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Abstract: We have demonstrated for the first time a 
passively modelocked vertical external cavity surface 
emitting semiconductor laser with an integrated 
saturable absorber within the same growth run.  This 
ultrafast surface emitting semiconductor laser is 
power scalable at high pulse repetition rates and 
suitable for cost-effective high-volume wafer-scale 
fabrication for telecommunications or optical 
clocking applications. 

Introduction 
Since the first demonstration of a passively 
modelocked vertical-external-cavity surface-emitting 
semiconductor lasers (VECSEL) in 2000 [1], pulse 
durations, average powers and pulse repetition rates 
have dramatically improved [2]. Today, the perfor-
mance of these ultrafast laser sources is competitive 
to diode-pumped solid-state lasers: high average 
output powers of up to 2.1 W [3], short pulse 
durations of <500 fs [4], and high pulse repetition 
rates of up to 50 GHz has been achieved [5].  These 
lasers, however, were based on a separate intracavity 
semiconductor saturable absorber mirror (SESAM) in 
folded cavity geometries [6] (Fig. 1a and b).   
The integration of the absorber and the gain in a 
single semiconductor device enables modelocking 
with the simplest cavity – a straight cavity (Fig. 1c).  
This will ultimately offer the potential for wafer-
scale fabrication and operation at even higher 
repetition rates.  In this work, we have successfully 
demonstrated such a device for the first time and 
refer to it as the modelocked integrated external-
cavity surface emitting laser (MIXSEL).  Such lasers 
could become an enabling technology basis for ultra-
compact high-repetition-rate laser devices suitable 
for cost-efficient high-volume fabrication. 

Integration Concept 
The first modelocking experiments were based on 
quantum well (QW) SESAMs and VECSELs.  With 
semiconductor lasers we have to take into account 
dynamic pulse-to-pulse gain saturation.  Therefore, 
the saturable absorber has to saturate and recover 
faster than the gain for stable modelocking.  With the 
same QW material and therefore similar saturation 
fluence in both the gain and the absorber, this only 
can be achieved with a smaller cavity mode size on 
the SESAM (Fig. 1a).  Such cavities are not ideal for 
high power or high repetition rate scaling.  More 
important, this concept is not applicable for wafer-
scale integration (Fig. 1c) because of the different 
mode sizes on gain and absorber.   
We were able to lower the saturation fluence and 
reduce the recovery time of the absorber with 
quantum dot (QD) SESAMs grown at low 
temperatures and successfully demonstrated passive 
modelocking with the same mode size on gain and 
absorber (Fig. 1b), which we referred to as 1:1 
modelocking [7].  This was an important milestone 
towards our integration goal and also relaxed the 
constraints on cavity design.  This resulted in higher 
output powers at repetition rates of up to 50 GHz [5]. 
For the first integration demonstration, however, 
many more challenges needed to be solved.  The 
acceptance for growth errors is much lower for an 
integrated structure than for separate gain and 
absorber, since both electric field enhancements and 
dispersion depend critically on layer thickness and 
layer material composition.  Another difficulty is the 
lower growth temperature for the quantum dot 
section than for the rest of the structure, which leads 
to annealing of the dots during the continuation of the 
growth. 

Fig. 1: Three step integration scheme from VECSEL-SESAM modelocking with a) large mode area ratios, b) to 
identical mode areas and c) to absorber gain integration in a MIXSEL. 
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MIXSEL Design 
The MIXSEL-structure was grown with molecular 
beam epitaxy (MBE) in a single growth run and 
consists of five sections (Fig. 2):  
1) a highly reflective AlAs/GaAs distributed Bragg 
reflector (DBR) for the laser wavelength at 960 nm;  
2) a low temperature grown absorber section 
composed of a layer of self-assembled InAs quantum 
dots embedded in GaAs layers; 
3) an intermediate AlGaAs/AlAs DBR for the pump 
wavelength at 808 nm which prevents the absorption 
of the pump light in the absorber section;  
4) a gain section with 7 InGaAs QWs; 
5) an antireflection coating to achieve the required 
electric-field enhancements for the gain and absorber 
sections.   

 
Fig. 2: Schematic MIXSEL-structure (not to scale) with 
five sections: High reflector at 960 nm, absorber section 
with self-assembled InAs quantum dots, an intermediate 
mirror at 808 nm, gain section with InGaAs quantum wells 
and an antireflection section. 
 
The gain region contains seven InGaAs quantum 
wells placed in the maxima of the standing-wave 
pattern and separated by spacer layers of GaAs. The 
pump light is absorber in the spacer layers around the 
QWs, giving high pump absorption.  
The structure is designed to reduce the influence of 
growth errors and to minimize the group delay 
dispersion (GDD) for better modelocking conditions.  

Characterization 
The grown structures are analyzed with an optical 
reflectivity measurement in combination with 
scanning electron microscopy (SEM). Moreover, the 
GDD is characterized by white light interferometry. 
The quantum dot properties (absorption and 
saturation) have been optimized with a nonlinear 
reflectivity measurement setup using a conventional 
ML-VECSEL as laser source. The advantage of this 
laser source is that we operate at similar wavelengths 
and pulse durations as the MIXSEL. The setup was 
optimized for high precision: for a variation of three 
orders of magnitude in pulse energy, the reflectivity 
is measured with an accuracy of below 0.1%. This 
enabled us to optimize the saturation fluence and the 
modulation depth (the difference between an 
unsaturated and completely saturated SESAM).   

Experiment and Results 
After growth, the MIXSEL-structure was soldered to 
a copper heatsink, which is temperature-stabilized 
using peltier elements and a water-cooled mount.  
The laser cavity is linear, 5.3 cm long, with the 
MIXSEL-structure as the end-mirror and a 0.35% 
output coupler with 60-mm radius of curvature, see 
Fig. 3.  The laser mode size on the MIXEL-structure 
was 80 μm. We pumped the structure optically at an 
angle of 45º and at a wavelength of 808 nm. An 
intracavity 25-μm thick fused silica etalon was used 
for wavelength tuning and dispersion management.   
Modelocking was achieved for lasing wavelengths of 
953 – 956 nm.  The MIXSEL delivered 40 mW 
output power at a repetition rate of 2.8 GHz in 35 ps 
pulses (Fig. 3).  The spectral width was 0.11 nm, 
leading to a time bandwidth product of 4 times the 
transform limit, indicating that shorter pulses should 
be possible with these quantum dots. 
In this first demonstration of a MIXSEL, the 
maximum achievable output power was limited by 
thermal effects due to the high thermal impedance of 
the 600-µm thick GaAs substrate on which the 
structure was grown.  This can be improved by 
growing the structure in reverse order (“up-side-
down” structure) with etch-stop layers and removing 
the substrate using selective etching. This has 
previously been demonstrated with the former 
VECSEL-SESAM modelocking approach [2, 8].  
The low thermal impedance results in a quasi-one-
dimensional heat flow, thus the output power can be 
increased by enlarging the mode sizes on the gain 
accordingly and operating at the same pump 
intensity. 
 

 
Fig. 3: Laser cavity, the red line indicates the cavity-mode. 
The large lens in the middle of the picture focuses the 
pump beam on the gain structure. 
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Fig. 4: Pulse characterization; top: Measured autocor-
relation fitted with autocorrelation of an ideal 34.6 ps sech2 
pulse, center: RF spectrum at pulse repetition rate, bottom: 
optical spectrum. 
 
Conclusions and Outlook 
We have successfully demonstrated the first 
passively modelocked VECSEL for which the gain 
and absorber were integrated into single 
semiconductor structure.  Modelocking was achieved 
with a simple straight cavity with 40 mW average 
output power at a pulse repetition rate of 2.8 GHz.  
The pulse width was 34.6 ps and the central 
wavelength was tunable between 953 nm and 956 
nm.  This new-class of passively modelocked 
semiconductor lasers (MIXSELs) will potentially 
enable the realization of robust, ultra-compact multi-

GHz sources.  Furthermore this structure is amenable 
for cost-efficient wafer-scale mass production.  The 
simple cavity geometry should allow record-high 
repetition rates.  Moreover, advanced heat 
management with an “up-side-down” structure and 
substrate removal should result in multi-Watt average 
output powers as previously demonstrated in the 
former VECSEL-SESAM modelocking experiments 
[2].  The last step towards even cheaper and more 
compact ultrafast semiconductor surface emitting 
lasers will be electrical pumping.  This would result 
in devices ideally suited for many applications such 
as RGB systems, telecommunications, optical 
clocking, microscopy –  anywhere where the current 
ultrafast laser technology is considered to be too 
bulky or expensive. 
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