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ABSTRACT
This paper reports a multi-emitter laser module realization, based on internally developed InGaAs/GaAs 190 µm ridge
High Power Diode Lasers (HPDL), emitting at 976 nm. Single diode lasers shown a highly efficient power conversion and
good emitted beam characteristics together with excellent long term reliability. The multi-emitter laser module, using 20
diodes polarization and spatially multiplexed, demonstrated up to 350 W of output power at 976 nm; the absence of fiber
coupling degradation at high bias currents, thanks to the limited beam blooming from the laser diodes, ensure a good
linearity in the operating conditions. The package has a compact footprint of 54 mm x 140 mm, with an output fiber of
200 um core / 220 um cladding, and 95 % of the emitted power is within 0.16 numerical aperture (N.A.). Present realization
of high-power multi-emitter semiconductor laser source is suitable for production of high power single modules fiber laser,
moreover contributing to an important reduction of the overall fiber laser cost by effectively reducing the number of the
pump modules.
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1.

INTRODUCTION

High-power multi-emitter laser diodes modules are key components as pump source for low-cost multi-kW Yb-doped fiber
laser modules, since diodes worth usually more than 50 % of the overall laser cost [1]. Moreover, pumping at 976 nm Yb
absorption peak [2] will enable high conversion efficiency, contributing to a further cost reduction.
Present work reports performance of a multi-emitter laser module, based on 20 InGaAs/GaAs 190 um ridge semiconductor
laser diodes emitting at 976 nm, both spatial and polarization multiplexed into the output fiber.
The paper will describe the design and the results of the laser diodes optimized according to the desired specs, namely
output power and efficiency, beam quality in the whole operating conditions, emitted spectrum with tight wavelength
specification close to the 976 nm Yb absorption peak, and polarization purity (TE versus TM emission). Dedicated analysis
and related design optimization also addressed the polarization purity degradation induced by mechanical stress. High
power module design and realization is finally reported in the paper, showing power and brightness aligned with the present
state of the art.

2.

DEVICE DESIGN AND STRUCTURE FABRICATION

The laser diode epitaxial structure consists of a single 8 nm compressively strained In1-xGaxAs Quantum Well (QW)
embedded between asymmetric, graded-index, separate-confinement Al1-xGaxAs hetero-structure (GRIN-SCH),
Al1-xGaxAs p-doped cladding and Al1-xGaxAs n-doped cladding complete the epitaxial structure, see Figure 1
The QW and the epitaxial layers (thickness, doping and compositions) were modelled using the software tool Harold
by Photon Design [3], which consistently includes quantum-mechanical, optical, electrical and thermal calculations. The

modelling drove an extensive experimental study with successive generations of prototypes fabricated with different
epitaxial structures. Figure 1 (right) shows the vertical refractive index profile of the optimized epitaxial structure and the
vertical (fast-axis) optical mode.

Figure 1– (left) Schematic cross section of the diode laser heterostructure showing the ridge width, 𝑤. (right). Vertical
refractive index profile 𝑛(𝑥) and optical mode |Ψ(𝑥)|! . The active layer (QW) position and the effective refractive index
𝑛"## are shown.

Low optical propagation loss (< 0.6 cm-1), mainly due to free-carrier absorption control through proper layer doping
and hetero-structure design, allowed a 4.5 mm laser cavity length. Lateral mode confinement was provided by a 190 µm
wide ridge waveguide structure whose effective index step is ∆𝒏!"" = 𝒏!"",𝒄𝒐𝒓𝒆 − 𝒏!"",𝒄𝒍𝒂𝒅 ≅ 1 × 10+, , where
𝒏!"",𝒄𝒐𝒓𝒆 and 𝒏!"",𝒄𝒍𝒂𝒅 are the effective refractive indexes of the core and cladding regions respectively.
The broad-area asymmetric GRIN-SCH hetero-structure allowed reduced vertical ^ and lateral || far-field, (less
than 57o^ ´ 12 o ||, full width@1/e2). High slope efficiency (> 1 A/W), low series resistance (< 20 mW) and high wall-plug
efficiency (> 60 %) were also demonstrated.
The In1-xGaxAs compressively strained QW strongly favours electron-heavy hole optical recombination (e1-hh1), see
Figure 2, which generates TE-polarized photons because of the polarization selection rules [4]. The TM optical gain is
detuned by approximately 60nm from the lasing wavelength, see Figure 2.

Figure 2: (left) Band structure, electronic levels and wavefunction calculation of the QW. (right) TE and TM optical gain
calculation. The vertical dashed red line represents the laser wavelength emission

Despite the highly polarization-selective photon generation process, the emitted optical beam could be partially TMpolarized and this is detrimental for the beam coupling technique used in the multi-emitter, see Figure 3:

Figure 3: Polarization multiplexing scheme highlighting the optical losses due to TM-polarized components (P1,TM,
P2,TM)

The TE-component fraction of the optical beams, effective to their polarization multiplexing, can be easily quantified by
the Degree Of Polarization (DOP) parameter:
𝑃-.
𝐷𝑂𝑃 =
𝑃-. + 𝑃-/
Any reduction of this parameter directly translates in optical losses within the multiemitter, as depicted in Figure 3. The
reduction of DOP is due to the mechanical stresses on the laser cavity, originating from metals and dielectrics deposited
on the the wafer during its fabrication, and by the mounting process of laser diodes on carriers. These mechanical stresses
induce anisotropic refractive index changes, through the photoelastic effect, which in turn determine the polarization
rotation of the optical beam.
In order to maximize the DOP a careful analysis of the mechanical stresses, and of the resulting photoelastic effects,
was done using multi-physics finite-element modelling tools [5], see Figure 4 (left).
The spurious TM component of the optical beam can be reduced below 5 % and it is mainly localised at the edge of the
ridge waveguide, where the stresses induced by the structure changes are stronger, see red curve of Figure 4 (right).

Figure 4: (left) modelling of the mechanical stresses in the device structure. (right) calculated output beam on the laser diode
facet. The blue curve refers to the TE-polarized component while the red curve refers to the TM-polarized component
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To scale-up the power, beams emitted by a set of single diodes are then multiplied, by using both spatial and polarization
multiplexing. A dedicated modeling package has been developed for this purpose, using as input the diode beam
characteristics, and defining an optimal beam stacking according the desired numerical aperture achievable in the fiber
output, and evaluating the corresponding coupling losses. The results of the module design are reported in Figure 5: for an
output fiber of 200 um core, a stack of 10 diodes described before will enable less than 4 % of coupling losses (at fiber
launch), with an expected numerical aperture (N.A.) of 0.17 using a fiber lens with 12 mm of focal length.
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Figure 5: design results of 10 diodes spatially multiplexed in a 200 um core fiber

3.

EXPERIMENTAL RESULTS

High Power Diode Lasers (HPDL) were demonstrated on 4” GaAs wafer. Laser devices are first tested at bar level (pulsed
conditions) to derive wafer statistics and verify electro-optical performances across the wafer, together with implementing
the necessary pass/fail screening.
Main results are reported in Figure 6, which is showing the box plot analysis of the threshold current and conversion
efficiency of the broad area diode lasers, based on a statistic of more than 54 k diodes coming from about 50 production
wafers of Convergent Photonic production line. An extremely tight distribution is clearly visible: more than 50 % of
population is localized in only 50 mA of current spread, for a median value of threshold current slightly less than 1 A.
Similar narrow statistic is also demonstrated for the conversion efficiency, as a good indication of the maturity of the
technology and the excellent process control in place.
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Figure 6: (left) threshold (mA) current box plot analysis, showing the results statistic on 54k diodes tested at bar level,
pulsed conditions; (right) efficiency (W/A) box plot analysis on the same diodes, same testing conditions: tight distribution
of the main optical parameters is clearly visible.

Devices passing the test at bar level are then assembled on ceramic carrier, designed to enhance the thermal conductivity
between the diode and the package. Extremely low thermal resistance is a key requirement for the application, hence
controlling the diode temperature at operating conditions, reducing the beam degradation at high bias, and moreover
improving lifetime.
Device results are shown in Figure 7 (left): power as high as 20 W, perfectly linear, has been demonstrated with a
conversion efficiency higher then 60 % in the whole operating range. The inset shows the voltage drop across the diode,
with a record low 1.7 V @ 20 A achieved thanks to the material bandgap engineering, and the excellent process technology.
Stress Matrix, and endurance life-test have been implemented to assess device reliability: an example of endurance test is
reported in Figure 7 (right), with more than 30000 hours with no failures at operating conditions.

Figure 7: (left) Emitted power (Power, W) and related conversion efficiency (Eff., %) versus current bias (CW) at 20°C of
carrier temperature; the inset is showing the very low voltage drop; (right) endurance lifetest at operating conditions
showing up to 30 kh with no failures

Laser diodes have been assembled in a multi-emitter package, according to the design defined in the previous section.
Module is therefore based on 20 diodes, organized in 2 banks of 10 diodes spatially multiplexed, which collimated beams
are multiplexed by a Polarization Beam Combiner and routed to the output fiber collimated lens. Output power from the
module fiber (200 µm core, 220 µm cladding) has been characterized in terms of power intensity and beam quality. Figure
8 shows a picture of the compact module (140 mm x 54 mm) and the output power plotted versus the bias current: a power
in excess of 350 W, together with a conversion efficiency higher then 50 % has been demonstrated. The Figure 9 shows
the beam quality emitted by the laser module: a regular near field, with a good filling of the 200 µm core without power
in the fiber cladding, is reported; right side of the figure reports the measured Far Field of about 18 °, confirming the
estimated Numerical Aperture of 0.16, in good agreement with the simulated data.

Figure 8: (left) the high power convergent multi-emitter module; (right) optical output power emitted by the multi-emitter
module, showing the power in excess of 350 W, and the high conversion efficiency obtained in the whole operating range

Figure 9: (left) near field of the output fiber, showing the regular filling of the 200 µm core with no power detectable in the
cladding; (right) far field emitted by the module: a numerical aperture (N.A.) od 0.16 has been evaluated from the Far Field
emission.

4.

CONCLUSIONS

High Power semiconductor laser diodes emitting at 976 nm have been designed and demonstrated, showing excellent
uniformity of performances, from wafer to wafer and across wafers, on a statistic of more than 54 k dies. Good
performances of power and linearity, together with high conversion efficiency are key features of this product: a long term
reliability is also reported in the paper, with endurance data of more than 30 k hours of life-test.
A compact high power multi-emitter module laser has been also designed and realized, based on a spatial and polarization
multiplexing architecture, and successfully integrating 20 laser diodes.

Module shown high power, good linearity and high conversion efficiency, together with the high brightness demonstrated
by a numerical aperture of 0.16, in excellent agreement with simulation data.
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