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Abstract: High power and high brightness mid-infrared GaSb based lasers
are desired for many applications, however, the high lateral divergence is
still the influence factor for practical application. In this paper, a simple and
effective approach based on the fishbone-shape microstructure was
proposed, the effective improvement on both the lateral divergence and
output power of 2 um GaSb based broad-area lasers was demonstrated. The
lateral divergence is reduced averagely by 55% and 15.8° for 95% power
content is realized. The continuous-wave emission power is increased about
19% with the decreased threshold current. The other merits for this
microstructure are the unchanged intrinsic characteristic of broad-area lasers
and the low cost fabrication.
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1. Introduction

High power and high brightness mid-infrared GaSb based lasers are very attractive for gas
sensing, liquid sensing, light detection and ranging (LiDAR), laser spectroscopy and medical
applications [1-5], and the lasers based on broad-area (BA) structure have been widely
studied [6—8] because BA structure is beneficial for high power emission. However, the
penalty for BA lasers (BALs) is the deteriorative beam quality due to the allowance of multi-
mode operation resulted by the wide waveguide. Moreover, the emission properties in BALs
are determined by the complex interplay between the laterally extended waveguide, and the
nonlinear, local interaction of the intense light field with the semiconductor active medium, in
which the filamentation is caused because of the strongly coupling of gain and refractive
index. Hence the controlling of lateral modes in BALSs is crucial for the realization of high
power and high brightness. Some approaches to control the lateral modes and suppress
filamentation in mid-infrared and near-infrared lasers have been proposed, for instance,
selective wet etching [9], curved waveguide [10], anti-guiding layer [11], the use of external
cavities [12,13], leaky ridge-waveguide [14], tapered gain regions [15], etched
microstructures [16] and Bragg gratings [17]. Although the tapered gain regions have
achieved the diffraction limited beam quality [15,18], the long and narrow ridge section used
as mode filtering limits the total cavity length, the volume of gain medium, thermal
dissipation area and hence the possible highest power [18]. So generally tapered laser has
more than twice as high as for the BAL on the threshold current density and thermal
dissipation energy density [18]. Another disadvantage for tapered laser is the astigmatism,
which makes optics design for modules more complex and packaging more challenging [19].
Therefore, a simple, effective approach without largely shrinking the volume of gain material
is desired for the improvement of lateral beam quality of BALs.

In this paper, we proposed a symmetric microstructure to suppress the high order lateral
modes of GaSb based BALs. The lasing spectra, light-injected current-voltage (L-I-V)
characteristics and lateral far-field (FF) performance were measured and analyzed. The
simulation and experimental results demonstrated that this microstructure was able to
effectively reduce the number of lateral modes, improve the lateral divergence and output
power. The organization of this paper is as follows, section 2 shows the simulation results by
finite-difference time-domain (FDTD) software, and section 3 is about the device fabrication.
The discussing and analyzing of experimental results are shown in section 4. The conclusions
are summarized in section 5.
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2. Simulation

For the BA structure, the major energy of fundamental mode localizes at the center of stripe
[20,21], so two rows of symmetrical trenches with linearly increasing lengths are proposed to
suppress the high order lateral modes. The detailed structure is shown in Fig. 1(a). The length
of trenches [L in Fig. 2(b)] in microstructure increases from 5 pm to 35 pm by 5 um step, the
width of single trench is 4 um with a period of 9 um and the total width [¥ in Fig. 2(b)] is 76
um. The trench is formed by etching, which means the inside is air. Two-dimensional FDTD
simulation is performed and the results are respectively shown in Figs. 1(b)-1(f) for
fundamental mode, mode 2, 3, 5 and 10, which reveal the modal field distribution E(x,y) in
waveguide after passing the microstructure. In this simulation, the effective index is 3.512,
which is calculated by the Lumerical Mode Solutions software. The stripe width is 100 pm
(along the longitudinal coordinate y). The lateral coordinate x represents the distance from the
front facet. As can be seen, there exists obvious field intensity localized in the trenches for the
high order lateral modes, which means that the microstructure provides extra loss in the lateral
direction, and the higher order mode suffers higher loss. It is worth noting that seven trenches
have localized the adequate energy of mode-2, mode-3 and mode-5 in the trenches.
Considering more trenches will cause more losses for fundamental mode, seven trenches are
chosen in the realistic experiment.
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Fig. 1. (a) Detail on the fishbone microstructure in the realistic device, (b)-(f) are the calculated
optical field distribution after the different mode transmitting through the microstructure with
stripe width of 100 pm (see also Visualization 1).

3. Device fabrication

GaSb based laser structure was grown on (100)-oriented 2-inch GaSb substrate by a solid-
source VEECO Gen II molecular beam epitaxy (MBE) system. The active region of laser
shown in Fig. 2 consists of two 10 nm Iny;3Gayg,Sb quantum wells (QWs) separated by 20
nm lattice matched Aly;5GagsAsg02Sboog barrier layer. The active region was sandwiched
between the symmetrical top and bottom 250 nm thick Al35GagssAsySboos Waveguide
layers. The top and bottom were respectively 2 pm thick AlgoGag40AS0.02Sbggs p-doped and
n-doped cladding layers. As to n-type and p-type dopants, tellurium and beryllium were used
respectively. For low resistance contact, a 250 nm thick p + GaSb layer was grown on the top
of cladding layer. The total thickness of the epitaxy layers was about 6 pm.
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Fig. 2. (a) Scanning electron microscope photographs of GaSb based BAL with the fishbone
microstructure, (b) schematic diagram of device structure.

After the MBE growth, the standard processing techniques of semiconductor lasers were
used for fabrication. It is worthy to note that the processing is totally same as the conventional
BALs, the only difference is the mask pattern for stripe definition. This means that he
approach used in this paper will not increase the fabrication cost, which is very meaningful
for low-lost and high-volume production. The stripe mesa with the width of 100 pm was
fabricated using standard optical lithography. The trenches were defined by ICP etching with
depth of 1.6 um, followed by PECVD deposition of 200 nm Si;Ny4 at 300 °C as electrical
insulation layer. The contact window opening was performed by reactive ion etching of the
SiNy insulation layer using SF¢/O, gas. Then the p-type contact metal of Ti-Pt-Au was
deposited and the unwanted metal on the microstructure was removed using standard lift-off
techniques. After the backside thinning and polishing, Au-Ge-Ni-Au contact layer was grown
on the backside of wafer. For the purpose of accurate comparison, the devices with (WT) and
without (W/O) fishbone microstructure were fabricated with the same cavity length of 1.4 mm
by cleaving from a same stripe just as shown in Fig. 2(a). Finally the BALs were soldered on
the copper heat-sink using indium by p-side down without facet passivation and coating for
testing. The FF patterns and profiles were measured by the laser beam profiler with type of
Pyrocam III, the lasing spectrum was measured by Bruker Vertex 70 FTIR spectrometer.

4. Results and discussion
4.1 L-I-V characteristics

The measured L-I-V curves for InGaSb/AlGaAsSb QW BALs with and without
microstructure at room temperature are shown in Fig. 3. The devices operate under continuous
wave (CW) mode. It can be seen that the voltage performances for WT and W/O devices are
almost the same, but the WT device shows an evident improvement in the output power. The
maximum powers (both facets) are respectively 338 mW for WT device and 285 mW for
W/O device. In the other word, about 19% increase in the output power is realized by the
fishbone microstructure. Moreover, the threshold current and slope efficiency are also
improved. The slope efficiency for WT device is increased to 0.225 W/A, by contrast it is
~0.19 W/A for the W/O device. The maximum output powers of these samples are limited by
the thermal rollover according to Fig. 3. The increased output power might be due to the
suppressing of high order lateral modes [16,22], which reduce the mode competition and lead
to a more uniform near field and better matching between the mode profile and injected
current profile [16]. Although the enhanced heat dissipation from the deeply etched trenches
seems like also one of the reasons, the influence is small because the area of trenches is just
0.8% of the whole contact area. A heat simulation using ANSYS software reveals the
improvement of temperature at active region due to the microstructure is only 0.3 °C.
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Fig. 3. L-I-V characteristics of InGaSb/AlGaAsSb QW BALs with and without microstructure
at room temperature.

4.2 Spectrum property

Figure 4 shows the measured lasing spectra of these two kinds of laser devices at injection
current of 0.8 A and 1.5 A. Obviously the microstructure reduces significantly the mode
number. As shown in Fig. 4(a), the spectrum span for the W/O device at 0.8 A is up to 25 nm
and the emitting peaks are over ten. However, the peak number goes down to about three for
the devices with microstructure, and it is only five when the current is increased to 1.5 A,
which is still far less than that of W/O devices. The main wavelength is about 1996.7 nm at
0.8 A for device with microstructure, this value shifts to 2027.1 nm at 1.5 A. More detailed
analysis on the modes is difficult because of the lacking of the spectrally-resolved near field
and FF profiles [23], however, the ability of mode controlling for this fishbone microstructure
is confirmed.
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Fig. 4. Measured emission spectra of GaSb based BALs without and with microstructure at 0.8
A (a)and 1.5 A (b).

4.3 Far-field characteristics

To further verify the advantage of the introduced microstructure on the BALSs, the vertical and
lateral FF characteristics are measured and shown in Fig. 5 and Fig. 6, respectively. Because
the microstructure is designed according to the lateral mode distribution and only plays the
role in lateral divergence, it should not affect the FF in vertical direction, which is confirmed
by Fig. 5. The corresponding vertical FF angle is about 61.1° for full-width at half-maximum
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(FWHM) definition and almost same for W/O and WT devices. Figures 6(a)-6(c) show that
the
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Fig. 5. Vertical FF profiles of GaSb based BALs at 1.0 A.
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Fig. 6. Lateral FF angles of GaSb based BA lasers at 0.6 A (a), 1.0 A (b) and 1.5 A (c).

lateral FF profiles at 0.6 A, 1.0 A and 1.5 A, respectively. It can be seen that the
microstructure is able to reduce evidently the side-lobes in the lateral FF and hence improve
the lateral divergence. Note that the FWHM definition of FF angle is not able to reflect the
intrinsic characteristics of lateral FF here due to the existence of so many side-lobes, FF
angles defined with 95% power content are applied. An improvement of 56.4% is realized at
0.6 A using the fabricated microstructure. When the injected current increases from 0.6 A to
1.5 A, the lateral FF angles gradually increase from 15.6° to 16.8° (@ysy, wr) for WT devices.
The corresponding values vary from 35.8° to 38.9° (Ogse, wio) for the W/O devices. The
improvement is 56.8% at 1.5 A. To avoid the testing error, the experimental data of three
group devices are obtained and listed in Table 1. It shows that the averaged improvement in
the lateral FF angle is about 55.0%. Considering the beam quality of mid-infrared GaSb based
BALs in the lateral direction is generally very poor, more than 50% improvement is extremely
meaningful.
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Table 1. Measured Performance of GaSb Based QW BAL:s at 1.5 A for Three Group

Devices
Groups Voltage (V) Power (mw) Lateral angles (deg., Improvement of
95% power content) lateral FF angles
Group 1 WT 1.536 338 16.8 56.8%
W/O 1.543 285 38.9
Group 2 WT 1.530 301 17.2 55.3%
W/O 1.532 283 38.5
Group 3 WT 1.539 339 18.7 53.0%
W/O 1.548 293 39.8

5. Conclusion

In conclusion, we had demonstrated the improved lateral divergence in 2 pm GaSb based QW
BALs using a simple fishbone-shape microstructure designed according to the distribution of
lateral modes. It was shown that the proposed microstructure could effectively reduce the
mode number, and an average improvement of 55% in lateral divergence with 95% power
content was realized. The other benefits from this microstructure were the improved threshold
current and output power. Although the decreased divergence is not as perfect as diffraction
limitation, the potential possibility for high power, high beam quality operation and the
compatibility for low cost fabrication are the merits. We believe these results will contribute
to the development of high power and low divergence mid-infrared GaSb based diode lasers.
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