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Abstract

I. INTRODUCTION

UANTUM DOT (QD) lasers and amplifiers are of great interest for optical telecommunication. QD lasers have a very low transparency current density per dot layer, a wide gain bandwidth and can have a much lower threshold current density [START_REF] Maksimov | High-power 1.5 =m InAs-InGaAs quantum dot lasers on GaAs substrates[END_REF] compared to bulk or quantum well lasers. The use of QD optical amplifiers for the regeneration of optical data streams has been reported upon in literature (e.g. [START_REF] Sugawara | Recent progress in self-assembled quantum-dot optical devices for optical telecommunication: temperature-insensitive 10 Gb s -1 directly modulated lasers and 40 Gb s-1[END_REF]). For the use of QD lasers and amplifiers in optical integrated circuits for telecommunication, there are two important aspects. The first is the operation in the C and L band; the second is the option to have deeply etched mono-mode ridge QD waveguide amplifiers which allow for significantly more compact devices. QD material has the advantage over other active materials with respect to the spreading and sidewall recombination [START_REF] Moore | Reduced Surface Sidewall Recombination and Diffusion in Quantum-Dot Lasers[END_REF] of injected carriers. It has been reported in [START_REF] Ledentsov | Optical spectroscopy of self-organized nanoscale heterostructures involving high-index surfaces[END_REF] that PL intensities of 1.2 =m InAs QDs deeply etched mesas depend weakly on the mesa size down to 200 nm. Deeply etched InAs/GaAs QD lasers have been reported with waveguide mesa widths down to 1 =m in the 1.3 =m wavelength range [START_REF] Ouyang | High performance narrow stripe quantum-dot lasers with etched waveguide[END_REF][START_REF] Kuntz | Direct modulation and mode locking of 1.3 =m quantum dot lasers[END_REF]. A ring laser at 1.3 =m has also been reported [START_REF] Cao | skia "Highly unidirectional InAs/InGaAs/GaAs quantum-dot ring lasers[END_REF], with a 10.28 mm long ring shallowly etched. Our main interest in the work presented here is the ability to produce ring laser cavities with a free spectral range such as 40 GHz or higher. In this paper we present first results on InAs/InP (100) QD lasers, lasing in the 1.55 =m wavelength range, with mono-mode deeply etched waveguides (1.65 =m width). The presented lasers are Fabry-Pérot (FP) and ring cavity types. All our high contrast deeply etched QD lasers have the same threshold current density as shallowly etched ones and do not deteriorate over many hours of operation. It appeared that due to the low absorption of the QDs, the output waveguides of the ring lasers do not need to be contacted and injected with current for operation of the ring lasers with reasonable output power. This shows that for specific applications QD active materials offer the possibility to integrate active and passive devices on a single chip in a uniform layer stack.

II. FABRICATION PROCESS

The QD laser structure was grown on n-type InP (100) substrates by metal organic vapor-phase epitaxy (MOVPE). In the active region, five-fold stacked InAs QD layers separated by 40 nm thick InGaAsP ( Q = 1.25 =m; Q1.25) were placed in the center of a 500 nm thick lattice-matched Q1.25 waveguide core. The choice of the Q1.25 waveguide core is the result of an optimization made with regards to the application of this material in active/passive photonic integration using selective area regrowth [START_REF] Bente | Ultrafast InP optical integrated circuits[END_REF]. It is a compromise between the maximum confinement energy of the QDs for temperature stability of active devices, a large electro-optic effect for phase modulators in passive areas, and maintaining a large refractive index contrast for strong vertical optical mode confinement. The nominal InAs amount for QD formation was 3. (MLs). One ML GaAs interlayer was inserted underneath each QD layer to suppress unwanted As/P exchange reactions during QD growth to tune the QD emission wavelength into the 1.55 =m region [START_REF] Anantathanasarn | Stacking and polarization control of wavelength-tunable (1.55-=m region) InAs/InGaAsP/InP (100) quantum dots[END_REF]. Bottom and top claddings of the laser structure are 500 nm n-InP buffer and 1.5 =m p-InP completed by a compositionally graded 75 nm p-InGaAsP contact layer. The device performance of shallowly etched narrow ridge waveguide QD lasers processed from the same material is reported in [START_REF] Anantathanasarn | Lasing of wavelength-tunable (1.55-=m region) InAs/InGaAsP/InP (100) quantum dots grown by metalorganic vapor phase epitaxy[END_REF].

The waveguides have been processed using Reactive Ion Etching (RIE). For electrical isolation between contacted waveguides, the contact layer and part of the top cladding were removed. Before contacting, the waveguides have been planarized by polyimide. A cross-sectional image of the laser structure is shown in figure 1.

III. FABRY-PÉROT LASER RESULTS

The cavity length of the 1.65 =m wide deeply etched FP QD laser is 2.0 mm, defined by cleaving. The cleaved facets are un-coated. Comparison with the shallowly etched QD lasers shows that lasing occurs on the QD ground states [START_REF] Anantathanasarn | Lasing of wavelength-tunable (1.55-=m region) InAs/InGaAsP/InP (100) quantum dots grown by metalorganic vapor phase epitaxy[END_REF]. The threshold current density in continuous wave (CW) operation is 3.3 kA/cm² at 15°C, which is the average value for eight different lasers. The value is affected by thermionic emission of the carriers from the QDs to the InGaAsP barriers due to the relatively low energy barrier height. Most remarkable, the threshold current density is the same as that of the 2 =m wide shallowly etched ridge QD lasers which are on the same chip. This demonstrates that the performance of the deeply etched lasers does not suffer from surface recombination at the etched sidewalls due to the three-dimensional confinement of injected carriers in the QDs [START_REF] Ledentsov | Optical spectroscopy of self-organized nanoscale heterostructures involving high-index surfaces[END_REF]. The QD lasers did not degrade with time as compared with bulk lasers fabricated in the same way and thus passivated by the polyimide, where lasing stops after one hour when pumped at twice the initial threshold current.

The optical output power of the FP QD laser from one facet as a function of the current density for different temperatures in CW operation is plotted in figure 2. The light was collected using an objective lens (NA = 0.65). Output powers up to a few milliwatts are obtained. From the PI curves a value of the characteristic temperature T 0 of 20 K at room temperature is determined, the same value as that for shallowly etched lasers. This relatively low T 0 , for CW operation, is dominated by thermionic emission of carriers from the QDs to the Q1.25 barriers. Figure 3 shows a typical lasing spectrum measured with a high resolution Optical Spectrum Analyzer (OSA), APEX 2401A. The wide lasing spectrum is due to the 80 nm gain bandwidth [START_REF] Anantathanasarn | Lasing of wavelength-tunable (1.55-=m region) InAs/InGaAsP/InP (100) quantum dots grown by metalorganic vapor phase epitaxy[END_REF] and the inhomogeneous character of the QD gain medium. For the eight lasers measured, the central wavelength varies from 1565 nm to 1595 nm.

IV. RING LASER RESULTS

A photograph of two realized compact QD ring lasers is presented in figure 4. The deeply etched waveguides are visible as dark lines. The rings are 2.0 mm long. The bends have a radius of curvature which decreases adiabatically down to 100 =m in order to avoid offsets between straight and curved waveguides which can give rise to reflections. The length of such 90° bend is twice longer compared to a circular bend with offsets. The directional coupler is double-etched with the gap shallowly etched and the outer ridges deeply etched to increase the fabrication tolerances [START_REF] Griffel | Low-threshold InGaAsP ring lasers fabricated using bi-level dryetching[END_REF]. The coupler is 200 =m long and the gaps vary from 0.9 to 1.2 =m in width resulting in output coupling efficiency between 25 and 50 %. The reflectivity of the cleaved facets of the output waveguides is reduced by the 7° angle and anti-reflection coating. The lasers have two separate electrical contacts, one for the rings and the directional couplers and another one for the two output waveguides. The electrical isolation sections between the ring and the output waveguides are 15 =m long under an angle of 45 degrees.

In figure 5 a), the total optical output power from the long and Fig. 2. Output power at one facet of the deeply etched FP QD laser as a function of current density for different temperatures. The light was collected using an objective lens (NA = 0.65). The characteristic temperature T0 is 20 K. 

V. CONCLUSION

We have presented the results on InAs/InP (100) QD Fabry-Pérot and ring lasers employing narrow deeply etched waveguides (1.65 =m width) and lasing in the 1.55 =m wavelength range. We have observed that the performance of such lasers does not suffer noticeably from surface recombination of injected carriers. The deeply etched lasers have the same threshold current densities as shallowly etched ones and do not deteriorate with time. These observations show that more compact integrated photonic devices can be realized through the use of deeply etched bends with a small radius of curvature. This was demonstrated by the realization of small ring lasers. The measurements performed with unpumped output waveguides of the ring lasers, due to the low absorption and transparency current densities, reveal that QD gain materials offer further increased flexibility for photonic integration for specific applications. Short sections of unpumped waveguides are easily bleached with limited power loss. One can consider the possibilities for integrating lasers, photodetectors and passive waveguides for interconnection, using the same layer stack and thus avoiding sophisticated active-passive integration technology. 
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  In this paper we report on the fabrication and characterization of InAs/InP (100) quantum dot Fabry-Pérot and ring lasers, lasing in the 1.55 'm wavelength range and employing narrow deeply etched ridge waveguides (1.65 'm width). The performance of the lasers appears not affected by sidewall recombination effects of the deeply etched waveguide structure. Narrow deeply etched ridge waveguides can be mono-mode and allow for a small bending radius to realize compact integrated devices. As a demonstration we present results on a compact ring laser with a free spectral range close to 40GHz. Due to the low absorption of the quantum dots, unpumped output waveguides can be used. Index Terms-Quantum dots, Semiconductor lasers, Ring lasers, Integrated optics, Waveguide bends.
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 11 Fig. 1. SEM image of the cross section of the 1.65 =m wide deeply etched ridge waveguide QD laser. The Q1.25 waveguide core is indicated by two dashed lines.
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 3 Fig. 3. Lasing spectrum of the deeply etched FP QD laser for I = 300 mA and T = 12°C, (resolution 0.16 pm).
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 4 Fig. 4. Top view of two QD ring lasers with two separate electrical contacts, 1) for the ring and the directional couplers and 2) for the output waveguides. The length of the rings is 2mm, the directional coupler gaps are 1.0 and 1.2=m.
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 5 Fig. 5: a) Total optical output power as a function of IRing for different IWG. b) Short and long output waveguides power as a function of IRing for IWG = 5mA. The output powers are corrected for coupling and optical isolator losses. T = 12°C. The directional coupler gap is 1.2 =m.