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Applications that require a combination of short femtosecond pulses and gigahertz pulse 
repetition rates can benefit from the wavelength versatility and compactness offered by 
optically pumped semiconductor disk lasers (SDLs). In particular, passively modelocked 
vertical external cavity surface emitting lasers (VECSELs) with semiconductor saturable 
absorber mirrors (SESAMs) [1] has showed a constant improvement during the last decade in 
terms of average power, pulse duration and pulse repetition rate [2]. We recently have been able 
to demonstrate in the 1-!m wavelength emission range, about 100-fs pulse durations with 100 
mW of average output power [3].  

To date the best ultrafast VECSEL results in terms of output power and pulse duration have 
been obtained with InGaAs quantum wells (QWs). As shown recently [3] short pulses 
experience a significantly reduced gain saturation fluence due to spectral hole burning effects, 
limiting the maximum pulse energy achievable in ultrafast operation. Furthermore, the short 
carrier lifetime in the active QWs with hundreds of picoseconds reduces the optical-to-optical 
pump efficiency to below 1% in the sub-200-fs pulse duration regime which means that the 
electron-hole pairs (created by the continuous pumping) spontaneously recombine in the QW 
before they can be used for actual pulse amplification. To overcome these trade-offs, we started 
to explore quantum dot (QD) VECSELs. The longer carrier life time offered by QDs potentially 
enables efficiency scaling while the broader spectral gain compared to QWs should sustain even 
shorter pulses.  

Here we present the first sub-200 fs SESAM-modelocked VECSEL based on active QD layers. 
The epitaxial structure was grown upside-down on GaAs substrate by molecular beam epitaxy 
(MBE) and subsequently flip-chip bonded on diamond heat sink after substrate removal. The 
active QDs are grown following a sub-monolayer technique, stacking seven pairs of InAs and 
InGaAs sub-monolayers per QD layer. The large lattice mismatch with the GaAs substrate 
allows for the Stranski-Krastanov QD formation. Unfortunately, at this point the epitaxial 
growth quality is still limited. Still we obtained stable modelocking operation in a V-shaped 
cavity with the SESAM and a curved output coupler used as end mirrors and the VECSEL chip 
as a folding mirror. We obtained a pulse duration of 193 fs and 100 mW of average output 
power at a pulse repetition rate of 1.65 GHz.  This result represents a significant improvement 
to previous achievements with ultrafast QD VECSELs [5] and reaches a performance level 
comparable to state-of-the-art QW VECSELs.  This initial result confirms the potential for QD 
SDLs as an alternative to QW SDL.  
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Figures: 

 
 

Fig. 1. MBE-grown VECSEL. Starting from the bottom of the structure we have a 23-pair 
AlAs/GaAs distributed Bragg reflector (DBR, not entirely shown in the figure), an active region 
with 16 quantum dot (QD) layers embedded in GaAs and placed in pairs symmetrically around 
the antinode of the standing electric field (zoomed in the inset), a numerically optimized 
multipurpose anti reflection (AR) section with 2.5 AlAs/Al0.15Ga0.85As pairs and a final fused 
silica layer.  
 

 
 

Fig. 2. a) Nomarski microscope picture of the flip-chip bonded QD VECSEL. Both strain lines 
and a high defect density are clearly visible. b) QD layer (similar to the active layers in the 
VECSEL chip) analyzed with atomic force microscope. 
 

 
 

Fig. 3. Modelocking diagnostics of the QD VECSEL. a) Autocorrelation showing a pulse 
duration of 193 fs. b) Optical spectrum centered at 1032 nm with a full width at half maximum 
(FWHM) of 6.2 nm. c) Microwave spectrum indicating a fundamental pulse repetition rate of 
1.65 GHz.  
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Abstract (100 Words): 

We present the first sub-200-fs pulses generated by a vertical external cavity surface emitting 
laser (VECSEL) based on active quantum dots (QDs). The laser emits 100 mW of average 
output power at a central wavelength of 1032 nm and 1.65 GHz of pulse repetition rate. The 
structure was grown by molecular beam epitaxy (MBE) using sub-monolayer techniques for 
the quantum dot Stranski-Krastanov formation. This result shows that QDs can offer ultrafast 
performances at the level of the well-established quantum well technology, with promising 
margins for improvement, especially regarding higher optical-to-optical efficiency and shorter 
pulse durations. 


