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Symbols and Abbreviations
Symbols


absorption coefficient [m-1]

 lef

linewidth enhancement factor



two-photon absorption coefficient [m·W-1]

SPM

self phase modulation coefficient



relative confinement factor for gain enhancement



pump efficiency



thermal conductivity [W·m-1·K-1]

hs

thermal conductivity of the heat sink [W·m-1·K-1]

se

thermal conductivity of the semiconductor [W·m-1·K-1]



wavelength [m]

n

chemical potential of the electrons [J]

p

chemical potential of the holes [J]

abs

relative field enhancement in the absorber region

abs

absorption cross-section [m2]

em

emission cross-section [m2]



time delay, recovery time [s]

A

absorber recovery time [s]

 fast

time constant for the fast SESAM recovery component [s]

L

upper-state lifetime [s]

 slow

time constant for the slow SESAM recovery component [s]

p

pulse duration [s]



heat flux [W·m-2]



optical phase [rad]



optical frequency [rad·s-1]

A

amplitude of the slow SESAM recovery component

c0

speed of light in vacuum 3.00·108 m·s-1

CAuger

Auger recombination coefficient

VII

VIII

SYMBOLS and Abbreviations

CCHCC

Auger recombination coefficient for the CHCC process

CCHHH

Auger recombination coefficient for the CHHH process

D

GDD coefficient [fs2]

d

thickness of the VECSEL structure [m]

dact

thickness of the active region [m]

deff

effective thickness of semiconductor structure [m]

dQW

quantum well thickness [m]

E

energy [J]

Eg

bandgap energy [J]

Ep

pulse energy [J]

Esat,abs

saturation energy of the absorber [J]

Esat,gain

saturation energy of the gain [J]

f

focal length [m]

F

fluence [J·m-2]

F2

induced absorption coefficient [J·m-2]

frep

repetition rate [Hz]

Fp

pulse fluence [J·m-2], defined as Ep/(πω2)

Fsat

saturation fluence [J·m-2]

g

gain

g0

gain of the unpumped medium

h

Planck constant 6.63·10-34 Js

I

intensity [W·m-2]

Iheat

heat intensity [W·m-2]

L

linear saturable losses

M2

beam quality factor

mc

effective mass of the conduction band [kg]

mv

effective mass of the valence band [kg]

n

refractive index, electron density[m-3]

nr

real part of refractive index

N

carrier density [m-3]

Nc

effective density of states in the conduction band [m-3]

NQW

number of quantum wells

SYMBOLS AND ABBREVIATIONS
Nv

effective density of states in the valence band [m-3]

P

power [W]

p

hole density [m-3]

pCHCC

Auger recombination probability for CHCC process

pCHHH

Auger recombination probability for CHHH process

Pheat

heating power [W]

q

saturable absorption

Q

heat [J]

r

radius [m], complex amplitude reflectivity

R

intensity reflectivity

RCHCC

Auger recombination rate for the CHCC process [s-1]

RCHHH

Auger recombination rate for the CHHH process [s-1]

RGauss

reflectivity of a pulse with Gaussian transverse beam profile

Rlin

linear reflectivity

Rns

non-saturable reflectivity

ΔR

modulation depth

ΔRns

non-saturable losses

ΔRpp(t)

time-dependant reflectivity

S

spectral power density

T

temperature [K], intensity transmission

ΔThs

temperature rise in the heat sink [K]

ΔTse

temperature rise in the semiconductor [K]

TR

roundtrip time [s]

w

1/e2-intensity beam radius [m]

wcrit

critical radius [m], where ΔThs = ΔTse

wp

1/e2-intensity beam radius of the pump [m]
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SYMBOLS and Abbreviations

Abbreviations
AD

analogue-to-digital

AFM

atomic force microscope

AOM

acousto-optic modulator

AR

anti-reflection

ASE

amplified spontaneous emission

BFM

beam flux monitor

BS

beam splitter

BW

bandwidth

CHCC

Auger process, recombination energy transferred to electron

CHHH

Auger process, recombination energy transferred to hole

CTE

coefficient of thermal expansion

CVD

chemical vapor deposition

CW

continuous wave

DBR

distributed Bragg reflector

EL

electroluminescence

EP-VECSEL

electrically pumped vertical external-cavity surface-emitting laser

FCA

free carrier absorption

FFT

fast Fourier transformation

FWHM

full-width half-maximum

GDD

group delay dispersion

GTI

Gires-Tournois interferometer

HH

Heavy hole

H-ML

harmonic modelocking

HR

high reflector

KLM

Kerr lens modelocking

LASER

light amplification by stimulated emission of radiation

LH

Light hole

MASER

microwave amplification by stimulated emission of radiation

MBE

molecular beam epitaxy

MIXSEL

modelocked integrated external-cavity surface-emitting laser

SYMBOLS AND ABBREVIATIONS
ML

modelocking, monolayer

MOVPE

metalorganic vapour phase deposition

OP-VECSEL

optically pumped vertical external-cavity surface-emitting laser

PBS

polarizing beam splitter

PD

photo diode

PL

photoluminescence

QD

quantum dot

QML

Q-switched modelocking

QNL

quantum noise limit

QW

quantum well

RF

radio frequency

RIN

relative intensity noise

RMS

root mean square

ROC

radius of curvature

RTA

rapid thermal annealing

SDL

semiconductor disk laser

SEM

scanning electron microscopy

SESAM

semiconductor saturable absorber mirror

SPM

self-phase modulation

STEM

scanning transmission electron microscopy

TBP

time-bandwidth product

TEM

transverse electromagnetic mode / transmission electron microsc.

TPA

two-photon absorption

VCSEL

vertical-cavity surface-emitting laser

VECSEL

vertical external-cavity surface-emitting laser

WDM

wavelength division multiplexing

XI

List of Figures
Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:
Figure 2.10:
Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:
Figure 3.10:
Figure 3.11:
Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:
Figure 5.8:
Figure 5.9:
Figure 5.10:

Output power for different types of ultrafast lasers operating in the gigahertz regime.
Bandgap energy as a function of lattice constant for III-V semiconductors.
Scheme for the integration of the saturable absorber into the VECSEL gain structure.
VECSEL cavity and gain structure.
The superlattice Bragg mirror.
Reflectivity of the mirror and the AR coating.
Refractive index and standing wave intensity pattern in a typical gain structure.
GDD and gain enhancement as a function of wavelength for a typical gain structure.
Three different approaches for heat removal.
The QW test structure and its typical photoluminescence spectrum.
A processed VECSEL gain structure.
SEM image of a typical VECSEL gain structure.
Reflectivity spectrum measurement of a typical VECSEL gain structure.
The Auger recombination processes.
Lateral lasing in a QD VECSEL.
Temperature dependence of the gain.
Finite element temperature simulation of two gain structures.
Maximum temperature increase as a function of the pumpspot radius.
Parameters used in the analytical temperature model.
Comparison of the analytical temperature model with the simulations.
Simulation and measurement of the thermal lens.
Output power as a function of pump power and heat sink temperature.
Peak wavelength as a function of pump power and heat sink temperature.
PL microscopy pictures of a VECSEL gain structure before and after lasing.
Refractive index profile and standing wave pattern for the 20.2 W cw VECSEL.
Laser setup for the 20.2 W cw VECSEL.
Output power versus pump power of the 20.2 W cw VECSEL.
Beam quality measurement for the 20.2 W cw VECSEL.
Optical spectrum of the 20.2 W cw VECSEL.
The four different regimes of laser operation.
Three typical modelocking mechanisms using a saturable absorber.
Carrier dynamics in a SESAM.
Refractive index and field enhancement of an antiresonant and resonant SESAM.
Wavelength dependencies of SESAM properties.
Nonlinear reflectivity measurement of an antiresonant and a resonant SESAM.
Nonlinear reflectivity measurement setup.
Photodiode signal for a nonlinear reflectivity measurement.
Calibration and nonlinear reflectivity measurement of a typical SESAM.
Pump-probe setup for measuring SESAM dynamics.

XIII

3
5
6
10
12
13
15
17
18
20
23
24
25
30
33
34
35
36
37
39
44
46
46
47
50
52
53
54
54
55
58
60
62
63
63
64
65
66
67

XIV

LIST of Figures

Figure 5.11:
Figure 5.12:
Figure 5.13:
Figure 5.14:
Figure 5.15:
Figure 5.16:
Figure 5.17:
Figure 5.18:
Figure 5.19:
Figure 5.20:
Figure 5.21:
Figure 6.1:
Figure 6.2:
Figure 6.3:
Figure 6.4:
Figure 6.5:
Figure 7.1:
Figure 7.2:
Figure 7.3:
Figure 7.4:
Figure 7.5:
Figure 7.6:
Figure 7.7:
Figure 8.1:
Figure 8.2:
Figure 8.3:
Figure 8.4:
Figure 8.5:
Figure 8.6:
Figure 8.7:
Figure 8.8:
Figure 8.9:
Figure 8.10:
Figure 8.11:
Figure 8.12:
Figure 8.13:
Figure 9.1:
Figure 9.2:
Figure 9.3:
Figure 9.4:
Figure 9.5:
Figure 9.6:
Figure 9.7:

A typical pump-probe measurement for a QD-SESAM.
Spectral power density of an ideal modelocked laser.
Spectral power density for a modelocked laser with amplitude fluctuations.
Spectral power density for a modelocked laser with phase fluctuations.
Illustration of the absolute timing jitter.
Illustration of the cycle jitter.
Illustration of the modified cycle-to-cycle jitter.
Example of a experimental setup for timing jitter measurements.
Numerical processing of the measured timing jitter signals.
Timing noise measurement of a 2.5 GHz modelockedVECSEL.
Relative intensity noise measurement of a 2.5 GHz modelockedVECSEL.
A schematic of the 1.5 GHz cavity.
Characterization of the 1.5 GHz VECSEL.
A schematic of the 30 GHz cavity.
Characterization of the 5.2 ps 30 GHz VECSEL.
Characterization of the 1.8 ps 30 GHz VECSEL.
The concept of the MIXSEL.
Design of the first working MIXSEL.
Influence of growth deviations on the MIXSEL design.
Non linear reflectivity measurement of a QD SESAM and a MIXSEL.
The MIXSEL cavity.
Characterization of the first working MIXSEL.
Characterization of the improved first working MIXSEL.
Influence of the intermediate mirror on the field enhancement.
Influence of the intermediate mirror on the absorber enhancement and the GDD.
The design of the QD SESAM.
Reflectivity measurements of QD-SEESAMs with different monolayer coverage.
R and Fsat as a function of wavelength and monolayer coverage.
Pump probe measurements of QD SESAMs with different ML coverage.
A as a function of ML coverage and wavelength for QD SESAMs.
Photoluminescence of the QD SESAMs after annealing.
Influence of annealing on the QD SESAM parameters.
Refractive index pattern and electric field for the QD SESAM.
Nonlinear reflectivity measurement of the QD SESAM.
Pump probe measurement of the QD SESAM.
Modelocking results for the QD SESAM.
Design of the antiresonant MIXSEL structure.
GDD measurement of the antiresonant MIXSEL structure.
Nonlinear reflectivity measurement of the antiresonant MIXSEL structure.
High power MIXSEL setup.
Characterization of the 6.4 W high power MIXSEL.
Beam quality measurement for the 6.4 W high power MIXSEL.
Laser cavity of the 10 GHz high repetition rate MIXSEL.

68
74
75
76
76
77
77
78
79
80
82
85
86
89
90
91
94
96
97
99
100
101
103
106
107
108
109
110
111
112
113
114
115
116
116
117
120
122
123
124
125
126
127

LIST OF FIGURES
Figure 9.8:
Figure 10.1:
Figure 10.2:
Figure 10.3:
Figure 10.4:
Figure 10.5:
Figure 10.6:
Figure 10.7:
Figure 10.8:
Figure 11.1:
Figure 11.2:
Figure 11.3:
Figure 11.4:

Characterization of the 10 GHz high repetition rate MIXSEL.
EP-VECSEL gain structure.
Simulated carrier densities for EP-VECSEL gain structures.
Optical design of the EP-VECSEL gain structure.
GDD and gain enhancement for the EP-VECSEL with and without AR-coating.
EP-VECSEL structure for continuous-wave operation.
EL profiles for EP-VECSEL structures with different bottom contact sizes.
laser characterization for the EP-VECSEL with 180 m bottom contact size.
Power-scaling for EP-VECSELs.
Summary of QD growth study.
Semiconductor-dielectric hybrid AR-coating.
MIXSEL structure with chirped QW positions.
Sketch of quasi-monolithic optically and electrically pumped MIXSELs.

XV
128
133
134
136
136
137
138
138
139
144
145
145
146

List of Tables
Table 2.1: Processing steps to remove the substrate and the etch stop layers.
Table 3.1: Thermal conductivities and expansions of the materials used during this thesis.
Table 5.1: Reflectivity and transmission of resonant and antiresonant DBRs.

XVII

22
28
61

Publications
Parts of this thesis are published in the following journal papers and conference
proceedings.

Journal papers
1.

B. Rudin, V. J. Wittwer, D. J. H. C. Maas, M. Hoffmann, O. D. Sieber, Y. Barbarin, M. Golling, T.
Südmeyer, U. Keller, “Novel ultra-fast semiconductor laser with 6.4 W average output power “,
submitted to Nature Photonics (July 2010).

2.

B. Rudin, A. Rutz, M. Hoffmann, D. J. H. C. Maas, A.-R. Bellancourt, E. Gini, T. Südmeyer, U.
Keller, “Highly efficient optically pumped vertical-emitting semiconductor laser with more
than 20 W average output power in a fundamental transverse mode“, Opt. Lett. 33, 2719-2721
(2008).

3.

D. J. H. C. Maas*, A.-R. Bellancourt, B. Rudin, M. Golling, H. J. Unold, T. Südmeyer, U. Keller,
”Vertical integration of ultrafast semiconductor lasers”, Appl. Phys. B 88, 493-497 (2007).
* Author Information: The first three authors contributed equally to this work.

4.

D. J. H. C. Maas, A.-R. Bellancourt, M. Hoffmann, B. Rudin, Y. Barabrin, M. Golling, T.
Südmeyer, U. Keller, ”Growth parameter optimization for fast quantum dot SESAMs”, Opt.
Express 16, 18646-18656 (2008).

5.

D. J. H. C. Maas, B. Rudin, A.-R. Bellancourt, D. Iwaniuk, S. V. Marchese, T. Südmeyer, U.
Keller, ”High precision optical characterization of semiconductor saturable absorber mirrors”,
Opt. Express 16, 7571-7579 (2008).

6.

A.-R. Bellancourt, D. J. H. C. Maas, B. Rudin, M. Golling, T Südmeyer, U. Keller, “Modelocked
Integrated External-Cavity Surface Emitting Laser (MIXSEL)”, IET Optoelectron. 3, Iss. 2, pp. 6172 (2008).

7.

D. Lorenser, D. J. H. C. Maas, H. J. Unold, A.-R. Bellancourt, B.Rudin, E. Gini, D. Ebling, U.
Keller, “50-GHz passively mode-locked surface emitting semiconductor laser with 100 mW
average output power”, IEEE J. Quantum Electron. 42, 838-847 (2006).

8.

A. Rutz, V. Liverini, D. J. H. C. Maas, B. Rudin, A.-R. Bellancourt, S. Schön, U. Keller, “Passively
modelocked GaInNAs VECSEL at center wavelength around1.3”, Electronic Letters 42, 926
(2006).

9.

A. Schlatter, B. Rudin, S. C. Zeller, R. Paschotta, G. J. Spühler, L. Krainer, N. Haverkamp, H. R.
Telle, U. Keller, ”Nearly quantum-noise-limited timing jitter form miniature Er:Yb:glass lasers”,
Opt. Lett. 30, 1536-1538 (2005).

10.

R. Paschotta, B. Rudin, A. Schlatter, G. J. Spühler, L. Krainer, N. Haverkamp, H. R. Telle, U.
Keller, ”Relative timing jitter measurements with an indirect phase comparison method”, Appl.
Phys. B 80, 185-192 (2005).

XIX

XX

PUBLICATIONS

Conference papers
1.

B. Rudin, M. H. Hoffmann, V. J. Wittwer, W. P. Pallmann, M. Golling, T. Südmeyer, U. Keller,
”Ultrafast semiconductor lasers in the thin-disk geometry”, Latin America Optics and Photonics
Conference (LAOP), Recife, Brazil, 2010.

2.

B. Rudin, V. J. Wittwer, D. J. H. C. Maas, Y. Barbarin, M. Golling, T. Südmeyer, U. Keller,
”Modelocked Integrated External-Cavity Surface Emitting Laser (MIXSEL) with output power
up to 660 mW and repetition rate up to 10 GHz”, Conference on Lasers and Electro-Optics (CLEO),
San Jose, California, 2010.

3.

B. Rudin, A. Rutz, D. J. H. C. Maas, A.-R. Bellancourt, E. Gini, T. Südmeyer, U. Keller, ”Efficient
high power VECSEL generates 20 W continuous wave radiation in a fundamental transverse
mode”, Advanced Solid-State Photonics (ASSP), Denver, Colorado, USA, 2009.

4.

B. Rudin, D. J. H. C. Maas, A.-R. Bellancourt, T. Südmeyer, E. Gini, U. Keller, ”Efficient highpower VECSEL generates 20 W continuous-wave radiation in a fundamental transverse mode”,
EPS-QEOD Europhoton conference, Paris, France, 2008.

5.

B. Rudin, D. J. H. C. Maas, A.-R. Bellancourt, M. Golling, T. Südmeyer, U. Keller, ”Vertical
integration of ultrafast semiconductor lasers”, Conference on lasers and Electro-Optics (CLEO), San
Jose , California, 2008.

6.

B. Rudin, D. J. H. C. Maas, A.-R. Bellancourt, M. Golling, H. J. Unold, T. Südmeyer, U. Keller,
“First Modelocked Integrated External-Cavity Surface Emitting Laser (MIXSEL)”, Advanced
Solid-State Photonics (ASSP),2007.

7.

B. Rudin, D. J. H. C. Maas, D. Lorenser, A.-R. Bellancourt, H. J. Unold, U. Keller, ”HighPerformance Mode-Locking with up to 50 GHz Repetition Rate from Integrable VECSELs ”,
Conference on Lasers and Electro-Optics (CLEO), Long Beach, California, USA, 2006.

8.

B. Rudin, V. J. Wittwer, D. J. H. C. Maas, Y. Barbarin, M. Golling, T. Südmeyer, U. Keller,
”Modelocked Integrated External-Cavity Surface Emitting Laser (MIXSEL) with output power
up to 660 mW and repetition rate up to 10 GHz”, Conference on Lasers and Electro-Optics (CLEO),
San Jose, California, USA, 2010.

9.

V. J. Wittwer, W. P. Pallmann, A. E. H. Oehler, B. Rudin, M. Golling, T. Südmeyer, U. Keller, ”
Timing Jitter characterization of a quantum dot SESAM modelocked VECSEL”, submitted to
Photonics West, San Francisco, California, USA, 2011.

10.

T. Südmeyer, B. Rudin, V. J. Wittwer, D. J. H. C. Maas, Y. Barbarin, M. Golling, U. Keller,
”Modelocked Integrated External-Cavity Surface Emitting Laser (MIXSEL) with output power
up to 660 mW and repetition rate up to 10 GHz”, DPG Tagung, Hannover, Germany, 2010.

11.

V. J. Wittwer, B. Rudin, D. J. H. C. Maas, O. D. Sieber, M. Hoffmann, Y. Barbarin, M. Golling, T.
Südmeyer, U. Keller, ”High power MIXSEL: picoseconds pulses with 6.4 W average power from
an integrated ultrafast semiconductor disk laser”, Laser Assisted Net Shape Engineering (LANE),
Erlangen, Germany, 2010.

12.

V. J. Wittwer, B. Rudin, D. J. H. C. Maas, M. Hoffmann, O. D. Sieber, Y. Barbarin, M. Golling, T.
Südmeyer, U. Keller, ”MIXSEL: An Integrated Passively Modelocked External-Cavity
Semiconductor Laser with 6.4 W Average Power”, EPS-QEOD Europhoton conference, Hamburg,
France, 2008.

PUBLICATIONS

XXI

13.

W. P. Pallmann, M. Hoffmann, V. J. Wittwer, B. Rudin, P. Kreuter, B. Witzigmann, M. Golling,
Y. Barabarin, T. Südmeyer, U. Keller, ”Novel Ultrafast Vertically Emitting Semiconductor
Lasers”, European Conference and Exhibition on Optical Communication (ECOC), Torino, Italy, 2010.

14.

V. J. Wittwer, B. Rudin, D. J. H. C. Maas, Y. Barbarin, M. Hoffmann, M. Golling, T. Südmeyer,
U. Keller, ”Modelocked Integrated External-Cavity Surface Emitting Laser (MIXSEL) generates
660mW average output power in 23-ps pulses at 3 GHz repetition rate”, submitted to Advanced
Solid-State Photonics (ASSP), San Diego, California, USA, 2010.

15.

M. Hoffmann, D. J. H. C. Maas, O. Sieber, V. J. Wittwer, A.-R. Bellancourt, B. Rudin, Y. Barbarin,
M. Golling, T. Südmeyer, U. Keller, “First experimental verification of soliton-like pulseshaping mechanisms in passively mode-locked VECSELs”, Conference on Lasers and ElectroOptics (CLEO), Munich, Germany, 2009.

16.

T. Suedmeyer, D. J. H. C. Maas, A.-R. Bellancourt, B. Rudin, M. Hoffmann, M. Golling, Y.
Barbarin, U. Keller”Modelocked Integrated External-Cavity Surface Emitting Laser (MIXSEL)”,
DPG Tagung, Hamburg, Germany, 2009.

17.

D.J.H.C. Maas, M. Hoffmann, A.-R. Bellancourt, B. Rudin, Y. Barbarin, M. Golling, T. Südmeyer,
U. Keller, ”Growth Parameter Optimization for Fast Quantum Dot Semiconductor Saturable
Absorber Mirrors (QD-SESAMs)”, Advanced Solid-State Photonics (ASSP), Denver (Colorado),
USA, 2009.

18.

D.J.H.C. Maas, A.-R. Bellancourt, M. Hoffmann, B. Rudin, M. Golling, T. Südmeyer, U. Keller,
”Recombination Dynamics in Quantum Dot Semiconductor Saturable Absorber Mirrors (QDSESAMs)”, Conference on Lasers and Electro-Optics (CLEO), San Jose, California, 2008.

19.

D.J.H.C. Maas, B. Rudin, A.-R. Bellancourt, D. Iwaniuk, T. Südmeyer, U. Keller, ”High Precision
Optical Characterization of Semiconductor Saturable Absorber Mirrors (SESAMs)”, Conference
on Lasers and Electro-Optics (CLEO), San Jose, California, 2008.

20.

A.-R. Bellancourt, D. J. H. C. Maas, B. Rudin, M. Golling, T. Südmeyer, U. Keller, ”Modelocked
Integrated External-Cavity Surface Emitting Laser (MIXSEL)”, EPS-QEOD Europhoton
Conference, Paris (France), 2008.

21.

A.-R. Bellancourt, D. J. H. C. Maas, B. Rudin, M. Golling, T. Südmeyer, U. Keller, ”Modelocked
Integrated External-Cavity Surface Emitting Laser (MIXSEL)”, Advanced Solid-State Photonics
(ASSP), Nara, Japan, 2008.

22.

D.J.H.C. Maas, A.-R. Bellancourt, B. Rudin, M. Golling, H. J. Unold, T. Südmeyer, U. Keller,
“MIXSELs – a new class of ultrafast semiconductor lasers”, European Conference on Integrated
Optics (ECIO), Copenhagen, Denmark, 2007.

23.

D.J.H.C. Maas, A.-R. Bellancourt, B. Rudin, M. Golling, H. J. Unold, T. Südmeyer, U. Keller,
“MIXSELs – a new class of ultrafast semiconductor lasers”, European Conference on Optical
Communication (ECOC), Berlin, Germany, 2007.

24.

D.J.H.C. Maas, A.-R. Bellancourt, B. Rudin, M. Golling, H. J. Unold, T. Südmeyer, U. Keller,
“MIXSELs – a new class of ultrafast semiconductor lasers”, Conference on Lasers and ElectroOptics (CLEO), Munich, Germany, 2007.

25.

A.-R. Bellancourt, B. Rudin, D. J. H. C. Maas, M. Golling, H. J. Unold, T. Südmeyer, U. Keller,
“First Demonstration of a Modelocked Integrated External-Cavity Surface Emitting Laser
(MIXSEL)”, Conference on Lasers and Electro-Optics (CLEO), Baltimore, Maryland, USA, 2007.

XXII

PUBLICATIONS

26.

T. Suedmeyer, D. J. H. C. Maas, A.-R. Bellancourt, B. Rudin, M. Golling, H. J. Unold, U. Keller,
“Moving from ultrafast VECSELs to MIXSELs: a new class of ultrafast semiconductor lasers”,
Optoelectronic Materials and Devices II, Wuhan, China, 2007.

27.

P. Navaretti, A. Rutz, V. Liverini, D. J. H. C. Maas, B. Rudin, A.-R. Bellancourt, S. Schön, U.
Keller, “Modelocking of a GaInNAs VECSEL using a GaInNAs SESAM for 1.3 um
applicatoins”, European Conference on Integrated Optics (ECIO), Copenhagen, Denmark, 2007.

28.

A. Rutz, V. Liverini, D. J. H. C. Maas, B. Rudin, A.-R. Bellancourt, S. Schön, U. Keller, ”First
passively modelocked GaInNAs VECSEL”, Conference on Lasers and Electro-Optics (CLEO), Long
Beach, California, USA, 2006.

29.

H. J. Unold, D. Lorenser, D. J. H. C. Maas, B. Rudin, A.-R. Bellancourt, U. Keller, E. Gini, D.
Ebling, “50-GHz Mode-Locked VECSELs: An Integrable Alternative to High-Repetition-Rate
Solid-State Lasers”, Advanced Solid-State Photonics (ASSP), Incline Village, Nevada, USA, 2006.

30.

A. Schlatter, B. Rudin, S. C. Zeller, R. Paschotta, G. J. Spühler, L. Krainer, U. Keller, N.
Haverkamp, H. R. Telle, ”Nearly quantum noise limited timing jitter from miniature Er:Yb:glass
lasers”, Conference on Lasers and Electro-Optics (CLEO), Munich, Germany, 2005.

31.

E. Benkler, N. Haverkamp, H. R. Telle, R. Paschotta, B. Rudin, A. Schlatter, S. C. Zeller, G. J.
Spühler, L. Krainer, U. Keller, “Nearly quantum-limited noise performance of passively
modelocked 10-GHz Er:Yb:glass lasers”, Conference on Lasers and Electro-Optics (CLEO),
Baltimore, Maryland, USA, 2005.

32.

R. Paschotta, B. Rudin, A. Schlatter, S. C. Zeller, G. J. Spühler, L. Krainer, U. Keller, N.
Haverkamp, H. R. Telle, “Nearly quantum limited timing jitter of passively modelocked10-GHz
diode-pumped Er:Yb:glass lasers”, Optical Fiber Communication Conference (OFC), Los Angeles,
USA, 2005.

33.

R. Paschotta, B. Rudin, A. Schlatter, S. C. Zeller, G. J. Spühler, L. Krainer, U. Keller, N.
Haverkamp, H. R. Telle, “Novel technique for highly sensitive timing jitter measurements”,
Advanced Solid-State Photonics (ASSP), Vienna, Austria, 2005.

Abstract
Since the invention and first demonstration of the laser, continuous-wave lasers are
used in everyday applications, such as CD-players, optical communication links or
lasers printers. Ultrafast lasers, on the other hand, found only applications in
industry or research, for example in the fields of biology, medicine or metrology. The
reason is, that these systems rely on bulky, complex and expensive solid-state lasers
such as titanium sapphire oscillators. Recently, new applications, like optical
clocking of microprocessors, generated a demand for low-cost and compact ultrafast
sources. Semiconductor lasers are ideally suited for this purpose, because they can be
realized in high-volume mass-production, similar to semiconductor electronics, and
allow a high level of integration.
There are basically two different types of semiconductor lasers, so called edgeemitters, for which the laser light propagates in the epitaxial layers, and surface
emitters, radiating the light perpendicularly to the layer structure. Edge-emitters
have the drawbacks of low beam quality at high output powers (in the Watt regime)
and facet damage due to the high light intensities at the output window. The vertical
external-cavity surface-emitting laser (VECSEL), overcomes this issues because of the
external cavity and the large spot sizes on the thin-disk like gain structure. With this
type of laser high output powers (tens of Watt) and good beam quality are possible at
the same time. Furthermore, modelocking is possible by implementation of a
semiconductor saturable absorber mirror (SESAM) into the external cavity. MultiWatt output power has been demonstrated for such laser systems.
Since both, gain structure and SESAM, can consist of the same semiconductor
material system, the integration of these two elements into a single structure becomes
possible, leading to very simple, ultrafast laser oscillators. In this thesis we
developed this new type of semiconductor laser, and we refer to it as the modelocked
integrated external-cavity surface emitting laser (MIXSEL).
The quantum well (QW) SESAMs, used previously in the hybrid VECSELSESAM modelocking approach, have saturation energies comparable to that of the
gain structure itself. Simulations and experiments showed, that stable modelocking is
only possible if the absorber saturates stronger than the gain. This has been achieved
by using smaller spot sizes on the absorber than on the gain, by a proper design of
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the external cavity. This, unfortunately, made the integration of the two elements
into a single structure impossible, because this implies that the laser mode sizes
would have to be equal. One of the major tasks of this thesis was therefore to develop
saturable absorbers with the suitable saturation properties, to enable modelocking
with the same spot sizes on gain and absorber.
Quantum dot (QD) SESAMs, in contrast to QW SESAMs, have an additional
parameter, the dot density, which allows an independent control of the saturation
fluence and the modulation depth. With this kind of absorber, we were able to
achieve modelocking with equal spot sizes on SESAM and gain (often referred to as
1:1 modelocking). Due to the far simpler cavity design we were able to realize a
modelocked VECSEL with a record high repetition rate of 50 GHz and an average
power of above 100 mW. But more important, the integration of gain and absorber
into a single structure became conceptually possible as demonstrated in 2007. We
achieved the modelocked operation of the first MIXSEL in a simple linear cavity. The
average output power was 40 mW with at pulse duration of 35 ps and a repetition
rate of 2.8 GHz.
The only downside was the low production yield of functioning MIXSEL
structures. The reason for this were the very high demands on growth accuracy for
these semiconductor structures. With improved QD absorbers we were able to
reduce these requirements and to increase the yield for working structures
significantly. This, and improved heat removal, led to the modelocked
semiconductor laser with the highest output power up to date, a MIXSEL with 6.4 W
average power. The pulse duration was 28 ps and the repetition rate 2.5 GHz. Faster
saturable absorbers will in future permit by far shorter pulses and higher repetition
rates. Due to simple linear cavities, which were enabled by the MIXSEL concept, we
estimate that repetition rates of more than 100 GHz become possible.
The last step towards even more compact and inexpensive ultrafast lasers is the
electrical pumping of the MIXSEL. This would allow omitting the optical pump, in
most cases an edge-emitter, and the required pump optics. We already successfully
realized electrically pumped continuous-wave VECSELs, and developed concepts
and guidelines for electrically pumped MIXSELs. These lasers will in future fill a gap
in the spectrum of today’s laser technology.

Kurzfassung
Seit der Erfindung und der ersten Realisierung des Lasers, haben Dauerstrich-Laser
Anwendung in vielen Alltags-Gegenständen gefunden. Beispiele sind CD-Spieler,
optische Kommunikations Verbindungen oder Laser Drucker. Ultra-schnelle
gepulste Laser, auf der anderen Seite, wurden bisher nur in der Industry oder in der
Forschung eingesetzt, in Gebieten wie der Biologie, der Medizin oder der Metrologie.
Der Grund dafür ist, dass diese Systeme auf grossen, komplexen und
kostenintensiven Festkörper-Lasern beruhen, wie zum Beispiel Titan-Sapphir
Oszillatoren. Neue Anwendungsgebiete, wie das optische Takten von MikroProzessoren, haben den Wunsch nach kostengünstigen und kompakten ultraschnellen Laserquellen hervorgebracht. Halbleiter-Laser sind dafür ideal geeignet, da
sie, wie die Halbleiter Elektronik, in Massenproduktion hergestellt werden können,
und einen hohen Grad an Integration ermöglichen.
Im Prinzip gibt es zwei verschiedene Typen von Halbleiterlasern, sogenannte
Kanten-Emitter, bei welchen das Licht in den epitaktischen Schichten propagiert,
und Oberflächen-Emitter, welche das Laserlicht senkrecht zu der Schichtstruktur
abstrahlen. Kanten-Emitter haben den Nachteil, dass sie bei hohen
Ausgangsleistungen (im Watt-Bereich) schlechte Strahlqualität aufweisen, und es
aufgrund der hohen Lichtintensitäten zu Schaden an der Auskopplungs-Oberfläche
kommen kann. Oberflächenemittierende Halbleiterlaser mit externer Kavität (vertical
external-cavity surface-emitting laser, VECSEL) haben diese Probleme nicht,
aufgrund der externen Kavität und den grossen Moden auf der scheibenartigen
Verstärkerstruktur. Mit dieser Art von Laser sind hohe Ausgangsleistung (im
zweistelligen Watt-Bereich) und gute Strahlqualität gleichzeitig möglich. Weiter ist es
möglich den Laser zu modenkoppeln, durch das Einbringen eines sättigbaren
Halbleiter Absorberspiegels (semiconductor saturable absorber mirror, SESAM) in
die externe Kavität. Ausgangsleitungen von mehreren Watt wurden für solche
Lasersysteme erreicht.
Da die Verstärkerstruktur und der sättigbare Absorber aus dem gleichen
Materialsystem bestehen können, ist die Integration dieser beide Elemente in eine
einzelne Struktur möglich, wodurch sehr einfach aufgebaute ultraschnelle
Laseroszillatoren realisiert werden können. Im Rahmen dieser Arbeit haben wir
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diese neue Art von Lasern entwickelt, welche modengekoppelter integrierten
Halbleiterlaser mit externer Kavität (modelocked integrated external-cavity surface
emitting laser, MIXSEL) genannt wird.
Die SESAMs mit Quantentopfabsorbern (quantum well, QW), welche früher für
das hybride VECSEL-SESAM Modenkoppeln verwendet wurden, haben änliche
Sättiggungsenergien wie die Verstärkerstruktur. Simulationen und Experimente
haben aber aufgezeigt, dass stabiles Modenkoppeln nur dann möglich ist, wenn der
Absorber stärker gesättigt wird als das Verstärkermaterial. Dies hat man erreicht,
indem man, durch ein geeignetes Design der externen Kavität, auf dem Absorber
kleinere Modengrössen verwendet hat als auf dem Verstärker. Leider ist mit diesen
SESAMs die Integration in die Verstärkerstruktur nicht möglich, da dies gleiche
Grössen der Lasermoden voraussetzt. Eine der Hauptaufgaben dieser Arbeit bestand
deshalb darin, sättigbare Absorber zu entwickeln, welche die ensprechenden
Sättigungseigenschaften besitzen, so dass Modenkoppeln bei gleicher Modengrösse
im Verstärkermaterial und im Absorber möglich ist.
Quantenpunkt (quantum dot, QD) SESAMs haben im Gegensatz zu QW SESAMs
einen zusätzlichen Parameter, die Quantenpunktdichte. Dadurch wird eine
unabhängige Kontrolle der Sättigungsfluenz von der Modulationstiefe ermöglicht.
Mit dieser Art von Absorber ist es uns gelungen, VECSELs zu modekoppeln unter
der Verwendung gleicher Modengrössen auf dem Verstärker und dem SESAM (oft
1:1 Modenkoppeln genannt). Aufgrund des weitaus einfacheren Kavitätdesigns,
konnten wir ein modengekoppelstes VECSEL mit Rekord-hoher Repetitionsrate von
50 GHz und einer mittleren Ausgangsleistung von über 100 mW realisieren. Viel
wichtiger aber war, dass damit die Integration von Verstäker und Absorber in eine
einzelne Struktur konzeptionell möglich wurde, was uns 2007 schliesslich auch
gelang. Wir erreichten den modengekoppelten Betrieb des ersten MIXSELs, in einer
einfachen linearen Kavität. Die mittlere Ausgangsleistung betrug 40 mW bei einer
Pulsdauer von 35 ps und einer Repetitionsrate von 2.8 GHz.
Der einzige Wermutstropfen war die geringe Ausbeute bei der Herstellung von
funktionierenden MIXSEL-Strukturen. Grund dafür war die sehr hohe Anforderung
an die Wachtumsgenauigkeit für die Halbleiterstrukturen. Mit verbesserten QDAbsorbern ist es uns schliesslich gelungen diese Anforderungen zu senken und die
Ausbeute an funktionierenden Strukturen drastisch zu erhöhen. Dies, und eine
verbesserte Wärmeabführung führte zum modengekoppelten Halbleiterlaser mit der
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bis anhin grössten durchschnittlichen Ausgangsleistung, einem MIXSEL mit 6.4 W.
Die Pulsdauer betrug 28 ps, und die Repetitionsrate 2.5 GHz. Schnellere sättigbare
Absorber werden in Zunkunft weitaus kürzere Pulsdauern und höhere
Repetitionsraten erlauben. Augrund der einfachen linearen Kavitäten, welche durch
das MIXSEL-Konzept ermöglicht wurden, schätzen wir, dass Repetitionsraten von
über 100 GHz möglich werden.
Der letzte Schritt hin zu noch kompakteren und kostengünstigeren ultraschnellen
Lasern, ist das elektrische Pumpen der MIXSEL. Damit würde die optische Pumpe,
meist ein Kantenemitter, und die erforderliche Pumpoptik wegfallen. Bereits haben
wir elektrisch gepumpte dauerstrich VECSEL erfolgreich realisiert, und Konzepte
und Richtlinien für elektrisch gepumpte MIXSEL entwickelt. Diese Laser werden in
Zukunft eine Lücke im Spektrum der heutigen Lasertechnologie schliessen.

Chapter 1
Introduction

In 1916 Albert Einstein described the stimulated emission as the inverse process to
the absorption [1]. In 1928 Rudolf Ladenburg succeeded in the experimental
verification [2]. Afterwards, physicists wondered for a long time whether this effect
could be used for the amplification of light, and whether the population inversion
required could be achieved. The answer was given by Charles H. Townes, who
presented the first maser in 1954 [3]. The first laser was demonstrated 6 years later by
Theodore Maiman [4], a ruby laser. The next major breakthrough in optics was the
first demonstration of coherent light emission from a gallium arsenide junction, the
first laser diode, in 1962 [5]. One year later, H. Kroemer proposed the concept of the
double-heterostructure laser, which was the basis for the first continuous wave laser
operating at room temperature [6].
For about 30 years, lasers were reserved for research applications, and it was not
until the late eighties, when lasers gained in importance in civil applications. The
prime examples are the laser diodes in CD or DVD players, which are found in
almost every household in the industrialized nations. Another vast field of
application, but probably the least obvious to general public, is the internet, which is
based on a backbone of optical fiber networks, in which myriads of small, cheap and
reliable semiconductor lasers transmit the world’s immense data streams in light
pulses at incredible speed. Not surprisingly, all these lasers are based on
semiconductor material, benefiting from the wafer-scale technology, allowing a high
level of integration and cost-efficient mass-production.
In the recent past ultrafast lasers, lasers generating short pulses, have enabled
many applications in science and technology. Numerous laboratory experiments
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have confirmed, that ultrafast lasers can significantly improve existing applications,
for example increase telecommunication data rates [7] and throughputs in computer
interconnects [8], or the optical clocking of microprocessors [9-11]. They also gave
rise to numerous new applications that only work with short pulses in areas as
diverse as metrology [12] or life sciences [13]. Currently, most of these applications
rely on bulky, complex and expensive ultrafast solid-state lasers, like titaniumsapphire based systems.
Optical links are the today’s standard for long haul networks. They have better
data transmission capabilities than electrical systems or connections via satellites.
They are also used for rack-to-rack connections having distances of 1-100 m, and
more and more also for board-to-board communication inside computers. Today,
these applications rely on directly modulated continuous-wave semiconductor lasers.
With this technique transmission rates of 30 Gbit/s have been achieved [14]. With the
combination of multiple lasers at slightly different wavelengths (wavelength division
multiplexing, WDM) rates of more than 1Tbit/s have been demonstrated.
Nevertheless, this approach has its limitations. With the steady hunger for
bandwidth new solutions have to found. With the direct use of the pulses from
ultrafast lasers, as an alternative to shaping the pulses subsequently with a
modulator, higher bandwidths are possible. The short pulse durations, high peak
power, wide spectral bandwidth and low timing jitter translates into simplified
synchronization and improved receiver sensitivity [15].
Another application that could benefit from ultrafast lasers is clock distribution.
In an integrated circuit, a clock signal is required for synchronizing the logic. The
most important clock parameters are skew, jitter and power. The skew is a measure
for the time differences of the clock signal arrivals at different locations on the chip,
whereas the jitter is a measure for the variations of pulse to pulse intervals. While the
transistor performance increases with scaling down the size, the copper clock
interconnects have an increased delay for smaller cross-sections. This issue is
expected to be a bottleneck in the near future, if scaling of the transistor size and
density proceeds as planned (Moore’s law). The main advantages brought in by
optical clocks are the reduction of skew and jitter, lower sensitivity to temperature
variations and less power consumption [8-9]. A powerful modelocked laser would be
an ideal source for optical clocking and would enable further improvement of the
performance of current microprocessors.
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Another promising field of application for ultrafast lasers is nonlinear optical
frequency conversion. Nonlinear optical frequency conversion allows to cover the
whole visible spectral region with an infrared laser source, which is attractive for
commercial applications like RGB laser projection systems. Due to their high peak
powers ultrafast high power lasers can be efficiently frequency doubled in a simple
single pass through a nonlinear crystal.
Most of these applications, especially optical clocking and optical interconnects,
require ultrafast lasers with high average output powers and multi-GHz repetition
rates. Furthermore, for market penetration, these lasers should be compact, robust
and reliable, and suitable for cost-efficient mass-production. In Figure 1.1 we
compare different laser concepts, which target such performance: Harmonic
modelocked fiber lasers, semiconductor edge-emitting lasers, solid-state lasers, and
VECSELs (vertical external-cavity surface-emitting lasers).
10 W
fiber lasers (H-ML) (
solid-state lasers (
edge emitters (
VECSELs (

average power

1W

)
)
)
)

100 mW
H-ML
10 mW
H-ML
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10
100
repetition rate in GHz

1000

Figure 1.1: Output power for different types of ultrafast lasers operating in
the gigahertz regime. To date, the available laser sources are either based on
semiconductor edge-emitters, harmonically modelocked fiber lasers, diodepumped ion-doped solid-state lasers or VECSELs.

Ultrafast edge-emitting semiconductor lasers are attractive because they can be fully
integrated on a single semiconductor chip, and because they can be mass-produced
cost-efficiently by well established wafer-scale technologies. The highest average
output power to date is 250 mW at a pulse repetition rate of 4.3 GHz [16]. It appears
difficult to achieve high power levels at pulse repetition rates above 10 GHz, because
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gain guiding at high current densities gives rise to higher order transverse modes
preventing stable modelocking. Other drawbacks of this laser concept are the
strongly asymmetric beam profile and the long interaction length, which introduces
significant dispersion and nonlinearities. It is also challenging to fabricate edgeemitters with precise pulse repetition rates and synchronize these lasers to an
external reference clock. Moreover, the gain section and the saturable absorber
section cannot be optimized independently, since in most cases they are formed by
the same epitaxial layer.
Other interesting ultrafast sources are either based on diode-pumped solid-state
or fiber lasers. Solid-state lasers modelocked with semiconductor saturable absorber
mirrors (SESAMs) [17-19] have achieved output powers of up to 2 W at 10 GHz, and
repetition rates of up to 160 GHz with 110 mW. However, gain and absorber consist
of different material types and cannot be manufactured simultaneously, nor can they
be integrated into a single component, which results in high complexity and costs.
Moreover, high repetition rate fiber lasers are not fundamentally modelocked.
Instead harmonic modelocking (H-ML) is used, where multiple pulses are circulating
inside the laser cavity at the same time. Therefore, these lasers are susceptible to
pulse dropout and typically exhibit higher noise levels compared to fundamentally
modelocked lasers.
The approach discussed in this thesis is based on the vertical external-cavity
surface-emitting laser (VECSEL) [20], a laser type combining the advantages of the
semiconductor material and the solid-state laser like discrete cavity elements. In a
VECSEL the light is emitted perpendicular to the epitaxial layer structure, in contrast
to edge-emitting lasers, where the beam propagates in the epitaxial layers. The thindisk like gain section enables very efficient heat removal, and thus high output
powers, and the external cavity allows good beam quality at the same time. The
highest continuous-wave output powers reported today are 20 W with a beam
quality factor M2 < 1.1 [21] and 30 W with an M2 < 3 [22], both based on optical
pumping. Using electrical pumping, fundamental transverse mode operation with
up to 500 mW output power has been demonstrated, in multi-mode operation, 1 W
has been achieved [23].
The semiconductor gain material has the compelling advantage compared to
laser materials, that the lasing wavelength can be engineered over a broad range by
choosing the right material composition, as shown in Figure 1.2. VECSELs have been
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reported at many wavelengths: 390 nm with InGaN quantum wells (QWs) [24],
660 nm with InGaP QWs [25], 850 nm with AlGaAs QWs [26], 980 nm with InGaAs
QWs [20], 1.3 m with GaInNAs QWs [27], 1.5 m with InGaAs QWs [28] and 2.3 m
with GaInAsSb QWs [29].
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Figure 1.2: Bandgap energy as a function of lattice constant for different
III-V semiconductor alloys at room temperature. The solid lines indicate a
direct bandgap, whereas the dashed lines indicate an indirect bandgap.

VECSELs offer the possibility of passive modelocking with the introduction of a
SESAM into the external cavity. An advantage of the semiconductor gain material is
that the absorption and emission cross-sections are typically 2-3 orders of magnitude
higher than for solid-state materials and thus possess low gain saturation fluences.
This is a beneficial property, because it reduces Q-switching instabilities and allows
the operation of these lasers at high repetition rates. Another benefit is the broad
amplification bandwidth, giving rise to the potential for modelocked operation in the
low fs-regime. The first passively modelocked VECSEL was demonstrated in 2000 by
Hoogland et al. [30]. The average output power was 21.6 mW in 22-ps pulses at a
repetition rate of 4 GHz. In the following years large progress in repetition rate
output power and pulse duration have been made by several research groups.
Ultrafast VECSELs [31] have been reported with average output powers of up to
2.1 W [32], pulse repetition rates of up to 50 GHz [33] and pulse durations as short as
60 fs [34]. All these lasers consisted of at least three cavity elements, the gain
structure, the SESAM for the pulse formation and the output coupler. Since both the
VECSEL gain structure and the SESAM consist of semiconductor material, the
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integration of the two devices into a single structure becomes possible, enabling
simpler and more robust laser cavities, higher repetition rates and higher output
powers. Moreover, this new type of semiconductor laser is adequate for cost-efficient
high-volume wafer-scale mass-fabrication.
The realization of this new type of ultrafast laser was the main task of this thesis.
The integration scheme is shown in Figure 1.3. The first ultrafast VECSELs were all
modelocked by QW-SESAMs. The most simple cavity for such a VECSEL is shown in
Figure 1.3(a). It has a folded V-shaped geometry, with the SESAM as an end mirror,
the gain structure as the folding mirror and a curved output coupler as the second
end mirror. Stable modelocking is only achieved for significant absorber saturation,
accomplished by strong focusing on the SESAM. Due to the different mode areas on
gain and absorber, the integration of the two parts into a single structure is not
possible. We resolved this issue by developing low saturation fluence QD-SESAMs.
This enabled, in a first step, modelocking of VECSELs with the same laser mode
areas on gain and absorber, compare Figure 1.3(b). Such cavities are much more
convenient to handle and enabled us to realize record high repetition rates of up to
50 GHz [33]. But even more important, these QD-SESAMs made the integration of
gain and absorber into a single semiconductor structure possible, compare
Figure 1.3(c). We refer to this new kind of ultrafast semiconductor laser as the
modelocked integrated external-cavity surface-emitting laser (MIXSEL).

QD-SESAM

QW-SESAM
(a)

laser
DBR

gain structure

gain structure

(b)

pump
DBR AR

QDs QWs

(c)

Figure 1.3: Integration scheme: QW-SESAM modelocking (a), QD-SESAM
modelocking (b), VECSEL with integrated absorber (MIXSEL) (c). (DBR:
distributed Bragg reflector, AR: anti-reflection coating, QW: quantum well,
QD: quantum dot)

The first part of this thesis focuses on the design, the fabrication and the evaluation of
gain structures for optically pumped VECSELs. Important design guidelines are
discussed. We discuss in detail the process of substrate removal, which is essential
for high power operation. We then treat the subject of heat management and
temperature effects and discuss power scalability, power limiting mechanisms and
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show temperature simulations and an analytical temperature model. Following these
considerations, we present an optically pumped continuous-wave VECSEL with a
record high output power of above 20 W in a fundamental transverse mode [21].
The second part of this thesis focuses on passive modelocking and modelocked
VECSELs in particular. We outline the different mechanisms of passive modelocking
with SESAMs, as well as SESAM design considerations and characterization
methods. We then discuss relaxation oscillations, Q-switching instabilities and the
Q-switching susceptibility for modelocked VECSELs. In a next section we analyze
the noise of passively modelocked lasers, present a measurement method and noise
measurement examples. Examples for modelocked VECSELs with QW and QD
SESAMs are presented followed by a discussion on methods for the integration of the
absorber into the VECSEL gain structure.
The third part focuses on the main challenge of this thesis: the integration of the
saturable absorber into the VECSEL gain structure. We show design considerations
for the MIXSEL semiconductor layer structure, and discuss the problems of MIXSEL
growth and the limitations of the first designs. We then discuss the QD absorber
optimization for improved anti-resonant MIXSELs. In the last section of this part we
demonstrate the feasibility of high-power and high-repetition rate MIXSELs, which
represents the state-of-the-art of today’s VECSEL modelocking.
In the fourth part we give a short outlook on electrically pumped VECSELs and
MIXSELs, and discuss optical and electrical design considerations.
The thesis is organized as follows: Chapter 2 focuses on gain structures for
optically pumped VECSELs. Chapter 3 is treating the heat management and
temperature effects in VECSELs. In Chapter 4 an example for a high-power
continuous-wave VECSEL is presented. Chapter 5 contains an overview of passive
modelocking with SESAMs. In Chapter 6 examples for passively modelocked
VECSELs are presented. Chapter 7 describes the first MIXSEL, Chapter 8 the QD
absorber optimization and Chapter 9 the first antiresonant MIXSEL. In Chapter 10
design considerations on electrically pumped VECSELs and MIXSELs are discussed.
Finally, a conclusion and an outlook is provided in Chapter 11.

Chapter 2
Gain Structures for Optically Pumped
VECSELs

Since the publication of the first optically pumped VECSEL by Kuznetsov et al. in
1997 [20], these lasers gained a lot of interest for many fields of applications, in which
several Watts of power and good beam quality are required. The authors obtained
0.52 W of output power in a fundamental transverse mode and 71% coupling
efficiency for subsequent coupling into a single-mode fiber. Since then, tremendous
improvements have been made and more than 20 W with an M2 of 1.1 and an opticalto-optical efficiency of 43.2% have been achieved in this thesis [21] (see Chapter 4),
showing the potential of these lasers to convert fairly low-cost, low beam quality
pump light from high-power laser diode bars into a nearly diffraction-limited beam
with good efficiency.
A VECSEL is a semiconductor laser, for which the laser light is emitted
perpendicularly through the epitaxial surface, in contrast to edge emitting lasers,
where the beam propagates in the epitaxial layers. The active region is very thin
compared to the lateral dimensions of the beam. Therefore VECSELs are often
referred to as semiconductor disk lasers (SDL). The thin-disk type gain material
makes the device power-scalable with mode size, which means that the output
power can be scaled up by increasing the pump area and the pump power by the
same amount, without changing the temperature in the gain medium. Another
advantage over edge-emitting semiconductor lasers is the reduced tendency for
9
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surface damage at high power levels because of the significantly larger spot sizes on
the output surfaces.
pump
heat sink

HR

QWs

AR

output coupler
pump

gain structure
(a)

laser
laser
(b)

Figure 2.1: (a) Simplest VECSEL cavity formed by the gain structure and
the output coupler. (b) Sketch of the gain structure, which consists of a high
reflector (HR), an active region with quantum wells (QW) and an
antireflection coating (AR).

A VECSEL consists of at least two cavity elements. The simplest case is the linear
cavity shown in Figure 2.1(a). One end-mirror is the gain structure, which is pumped
optically, and the other end-mirror is an output coupler. A sketch of a typical gain
structure is shown in Figure 2.1(b). The structure consists of three section; a highreflector at the laser and pump wavelength, the active region and an antireflection
coating. In the following we list some advantages of the VECSEL concept over other
semiconductor lasers but also over solid-state lasers:
Advantages of the semiconductor gain material:
 wavelength designable over a broad range (390 nm – 2.3 μm VECSELs exist)
 engineering allows special properties like low threshold or high efficiency
 wavelength tuning over 100 nm is potentially possible
 integration with other semiconductor devices is possible
 wafer-scale fabrication enables inexpensive devices
Advantages of the optical pumping:
 no doping needed (easier growth and no free carrier absorption)
 no I2R electrical power loss (less heating)
 no carrier transport limitations (many QWs possible in large active region)
 Gaussian gain profile makes good beam quality possible
 power scaling with large spot sizes (900 μm pump spots demonstrated)
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Advantages of the external cavity:
 Good beam quality possible
 arbitrary laser cavities can be built for the same gain structure
 enables modelocking
 enables intracavity frequency doubling
In this chapter we discuss the design of the gain structures and their actual
fabrication (growth and substrate removal), and give a short introduction on the
different characterization methods, which were used throughout this thesis.

2.1

Gain Structure Design

A VECSEL gain structure typically contains around 100 layers with a total thickness
of about 10 μm. By assuming an incident plane wave, the electrical field in and
outside of the structure can be computed using a well known transfer matrix
algorithm for multilayer structures [35]. For this thesis we used a flexible program
based on this algorithm, which was used for the design, the analysis and the
characterization of structures like VECSEL gain structures or SESAMs. More
information about this program can be found in [36].
In this section, we discuss the design of the different VECSEL gain structure
sections and how the design influences the important properties, such as the group
delay dispersion (GDD).

2.1.1

High Reflector and Antireflective Coating

The purpose of the bottom mirror is to reflect the laser light and the pump light. We
designed the VECSEL cavities for a 15° angle of the laser mode on the gain structure.
For this angle, a reflectivity close to 99.99% is targeted for the lasing wavelength. For
the pump we use larger angles, typically around 45°, which has the advantage, that
the pump angle can be tuned over a broader range to optimize the absorption. The
reflectivity for the pump wavelength is usually about 99% and has the following two
advantages: firstly, because of higher absorption, there is a higher optical-to-optical
efficiency due to the two passes through the active region, and secondly, there is less
absorption in the mirror and in the heat sink, which results also in a higher efficiency
and a higher maximum output power.
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The high reflectivity for two wavelengths is realized by using a superlattice
Bragg mirror (see Figure 2.2). The total optical thickness of one period of the
superlattice is equal to an integer multiple m of the halves of both wavelengths. In
the designs used throughout this thesis we chose m = 5. By increasing the thickness
of the first layer in each period of the superlattice and decreasing the thicknesses of
all other layers, we could control the relative reflectivity between the two
wavelengths. Typically the reflectivity for the laser wavelength is chosen higher than
the reflectivity for the pump wavelength.
m λ1/2
(m+1) λ2/2

Figure 2.2: Part of the superlattice Bragg mirror. The total optical thickness
of one period of the superlattice is equal to an integer multiple of the halves
of both wavelength. For our gain structures we chose m = 5.

The materials used in the mirrors are AlAs (n = 3.0) and Al0.2Ga0.8As (n = 3.4). Using
GaAs (n = 3.5) we would have a larger refractive index contrast, resulting in an
increased bandwidth and reflectivity, however GaAs absorbs the pump light at
808 nm, which leads to heating and reduces the efficiency. By adding 20% aluminum,
the bandgap is shifted to 735 nm.
The antireflection section is optimized to reduce the otherwise large reflection
from the air/GaAs interface, which is around 31%. In the VECSELs used throughout
this thesis, the coating contains 12 layers of alternating AlAs and Al0.2Ga0.8As, of
which the thicknesses were numerically optimized for low reflectivity. The objective
function used for the optimization was chosen not only for low reflectivity at the
laser wavelength, but also for a broad wavelength range. We first used a Monte
Carlo method that evaluates 105 random structures and the best 1000 results were
then optimized by a gradient method.
Figure 2.3 shows the simulated reflectivity curves for a typical mirror structure
and antireflection section. The mirror contains 8 periods of 10 layers and has a
reflectivity of 99.97% at 960 nm (laser wavelength) and 99.5% at 808 nm (pump
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wavelength) and 45° angle of incidence. The total thickness of the mirror structure is
6.2 μm, whereas the antireflection section is 803 nm thick.
100
50°

30°

0°

reflectivity in %

80

60

40

20
AR coating
0
750

800

850

950
900
wavelength in nm

1000

1050

Figure 2.3: Simulated reflectivity curves of the mirror and the antireflection
coating. On the right is the reflectivity of the mirror (black solid) and of the
antireflection coating (dashed grey) and on the left is the reflectivity of the
mirror for 30° angle of incidence (black solid) resp. 50° angle of incidence
(dashed grey).

2.1.2

Active Region

The purpose of the active region is the conversion of the pump light into the laser
light. The optimization of this region is challenging, because of the high degree of
freedom. The aspects that have to considered are: spacer versus in-well pumping, the
total thickness and the number and placement of the quantum wells (QWs).
There are two possible ways to absorb the pump light: in-well pumping and
spacer pumping. For in-well pumping the QWs are directly pumped, meaning that
the pump photon induces an excitation of a electron from the QW valence band to
the QW conduction band. For spacer pumping on the other hand, the pump light is
absorbed in the spacer layers between the QWs, which have a larger bandgap, and
the excited electrons are then trapped by the QWs, where they can recombine by
stimulated emission. Because of the smaller quantum defect, in-well pumping
theoretically leads to higher optical-to-optical efficiency and less heating and thus
higher output powers. The pump wavelength has to be chosen close to the lasing
wavelength (e.g. at least 940 nm for 980 nm laser), and the intensity pattern of both,
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the laser field and the pump field have to be in an antinode at each QW. This makes
the design of the structure but also the laser setup challenging, the latter because of
extreme pump angles. Another issue comes from the fact, that the pump light is
absorbed in the thin QWs (e.g. 5 μm) instead of the much thicker spacer layers
(around 130 μm), which leads to a very low absorption, about 15% for an
antiresonant design and a single pass. Two methods can be applied to increase the
absorption [37]. The first one uses optics to reimage the pump on the gain structure
as in solid-state thin disk lasers [38]. The second method is to increase the
electromagnetic field in the QWs at the pump wavelength by making the structure
resonant. The pump absorption then increases, because it is proportional to the
intensity. This method puts high demands on the epitaxial growth accuracy, the
pump diodes and the angle of incidence of the pump light. Moreover, a resonant
structure has usually a large GDD and a small gain bandwidth, aspects that are
discussed in the next section, and which make inwell pumping unsuitable for
modelocking. Our designs are therefore based on spacer layer pumping, where the
active region typically consists of 5 nm thick In0.13Ga0.87As QWs (for a lasing
wavelength of 960 nm) and 130 nm thick GaAs spacer layers that absorb the pump
light.
In the active region the electrical field (of the laser) forms a standing wave
pattern, as shown in Figure 2.4. The QWs are placed in the antinodes, because there
the interaction with the excited electrons is the strongest. The total thickness of the
active region has chosen, such that the carriers (resp. the inversion) are uniformly
excited over the whole length. If active region is too thick, the pump will be mainly
absorbed in the upper layers, and in the worst case in some of the QWs the
transparency density might not be reached. For our VECSELs we chose an optical
thickness of 7 times λ/2, and placed one QW in each of the 7 antinodes, which led to
a homogeneous pump absorption.
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Figure 2.4: Refractive index (gray curve) and standing wave intensity
pattern (black curve) in the gain structure. The squared electric field is
normalized such, that the incident wave has amplitude 1. The QWs are
placed in the antinodes of the electric field.

To study the spectral dependence of the gain structure we define the gain
enhancement Γ() as the average of the squared field in the QWs:

   

1
NQW

 E( z

2

QW

) ,

(2.1)

QWs

where zQW is the QW position and NQW is the number of the QWs. For the gain
structure shown in Figure 2.4 we obtain Γ ≈ 1. For resonant structures without a top
coating the gain enhancement is 4, with a Bragg reflector on top Γ can be even much
higher, as it is the case for electrically pumped VECSELs. The power reflectivity
coefficient G() (Pout = G Pin) is

G() 1 NQW()g(, N)nrdQW,

(2.2)

Where g(λ,N) is the intrinsic QW gain as a function of the wavelength and the carrier
density, nr is the real part of the refractive index and dQW is the QW thickness. A
higher gain enhancement results in a higher gain, however also stronger gain
saturation, thus a smaller saturation energy.
The gain enhancement Γ determines the gain of the entire structure and therefore
the laser threshold and the optimum output coupling. Since Γ is wavelength
dependent, it can be seen as an intracavity filter, which has important consequences
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on the performance (e.g. output power and pulse duration) of modelocked lasers
[39]. This issue will be discussed in the following section.

2.1.3

Resonance and Group Delay Dispersion

The gain enhancement and the GDD in a VECSEL play an important role in the pulse
formation process in modelocked lasers. From there comes the main difference in the
design of a gain structure for a continuous-wave (cw) VECSEL compared to the one
for a modelocked VECSEL. A cw VECSEL ideally has a high gain enhancement, so
that one can use a high output coupling to reduce the significance of the other
intracavity losses (mirror losses, surface scattering, …). On the other hand, for a
pulsed laser, there are more requirements to take into account, for example the GDD
should be moderate and flat around the lasing wavelength.
The gain structure is basically a Gires-Tournois interferometer (GTI) [40] formed
by the bottom mirror and the residual reflection from the top layers. The dispersion
can be adjusted with the total thickness of the active region. The GDD coefficient (in
fs2) can be calculated by

D ( ) 

d 2  ( )
,
d 2

(2.3)

with the optical phase φ(ω), which can be computed with the transfer-matrix
algorithm described in section 2.1 of [36]. In Figure 2.5(a) the GDD of three different
gain structures is shown. The light gray curve is the GDD for a resonant structure,
which does not contain an antireflection section, therefore the surface reflectivity is
determined by the GaAs/air interface (31%). The dark gray curve shows the
antiresonant case, which has the same design as the resonant structure, except for an
extra λ/4 GaAs layer on top. The dashed black curve is the GDD of a structure with
antireflection coating. In this case, the reflection is significantly reduced to values
below 1%. Nevertheless there is a zero crossing for each of the three curves at
960 nm, the targeted laser wavelength.
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Figure 2.5: GDD (a) and gain enhancement (b) as a function of wavelength
for a typical VECSEL gain structure. The light gray curve is the resonant
case, the dark gray curve is the antiresonant case and the dashed black curve
represents the structure with antireflection coating.

In Figure 2.5(b) the field enhancement factor Γ(λ) is shown for the three different gain
structures. The maximum field intensity at the design wavelength 960 nm is obtained
for resonance (Γ = 4) and the minimum field intensity for antiresonance
(Γ = 4/nGaAs2 ≈ 0.3). In the case of a gain structure with an antireflection coating, the
field enhancement is in between, and one can show, that Γ = 4/nGaAs ≈ 1.1. By
designing the QWs at arbitrary positions in the structure, i.e. not in the antinodes, we
can obtain arbitrary values for Γ, however these structures are more challenging in
growth.
As mentioned above, the gain enhancement can be seen as an intracavity filter
and has a strong influence on the pulse duration in a modelocked VECSEL. A 1-ps
pulse has at least a 1-nm FWHM bandwidth. Therefore, the gain structure must have
an almost flat response in this spectral region, to maintain the optical spectrum over
many cavity roundtrips. For the resonant structure the effective spectrum is
narrower than the intrinsic gain spectrum, whereas for the antiresonant and coated
structures the effective gain can be even broader, because the curvature of the gain
enhancement is opposite.
Taking into account all the considerations from above, optimal modelocking
conditions are obtained with antireflection coated gain structures. The GDD is close
to zero at the design wavelength, the gain enhancement is moderate and the gain
spectrum can be even broader than the intrinsic gain spectrum.
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2.2

Gain Structure Fabrication

VECSELs are grown on semiconductor wafers using standard techniques, such as
metal-organic vapor-phase epitaxy (MOVPE) or molecular beam epitaxy (MBE).
Depending on the choice of the heat spreader, additional processing is necessary. The
choice of the heat spreader is crucial for the performance of the VECSEL, Chapter 3 is
dedicated to this matter. The most commonly used approaches are shown in
Figure 2.6.

heat spreader
epi layers

substrate

epi layers

substrate

etch stop layers
epi layers

substrate

heat sink

heat sink

(a)

as-grown

(b)

thinned

heat sink

(c)

heatspreader

Figure 2.6: Three different approaches for heat removal. (a) The as-grown
structure is directly (without processing) soldered on a heat sink. (b) Better
performance is obtained by soldering the epitaxial layers directly on a heat
sink and removing the substrate (dotted part), or by bonding a transparent
heat spreader on top of the structure (c).

Figure 2.6(a) shows the most trivial approach. A small piece of the as-grown
structure is cleaved from the wafer and soldered on a heat sink. No processing is
needed, which makes this method ideal for fast testing and low power applications.
One sometimes speaks of “right-side up structures”. Better thermal performance is
obtained with the “upside down” device shown in Figure 2.6(b). Etch-stop layers
grown on top of the gain structure enable the removal of the substrate, resulting in a
gain structure directly in contact with the heat sink [41]. The active region is then
separated only by a 6 μm mirror from the heat sink. Of course for this approach the
structure has to be grown in reverse order. An alternative is shown in Figure 2.6(c),
where a transparent heat spreader (e.g. diamond or silicon carbide) is bonded on top
of the gain structure with water, methanol or another suitable liquid [42]. In this case
the heat sink is even closer to the active region. This intracavity heat spreader works
excellent for continuous-wave lasers, for modelocked lasers on the other hand, one
should be aware of the additional Fabry-Pérot effect. Possible solutions are using
very thin heat spreaders (thinner than 50 μm), using wedged heat spreaders or using
appropriate antireflection coatings. Also a combination of the last two methods is
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possible, where on top of the thinned structure a transparent heat spreader is
bonded. The structures used and produced during this thesis were either as-grown
or thinned.

2.2.1

Growth

The structures were grown on (100) undoped GaAs substrates using a VEECO GEN
III molecular beam epitaxy (MBE) machine. The III-V semiconductor compounds
needed for the gain structures were: GaAs and In0.13Ga0.87As for the active region and
AlAs and Al0.2Ga0.8As for the mirror and the AR coating. We used four cells: one for
gallium, two for aluminum (a high flux cell for AlAs and a low flux cell for
Al0.2Ga0.8As) and one for indium. The As is provided using a arsenic cracker to break
As4 molecules into As2. The etch-stop layers for the thinned structures needed the
additional compound Al0.85Ga0.15As. The mirror and the AR coating were grown at
600°C, whereas the QWs were grown at a slightly lower temperature of 550°C. The
temperature was measured by using band-edge absorption.

2.2.2

MBE Calibration

Before growing of a gain structure, process optimization using several test-structures
is required. The growth rates and the composition of the different materials have to
be calibrated. To obtain the growth rate of AlAs and GaAs, we grew a 5-pair mirror
with a λ/2 layer of GaAs on top. This forms a resonant structure with a minimum
reflectivity at the resonance wavelength. This resonance wavelength was found to
depend strongly on the thickness of the GaAs layer. On the other hand, the total
stop-band of the mirror is determined by both materials. By fitting the measured
reflectivity with a simulated reflectivity, we were able to distinguish between the
growth rate of the two materials. A second test structure was needed to obtain the
growth rate of Al0.2Ga0.8As. The material composition is determined by observation
of the photoluminescence (PL). By increasing the Al content in AlGaAs, the PL
wavelength decreases.
Finally, a test structure for the QWs was needed for the optimization of the QW
thickness and the indium content for the optimum emission wavelength. The
emission wavelength was measured with a PL mapper (Accent RPM2000), with
measurements carried out at room temperature, which is of course different from the
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operating temperatures. Assuming a PL shift of 0.3 nm/K and a temperature
increase of 50 K (see Chapter 3), we estimate a wavelength shift of 15 nm between the
“cold” and the “hot” structure. To obtain lasing at 960 nm, the ideal room
temperature PL is then at 945 nm. The test structure we used is shown in
Figure 2.7(a). Two AlAs layers prevent the carriers from recombination at the surface
or diffusion into the substrate. The pump light (at 532 nm) form the spectrometer is
absorbed in the GaAs layers. Computations showed, that 50% of the pump light is
absorbed between the AlAs barriers and 40% is reflected. A typical PL spectrum is
shown in Figure 2.7(b). We see the main peak at 945 nm and a smaller peak at 870 nm
from the GaAs substrate. In between a small bulge around 910 nm is visible,
resulting from light hole recombination. The barriers do not significantly influence
the shape of the PL, hence the measured PL was assumed to be the intrinsic PL.

100

GaAs

1

QW

2

200
300
z in nm

1

R = 40%

532 nm

0
0
(a)

A = 50%

PL spectra in a.u.

T = 10%

AlAs

energy in eV

3

400

0.6
0.4

(b)

GaAs

LH

0.2
0

500

HH

0.8

860

880

900 920 940 960
wavelength in nm

980

Figure 2.7: (a) QW test structure for the optimization of the emission
wavelength. The black line shows the field intensity in the structure. (b) A
typical PL spectrum showing heavy hole (HH) and light hole (LH)
recombination as well as the GaAs photoluminescence. (T: transmission,
A: absorption, R: reflectivity)

To find the composition of the QWs (i.e. the indium content), we grew several
structures with different QW thicknesses and analyzed them with x-ray diffraction
and PL measurements. Once consistent parameters were found, we used the beam
flux monitor (BFM) to measure the indium and the gallium flux. To adjust the PL
peak wavelength, we changed the QW thickness by changing the shutter time or by
changing the indium content with adjustments on the indium flux. In most structures
QWs with approximately 13% indium have been used.
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Processing of Thinned Structures

For high power operation, a thinned structure is required (see Chapter 3). For this the
structures were grown in reverse order and soldered to a heat sink, afterwards the
GaAs substrate was removed. Several suitable heat sink materials are listed in
Table 3.1 (marked in gray) with the thermal conductivities and expansions. The
thermal conductivity should be sufficiently high and the thermal expansion should
be as close as possible to that of GaAs. For example diamond has the highest thermal
conductivity, however cleaves have been observed after processing, because of the
different thermal expansions of GaAs and diamond during the soldering process. In
the following we describe in detail the precise processing procedure that was partly
developed and extensively used during this thesis.
First, the wafers were cleaved in 4x4 mm pieces and metalized for the soldering.
The metallization sequence is 30 nm titanium, 200 nm platinum, 5 μm indium and
100 nm gold. The final gold layer protects the indium from oxidation in air during
the time the samples are not yet soldered. The polished heat sinks were metalized
using the same sequence but without the indium layer. In this thesis we used Cu,
GaAs matched CuW, and CVD (chemical vapor deposition) diamond heat spreaders.
The Cu and CuW plates were 5x5 mm large and 1 mm thick, the diamond plates
were only 530 μm thick, which is sufficient for spot sizes up to 1 mm.
For soldering we used a fluxless process under vacuum (10-5 mbar) as described
in the [43]. The semiconductor samples were placed on the heat spreader and a
pressure of approximately 300 kPa was applied while the temperature was increased
to 200°C (the indium melting temperature is 157°C). The temperature was then held
at this value for about 10 minutes. After the samples cooled down, at least below the
indium melting temperature, the samples were taken out off the vacuum.
The next step was then the removal of the GaAs substrate. The different steps are
summarized in Table 2.1. In the first step the major part, approximately 550 μm of
600 μm, of the substrate was removed. Three different methods were used during
this thesis: mechanical lapping with subsequent chemo-mechanical polishing,
chemo-mechanical etching with bromine (1:9 bromine/methanol) or wet-etching
with citric acid (4:1 citric acid (50%)/hydrogen peroxide (30%)). The mechanical
lapping is the fastest, because a lot of samples can be processed in parallel and a
reasonable lapping rate of for example 10 μm/min. However the mechanical force
might damage the samples, which is especially true for the samples soldered on
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diamond, since they are under enormous stress after the soldering. Bromine etching
is also fast but the samples have to be processed sequentially. Another reason not to
use the bromine etch solution, is the fact, that bromine is very corrosive and a hazard
for human health. For the citric acid the least effort is needed and it is the most gentle
method for the samples. The etch rate is approximately 7 nm/s, which leads to a total
etch time of 23 hours for 600 μm substrates and room temperature. We usually used
the lapping and polishing technique for samples on Cu and CuW heat spreaders and
the citric acid etching for samples soldered to diamond. At the end of this step, there
is approximately 50 μm of substrate left.
material

etchant

~ 550 μm GaAs (substrate)

lapping/polishing
1:9 bromine/methanol
4:1 citric acid (50%)/ H2O2 (30%)
25:1 H2O2 (30%)/NH4OH (25%)
HF (0.7%)
4:1:5 citric acid (50%)/ H2O2 (30%)/H20
HF (0.7%)

~ 50 μm GaAs (substrate)
300 nm Al0.85Ga0.15As
20 nm GaAs
75 nm AlAs
Table 2.1:
layers.

Processing steps to remove the substrate and the etch stop

The following steps all use very selective etching solutions to stop on the next layers.
First the remaining substrate is removed by jet etching with a H2O2/NH4OH solution
[44], whereby the selectivity between GaAs and Al0.85Ga0.15As is around 30. To
remove the Al0.85Ga0.15As layer we use HF stopping on the next etch stop layer
(GaAs). This GaAs layer is removed by a citric acid/H2O2 solution as described in
[45]. The last AlAs layer is then removed again with HF. The different etch steps and
the according etchants are summarized in Table 2.1. Figure 2.8 shows a processed
VECSEL gain structure on a copper heat spreader, ready to use in the laser cavity.
The light gray square is the metalized copper heat sink on which the gain structure
(darker inner square) is soldered to. The dark spots around the gain structure are
indium droplets squeezed out during the soldering process. On the left side of the
structure is residual GaAs substrate, not removed by the etching procedure.
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1 mm

Figure 2.8:

2.3

A processed VECSEL gain structure.

Gain Structure characterization

Precise characterization of the processed structure is important. The growth of a
VECSEL gain structure on a MBE takes approximately 20 hours, thus small drifts of
the growth rate are not unusual. The goal of the characterization is to obtain the exact
layer thicknesses and material compositions, and to compute the optimal working
conditions, such as the ideal laser wavelength (maximum gain and optimal GDD)
and the ideal pump angle, that maximizes the absorption.
The combination of several techniques gives the best result, because all of them
have advantages and drawbacks. The use of scanning transmission electron
microscopy (STEM) gives very high resolution images of the layer structure, however
it is very time consuming (mainly because of the complicated sample preparation)
and therefore only applicable for important structures. A much faster result, yet with
lower spatial resolution, is obtained with scanning electron microscopy (SEM). In
combination with an optical reflectivity spectrum measurement good results can be
obtained. With the SEM, good relative information of the layers is obtained (e.g. to
see a drift in the Bragg mirror), however determination of the absolute layer
thicknesses require a calibration. The relative layer thickness data can then be used to
compute the reflectivity of the structure, which can then be fitted to the actual
reflectivity measurement. Both SEM and optical reflectivity spectrum measurement
are discussed in the next two sections.
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Another technique which can be used to determine the layer thicknesses and
material compositions is X-ray diffraction, but it is difficult to obtain sufficient
accuracy when using this method.
There are other methods for measuring other parameters such as PL spectroscopy
and microscopy, GDD measurement or atomic force microscopy (AFM). All of them
have been used during this thesis, but are not discussed here.

2.3.1

Scanning Electron Microscopy (SEM)

The scanning electron microscopy is used to get an overall impression of the grown
structure. Even though the specified resolution of our SEM (Zeiss ULTRA 55) is
1 nm, we could not see the QWs, because the contrast between GaAs (spacer layers)
and In0.13Ga0.87As (QWs) is very low. Nevertheless the SEM is very useful to
determine the drifts of the growth rates of the cells during the growth of the
structures. A typical SEM picture of a VECSEL gain structure is shown in Figure 2.9.
The structures are cleaved shortly before the measurement to prevent oxidation of
the AlAs layers. To obtain better resolution the samples are dipped in hydrochloric
acid (HCI) for a few seconds.
GaAs

double periodic DBR

active region AR

1 μm

Figure 2.9: An SEM image of a typical VECSEL gain structure. The QWs
are not visible. On the left is the superlattice Bragg mirror, in the middle the
active region and on the right the antireflection (AR) section. The structure is
used as grown, on the left the GaAs substrate is visible. (DBR: distributed
Bragg reflector)

2.3.2

Reflectivity Measurement

The reflectivity spectrum is used to obtain an accurate knowledge of the growth
deviations. The spectrometer we use is a Varian Cary 5E UV-Vis-NIR. A single
spectrum is not enough to obtain accurate information about the different materials,
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however combined with the information obtained from the SEM image the layer
structure can be reconstructed. A representative spectrum is shown in Figure 2.10.
The high reflectivity at 808 nm disappeared because of the absorption, and the peaks
at approximately 1200 nm and 1600 nm are due to the superlattice Bragg mirror. The
fit is very good for longer wavelength (right from the mirror stop band), but not very
accurate for shorter wavelength (left of the mirror stop band). This can be explained
by the insufficient resolution of the spectrometer for resolving fast oscillations in the
short wavelength region, and by the inaccuracy of our absorption model below the
bandgap.
100
design
measurement
fit

reflectivity in %

80
60
40
20
0
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1200
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Figure 2.10: A reflectivity spectrum measurement of a typical VECSEL gain
structure. The dashed gray line is the calculated design reflectivity, the solid
black line is the measurement and the solid gray line is the fit.

Chapter 3
Heat Management and Temperature
Effects in VECSELs

VECSELs have been considered the “ultimate thin disk laser” due to their extremely
thin active regions and because of the high gain found in semiconductor materials.
As for their solid-state counterparts VECSELs are power scalable, which means that
the output power can for example be doubled by applying twice the pump power to
twice the mode area without raising the temperature of the gain structure.
In practice, the concept of power scaling linearly with area is incomplete and
oversimplified; there is a point where the power scaling breaks down, and the heat
flow depends on spot-size. Below the critical spot-size, the thermal drop is
dominated by the 1d heat flow in the semiconductor, while above it is dominated by
the 3d heat flow in the heat spreader.
In this chapter we discuss the thin disk functionality, the principles of power
scalability, and the causes for the temperature rise and the resulting effects. We
present an analytical model and simulation for the thermal elevation, as well as
discuss thermal lensing and gain lensing. The chapter is concluded with some typical
examples for the lasing performance of cw VECSELs.

3.1

Thin disk functionality and power scalability

The VECSEL is a member of a class of lasers, which employ thin disk type gain
media. This enables efficient heat removal from the pumped region on a large area,
27
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because the nearly one-dimensional heat flow only needs to pass through a very thin
region of high thermal impedance material (for example a GaAs based material
system) before reaching the heat sink with much higher thermal conductivity. In the
heat sink the heat flow is three-dimensional. This approach allows to scale the power
by increasing the pump and laser mode size by the same amount as the pump
power, without raising the temperature in the gain structure. VECSELs therefore
combine high output powers with excellent beam quality (see Chapter 4), which
cannot be achieved by other semiconductor laser, such as broad area edge emitters.
material

thermal conductivity
 [W/Km]

thermal expansion
 [10-6/K]

GaAs

45

5.8

AlAs
Al0.2Ga0.8As
Cu
CVD diamond
Composite diamond (cobalt matrix)
CuW W-10 (CTE-matched to GaAs)
In
Ti
Pt
Au

91
22.5
400
600-1800
600
180
82
22
71
315

17
1.6
6.4

Table 3.1: Thermal conductivities and expansions of the materials used
during this thesis. On the gray background are the different heat sink
materials, and the lower four metals were used for the soldering. (CVD:
chemical vapor deposition, CTE: coefficient of thermal expansion)

There is a point where the power scalability breaks down. This occurs when the
mode areas become too large and the thermal impedance is no longer dominated by
the gain structure, but by the heat sink, where the heat flow is three-dimensional (in
section 3.5 this instance is discussed in detail in connection with an analytical
temperature model). Therefore the thermal conductivity of the heat sink is of crucial
importance. Table 3.1 shows the thermal conductivities of different heat sink
materials (gray background), of the semiconductor materials used in the gain
structure and of the metals and solder material used for the soldering of the
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semiconductor structure onto the heat sink. These were the materials used in the
course of this thesis, other semiconductor materials are used for other wavelength,
and different solder materials can also be used such as AuSn. In addition the table
shows also the thermal expansions, which have to be considered for the soldering
procedure (see section 2.2.3).

3.2

Power-Limiting Mechanisms in VECSELs

There are two main sources of heat in optically pumped VECSELs. The first is the
quantum defect, which is difference of pump photon energy and laser photon
energy. The deposited heat is proportional to the net pump power. Second is the heat
produced by the Auger effect, which is discussed in the next section.
Increased chip temperature has several consequences. A primary effect is that the
higher temperatures will reduce and broaden the QW gain, causing gradual roll-over
and eventual shut-off. A secondary effect occurs as the temperature induced gain
wavelength shift (approximately 0.28 nm/K for GaAs based materials) ”detunes” the
longitudinal standing mode from the resonant periodic gain (RPG), resulting in a
decreased mode overlap, and an effective decrease in round-trip gain. The refractive
index also will change with wavelength, causing any cavity composed of this index
to shift at roughly 0.1 nm/K. Finally one should also mention amplified spontaneous
emission (ASE) and the related lateral lasing. In section 3.2.2 will be explained why
ASE and lateral lasing are effects that arise with temperature, and how they
indirectly raise the temperature by themselves.
Of course all these effects and causes are interconnected. As a consequence it is
very difficult to make accurate predictions, such as simulations of laser slopes for
example.

3.2.1

Auger Recombination

Auger recombination is besides the quantum defect the main heat source. Here we
give a short introduction for this effect. More detailed and comprehensive
discussions can be found for example in [46-48]. An electron and a hole recombine,
and the energy released is transferred to another electron (CHCC process) ore hole
(CHHH process) in the form of kinetic energy. The rise of the kinetic energy of the
system is manifested in an increase of the temperature. Auger recombination is the
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semiconductor analogue to cooperative upconversion in solid-state lasers. Figure 3.1
shows both these processes schematically, assuming a highly simplified band
structure (parabolic approximation).
k3
conduction band
k1
k2

kh
valence band

(a)

(b)

Figure 3.1: Two possible Auger-recombination processes: (a) and electron
with momentum k1 recombines with a hole kh and another electron at k2
receives the energy released and is promoted k3 (CHCC); (b) the analogous
process involving two holes and a single electron (CHHH).

For a more realistic band structure, including heavy holes and light holes, the
number of possible Auger processes would have to be increased, by allowing the
second hole to be either light or heavy and allowing hole transitions in the same
band or between different valence bands.
Figure 3.1 shows how the total energy and momentum conservation laws restrict
the combinations of possible initial and final states. Vertical transitions, for example,
are not allowed, since the secondary particle cannot make a vertical transition.
Qualitatively, it is also evident, that since the Auger effect involves three
particles, it must be more prevalent under increased electron and hole
concentrations. Typically, this is the case in small band gap semiconductors or in
systems far from thermodynamic equilibrium, e.g. under high levels of optical
pumping or current injection as in semiconductor lasers. Since the bandgap of GaAs
based lasers is rather large (approximately 1.5 eV), the Auger recombination rate is
not dependent on temperature, only on the level of pumping.
The only model, which offers any analytic description and thus some physical
insight, is that involving two parabolic bands. We are not going to show the
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mathematical derivations of the important parameters, and rather discuss the
important results and conclusions. For the reader interested in these derivation, we
refer to the books and papers listed in the references [46-48].
The Auger recombination probabilities for the CHCC and CHHH processes are
given by:

   p 
 1  2 Eg 
n
exp   n
 exp  

Nc
kBT 

 1   kBT 
   p 
 2   Eg 
p
exp   n

 exp  

Nv
kBT 

 1   kBT 

PCHCC 
PCHHH

with  

(3.1)

mc
mv

n (p) is the electron (hole) density, Nc (Nv) the effective density of states in the
conduction (valence) band, μn (μp) the chemical potential of the electrons (holes), mc
(mv) the effective mass of the conduction (valence) band and Eg bandgap energy.
Equations (3.1) show the dependence on carrier densities, temperature and
bandgap energy. For systems near thermodynamic equilibrium, it can be shown that
the effect is considerable in small gap semiconductors and at elevated temperatures.
At fixed temperature and gap size, the recombination rates RCHCC and RCHHH depend
on the carrier densities n and p as:

RCHCC  CCHCCn2 p
RCHHH  CCHHHnp2

(3.2)

The evaluation of the prefactors CCHCC and CCHHH is complicated and not particularly
informative given that actual band structures are poorly presented by the two-band
parabolic model.
Of crucial interest is the lifetime of an electron in a thermodynamic nonequilibrium state, for example in an inverted laser material. The rate -1 associated
with the Auger effect has a quadratic dependence on the carrier density, i.e.:

 1  CAuger n2

(3.3)
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The most important conclusion for GaAs based VECSELs, is that Auger
recombination is not dependent on temperature, but depends strongly on the
inversion. This means, that if the inversion would clamp above threshold, Auger
recombination would be constant with pump power. In reality the inversion does not
clamp, because of the reduction and broadening of the gain peak, or effects like ASE
and lateral lasing, causing a higher inversion in order to satisfy the lasing conditions.

3.2.2

Amplified Spontaneous Emission (ASE) and Lateral Lasing

Amplified spontaneous emission (ASE) is of increasing importance in larger spot-size
lasers. Spontaneous emission occurs over all solid angles. The light emitted in the
epitaxial planes of the VECSEL gain structure will be trapped by the inadvertent
guiding layers and amplified over the pump region. As the spot-size becomes large,
the in-plane spontaneous emission is subsequently amplified over a greater distance,
thus removing carriers from participating in the surface emitting mode. Spontaneous
emission is amplified over long distances relative to surface emitting mode, therefore
readily depleting carriers as one attempts to power-scale. This effect has been noted
in other types of disk lasers [49] as well as mentioned in relation to VCSELs [50], and
a numerical simulation in connection with VECSELs have been shown in [51]. Lateral
lasing is an issue that has to be considered especially in QD based VECSELs as
transparency is much easier achieved than for QW based VECSELs, and it can be
challenging to get the laser emit in vertical mode.
To first order the carrier density clamps at threshold. At higher temperatures, the
reduction and broadening of the gain peak, requires higher densities in order to
satisfy the lasing condition. The higher carrier density results in a larger transverse
gain, which leads to lateral lasing at large enough pump powers. Lateral lasing nonuniformly removes carriers from the cavity, causing the drop-out of transversal
modes, which manifests in kinks in the laser slopes.
ASE and lateral lasing can also indirectly increase the temperature. They increase
the losses of the laser, and thus increase the inversion, which results in more Auger
recombination, and thus in a higher temperature. Figure 3.2 shows lateral lasing in
an as grown (not thinned) QD VECSEL. The bright square structure is the VECSEL
gain chip (4x4 mm) and the brilliant spot in the lower right corner is the pump spot.
The two bright rectangles are the lateral lasing modes passing through the pump
spot and are reflected totally at the semiconductor-air interface. When the laser was
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not lasing either in lateral nor in surface-emitting mode most of the pump light was
reflected by the gain chip and was not absorbed. As soon as the lateral lasing started,
we observed, that most of the pump power was suddenly absorbed. It appears
surprising, that lateral lasing can occur in such large samples, since there is only gain
in the pump spot (which had a radius of 80 μm in this example), but absorption over
the whole remaining distance of the ring resonator (approximately 11 mm).

Figure 3.2: Lateral lasing in a QD VECSEL: The bright square is the
VECSEL gain chip and the brilliant spot in the lower right corner is the
pump spot. The bright rectangles are the lateral lasing modes passing
through the pump spot.

3.3

Temperature Effects on Gain

Temperature has a strong influence on the gain of a VECSEL structure. The gain peak
decreases and broadens at elevated temperatures. These effects will not be further
discussed in this section. Other important effects are the shift of the intrinsic gain
spectrum and the change of the confinement Γ due to a change of the refractive index
(dn/dT). As we will see, the impact of the temperature on the gain is so large that
VECSEL structures have to be designed for a specific operating temperature.
Upon heating a VECSEL structure a red shift of the gain spectrum is observed.
For our gain structures the value for the intrinsic gain shift was measured to be
approximately 0.28 nm/K. Figure 3.3(a) shows simulated gain spectra and the
temperature dependent red shift.

34

CHAPTER 3

30 K

2.0

60 K

1.0

gain in a.u.

gain in a.u.

0K

0.5

0
(a)

940

960
980
wavelength in nm

field enhancement
extrinsic gain

1.5
1.0
0.5
0

1000
(b)

940

960
980
wavelength in nm

1000

Figure 3.3: Temperature dependence of the gain: (a) redshift of the intrinsic
gain spectrum wit increasing temperature and (b) gain confinement.

A smaller shift is obtained due to the temperature dependent gain confinement.
Given a computed temperature profile (see next section), we can calculate the actual
refractive index of the layers. Taking into account the temperature dependence of the
refractive index, the mirrors of our gain structures shift to longer wavelength with a
rate of approximately 0.04 nm/K. The shift of the gain enhancement is similar, as
shown in Figure 3.3(b). The solid lines show the gain enhancement Γ as a function of
the wavelength, and the dashed lines show the product of Γ and the intrinsic gain,
i.e. the effective gain an incident pulse with experience.
More details on the computation of the temperature dependent refractive index
can be found in [36].

3.4

Temperature simulation

We used commercially available finite element software to compute the temperature
increase in the gain structure. In the simulation we did not take into account every
single layer, however we computed an effective coefficient of thermal conductivity
for both the solder junction and the gain structure using

 eff 

d
di



,

(3.4)

i

where i is the thermal conductivity and di the thickness of layer i and d the total
thickness. The temperature T(r,z) is computed according to
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where κ(z) is the thermal conductivity, Q(r,z) the heat source and r and z are the
lateral and vertical directions. The heat source is limited to the active region, hence
we neglect the losses and the transmission through the mirror structure. The heat
source Q can be calculated from the heat intensity Iheat and the thickness of the active
region dact as following:
 1
I ( r ),
Q  r , z    d act heat

0,


z  active

(3.6)

otherwise

The heat intensity is assumed to have a Gaussian profile, i.e.

 r2 
2Pheat
Iheat (r) 
exp  2 2  ,
 w 
πwp2
p 


(3.7)

where Pheat is the heating power and wp the pumpspot radius. Equation (3.7) is
solved using cylindrical symmetry with the boundary condition dT/dz=0 on the top
(semiconductor surface) and T=0 on the bottom (heat sink side).
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Figure 3.4: Finite element temperature simulation of two gain structures.
On the left with a 600 μm GaAs substrate, on the right a structure with the
substrate removed. In both cases the pump spot radius is 80 μm and the total
heat power is 1 W, corresponding to a pump intensity of 5 kW/cm2
(assuming a flat top pump profile).
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As an example we computed the temperature rises for a typical VECSEL structure
and compare the difference in performance with and without substrate removal. For
the unprocessed structure we considered three layers, a 2 mm thick copper heat sink
(κ = 400 W/Km), a 600 μm thick GaAs substrate (κ = 45 W/Km) and on top the 8 μm
thick grown layers (κeff = 36 W/Km). For the thinned structure we assumed a 2 mm
copper heat sink, a 2.5 μm thick Indium solder layer (κ = 80 W/Km) and finally the
8 μm thick semiconductor structure. Figure 3.4 shows the result for a pump spot
radius of wp = 80 μm and a heating power Pheat = 1W. For other heating powers the
temperature can be scaled linearly. For the unprocessed structure on the left the
temperature increase in the middle of the pump spot is approximately 100 K,
compared to the temperature increase in the thinned structure on the right, which is
only 30 K.
To compare the efficiency of different heat sink materials it is more convenient to
plot the data in a different way. In Figure 3.5 the maximum temperature increase is
plotted as a function of the pump spot radius, while the intensity is kept constant at
5 kW/cm2. One can clearly see the limitations of the scaling, because at a certain
radius the temperature increase in the heat sink dominates the temperature increase
in the semiconductor structure, leading to a pronounced increase of the temperature
in the center of the pump spot. This radius, however, is strongly dependent on the
thermal conductivity of the heat sink material.
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Figure 3.5: Maximum temperature increase as a function of the pump spot
radius for three different heat sink materials. The data points are obtained
from finite element simulations assuming 5 kW/cm2 pump intensity.
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Analytical Temperature Model

In this section we show an analytical model for the temperature rise in VECSEL gain
structures [41]. Figure 3.6 shows a scheme defining the parameters used. We assume
a thin semiconductor layer (complete gain structure) of thickness d with relatively
low thermal conductivity κse. This layer is in intimate contact with a heat sink of
larger thermal conductivity κhs. The source with the total power Pheat has a Gaussian
lateral distribution, produced by a pump beam with radius wP, and a negligible
thickness.
z
y

heat source
w
semiconductor

ΔTse

κse

ΔThs

κhs

x
d

r
heat sink

θ

heat flow

Figure 3.6: Schematic of the parameters used in the analytical temperature
model. The parameters are described in the text.

With the pump beam radius much larger than the semiconductor layer thickness, the
heat flow into the heat sink can be assumed to be 1d. The corresponding temperature
rise in the center of the pumped spot relative to the interface is given by the heat flux
times the thickness of the layer and divided by its thermal conductivity.

Tse  2

Pheat d
 wp 2se

(3.8)

The heat sink is kept at constant temperature at its lower boundary. However, for
mathematical convenience we expand its size to infinity, which was found to be a
good approximation for a heat sink thicker than 3wp. The heat flow in the heat sink

(r,,) can be calculated when mirroring the half space of the heat sink to achieve
infinite boundary conditions. We use spherical coordinates with the heat sink
centered at the origin.
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 r 2   δ    2 
Pheat
exp
 2 2  

πwp2
r

 wp  

(3.9)

Here δ indicates a delta function and the factor 1/r accounts for a heat source with
constant thickness in lateral direction. The temperature elevation in the center of the
heat source compared to the environment can be calculated by evaluating the
Green’s Function Solution Equation for the steady state [52-53]. With the factor 2 we
take into account that the heat flow is only into one half space. The temperature rise
in the center of the heat sink is then given by:

Ths  2

1
4π hs

1
 dV 
V r



Pheat
2π wp hs

(3.10)

Note that ΔTse depends only on the heating intensity (in contrast to the heating
power), while ΔThs increases with larger pump spot but constant intensity.
In order to distinguish two regimes, we define a parameter R as the ratio of the
temperature changes in the semiconductor and in the heat sink.
R

Ths

Tse

π  se wp
8  hs d

(3.11)

For small pump spots we have R 1, which means that the temperature rise is
dominated by the 1d heat flow in the semiconductor. The condition for power scaling
is fulfilled, i.e. increasing the spot size proportional to the pump power leaves
temperature, slope efficiency, and threshold intensity approximately unchanged, so
that the achievable output power scales linearly with the spot area.
When R>1, the thermal impedance is dominated by the 3d heat flow in the heat
sink. When the pump spot size is increased while maintaining the pump intensity,
the temperature is raised. That does not necessarily mean that it is no longer possible
to increase the output power by making the device larger, however, the detrimental
effects of the increased temperature on the threshold intensity and slope efficiency
will eventually limit the performance of the device.
We can define a critical radius wcrit, where R=1, so that a further increase of the
pump spot size will make the thermal impedance of the heat sink exceed that of the
semiconductor structure.
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(3.12)

Aiming for good performance in terms of efficiency and output power, one
should choose the pump radius to be approximately equal to wcrit. In most cases, the
thickness of the structure and the thermal conductivity of the semiconductor material
do not allow for much optimization. However, using a heat sink with a high thermal
conductivity allows the critical radius to be increased. Since the critical radius
depends linearly on the thermal conductivity of the heat sink, we find a quadratic
dependence of the maximum output power on this thermal conductivity. For
example, a copper heat sink with approximately 7 times higher thermal conductivity
than GaAs, should allow 50 times more output power to be extracted as compared
with a gain structure on a GaAs substrate.
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Figure 3.7: Comparison of the analytical model (dashed lines) with the
finite element simulation (solid lines). The dark grey line is the temperature
rise in the semiconductor, the light grey line is the temperature rise in the
solder layer and the black line is the temperature rise in the heat sink.

Figure 3.7 shows an example for the temperatures ΔTse and ΔThs calculated with the
analytical model above (dashed lines) together with values obtained by the finite
element simulation simulations, discussed in the last section (solid lines). We
assumed a constant heat intensity of 5 kW/cm2. The deviation of the simulation and
the analytical model for the heat sink temperature is most likely because we used a
finite heat sink during the simulation, which therefore has a smaller temperature
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increase. The deviations for the temperature rises in the semiconductor and in the
solder layer arise from the fact, that the according heat flow is only approximately
1d, especially when considering small spot sizes.
As an example we calculated the temperature rises in the semiconductor and in
the heat sink for the high power VECSEL described in Chapter 4. For the thickness of
the structure we chose d = 7 μm, for the thermal conductivity κse = 45 W/Km (GaAs)
and for the CVD diamond heat sink κhs = 1800 W/Km. The pump spot radius was
w = 240 μm. The output power of the VECSEL was 20.2 W while it was pumped with
roughly 50 W, thus approximately 30 W pump power was not transferred into laser
light. About 15% of the pump light was not absorbed and thus reflected from the
structure, leading to a heating power of approximately 25 W. For the spontaneous
emission it is difficult to give a value, therefore this effect was ignored. Hence, our
value for the heating power represents an upper limit and we overestimate the
temperature rises:
Tse  2

Ths 

25W  7  10 6 m

π   240 10 6 m   45W/Km
2

 43K

25W
 23K
2π  240  10 6 m 1800W/Km

Ttotal  Tse  Ths  66K

3.6

Thermal Lensing and Gain Lensing

The optical pumping modifies the refractive index in the gain structure as a result of
two main effects; first, the heating causes a radial refractive index profile due to the
temperature dependence of the refractive index, and second, the generation of
carriers in the gain section modifies the refractive index due to the inherent coupling
of gain and refractive index in semiconductors resulting from the Kramers-Kronig
relations.
First we want to give some simple “order-of-magnitude” calculations to estimate
the relative strengths of the two effects. The strength (dioptric power) of a gradientindex lens is determined by the curvature of the transverse distribution as well as the
maximum phase change, which a phase front experiences in the center of the
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distribution. Since the two lensing effects have transverse distributions of
approximately the same shape (the heating as well as the carrier density will roughly
resemble the Gaussian pump intensity distribution), their relative strengths can be
judged by calculating the maximum phase change in the center.
For the thermal lens, this maximum phase shift, resulting from a double-pass
through a length deff of heated dielectric material, is given by
  thermal  2  nk 0 d eff  2

dn
 Tk 0 d eff ,
dT

(3.13)

where k0 is the wave vector in vacuum, T is the maximum temperature rise in the
semiconductor and dn/dT is the temperature dependence of the refractive index. For
the case of a typical VECSEL gain structure used during this thesis, we take deff the
length of the Fabry-Perot subcavity, built by the bottom mirror and the antireflection
section, which has a residual reflectivity. This length can be measured to be
approximately 3.7 μm. With dn/dT = 2·10-4 K-1 (since we have a multilayer structure
consisting of GaAs, AlAs, Al0.2Ga0.8As, a mean value between 2.8·10-4 K-1 for GaAs
and 1.1·10-4 K-1 for AlAs has been taken), a temperature rise ΔT of 40 K and a
wavelength of 960 nm, we obtain Δφthermal = 390 mrad.
For the gain lens, the maximum phase shift resulting from passing through a
section of gain material can be roughly approximated by using the
phenomenological linewidth enhancement factor  [54], which is a commonly used
linearization of the coupling of refractive index and gain resulting from the KramersKronig relations:
  carrier  


2

g,

(3.14)

where g is the dimensionless lumped power gain relative to the state with zero gain.
Using g = 5% and  = 3 (a typical value for a MQW gain structure) we obtain
Δφcarrier = -75 mrad.
Since the temperature in the center of the pump spot is the highest and dn/dT is
a positive value, the thermal lens is a focusing (positive) lens, whereas the gain lens is
a defocusing (negative) lens. The latter may seem confusing at first, because the
carrier related gain shift in semiconductor gain media is often associated with
focusing action. This is due to the fact, that in most devices (like semiconductor
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optical amplifiers or broad area edge emitting lasers) one has homogeneous
pumping over a large volume, and saturation of the gain then causes a “dip” in this
gain profile, resulting in a positive phase shift, leading to phenomena like gain
guiding or filamentation. In the case of optically pumped VECSELs, the transverse
gain distribution is approximately Gaussian, and is covered by the Gaussian laser
mode of approximately the same extend. Therefore, even in the presence of
saturation, the gain profile will always have a “bump” shape, leading to the
defocusing lens, as shown above.
The calculation of the gain lens with reasonable accuracy is difficult, since the
linewidth enhancement factor is a linearization, which is generally used only for
small changes in gain (as in the case during the dynamic saturation during the
passage of a pulse), and it is highly questionable, whether it could be used for
calculating the phase change over the entire transverse distribution of the pump spot
of an optically pumped VECSEL, for which the gain assumes a wide range of values
from the maximum gain in the center all the way to absorption (negative gain) in the
outer regions, where the inversion is below the transparency level. However, the
rough estimate presented above shows that the effect of the gain lens can be expected
to be significantly weaker than that of the thermal lens, so that a calculation of the
thermal lens will be sufficient for a first-order approximation of the total lensing
power.

3.6.1

Simple Model of the Thermal Lens

The thermal lens can be regarded as a thin disk of gradient-index (GRIN) duct
material, where the refractive index has the following radial dependence:
n ( r )  n0 

1
n2 r 2
2

(3.15)

It is highest on the optical axis, and ideally declines quadratically for increasing
distance from the center. The result is a focusing action for an incident plane wave,
and therefore short segments of GRIN can be used as lenses. In long sections this
effect produces periodic self-focusing of wavefronts or guiding of optical modes,
which is used in gradient-index fibers. A section of GRIN duct with length l can be
described by a paraxial ray matrix [55]:
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(3.16)

For very short sections (when γl << 1), Eq. (3.16) simplifies to
 1

  n2 l

0

1

(3.17)

This has the same form as the paraxial ray matrix of a thin lens with focal length f:
 1

 1
 f


0

1 


(3.18)

Comparison of the two matrices yields the dioptric power of the GRIN lens:

1
 n2l
f

(3.19)

For a Gaussian temperature distribution, the index gradient parameter n2 can be
easily calculated by making a first order Taylor approximation. This means, that the
Gaussian temperature distribution is fitted by a parabola:
r2

2 2
dn
dn
T (r )  nb 
Te w
n(r )  nb 
dT
dT

 n2 

4 dn
T
w2 dT

(3.20)

Inserting this together with l = deff (see section 3.6) into (3.19) and applying a factor of
2 in order to account for the double-pass of the light through the GRIN duct in a
VECSEL gain structure, we obtain the following result for the dioptric power of the
thermal lens:

8d dn
1
 2n2deff  eff
T
f
w2 dT

(3.21)

As an example we calculate the thermal lens for the VECSEL described in Chapter 4.
The pump spot has a radius of w = 240 μm, for the thickness of the GRIN structure
we take deff = 3.7 μm (see section 3.6), for the temperature dependent part of the
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refractive index we take dn/dT = 2·10-4, and the maximum temperature rise is
ΔT = 43 K, which was calculated in section 3.5. The resulting focal length of the
thermal lens is then:
1



8  3.7 10 4 cm
4 1

 2 10
 43K   23cm
f 
  240 10 4 cm 2

K



3.6.2

Computation of the Thermal Lens

From the temperature distribution and the influence of the temperature on the
refractive index, we can compute the modified refractive index n(r,z), where r is the
radial distance from the middle of the pump spot and z is the direction
perpendicular to the layers of the VECSEL structure. Then, we compute the complex
amplitude reflectivity r(r) a plane wave would experience as function of r using the
matrix algorithm, which is described in section 2.1.1 of [36]. We assume the refractive
index to be constant within each layer along the z direction. The resulting phase shift
for a typical gain structure is shown in Figure 3.8(a). The pump spot radius was
assumed to be 65 μm, the heating power 0.7 W, and that the gain structure was on a
CVD diamond heat spreader with a thermal conductivity of 1800 W/Km.
computed phase shift
parabolic approximation
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Figure 3.8: Simulation and measurement of the thermal lens. (a) The solid
line was calculated with a numerical model for a pump spot radius of 65 μm,
a heating power of 0.7 W, and a gain structure which is soldered to a CVD
diamond heat spreader. The calculated total temperature rise in the center of
the pump spot was 38 K. The dashed line shows the parabolic
approximation of this phase profile and corresponds to a focal length of
3.2 cm. (b) Computed and measured thermal lens versus pump power for a
gain structure on a copper heat spreader.
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By taking the numerical second derivative at the optical axis, a parabolic
approximation of the phase profile is calculated, which allows to extract the focal
length of the thermal lens by comparison with the phase profile of an ideal thin lens

 (r ) 

k0 2
r
2f

(3.22)

For our example the calculated focal length is then 3.2 cm. From Figure 3.8(a) it
becomes clear, that at the 1/e2 radius (65 μm) the computed phase deviates strongly
from the parabolic phase, thus a strong thermal lens introduces aberrations, which
lead to inferior beam quality.
In Figure 3.8(b) we compare the thermal lens simulation with actual
measurements for the VECSEL described in [33]. We determined the dioptric power
of the thermal lens for different pump powers, by measuring the output beam radius
of the laser with a beam profiler at a fixed distance from the output coupler. Using
the matrix formalism for Gaussian beams we calculated the thermal lens, which
would produce such an output beam for the given laser cavity. This works well as
long the beam quality factor M2 is taken into account. For pump powers above 1 W,
the agreement of the simulations and the measurements is very good.

3.7

cw Performance, Thermal Roll-over and Damage

In this section we discuss some typical cw lasing performances with effects that arise
with temperature as discussed in the sections above. Figure 3.9 shows the output
power of a standard VECSEL as a function of the pump power and the heat sink
temperature. The structure is an as-grown structure with a 600 μm substrate between
the gain layers and the heat sink. The lasing threshold remains more or less constant
as a function of temperature, while the slope and the maximum output power
increase with decreasing heat sink temperature. At heat sink temperatures over 10°C
a roll-over occurs at pump powers exceeding 1.25 W. Harder pumping would lead to
complete shut-off and eventual damage of the gain structure.
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Figure 3.9: Output power as a function of pump power and heat sink
temperature. The VECSEL is clearly more efficient at lower temperatures. At
higher temperatures a roll-over is visible.

wavelength in nm

Figure 3.10 shows the dependence of the lasing wavelength on the pump power and
the heat sink temperature. Increasing the heat sink temperature leads to a red shift.
Increasing the pump power does the same, since it raises the temperature in the gain
structure due to the quantum defect and Auger recombination.
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Figure 3.10: Peak wavelength as a function of pump power and heat sink
temperature.

Figure 3.11 shows photoluminescence microscopy pictures of a VECSEL gain
structure before and after lasing when damage occurred. The damaged spot shows
less PL as before. The excited carriers are trapped by damage induced defects and are
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not available anymore for radiative recombination. The orthogonal lines are usually
referred to as “dark lines” and arise from defects during the semiconductor growth.
Usually the structure is more sensitive to pump induced damage at locations with
“dark lines”. The bright little speckles are caused by so called etch pits, scattered
pump light from imperfections of the processed VECSEL surface.

(a)

(b)

Figure 3.11: photoluminescence microscopy pictures of a VECSEL gain
structure before (a) and after (b) lasing when damage occurred.

Chapter 4
20.2 Watt Continuous-Wave VECSEL

In the last two chapters, the theoretical and practical basics for the construction of
high power optically pumped VECSELs have been discussed. Here we present a cw
VECSEL with the highest output power in fundamental transverse mode reported so
far [21].
High power and efficient lasers with good beam quality are highly desirable for a
wide variety of applications. Such applications, which require several watts in a
fundamental transverse mode, typically relied on diode pumped ion-doped solidstate bulk or fiber lasers, since typical semiconductor lasers achieve substantially
lower brightness. This is for example due to facet damage in edge-emitters, or due to
fact that current injection becomes challenging at large mode areas in VCSELs and
electrically pumped VECSELs (EP-VECSEL). Nevertheless, aside from economic
reasons, semiconductor lasers would be preferable because of their high quantum
efficiency, high gain cross section and possible bandgap engineering, that allows
operation over a wide range of wavelengths, which are partly not covered by other
lasers.
The optically pumped VECSELs (OP-VECSELs) combine all these advantages
and do not suffer from limitations in the mode area as VCSELs and EP-VECSELs do.
They offer the possibility to scale the optical output power with pump spot area
while maintaining high beam quality. Here we present an OP-VECSEL operating in a
fundamental transverse mode (M2 < 1.1) at an output power of 20.2 W in a simple
straight cavity configuration.
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4.1

VECSEL gain structure: design and fabrication

The gain structure was grown by metal-organic vapor-phase epitaxy on a GaAs
substrate. As explained in detail in section 2.1, it consists of three parts: the bottom
mirror, the active region and an antireflective (AR) structure. Figure 4.1 shows the
refractive index profile of the semiconductor structure, as well as the on-axis
standing-wave intensity pattern of the laser field normalized to the incoming peak
intensity.
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Figure 4.1: (a) VECSEL gain structure with vertical refractive index profile
and normalized intensity pattern. The structure consists of a double-periodic
bottom mirror, a gain section and an AR section. (b) Close-up of the active
region: The QWs are in the antinodes of the standing wave.

The design was optimized for the laser wavelength around 960 nm (0° angle of
incidence) and the pump wavelength of 808 nm (45° angle of incidence). The
Al0.2Ga0.8As/AlAs bottom mirror was a 36-pair Bragg reflector optimized for high
reflectivity at the laser wavelength (99.95%) but also for the pump wavelength (97%).
This results in a double pass of the pump light through the active region, and in an
absorption of 85%. The active region contains seven 6 nm In0.13Ga0.87As QWs placed
in the maxima of the standing wave pattern of the laser field. The QWs are separated
by pump-absorbing GaAs spacer layers and GaAs0.94P0.06 strain compensation layers,
which are positioned at both sides of the QWs. The Al0.2Ga0.8As/AlAs AR section is
placed on top toward the external cavity and is also optimized for both the laser and
the pump wavelength: It reflects less than 1% of the laser power and less than 3% of
the pump power. Even though this experiment was continuous wave, the
antiresonant design was made for a modelocked VECSEL, because of the low and flat
GDD, which is favorable for a broad spectrum and short pulses. A resonant design
would have allowed more output coupling and other losses, like scattering on

20.2 WATT CONTINUOUS-WAVE VECSEL

51

imperfections on the gain structure surface, would have had less impact. Another
nice property of the resonant design is the narrower optical spectrum, which might
be favorable for cw lasers because of less noise (important for frequency doubling:
green problem).
As discussed in section 2.2.3 and Chapter 3, for high power operation a heat sink
with a high thermal conductivity has to be placed directly onto the VECSEL gain
structure without the GaAs substrate left in between. This can be achieved by using
an intracavity diamond heat spreader bonded directly onto the semiconductor gain
chip [26, 56]. The advantage of this technique is, that no further processing is
required, and the GaAs substrate can be left at the backside of the structure. The
disadvantages are the optical properties of the diamond etalon, which typically
introduces a modulated spectrum corresponding to the etalon modes. Another
method that does not suffer from this drawback and that was used in this experiment
is to grow the structure in reverse order, solder it directly onto a high thermal
conductivity heat spreader and remove the substrate. A detailed description of this
process is given in section 2.2.3. In addition, this approach allows for simple passive
mode locking with a semiconductor saturable-absorber mirror (SESAM) inside the
laser cavity, what will be discussed in Chapters 5 and 6. As heat spreader we used a
CVD diamond with a thermal conductivity of 1800 W/Km and a thickness of
530 μm. The thermal conductivity of copper (400 W/Km) would not have been
sufficient. The major part of the thermal impedance would have resulted from the
heat sink and not from the semiconductor structure, resulting in a breakdown of the
power scalability with mode area (see section 3.5).

4.2

VECSEL setup and cavity

Figure 4.2 shows the laser setup used in this experiment. The laser is formed by a
simple straight standing wave cavity with the semiconductor gain structure as one
end mirror and the output coupler as the second end mirror. The gain structure was
pumped by a fiber coupled laser diode array, emitting at 808 nm with up to 55 W of
optical power on a circular spot with a radius of approximately 240 μm. The laser
mode inside the semiconductor structure is defined by the external cavity (i.e., cavity
length and curvature of the output coupler) and had a radius of approximately
226 μm, slightly smaller than the pump spot. The output coupler had a transmission
of 0.7% and a radius of curvature of 500 mm, and the cavity length was 50 mm. The
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heat sink was temperature stabilized by a water-cooled high-power peltier element
and was held at -20 °C.
pump @ 808 nm
heat sink
output coupler

gain structure

laser @ 960 nm

Figure 4.2: Laser setup for the 20.2 W cw VECSEL. The gain structure was
pumped under an angle of 45° @ 808 nm. The VECSEL cavity was a simple
straight cavity formed by the gain structure and a spherical output coupler.

Of course also the thermal lens has to be considered when designing the cavity. In
section 3.6.1 we calculated the thermal lens for this laser, yielding a focal length of
23 cm. With this lens the laser mode radius in the gain structure would be 196 μm
instead of 226 μm, which is the value for no thermal lens. But the experiment
showed, that the beam quality differed strongly for different spots on the gain
structures (M2 values varied from 1.0 to 6 for the same cavity), making simulations or
calculations for the thermal lens useless. This unsteadiness in beam quality probably
results from an inhomogeneity of the soldering junction (the fluxless indium
soldering procedure was described in section 2.2.3). Better results could eventually
be achieved with tin-gold soldering, with the drawback of the higher soldering
temperature and thus more strain on the structure, or by capillary bonding of the
gain structure directly onto the CVD diamond heat sink.

4.3

Experimental results

Figure 4.3 displays the cw output power of the VECSEL versus the incident pump
power. The slope efficiency was 49.1%, the pump threshold was 4.4 W, and the
maximum optical to optical conversion efficiency was 43.2%. At output powers
>18 W begins a roll-over owing to the temperature rise in the gain structure;
the maximum achieved output power was 20.2 W. The output power was
continuously adjustable form threshold up to 20.2 W without any discontinuities or
signs of instabilities.
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Figure 4.3: Output power versus pump power for 20.2 W cw VECSEL: The
maximum optical-to-optical conversion efficiency is 43.2% and the and the
slope efficiency is 49.1%.

The VECSEL operated at the maximum output power for several hours without any
signs of degradation. Only when the laser was pumped beyond the thermal rollover
irreversible damage occurred (see section 3.7). We believe that this happens, when
the temperature in the gain structure reaches the indium melting temperature
(156 °C), which destroys the solder junction, raises the thermal impedance and thus
further increases the temperature in the semiconductor structure, which will be
destroyed ultimately.
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Beam quality measurement: M2<1.1 in both directions.

Figure 4.4 shows the beam quality measurement, carried out at the maximum output
power. The M2 was measured to be 1.0±0.1 in sagittal and 1.1±0.1 in tangential
direction, indicating fundamental mode operation. Figure 4.5 shows the optical
spectrum located at approximately 960 nm, also measured at the maximum output
power. As mentioned in section 4.1 the spectrum is rather broad (about 5 nm) due to
the antiresonant design of the gain structure.
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Figure 4.5: Optical spectrum centered at 960 nm with a width of
approximately 5 nm.

Chapter 5
Passive Modelocking and SESAMs

There are several techniques to obtain short pulses directly from a laser. The obvious
solution seems to be the direct modulation of the gain. Pulse durations as short as
40 ps have been reported by active modulation of the pump current through a
VCSEL [57]. Another method to get a pulsed state of lasing is the modulation of the
losses. In general, we can distinguish between four different regimes of laser
operation: continuous-wave (cw), Q-switching, cw-modelocking and Q-switched
modelocking (QML), see Figure 5.1.
Q-switching

power

power

continuous-wave (cw)

time

time
Q-switched modelocking (QML)

power

power

cw modelocking

time

time

Figure 5.1: The four different regime of laser operation. The dashed lines
represent the average power level, which is the same in each graph.

Q-switching is a technique to obtain short pulses (typically nanosecond) from a laser
by modulating the intracavity losses, in other words the Q-factor of the resonator.
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Initially the losses are kept high to avoid lasing. This can for example be done by an
electro-optic modulator. During this time interval the pump energy is accumulated
and stored in the gain medium. Then the losses are reduced, the intracavity power
builds up, quickly saturating the gain, which leads to shut-off of the laser operation.
Q-switching was first demonstrated in 1962 by McClung et al. [58]. Single
longitudinal mode operation using extremely short cavities has been demonstrated
with pulse durations below 100 ps [59]. VECSELs are not suitable for Q-switched
operation because of their short upper state lifetime of approximately 1 ns; hence,
they are not able to store energy during the low Q time.
Significantly shorter pulses can be obtained by cw modelocking. In this case a
single pulse (fundamental modelocking) or multiple pulses (harmonic modelocking,
HML) oscillate in the cavity. Every time the pulse hits the output coupler a fraction
of the pulse power exits from the cavity forming a periodic pulse train with a
repetition rate frep given by
f rep  n

c0
,
2L

(5.1)

where L is the cavity length, c0 the speed of light in vacuum and n the number of
pulses oscillating in the cavity. Since the pulse envelopes are periodic in time, the
corresponding power spectrum is a comb of equidistant peaks (Fourier series of the
time signal), the longitudinal modes. The spacing between these modes is exactly the
pulse repetition rate. Harmonic modelocking has several disadvantages: It is hard to
control the precise number of pulses, it is susceptible to pulse drop out and has
higher noise levels than fundamental modelocking. The pulse energy fluctuates
(intensity noise) and the pulse-to-pulse distance varies (timing jitter) because the
emitted pulses are not copies of a single cavity internal pulse.
In the Q-switched modelocking regime (QML), modelocking and Q-switching
occur simultaneously. QML is often seen as an unfavorable instability for solid-state
lasers, where the high pulse energies can damage cavity elements like mirrors.
Especially for high repetition rate solid-state lasers, it is challenging to avoid QML
because of the low pulse energies and the small gain cross-sections of the gain
materials [60-61]. VECSELs do typically not suffer from QML, even at high repetition
rates. The high differential gain results in stronger gain saturation, which limits the
amount of energy that can be stored in the gain medium, thereby efficiently avoiding
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QML. In section 5.3 relaxation oscillations and Q-switching instabilities (Q-switching
can be understood as undamped relaxation oscillations) are discussed qualitatively
and quantitatively, and as an example we calculate the QML stability limit for the
30 GHz VECSEL described in 6.3.1 .
In section 5.1 three possible mechanisms of passive modelocking are discussed, in
section 5.2 we give an introduction to semiconductor saturable absorber mirrors and
section 5.4 shows the basics of noise for modelocked lasers.

5.1

Mechanisms of passive modelocking

To enable modelocking a loss modulator is typically placed close to one end mirror
inside the laser cavity to collect the laser light in short pulses around the temporal
minimum of the loss modulation. In general, we distinguish between active and
passive modelocking. In the first case the loss modulator is actively driven by an
electronic signal, which has to be exactly synchronized to the cavity round trip time.
In the second case, the loss modulator is a saturable absorber, a material that has
lower losses the higher the intensity of the laser light is. An incident laser pulse then
produces its own loss modulation, thus this process is referred to as passive
modelocking. Passive modelocking has several advantages over active modelocking.
No synchronization is needed between the loss modulator and the pulse repetition
rate; furthermore, much shorter pulses can be generated, because the dynamics in the
saturable absorber can be much faster than the switching speed of typical electrical
loss modulators.
Three mechanisms of passive modelocking can be distinguished and are shown
in Figure 5.2: A fast saturable absorber in combination with weak gain saturation
(e.g. solid-state gain media), a slow saturable absorber with weak gain saturation and
a slow saturable absorber with strong gain saturation (e.g. dye or semiconductor
gain). In all cases the pulse saturates the absorber, and is amplified during a short
time window of net gain.
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Figure 5.2: Three typical passive modelocking mechanisms using a
saturable absorber. (a) The recovery of the absorber is shorter than the pulse
duration. In the case of slow recovery we distinguish between (b) weak gain
saturation and (c) strong gain saturation. (see text for explanations)

5.1.1

Fast saturable absorber

A fast saturable absorber has a recovery time shorter than the pulse duration,
therefore the losses can be approximated to be directly dependent on the intensity
(Figure 5.2 (a)). Examples for such systems are Kerr lens mode locked (KLM) solidstate lasers [62-64]. KLM uses a lens with an intensity dependent focal length via the
Kerr effect in combination with an aperture. In most cases, however, a soft-aperture
is used, and the reduced mode size in the gain material improves the overlap with
the pump beam and therefore the effective gain. A significant change in mode size
can only be achieved when the laser runs near one of the stability limits of the cavity,
making these lasers more sensitive to mechanical vibrations and temperature
changes. Another disadvantage is, that KLM lasers are not self-starting (intensity
fluctuation are not sufficient), once running in continuous-wave mode, the
modelocked operation has to be induced manually. This can be achieved by shaking
a cavity mirror or by using a SESAM. KLM has resulted in the shortest laser pulses
directly generated by a laser oscillator with pulse durations of less than 6 fs [65-66].

5.1.2

Slow saturable absorber with constant gain

For a slow saturable absorber the recovery time is slow compared to the pulse
duration (Figure 5.2 (b)). The slow recovery of the absorber results in a net gain
window after the pulse. At a first glance, one would think, that intensity fluctuations
following the pulse would be amplified, which could lead to instabilities. However
stable operation in this regime is possible, because the increasing noise behind the
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pulse is swallowed after some time by the pulse. The absorber only absorbs the
leading edge of the pulse, causing the pulse to move backwards in time each
roundtrip. Numerical simulations have shown, that in this regime the pulses can be
more than twenty times shorter than the recovery time of the absorber [67].
By additional stabilization much shorter pulse durations can be obtained. Soliton
pulses can be formed, when self-phase modulation (SPM) and GDD are balanced in
the laser cavity. In this case the pulse duration is determined by the SPM-coefficient
γSPM, the total intracavity cavity GDD D and the pulse energy Ep (see equation (5.2)).
The saturable absorber is not required for the pulse shaping, it is only responsible for
the starting and the stabilization of the modelocking.

p 

2D
 SPM Ep

(5.2)

Another aspect to be considered, is that in reality there is always weak gain
saturation, i.e. the gain is not strictly constant, which is important for stable cw
modelocking. If the gain saturation is too weak Q-switched modelocking occurs,
which is in most cases unfavorable. This issue is discussed in detail in section 5.3.

5.1.3

Slow saturable absorber with dynamic gain saturation

In the case of a slow saturable absorber with dynamic gain saturation (Figure 5.2(c)),
gain and absorber saturate and have a slow recovery time compared to the pulse
duration. Stable modelocking requires, that the absorber saturates faster than gain,
i.e. that the absorber has to saturate at lower pulse energies:

Esat,abs
Esat,gain

1

(5.3)

If this condition is fulfilled, the absorber losses drop faster than the gain, and a short
time window is formed, where the gain is higher than losses. This regime is typical
for lasers, for which the gain and absorber are based on the same type of material, for
example SESAM modelocked VECSELs or MIXSELs. All the lasers described in this
thesis rely on modelocking with slow saturable absorbers and dynamic gain
saturation.
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5.2

SESAM – semiconductor saturable absorber
mirror

Semiconductors are ideally suited as saturable absorbers. They saturate at intensities
typically found in solid-state and semiconductor lasers. Engineering over a broad
wavelength range is possible, and the recovery dynamics can be controlled, for
example via the defect density [68].
The semiconductor (which can be bulk, QWs or QDs) absorbs the photons, when
the photon energy is larger than the bandgap energy (see Figure 5.3). After 60 – 300 fs
the carriers thermalize and form a thermal equilibrium among themselves. On a
longer timescale, typically 10 ps – 10 ns, depending on the mobility of the carriers
and the defect density, the carriers recombine and the absorber recovers. The
semiconductor is completely saturated, when the absorption is equal to the
stimulated emission. The fact, that the thermalization and the recombination occur at
different timescales, is very helpful. The longer timescale for the recombination
enables the self-starting, whereas the fast thermalization time constant reduces the
pulse duration.
intraband thermalization
E

CB

interband recombination
& mid-gap trap capture
E

CB

reflectivity change

hν
D(E)
D(E)
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time delay

Figure 5.3: Carrier dynamics in SESAMs: Electrons are excited to the
conduction band and thermalize on a time scale of 100 fs. The electrons then
recombine or get trapped by defects on a time scale of 10 ps – 10 ns.
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In this section we discuss the SESAM design and the SESAM characterization
methods, which were used during this thesis for their optimization.

5.2.1

SESAM design

A SESAM typically consists of a DBR and an absorber section. In some cases the
SESAM has a dielectric top coating to enhance the electric field or to reduce the GDD
[69]. In this thesis we only consider the resonant and antiresonant case, without top
coating. The difference between a resonant and an antiresonant device is the
thickness of the absorber section.
The DBR serves as a high reflector. The DBR consists of quarter wave layers of
low-index material (e.g. AlAs, nAlAs = 2.96 at 960 nm) and a high-index material (e.g.
GaAs, nGaAs = 3.54 at 960 nm). Its reflectivity is determined by the number of mirror
pairs, whereas the bandwidth is given by the difference in refractive index of the
materials used. One has to take into account, that a resonant SESAM has a
transmission of up to 12 times higher compared to an antiresonant SESAM with the
same number of Bragg pairs. The reflectivity for different structures is shown in
Table 5.1. For resonant SESAMs we used at least 30 mirror pairs, thus having less
than 0.03% mirror losses, which is low compared to the output coupling of 0.5 to
2.5% for typical VECSELs.
mirror pairs

antiresonant
R [%]
T [%]

resonant
R [%]
T [%]

20

99.91

0.09

98.89

1.11

25
30

99.99
100.00

0.01
0.00

99.81
99.97

0.19
0.03

Table 5.1: Reflectivities and transmissions of resonant and antiresonant
DBRs (distributed Bragg reflectors).

On top of the DBR is the saturable absorber section. The absorber is embedded
between spacer layers. The first spacer layer after the mirror is chosen such that the
absorber is in an anti-node of the standing wave pattern of the electric field, see
Figure 5.4. The second spacer layer determines the field enhancement. By making the
roundtrip phase change in the last layer (2n - 1), the structure is antiresonant, while
for a roundtrip phase change of 2n the structure is resonant.
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Figure 5.4: Refractive index pattern and field enhancement of an
antiresonant SESAM (a) and a resonant SESAM (b).

Like for VECSEL gain structures, we can define an enhancement factor abs for the
SESAM
 abs  E  z abs  ,
2

(5.4)

with E(zabs) being the electric field at the position of the absorber. For an antiresonant
SESAM the enhancement is ξabs = 4/n2 ≈ 0.32 (GaAs based), while for the resonant
case ξabs = 4 (amplitude of incoming wave is normalized). The (extrinsic) modulation
depth is proportional to the enhancement factor (ΔR prop. abs) and the (extrinsic)
saturation fluence is inverse proportional (Fsat prop. 1/abs). The product FsatΔR
remains constant.
In Figure 5.5(a) the field enhancement abs is shown as a function of the
wavelength for a typical SESAMs used throughout this thesis. The resonant structure
is highly wavelength sensitive, having the advantage, that one can tune the
modulation depth with the wavelength. On the other hand these structures are
difficult to grow, a 1% mismatch in layer thickness during growth, shifts the
resonance by about 10 nm. The gray line shows the mirror reflectivity, which has a
bandwidth of over 80 nm, the dashed line is the resonantly designed and the solid
line the antiresonantly designed structure.
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Figure 5.5: Wavelength dependence of SESAM properties: (a) Field
enhancement, (b) GDD. The grey curve is the DBR reflectivity, the solid
black curve is the antiresonant and the dashed black curve is the resonant
case.

Figure 5.5(b) shows the GDD, which shows a high modulation in the resonant case,
whereas in the antiresonant case the GDD is flat over a broad wavelength rage. A
moderate and flat GDD is preferable for the formation of short pulses.
100
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Figure 5.6: Nonlinear reflectivity measurement of an antiresonant (solid)
and a resonant (dashed) SESAM having the same saturable absorber. The
black curve shows the least square fit. The gray curves show the fit functions
without induced absorption, i.e. the reflectivity for long (ps) pulses.

A nonlinear reflectivity measurement of an antiresonant and a resonant SESAM
having the same saturable absorber is shown in Figure 5.6. The resonant structure
has a higher electrical field in the absorber, resulting in a smaller saturation fluence
Fsat, a higher modulation depth ΔR, and in more two-photon absorption (a smaller F2
parameter, manifesting in a stronger roll-over at high pulse fluences, often referred
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to as inverse saturable absorption). The measurement was carried out using a
Ti:sapphire laser with 80 fs long pulses. The gray lines show the nonlinear
reflectivities without two-photon absorption, i.e. the reflectivities for ps laser pulses.
The measurement setup for nonlinear reflectivity measurement, as it was used
throughout this thesis, is described in the next section.

5.2.2

Nonlinear reflectivity measurement

Precise knowledge of the nonlinear optical reflectivity is required to optimize
SESAMs for self-starting passive modelocking. Haiml et al. reported a measurement
system [70], with which it was very challenging to achieve sufficient accuracy. In this
section we discuss a method for wide dynamic range nonlinear reflectivity
measurements [71], which was used for the optimization of the QD-SESAMs
described in Chapter 8.
HR
λ/2

chopper
BS

modelocked
laser
PBS 1 PBS 2
attenuator

Faraday PBS 3
rotator

L1 SESAM
PD
reflectivity measurement

Figure 5.7: Nonlinear reflectivity measurement setup: The output of a
pulsed laser source propagates through a variable attenuator to set the pulse
energy, then through an isolator to eliminate back-reflections and finally
enters the measurement section. The reflectivity of the SESAM is obtained by
measuring the response of both arms and computing the ratio.

The measurement system is shown in Figure 5.7 and consists basically of four
parts: a pulsed laser source, a variable attenuator, an isolator and the measurement
section. The laser source is typically a modelocked laser with sufficient pulse energy
to saturate the SESAM under test. Ideally, one wants to characterize the SESAM
under the same conditions, as in the laser, which will be passively modelocked by
the SESAM. The laser source should therefore operate at the same wavelength and
pulse duration. Therefore, we built a high pulse energy VECSEL, which is described
in detail in section 6.1.1. The attenuator simply consists of two polarizing beam
splitters (PBS): The first bam splitter rotates the polarization, whereas the second
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beam splitter selects the desired polarization. We chose a PBS instead of a half-wave
plate for the polarization rotation, because PBSs typically have a larger bandwidth
(>100 nm). The dynamic range is determined by the extinction ratio of the first PBS.
The isolator prevents back-reflections from the SESAM from entering the laser
source, which otherwise could lead to modelocking instabilities.
The measurement part consists of a non-polarizing beam splitter (BS), a lens, a
chopper wheel and a photo diode (PD). The reflections from the two different arms
are separated in time by a chopper wheel, and measured by the same detector
system. The electronic signal is then amplified, measured with an analog-to-digital
(AD) converter and recorded with a computer. Figure 5.8 shows a short segment of a
recorded signal. There are four different states: 1. Only the reference beam is
measured, 2. both beams are measured, 3. only the sample beam is measured and 4.
Both beams are blocked. The signal during phase 4 corresponds to the background
signal from photodiode dark current and environmental background light. The
reflectivity of the SESAM is then given by B/A.

1.0
photodiode signal in V

2
0.8
1

0.6

0.4

3

A

B
4

0.2
0

0
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1500

1000
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Figure 5.8: Photodiode
measurement.
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for

a

typical

nonlinear

reflectivity

For fitting the measured nonlinear reflectivities we use following model function:





ln 1  Rlin Rns eF Fsat  1   FF
R  F   Rns
e 2
F Fsat

(5.5)
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Rns stands for the maximum reflectivity, taking into account the nonsaturable losses,
Rlin the reflectivity for very low intensities, Fsat the saturation fluence and F2 the
parameter describing the two-photon absorption. Equation (5.5) actually describes
the reflectivity for an incoming plane wave. For the reflectivity of a pulse with a
Gaussian transverse beam profile, we have to introduce corrections, which can only
be computed numerically (Ep is the pulse energy, Fp the pulse fluence and w the
beam radius on the SESAM):

R

Gauss

 Fp   21F
p

2 Fp

 R  F d F ,

Fp 

0

Ep

 w2

(5.6)

We show now a typical example for a nonlinear reflectivity measurement of a
resonant quantum dot SESAM. The measurement was performed using the passively
modelocked VECSEL described in section 6.1.1, which had up to 2.2 W average
power in 6 ps pulses at a repetition rate of 1.5 GHz and operated at a wavelength of
957 nm. The beam was focused onto the SESAM with a 20 mm lens to a small spot
with 5.8 μm radius. The fluence range covered three orders of magnitude from
0.2 μJ/cm2 to 200 μJ/cm2. Figure 5.9(a) shows the calibration measurement, using a
high reflector instead of the SESAM. Figure 5.9(b) shows the actual measurement of
the SESAM. Due to the rather long 6 ps-pulses there was no induced absorption (for
the fit we therefore used F2 = ∞), and three orders of magnitude in pulse fluence
turned out to be sufficient for a good fit. From the fit we determine the modulation
depth to be ΔR = 2.17 ± 0.02% (the tolerance corresponds to the standard deviation of
the fit parameter), the nonsaturable losses ΔRns = 1.23 ± 0.02% and the saturation
fluence Fsat = 8.48 ± 0.36 μJ/cm2.
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Figure 5.9: (a) Measurement of an HR without calibration (the flatness of
the mirror is >0.05%) and (b) a typical SESAM measurement.
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Pump-probe measurement

The dynamics of the SESAM are important for the pulse formation and need to be
characterized precisely. In order to achieve short pulse durations, fast recovery of the
saturable absorber has to be achieved [72]. The recovery is measured with a time
resolved differential reflection setup, also referred to as pump-probe setup (see
Figure 5.10). The pulsed output of a laser source is first split into a strong pump
beam and weak probe beam. The intensity ratio should be at least 10:1 to make sure,
that the probe pulses do not influence the measurement. Both beams have to overlap
on the sample. The temporal overlap is adjusted and controlled with a delay line on a
computer controlled translation stage. The pump pulse hits the sample first under a
small angle, and after a variable delay the probe pulse is reflected by the sample and
measured with a photodiode.
PD
SESAM
probe
laser

AOM
AOM

pump

delay τ

Figure 5.10: Pump-probe setup for measuring SESAM dynamics (AOM:
acousto-optic modulator, PD: photodiode).

Both, pump and probe beam, are chopped at several 100 kHz by acousto-optic
modulators (AOMs). By chopping the pump beam we measure directly the
modulation this beam induces on the sample. In addition, we chop the probe beam to
suppress scattered pump light that accidently might hit the detector. The probe beam
is detected with a lock-in amplifier at the difference frequency, which for our
measurement system was 70 kHz.
A typical pump-probe signal for a QD-SESAM is shown in Figure 5.11. The laser
used for the measurement was a modelocked wavelength tunable Ti:sapphire laser
with a repetition rate of 80 MHz and a pulse duration of 140 fs (measured directly
after the laser). The pump spot had a diameter of 20 μm, while the probe spot was
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normalized reflectivity change

slightly smaller with a diameter of 15 μm. This results in fluences of 5.1 μJ/cm2 and
0.16 μJ/cm2 for pump and probe, respectively.
1.0
0.8
0.6
0.4
0.2
0
0

20

60
40
time delay in ps

80

100

Figure 5.11: A typical pump-probe measurement for a QD-SESAM.

The normalized pump-probe response can be fitted with the sum of two exponential
decays with two different time constants:

Rpp    Ae slow  1 A e fast ,

(5.7)

where A is the amplitude of the slow component with time constant τslow and (1 – A)
is the amplitude of the fast component with time constant τfast. In the example above
τfast = 0.77 ps, τslow = 74 ps and A = 0.7. The fast recovery arises from transmissions in
the dots, whereas the slow recovery is due to recombination (see also Figure 5.3).

5.3

Relaxation oscillations and Q-switching
instabilities

For some applications, for example for the optical clocking of microprocessors, the
development of ultrafast lasers with high pulse repetition rates in the Gigahertz
regime is of interest. At higher pulse repetition rates the tendency for Q-switched
modelocking (QML) (see Figure 5.1) will increase, and for very short laser cavities
there is even a tendency for pure Q-switching. This is in particular the case for solidstate lasers modelocked by saturable absorbers, for example a SESAM. For passively
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modelocked VECSELs or MIXSELs QML does usually not occur, which makes them
very attractive for many applications at high repetition rates.
Qualitatively QML is easily understood by looking at the reflectivity curve of a
SESAM (see for example Figure 5.6). Let us assume a steady-state pulse energy EP.
This pulse energy leads to a certain reflectivity of the SESAM. The influence of noise
leads to small fluctuations of the pulse energy. If the pulse energy is increased, this
leads to a higher reflectivity of the SESAM and vice versa for decreased pulse energy.
Therefore, the saturable absorber tends to destabilize the steady-state pulse energy. If
this is not compensated for by gain saturation, QML will emerge with the pulse
energy rising exponentially until the gain begins to saturate. The pulse energy then
drops to almost zero until enough gain is available to start the next Q-switched pulse.
This explains, why VECSELs have no tendency for Q-switching. First VECSELs
exhibit dynamic gain saturation (see section 5.1.3), and second, the upper-state
lifetime of a typical semiconductor QW gain is in the order of a few nanoseconds, so
that no energy could be stored during downtime of the laser for the next Q-switched
pulse.
In the following we give a quantitative explanation of the effects leading to Qswitched modelocking or the usually more desirable cw modelocking . For this we
need to derive equations of motion for the dynamics in a modelocked laser. We
would like to demonstrate, that VECSELs typically do not suffer from QML. A more
detailed and comprehensive treatment of the theory of QML is given in [60-61, 73].

5.3.1

Equations of motion

In the following, we describe equations of motion for the intracavity power P, the
gain g, and the saturable absorption q. We use a rate equation approach with the
differential equations expressed in observable variables (P, g, q) instead of inversion
and photon density.
The intracavity power changes per roundtrip time TR by the amount added by
the gain g and removed by the linear and saturable losses l and qP(EP) (see equation
(5.8)). Note that the gain and loss coefficients used denote intensity gain and not
amplitude gain. Gain and saturable loss dynamics are described by almost identical
equations: The gain relaxes to a value of g0 in an unpumped medium (<0 in a threelevel system with reabsorption losses) with a rate corresponding to the inverse
upper-state lifetime L. A laser beam passing through the gain medium removes
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energy and reduces the available gain. The sign is reversed for the saturable loss
coefficient q. Equation (5.9) has an additional term that describes the generation of
inversion by the pump power PP, where (g) is the pump efficiency including the
quantum defect. We have

dP g  l  qP ( EP )

P
TR
dt

(5.8)

P
dg g0  g  ( g ) PP
g



Esat,L
Esat,L
dt
L

(5.9)

dq q0  q
P
q


Esat,A
A
dt

(5.10)

with EP = P · TR the pulse energy and Esat,L = AL hνL/(mσtot) the gain saturation
energy, where AL = wL2 is the effective laser mode area in the gain medium, hνL is
the energy difference of the laser levels, m is the number of passes through the gain
medium per round trip (typically 2), and σtot=σem+σabs is the sum of emission and the
reabsorption cross sections at the laser wavelength. q0 is the loss coefficient of the
relaxed absorber and τA is the absorber upper-state lifetime. The absorber saturation
energy is Esat,A = AA hνL/(mσA). The pump efficiency η(g) includes absorption
efficiency and quantum defect, which depends on the population of the lower pump
level and therefore on g.
Using the simple model for a slow saturable absorber with the pulse length τP
being much shorter than the recovery time τA, we can neglect the first term on the
right-hand side of equation (5.10).With the assumption that the absorber fully
recovers within a roundtrip time (τA<<TR) equation (5.10) can be integrated yielding
for the total loss of a pulse passing the saturable absorber

qP ( EP ) 

E
R
1  e S  , S  P .

S
Esat,A

(5.11)

Here ΔR is the modulation depth (maximum change in reflectivity) of the saturable
absorber, and Esat,A = AA · Fsat,A is the saturation energy given as the product of the
effective mode area on the absorber AA and the saturation fluence on the absorber.
The cw laser, for which the SESAM replaced by a highly reflecting mirror, is
described by the same differential equations, however with qP(EP) = 0 and possibly a
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somewhat smaller value of l. In the case of a four-level laser there is no reabsorption
loss in the gain medium. Therefore we have g0 = 0 and σtot = σem. Additionally, the
absorption efficiency is usually only weakly dependent on the gain; typically it may
approximated to be 1.

5.3.2

Stability limit

In order to give a stability criterion against QML, we linearize the differential
equations (5.8) and (5.9) around the steady state and also allow the pump power to
vary. Defining δP(t) = P(t) – P, δg(t) = g(t) – g and δPP(t) = PP(t) – PP, where P, g and PP
denote the steady-state values, we find

d  P   


d t   g   
where

  P



1

L

   P 


    g 

 0 

,
  PP 

(5.12)

qP
P
g
( Ep ),   ,  
,
EP
TR
Esat,L



P 
P
(g)
 P
( g ),  
Esat,L Esat,L g
Esat,L

If we set δPP = 0, we find the criterion for stable mode locking (QML criterion) [60-61]
by requiring that the eigenvalues have negative real parts, which corresponds to
damped relaxation oscillations. Q-switching instabilities can be interpreted as the
occurrence of undamped relaxation oscillations. This leads to the condition  > . If
the absorber is strongly saturated, and the laser is operating far above the lasing
threshold, this criterion can be simplified to

EP2  REsat,A Esat,L

(5.13)

This means that the laser is operating stably (cw modelocked) when the intracavity
pulse energy is higher than a threshold determined by gain medium and absorber
properties as well as the cavity design (laser-mode areas on gain and absorber).
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5.3.3

VECSELs and QML

At the beginning of section 5.3 we already mentioned, that passively modelocked
VECSELs are good candidates for high pulse repetition rate lasers, since they usually
do not suffer from QML. This shall be illustrated with the example of the high
repetition rate VECSEL described in detail in section 6.3.1. The VECSEL was running
at 30 GHz repetition rate with an output power of 177 mW, the outcoupling was
1.6%, leading to a pulse energy of

EP 

P
0.177W

 370pJ
toc f rep 0.016  30 109 Hz

This is a very small pulse energy, for many solid-state laser gain materials one would
end up with QML. The cavity was a V-shaped consisting of three flat mirrors
(SESAM, VECSEL gain chip and output coupler) and was only stabilized by a
thermal lens on gain structure. From thermal lens measurements and from the pump
spot size, we can estimate the mode size on gain and absorber to be approximately
65 μm in radius. The saturation fluences were approximately 2 μJ/cm2 and 50 μJ/cm2
for SESAM and gain respectively. This leads to following saturation energies
Esat,A  AA Fsat,A  πw 2A  Fsat,A  π  6.5 10 3 cm   2

μJ
 260pJ
cm 2

Esat,L  AL Fsat,L  πw 2L  Fsat,L  π  6.5 10 3 cm   50

μJ
 6.5nJ
cm 2

2

2

With the modulation depth ΔR of approximately 1%, one sees that the QML criterion
(equation (5.13)) is clearly fulfilled, even at this very high repetition rate:

EP 2  1.4 1019 J 2 > 1.7 1020 J 2  REsat,A Esat,L

5.4

Noise of passively modelocked lasers

Modelocked lasers generate trains of equidistantly spaced pulses that are useful for a
wide range of applications. Often the noise properties of these lasers are of particular
interest. The optical data transmission through fibers can be negatively affected by a
high timing-jitter, or as an example more related to passively modelocked VECSELs
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and MIXSELs, the pulse to pulse jitter of a microprocessor clock should not exceed a
certain value. Other quantities, such as the pulse energy, the optical phase, the pulse
duration and the pulse chirp can be affected by fluctuations as well.
A qualitative and quantitative understanding of laser noise is desirable not only
from a theoretical point of view but also for achieveing an efficient minimization of
noise by proper laser design. Some analytical models [74-79] have given significant
insight. The model by Haus and Mecozzi [76] treats passively modelocked lasers
with fast saturable absorbers and soliton-like pulses and Hjelme et al. [75] have
treated timing jitter in actively modelocked lasers. A numerical model has been
presented by Paschotta [78-79], which is not restricted to rather limited situations
such as lasers with fast saturable absorbers.
Depending on the noise features to be evaluated, different methods have to be
used to characterize the timing jitter of modelocked lasers. The simplest and most
popular technique is based on spectral analysis of the photodiode current reflecting
the output power of a modelocked laser [80]. Other techniques involve mixers in the
electronic [81] or optical domain [82], which are operated as phase detectors.
Here the objective is to provide a qualitative understanding of timing jitter and
intensity noise rather than dwelling into the theoretical details of laser noise. This
section should therefore be viewed as a starting point for the treatment of laser noise.
For a more detailed and comprehensive treatment the reader is referred to the
literature (for example [73]). A method for relative timing jitter measurements with
an indirect phase comparison method is presented, which was used for the
characterization of noise of passively modelocked VECSELs.

5.4.1

Ideal modelocked laser

A modelocked laser without any amplitude and phase fluctuations generates the
following time dependent power


P(t )  PT    t  nT ,

(5.14)

n

where P is the average optical power and T is the pulse repetition rate. Both
quantities are assumed to be constant in time. The product PT is therefore the pulse
energy. Because of simplicity, the pulses are described as δ-pulses, which is justified
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in most cases considering the very short pulse duration compared to the resolution of
the measurement instruments. Nevertheless one could also consider the case of a
finite pulse duration. By application of the Wiener-Khinchine-theorem, the spectral
power density is found to be

S ( )  P

2



    n 

(5.15)

rep

n 

S(ω) represents a comb of δ-peaks (see Figure 5.12). In the case of a finite pulse width,
the higher harmonics would get weaker, but the spectral power density would still
be a δ-comb.
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3ωrep
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Figure 5.12: Spectral power density of an ideal modelocked laser without
amplitude or phase noise.

5.4.2

Modelocked laser with intensity noise

Now we introduce intensity fluctuations. This can be achieved as follows:


P(t )  1 N (t ) PT   (t  nT )

(5.16)

n

The first term in the bracket describes the power without noise, whereas the second
term introduces the fluctuations. With the assumption of an ergodic system and the
application of the Wiener-Khinchine-theorem, the spectral power density is found to
be

S ()  P

2



  (  n

n

rep

 2 (  n ),
)N
rep 


(5.17)
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 denoting the Fourier-transform of N(t). Compared to the laser without noise,
with N
the intensity fluctuations add sidebands to all δ-peaks, with the same power for all
harmonics (see Figure 5.13). This is easy to understand. The time signal of the
modelocked laser is a superposition of sine waves, according to the δ-peaks in the
power spectrum. If the laser has only amplitude fluctuations, all the sine waves have
the same amplitude fluctuations, and thus there is no dependence on the order of the
harmonic.
S(ω)

ωrep

2ωrep

3ωrep

4ωrep

ω

Figure 5.13: Spectral power density for a modelocked laser with amplitude
fluctuations.

For the power spectrum often the relative intensity noise (RIN) denotation is used
 L  f   , which describes the noise power per frequency unit relative to the power in
the δ-peak:

L( f )  2  S ( 2π)

2π
P

2

(5.18)

The usual unit is dBc/Hz for 10  log  L  f   .

5.4.3

Mode locked laser with timing jitter

In this case we only consider fluctuations in the arrival of the laser pulses (δT(t)) and
neglect intensity fluctuations. The time-dependent optical power is then given by


P(t )  PT    t  nT   T (t ) 

(5.19)

n

With application of the shifting-theorem of the Fourier-transformation, the spectral
power density is found to be
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S ()  P
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 (  n )  n2 2 
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(  nrep )

rep
rep



n 

(5.20)

The most important conclusion from equation (5.20) is, that the power in the noisesidebands growths quadratically with the order n of the harmonic of the laser
repetition frequency (see Figure 5.14). Again, this is easy to understand. For a
modelocked laser without any fluctuations, the spectral power density is a comb of
δ-peaks according to a superposition of sine waves. All sine waves experience the
same temporal shift for a deviation of the pulse from the ideal clock, but because of
the different frequencies, they experience different phase shifts, proportional to the
order n, so that the noise powers of the according side bands become proportional to
n2.
S(ω)
prop. ω2

ωrep

2ωrep

3ωrep

4ωrep

ω

Figure 5.14: Spectral power density for a modelocked laser with timing
jitter.

There are different definitions of the timing jitter, which have very different
characteristics. The absolute timing jitter describes the temporal deviation of the
pulse position from an ideal clock with average repetition rate (see Figure 5.15). This
definition is important for the synchronization of pulse trains. The jitter is usually
denoted as root mean square (rms) value in s, respectively in fs.
laser pulses

time
ideal reference

δT(t)

Figure 5.15: Illustration of the absolute timing jitter.

The so called cycle-jitter describes the deviation of the cycle-lengths (times between
two consecutive pulses) from the average cycle-length (see Figure 5.16). This
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definition important for the clocking of microprocessors, since the pulse period has
to be reasonably stable, while longterm time drifts are not important.
laser pulses

Tav + δTc(t)

time

Figure 5.16: Illustration of the cycle-jitter.

Yet another definition is the so called modified cycle-to-cycle jitter. It describes the
difference of consecutive cycle-length (see Figure 5.17). This definition, however, is
not often used.
laser pulses

δTcc(t) = Tn-Tn-1

time

Figure 5.17: Illustration of the modified cycle-to-cycle jitter.

5.4.4

Timing jitter measurement

There are different methods to measure the timing jitter, which have all their
advantages and drawbacks. In the following describe a relative timing jitter
measurement with an indirect phase comparison method, developed in our research
group in 2005 [83-84]. This method is especially useful for low jitter frequencies,
typically 1 mHz to 100 MHz, and was used for measuring the timing jitter of
passively modelocked VECSELs during this thesis. Figure 5.18 shows the according
measurement setup.
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Figure 5.18: Example of an experimental setup for timing jitter
measurements. ml = modelocked, PD = photodiode. The photodiode signals
are down-converted to low frequencies, low-pass filtered and digitally
recorded.

The setup contains two lasers, the timing of which is to be compared. These lasers
might be either timing-synchronized (e.g. by active mode locking with a timing
reference) or free-running. The average pulse repetition rates should be similar but
do not have to be equal. Two fast photodetectors are used to monitor the laser
outputs. Both photodiode outputs are fed into mixers (using preamplifiers before the
mixers, if required), the local oscillator ports of which receive a sinusoidal signal
from an electronic oscillator. This oscillator should be tuned to a frequency, which
differs from the pulse repetition rates of the two modelocked lasers by e.g. 100 kHz.
Each mixer output then contains the difference frequency between the laser
repetition rate and the oscillator frequency among other mixing products with higher
frequencies, which are subsequently removed with a low-pass filter. The filtered
signals are simultaneously recorded with a two-channel digital oscilloscope, and a
computer is used to retrieve and process the resulting data.
Note that the two recorded signals are affected by phase noise of the electronic
oscillator, which can be stronger than the timing phase noise of the lasers. However,
this noise affects both channels equally, and the difference of the phase values of the
two channels is not affected. The same holds for the timing phase noise of the digital
oscilloscope as both channels are recorded simultaneously.
In the following we describe the numerical processing required to extract the
relative timing noise as well as the intensity noise of the two lasers (see Figure 5.19).
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Figure 5.19: Numerical processing of the measured signals (FFT: fast
Fourier-transformation).

The recorded signals are first multiplied with a slowly varying window function,
which is zero at the ends of the recording interval. The fast Fourier-transformed
(FFT) data of both channels contain a peak at the difference between the laser
repetition rate and the oscillator frequency. The sidebands around this peak contains
the information on intensity and phase noise fluctuations. The peak is then frequency
shifted, so that its center is located at f = 0. At the same time, the frequency range is
reduced to a fraction of the original range, depending on the required bandwidth of
the noise frequencies. Inverse FFT then generates two time dependent complex
amplitudes (phasors). The moduli of these reflect the fluctuations of the laser power
(multiplied with the window-function). The phase of each complex amplitude
represents the difference between the timing phase of the laser and the phase of the
oscillator. The difference of both phase values reflects the difference of the timing
phase of the two lasers. The time-dependent intensity and relative phase values are
again Fourier-transformed in order to obtain the noise spectra.

80

CHAPTER 5

5.4.5

Timing jitter measurement of modelocked VECSELs

VECSELs, as most other semiconductor lasers, have short upper-state lifetimes in the
order of 1 ns. Therefore amplitude noise of the pump laser with frequencies below
1 GHz directly couples on the VECSEL laser output. This is clearly a drawback of
VECSELs compared to solid-state lasers, where the upper-state lifetime can be in the
ms range. On the other hand, VECSELs have usually higher output powers than
typical solid-state lasers leading to less quantum noise.
To investigate the noise of modelocked VECSELs, we used the measurement
technique discussed in the previous section. The device under test was a 2.5 GHz
VECSEL with 6 ps pulse duration and an average output power of 1.5 W. As
reference we used a passively modelocked 10 GHz Er:Yb:glass laser (ERGO PGL,
Time-Bandwidth Products, Switzerland), similar to the lasers described in [85]. It
delivered approximately 10 mW of output power in 1.5 ps pulses. The oscillator was
an HP 83650A (Hewlett Packard Inc., USA), tunable from 10 MHz to 50 GHz.
0
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Figure 5.20: Timing noise comparison between a 2.5 GHz VECSEL and a
10 GHz Er:Yb:glass laser: noise spectrum of the Er:Yb:glass reference laser
(red line), noise spectrum of the VECSEL (blue line), relative timing noise
(black line), noise spectrum of the HP 83650A oscillator (green line),
quantum noise limit for the Er:Yb:glass laser (red dashed line), quantum
noise limit (QNL) for the VECSEL (blue dashed line).

Figure 5.20 shows the result for the timing noise measurement. The red line
represents the noise spectrum for the ERGO, and the blue line shows the noise
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spectrum for the VECSEL. For frequencies higher than approximately 2 kHz, the blue
line is obscured by the black line, which represents the noise spectrum of the relative
phase. For frequencies between 2 kHz and 500 kHz the red line is obscured by the
blue line, and both spectra follow the green line which represents the timing noise of
the HP 83650A oscillator. This can be explained in the following way. For frequencies
below 2 kHz, the VECSEL shows higher noise values than the ERGO, the relative
timing noise between the two lasers is then approximately determined by the noise
of the VECSEL. The timing noise of the ERGO is close to its quantum noise limit,
given by the red dashed line. In the range between 2 kHz and 500 kHz, the noise on
the two channels is dominated by the noise of the oscillator, which cancels out in the
relative signal. The noise of the relative signal clamps to the quantum noise limit of
the ERGO, thus it might be attributed to the phase noise of the ERGO, indicating that
the noise of the VECSEL is lower than the noise of the reference laser for frequencies
higher than 2 kHz. The phase noise of the VECSEL can be as low as its quantum
noise limit (blue dashed line) in this frequency range. From about 100 kHz on, the
noise of the relative signal flattens, as the noise floor for the measurement setup is
reached.
This measurements clearly shows the potential of modelocked VECSELs as low
noise laser sources. Only for frequencies below 2 kHz the noise was significantly
higher than for the solid-state laser it was compared to. For higher frequencies the
noise of the VECSEL is assumed to be lower, following its quantum noise limit,
which is more than 20 dB lower compared to the ERGO because of the much higher
output power. Moreover, the timing noise below a few kHz could be easily reduced
by timing stabilization to an electronic reference using feedback to the cavity length
via a piezo actuator [86].
For the sake of completeness Figure 5.21 shows the result for the relative intensity
noise (RIN). Again for frequencies below 2 kHz the VECSEL shows more noise than
the ERGO. Above 2 kHz the spectra of both lasers clamp at the noise floor given by
the measurement setup, except for the relaxation oscillation peak for the ERGO at
approximately 750 kHz. The high amplitude noise level of the VECSEL in the low
frequency range probably originates from amplitude noise on the pump laser. Via
AM-PM conversion this noise can couple to the phase noise of the laser, which could
also explain the high noise level in the timing noise spectrum for frequencies below
2 kHz (compare Figure 5.20).
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Figure 5.21: Relative intensity noise comparison of a 2.5 GHz VECSEL (blue
line) and a 10 GHz Er:Yb:glass laser (red line).

Chapter 6
Passively Modelocked VECSELs

Applications like optical clocking, telecommunication, or RGB systems create a
demand for pulsed laser sources. These lasers sources should have high output
power in the Watt range, high repetition rate of tens of GHz, short pulse durations of
a few ps or even shorter with good pulse quality, and a diffraction limited beam.
Moreover, these oscillators should be as simple as possible, compact and cheap.
Passively modelocked VECSELs are ideal candidates. Due to the thin-disk type gain
material they can operate at high power levels, the beam quality is high because of
the external cavity, and the broad gain spectrum enables short pulses. Additionally
VECSELs typically do not show Q-switching instabilities (see section 5.3) and due to
the semiconductor gain and absorber material, they are ideally suited for mass
production.
In this chapter we discuss two examples of passively modelocked VECSELs
designed and built during this thesis. The first example is a VECSEL modelocked by
a QW SESAM, which currently holds still the record for the highest pulse energy
(july 2010). For the integration of the absorber into the gain structure, we needed
SESAMs with low saturation fluences. We achieved this by developing low
saturation fluence QD SESAMs. In the second part of this chapter we discuss
VECSELs modelocked by such SESAMs, which will be illustrated by the example of a
high repetition rate VECSEL.
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6.1

Modelocking with QW-SESAMs

The condition for stable modelocking with slow saturable absorbers and dynamic
gain saturation was discussed in section 5.1.3 and is give by:

Esat,abs
Esat,gain



Aabs Fsat,abs
Again Fsat,gain

 1 (typically < 0.1)

(6.1)

Since gain and absorber use similar QWs and E-field enhancements, the only way to
satisfy this inequality is to use smaller mode sizes on the absorber than on the gain.
One could also think of making the SESAM resonant, thus boost the electrical field in
the absorber and lower the saturation fluence. This is usually not favorable because
this resonance introduces a lot of GDD, which is detrimental for the formation of
short pulses.
This constraint of focusing onto the SESAM inside the VECSEL cavity makes
cavity design and construction more difficult, especially at high repetition rates,
where the cavities are short [31, 33]. Nevertheless some of the best VECSEL
modelocking results were achieved with QW SESAMs for example the high power
VECSEL with 2.1 W average power at 4 GHz in 4.7 ps pulses [32], or the 60 fs pulses
[34], which are the shortest pulses for a modelocked semiconductor laser so far.
We present a passively modelocked VECSEL with a QW SESAM, that has not
been published and was built and used for nonlinear reflectivity measurements (see
section 5.2.2). It is still the modelocked VECSEL with the highest pulse energy so far
(july 2010).

6.1.1

1.5 GHz high pulse energy VECSEL

The cavity of the modelocked VECSEL is shown in Figure 6.1. It’s a simple V-shaped
cavity with the QW SESAM as one end mirror, the VECSEL gain structure as the
folding mirror and a curved output coupler as the second end mirror.
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output coupler

gain chip
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Figure 6.1: A schematic of the 1.5 GHz VECSEL cavity: A V-shaped cavity
with a curved output coupler, close to the stability limit.

The thinned gain structure was soldered on copper, and the heat sink
temperature was tunable with a minimum temperature of -5°C. A 20 μm thick fused
silica etalon was used for wavelength tuning and dispersion management. The
output coupler had a radius of curvature of 100 mm and a transmission of 2.5%. The
cavity length was very close to the stability limit (1.5 GHz correspond to a cavity
length of 100 mm), so that there was a tight focus on the SESAM (mode radius
~40 μm) and a larger spot on the gain structure (mode radius ~175 μm). The mode
radius on the gain structure fitted to the pump spot of 175 μm, ensuring transverse
fundamental mode operation. The structure was pumped at 808 nm at an angle of
45°, with a maximum power of 18.2 W.
The maximum output power was 2.2 W giving a intracavity power of 88 W. The
pulse fluence was 61 μJ/cm2 on the gain chip and 1.2 mJ/cm2 on the SESAM.
Figure 6.2(a) shows the RF-spectrum, with a peak slightly above 1.5 GHz, indicating
operation close to the stability limit for the cavity length. Figure 6.2(b) shows the
optical spectrum with a peak at 957.2 nm. The spectrum shows a shoulder on the
long wavelength side, which is typical for our modelocked VECSEL. Figure 6.2(c)
shows the intensity autocorrelation of the pulse train fitted with the autocorrelation
of an ideal 6.0 ps sech2-pulse. It is difficult to give a value for the time-bandwidth
product because the width of the optical spectrum is difficult to determine as a
consequence of the shoulder. Figure 6.2(d) shows the optical power of the laser
calculated from the repetition rate and the width of the autocorrelation assuming
sech2-pulses. The duty cycle is very low with a value of 0.9%.
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Figure 6.2: Characterization of the 1.5 GHz VECSEL output: (a) The RF
spectrum, (b) the optical spectrum, (c) the intensity autocorrelation and (d)
the calculated optical power.

6.2

Towards absorber integration

One of the most application-relevant milestones that remained to be achieved in the
field of passively modelocked VECSELs, was the integration of the SESAM into the
gain structure, enabling the realization of ultra-compact high repetition rate laser
devices, suitable for wafer-scale integration. Recently, a number of applications like
optical clocking and telecommunications have created a demand for high repetition
rate sources (tens of gigahertz) with high average powers (up to the Watt range).
Passively modelocked VECSELs have the potential for meeting these specifications.
However, they will only become competitive once the integration of gain and
absorber has been achieved.
The condition for stable modelocking for a slow saturable absorber and dynamic
gain saturation was shown in equation (6.1), which states that the absorber has to

PASSIVELY MODELOCKED VECSELS

87

saturate faster than the gain. There are two possibilities to satisfy this relation: firstly
by choosing a smaller spot size on the absorber than on the gain structure, for
modelocking with QW SESAMs. However, this makes the integration of the two
elements into a single structure impossible, as this demands the spot sizes to be
equal. Secondly by fabricating low saturation fluence SESAMs based on QD
absorbers, enabling laser cavities with same spot sizes on gain and absorber (often
referred to as 1:1 cavities). This was demonstrated by our research group in 2004.
In the next section we discuss modelocking with this QD SESAMs and show an
example for such a VECSEL, which was built during this thesis.

6.3

Modelocking with QD-SESAMs

For several years, there has been an increasing interest in QD based SESAMs. The
strong localization of the electron wave functions leads to an atom-like density of
states, that enables novel SESAMs with tunable optical properties. QD saturable
absorbers were first used to modelock semiconductor edge emitters in 1999 [87] and
two years later the first QD SESAM was reported by Garnache et al. [88]. Rafailov et
al. reported fast recovery dynamics in QD SESAMs [89], which can be beneficial for
achieving short pulses and pulse durations as short as 114 fs have been achieved
with such absorbers [90].
The use of QD SESAMs for modelocking VECSELs has several advantages over
the modelocking with QW SESAMs. The first point is that the modulation depth can
be designed independently from the saturation fluence. The saturation fluence can be
adjusted by the E-field enhancement in the absorber, whereas the modulation depth
can be selected by the dot density. QW SESAMs do not have a parameter similar to
the dot density, and modulation depth and saturation fluence are coupled. By
making the SESAM resonant the saturation fluence is reduced while at the same time
the modulation depth is boosted up [69].
Another advantage of QD SESAMs is the low saturation fluence. For high power
VECSELs modelocked with QW SESAMs, damage often occurred [32] because of the
strong focusing, which limits the achieved output power and prevents the use in
real-world applications. This issue can be solved with low saturation fluence QD
SESAMs, where the spot sizes can be chosen much bigger, and the absorbed power is
distributed over a larger area.
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Such laser cavities (also called collimated beam cavities or 1:1 cavities) have even
more advantages. VECSEL cavities with QW SESAMs needed a tight focus on the
absorber. This means, that the cavity mode is close to the stability limit, which can be
issue for stable modelocking. The collimated beam cavities are much easier in design
and more convenient to handle, since they can be designed far away from the
stability limit. Especially for high repetition rate lasers, for example 30 GHz as
presented in the next section, the design of a cavity for a QW SESAM modelocked
VECSEL becomes almost impossible, but surprisingly simple for a QD SESAM.
The most important advantage of the QD SESAM is of course the possibility of
the integration of the absorber into the gain structure. This subject is discussed in
detail in Chapter 7.
These considerations have led to the development of a high repetition rate
VECSEL modelocked by a low saturation fluence QD SESAM, which was published
in [91]. The VECSEL is basically the same as the one presented in detail in [33],
except that the cavity length was chosen longer, resulting in a repetition rate of
30 GHz instead of 50 GHz and a higher average output power.

6.3.1

30 GHz high repetition rate VECSEL

The laser cavity is shown in Figure 6.3. It is a simple V-shaped collimated beam
cavity consisting of a low saturation fluence QD SESAM as one end mirror, the
VECSEL gain structure as the folding mirror and a flat output coupler with 1.6%
transmission as the second end mirror. Since all the cavity elements are flat, it is
obvious, that this cavity can only be stable with a thermal lens on the gain chip. The
strength of the thermal lens was simulated and measured. It had a focal length of
approximately 3 cm. The investigations on the thermal lens were published in the
paper for the 50 GHz result [33]. The gain structure was soldered on a CVD diamond
heat spreader for efficient heat removal and the heat sink temperature was 5°C. A
20 μm thick fused silica etalon was used for wavelength tuning and dispersion
management.
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Figure 6.3: A schematic of the 30 GHz cavity: A V-shaped cavity with a flat
output coupler stabilized by the thermal lens on gain chip.

The structure was pumped at 808 nm at an angle of 45° with approximately 5 W
power by a fiber coupled laser diode array, on a pump spot of 65 m radius. We
achieved and average output power of 177 mW. The cavity length was
approximately 5 mm according to the repetition rate of 30 GHz (see RF-spectrum in
Figure 6.4(a)). Figure 6.4(b) shows the optical spectrum. The longitudinal modes are
clearly visible and are separated corresponding to the repetition rate. An algorithm
taking into account the internal filter of the optical spectrum analyzer, allowed
computing the positions and the magnitudes of the single modes, indicated in the
graph with gray circles. These circles are fitted with a sech2 function to compute the
FWHM of the optical spectrum, which is 0.21 nm. Figure 6.4(c) shows the measured
intensity autocorrelation of the pulse train, which is fitted with the autocorrelation of
an ideal 5.2 ps sech2-pulse. The time-bandwidth product was thus 1.2 times the
transform limit. From the measurement and the simulation of the thermal lens, the
mode radii on the gain structure and on the SESAM were estimated to be
approximately 65 μm, ensuring transverse fundamental mode operation. However,
because of the dynamically stable character of the cavity, higher order modes could
be seen for other pump powers, which manifested in discontinuities in the laser
slope. The intracavity pulse fluence was calculated to be 1.1 μJ/cm2. Figure 6.4(d)
shows the optical power calculated from the repetition rate and the width of the
autocorrelation. The laser pulses are well separated and the power is close to zero
between the pulses.
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Figure 6.4: Characterization of the 5.2 ps 30 GHz VECSEL: (a) The RF
spectrum, (b) the optical spectrum, (c) the intensity autocorrelation and
(d) the calculated optical power.

Using the same laser cavity but without etalon, we achieved modelocking with 1.8 ps
pulses but with a lower average output power of 70 mW. Figure 6.5(a) shows the RF
spectrum with a peak at approximately 30.5 GHz. The optical spectrum is shown in
Figure 6.5(b). The width of the spectrum is about 1 nm, but because of its shape, it is
difficult to attribute a precise value. Figure 6.5(c) shows the measured
autocorrelation of the pulse train, fitted with the autocorrelation of an ideal 1.8 ps
sech2-pulse. The time-bandwidth product is estimated to be approximately 2 times
the transform limit, which indicates that the pulses could be further compressed to
around 1 ps. In Figure 6.5(d) we show the calculated optical power of the laser
output. The duty cycle is only 5.5%. This shows, that with this VECSEL SESAM
combination repetition rates of more than 100 GHz should be possible.
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Figure 6.5: Characterization of the 1.8 ps 30 GHz VECSEL: (a) The RF
spectrum, (b) the optical spectrum, (c) the intensity autocorrelation and
(d) the calculated optical power.

We were able to boost the repetition rate to 50 GHz [33], simply by shortening the
cavity length to 3 mm. Shorter cavities and higher repetition rates, were not possible
due to space restrictions by the four distinct cavity elements. Solutions to this
problem could be output-coupler-SESAMs, or the integration of the absorber into the
gain structure (see Chapter 7). With these two approaches the laser cavities could be
simple straight cavities that should enable repetition rates of 100 GHz or more.

Chapter 7
MIXSEL: Concept and First
Realization

We now turn to the main goal of this thesis, the development of a new type of
ultrafast semiconductor laser; a passively modelocked VECSEL with both gain and
saturable absorber integrated into a single structure. We refer to this new class of
devices as modelocked integrated external-cavity surface emitting lasers (MIXSELs).
The MIXSEL concept appears to be suitable for cost-efficient wafer-scale massproduction. Another advantage of the MIXSEL concept is the possibility for simple
straight laser cavities, enabling repetition rates of 100 GHz or more, as discussed in
the last chapter. With these characteristics MIXSELs become interesting for
applications like optical clocking of microprocessors.

7.1

MIXSEL concept

The concept of the MIXSEL structure is shown in Figure 7.1. First the pump light is
absorbed in the active region by the spacer layers (1). The carriers thermalize and get
captured by the QWs (2). Stimulated emission provides gain (3), and once the gain is
equal to the losses, the laser emission starts. The intermediate DBR prevents the
pump light from reaching the saturable absorber, which could otherwise be
saturated by the pump light. The laser light, on the other hand, can penetrate this
mirror and is absorbed partly by the saturable absorber, which starts and stabilizes
modelocking (4).
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Figure 7.1: The MIXSEL concept. The gray lines are the bottom of the
conduction band and the top of valence band. The main processes in the
structure are: (1) absorption of the pump, (2) capturing of the carriers by the
QWs, (3) stimulated emission and (4) saturable absorption of the laser light.

There were some major challenges to overcome for the realization of the MIXSEL.
The saturation fluence of the saturable absorber had to be small enough to attain
sufficient saturation by the laser pulses, and it had to be smaller than the saturation
fluence of the gain (see equation (5.3)). Thus the development of the low saturation
fluence QD saturable absorber turned out to be the most critical step for the
realization of the MIXSEL.
Another difficulty we had to deal with was the low net gain of the MIXSEL
structures. One reason for this is that the MIXSEL chip has to be an end mirror of the
cavity for stable modelocking, thus there is only one bounce of the laser light on the
MIXSEL structure during the roundtrip. The second reason is that for as-grown
structures the QW gain region is grown after the QD absorber section, which can
lead to a poor material quality of the QWs and thus reduced gain.
For the first MIXSEL structures also growth accuracy (layer thickness) was an
issue. These structures required a resonance of the electric field in the absorber
section to achieve a low enough saturation fluence. As a consequence the growth
accuracy had to be better than 1% for all materials, so that the field enhancement in
absorber and gain sections were sufficiently accurate, and the GDD close enough to
the design value in order to achieve lasing and modelocking.
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First working MIXSEL

The MIXSEL consists of two different key elements which had to be combined: The
high temperature grown VECSEL gain structure, optimized for high gain, and the
low temperature QD SESAM, optimized for low saturation fluence and for fast
recovery. This assembly involved several challenges. Therefore the first structures
were tested as-grown (not thinned), in order to avoid the time-consuming processing
described in section 2.2.3.
In early 2007 we had the first MIXSEL running. The design of the semiconductor
structure, its growth, the characterization of the QD absorber, the experimental setup
and lasing results will be discussed below.

7.2.1

The MIXSEL design

Figure 7.2 shows the refractive index pattern of the semiconductor structure together
with the standing wave intensity pattern of the electric field. The structure was
designed for a lasing wavelength of 955 nm and a pump wavelength of 808 nm
(pumping angle 45°). The six building blocks of the structure are:
i)
ii)
iii)
iv)
v)
vi)

30 pair AlAs/GaAs DBR for the laser wavelength of 955 nm
saturable absorber (single layer of self-assembled InAs QDs)
5 pair AlAs/GaAs DBR for the laser wavelength of 955 nm
9 pair AlAs/Al0.2Ga0.8As DBR for the pump wavelength of 808 nm
Active region (7 x 7 nm In0.13Ga0.87As QWs with GaAs spacer layers)
11 layer AlAs/Al0.2Ga0.8As AR-coating with a 10 nm GaAs cap layer

The bottom mirror is designed to reflect the 955 nm laser light. Since only little pump
light reaches this mirror, we can neglect the pump light absorption and use the
materials AlAs and GaAs. The 30 pair DBR has a reflectivity of 99.97% (compare to a
resonant SESAM in Table 5.1).
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Figure 7.2: The design of the first working MIXSEL: The gray line shows
the refractive index pattern of the semiconductor structure and the black line
is the standing wave intensity pattern of the electric field. (DBR: distributed
Bragg reflector, AR: anti-reflection coating)

Building blocks ii) and iii) contain the QD based saturable absorber and a mirror to
enhance the electric field. The self-assembled InAs QDs are embedded in a 20 nm
thick GaAs layer surrounded by AlAs. We kept the GaAs layer as thin as possible to
minimize the residual pump light absorption. For the structure discussed here, only
0.25% of the pump light is absorbed in these GaAs layers. The λ/2 resonant subcavity enhances the field and enables tuning of the saturation fluence. From
modelocking tests with SESAMs, we knew that the ideal saturation fluence for the
absorber is 5 μJ/cm2, which is obtained by a five pair AlAs/GaAs DBR on top of the
absorber section.
Building block iv) is a mirror which reflects the pump light, and thus prevents
the saturable absorber of being pre-saturated. Moreover, it increases the pump
absorption in the active region due to a double pass of the pump light. The materials
are AlAs and Al0.2Ga0.8As, which do not absorb the pump light at 808 nm. The 9 pair
pump mirror has a reflectivity of 93%, the remaining 7% are mostly absorbed in the
bottom mirror.
The gain section consists of 7 In0.13Ga0.87As QWs with a thickness of 7 nm. They
are surrounded by GaAs spacer layers, which absorb the pump light. Due to the
intermediate mirror 90% of the pump light is absorbed in the active region.
The AR coating has the same material composition as the intermediate pump
mirror. The purpose of this coating is to increase the gain enhancement and to
broaden the gain spectrum.
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The design is very sensitive to growth errors, mainly because of the resonance in the
absorber section. Figure 7.3 shows the simulated absorber field enhancement (a) and
the GDD (b), for small deviations of the growth rates from the optimum value for 25
random structures. We applied random errors below 1% to the growth rates of the
materials GaAs, AlAs and Al0.2Ga0.8As. Within one computed structure, the layers
consisting of the same material have the same relative error. Moreover, we assumed
the errors of the different materials to be uncorrelated.
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Figure 7.3: Absorber enhancement (a) and GDD (b) as a function of
wavelength for the MIXSEL structure. The black curve is the designed
structure and the gray curves show structures with growth errors <1%.

The absorber enhancement and thus the saturation fluence can differ more than a
factor 2 for 1% growth errors. The GDD can even be completely in the opposite
direction. Often the growth errors were even worse than 1%, leading to a complete
uncertainty of the MIXSEL properties. Small growth errors can often be compensated
by a slightly different laser wavelength, however this is not favorable. For the
structure discussed here, the growth accuracy should be better than 1%. This
stringent criterion can be softened by using an anti-resonant design requiring QD
absorbers with a lower saturation fluence. This is discussed in Chapter 8.

7.2.3

The MIXSEL growth

The MIXSEL semiconductor structure was grown on a VEECO GEN III molecularbeam epitaxy (MBE) machine. The materials needed were GaAs, AlAs and
Al0.2Ga0.8As for the mirrors and the AR coating and In0.13Ga0.87As and InAs for the
QWs and QDs respectively. Because the temperature is critical for the formation of
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the quatum dots, we used band-edge absorption measurement to obtain the substrate
temperature, which only works with empty substrates, since the grown layers will
modify the reflection and transmission spectrum. Therefore, during the growth we
had to use thermocouples to measure and control the temperature. Because the
measured temperatures with the thermocouples and the actual substrate temperature
can differ more than 10 K (depending on the mount and contact with the wafer), we
calibrate the thermocouple before growth with the band-edge absorption
measurement for the needed temperatures.
The growth order for this structure (as-grown type) was: bottom mirror, QDs,
intermediate mirror, active region and anti-reflection coating. The QDs were grown
at 430°C, the QWs at 520°C, and the rest of the structure at 600°C. The high growth
temperature of 600°C does not affect the QWs, however it anneals the QDs. This
annealing changes the dot composition and size, resulting in a blue shift of the
absorption and emission wavelength [92]. This was compensated for by initially
growing the QDs with a photoluminescence peak at 1100 nm. The annealing during
the subsequent growth shifted the absorption peak to around 950 nm, which matches
our lasing wavelength. This optimization is described in detail in [93].

7.2.4

Nonlinear reflectivity measurement

The QW emission wavelength was optimized for operation at 70-80°C. At room
temperature the QW band edge is around 945 nm. At longer wavelength the QWs do
not absorb and a nonlinear optical reflectivity measurement of the QD saturable
absorber can be carried out at the laser wavelength of 955 m. For the first working
MIXSEL discussed in this section, the QW absorption extended into the accessible
wavelength region of our measurement setup. Therefore, the nonlinear reflectivity of
the absorber could not be separated from gain contributions and could not be
precisely measured. However, another similar MIXSEL structure did not show QW
absorption and could be measured. We compare this structure with a resonant QD
SESAM for which we used the same growth conditions. Both have a QD growth
temperature of 400°C. Both, MIXSEL and SESAM, have a resonant design with a λ/2
sub-cavity on top and the QD layer embedded in thin (20 nm) GaAs layers. After the
growth, the QD SESAM was annealed for 5 hours at 600°C, which is similar to the
annealing for the QDs in the MIXSEL structure during the residual growth. In the
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first hour of the annealing process, the PL wavelength changes by 125 nm,
afterwards it changes linearly with time at 5 nm/hour.
The measured nonlinear reflectivities of the MIXSEL and the QD SESAM are
shown in Figure 7.4. The details of the measurement setup are described in
section 5.2.2. For this measurement we used the passively modelocked VECSEL
described in section 6.1.1, which produces 2.2 W average power in 6 ps pulses at
1.5 GHz repetition rate. The laser output was focused on the devices under test to a
spot radius of 5 μm and the center wavelength was tuned to 957 nm.
100
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Figure 7.4: Nonlinear reflectivity measurement of an annealed resonant
QD SESAM (gray curve) and a MIXSEL (black curve) with the same QDs.

We measured saturation fluences Fsat of 9 μJ/cm2 and 11 μJ/cm2, modulation depths
ΔR of 2.5% and 2.6% and nonsaturable losses ΔRns of 1% and 0.9% for the MIXSEL
and QD SESAM respectively. The measurement wavelength was slightly detuned
from resonance for a lower electric enhancement in the absorber (approximately 2.5
instead of 4). The close correspondence of the reflectivity measurements for the
MIXSEL and the QD SESAM indicates that the additional growth of the MIXSEL
does only anneal the QD saturable absorber, but does not further change or degrade
the absorber properties.

7.2.5

Experimental results

In this section we show the modelocking results for the first working MIXSEL
structure. The layer thickness characterization, as described in section 2.3, showed
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that the AlAs layers were 3 - 4% too thin. As a result, the absorber enhancement
factor was 1.5 instead of 4. From this structure we could not measure the nonlinear
reflectivity directly, but based on structures grown with comparable parameters, we
expect the saturation fluence to be 15 – 30 μJ/cm2 and the modulation depth to be 1 –
2%. Furthermore, the gain enhancement increased by a factor of two compared to
the design, which has the advantage of a higher gain, but the drawback of reduced
gain bandwidth.
The MIXSEL was used as-grown. It was cleaved in 5X5 mm pieces and soldered
to a copper heat sink, which was cooled down to -10°C by water-cooled peltier
elements. The structure was pumped with 1.5 W at 808 nm under an angle of 45°.
The pump spot had a radius of 80 μm. The MIXSEL chip was subjected to a flow of
dry nitrogen across its surface to prevent condensation and freezing of air humidity.
This introduces some weak disturbances due to refractive index fluctuations in the
cavity and could partly be responsible for the observed noise in the autocorrelation.
The laser cavity is shown in Figure 7.5. It is a simple 54 mm long straight cavity
consisting of the MIXSEL chip as one, and a 60 mm output coupler with 0.35%
transmission as the other end mirror. The thermal lens can be estimated by equation
(3.21) and is assumed to be approximately 1 m, and thus has no influence on the
cavity mode. The spot size on the MIXSEL chip is then given by the curvature of the
output coupler, and is calculated to be 78 μm. It has approximately the same size as
the pump spot, which ensures fundamental transverse mode operation and a good
beam quality.
output coupler
T=0.35%, R=60 mm

heat sink
etalon

MIXSEL chip
as grown

cavity length 54 mm

Figure 7.5: The MIXSEL cavity. The laser resonator consists of the
semiconductor structure and the output coupler. The etalon selects the
lasing wavelength for stable modelocked operation.
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We used a 20 μm thick fused silica etalon for wavelength tuning and dispersion
management. The free spectral range of the etalon was 12.7 nm and the transmission
ranged from 88 to 100%. The GDD was zero at resonance and assumed maximum
values of 2000 fs2. Since the etalon is always operated near 100% transmission, the
GDD of the etalon could be neglected. The wavelength of the MIXSEL was tunable
between 953 nm and 956 nm. This allowed some adjustment for the field
enhancement ratio between absorber and gain.
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Figure 7.6: Characterization of the first working MIXSEL: RF spectrum (a),
optical spectrum (b), autocorrelation (c) and calculated optical power (d).

We achieved stable modelocked operation with 40 mW average output power. The
limited output power and the low optical-to-optical efficiency of 2.7% were caused
by the high temperature increase due to the poor thermal conductivity of the 600 μm
thick GaAs substrate. The repetition rate was defined by the 54 mm long cavity and
was 2.8 GHz (see RF-spectrum in Figure 7.6(a)). The optical spectrum had a peak at
953.4 nm and had a FWHM of 0.11 nm (see Figure 7.6(b)). Figure 7.6(c) shows the
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measured intensity autocorrelation of the pulse train, which is fitted by the
autocorrelation of an ideal 34.6 ps sech2-pulse. The time band-width product is
approximately 4 times the transform limit and the intracavity pulse fluence is
23 μJ/cm2, which is close to expected saturation fluence of the absorber (see above).
Figure 7.6(d) shows the optical power of the laser output calculated from the pulse
width and the repetition rate, assuming sech2-shaped pulses.
We simulated the temperature increase in the structure using a finite element
method. For a pump spot of 80 μm and 1.5 W pump power, we obtained a
temperature difference of 110 K between the semiconductor surface and the heat
sink, which results in a absolute temperature of 100°C in the MIXSEL structure for
-10°C heat sink temperature. To confirm that the temperature increase was the
limiting factor for the output power and the efficiency of the laser, we modified the
setup for lower temperatures, and achieved a heat sink temperature of -50°C. In
addition we increased the pump spot radius to 110 μm. The laser cavity was the
same as before, except for the higher output coupling of 0.7%. The laser mode radius
on the MIXSEL chip was 81 μm.
We achieved stable modelocked operation with a significantly higher average
output power of 185 mW, which was limited by the available pump power of 4 W.
The optical-to-optical efficiency could be enhanced to 4.6%. The repetition rate was
2.86 GHz (RF spectrum Figure 7.7(a)). Figure 7.7(b) shows the optical spectrum with
a peak at 957.2 nm with a FWHM of 0.19 nm. The measured intensity autocorrelation
was fitted with the autocorrelation of a ideal 31.6 ps sech2-pulse (see Figure 7.7(c)),
leading to time-bandwidth product, which is 6.6 times the transform limit. The
intracavity pulse fluence was calculated to be 45 μJ/cm2; thus the absorber was better
saturated than before, which could explain the higher efficiency. The long pulse
duration is most likely due to the large growth errors, which cause a large GDD and
smaller gain bandwidth. In Figure 7.7(d) we show the beam quality measurement of
the MIXSEL. The measurement was done in the focus of a 30 mm lens. The measured
M2 values were 0.95 and 0.96 in horizontal and vertical direction respectively. The
accuracy of the used beam profiler is 5%, thus the M2 is <1.1 in both directions.
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Figure 7.7: Characterization of the improved first working MIXSEL: RF
spectrum (a), optical spectrum (b), autocorrelation (c) and beam quality
measurement (d).

80

Chapter 8
QD Absorber Optimization for Antiresonant MIXSELs

As outlined in the previous chapter, the demands on the growth accuracy for the first
generation of MIXSEL structures were high, the main reason being the resonance
condition of the electric field in the absorber section. An antiresonant design would
soften these stringent constraints. Figure 8.1 shows a comparison of the
semiconductor structures for a resonant and an antiresonsant MIXSEL structure. The
resonant MIXSEL has a five pair mirror on top of the absorber section, building a
subcavity together with the bottom mirror, which increases the electric field in the
absorber, and thus lowers the saturation fluence of the absorber. In contrast, for the
antiresonant structure this intermediate mirror is missing. As a consequence the
electric field in the absorber has approximately the same amplitude as in the gain
section.
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Figure 8.1: Influence of the intermediate mirror on the field enhancement.
The red and blue curves are the refractive indices for the resonant and the
antiresonant MIXSEL structure, the black lines are the normalized intensities
of the electrical field.

The antiresonant structure is the preferred design regarding the growth accuracy.
This becomes obvious when comparing the enhancement of the electric field in the
absorber and the GDD for the resonant and the antiresonant MIXSEL structure above
(see Figure 8.2). The red and blue lines represent the quantities for the designed
structures (no growth errors), whereas the gray lines represent the quantities for 50
structures, where we applied random errors below 1% to the thicknesses of the
different materials. From the graphs it becomes obvious that the resonant structure is
much more sensitive to growth errors. The absorber enhancement can easily differ by
a factor two from the nominal design value. Together with the error for the gain
enhancement, which is not plotted here, the ratio between the saturation fluences for
gain and absorber can become unfavorable for modelocking. Also the GDD reacts
more sensitive to growth errors for the resonant design.
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Figure 8.2: Influence of the intermediate mirror on the absorber
enhancement and the GDD. The upper red graphs are the calculations for
the resonant design, and the lower blue graphs are the calculations for the
antiresonant design. The red and blue lines represent the values for the
structures without growth errors, whereas the gray lines represent the
values for 50 structures with random growth errors <1%.

The high demands on growth accuracy rendered the yield of MIXSEL structures that
met the specifications rather low. For example, for the first working MIXSEL
(presented in the last chapter), only a small fraction of the 3 inch wafer lased and
showed modelocking, some of the earlier structures lased but did not modelock.
Therefore we invested time in the development of antiresonant low saturation
fluence SESAMs, that were integrable into antiresonant MIXSEL designs.

8.1

SESAM design and growth

The SESAMs had a special design. Both, resonant and antiresonant samples were
provided from a single growth run (see Figure 8.3(a)). As-grown the SESAMs were
antiresonant, but could be rendered resonant by removing the last AlAs and GaAs
layers by selective wet etching. The SESAMs consisted of a 25 pair DBR with a QD
absorber section on top. The two top AlAs and GaAs layers had a thickness of λ/4 to
achieve the favored effect. We experimentally verified that this procedure led to a
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decrease of the saturation fluence approximately by a factor of 10, while the
modulation depth increased by the same factor. The absorber enhancement for both,
resonant and antiresonant design, is shown in Figure 8.3(b).
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Figure 8.3: (a) The design of the QD SESAMs. (b) Field enhancement in the
absorber for the resonant (dashed line) and the antiresonant (solid line) case.

The SESAMs were grown on (100) GaAs substrates using a VEECO GEN III
molecular beam epitaxy (MBE) machine. The QD section was grown as follows: First
a spacer layer was grown to place the QDs in the anti-node of the electric field. We
chose AlAs instead of GaAs, since GaAs has a smaller bandgap and therefore
stronger two-photon absorption. The self-assembled InAs QDs were embedded
between two thin GaAs layers (20 nm thickness each). After the first GaAs layer the
substrate temperature was decreased to the desired QD growth temperature, and
during the growth of the second GaAs layer the temperature was ramped up again.
For this study, the QDs were grown at 380°C, 400°C and 430°C, all other layers were
grown at 600°C. The indium monolayer (ML) coverage was also varied and had
values of 1.6, 1.9, 2.1, 2.4 and 2.7. The ML coverage threshold for the QD formation is
1.5, thus the first sample was just above the threshold.
In the following we focus on the results for the SESAMs with 400°C QD growth
temperature, since the ML coverage is the dominating effect and the general trends
are similar for different growth temperatures.

8.2

Nonlinear optical reflectivity

For the nonlinear reflectivity measurements we used the setup described in
section 5.2.2. The laser source was a modelocked wavelength-tunable Ti:sapphire
oscillator with a pulse duration of 140 fs at a repetition rate of 80 MHz. In Figure 8.4
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we show the nonlinear reflectivity measurements for the set of QD SESAMs at a
center laser wavelength of 960 nm. The measurement data (dots) are fitted (solid
lines) with the model function (5.6). The modulation depth increases linearly with the
ML coverage (i.e. dot density), while the saturation fluence stays constant (see
measurements for 960 nm in Figure 8.5).
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Figure 8.4: Nonlinear reflectivity measurements of the QD SESAMs at
960 nm with 140 fs pulses. The modulation depth increases linearly with the
monolayer coverage (i.e. dot density), while the saturation fluence stays
constant.

We also investigated the wavelength dependence of the saturation parameters. A flat
spectral response is important for achieving ultrashort pulses or for the wavelength
tunability of modelocked lasers. The saturation fluences and the modulation depths
have been measured for three different wavelength (940 nm, 960 nm and 980 nm)
and are shown in Figure 8.5. The modulation depths are larger for shorter
wavelengths and increase approximately linearly, whereas the saturation fluences
stay more or less constant.
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monolayer coverage and wavelength. The error bars indicate the 95%
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8.3

Recovery dynamics

The SESAM recovery influences the pulse formation and the pulse duration in a
modelocked laser. Fast recovery is necessary for shortest pulse durations [72]. For
GaAs QW absorbers fast recovery has been achieved by low-temperature growth
(<350°C) to create point defects in order to trap the carriers [68, 94]. For QD absorbers
low-temperature growth is not required and recovery times of below 1 ps have been
demonstated [89].
For the recovery characterization we used the measurement setup described in
section 5.2.3. The laser source was a wavelength tunable modelocked Ti:sapphire
oscillator with 140 ps pulses at a repetition rate of 80 MHz. Again we show the
results for the same five samples discussed in the last section, all grown at 400°C
with 1.6, 1.9, 2.1, 2.4 and 2.7 ML indium coverage. The results of the pump probe
measurements at 960 nm are shown in Figure 8.6 and can be fitted by Equation (5.7),
i.e. a bi-exponential decay with two time constants:

Rpp    Ae  slow  1  A e  fast

(8.1)

A is the amplitude of the slow component with time constant slow and (1-A) is the
amplitude of the fast component with time constant fast. Favorable for fast recovery
are a small A value, as measured for the 2.7 ML sample, or a short time constant slow.
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Figure 8.6: Pump probe measurements at 960 nm of the QD SESAMs with
different ML coverage. The measurements are normalized such that the
amplitude of the slow component is 1.

The slow component is determined by carrier recombination and carrier escape. The
sample grown with 1.6 ML indium coverage has a slow time constant of
approximately 500 ps, which is the expected recombination time for InAs QDs [95].
The measurements show that recombination becomes faster for increasing ML
coverage, which can be explained by a higher defect density [96] or a higher interdot
transfer probability because of the shorter distances between the dots [97].
The fast component is due to transitions within the dots. Several processes can
explain the fast relaxation mechanisms. Auger processes (see section 3.2.1) are much
more likely than phonon relaxation [98]. Another fast process is thermal hole
activation [99]. For our set of SESAMs we measured fast relaxation time constants
fast between 0.7 and 1.2 ps.
In Figure 8.7 the amplitude of the slow component A is studied as function of ML
coverage and wavelength. The smallest value for A, indicative of a dominant fast
recovery process, is obtained for samples just above the QD formation threshold
(1.5 ML), while for increasing ML coverage the slow component gets more
significant. For longer wavelengths smaller values for A are obtained, making these
wavelengths preferable for short pulse operation. This is consistent with the findings
in reported in [89], where an A of 20% was measured for wavelength 30 nm below
the PL peak.
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Figure 8.7: The amplitude of the slow component A as a function of
indium ML coverage and wavelength.

8.4

Post-growth parameter optimization by annealing

In a MIXSEL structure the QD absorber is placed somewhere in the middle (compare
Figure 7.2). The QDs are grown at low temperature (e.g. 420°C), while the rest of the
structure is grown at a higher temperature (e.g. 600°C). The absorber is therefore
annealed during several hours. This annealing changes both the dot compositions via
indium out diffusion and the dot size, which leads to a blue shift of the absorption
and the PL wavelengths [92].
To investigate this effect, we annealed our set of QD SESAMs post-growth at a
temperature of 625°C with rapid thermal annealing (RTA). We first studied the blue
shift of the PL peak wavelength as a function of annealing time (see Figure 8.8).
During the first minutes, the PL wavelength strongly shifted to shorter wavelength
by several tens of nanometers, afterwards we observed a linear shift of 4.7 nm/h.
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Figure 8.8: (a) PL spectra of the 1.6 ML sample grown at 400°C before and
after annealing. The maxima arise from the ground state (GS) and wetting
layer (WL). (b) Blue shift of the PL peak wavelength as a function of
annealing time.

Figure 8.9 shows the summary of our annealing studies. All the samples (grown at
400°C) were annealed for 1 hour at 625°C. The sample with 1.6 ML indium coverage
showed a strong blue shift to a center wavelength of 953 nm, the modulation depth
nearly vanished and the saturation fluence was not measurable anymore. The
modulation depth of all other samples with higher indium coverage remained nearly
unaffected by the annealing, but their saturation fluences were strongly reduced by
up to a factor of ten for the samples with 1.9 and 2.1 ML indium coverage
(Figure 8.9(a)). Additionally we observed a decrease of the amplitude of the slow
recovery component A, while the changes of the recovery time of the slow
component slow were not consistent, the 1.9 and 2.1 ML samples became slightly
slower, while the 2.4 and 2.7 ML samples became slightly faster (compare
Figure 8.9(b)). Figure 8.9(c) and (d) show the nonlinear reflectivity and pump probe
measurements for the 1.9 ML sample before and after annealing. The saturation
fluence was strongly reduced from 63.6 to 7.2 J/cm2, while the modulation depth
stayed constant at 0.5%. The amplitude of the slow component A was reduced from
approximately 80% to 50%. Both measurements were carried out at 960 nm.

CHAPTER 8

60

0.6

40

0.4

20
0

100

as-grown
annealed

1.6 1.8
2
2.2 2.4 2.6
monolayer coverage in ML
1.9 ML

99.8

annealed
as-grown

99.6
99.4
0.1

(c)

1
10
100
1000
pulse fluence in μJ/cm2

0.2

amplitude A in %

0.8

100

0

80

10

60

1 ns

40

100

20

10
as-grown

0

1.6

(b)

(d)

100

A
τslow

annealed

1.8
2
2.2 2.4 2.6
monolayer coverage in ML

1.0

recovery time

80

(a)

reflectivity in %

1.0

Fsat
ΔR

reflectivity change

100

mod. depth in %

sat. fluence in μJ/cm2

114

1 ps

1.9 ML

0.8
as-grown

0.6
0.4

annealed

0.2
0

0

50
100
150
time delay in ps

200

Figure 8.9: Summary of the annealing studies: (a) Saturation fluence (red)
and modulation depth (blue) before and after annealing as a function of
indium ML coverage. (b) Amplitude (red) and recovery time (blue) of the
slow component before and after annealing as a function of indium ML
coverage. (c) Nonlinear reflectivity measurements of the 1.9 ML sample. (d)
Pump probe measurements of the 1.9 ML sample.

8.5

Modelocking experiment with new QD SESAM

MIXSELs require absorbers with low saturation fluences (typically <10 J/cm2) and
modulation depths around 1%. For achieving short pulse durations, fast recovery is
necessary. Our study showed, that the optimum design parameters for these
specifications are obtained by approximately 2 ML indium coverage and subsequent
annealing at 600°C.
Before growing a full MIXSEL structure with these new dots, we experimentally
verified the modelocking properties in a hybrid VECSEL-SESAM cavity. The SESAM
design is shown in Figure 8.10. It has a single layer of self-assembled InAs QDs with
2.0 ML indium coverage grown at a temperature of 420°C. The SESAM is not
antiresonant, but has a field enhancement of approximately 1.3, similar to the field
enhancement in the in the VECSEL gain structure used for the modelocking
experiments. For the reasons discussed in the previous section, the SESAM was
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annealed for 5 hours in the MBE machine at 600°C, which is similar to the annealing
the QD absorbers experience during the MIXSEL growth.
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Figure 8.10: Refractive index pattern of the QD SESAM and normalized
intensity of the electric field.

Figure 8.11 shows the nonlinear reflectivity measurement for the SESAM. The laser
source was a wavelength tunable passively modelocked Ti:sapphire laser with 140 fs
pulses at a repetition rate of 80 MHz, operated at a wavelength of 960 nm. From our
QD study and the field enhancement in the absorber layer, we would expect a
modulation depth between 1.5 and 2.0%, which is in agreement with the measured
value of 1.44%. The saturation fluence was measured to be 10.4 J/cm2, which seems
to be in disagreement with the previous QD study (compare Figure 8.9). An
explanation for the discrepancy could be, that the MBE machine was opened in
between the two growth runs, for maintenance and cleaning, which might have
altered its calibration and transiently its performance (e.g. increased number of
impurities).
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Figure 8.11: Nonlinear reflectivity measurement of the QD SESAM. (R:
modulation depth, Rns: non-saturable losses)

Figure 8.12 shows a pump probe measurement for a similar SESAM, with 2 QD
layers instead of one. This results in a higher modulation depth, but should leave the
remaining parameters unchanged. The laser source was a wavelength tunable
passively modelocked Ti:sapphire laser with 140 fs pulses at a repetition rate of
80 MHz, operated at a wavelength of 960 nm. The maximum saturation (i.e. the
modulation depth) was measured to be 5.3%, the time constant for the fast recovery
component was 0.67 ps, and the time constant for the slow recovery component was
113 ps.
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Figure 8.12: Pump probe measurement of a similar QD SESAM.
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The laser cavity used for the modelocking experiments was a V-shaped cavity with
the VECSEL gain structure as folding mirror and the SESAM and an output coupler
as end mirrors. The output coupler had a radius of curvature of 80 mm and a
transmission of 0.25%. The cavity length was 75 mm, and the SESAM was close to the
gain structure, ensuring similar laser mode sizes on gain and absorber
(1:1 modelocking). Inside the laser cavity was a 20 m thick fused silica etalon for
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wavelength tuning and dispersion management. The pump power was 4.2 W and
the output power was 79 mW. Figure 8.13 shows the characterization of the laser
output. The intensity autocorrelation was fitted with the autocorrelation of an ideal
16.3 ps sech2-pulse. The optical spectrum had its peak at approximately 953.6 nm and
had a FWHM of 0.19 nm, leading to a time-bandwidth product of about 3.1 times the
transform limit. Corresponding to the cavity length, the repetition rate was
approximately 2 GHz.
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Figure 8.13: Modelocking results for the QD SESAM: (a) intensity
autocorrelation, (b) optical spectrum and (c) RF spectrum.

8.6

Discussion of the QD SESAM studies

We studied the effects of dot density and post-growth annealing on the QD SESAM
parameters. As shown experimentally the modulation depth could be tuned with the
indium ML coverage (i.e. dot density), while the saturation fluence remained
constant. This constitutes an additional degree of freedom compared to QW
SESAMs. The modulation depth was found to increase when operated at shorter
wavelength due to excited state absorption. Pump probe measurements showed, that
higher dot density resulted in faster recombination, most likely due to defect
recombination. To enhance the amplitude of the fast component, the dots should be
grown close to the formation threshold and operated close to the PL peak
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wavelength. Post-growth annealing allowed further reduction of the saturation
fluence, Moreover the fast component became more dominant.
MIXSELs require absorbers with low saturation fluences (typically <10 J/cm2)
and modulation depths around 1%. For achieving short pulse durations, fast
recovery is necessary. Our study showed, that the optimum design parameters for
antiresonant MIXSELs were obtained by approximately 2 ML indium coverage, a
growth temperature of 400°C and subsequent annealing at 600°C, the same value as
for the in-situ annealing during the MIXSEL growth.
This study turned out to be the key element for the realization of the antiresonant
MIXSEL structure discussed in the next chapter. The antiresonant design
significantly reduced the demands on growth accuracy, which led to a much higher
yield on working MIXSEL structures, important for the realization of thinned high
power structures requiring a great processing effort.

Chapter 9
First Upside-down MIXSEL

For the first working MIXSEL discussed in Chapter 7 only a small fraction of the
3-inch wafer produced showed lasing and modelocking. All the other structures
either did not lase or modelocking could not be achieved. The reasons were
discussed in Chapter 8: the requirement of a resonance of the electric field in the
absorber layer, led to very high demands on the growth accuracy, which were
difficult to meet. As a consequence, we decided to grow the structures in the way,
such that they could be used as grown in the laser cavity, avoiding the timeconsuming processing, that thinned structures would require (described in section
2.2.3). The drawback of this proceeding is, that one cannot benefit from the thin disk
type gain, and the corresponding power scalabililty. As a result, we achieved only
40 mW of output power for the first MIXSEL demonstration (see section 7.2.5).
The QD study of the last chapter enabled modelocking of a VECSEL with an
antiresonant QD SESAM and similar mode sizes on gain and absorber. These are
exactly the requirements for an antiresonant MIXSEL design. In a first step we grew
an antiresonant MIXSEL structure for as-grown use, and we achieved stable and selfstarting modelocked operation. Moreover, samples from all locations on the wafer
turned out to be functional and showed only small deviations in performance. This
success encouraged us to grow the same MIXSEL structure in reverse order and to
perform the time consuming substrate removal.
In this chapter we discuss the design of the antiresonant MIXSEL structure, the
characterization of the absorber parameters and the most important lasing results,
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including the result representing the highest average power for a modelocked
semiconductor laser up to date.

9.1

The semiconductor layer structure

The MIXSEL structure is shown in detail in Figure 9.1. The lower part shows an SEM
(scanning electron microscopy) image of the semiconductor structure together with a
plot of the electric field. Compared to the resonant MIXSEL described in Chapter 7
there is no DBR at the laser wavelength on top of the QD layer to increase the electric
field in the absorber. Instead, the electric field in the absorber has approximately the
same amplitude as in the QWs. The material compositions can be extracted from the
schemes depicted on top of the SEM image, showing close-ups of the absorber and
the gain sections. The bottom mirror for the laser wavelength at 960 nm is 30 pair
AlAs/GaAs DBR with 99.98 reflection. The single self-assembled InAs QD layer was
grown with 2.0 ML indium coverage and is surrounded by GaAs. The intermediate
mirror at the pump wavelength of 808 nm is a 9 pair AlAs/Al20Ga80As DBR with a
reflection of 93%. The 7 In13Ga87As 4.4 nm thick QWs are separated by pump
absorbing GaAs spacer layers and placed in subsequent antinodes. The
compressively strained QWs were not strain balanced. On top of the gain section is a
numerically optimized AlAs/Al20Ga80As anti-reflection coating.
gain region

absorber region

MIXSEL concept
laser

single InAs quantum dot layer

7 In13Ga87As quantum wells

AR section

QW gain

pump DBR

QD abs.

laser DBR

pump
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Al20Ga80As
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SEM image of the MIXSEL semiconductor structure
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absorber pump DBR
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Figure 9.1: Design of the antiresonant MIXSEL structure. The lower part
shows an SEM image of the semiconductor structure together with the
electric field. The upper sketches show close-ups of the gain and absorber
section with the according material compositions.
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MIXSEL growth and processing

The MIXSEL semiconductor structure was grown on an undoped (100) GaAs
substrate using a VEECO GEN III MBE machine. The structure was grown in reverse
order, first the etch stop layers were grown followed by the AR section and the rest
of the structure. The growth temperature was 600°C, except for the QD absorber
layer, which was grown at 420°C. After the growth 5x5 mm samples were cleaved
from the wafer, metalized with Ti/Pl/In/Au and soldered onto CVD diamond heat
spreaders, that were previously metalized with Ti/Pl/Au, in an fluxless soldering
process under vacuum. The CVD diamond heat spreaders were 530 m thick and
had a thermal conductivity of >1800 W/Km. Afterwards the substrate was removed
by a selective all wet etching procedure. The whole substrate removal procedure is
described in detail in section 2.2.3. The thinning of the structure leaded to excellent
thermal conductivity and made the device power scalable to multi-Watt output
powers (see next sections).

9.1.2

GDD measurement

The antiresonant design is much more growth error tolerant than the resonant
MIXSEL structure discussed in Chapter 7. We have investigated the effect of growth
errors on the GDD and the field enhancement in the absorber. To verify the growth
error tolerance of the new design we measured the GDD as a function of wavelength
and compared it to the values for the structure without growth errors. The result is
shown in Figure 9.2. Compared to the GDD of the resonant MIXSEL structure (see
Figure 7.3) the GDD of the antiresonant MIXSEL shows very moderate values. For
the expected laser wavelength of 950 to 960 nm the GDD shows values of only -4’000
to 4’000 fs2, as compared to -15’000 to 15’000 fs2 found for the resonant MIXSEL. This
is favorable for the formation of short pulses. Moreover the GDD is close to the
nominal values for the designed structure, indicating the insensitivity of the
antiresonant design on growth errors.
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Figure 9.2: Comparison of the GDD measurement with the design. The
design laser wavelength is 960 nm.

9.2

QD absorber characterization

For the QDs in the antiresonant MIXSEL structure we used exactly the same growth
parameters as for the SESAM, which were the result of the QD absorber optimization
described in section 8.5. We characterized the QD absorber section by a nonlinear
reflectivity measurement and a pump probe measurement, which are presented in
the next two sections.

9.2.1

Nonlinear reflectivity measurement

For the nonlinear reflectivity measurement we used the setup described in
section 5.2.2. The laser source was a wavelength tunable passively modelocked
Ti:sapphire oscillator with 140 fs pulses at a repetition rate of 80 MHz. The
wavelength was set to 960 nm, according to the design wavelength of the MIXSEL
structure. The result of the measurement is shown in Figure 9.3. The modulation
depth is 1.49% and the saturation fluence is 13.4 J/cm2, similar to the values for the
SESAM of section 8.5, as expected. Only the values for the nonsaturable losses differ
and are larger for the MIXSEL structure. An explanation could be the additional
absorption due to the QW gain, which saturates at higher fluences.
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Figure 9.3: Nonlinear reflectivity measurement of the antiresonant MIXSEL
structure. (R: modulation depth, Rns: non-saturable losses)

9.2.2

Pump probe measurement

For the MIXSEL structure discussed in this chapter no measurement of the recovery
dynamics was done. However, for growing the QDs of this MIXSEL structure the
same parameters (2.0 ML indium coverage, 420°C growth temperature) as for the
dots of the SESAM described in section 8.5 have been used. The corresponding pump
probe measurement can be seen in Figure 8.12. The time constant for the fast
recovery process was 0.67 ps, and the time constant for the slow recovery process
was 113 ps.

9.3

High-power results

The thin-disk type MIXSEL structure lends itself for high power operation (compare
section 3.1). The one dimensional heat flow into the heat sink makes the device
power-scalable with mode size. We confirmed this power-scaling procedure by
increasing the pump spot size from 80 m to 215 m (the laser mode sizes on the
MIXSEL structure were increased accordingly), which corresponds to a factor of 8 in
mode area. The average output power could thereby be increased by a factor of nine.
In the following two sections we present the MIXSEL with the 215 m pump spot,
which constitutes the modelocked semiconductor laser with the highest output
power up to date.
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Experimental setup

Figure 9.4 shows the MIXSEL setup and cavity. The cavity was a 60 mm long straight
cavity, formed by the MIXSEL structure and an output coupler with radius of
curvature of 500 mm and a transmission of 0.7%. The structure was optically
pumped at a wavelength of 808 nm under an angle of 45° with pump spot size of
215 m by a fiber coupled laser diode array with a maximum output power of 100 W.
The curvature of the output coupler and the cavity length were chosen such, that the
laser mode size on the MIXSEL structure was slightly bigger than the pump spot, i.e.
233 m, to ensure fundamental transverse mode operation necessary for stable
modelocking. The effects of the thermal lens were neglected. The MIXSEL structure
was mounted on a water cooled heat sink, which was temperature stabilized at -15°C
by a high power Peltier element. A flow of dry nitrogen was directed onto the
MIXSEL chip to prevent condensation of air humidity.
50 mm

output coupler

MIXSEL chip
heat sink

pump
output coupler

MIXSEL chip

Figure 9.4: Photo and sketch of the high power MIXSEL setup. The cavity
consisted only of the MIXSEL chip and a curved output coupler.

9.3.2

Experimental result and laser characterization

At the maximum applied pump power of 39 W stable and self-starting modelocking
was obtained with an average output power of 6.4 W. This output power is 160 times
higher than the output power for the first MIXSEL demonstration (compare
section 7.2.5), and represents the highest average power for a modelocked
semiconductor laser up to date. The optical-to-optical efficiency was 16.5%.
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Figure 9.5 depicts the laser performance. In Figure 9.5(a) the RF spectrum of the
optical pulse train is shown. The fundamental RF peak is at approximately 2.5 GHz,
corresponding to the cavity length of 60 mm. Figure 9.5(b) shows the optical
spectrum of the laser output. The peak is centered at 959.1 nm and the FWHM is
0.15 nm. Figure 9.5(c) displays the measured intensity autocorrelation of the laser
pulses fitted with the autocorrelation of an ideal 28.1 ps sech2-pulse. This leads to a
time-bandwidth product, which is approximately 4.5 times the transform limit.
Figure 9.5(d) shows the optical power versus time of the laser output, calculated
from pulse length and the repetition rate, assuming sech2-pulses. The pulses are very
well separated, and higher repetition rates are possible. In the next section we will
show a 10 GHz MIXSEL.
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Figure 9.5: Characterization for the 6.4 W high power MIXSEL: (a) RF
spectrum, (b) optical spectrum, (c) intensity autocorrelation and (d)
calculated optical power.
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Fundamental transverse mode operation is required for stable modelocking. This
was confirmed by a beam quality measurement at an average output power of 5.3 W.
The pump power was slightly reduced to prevent damage of the MIXSEL structure.
Nevertheless the beam quality is assumed to be similar for the maximum output
power of 6.4 W. The result of the measurement is shown in Figure 9.6. The M2 had
excellent values of <1.15 in both direction assuming typical measurement errors of
5%.
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Beam quality measurement for the 6.4 W high power MIXSEL.

High repetition rate results

MIXSELs have the potential for high repetition rate operation, due to the very simple
linear cavities. Even though the pulses for the 6.4 W high power MIXSEL were
relatively long, operation at 10 GHz should be feasible (compare Figure 9.5(d)). For
this experiment the MIXSEL structure was soldered on a copper (400 W/Km) heat
spreader instead of CVD diamond (1800 W/Km). Due to the smaller pump spot size
(80 m) compared to the high power MIXSEL (223 m), this should not make a big
difference, since the main temperature drop arises in the semiconductor structure
and not in the heat sink for this spot size (compare section 3.5).
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Experimental setup

Figure 9.7 shows high repetition rate cavity. The cavity was a 15 mm long straight
cavity, formed by the MIXSEL structure and an output coupler with radius of
curvature of 38 mm and a transmission of 0.3%. The structure was optically pumped
at a wavelength of 808 nm under an angle of 45° with pump spot size of 80 m by a
fiber coupled laser diode array with a maximum output power of 10 W. The
curvature of the output coupler and the cavity length were chosen such, that the laser
mode size on the MIXSEL structure was similar to the pump spot size, i.e. 79 m, to
ensure fundamental transverse mode operation, necessary for stable modelocking.
The effects of the thermal lens were neglected. The MIXSEL structure was mounted
on a water cooled heat sink, which was temperature stabilized at 5°C by a Peltier
element. In order to prevent condensation of air humidity on the MIXSEL chip, the
structure was subjected to a flow of dry nitrogen. Inside the cavity was a 20 m thick
fused silica etalon for wavelength tuning and dispersion management.
output coupler
T=0.35%, R=38 mm

heat sink
etalon

MIXSEL chip
on copper
cavity length 15mm

Figure 9.7: Laser cavity of the 10 GHz high repetition rate MIXSEL (T:
transmission, R: radius of curvature).

9.4.2

Experimental result and laser characterization

At the maximum applied pump power of 8.7 W stable and self-starting modelocking
was obtained with an average output power of 189 mW. The optical-to-optical
efficiency was 2.2%, thus rather low. Figure 9.8 illustrates the laser performance. The
fundamental RF peak is at approximately 10 GHz (Figure 9.8(a)), corresponding to
the cavity length of 15 mm. Figure 9.8(b) shows the optical spectrum of the laser
output. Due to the high repetition rate the longitudinal modes of the laser could be
resolved, the width of the individual peaks is given by the resolution of the optical
spectrum analyzer of 0.01 nm. The maxima of the peaks were fitted with a sech2-
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envelope, which is centered at 964.5 nm and has a spectral width of 0.12 nm.
Figure 9.8(c) displays the measured intensity autocorrelation of the laser pulses fitted
with the autocorrelation of an ideal 22.3 ps sech2-pulse. This leads to a timebandwidth product of 0.87, which is approximately 2.7 times the transform limit for
sech2-pulses. Figure 9.8(d) shows the optical power versus time of the laser output,
calculated from pulse length and the repetition rate, assuming sech2-pulses. The
pulses are still separated and the optical power is essentially zero between the pulses.
Yet, it appears that 10 GHz is the highest repetition rate achievable with this MIXSEL
structure. For higher repetition rates the pulses would have to be shorter and thus,
the absorber recovery has to be faster.
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Figure 9.8: Characterization for the 10 GHz high repetition rate MIXSEL:
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Discussion

The antiresonant MIXSEL design substantially relaxed the demands on
semiconductor growth accuracy. We achieved modelocked operation with an
average output power of 6.4 W, which higher than for any other ultrafast
semiconductor laser. We believe that further power-scaling will enable output
powers well above 10 W. The highest achieved repetition rate was 10 GHz, limited
by the pulse duration of 22 ps. Shorter pulses and higher repetition rates will require
further optimization of the recovery time of the QD saturable absorber.
The resonators consisted only of two end mirrors, the MIXSEL chip and an
output coupler. We therefore are convinced, that MIXSELs will permit higher
repetition rates than the 50 GHz demonstrated for the hybrid VECSEL-SESAM
approach [33]. Furthermore, this new class of passively modelocked high power
semiconductor laser will enable the realization of robust ultra-compact multi-GHz
sources, which can be produced cost-efficiently by wafer-scale technologies, and
which will be interesting for a wide area of applications.

Chapter 10
Towards Electrically Pumped
VECSELs and MIXSELs

Optical pumping is ideal for high power VECSELs and MIXSELs. The carriers are
generated at the location where they are needed, i.e. the active region, and large area
homogenous inversion is possible. The drawbacks of the optical pumping are the
somewhat bulky pump lasers and pump optics requiring additional alignment and
sophisticated packaging. Even though several companies are investigating optically
pumped VECSEL for mass-applications like laser projectors, so far these laser
systems are only used in science or industry. For mass-applications as the optical
clocking of computer processors, compactness, robustness and above all costefficiency are requirements.
The semiconductor gain material of VECSELs and MIXSELs offers the great
possibility of direct electrical pumping (EP). The absence of the optical pump and the
pump optics enables very simple laser setups suitable for cost-efficient massproduction.
The first EP-VECSEL has been demonstrated by Hadley et al. [100] in 1993. They
reported continuous-wave operation with 2.4 mW output power in a fundamental
transverse mode. Ten years later, Mc Inerney et al. demonstrated high power
operation [23]. The laser had 1 W output power in multi-mode operation. Using a
different external mirror configuration they were able to force the laser into
fundamental mode operation (M2 < 1.1) and obtained 500 mW output power. In 2005,
the integration of the external cavity has been reported with 10 mW continuous-wave
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output power [101-102]. The cavity was formed by a curved micro mirror output
coupler made of a glass substrate, which was directly bonded onto the
semiconductor gain structure. Modelocking of an EP-VECSEL has first been shown
by Zhang et al. [103]. They obtained 50 ps pulses at a repetition rate of 6 GHz using
an output coupler SESAM in a linear cavity configuration. An antireflection coated
intracavity lens was used to focus onto the SESAM, to obtain the required saturation.
In the following, we discuss several design considerations for EP-VECSELs,
which were developed in our group in collaboration with the group of
B. Witzigmann at the Integrated Systems Laboratory at ETH Zurich, and which were
published in [104]. The work presented in this chapter was not part of this thesis, and
should be considered as complementary information and outlook.

10.1 Design considerations
The design of an electrically pumped VECSEL is quite challenging, due to the optical
and electrical requirements, which are not always compatible, so that compromises
have to be found. A good design has the following properties:
i)
ii)
iii)
iv)
v)

power scalability with mode size
Gaussian shaped gain profile for fundamental transverse mode operation
low operation temperature, i.e. low thermal and electrical resistance
low optical losses and high optical gain
broad gain bandwidth and low GDD (for modelocked operation)

Moreover, it is advantageous to avoid complicated growth and processing by using
simple structures. Some of the requirements given above are incompatible and an
optimized balance has to be found. For example in order to obtain a low resistance
high doping is required, which, on the other hand, leads to increased free-carrier
absorption (FCA) and thus higher optical losses.
A sketch of the design, which was developed in our group, is shown in
Figure 10.1. The structure consists basically of five sections: a high reflective bottom
DBR, the QW active region, an intermediate DBR for field enhancement in the gain
section, a current spreading layer, and an AR-coating. The voltage is applied between
the disk shaped bottom contact and the top ring contact. The EP-VECSEL is
completed by an external cavity, for example a linear cavity with a curved output

TOWARDS ELECTRICALLY PUMPED VECSELS AND MIXSELS

133

coupler, or a V-shaped cavity with an additional SESAM for modelocking.
Alternatively, the structure can contain an integrated saturable absorber (EPMIXSEL), which would be preferentially placed in the AR coating section, where no
current flows.
AR coating
n-contact
current
spreading
n-DBR
active region

p-DBR
p-contact

Figure 10.1: EP-VECSEL gain structure (DBR: distributed Bragg reflector,
AR: anti-reflection).

10.2 Electrical design
One of the implications of electrical pumping is that current has to flow through the
semiconductor structure, making doping unavoidable. For low resistance, and thus
low Joule heating, the doping concentration should be as high as possible. On the
other hand, this introduces losses due to free carrier absorption (FCA). Thus a
compromise for optimum operation has to be found.
The bottom mirror could be n- or p-doped. p-doped mirrors have in general a
higher resistance, due to the low hole mobility. Additional resistance arises from the
potential barriers at the interfaces of the two different materials [105]. These barriers,
and thus the resistance, can be lowered for example by mole fraction grading,
implying a smooth change in material composition [104]. A p-DBR should have
20 nm grading and a doping concentration of NA = 2·1018 cm-3. Yet, an n-doped
mirror would be preferable because it has lower FCA and a smaller resistance, even
for the ungraded case.
Since the light has to pass through the top contact, a central disk-shaped metal
contact is impossible. The most simple solution in terms of processing and growth is
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a ring contact. These are no constraints regarding the bottom contact, which could be
either structured or unstructured, i.e. the whole backside area used as contact. The
most obvious solution is a disk centered to the top ring contact. Figure 10.2(a) shows
the electron density in the gain section for a p- and n-DBR and for and an
unstructured and a structured bottom contact with 5 m diameter. For the structure

(a)

4
p-DBR

3

n-DBR

2
1
0
0

n-DBR unstructured
n-DBR 5 μm contact
p-DBR unstructured
p-DBR 5 μm contact

5

10
r in μm

15

electron density in 1018 cm-3

electron density in 1018 cm-3

with the n-doped mirror the electron density is low in the center and higher directly
underneath the ring contact for both structured and unstructured bottom contact.
This current profile is very unfavorable for fundamental transverse mode operation.
For larger bottom contacts it looks even worse. The solution is a p-doped mirror with
a disk-shaped bottom contact. The carrier distribution has its maximum in the center
and falls off outwards, as required for TEM00 operation. As a consequence the graded
p-doped mirror is the design of choice. An n-doped mirror could only be used in
combination with additional confining elements, such as oxide barriers or tunnel
junctions, which complicate the processing. The difference between p- and n-DBRs
originates from the difference in electron and hole mobilities. The hole mobility is
much smaller, and there is hardly any carrier spread in the lateral direction. The
injected high mobility electrons follow the spatial hole distribution.

(b)

ND = 1∙1018
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4
3
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10
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Figure 10.2: (a) Simulated carrier densities for a p- and n-DBR with
unstructured and 5 m disk-shaped bottom contact. (b) Carrier density for a
larger device with 25 m bottom contact and different current spreading
layer thicknesses and donor concentrations. (DBR: distributed Bragg
reflector)

For larger devices the shape of the current profile has to be improved by a high
mobility cap or a current spreading layer introduced below the top contact. A cap
layer could be a highly doped GaAs layer of a thickness of e.g. 200 nm. Simulations
revealed that such a layer is not sufficient for high power VECSELs with apertures of
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up to 100 m. The solution found was a moderately doped thick current spreading
layer (for example ND = 2·1018 and d = 6 m) in combination with a highly doped thin
GaAs cap layer for good contacting. Figure 10.2(b) shows the current profiles for a
structure with a 25 m bottom contact and different donor concentrations and
thicknesses for the current spreading layer. The resulting carrier densities have flattop shapes, which is acceptable for TEM00 operation. Moreover, the width of the
carrier densities is approximately the width of the bottom contact, thus the devices
are power-scalable with contact size.

10.3 Optical design
The optical losses in a structure with a thick current spreading layer are rather high.
The FCA absorption coefficient of doped GaAs is [104]

  5 1018 cm 2  n  111018 cm 2  p,

(10.1)

where n and p denote the electron and hole densities in cm-3. For current spreading
layers with typical donor concentrations and thicknesses, losses amount to 1 to 2%.
These losses have to be compensated by an active region providing sufficient gain.
Therefore the active QWs have to be placed in antinodes of the standing wave of the
electric field. Moreover, a low-reflective DBR has to be introduced between the gain
region and the current spreading layer in order to increase the gain enhancement.
Figure 10.3 shows the refractive index pattern and the electric field for the
resulting EP-VECSEL structure. It consists of a p-doped 30-pair bottom DBR with
graded interfaces, an active region with 6 QWs in two antinodes, a 5-pair
intermediate n-doped DBR, a 6 m thick n-doped current spreading layer and an
antireflection coating. With the intermediate mirror the gain enhancement gets
5.5 times higher, making the losses in the current spreading layer tolerable.
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Figure 10.3: Optical design of the EP-VECSEL gain structure: Refractive
index pattern (gray line) and electric field (black line). (DBR: distributed
Bragg reflector)

Another issue arising from the current spreading layer to be considered, is the
spectral filtering and as a consequence the reduction of gain bandwidth. The reason
is the Gires-Tournois interferometer (GTI) formed by the bottom mirror and the top
layers. This issue can be accounted for by the implementation of an AR-coating. The
influence of the coating on the GDD is shown in Figure 10.4(a). The gray line
represents the GDD without and the black curve with AR-coating. The free spectral
range of the GTI is very small, a resonances are observed at approximately ten nm
intervals. Note that the exact shape of the GDD is determined by the thickness of the
current spreading layer. A deviation of 6 nm (which is only 0.01%!) due to growth
errors will shift the complete curve by 6 nm, making it impossible to predict the GDD
at a certain wavelength. With the additional AR-coating the GDD is in the worst case
of the order of 104 fs2, which is acceptable for modelocking with ps-pulses.
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Figure 10.4: GDD (a) and gain enhancement (b) for the EP-VECSEL with
(black lines) and without (gray lines) anti-reflection coating.
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The gain enhancement for the structure without antireflection section had very
pronounced resonances (see Figure 10.4(b)). The positions of the peaks are
determined by the thickness of the current spreading layer, and the laser will most
likely operate at the highest peak. For the example presented the width of the peak is
3 nm. The implementation of the AR-coating eliminates the interference effects, and
leads to a smooth gain enhancement with 13 nm FWHM bandwidth. This bandwidth
is comparable to those of our optically pumped VECSELs and should allow for short
pulse operation.

10.4 First continuous-wave lasing results
The first lasing results obtained with an EP-VECSEL similar to the structure
discussed above are published in [106]. The structure, shown in Figure 10.5, had two
deviations from the previous design (Figure 10.3). First, the doping for the p-DBR
was higher for the first layers and was then reduced in three steps to NA = 2·1018.
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This reduced the overall device resistance while keeping the optical losses moderate.
Secondly, the intermediate mirror had 11 pairs (instead of 5 as in Figure 10.3),
resulting in a higher field enhancement in the absorber. This is of course unfavorable
for modelocking, since it reduces the gain bandwidth and leads to larger values for
the GDD.

30-pair p-DBR

2.5

11-pair
n-DBR

n-doped current spreading layer

5
7.5
10
distance in growth direction in μm

12.5

AR

15

Figure 10.5: EP-VECSEL structure for continuous-wave operation.

The structure was grown in reverse order with subsequent substrate removal for
high power operation. On a single chip comprised 61 different lasers with bottom
contact diameters from 6 to 180 m. Figure 10.6 shows the comparison of simulations
and measurements for the electroluminescence (EL) profiles for different lasers with
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bottom contact diameters from 24 to 160 m. Good current profiles are achieved for
bottom contacts diameters from 6 m to more than 100 m and should allow for
fundamental transverse mode operation.
1.0
160 μm
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Figure 10.6: electroluminescence (EL) profiles for EP-VECSEL structures
with different bottom contact diameters (indicated in the figure).
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Figure 10.7 shows the cw-lasing results for the 180 m laser. The 24.5 mm long cavity
was a simple linear cavity, formed by the EP-VECSEL chip and an external output
coupler, with a radius of curvature of 25 mm and 10% transmission. The heat sink
was held at 3°C and the center wavelength was 965 nm.

1

0

Figure 10.7: laser characterization for the sample with 180 m bottom
contact size: optical output power, voltage and differential quantum
efficiency as a function of pump current.

TOWARDS ELECTRICALLY PUMPED VECSELS AND MIXSELS

139

For this structure a current of 560 mA was required to achieve inversion and to
induce lasing. The optical output power shows a roll-over for currents higher than
approximately 1 A limiting the maximum value to 120 mW. The voltage curve
corresponds to a typical diode characteristic.
Figure 10.8 shows the achieved maximum output power for EP-VECSELs with
different bottom contact sizes. The output power seems to scale linearly with the
bottom contact size, instead of the expected quadratic dependency.
120

optical power in mW

100
80
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40
20
0
0

50
100
150
bottom contact diameter in μm

200

Figure 10.8: Power-scaling for EP-VECSELs: optical output power versus
bottom contact diameter. The dependence is linear.

10.5 Modelocking of EP-VECSELs and EP-MIXSELs
The optical design presented in section 10.3 is suitable for modelocking. Modelocking
can be achieved by introducing an external SESAM into the EP-VECSEL cavity.
However, because of the high gain enhancement, the gain structure has a very low
saturation fluence. Since the SESAM has to saturate faster than the gain, strong
focusing has to be applied, or for modelocking with equal mode sizes, a SESAM has
to be used with an even lower saturation fluence.
For an EP-MIXSEL a QD saturable absorber would ideally be integrated in the
unpumped antireflection coating. Such a building block could be designed for
obtaining the required field enhancement in the absorber.

Chapter 11
Conclusion and Outlook

In this thesis we presented the first demonstration of a novel type of ultrafast
semiconductor laser. The modelocked integrated external-cavity surface-emitting
laser (MIXSEL) is a VECSEL with an integrated saturable absorber for passive
modelocking. Such devices are very promising for many applications, which
currently rely on bulky and expensive laser systems, and could open up new
application areas, such as optical clocking of microprocessors.
Optically pumped VECSELs combine many advantages not offered by other laser
systems: The semiconductor gain material enables engineering of the lasing
wavelength over a broad range, because of the thin-disk like gain structure, the
devices are power scalable with mode size, and fundamental transverse mode
operation can be maintained by the external cavity.
For the design of VECSEL gain structures a good understanding of the
underlying physical principles is essential. Therefore, we have developed a
numerical simulation tool, allowing us to calculate the electric field in the
semiconductor layer structure. Quantities like field enhancement, dispersion and
growth tolerances can be evaluated and optimized. In order to study the thermal
properties of VECSEL gain structures finite element simulations have been used and
an analytical model has been developed. These studies were important for the
scaling of the lasers to higher output powers. The one-dimensional heat flow in the
thin-disk type gain structure enables the power scaling, provided that the thermal
conductivity of the heat sink is sufficiently high. For high power operation it is
important to replace the high thermal impedance semiconductor substrate (in our
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case GaAs) with a material with higher thermal conductivity, typically copper or
diamond. By using a diamond heat sink, we were able to obtain a continuous-wave
output power of more than 20 W in fundamental transverse mode operation, which
is higher than any previously reported for VECSELs. Such a VECSEL is an attractive
alternative to other laser systems, for example diode-pumped solid-state lasers or
fiber lasers.
Ultrafast pulsed operation of VECSELs can be obtained by inserting a
semiconductor saturable absorber mirror (SESAM) into the laser cavity. For stable
modelocking the SESAM has to saturate at lower pulse energies than the gain. In
VECSEL gain structures, the gain is typically provided by several quantum wells
(QW), which have saturation fluences similar to those of standard QW-SESAMs.
Simulations showed, that the saturation fluence of the SESAM should be smaller
than that of the gain by at least factor of 10. In earlier experiments the saturation of
the SESAMs was warranted by cavities with a tight focus on the absorber. This
approach enabled modelocking with repetition rates up to 10 GHz, but failed for
higher repetition rates due to the cavity designs. Moreover, the integration of the
saturable absorber into the gain structure was not feasible, since this requires
identical mode sizes. The saturation fluence of a SESAM might be reduced by
increasing the field enhancement in the absorber layer. Yet, this would also increase
the modulation depth of the absorber, which would be too high for a resonant
SESAM with standard QWs. The only solution to reduce both, the saturation fluence
and the modulation depth, is to reduce the density of states. This can be achieved by
using quantum dot (QD) absorbers instead of QWs. First, we developed resonant
QD-SESAMs and obtained passive modelocking of a VECSEL with the same mode
sizes on gain and absorber, with a record-high repetition rate of 50 GHz at an
average output power of more than 100 mW. Moreover, it could be demonstrated
that the integration of the absorber into the gain structure was conceptually possible.
In 2007 we demonstrated this integration and referred to this new kind of laser as
the modelocked integrated external cavity surface emitting laser (MIXSEL). The
saturation fluence of the absorber was achieved by implementing an intermediate
mirror between the absorber and the gain section. The same mirror prevented the
bleaching of the absorber by the pump light. The MIXSEL generated 40 mW of
average power in 35 ps pulses at a repetition rate of 2.8 GHz and a center wavelength
of 960 nm. A higher output power of 185 mW could only be achieved by massive
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cooling to -50°C. The output power was limited by the 600 m substrate left between
the semiconductor structure and the heat sink. The downside of this design was the
low production yield of functional MIXSEL structures. The reason was the large
absorber enhancement resulting in a high sensitivity to growth errors. Numerical
simulations showed, that the growth tolerance could be increased with an
antiresonant design.
For an antiresonant design QDs, which saturated at lower pulse fluencies, were
required. We presented the first detailed study on the influence of the QD growth
parameters and post-growth annealing on the macroscopic SESAM parameters,
which were determined by measuring the nonlinear reflectivity and the
recombination dynamics. With the QD density, the design of QD-SESAMs had an
additional degree of freedom compared to QW-SESAMs. We showed, that the
modulation depth could be tuned with the dot density while the saturation fluence
remained constant. The saturation fluence could be reduced by post-growth
annealing.
With the knowledge acquired for QD growth, modelocking of a VECSEL with an
antiresonant SESAM and a cavity with the same mode sizes on gain and absorber
was achieved. In a next step, we implemented the new QD absorber into an
antiresonant MIXSEL structure. The new MIXSEL design had a substantially
improved tolerance towards growth errors, leading to a much higher yield for
working MIXSEL structures. We achieved a record-high average output power of
6.4 W for an antiresonant MIXSEL, which was soldered on a diamond heat spreader
with subsequent substrate removal. The pulses were 28 ps long and the repetition
rate was 2.5 GHz. Up to date, this MIXSEL represents the ultrafast semiconductor
laser with the highest average output power. We were able to increase the repetition
rate up to 10 GHz, however, at the expense of a reduced output power of 189 mW. In
future, further power-scaling will enable output powers well above 10 W.
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Figure 11.1: The summary of the QD growth study presented in Chapter 8:
Fast absorber recovery is achieved for high In ML coverage, or just above the
QD formation threshold of 1.5 ML (gray areas).

The pulse durations obtained from the MIXSEL were relatively long. The shortest
pulses (for the 10 GHz result) were 22 ps. In comparison, for the SESAM-VECSEL
modelocking approach sub 100 fs pulses have been demonstrated [34]. From the QD
growth study presented in Chapter 8, two options to reduce pulse durations can be
derived (see Figure 11.1): We could grow the QDs with higher In ML coverage. In
this way the recovery time of the slow component (compare section 5.2.3 and
Figure 5.11) could be reduced. The drawback of this approach is that the saturation
fluence becomes high, which would lead again to a resonant MIXSEL design, which
was found to be difficult due to the high demands for growth accuracy. On the other
hand, very small In ML coverage just above the QD formation threshold of
approximately 1.5 ML would lead to a small amplitude of the slow recovery
component and thus to faster overall recovery of the QDs. The drawback for such
low dot densities is that the modulation depth is very small. For the 1.6 ML sample
the modulation depth was found to be less than 0.1%. Typical values needed for the
MIXSEL structures are around 1 to 2%, requiring approximately 20 QD layers. For
growth reasons this QD layers have to be separated by GaAs spacer layers. As a
consequence only about three QD layers can be placed in a maximum of the standing
wave of the electric field; hence for 21 QD layers, 7 maxima would be needed. This
makes the structure thicker more complicated and more susceptible to growth errors.
Shorter pulse durations also demand for a better control of the GDD. Lower and
flatter GDD can be realized by using some kind of hybrid semiconductor-dielectric
AR-coating (compare Figure 11.2). For example an AlAs/Al0.2Ga0.8As layer structure
can be used in combination with a single layer of fused silica on top. The
improvement in terms of GDD results from the large refractive index difference
between AlAs (n = 3.0), Al0.2Ga0.8As (n = 3.4) and fused silica (n = 1.5).
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Figure 11.2: MIXSEL structure with semiconductor-dielectric hybrid ARcoating for better GDD performance.

From the Fourier-theorem we know, that short pulses require a large bandwidth.
Therefore, the gain section of the MIXSEL structure has to be optimized for a broad
gain spectrum. Again, there are two options: The obvious solution is to chirp the
emission wavelength of the QWs. This means that the In content or the QW thickness
is varied for each QW in the gain section. As a consequence the overall gain, which is
the sum of the gain of each individual QW, is broadened. Another way of
broadening the gain, which is easier to control from the growth point of view, is to
chirp positions of the QWs (see Figure 11.3). In this case the QWs are all the same,
but only one QW is in an antinode of the standing wave of the electric field for a
given wavelength. The other QWs are in antinodes for slightly different wavelength.
Since the gain of each QW is proportional to the product of the intrinsic QW gain
times the square of the electric field, the maximum gain of each QW occurs at a
slightly different wavelength, and thus the overall gain is broadened.

Figure 11.3: MIXSEL structure with chirped QW positions for broader gain
spectrum.

With the improved recovery dynamics for the QD absorbers, the optimization of
the AR-coating and the broadening of the gain, shorter pulses and higher repetition
rates will be possible. The very simple MIXSEL resonators consisted only of two
mirrors and an eventual intracavity etalon. We are convinced that MIXSELs will
permit higher repetition rates than the hybrid VECSEL-SESAM approach, with
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which we achieved 50 GHz. Such integrated ultrafast semiconductor lasers would fill
a gap in the performance spectrum of today’s laser technology.
The next step towards even more cost-efficient and more compact ultrafast
semiconductor lasers will be the electrical pumping. This, in addition with a quasimonolithic design (see Figure 11.4), would result in devices ideally suited for many
applications, such as telecommunications, optical clocking, frequency metrology,
microscopy, laser displays and others, basically anywhere the current ultrafast laser
technology is considered to be too bulky or too expensive.

dielectric
output coupler

CVD diamond
cavity

MIXSEL structure
heat spreader
heat sink
optical pumping

electrical pumping

Figure 11.4: Sketch of quasi-monolithic optically and electrically pumped
MIXSELs. The optically pumped MIXSEL could be pumped from the
backside through an opening in the heat sink.
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