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A detailed QD-SESAM growth study enabled the first modelocking of a VECSEL with similar spot size on gain and antiresonant SESAM. Antiresonant designs can strongly improve MIXSELs, a novel type of ultrafast integrated VECSELs.

Introduction and motivation

Vertical external cavity surface emitting lasers (VECSELs) combine the benefits from diode-pumped solid state and semiconductor laser technologies with wavelength flexibility, high power and excellent beam quality. Previously, ultrafast VECSELs required a folded cavity with a separate semiconductor saturable absorber mirror (SESAM) for passive modelocking. Recently, we demonstrated that SESAM and VECSEL gain structure can be integrated into a single semiconductor structure (Figure 1a), which is referred to as modelocked integrated external-cavity surface emitting laser (MIXSEL, [START_REF] Maas | Vertical integration of ultrafast semiconductor lasers[END_REF]). The compact and simple MIXSEL platform has a high potential for numerous applications such as the optical clocking of multi-core microprocessors. Inside the MIXSEL chip, the beam diameter on gain and absorber layers are the same (1:1 modelocking). For achieving stable modelocking, the absorber has to saturate faster than the gain, i.e. its saturation fluence should be lower than for the gain. This was achieved by using one QD-saturable absorber layer placed in a resonant field enhancement (Figure 1b). However, such resonant enhancement leads to high group delay dispersion and sensitivity towards growth errors (Figure 1d), which explains the relatively long pulse duration of the first MIXSEL (32 ps).

In this work, we demonstrate for the first time that an antiresonant SESAM can modelock a VECSEL with similar spot size on gain and saturable absorber. This has been made possible thanks to a systematic study on the influence of QD-SESAMs growth parameters and post-growth annealing on the macroscopic optical SESAM properties [START_REF] Maas | Growth parameter optimization for fast quantum dot SESAMs[END_REF]. We experimentally confirmed the design guidelines and present an optimized multiple-layer QD-SESAM, which achieves low saturation fluence without any resonant field enhancement. Such designs will enable MIXSELs with high growth tolerance and low dispersion (Figure 1c and Figure 1e), which is especially important for meeting the manufacturing requirements of large scale applications. 2

Antiresonant QD-SESAMs with low saturation fluence

Quantum dot absorbers have received much attention because of their fast relaxation and their large design freedom [START_REF] Rafailov | Fast quantumdot saturable absorber for passive mode-locking of solid-state lasers[END_REF][START_REF] Lorenser | Towards Wafer-Scale Integration of High Repetition Rate Passively Mode-Locked Surface-Emitting Semiconductor Lasers[END_REF]. Very recently, we presented the first detailed study on the effects of growth parameters and post-growth annealing on the macroscopic optical properties of single layer QD-SESAM. We experimentally demonstrated that the modulation depth can be tuned with the ML coverage (i.e. QD density), while the saturation fluence is constant. It is possible to reduce the saturation fluence with post-growth annealing. Depending on the annealing time and temperature, we could reduce the saturation fluence of QD-SESAMs up to a factor of ten [START_REF] Maas | Growth parameter optimization for fast quantum dot SESAMs[END_REF].

The modulation depth of the annealed single layer antiresonant QD-SESAMs is on the order of 0.5%, which is too low for VECSEL modelocking. We therefore increased the number of absorber layers and experimentally confirmed that the modulation depth is proportional to the number of layers, while the saturation fluence still remains constant. The influence of annealing is similar to single-layer QD-SESAMs, the saturation fluence can be tuned by the annealing temperature. Figure 2a shows the annealing of QD-SESAMs with 4 QD layers with about 2 ML Indium coverage grown at 420°C.

For the first time, 1:1 modelocking has been demonstrated using an antiresonant QD-SESAM, i.e. without field enhancement in the QD-absorber. The QD-SESAM with 4 QD layers was grown with two double layers placed in two subsequent antinodes of the electric field. The sample annealed at 675ºC for one hour showed the best modelocking performances. It has a modulation depth of 2.3% and 24 µJ/cm² saturation fluence. Pulses of 18 ps have been obtained at 2.75 GHz and 56 mW output power (Figure 2c). 

Conclusions and Outlook

By studying the effect of growth parameters and post-growth annealing on the macroscopic optical properties of QD-SESAM, we realized the first antiresonant low saturation fluence QD-SESAM for VECSEL modelocking. We experimentally demonstrated that the modulation depth can be tuned with the ML coverage (i.e. QD density) and the number of QD layers, while the saturation fluence is constant, as predicted by theory. Post-growth annealing allows a reduction of the saturation fluence.

For the first time, we achieve modelocking with similar mode areas on the VECSEL and the SESAM with an antiresonant absorber design. The antiresonant design is very promising for increasing the repetition rate and reducing the pulse duration of passively modelocked ultrafast VECSELs, as the antiresonant design has a lower dispersion. Moreover, it can substantially simplify MIXSEL designs. The growth tolerance will be greatly increased without the resonant field enhancement in the absorber.
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 1 Figure 1: a) MIXSEL concept b) Field enhancement (black) and refractive indices for the different layers of the MIXSEL structure (grey). The graph shows the current resonant MIXSEL design with a 5-pair intermediate DBR for field enhancement and c) the antiresonant design. d) Group delay dispersion (GDD) of the resonant design and e) the antiresonant design for random growth errors all below 1%.
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 2 Figure 2: a) Saturation fluence, modulation depth and nonsaturable losses of the 4-layers QD-SESAM grown at 420ºC. b) SESAM-VECSEL1:1 modelocking. c) Pulse characterization of the modelocking result with 56 mW average output power. Left: autocorrelation with sech 2 -fit, right: optical spectrum and RF spectrum on a 20-MHz span with 100-kHz resolution bandwidth.