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High-power high-brightness broad-area diode lasers have poor lateral beam quality, which has limited the application range of this kind of device.
To improve the lateral beam quality, a sawtooth microstructure laser was proposed and the microstructures were carefully designed according to
the profiles of each lateral mode and their dependence on the self-heating induced thermal lens effect. As a result of selective mode loss
adjustment, a 42% improvement in lateral beam quality was achieved under the power-maintained condition. This technology enables us to
develop high-brightness direct-diode laser systems. © 2021 The Japan Society of Applied Physics

ue to their compact size and high efficiency, there

has been a growing demand for high-power diode

lasers to be used in pumping,'™ display,” material
processing,” sensing® and medical”’ applications. These
applications need lasers with high brightness, which is jointly
dependent on the laser power and beam quality. Broad-area
diode lasers (BALs) are the most important type of commer-
cial diode lasers due to their high output power and simple
manufacturing process. However, their wide emitter size and
low mode discrimination in the lateral direction easily lead to
multi-mode operation, which results in poor beam quality and
low brightness, limiting their direct application.”’ Therefore,
considerable effort has been made to improve the beam
quality of diode lasers while sustaining high power and
efficiency.

The lateral waveguiding of diode laser is influenced by
various physical mechanisms, such as etched-ridge or trench-
induced index guiding,” thermal lens induced by
self-heating,'” inhomogeneous carrier distribution, vertical
epitaxial layer design, longitudinally varying optical power,
etc.""™'® Under high-power operation, BALs suffer from
enhanced lateral index guiding, which supports additional
high-order lateral modes. The lasing of higher-order modes
with wider near field and wider far field will degrade both
beam quality and total far-field angle, which is commonly
referred to as far-field blooming.'*'® For specific diode laser
chips, lateral thermal lensing and current spreading play the
most critical role in far-field blooming. As the injection
current increases, more heating occurs, leading to larger
lateral temperature gradient and corresponding index step.
The near field of each mode would shrink and the enhanced
overlap with electrically pumped region increases the gain of
high-order modes. Simultaneously, lateral current spreading
increases carrier accumulation near the stripe edges, pro-
viding more gain to high-order modes.'® Therefore, more
lateral modes will be supported due to equalized mode gain,
causing wider far fields and deteriorated beam quality.

To improve the beam quality of diode laser, several
approaches for reducing the number of lasing lateral modes
have been proposed. One method is thermal path engineering
in order to reduce the lateral temperature gradient and thus
the thermal lensing effect.'> It has been demonstrated that
the lateral divergence can be lowered by reducing the thermal
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resistance of lasers or utilizing pedestal heat sinking for
anti-guiding.'® Furthermore, uniform gain profile and im-
proved optical field stabilization can be achieved due to the
suppression of current spreading by proton implantation or
tailoring the current injection path.'’?? Another effective
way is introducing mode filters to produce extra loss for high-
order modes, such as reducing the stripe width, tapered
laser,”>** titled cavity,” inhomogeneous waveguide,”®
microstructure””*® and on-chip transverse Bragg grating.””
All these lateral structuring techniques have improved the far-
field divergence and beam quality of diode lasers due to
enhanced mode discrimination. However, the challenge is to
enhance the beam quality without compromising the laser
efficiency and power by simple fabrication processing.

In this paper, a microstructure consisting of sawtooth-
shaped arrays to improve the lateral beam quality of a typical
BAL is proposed. The sawtooth microstructures produce
selective propagation loss for different-order lateral modes
through adjusting their shape and position. Higher-order
modes can be suppressed due to larger loss under high
current, while the impact on the low-order mode is low due to
thermal-induced mode field shrinkage. The details of the
sawtooth laser (STL) structure and its operating principle are
first revealed. Then, the power characteristics and spatial
beam properties of the structured lasers are described and
compared with standard BALs from the same wafer.
Analyses of laser characteristics have shown an obvious
improvement in lateral beam quality without reducing the
output power and efficiency.

Figure 1 shows the schematic view of the STL, which
consists of four-array triangle microstructures symmetrically
located near the corners of the laser mesa. Each isosceles
triangle has a base of 5 yum and a height of 20 um, 20 ym
away from the facet. These etched holes provide additional
optical loss due to light diffraction, scattering and absorption,
which increases from the center to the stripe edges. As the
modal near field broadens with the mode order, high-order
modes exhibit a larger propagation loss than that of low-order
modes, due to the increased overlap of their optical field with
the lossy region. With increasing current, additional index
guiding caused by thermal lensing tends to narrow the lateral
near field of each mode, which is more prominent in the low-
order modes. Therefore, such variational mode power in the
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Fig. 1. (Color online) Schematic diagram of the STL.

structured region only allows the low-order modes to
propagate, resulting in a reduced number of guided lateral
modes.

Figures 2(a) and 2(b) show the calculated mode distribu-
tion of the fundamental mode (mode 0) and 9th high-order
mode under the influence of the thermal lens effect.'"” The
average thermal index change is dN/dT =3 x 10~ * K~ '.'?
As can be seen, its near-field width shrinks when the
refractive-index difference between the center and stripe
edges of the laser increases. Similar effects can be expected
for other modes. Subsequently, new high-order modes can be
supported due to increased overlap with the electrically
pumped region, degrading the beam quality. For the STL,
enhanced heat-induced index gradient can push the optical
field away from the lossy-structured region, reducing the
modal loss as the current increases. However, high-order
modes, which have strong optical intensity near the stripe
edges, still suffer large loss induced by the sawtooth
microstructure. As a result of enhanced mode discrimination,
the lateral beam quality can be improved at high currents.

Figure 2(c) shows the relative optical loss of the micro-
structures for different-order lateral modes depending on the
refractive-index gradient (An) caused by the thermal lens.
Aa represents the ratio between the loss intensity induced by
the microstructures and the mode intensity for different
modes, which is defined as Iy — I,/I. Iy and I, represent the
traveling optical energy before and after the microstructures,
respectively, and higher Aa means more mode loss. From
the dependence, it can be seen that the loss of each mode
reduces with increasing An due to optical field shrinkage by
thermal lens effect. The higher the lateral mode order, the
larger the Ac. Meanwhile, the effect is more impactful for
high-order modes with increasing An. For example, the
mode with order larger than 7 still suffers large propagation
loss for An up to 0.0015, while the A« of the fundamental
mode keeps very low due to little mode power in the
structured region. In this case, the selective loss-tailoring
delays the lasing of high-order lateral modes, resulting in
improved far-field and beam quality.

The laser epitaxial structure makes use of an asymmetric
super-large optical cavity design for emission at 935 nm,
which was grown on an n-type (001) GaAs substrate by metal
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Fig. 2. (Color online) (a), (b) Calculated near-field profile of the funda-
mental lateral mode and 9th high-order mode as a function of heat-induced
refractive-index change; (c) calculated light propagation loss versus the index
difference for the lateral mode with different mode orders.

organic chemical vapor deposition. After wafer growth, a
100 pm wide mesa with sawtooth microstructures was
formed by photolithography and etched together by induc-
tively coupled plasma. The etching depth was down to the
partial p-cladding layer (effective index step caused by
etching is 1073 level). Then, a 200nm SiO, electrical
insulating layer was deposited at 300 °C by plasma-enhanced
chemical vapor deposition, and a 90 ym wide contact
window was opened by reactive ion etching. After that,
p-side metal contact deposition, backside thinning, polishing
and n-metallization were performed. Finally, the wafer was
cleaved into individual laser chips with a cavity length of
1.5 mm. For the experimental characterization, single emit-
ters were bonded p-side down on C-mount copper heatsinks
using an indium solder without facet coating and passivation.
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Conventional BALs without microstructures were also fab-
ricated from the same wafer for comparison.

The power-current—voltage characteristics of the STLs and
BALs under CW operation at 20 °C are presented in Fig. 3.
As can be seen, the voltage of the STL is comparable to that
of the BAL. These lasers with 1.5 mm length were driven to
4 A, with similar current density and heating comparable to
commercial 4 mm long laser at 10 W output power. The
output power is slightly reduced by the introduction of
sawtooth microstructures (from 3.76-3.66 W), with a differ-
ence of less than 3%. The peak efficiency of the STL and
BAL is 49.2% and 49.8%, respectively, indicating that the
microstructure causes negligible power degradation of the
laser. This is because the microstructures only induce extra
loss for high-order modes, especially under high injection
current. The suppression of high-order modes allowed for the
reduction of mode competition, which is beneficial for
achieving improved slope efficiency.””*®

Figures 4(a) and 4(b) show the measured near-field profiles
at 1 A/4 A and near-field widths versus the injection current
for both kinds of lasers (using BP209-VIS Scanning-Slit
Optical Beam Profiler and a 20X-objective). With the
increase of injection current, the BAL exhibits an increased
near-field size with a rate of about 8.3 um A~'. Although the
growing thermal lens leads to near-field width shrinkage of
each lateral mode, it will also activate an additional mode of
higher order in combination with the increasing current
crowding near the stripe edges. Therefore, the rising number
of lateral lasing modes results in increased near-field size. On
the other hand, the original near-field size of the STL is
considerably larger,”® which shrinks first up to 2 A, then
increases. At low current, this expanded near field of the STL
may be attributed to light scattering from the microstructures,
which results in additional emission beyond the stripe. As the
optical field of low-order mode shrinks due to the growing
thermal lens and high-order modes are suppressed, the
overlap of the optical mode with the etched microstructures
reduces, leading to initial near-field narrowing with in-
creasing current. However, higher-order modes may take
part in lasing due to enhanced index guiding and current
crowding near the contact edges at high current. Therefore,
the near-field width of the STL increases slightly at the next
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Fig. 3. (Color online) Optical power, voltage and conversion efficiency
versus current for the STL (solid line) and BAL (dash line) at 20 °C.
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Fig. 5. (Color online) Lateral beam quality of the STL and BAL at
different injection currents under CW operation.

current step.30’ However, the STL still shows a narrower near
field than the BAL up to 4 A.

The corresponding lateral divergence angles (measured by
BP209-VIS Beam Profiler) at different currents are plotted in
Figs. 4(c) and 4(d) for the BAL and STL. As can be seen, the
BAL exhibits a strong far-field blooming with increasing
current. Its far-field angle is 3.2° (FWHM) and 6° (95%
power inclusion) at 1 A current, which rapidly broadens to
6.3° (FWHM) and 12° (95% power inclusion) at 4 A. In
contrast, the STL shows improved far-field behavior, which
exhibits a narrower and more stable lateral far field (espe-
cially for 95% power inclusion) than the BAL. The lateral
divergence angle of the STL is only 1.37° (FWHM) and 5.2°
(95% power inclusion) at 1 A current and slightly increases to
5.6° (FWHM) and 7.6° (95% power inclusion) at 4 A. The
far-field angles in the definition of FWHM for both kinds of
lasers are very close, which indicates that lower-order lateral
modes are less influenced by the loss-tailoring area.
Furthermore, the obviously reduced far-field angle (95%
power contained) is strong evidence for a reduced number
of lasing modes after the implementation of loss tailoring.
This demonstrates that the microstructures can delay the
appearance of high-order lateral modes.

The lateral beam parameter product (BPP) is quantified
based on the measured near-field width and far-field angle
with 95% of the total power content. In Fig. 5, experimental
results for lateral beam qualities at various currents are
compared for both kinds of lasers. As can be seen, their
BPP values are more or less equal at low currents up to 1.5 A,
but differ significantly for higher currents. For the BAL, more
lateral modes join in lasing with increasing current, leading to
a rapid increase of BPP with a rate of 1.5 mm x mrad A"
The STL exhibits a clear improvement of the beam quality
over the reference BAL at high currents, which is very stable
up to 2.5 A and then degrades at a much slower rate. The
improvement is directly linked to the reduced mode number
by the introduction of sawtooth microstructures, which
provides more loss for high-order modes. In this case, only
lower-order modes will allow lasing and hence the deteriora-
tion of the beam quality under high current is suppressed. At
4 A, the BPP value of the STL is reduced from
6.9 mm x mrad to 4 mm X mrad by a factor as high as
42%. The corresponding lateral brightness improves by about
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68%, which can be further optimized to achieve better
performance.

In conclusion, we have presented an approach to improve
the beam quality of broad-area diode lasers with the
assistance of etched sawtooth microstructures, which provide
more propagation loss for high-order modes. Thanks to such
selective loss tailoring, the structured lasers show less
dependence on the injection current for the far-field diver-
gence and BPP value. The lateral beam quality improves by
42% due to the reduced number of guided lateral modes.
Furthermore, the near field of low-order lateral modes shrinks
with increasing current due to the thermal lens effect, which
leaves less mode power in the lossy region. Therefore, such
self-adjusting modal loss results in hardly any power and
efficiency degradation. By further optimization in the micro-
structure parameters and current injection pattern, higher
brightness can be expected. This technique provides an easy
method to develop high-beam-quality diode laser while
maintaining high power and high efficiency output.
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