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1. Introduction

Currently, semiconductor diode lasers are the laser light source
with the highest electro-optical conversion efficiency and with
advantages of high power, long lifetime, small size, low cost,
and easy integration!' ). Semiconductor diode lasers have been
widely used in many fields, such as optical communications,
optical pumping, optical storage, laser printing, and laser cut-
ting!* "), The typical commercial structure of high-power semi-
conductor diode lasers is the broad-area (BA) lasers. The current
wall-plug efficiency (WPE) of a high-power BA laser can reach
more than 75%!”. We refer to a BA single emitter with a large
gain stripe width as a superlarge mode field (SLMF) laser. SLMF
lasers have many advantages. With high power and low horizon-
tal far-field divergence, SLMF lasers can be used directly as a
laser source and pumping source for fiber with high coupling
efficiency. SLMF lasers have better beam quality than laser bars,
which can reduce the complexity of beam combining adapted to
most beam-combining systems. However, SLMF laser devices
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We first study the effect of cavity modes propagating in the lateral dimension on high-power semiconductor lasers with a
large stripe width. A sidewall microstructure was fabricated to prevent optical feedback of lateral resonant modes.
Theoretically, we demonstrate the existence of lateral resonant modes in the Fabry-Perot cavity with a large stripe width.
Experimentally, we design the corresponding devices and compare them with conventional broad-area diode lasers. About a
15% reduction in threshold current and a 27% increase in maximum electro-optical conversion efficiency are achieved. The
amplified spontaneous emission spectrum is narrowed, which proves that lateral microstructures suppress optical feed-
back of lateral resonant modes. Under a large continuous-wave operation, the maximum output power of laser device is
43.03 W, about 1 W higher than that of the standard broad-area laser at 48 A.

Keywords: high power; broad area laser; resonant mode; amplified spontaneous emission.

easily suffer from abnormal threshold currents, failure to lase,
abrupt deterioration, and rapid thermal saturation. Because the
physical environment of the BA laser is complex, it is affected by
the following factors: thermal lensing'®"), spatial hole burn-
ing"”, and filamentation""'*), We previously reported the
realization of a low-coherence laser by tuning the non-Fabry-
Perot mode of the resonant cavity!'*).

In our work, we designed a sidewall sawtooth cavity (SSC)
structure: a one-dimensional triangular array on both sides of
the gain stripe to suppress the lateral resonant mode. This struc-
ture was previously used to improve beam quality by sup-
pressing higher-order lateral modes''*. However, we use this
structure to suppress the cavity modes propagating in the lateral
dimension. To the best of our knowledge, this approach is the
first that has been proposed to study high-power semiconductor
lasers. In the theoretical simulation, we used wave-dynamical
chaos theory!"""*! to calculate resonant optical modes of the
SSC cavity and the standard Fabry-Perot (F-P) cavity. We ana-
lyze the mode difference and characterize the scattering loss of
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the lateral resonant mode using the Q factor. We demonstrate 52 pm. In an F-P cavity, the wave vector can be separated into
that the sawtooth microstructure can effectively prevent the  longitudinal and transverse components ki, and kj,, respec-
optical feedback of the lateral resonant modes. Experimentally, tively!''), When L > W, the lasing modes propagate predomi-

a conventional BA laser and an SSC laser are fabricated.  nantly in the longitudinal direction, since ki, > kj,. However,
Compared with conventional BA lasers, SSC lasers have a  when L is close to W or smaller than W, we must consider
15% lower threshold current, 0.04 W/A higher slope efficiency, ~ the lasing modes in the lateral direction, such as laser arrays
and 23% higher output power at 8 A under continuous current. ~ without optical isolation and a single-emitter laser with a large
The amplified spontaneous emission (ASE) spectrum of SSC  stripe width. An F-P cavity with a width of 40 pm and a length of
lasers is narrowed by 50% compared to conventional BA laser. 50 pm is designed. Besides, the SSC cavity possesses the same
At 48 A, the maximum output power of the SSC laser is 43.03 W, size as the F-P cavity. In the SSC cavity, both the width and
which is about 1 W higher than the standard BA laser. length of the triangle are 2 pm, which is larger than the wave-

length of the electromagnetic wave so that the local field is easier

to form at the triangle microstructure, thereby increasing the
2. Design and Fabrication loss of lateral resonance. In the F-P cavity, we found that stable
oscillation of mode exists in lateral dimension, as shown in
Figs. 2(a)-2(c). This phenomenon is more obvious when the
sizes of the two directions of the cavity are closer. When lateral
resonant modes have a sufficiently large gain path, i.e., large W,
lateral resonant modes enable amplified spontaneous or stimu-
lated emission!'”). A region of increased intensity depletes car-
riers, forming lateral spatial hole burning. When the SSC
structure is added on both sides of the gain stripe, the lateral
propagating modes cannot form a stable pattern distribution,
as shown in Figs. 2(d) and 2(f). Due to the effect of the SSC
microstructure, lateral oscillation modes present an irregular
distribution, and there is a strong field distribution at some posi-
tions of the SSC microstructure, which may result from the
interference of the strong scattering fields scattered by the
microstructure, revealing the strong scattering loss at the edges.
The SSC structure may reduce the effect of lateral spatial hole
burning. In order to better illustrate the suppression effect of
the SSC microstructure on the lateral oscillation modes, we cal-
culate the quality factors (Q-factors) of each mode, as illustrated
in Fig. 3.

The calculated Q-factors of the lateral propagating modes in
the SSC cavity (black dots) and the F-P cavity (red dots) are
shown in Fig. 3, respectively. The Q-factors of longitudinal
propagating modes with the order number of i =1 (the funda-
mental mode), 2, 3, 4, 5, 6, 7, and 8, decay as the order number
increases. The Q-factors of the lateral propagating modes in the

The schematic diagram of the three-dimensional structure of the
device is shown in Fig. 1. In the epitaxial direction, we add a pho-
tonic band crystal (PBC) structure!’>'®! in the N-type region,
and the wafer is grown by metal organic chemical vapor depo-
sition (MOCVD) on a GaAs substrate. The active layer contains
two Ing,oGaggAs/GaAs quantum wells, designed for emission
at 970 nm; the total thickness is 32 nm. The N-type PBC wave-
guide is composed of seven periods of high-index and low-index
layers alternately. The material compositions of one period of
the PBC structure are Aly,GaygAs/Aly3Gag,As. The thickness
of the high-index layer and low-index layer is 0.13 and 0.53 pm,
respectively. The 1.1 pm-thick P-type upper cladding layer and
the 0.15 pm-thick P-type heavily doped GaAs layer are grown on
the top. The SSC microstructure is completed by traditional
photolithography and dry etching, with an etching depth of
0.85 pm. The unit cell of the SSC microstructure is a right tri-
angle. The insulation layer of 250 nm-thick SiO, is deposited
by plasma-enhanced chemical vapor deposition (PECVD) at
300°C.

In terms of simulation, we use commercial COMSOL soft-
ware to calculate the lateral resonant mode of the standard F-
P cavity and the SSC cavity. We calculate a two-dimensional cav-
ity. The perfect electric conductor boundary condition is used.
The refractive index of the active region is 3.564, which is the
effective refractive index of the fundamental mode. The material
of the passive region is set to air and the refractive index is 1. The
width of the entire simulation area is 42 pm and the length is

L

Fig. 1. (a) Schematic diagram of SSC laser. The inset is the scanning electron

microscope (SEM) image of the fabricated SSC structure. (b) Sketch of a rec- Fig. 2. The typical lateral oscillation mode distribution in the F-P cavity and
tangular F-P cavity of length L and width W. The wave vector can be separated the SSC cavity. The width is 40 pm, and the length is 50 pm; both the width and
into longitudinal and lateral components ki, and ki, respectively. length of the triangle are 2 pm.
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Fig. 3. Calculated Q-factors of the lateral propagating modes in the SSC cavity
(black dots) and the F-P cavity (red dots).

SSC cavity are mostly around 60, while the Q-factors of the lat-
eral propagating modes of the F-P cavity are around 100. The
introduction of the microstructure increases the radiation loss
of the lateral propagating modes, causing the Q-factor of modes
to decrease. This result demonstrates that the energy loss of these
modes is accelerated, leading to the unstable oscillations of
these modes.

3. Device Characteristic and Discussion

We fabricate SSC lasers and BA lasers on the same wafer. Both
SSC and BA lasers have a stripe width of 300 pm. The cavity
length is 4 mm, and the cavity facet is not coated. Since the saw-
tooth microstructure of the SSC laser and the gain area are done
by one-step inductively coupled plasma (ICP) etching, the SSC
structure and the gain area coincide. These devices are mounted
P-side down with AuSn solder on aluminum nitride heat sinks.
Figure 4(a) displays the L-I-V characteristic curves of the four
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Fig. & (a) L-I-V characteristic curves of the four types of lasers measured at
room temperature under the CW operation; (b) three microstructures with
different sizes.
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types of lasers measured at the room temperature under the con-
tinuous-wave (CW) operation. The sizes of the three structures
of the SSC laser are shown in Fig. 4(b). The performance of the
SSC laser is significantly better than that of the standard BA
laser. The device with structure 2 (cyan solid line) has the best
performance among the devices with triangle microstructures.
Consequently, we compared the SSC laser with structure 2 with
the standard BA laser (orange solid line). The threshold current
of the standard BA laser is 2.18 A. The devices with structure 2
have the lowest threshold current, which can be as low as 1.83 A.
Compared with the threshold current of the standard BA laser,
the threshold current of the SSC laser is reduced by nearly 15%.
The output power of the SSC laser is up to 2.26 W at injection
current of 8 A, which is about 23% higher than that (1.83 W) of
the standard BA laser. The slope efficiency of the chosen SSC
laser is about 0.40 W/A, but that of the standard BA laser is only
0.36 W/A. The voltage curves of the SSC laser and the standard
BA laser are almost the same because the injection window area
of devices is the same. The devices used in the next experiments
are the SSC laser with structure 2.

To more clearly characterize the reduction of the lateral
propagating modes, we fabricate a special device, similar to a
superluminescent diode"®!. The two cleaved faces of devices
are coated with an antireflection layer, the transmittance of
which is 97%. The ASE spectrum of devices is measured, as
shown in Fig. 5. In the ASE spectrum, there is not much vari-
ability in the competition between modes, which can be
observed visually. It can be seen from Fig. 5(a) that the ASE spec-
trum of the standard BA laser shows asymmetry on both sides of
the lasing peak. This may be caused by the modal gain spectrum
of the device!'”?!!. The gain space at the short wavelength (the
left of the lasing peak) is larger than that at the long wavelength
(the right of the lasing peak).

Therefore, the asymmetric gain spectrum causes the uneven
energy distribution on both sides of the lasing peak in the ASE
spectrum. The SSC laser has improved the unequal effect of
energy distribution, and the energy assigned to the frequency
on both sides of the lasing peak is reduced, namely, more avail-
able gain is obtained by the main oscillation mode. When the
measured current increases from 1.5 to 2.3 A, we find that
the FWHM of the ASE spectrum of the SSC lasers is much
smaller than that of the ASE spectrum of the standard BA lasers.
Figures 5(a) and 5(b) show that the FWHM of the ASE spectrum
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Fig. 5. The ASE spectrum of the SSC lasers and the standard BA lasers at
(a) 15 A and (b) 2.3 A, respectively.
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of the SSC lasers is nearly 50% narrower than that of the SSC  prevents the optical feedback of the lateral resonant modes.

lasers. As the test current increases, the FWHM of the BA laser ~ The 15% reduction in threshold current, the 23% improvement

decreases from 26.2 to 17.5 nm, while the FWHM of the SSC  in output power, and the 27% increase in maximum electro-

laser remains between 13.2 and 9.68 nm. The above results indi-  optical conversion efficiency are achieved. The ASE spectrum

cate a reduction in the number of SCC cavity modes and a weak-  is narrowed, which shows that lateral microstructures suppress

ening of gain competition with the main resonant mode. This  optical feedback of lateral resonant modes. At 48 A, the maxi-

finding provides direct evidence that lateral microstructures = mum output power of the SSC laser is 43.03 W, which is about

suppress optical feedback of lateral resonant modes. 1 W higher than that of the standard BA laser. This work con-
We obtained devices that can operate at a high current by  tributes to solving the problem of high-power semiconductor

optimizing the experimental process. The SSC structure and  lasers whose output power is limited by stripe width and pro-

the gain area are etched separately. The SSC structure is dry-  vides a seed source with high beam quality and high power

etched over the active area, and the gain area is wet-etched to  for high-power beam-combining systems. Next, we continue

about 500 nm. SSC lasers and BA lasers have the exact same cur-  to explore the effect of microstructure on SLMF lasers and opti-

rent injection window. The SSC structure and the gain area are ~ mize performance of devices, eventually applying this research

etched separately to different depths. The width of the SSC area  to lasers with millimeter-scale stripe width.

is 300 pm, which is the same as the stripe width of the BA laser.

These devices have a cavity length of 4 mm, coated with 2% anti-

reflection and 99% high reﬂec.tion. At 0°C, we'measured the Acknowledgement
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