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GaAs (gallium arsenide)
AlGaAs (aluminium gallium arsenide)
GaP (gallium phosphide)
InGaP (indium gallium phosphide)
GaN (gallium nitride)
InGaAs (indium gallium arsenide)
InP (indium phosphide)
GalnP (gallium indium phosphide)
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p-type (material A) p-type (material A)

_-p-type (material B) - quantum well (material B)
-n-type (material B) i
“n-type (material A) “n-type (material A)

n-substrate n-substrate
(material A) (material A)

metal contact metal contact

double heterostructure laser diode simple quantum well laser

~metal contact metal contact

1"".“:5“' ““f’""”f‘: A) ~upper Bragg reflector (p-type)
_ p-type (material B) i quantum well

- — quantum well (material C) lower Bragg reflector (n-type)
\'n-type (material B)
n-type (material A)

n-substrate
n-substrate

(material A)

metal contact
metal contact

separate confinement heterostructure simple VCSEL structure.
guantum well laser diode.
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Separate confinement heterostructure (SCH)

Graded refractive index SCH (GRIN-SCH)—
Multiple quantum well (MQW) —
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Separate confinement

e heterostructure (SCH)
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SN &
/
| M AGaAs \
N GoAs  GoAs substrate
A multiple GaAs-GaAlAs Schematic band structure
34 for a MQW laser like the.

QW structure. Each GaAs
layer is about 10nm thick laser chip shown at left

Graded refractive index-separate
confinement heterostructure
(GRIN-SCH)
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Wavelength Active/DBR Materials Comment

Monolithic DBR have low index
GalnAsP/AlGaInAsP on InP contrast—need may periods
Low modal gain from quatum well

1310 nm GalnAsP/AlGaAs (wafer bond) Excess voltage?

Material gain : As N increases, radiative

GalnAsN/AlGaAs .
efficiency decreases

InAs quantum dots Sufficient material gain?

Monolithic DBR have low index
GalnAsP/AlGalnAsP on InP contrast—need may periods
Low modal gain from quantum well

GalnAsP/AlGaAsSb on InP Extremely reactive Sb-containing DBRs.

InGaAsN/AlGaAs Sufficient gain at long wavelength?

InAs quantum dots Sufficient gain at long wavelength?

:VCSEL 6& ))-J oo lw 6'-@.«33)

- Etched air-post VCSEL'’s
- lon-implanted VCSEL'’s

- Selectively oxidized VCSEL's. (most commonly used
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Multiple active regions
VCSELSs with tunnel junctions
Widely tunable VCSEL with micromechanically (MEMBjovable mirror
Wafer-bonded or wafer-fused VCSEL
Monolithically optically pumped VCSELs -
VCSEL with longitudinally integrated monitor diode -
VCSEL with transversally integrated monitor diode-
VCSELs with external cavities, knows as VECSELs@&miconductor disk lasers -
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This universal VCSEL driver allows you optimize the circuit for
any type of laser diode.
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1979

1987

1992

I VCSEL 8590 3o 38,5 oloxil glba,l5 g amsy ,U

First invention

First lasing operation

Low threshold operation with microcavity

First continuous-wave (CW) emitting VCSEL in Eurppeoton-implanted, 980 nm

650 pA threshold current at room temperature (RT)

300 A/cm? threshold current density in broad-aredaes

Three-terminal devices with 8.2 nm continuous tgmange

Two-dimensional 10 x 10 arrays, 1 Gbit/s data trassion per channel

12 GHz modulation bandwidth

30 MHz emission linewidth
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10 Gbit/s data transmission over 500 m multimoberfiMMF)

Selective oxidation technique implemented

180 mW cw output power from single device, 980 tmamsverse multimode
20 MHz emission linewidth

47 % conversion efficiency, 980 nm

57 % conversion efficiency, 850 nm

1 Gbit/s bias-free data transmission, 980 and 850 n

Weak optical guiding concept for high single-modspoit power

4.8 mW single-mode output power at 850 nm from wegkided VCSEL

350 mW from single device, 980 nm, multimode

650 mW from 3 x 3 array, 980 nm, multimode

Introduction of diode cascade QW VCSEL concept

2.5 Ghit/s bias-free data transmission over 500 MAV850 nm

2.5 Ghit/s via 1 m polymer optical fiber (POF) witB5 um core diameter, 780 nm

8 x 3 Gbit/s data transmission using a linear IMCSEL array, 850 nm

Two-dimensional 4 x 8 array for flip-chip CMOS igtation

Generation of squeezed states using extremely tsen/CSELs

CW operation of diode cascade VCSEL with 120 % DpB5 K

1.0 Gbit/s bias-free data transmission via 4.3 tandard SMF at 820 nm

As before; 3.0 Gbit/s biased

2.5 Gbhit/s bias-free data transmission via 2.5 nk R@h 125 um core diameter

As before; 3.0 Gbit/s, 1 m POF

First CW diode cascade (also "bipolar cascade") MC& RT
7 Gbit/s data transmission via 80 m graded-inde¥ F&-POF)
12.5 Gbhit/s data transmission via 100 m multimdberfand via 1 km standard SMF

5 mW single-mode output power from long monolitbavity VCSEL at 980 nm
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1 W CW output power from 19-elements VCSEL arrgysyer density 0.89 kW/cm?
9 Gbit/s data transmission via 100 m GI-POF

2.5 Ghit/s data transmission with 1.13 um InGaAsS#C via 10 km standard SMF

1.55 W CW output from 19-elements 2-D VCSEL arrays

890 mW CW (10 W pulsed) from 320 pm active diam#ESEL

10 Gbit/s data transport over polymer waveguidésgirated into PCBs

4 x 10 Gbit/s coarse WDM transmission over 310 miMM

10 Gbit/s single-mode data transmission over 2.8WiF

Flip-chip integrable 850 nm VCSEL arrays using iadlst removed substrate
5.5 mW single-mode output power from long monotitbavity VCSELS
Linear VCSEL arrays for 10 x 10 Ghit/s aggregata dlaroughput

Commercialization of Ulm's VCSEL technolody:L-M photonics

3-Stage diode cascade CW VCSEL with 130 % DQE at RT
1 Gbhit/s data rates from 4 x 8 VCSEL arrays intgtaon 0.6 um Si CMOS driver chip
5.7 mW single-mode output power from VCSELs witH-aigned surface relief

Demonstration of a CW PCSEL: Photonic Crystal SigfBmitting Laser

10 Gbit/s over 1 m polymer waveguide for opticathgdane applications

Extended single-mode regime in low-resistance tteewminal dual-stage VCSELSs
Modeling of the modal characteristics of PCSELs

Elliptically surface-etched single-mode VCSEL wihhanced polarization stability

Bistability behavior of bipolar cascade VCSELs oled and explained

10 Gbit/s operation of flip-chip integrated 8 x &SEL arrays

10 Gbit/s data transmission over 100 m photonistahyfiber (PCF)
Reduced thermal resistance of In-soldered 850 mrafrays

RT pulsed operation of electrically pumped integda ECSEL source

Linearly polarized multimode VCSEL with a monolithily integrated surface grating
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850 nm surface grating VCSEL with more than 20 mwpat power at more than 11 dB OPSR

9 Gbit/s data transmission with 850 nm SM VCSELrdv&m of 9 um core SMF

Record-high integration densities of direct-megalflonded oxide-confined VCSELs

10 Gbit/s data transport over polymer waveguidésgimated into 10 cm-long PCB

920 nm grating relief VCSEL with 4 mW SM output pavat > 30 dB SMSR

Simultaneous mode and polarization control by &erired grating relief

Thermal resistance reduction in 2-D 850 nm VCSHhay to only 0.9 K/mW for 10 um active diameter

Demonstration of VCSEL-based optical tweezing

Grating VCSELs with 8 mW output power and more tBardB OPSR

763 nm inverted grating relief VCSEL for oxygen sieg with 2.6 mW SM output power and 26 dB OPSR
Dynamic polarization stablility of grating VCSELB@vn for 10 Gbit/s modulation

Optimized positional design of surface gratingshigh fabrication tolerance

850 nm wavelength (4 x 4) x 3 VCSEL arrays withureghnt pixel designs

Quasi error-free 10 Gbit/s data transmission ov@¥ i of butt-coupled 50 um MMF using redundant 2-D
VCSEL arrays

6.3 mW maximum SM output power from a top-emittB&0 nm VCSEL with an inverted surface relief
Multitweezers based on 2-D VCSEL arrays
Integration of focusing microlenses on top-emitti@SEL surfaces

10. First demonstration of a compact optical trappiygteam using lensed VCSELs

11. 720 nm AlGaAs-based VCSELs with 0.6 mW peak oufymyter
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