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Broad-area diode lasers (BALs) with high power are highly
desirable for a variety of applications. However, such lasers
suffer from strongly deteriorated beam quality due to multi-
mode behavior in the lateral direction. In this Letter, we
present an approach to flexibly tailor the optical loss of
different-order lateral modes by etching micro-holes on
the laser mesa with controlled position and numbers.
Through arranging the micro-holes at the peak positions
of high-order lateral modes with an increasing number from
the mesa center to both edges, high-order modes are sup-
pressed due to a larger propagation loss than the fundamen-
tal mode. As a result of enhanced mode discrimination,
we demonstrate that this technique provides a greatly im-
proved beam quality and about two times higher brightness
for 100 μm wide BAL, while maintaining high power and
slope efficiency output. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.003562

Diode lasers have been increasingly attractive in recent years
due to the advantages of high efficiency, electrical pumping,
compact size, broad wavelength range, and long lifetime.
With the development of diode laser technology and beam
combining technology, the power and brightness of diode lasers
have been appreciably improved, leading to a growing market
in pumping, material processing, display, and medical applica-
tions [1–3]. Based on advanced combining technologies such as
spectral beam combining, kW-class direct-diode lasers have
been developed with a beam quality similar to or better than
the value of commercial CO2 and solid lasers [4]. However, the
brightness of all beam combining systems is ultimately limited
by the beam quality of their single emitters, which still has a
large gap to the performance of fiber lasers recently reported
[5–7]. Therefore, improving the beam quality of a single emit-
ter while sustaining high power and efficiency is a key challenge
for high brightness diode laser sources.

Broad-area diode lasers (BALs) are the most important type
of commercial diode lasers due to their high output power and
simple manufacturing process. However, the low mode

discrimination of the BAL wide emitter size easily leads to a
large number of lateral modes [8]. The excitation of higher-
order lateral modes is mainly produced by the following physi-
cal mechanisms: a thermal lens induced by self-heating, lateral
carrier accumulation at the stripe edges, etched trench-induced
index guiding, vertical epitaxial layer design, filamentation,
mechanical strain, and so on [9–11]. For specific diode laser
chips, the first two factors play the most critical role, leading
to a rising number of lateral modes at high-power operation.
Under a high injection current, the enhanced lateral tempera-
ture gradient leads to an increase of the lateral index step and
waveguiding, supporting higher-order modes. Simultaneously,
the current crowding near the stripe edges provides more gain
to high-order modes. As a result, the BALs usually suffer from a
quickly widening lateral far-field (FF) with increasing current,
a so-called FF blooming effect. This results in poor lateral
beam quality and reduced brightness, limiting their direct
applications.

For reducing the allowed number of lateral modes and
improving the beam quality, many approaches are proposed.
Optimized epitaxial design, chip geometry, and packaging
are beneficial to suppress the thermal lensing effect due to less
self-heat generating and junction temperature rising [12].
Complex pedestal heatsink is also utilized to reduce the lateral
temperature gradient by inverse thermal lens effects [13].
Trimming the emitter width could cut the number of modes,
but with the price of a cut in the output power [14]. A uniform
gain profile across the contact is favorable for increasing optical
field stabilization through utilizing the gain-tailored structure
or current path structure such as the phase-locked array,
multi-stripe gain structure, or current modulation structure
[15–17]. In addition, the suppression of lateral carrier accumu-
lation by deep proton implantation can effectively improve the
beam quality [18]. Another effective way is introducing mode
filters to produce extra losses for high-order modes such as the
tapered laser, phase structure, external cavity configure, titled
waveguide, microstructure, and inhomogeneous waveguide
[19–26]. All these methods have improved the brightness of
diode lasers. However, most of them could not achieve signifi-
cant improvements in lateral beam quality without obviously
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sacrificing laser efficiency and power. Furthermore, some meth-
ods are technologically complicated and, thus, limited in their
applicability.

Here we describe a method to introduce different optical
losses for each lateral mode, which enables extracting the de-
sired mode to operate. In order to improve the beam quality
of BALs, distributed micro-holes are etched at the optical peak
positions of high-order modes with variant numbers, providing
additional losses for higher-order modes while minimizing the
loss of the fundamental mode. In this Letter, the details of the
laser structures and fabrication process are first presented. Then
the power-current characteristics and spatial beam properties of
the structured BALs are described and compared with standard
BALs from the same wafer. We show experimentally that such
enhanced mode selectivity achieves an obvious improvement
in beam quality without reducing the slope efficiency and
output power.

The device structure of the loss tailoring BAL is schematically
shown in Fig. 1. The laser heterostructure was grown on an
n-type GaAs substrate by a metal-organic chemical vapor dep-
osition system, which makes use of an asymmetric large optical
cavity structure. The gain medium is two InGaAs/GaAsP quan-
tum wells and is sandwiched between a 3.0 μm Al0.15Ga0.85As n-
waveguide and 0.4 μm Al0.2Ga0.8As p-waveguide. The emission
wavelength is designed to be about 965 nm. The cladding
layers are chosen to be 0.5 μm Al0.35Ga0.65As and 0.8 μm
Al0.5Ga0.5As, respectively, in the n- and p-doped sides. The
doping profiles and all interfaces are graded to reduce the series
resistance while maintaining a low internal loss.

In this Letter, the experiment was conducted on the BALs
with a stripe width of 100 μm, which operated in multi-lateral
modes. The lateral optical modes have different spatial intensity
distributions and FF patterns. For a simplified discussion, the
approximate near-field and FF profiles of individual lateral
modes are shown in Fig. 2. Except for the first mode (funda-
mental mode), higher-order modes exhibit a FF profile consist-
ing of two main lobes with some small lobes. The separation
angle of twin main lobes rises linearly at a rate of about 0.59°
per mode order. The higher the lateral mode order, the wider is
the FF width. When the injection current increases, a strong
heat-induced index gradient and current crowding near the
contact edges will support more high-order modes due to an
equalized mode gain. Simultaneously, the near-field width of
each mode would reduce, leading to a wider FF. Therefore,
the increased number of lateral modes and the widening FF
of each mode result in a rapid increase in the optical field
and a deteriorated beam quality [10,13].

For traditional BALs under continuous-wave (CW) opera-
tion, the lateral modes are nearly competitive with each other
due to a low gain difference and, consequently, weak mode
discrimination [16,25]. The etched micro-holes down to the
waveguide region could selectively induce light loss due to
scattering and absorption. In order to extract the desired mode,
many rows of micro-holes can be etched on the laser mesa to
provide preferential losses to undesired modes. The shape,
depth, position, and number of holes are carefully controlled
to achieve a better balance between enhanced mode discrimi-
nation and a minimal change in threshold and slope efficiency.

In this Letter, we choose isosceles triangle holes with a width
of 5 μm and a height of 20 μm. To suppress high-order lateral
modes, these micro-holes are arranged along the optical peak
positions of high-order modes, while the number of holes along
the propagation direction increases from the middle region to-
ward the stripe edge. The central region of the stripe is free of
holes, corresponding to the intensity maximum of the funda-
mental mode. Due to their significant optical intensities in the
structured region and a larger number of holes near the edge
region, high-order laser modes suffer from a much higher
propagation loss than the central fundamental mode. Such en-
hanced mode discrimination enables reducing the permissible
number of lateral modes. As our ultimate aim is to develop laser
bars with a high fill factor for spectrum combining, each emit-
ter operates at a relatively low power level. Referring to the
optical field of each mode at low currents, we etched 10 rows
of micro-holes symmetrically in the lateral direction which,
respectively, are located at the intensity maxima of the fourth,
second, third, and fifth mode and the device edges. The loca-
tion of the hole rows can be seen in the transparent columns in
Figs. 2(a) and 1. The micro-holes are distributed along the en-
tire cavity with a scaling number of 4, 8, 10, 12, and 14 from
the mesa center to both sides.

After the material growth, the devices were processed follow-
ing a standard BAL fabrication procedure. First, 100 μm wide
mesa, air-hole patterns and 30 μm wide trenches were defined
by lithography and inductively coupled plasma etching, respec-
tively. The etching depth of the micro-holes was about 1.2 μm,
slightly touching the waveguide region. In this case, the etched
holes moderately overlapped with the optical field of the guided
transverse mode in order to avoid significant optical loss. Then
a 300 nm SiO2 electrical insulating layer was deposited, and the

Fig. 1. Schematic diagram of the loss tailoring BAL.

Fig. 2. Calculated (a) near-field and (b) far–field profiles of the
lateral mode with different mode orders.
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contact window was opened by reactive ion etching. After that,
p-side metal contact deposition, substrate thinning, polishing,
and n-metallization were performed. Finally, single emitters
with a cavity length of 1.5 mm were cleaved and bonded p-side
down on C-mount copper heatsinks using an indium solder
without facet coating and passivation. Conventional BALs
without micro-hole patterns were also fabricated from the same
wafer for comparison.

Figure 3 shows the power-current characteristics of the
structured and unstructured BALs under CW operation at
room temperature. As can be seen, the laser without micro-
holes has a threshold current of 0.3 A and a slope efficiency
of about 1.2 W/A. The threshold current of the laser with
micro-holes was slightly increased to 0.35 A. However, the
structured laser has nearly the same slope efficiency of
1.2 W/A and total power of 4.4 W at 4 A current. As the
micro-holes only induce small extra losses to suppress high-
order modes, the result is a small reduction in the slope
efficiency [25]. Furthermore, the micro-hole scattering and
reduced mode competition can transfer the strong emission
from the stripe edges to generate a more uniform near field [27].
The improved overlap between carrier and optical distributions
is able to increase power conversion efficiency. Therefore, a
similar slope efficiency is obtained for both lasers. The voltage
performances for both devices are almost the same. The lasing
spectra of these two kinds of devices at 2.0 A current are
shown in the top-left inset of Fig. 3. The center wavelength
for the structured BAL is 962.5 nm, about 7 nm shifting from
the standard BAL due to variations in the epitaxy. However,
the structured BAL shows a narrower spectral width due
to the reduced number of guided lateral modes.

The measured FF patterns of both lasers are shown in the
bottom-right inset of Fig. 3. Both lasers show similar beam pro-
files in the vertical direction with a FF angle of about 14° for the
full width at half-maximum (FWHM), which are almost inde-
pendent on the current. In the lateral direction, the structured
laser shows an improved FF behavior, which exhibits a much
narrower lateral FF than the unstructured BAL, even under
high injection conditions.

Figure 4 depicts the dependence of lateral divergence angle
as a function of injected current for the structured and unstruc-
tured lasers. The largest measurement current is limited to

2.5 A due to the saturation of our beam profiler. For the un-
structured laser, the lateral divergence angle θu is 3.3° (FWHM)
and 5.8° (1∕e2) at the threshold current, which rapidly broad-
ens to 5.5° (FWHM) and 8.3° (1∕e2) at 0.6 A current related to
the additional oscillation of high-order modes. With the further
increase of the injection current, the lateral divergence slightly
increases to about 9.1° for the 1∕e2 content at 2.5 A. On the
other hand, the introduction of micro-holes results not only in
a reduction of the divergence angle, but also in a more stable
FF. The lateral divergence angle θs of the structured laser is only
1.5° (FWHM) and 2.4° (1∕e2) at 0.4 A current, and slightly
increases to 2.4° (FWHM) and 4.9° (1∕e2) at 2.5 A. It is im-
portant to note that the increasing rate has some kinks, which
may result from the mode switching of high-order modes. As
can be seen in Fig. 4, about 50% reduction of the lateral di-
vergence angle is achieved as a result of tailoring the optical
mode loss. This demonstrates that the micro-hole structure
is beneficial for yielding reduced and stabilized FF divergence
angles.

The lateral beam quality of the fabricated lasers was mea-
sured by a commercial beam propagation analyzer M2MS-
BP209 according to the ISO11146 standard. In Fig. 5, the
lateral beam quality is plotted as a function of the injection
current for both kinds of lasers. As can be observed, a clear
improvement in the lateral beam quality is achieved by loss tai-
loring. For the conventional BAL, the lateral beam quality M 2

degrades from 4.33 at 0.6 A to 15.11 at 4.0 A current due to a

Fig. 3. Optical power versus the injection current of the lasers with
and without micro-holes under continuous operation. The top-left in-
set shows the measured spectra, and the bottom-right inset shows the
measured far-field patterns for both devices.

Fig. 4. Measured lateral divergence angle as a function of the in-
jected current, triangle (structured laser), and diamond (unstructured
laser).

Fig. 5. Lateral beam quality of the structured and unstructured
BALs at different currents under CW operation.
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fast increasing number of lasing modes. The laser beam quality
M 2 factor has been significantly reduced for the structured la-
ser. As a result of the suppression of high-order modes, the M 2

value reduces to 2.62 at 0.6 A current and shows a much lower
increasing rate with the current until 3.2 A, at which the beam
quality is improved from 14.94 to 7.47 by an improving factor
of >50%. In particular, at 2.2 A, theM 2 value is reduced from
11.53 to 4.79 by a factor of as high as 58%. The corresponding
lateral brightness increases from 0.7 W∕mm ×mrad to
1.56 W∕mm ×mrad, improved by a factor of 2.2. However,
when the current is beyond 3.2 A, the M 2 value of the struc-
tured BAL begins to suffer from a rapid increase, which
increases to 11 at 4.0 A current. This may result from the
serious self-heat of the devices limited by the packaging
condition. In our experiment, the laser chip without thick
Au contact deposition is soft soldered on a copper heatsink with
an un-polishing surface, which is not able to transfer heat
effectively under large currents in CW operation. The enhance-
ment of thermal-induced guiding may support more modes to
oscillate and lead to a significant near-field reduction of each
mode. This will result in offsets from the optical peak locations
of some high-order modes to the structured region, weakening
the mode-discriminating effect.

From the results shown above, the BAL with loss tailoring
structures is advantageous for improving the laser brightness,
which is promising for beam combining systems. Furthermore,
the beam quality of output beam can be enhanced further
by improving the packaging technology and optimizing the
parameters of micro-holes such as enlarging the number of
micro-holes at the stripe edge and increasing the etching depth.
If the placement of micro-holes is re-designed to match the real-
istic near-field profile of the BAL under a high injection cur-
rent, the mode selection would remain effective at even higher
power operation, thus increasing the brightness. It also would
be of interest to apply the approach to BAL with a narrower
stripe width, or to collaborate with other methods for reducing
thermal lens effect and carrier accumulation at the device edges.

In summary, we have presented an approach to suppress
high-order lateral modes by the help of specifically etched
micro-holes, which provide extra propagation loss for high-
order modes. As a result of selectively loss tailoring, a reduced
number of active lateral modes allows for an effective improve-
ment of the beam quality without obvious power degradation,
increasing the laser brightness. The lateral FF divergence of a
100 μm wide BAL narrows by about 50% in the whole mea-
surement range. In addition, the structured BAL delivered
an obvious improvement in the beam quality compared with
traditional BALs, whose peak brightness is increased by more
than a factor of 2. By further optimization in the micro-hole
parameters and packaging processes, higher brightness can be
expected. This technique gives a way to develop high brightness
diode laser without increasing the fabrication complexity
and cost.
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