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Lasing emission at multiple wavelengths can be used in different sensing applications and in optical 
telecommunication. In this work, we report on a six-wavelength distributed Bragg reflector (DBR) laser emitting 
around 976 nm, where six ridge waveguide (RW) structures with individual DBR gratings are combined into a 
common front section. These six elements are individually addressable and biased one at a time, for individual 
wavelength selection. The drawback of this RW combination is seen in the spatial characteristics where higher order 
modes are supported.  This is addressed through a master oscillator power amplifier (MOPA) system which 
combines the six-wavelength MO laser with a tapered power amplifier. Through this configuration, the PA acts as a 
spatial filter of the MO beam, providing a nearly diffraction limited beam with M21/e2 < 1.5. In addition, the described 
MOPA system provides output powers around 4 W with spectral single mode operation with up to 9.36 nm of thermal 
wavelength tuning.  We believe that the described MOPA configuration can be used in different applications such as 
absorption spectroscopy.

OCIS codes: (140.3490) Lasers, distributed-feedback; (140.3600) Lasers, tunable; (250.5980) Semiconductor optical amplifiers; (130.3990) Micro-
optical devices; (140.3613) Lasers, upconversion. 

http://dx.doi.org/10.1364/AO.99.099999 

1. Introduction Laser sources that emit at multiple wavelengths can serve in various applications such as optical sensing, absorption spectroscopy, and in sequentially shifted Raman spectroscopy [1-3]. In addition, multi-wavelength emission is mostly utilized in wavelength division multiplexing (WDM) systems at 1.55 µm, where the addition of emission wavelengths is used to increase the transmitted bandwidth through an optical fiber [4]. These and other applications require high output power, excellent beam quality, and spectral single mode operation at multiple wavelengths [4, 5]. A prerequisite for multi-wavelength emission is to have a broad gain spectrum and a wavelength tunable selective element. This is e.g. realized through erbium doped fiber (EDF) amplification systems, semiconductor optical amplification (SOA), micro-ring lasers, and fiber Raman amplification (FRA) systems [5-9]. Distributed Bragg reflector (DBR) ridge waveguide (RW) based diode lasers allow single wavelength emission, and in combination with a laser array configuration, multiple wavelengths can be obtained [10]. The drawback is, however, that each laser has its own aperture, and there is a need for spectral beam combining which complicates the system [11].  

Alternatively, monolithically combined DBR-RW lasers can provide emission at multiple wavelengths from a single aperture. This is e.g. realized in the so-called Y-branch DBR-RW lasers which provide dual-wavelength emission [12]. These light sources are suitable for beat signal generation, shifted excitation Raman spectroscopy, and in terahertz frequency generation [13-15]. The Y-branch lasers provide output powers of between 100 and 250 mW, depending on the emission wavelength and vertical structure [12,15]. In order to boost the output power, a master oscillator power amplifier (MOPA) system was previously reported [16]. In such a configuration, the MO provides the wavelength stabilization while the applied tapered power amplifier (TPA) amplifies the output power to the watt range. In addition, we have recently reported on a 23 nm tunable sampled-grating based MOPA [17]. In this work, we report on a novel six-wavelength DBR-RW laser at wavelength of 975 nm. The introduction of multiple wavelengths and in particular the intersection between the individual RWs, allows higher order spatial modes to propagate [11]. This is compensated through a MOPA configuration, where a TPA is used to filter the spatial characteristics and subsequently provides power amplification. In addition, the described system provides wavelength tunable single mode emission from a nearly diffraction limited beam. 



2. Setup The hybrid MOPA system is sketched in Fig. 1 consisting of a six-wavelength DBR-RW MO laser and a TPA. A hybrid configuration is chosen here to minimize thermal feedback effects between the two chips. As the PA is injected with multiple amperes of current, a high chip temperature is expected for the PA. On the other hand, the MO will be thermally tuned using a micro-heater, which induces a high temperature gradient. Thus, by spacing the MO and PA apart, the thermal coupling is reduced between the two chips.  

Fig. 1.  Sketch of the MOPA system. The MO has a super-large optical-cavity (SLOC) structure with an InGaAs single quantum well (SQW), sandwiched between AlGaAs waveguide and cladding layers. The exact dimensions as well as the material parameters are described elsewhere [12]. The MO is 4 mm long, has a RW width of 2.5 µm, etched down to ∼ 1370 nm for transverse mode filtering, and has a measured effective index of neff = 3.66. The device consists of three sections; 850 µm long DBR grating section, 2600 µm long contact section for each arm, and a 500 µm long front contact section. Each arm has its own contact for separate current injection.  The front facet of the MO has a 30% reflectivity coating, while the rear facet has an antireflection (AR) coating with a residual reflectivity of the order of 10-4. The back facet was AR coated to reduce optical feedback effects of back reflected waves that do not propagate inside the waveguide. The 30% front facet reflectivity was chosen, as it provided a stable wavelength selection and performance (in comparison with a 5% reflectivity). This is explained by the reduced coupling between the back reflected light from the PA and into the MO (and the optical elements), as it suppresses a possible cavity arising between the front facets of the PA and the MO.  The wavelength of each arm is defined by individual 7th order deeply etched DBR gratings, which are numbered A1-A6 as shown in Fig. 1.  The necessary grating length and residual layer thickness above the quantum well dres was calculated with a simulation tool based on CAMFR (Bienstmann), in order to optimize the reflectivity of the gratings. The calculated reflectivity for dres = 500 nm is 90% for a 1 mm long grating. Due to the implementation into the waveguide, which is 2.5 µm wide and by applying shorter grating lengths, this value is slightly reduced. The gratings pitch is adapted to the different target wavelengths and is around 1.3 µm. This 7th order grating with a high duty cycle is selected due to manufacturing issues, it is reproducible, and have a low impact on the reflectivity.  In addition, a resistor based micro-heater is implemented on top of the grating section for thermal tuning of each arm.  This heater has separate electric contacts from the DBR sections, so that no current is injected into the DBR sections or the gain section below. The waveguide scheme of the six-arm DBR-RW lasers is plotted in Fig. 2. Each arm consists of two waveguide sections; an angled (dashed) and a bend part (solid), which are combined into the common front section (dotted). The bend sections follow the cosine S-bend formula [18]:  

𝑌 𝑧 𝑤2 1 cos 𝜋𝑧𝐿 , where Y is the lateral position of the waveguide at position z, with the offset value of w for a bend length of L, see the upper inset of Fig. 2. The half offsets are winner = ±40 µm, wmiddle = ±120 µm, and wouter = ±200 µm for the inner, middle, and outer arms respectively. The bend length of all three pairs of arms is L = 2000 µm defined between z = [L/2,L]. In this range, a single bend is obtained instead of two bends (S-shape) that occurs between z = [0,L], as illustrated in the upper inset of Fig. 2. The bend losses are reduced by implementing a large bend radius (by setting w<<L), according to the etch depth and effective index step [19,20]. The maximum bending radii of the three arm pairs are Rinner = 28.7 mm, Rmiddle = 9.6 mm, and Router = 5.8 mm, respectively. These values are estimated as the inverse second derivative [21]: 𝑅 𝑑 𝑌 𝑧𝑑𝑧 . The bend sections are connected to RW sections (dashed in Fig. 2), which are angled by ±8.9°, ±5.4°, and ±1.8° for the outer, middle, and inner arms, respectively. These values are found to provide a smooth transition between the angled and the bend sections. We have recently reported on a similar waveguide structure (angle + bend) in a Y-branch DBR-RW laser in [12]. The motivation for this waveguide structure is to provide a smooth combination between the individual arms through the bend sections. The angled parts on the other hand, provide an increased spacing between the individual DBR gratings for easier manufacturing and heater implementation. The combination of the 3 individual arm pairs is shown in the lower inset of Fig. 2, indicating the 100 µm z-axis displacement between the intersection points of the three arm pairs. 

 Fig. 2. Sketch of the six-arm DBR-RW laser. The dashed lines represent the angled sections, the solid are the bend sections and the dotted is the common front section. Insets: full S-bend shape and a close-up of the intersection between the three pair of arms. The PA has an asymmetric SLOC structure with a double quantum well (DQW) active region, guided through AlGaAs waveguide and cladding layers, similar to the one reported in [22]. The PA chip is 6 mm long and consists of two sections; a 2 mm long RW (5 µm wide) followed by a 4 mm long TPA section with a taper angle of 6°, see Fig. 1. The two sections of the PA also have individual contacts for separate current injection, which can be used to influence the spatial quality of the tapered structure [23]. The facets of the PA are both AR coated (reflectivity of the order of 10-4), to minimize lasing of the PA itself and to ensure amplification of the MO. The MO and PA chips are both mounted p-side up on individual CuW sub-mounts, which are then mounted on top of a common AlN heat-



spreader using AuSn solder. The later serves as the optical bench, which has the dimensions L × W × H = 20 mm × 5 mm × 1 mm. Finally, the optical bench is mounted on top of a compact 25 mm × 25 mm conduction cooled package (CCP). The vertical and lateral structures of the MO and PA define their individual apertures, which are used to choose a set of fast/slow axis collimation (FAC/SAC) cylindrical micro-lenses, see Fig. 1. The FAC lenses have the dimensions L × W × H = 1.5 mm × 0.8 mm × 1 mm, with a focal length of f = 0.6 mm, and a numerical aperture (NA) of 0.8. The SAC lenses have the dimensions L × W × H = 1.5 mm × 1 mm × 1.5 mm, 
f = 2.3 mm, and NA = 0.3. This coupling corresponds to a 1:1 imaging of a MO aperture (spot) that is 2.5 µm wide and 2 µm high, into the PA aperture being 5 µm wide and 2 µm high. According to numerical simulations this provides a 0.97 and 0.93 coupling along the horizontal (fast) and vertical (slow) axis, respectively. Note that these simulations only take the fundamental spatial mode and no higher order modes into account. Therefore, it was estimated that only 30 mW (out of 100 mW) is coupled into the PA.  These above numbers were obtained through simulations using the 
BeamXpertDESIGNER software [24], which uses a ray-transfer (ABCD) matrix method [25]. The lenses are positioned and glued on top of the optical bench using UV-curing adhesive. The temperature coefficients of the MO and PA are experimentally determined by observing the emission peak wavelength at different (heatsink) temperatures. By assuming a linear dependency between the wavelength and temperature, the MO temperature coefficient is estimated to be Δλ/ΔT = 0.065 nm/K while the PA has a coefficient of 0.3 nm/K. The smaller coefficient of the MO is due to the wavelength stabilization of the DBR grating, while the larger of the PA represents the bulk semiconductor material. 
3. Electro-optical characteristics The MO is operated by injecting IMO = 300 mA through an arm section and IFront = 35 mA into the front section, see Fig. 1. This provides an estimated coupled Pseed = 30 mW of seed power into the PA, at a temperature of 15°C (temperature kept constant through this study).  The low current of 35 mA is injected into the front section to make this section transparent and non-absorbent. Note that the MO provides more than 100 mW at the described current setting, but due to the poor beam quality (shown in next section), we estimate that only 30 mW is coupled into the PA. While the typically required saturation powers of a TPAs lie between 15 and 20 mW [16], this over-seeding is chosen to provide a uniform output power during the wavelength tuning, as will be shown later. The output power of the MOPA system is shown in Fig. 3 for IRW = 300 mA through the RW section and at different ITPA currents. Comparable maximum output powers (Pmax) are obtained, ranging between 3.6 and 3.9 W when seeding from the different MO arms. This indicates that a proper coupling (seeding) is obtained from all six arms of the MO laser.  The emitted wavelengths at Pmax are shown in Fig. 4, recorded with a double-echelle monochromator (Demon from LTB Lasertechnik Berlin). This monochromator has a spectral resolution of 17 pm at 975 nm, and was chosen due to its high sensitivity, as the (reflected) wavelength and output power are measured simultaneously.  Spectral single-mode operation is observed for all six arms, with full width at half-maximum (FWHM) spectral values limited by the spectrometer. The six emission wavelengths lie between 971.17 nm and 978.04 nm with 1.3 nm wavelength spacing, as intended from the DBR gratings design.  While the described TPA structure can tolerate ITPA > 15 A [22], the measurements for this work were stopped at ITPA = 6 A. This is due to the detuning between the MO wavelengths and the PA gain curve at 

higher currents, explained by the different temperature coefficients 
Δλ/ΔT of the MO and PA. 

 Fig. 3. Output power of the MOPA system at different ITPA currents. 

 Fig. 4. Emission wavelength of the individual arms at Pmax. 
4. Spatial characteristics 

A. Beam quality of the MO The spatial characteristics of the MO are obtained according to the moving slit method [26]. The normalized lateral intensity distributions of the near fields are shown at the top in Fig. 5. The beam waist profiles each show a defined central lobe, with a number of low and high intensity side-lobes. The outer arms have the strongest side-lobes, followed by the middle, and the inner arms, respectively. This is likely due to the stronger curvature of the outer arms (smaller bending radii). Symmetry is seen between the side-lobes of the three pairs of arms, indicating that they are caused by the waveguide structures of the individual arms and the intersection of them. The near field widths (measured at 1/e2) of the six MO arms are summarized in Table 1. As already noticed, the outer arms have wider beam waists (32 and 40 µm) due to the stronger and wider side-lobes, than the inner four arms (between 20.5-22.0 µm). These high width values are explained by the RW intersection points between the individual RWs, allowing higher order spatial modes to propagate, although each waveguide is only 2.5 µm wide [12]. The far field distributions are likewise obtained and are shown in the bottom in Fig. 5. A beam steering effect is seen in the far field profiles, as well as multiple symmetrical intensity peaks between the three pairs of 



arms. The far field angles at 1/e2 are shown in Table 1. The multi-mode and beam steering effects are once again explained by the intersection points between the individual arms, where the light suddenly experiences a RW twice as wide, see the inset of Fig. 2. By using the measured near field widths and the far field angles, the propagation values M21/e2 in Table 1 are calculated. From these values, it is clear that the outer arms exhibit worse beam quality than the inner four arms, due to the larger bending radii, which is also visible from Fig. 5. 

 Fig. 5. Near and far fields of the MO at IMO = 300 mA and IFront = 35 mA. Finally, by considering the near field distributions, the power in the central lobe PCL of each arm is obtained and summarized in Table 1. Once again, the inner four arms have comparable PCL values between 40 and 50%, while the outer two arms have low values of 26 and 34%. This inconsistency is likely due to the stronger curvature (small bending radii) of the outer two arms which allows the propagation of higher order modes. This being said, all six arms exhibit bad beam qualities, which is the “cost” of combining six individual RWs into a single aperture. At higher IMO injection currents, the beam quality deteriorates for all six MO arms. However, the overall observed behaviour is maintained, i.e. the large discrepancy between the outer two and four inner arms.  
Table 1: Beam quality parameters of the MO arms at IMO = 300 mA 
and for IFront = 35 mA. MO arm Near field width [µm] Far field angle [°] M21/e2 PCL [%] A1 32.0 20.8 9.4 26 A2 22.0 22.2 6.8 50 A3 21.5 21.5 6.5 51 A4 20.5 21.5 6.2 51 A5 22.0 21.2 6.5 42 A6 41.0 20.8 12.0 34 
B. Beam quality of the MOPA The corresponding beam waists of the six arms of the MOPA system are shown in Fig. 6. It is here seen that for all six arms, defined central lobes with a number of low intensity side-lobes are obtained. The measured beam waist widths lie between 5 and 6 µm, except for the case of A1 where a high intensity side lobe leads to a beam waist of 9 µm, see Table 2. The inset of Fig. 6 shows a slight spread (of maximum 650 nm) between the six beam waist peaks. Nevertheless, this measurement indicates that effective coupling should be possible into an 8 µm or wider single / low mode fiber. Likewise, the far field distributions are measured and are shown in Fig. 7. A consistency is seen when comparing the far field distributions, 

with angle values of about 15.5°. In this measurement, an excellent overlap is observed between the six fields without a sign of beam steering. The corresponding M21/e2 propagation values lie between 1.1 and 1.4, while A1 has M21/e2 = 2.0. These values lie typically at 
M21/e2 = 1.0 at low optical powers (ITPA = 3 A) and increases with higher optical powers. Finally, the PCL values are also calculated which show high percentages between 79 and 89% (70% for A1).  This means that between 2.7 and 3.2 W of output power lies in the central lobe of the MOPA system. An astigmatism of 1.5 mm was observed from the MOPA for each arm, indicating once again proper coupling from the individual arms. 

 Fig. 6. Normalized beam waist position of the MOPA system at Pmax. Inset: Zoom of the beam waist peaks.  

 Fig. 7. Normalized far field distribution of the MOPA system at Pmax.  
Table 2: Beam quality parameters of the MOPA at Pmax and for the 
case without seed (PA alone). MO arm Near field width [µm] Far field angle [°] M21/e2 PCL [%] A1 9.5 15.3 2.0 70 A2 5.0 15.3 1.1 85 A3 5.5 15.5 1.1 77 A4 5.5 15.5 1.2 82 A5 6.5 15.8 1.4 79 A6 5.5 15.6 1.1 89 PA alone 5.5 15.4 1.2 84  



The spatial characteristics of the MOPA system show a clear improvement with nearly diffraction limited beam quality at Pmax. The PA, in particular its RW section, serves as a spatial filter of the otherwise non-Gaussian beams of the MO. In addition, a more consistent performance is obtained through the MOPA system, both in terms of output power and beam quality, which is necessary in most applications.  For reference purposes, the spatial characteristics of the PA without being seeded are also included (PA alone) in Table 2. These values indicate that the overall beam quality of the MOPA system is in agreement with the PA, and that the system is less influenced by the beam quality of the individual MO arms. For this measurement, the PA was operating in a Fabry-Perot mode, due to the front facet reflectivity (30%) of the MO. 
5. Wavelength tuning As described earlier, a resistor based micro-heater is embedded on top of the grating section of the MO to provide thermal wavelength tuning, see Fig. 1. The measured wavelengths as function of the heater current are combined and shown in a contour plot in Fig. 8. The heater current 
Iheater was increased up to 400 mA with a step size of ΔIheater = 5 mA.  

 Fig. 8. Combined false colour contour plot of the emission wavelengths of the individual arms at different currents for Pmax and at T = 15°C.  A quadratic tuning behaviour is seen in Fig. 8, due to the Joule heating of a resistor which scales; P = R × Iheater2. The wavelength of each MO arm can be tuned by up to 2.6 nm as summarized in Table 3. This indicates that a temperature rise of about 40K is induced according to the Δλ/ΔT = 0.065 nm/K of the MO. With the spectral distance between the individual DBR gratings (1.3 nm) and with the obtained tuning, a combined 9.36 nm of tuning range is achieved between 971.29 and 980.65 nm. This being said, these results suggest that by proper 

placement of each DBR grating, a total tuning of about 2.5 nm × 6 = 15 nm can be achieved. Single mode operation is observed in Fig. 8 from all six arms at lower heater currents, while multi-mode operation becomes more frequent at higher Iheater. This is especially the case in between the individual mode hops, where “multi-mode” operation takes place, with maximum spectral widths of about 262 pm at 1/e2 and around 77 pm at FWHM.  The output power of the MOPA system as function of the heater current is shown in Fig. 9. These measurements indicate small power variations during the wavelength tuning as summarized in Table 3. This low power variation is explained by the over-seeding of the PA. As the temperature of the MO rises with increasing heater currents, the efficiency and thus its output power drops. However, even with this decrease of seed power, the PA is still properly seeded and provides a stable output power.  Due to the limited numerical aperture of the used slow axis collimator, the coupled output power into the power amplifier can vary depended on the position and shape of the far field distribution of the master oscillator. The larger power variation of 4.7% from arm A5 can be therefore caused by the rather larger far field peak of -4.8° (see Fig. 5), in comparison to the values for the other branches. The maximum power for branch 2 on the other side could be due to the unintended adjustment of the lenses to the branch, when manufacturing the device.  
Table 3: Wavelength tuning characteristics of the MOPA system. Arm @ Pmax Tuning range [nm] Power variation [%] A1 2.48 1.1 A2 2.57 3.3 A3 2.62 2.2 A4 2.65 1.2 A5 2.53 4.7 A6 2.38 0.6  

 Fig. 9. Normalized output powers of the MOPA (at Pmax) and heater voltage at different heater current Iheater for the six MO arms. In addition, Fig. 9 shows the heater voltage as function of the applied current. A voltage drop of U = 8.8 V is measured at a heater current of 
Iheater = 400 mA. This corresponds to an induced electrical (heater) power of P = U × Iheater = 3.52 W and a heater resistance of about R = 
U / Iheater = 22 Ω. 
6. Conclusions In this work we report on a compact, tunable, and high power six-wavelength MOPA system. This system utilizes a MO for wavelength stabilization and tuning, while the PA ensures output power in the watt range. The MO is a six-wavelength DBR-RW laser, where six individual 



RWs with corresponding DBR gratings are combined into a common front section. Due to this combination, in particular at the intersection points between the six arms, higher order spatial modes are supported. This is seen in the non-Gaussian beam quality of the six arms with M21/e2 values ranging between 6 and 12.  By combining the six-arm laser with a TPA, output powers between 3.5 and 4 W are obtained, with spectral single mode operation (spectral width below 17 pm). More importantly, the RW section of the PA acts as a spatial filter of the side-lobes of the MO individual arms. This filtering effect is seen as the MOPA system provides a nearly diffraction limited beam, with M21/e2 values between 1.1 and 2.0 and high power in central values between 70 and 90%. In addition, the wavelength tuning of the MO is demonstrated using a resistor based micro-heater embedded on top of the grating section. Up to 2.6 nm of wavelength tuning is achieved from the six-arms, which in combination with the gratings spectral spacing provides a total 9.36 nm of wavelength tuning.  We believe that the described MOPA configuration, together with the observed spatial filtering effect will be useful when considering multi-wavelength lasers. In addition, the amplification of the output power together with the wavelength tuning makes this concept ideal for multiple applications. In particular, absorption and spectroscopy applications would benefit from such multi-wavelength lasers. 
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