
MULET AND BALLE, ThA2, NUSOD05, Berlin, September (2005)

Josep Mulet  and  Salvador Balle
IMEDEA (CSIC-UIB)

Palma de Mallorca, Spain

COST288: Ultrafast and nanoscale photonics
TIC2002-04255-C04-01

CSIC I3P-2003

Analytical propagation of 
traveling-waves in mode-locked

Analytical propagation of Analytical propagation of 
travelingtraveling--waves in modewaves in mode--lockedlocked

Vertical-External-Cavity
Surface-Emitting Diode Lasers

VerticalVertical--ExternalExternal--CavityCavity
SurfaceSurface--Emitting Diode LasersEmitting Diode Lasers

~~ VECSELVECSEL ~~



MULET AND BALLE, ThA2, NUSOD05, Berlin, September (2005)

Josep Mulet  and  Salvador Balle
IMEDEA (CSIC-UIB)

Palma de Mallorca, Spain

COST288: Ultrafast and nanoscale photonics
TIC2002-04255-C04-01

CSIC I3P-2003

Analytical propagation of 
traveling-waves in mode-locked

Analytical propagation of Analytical propagation of 
travelingtraveling--waves in modewaves in mode--lockedlocked

Vertical-External-Cavity
Surface-Emitting Diode Lasers

VerticalVertical--ExternalExternal--CavityCavity
SurfaceSurface--Emitting Diode LasersEmitting Diode Lasers

~~ VECSELVECSEL ~~
1. Introduction 
2. VECSEL setup
3. Reported experimental results
4. A model for the electrically-driven VECSEL
5. Numerical and analytical results
6. Conclusions

1. Introduction 
2. VECSEL setup
3. Reported experimental results
4. A model for the electrically-driven VECSEL
5. Numerical and analytical results
6. Conclusions

Outline



MULET AND BALLE, ThA2, NUSOD05, Berlin, September (2005)

1. Introduction

Edge-emitter

Mode-locking in VECSELs
- Optically-pumped

- Active mode-locking by synchronous pumping (Bowers, Ebeling)
- High-power VECSELs passively modelocked by SESAM (U. Keller)

- Electrically-driven
-Passive mode-locking with SESAM or MQW (Brown+Novalux+MIT)

- Output power limited by the
waveguide optical mode

- Astigmatic output beam 
- Cleaving and AR coating

External-cavity lasers for mode-locking

- High output power by
intracavity mode-control

- Good beam quality
- Array integration

VCSOA

versus                  Vertical-cavity



MULET AND BALLE, ThA2, NUSOD05, Berlin, September (2005)

2. VECSEL setup

Linear resonator ~ K. Jasim et al., Electron. Lett. 40, 34 (2004)

15 GHz repetition rate

• The coupling strength can be controlled by varying the transmissivity
of the beam splitter and the finesse of the vertical-cavities.

• The microlens defines the spatial mode size wA,P on each vertical-cavity. 
Fundamental transverse mode operation is assumed.

µL
BS

Emitter
Forward biased

Saturable absorber
Reverse-biased

MQW SQW / MQW

wA wP

99.8% ~75% ~35% 99.8%
~80%

output
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3. Reported experimental results

K. Jasim et al., Electron. Lett. 40, 34 (2004)

~10Linear+MQW absorberK. Jasim et al., Electron. Lett. 40, 34 (2004)

30Z, V + SESAMQ. Zhang et al., IEEE PTL 16, 885 (2004)

40Z + SESAMK. Jasim et al., Electron. Lett. 39, 373 (2003)

‹Pout›
(mW)

λλλλ ~ 980 nm (So far)
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< 4
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fRep
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15

48

57
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width (ps)

• Mode-locking with electrically-driven VECSELs

Q. Zhang et al., IEEE PTL 17, 525-527  (2005)

Low timing jitter

rms=188 fs

Pulsewidth ~15 ps Repetition rate
15 GHz

21 GHz
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4. Pulse propagation models
Pulse iterative models

RA(ω,N,E) RP(ω,N,E)

-Effects of regeneration by the cavities are applied   
in succession

R. Paschotta et al., Appl. Phys. B 75, 445 (2002)
O. E. Martínez et al., J. Opt. Soc. Am. B 2, 753 (1985)
e.g.: H. Haus, J. Appl. Phys. 46, 3049 (1975)

- The pulse is iterated over different roundtrips

Fully-distributed models - Numerical solution of Maxwell’s equations
using a finite difference algorithm

M. Bahl et al., Opt. Lett. 29, 1689 (2004)

Detailed description of the intracavity optical fields
Time consuming even without transverse dependence

QWA QWPYA YP
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cavity

R1 Ra Rp R2

Analytical approach
- Analytical solution to the bidirectional traveling

wave equations in three coupled cavities

Nonlinear interaction solely involves the QW layers

Combines rigorousness and simplicity
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wA
wP

4. Analytical propagation

J. Mulet and S. Balle, IEEE JQE 41(9), 1148-1156 (2005)
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RecipeRecipeHypothesesHypotheses
1. Fundamental transverse mode.

Homogeneous saturation in πW 2
A,P

2. Linear response of DBRs 2. Transfer matrix applied to DBRs

1. Effective-index approximation

r1 ra r’a r’p rp r2

t’a
ta tp

t’p
L+

L-
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P-

R+

R-

CL
+

CL
-
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+
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3. Apply boundary conditions
- At mirrors and QWs

3. Thin QWs;  W<<λ

4. Separation of time scales 4. SVA and inverse Fourier transform

EqwA
YA

EqwP

YP

- Express everything as function
of QW and injection fields



MULET AND BALLE, ThA2, NUSOD05, Berlin, September (2005)

4. A novel time-domain model
Two sets of coupled laser equations with time-delay

SET 1: EMITTER SET 2: ABSORBER

J. Mulet and S. Balle, IEEE JQE 41(9), 1148-1156 (2005)

COUPLING: ITERATIVE DEFINITION

• Injection fields calculated iteratively

- Multiple reflections in the external cavity
- Arbitrarily strong coupling strengths

• Electric field in QW plane of emitter

• Carrier density in QW of emitter

• Electric field in QW plane of absorber

• Carrier density in QW of absorber

MATERIAL DYNAMICS
• Susceptibility with Spectral Hole Burning

S. Balle, Opt. Lett. 21, 1923 ( 2002)

spot-area ratio
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threshold mode

5. Compound-Cavity-Modes

OFF-state CCMsOFF-state CCMs
PA=4 ~ # of pairs in top DBRs
PP=1

MqwA=4 # of QWs
MqwP=1

Monochromatic solutions for Eqwk  and steady state inversions Dk

ON-state CCMsON-state CCMs

Absorber unbleached

= Off-CCM

= Stable
x = Unstable

Linear Stability AnalysisLinear Stability Analysis
Increasing current

1.02 – 1.38 Ith
at 0.04 Ith steps

In
je

ct
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n
cu
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nt

Multimode Onset

15 GHz

On-CCM
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5. Mode locking onset

Scenario upon increasing the injection current in the emitter

Ι=1.2Ιth Ι=1.3Ιth Ι=1.6Ιth

CW Oscillations Mode locking Incomplete mode locking

λ =980 nm, R2 = R1 = 0.998,  Ra = 0.75, Rp = 0.30, Wa =Wp = 9 nm, MqwA = 4, MqwP = 1,
EgA = 1.265 eV, EgP;reff = 1.285 eV, Vabs =-3 V, Brad = 1.5·10-16 m3/s, NtA = 1.5·1024 m-3, 

NtP = 0.75·1024 m3, A┴ = π 752 µm2, wa/wp~2, fREP=15 GHz, tbs = 0.90

cw

osc

ML

Threshold mode

Parameters:
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5. Resonator design: Spot-area ratio

CW   : continuous wave
OSC : oscillations
ML   : developed mode locking

The onset of fully-developed mode locking can be favored by

LSA

PA=4, PP=1 ~ MqwA=4, MqwP=1

- More tightly focusing the spatial mode on the absorber facet
- There exists a critical value of s to obtain mode locking

- Spot area of the spatial-mode on each vertical-cavity
- Finesse of the vertical-cavities
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CW  : continuous wave
OSC: oscillations
ML   : developed mode locking

PA=4, PP=1 ~ MqwA=4, MMMMqwP=4

The onset of fully-developed mode locking can be favored by
- Moderate/Low finesse of the emitter cavity

5. Resonator design: Finesse

LSA

PA=3, PP=1 ~ MqwA=4, MqwP=1 PA=4, PP=1 ~ MqwA=4, MqwP=1

- Spot area of the spatial-mode on each vertical-cavity
- Finesse of the vertical-cavities

- MQW saturable absorber
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Ratio of saturation energies
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Important parameter for mode locking

Saturation fluences
Spatial-mode areas

Standing wave effects
2
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E
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(coupling efficiency)

5. Resonator design: Analysis

LSA

PA=3, PP=1 ~ MqwA=4, MqwP=1 PA=4, PP=1 ~ MqwA=4, MqwP=1 PA=4, PP=1 ~ MqwA=4, MMMMqwP=4

- Spot area of the spatial-mode on each vertical-cavity
- Finesse of the vertical-cavities

50%

50%

35%

35%
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5. Pulsewidth
- Autocorrelation function at 15 GHz

Experiments
K. Jasim et al., Electron. Lett. 40, 34 (2004)

Simulations Ι=1.3Ιth

• Stable pulses of few tens of
picoseconds at ~15 GHz
repetition rate

• Further optimization required
for ~1 ps

- Pulsewidth versus injection level in the emitter

I / Ith
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6. Summary and conclusions

GeneralizationsGeneralizations
Spatial-hole burning effects on transverse mode characteristics
Including thermo-electro-optical simulation
Noise characteristics: Phase noise and timing jitter

ConclusionsConclusions
A novel time-domain model for mode-locking dynamics in VECSELs

Stable multi-GHz rate picosecond pulse generation from a VECSEL:
~15 ps pulses at 15 GHz repetition rate in agreement with reported    
experimental results
Effects of the resonator design on the mode-locking onset:

• Spot-area ratio and finesse of the cavities ~ LSA / Simulation
• Strong mode coupling between both cavities is recommended


