
] ] 10000 A
0.8 1 J 40.8
=1 0 .
1 S e o
0.6- {08 - S,
! g L
0.4 ! " q04 E 2000
I I’ \“ ] w 4
/ hY
0.2 ) ‘*-—‘g; 0.2 1000 4
k, S Y 3 2
p e l A
0.0 — e 300 $ 2 Vo
800 850 900 950 1000 1050 1100 1150 1200 0 1—

Wavelength (nm)

Diode Pumped at 940-980 nm

Laser: 1020-1050 nm



High Power Fiber Lasers
Double-Clad Fiber

* Laser light propagates in single-mode core
* Pump light propagates in inner cladding

Single-Mode Fiber Multimode Fiber Double-Clad Fiber

. = Core
_
. - mgggirng

— Outer
Cladding

= Coating




Growth of Yb:HPFL SM
(near diffraction limited)

i<}

1000000

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 100000 B '5
Year :

+ Single-mode

10000 = Multimode o
1000 s .

- *
100 . %

Laser power (Watts)

10

1 s ¢

1993 1995 1998 2001 2004 2006 2009 2012 2014 2017

100 kW (current record)!



IPG Fiber Lasers

A single module can supply:
» 250, 400, 800, 1000+ W of laser power

* Wavelength of 1070nm (NIR)
* One 7 or 15 um fiber core
* 0.34-0.41mm™*mrad beam divergence

TXHxD=60x33x4.7cm
Efficiency (DC) > 35%
Building blocks (modules) for HPFLs

IPG Fiber Lasers: The technology

ALAW 2009

G
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Thin Disk Lasers
Yb:YAG

>10 kW CW

Retro reflector
Fiber connector

Fiber coupling unit

Cooling finger

Pumplight

Requires multipass pumping

Beam guiding

Pumplight reflector
Yb:YAG disc

Parabolic reflector

This principle does show 8 passages through the disc,
in actual fact more are performed.



Chemical Lasers

population inversion is produced by a chemical reaction
chemical reaction:

A+BC — AB + C*

- exothermic

- generation rate must be large
enough to overcome spontaneous
emission and collisional relaxation

electrical power supply is not needed
airborne lasers
first chemical laser: 1964

Examples:
reaction active medium wavelength
F+D,—> DF*+D DF 3.5-4.1pum
molecules in an excited
Cl + HI = HCI* + HCI 3.5-4.1um vibrational state
H +Br, — HBr* + Br HBr 4.0-4.7 um
F+H, > HF*+H HF 3.5-4.1pum

1+0.* 5 |*+0 | 131 atoms in an excited
2 7 2 Sikall electronic state




The chemical oxygen-iodine laser (COIL): MW CW Power !!
Singlet oxygen (dioxidene) has a >40 min lifetime.

chemical reaction: O,(*A) +1 > O,(32 ) + I

< /
~
N
N

Y

N
\
\

steps:

1. generation of singlet oxygen Cl,+ H,0, +2NaOH — O,(*A) + 2H,0 + 2NadCl
2. production of excited iodine  O,(*A) +1 <> O,(3Z ) + I

3. lasing of excited iodine



schematic diagram of a chemical iodine laser

parameters

iodine
. —
mixer supersonic

nozzle
\

/

e MW ouput power

e wavelength 1.315 micron

expanding

gas (cooling) * pulsed and cw

singlet oxygen

Leodlz==0

laser
Y output

atmospheric absorption
1 km propagation in atmosphere

1.09

0.8

absorption

2 3 4
wavelength (um) |




Free Electron Laser (FEL)

- wiggler period
Wigg]:;:;’agnct - ‘v
m AElecn'on
Electron 1 - AW
accelerator x\]/z A'r 2 »}/ 2
4 1+ K2/2 4
\;" ,/xwv y - / 2 > 10
regét:tlor 1 B ﬁ
e-gun linac undulator X-Ray Laser
K «< |B|
—_— [

4 Micro-bunching  aa44A4 e-beam nggler Strength
NI I | (often <1)

‘b ) { { i it
.~ Yl K




Semiconductor Lasers

- )_- .{"-:"
Lazer Diode Mounted Mf

Bare Laser Diodes to PCE with Cahle LD Madule, Lens, Barrel

A Variety of Small Laser Diodes




Laser Market and Applications

Laser segments 2018

Displays— Optical storage

Lithography

Medical & aesthetic Materials

) processing
Instrumentation
& sensors

R&D & military

Source: Strategies Unlimited Communication

Industrial Laser Revenues by Laser Type Laser revenues and 2019 forecast

(USSM)
4855 5058 5161 «Total $13.078 $13.76B $14.60B «Total

|« Carbon dioxide $10.75B

$9.71B

: f Solid-state/disk 30794 Non-Diode

: Diode/excimer

Fiber Diode

2015 2016 2017 2018 2019

2047 2048 2013 Source: Strategies Unlimited

Source: Strategies Unlimited



Energy

isolated atoms

valence iband
\’J/"

latticeispacing

| Decreasing atomic separation

Insulator

If TT

Band gap values for some
semiconductors

Semiconductor

= TR METAL
~—+ JR SEMICONDUCTOR

What is a semiconductor?

s
A IVA VA VIA VIIA t,lme
5 [} 7 a 9 10
B C N O F Ne
10.811 12011 14,007 15,999 18.998 20.183
IEAI 'I4Si 15 P 16 I?CI 1BAr
l B l I B 26.982 28.086 30,974 32,064 35453 39048
29 30 L 32 33 34 35 36
Cu Zn Ga Ge As Se Br Kr
63.54 65.37 69.72 7259 74922 J8.96 79909 8380
47 48 49 50 51 52 53 S
A% Cd In Sn Sb Te | Xe
107.8 11240 114.82 118.69 121.75 12760 126,904 131.30
79 80 31 B2 a3 . a4 a5 86
Au Hg Tl Pb Bi Po At Rn
196.967 200, 204,37 207.19 208.980 {21[:'] {21[?] [222]

Ge

Si

GaAs

| E; (eV)

0,66

1,12

VIIIA




Direct-Gap vs. Indirect-Gap

4 E(energy)

CcB CcB

k (mome>ntum)

'/\h}\/" %

VB VB
* Direct bandgap materials * Indirect bandgap materials
— CB minimum and VB — CB minimum and VB
maximum occur at the maximum occur at
same K different k
— Examples — Example
+ GaAs, InP, InGaAsP - Si, Ge
+ (AlLLGa,,)As, x<0.45 + (AlLGa,,)As, x > 0.45

— Not “optically active”



Ge (Fahs
6
5 -
4+ -
3 -
E-k diagrams £ . 1s
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Optical Interactions in @ Direct-Gap Semicomnductor

CB CB CB
hy "> A% 11% hv A"\»| A_A% hv
VB VB VB
Absorption Sponftan_eous Stin'!ula_lted
Emission Emission
Photodetectors; LED Optical Amplifiers;

Solar Cells Semiconductor Lasers




A Brief Introduction to Semiconductors
Energy Bands

E Conduction band
4 (empty)
J E4 (bandgap energy)
1 0 Valance band
. 1 (full)
E-E
1+ exp{ ! } T
kT Equilibrium

Fermi-Dirac Statistics

http://britneyspears.ac/lasers.htm 111???



http://britneyspears.ac/lasers.htm

Absorption or  Gain

i

Eq

i -

Nonequilibrium Electron-Hole Injection

Example

GaAs
E;=1.4eV

_— (,,=850 nm)




Section 12.1 p.2

OO TITITIT)
OO TITYTIT)
Lece00000
OO TITITIT)
COCeo00000
OOCee00000
OO TITITIT)
OO TITYTIT)
OO TITITIT)

p-type

p-n junctions

Doping with Impurities

OO TITYTIT)
OO TYTYTIT)
OO TITITIT)
COCeo00000

0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000
0000000000

n-type

0000000000
0000000000
0000000000
0000000000
0000000000
0000000000

Si doped with Al

Examples: GaAs doped with Zn

Si doped with P

Examples: GaAs doped with Br



Semiconductor junction lasers

Forward-Biased p-n Junction (LED)

pT-GaAs

+V

n*-GaAs

VWA~

CCo0000000
CC00000000
CC0000000

Inversion (Gain) Layer

N, .ed

'Jth =

Current Density Threshold

"' ¥~Recombination time

T



Section 12.2 p.2
Edge-Emitting Homojunction Laser Diodes

+Vv Polished

facets

e

*\Waveguide Modes

Homojunction Lasers have very high current threshold mainly because.

eElectrons and holes are free to diffuse and therefore dilute the gain (no carrier confinement)

*Optical mode has poor overlap with gain (no optical confinement or guiding)



12.3 Heterojunction Lasers Diodes

A fortunate coincidence:

A
n+ p+
AlGaAs GaAs AlGaAs Energy
holes
5100 n[[; A
Index of
Refraction

n I when E

Carrier confinement

Mode confinement



Section 12.3 p.2
Edge-Emitting Heterojunction Laser Diodes

Edge-Emitting Buried Heterojunction Laser Diodes

‘.—z___—-' Contact metallization
/—4-2'___.——- Insulation

> R

Substrate

n




Cleaved reflecting surface

Stripe electrode

Oxide msulator
p-GaAs (Contacting layer) ]
p—AlXGa l_XAs (Confining layer)
/ 1 s
p-GaAs (Active layer) ; 7= I\
n—AlXGa 1_XAs (Confining layer)
n-GaAs (Substrate) =

2 ’/, 1'
Curtent
paths
,I

Substrate

Electrode

7 \ /

1 } / .

:Elliptical], ./ Cleaved reflecting surface
+ laser | ) )

" beam ' Active region where J > J,,.

‘ ,, . . .

A //' (Emission region)

Schematic illustration ofthe the structure of a double heterojunction stripe
contact laser diode

© 1999 S.0O. Kasap,Optoelectronics (Prentice Hall)



12.4 Quantum Well Lasers

Multiple Quantum Well (MQW) Lasers

(0l

n+ p+
AlGaAs 10nm AlGaAs

n*-AlGaAs

— | —_— n-GaAs Substrate

A
v

mode confinement

Epitaxial Growth



Section 12.4 p.2

High Power Diode Bars

Heat Sink

*P>100 W (cw)

eDiode-pumping solid-state lasers (DPSS)

eMaterial Processing




Section 12.4 p.3
Vertical Cavity Surface Emitting Lasers (VCSEL)

Mirror

MQW (gain) i[

Mirror

*Good mode quality couples to fiber efficiently for telecom applications
eSingle mode operation
¢2-D structures cam be made

eLow power




Optically-Pumped Semiconductor Lasers (OPSL)

Pump
Output

coupler

Heat spreader
Gain mirror

Substrate Pump Diode

Coupling Optics



Section 12.4 p.4

Laser Diodes Cover the Spectrum

Compound Spectral Region Notes

AlLGa, N uv

GaN uv (350 nm)

In,Ga, N blue (480-400 nm) data storage, display
Ga,l, P (x=0.5) 6/0 nm display

Ga,Al,_ As (x=0-0.45) 620-895 nm

GaAs 904 nm diode pumping solid-state and
In Ga, As (x=0.2) 980 nm fiber lasers.

In,Ga, ,As Py, 1100-1650 Telecom

(x=0.73, y=0.58) 1310 nm

(x=0.58, y=0.9) 1550 nm

PbSSe 4200-8000 nm cryogenic

PbSnTe 6300-29,000 nm cryogenic




12.5 Recent Advances:

Quantum Cascade Lasers

Original concept and theoretical prediction
FOF Kazannov and FA Suns, Fiz. Tekh. Poluprovodn, 8 g, 787-800, (7977).

Energy

PN

N

Distance

N

+ Enermy levels of electrons (3,2,1)1n
guantum wells strongly depend on
layer thickness

+ Laser photon created by an electron
jurnping between energy levels 1and 2
= therefore wavelength is determined by choice
of layer thicknesses

+ Many photons created by an electron
cascading through mary quantum wells



Section 12.5 p.2

Wide wavelength-range of QC lasers

1 D T T T T — T [ T T T T [T1

5 QC lasers cover
5 entire mid-infrared
o wavelength range
= 05F . (3.4 -17 um) by
g tailoring layer

kS, thicknesses of the
3 same material

0
3 5 10 15

Vavelength {(um)



THE END !
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