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A high-power tapered and cascaded active multimode interferometer semiconductor
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Abstract: A high power semiconductor laser diode with a tapered and cascaded active multimode interferometer
(MMI) cavity was designed and demonstrated. An output power as high as 32 mW was obtained for the novel laser
diode with a tapered and cascaded active MMI cavity, being much higher than the 9.8 mW output power of the
conventional single ridge F—P laser with the same material structure and the same device length due to the larger
active area; and also being higher than the 21.2 mW output power of the rectangular and cascaded active MMI laser
diode with nearly the same structure, except for the shape of the MMI area. In addition, the tapered and cascaded

active multimode interferometer laser showed stable single mode outputs up to the maximum output power.
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1. Introduction

High power semiconductor edge-emitting laser diodes
(LDs) have become important and attractive devices in a wide
variety of applications, such as pumping sources of optical
fiber amplifiers, wavelength conversion with second harmonic
generation, medicine, printing and manufacturing. In order
to increase the output power of semiconductor laser diodes,
several approaches have been proposed!!], such as adopting
strained multi-quantum-well (MQW) as the gain materiall?:3],
and utilizing broad area structures and tapered waveguide
structures for LDs[*l. A combination of the above approaches
is, therefore, a promising approach towards achieving a practi-
cal solution for high power operation.

A semiconductor laser with an active MMI cavity is one
of the most promising broad area structures. Active MMI of-
fers high power in addition to regular single-mode output,
which can be coupled into a standard single mode fiber with-
out using an additional output mode trimming device. The
MMI, which is one of the passive devices based on the self-
image principle!®], has been widely used in optical communi-
cation as a power and wavelength combiner, splitter, etc. How-
ever, an MMI used as an active device was first developed by
Hamamoto et al. in 1997161 It shows a significant reduction in
driving voltage, as well as an increase in optical output power
compared to regular single-stripe LDs. In 1998, a laser diode
with a cascaded and rectangular MMI cavity was developed
to increase the output power further’~1%. Thereafter, active
MMIs were widely used to increase the output power of SLDs,
SOAs, etc.11:12]

Here, a high power semiconductor laser diode is designed
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and fabricated using a combination of the above approaches,
such as using strained InGaAs/InGaAsP MQW as the gain ma-
terial, adopting a tapered and cascaded active MMI cavity for
the first time. the three dimensional beam propagation method
(3D-BPM) was used to lead a proper waveguide design for sta-
ble single-mode operation at the output of the active-MMI con-
figuration. For comparison, regular single stripe LDs of 4 um
width and LDs with cascaded and rectangular MMI cavity were
also fabricated simultaneously on the same wafer. The cavity
length was 750 um for all structures.

2. Design and fabrication
2.1. Principle of tapered MMI

A schematic concept of the tapered active MMI LD is
shown in Fig. 1. This consists of conventional single-mode
waveguides that are connected to a 1 x 1 tapered MMI

1 x 1 MMI waveguide

D

Single mode : Single mode
waveguide /\ waveguide

Fig. 1. Concept of tapered MMI.
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Table 1. Parameters used in the BPM simulation.

Layer Wavelength (um) Thickness (nm) Effective index
InP buffer 0.92 560 3.167
InGaAsP SCH layer 1.2 120 3.338
4 pairs MQW  Well (-0.1% ) 1.65 6 3.482

Barrier (0.2%) 1.2 10 3.338
InGaAsP SCH layer 1.2 120 3.338
InP clad layer 0.92 160 3.167
InGaAsP etch stop layer 1.2 20 3.338
InP clad layer 0.92 1800 3.167
InGaAs contact layer 1.65 200 3.482

coupler.

The principle of “self-imaging” allows for input images
to be repeated along the device length. For the tapered MMI,
Ly, the length to obtain the first appearance of N images
is given asl!?]

1
Lyvvit = ZLMMI-Ra (D

4nwi
2
N 2

where Lymir is the length to obtain the first appearance of N
images in a regular rectangle MMI. So the length of the tapered
MMI can be reduced by % (¢ > 1). In other words, if they have
the same length of the MMI area, the tapered MMI exhibits a
larger active area than the regular rectangle MMI, which could
improve the quantum efficiency and increase the output power
of the LD.

Meanwhile, the driving voltage of the laser diodes can be

Lyvir =

considered as follows[gl,
V= Vn+ IR, 3)
R~ Ri+ Ry~ Ry + 2 ! )
o~ ~ x
! 2 ' Area  Area’

where Vy, is voltage at threshold, / is the current, R is the se-
ries resistance, R; is the contact resistance, and R, is the bulk
resistance.

Therefore, a larger active area also contributes to a reduc-
tion in R, which results in a lower driving voltage.

2.2. Design

The material structure of the LD is shown in Table 1.
Strained MQWs were used as the active layers of the LD in
order to obtain a high material gain. The MQWs consist of 4
pairs of undoped 6 nm —0.1% compressive strain InGaAs wells
separated by 10 nm 0.2% tensile strain InGaAsP (1.2Q) bar-
riers, sandwiched between 120 nm lattice-matched InGaAsP
(1.20) optical confinement layers.

The schematic structure of the tapered and cascaded
active-MMI LD is shown in Fig. 2. Two cascaded 1 x 1 mul-
timode interference couplers are connected to regular single-
mode waveguides to obtain high power with regular single-
transverse-mode output. The width of the MMI is tapered. As
shown in Fig. 2, the length of the single-mode waveguide, ta-
pered MMI area is Ly, Lo, L3, L, while the width is W, W,
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Fig. 3. Output power at the end of the single-mode waveguide with
the change of Wj.

W,, respectively. W was set to 4 um in order to get a sin-
gle transverse mode output, L1, Ly, L3, L are all equal to
150 pm, and the total length of the device is 750 pum.

The transmission of the optical field in the waveguide was
simulated by 3D-BPM. W} and W, were considered as variable
parameters.

In the simulation, we first used the fundamental mode of
the single-mode waveguide as the input optical field. Then we
set W =7.5 um, Wp = 9.0-10.0 um, and calculated the output
power at the end of the single-mode waveguide with the change
of the W;. The result is shown in Fig. 3.

When Wy = 9.5 um, the output power has a maximum and
the waveguide loss is about 0.11 dB.

Figure 4 shows the output field mode at the end of the
single-mode waveguide when Wy = 9.5 um, W, = 7.5 um.
It shows a single transverse mode output.

In comparison, we also fabricated a sing-strip F—P LD and
a cascaded rectangle MMI LD, in which the width of the MMI
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Fig. 4. Output optical field mode at the end of the single mode wave-
guide.
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Fig. 5. Cross section of the ridge of the tapered MMI LD.

area was 8 um. The detail of the simulation is not listed. The
total gain areas of the above devices were 2.8 x 10 um?, 4.2
x 10 um? and 4.8 x 10 um?, respectively.

2.3. Fabrication

The fabrication process of the device is the same as that
of the conventional F—P LD. The material of the LD is grown
by MOCVD based on an n-type InP substrate. The 20 nm
InGaAsP (1.2Q) in the middle of the InP cladding layer is
used as an etch stop layer. The ridge is etched first by UV
photolithography, and then by the Bbromine and HCI. Then
4000 A SiO, is grown on top of the InGaAs contact layer.
Another photolithography process is used in order to open the
SiO, windows on the top of the ridge. Then Au/Ti/Pt is de-
posited as the p-type electrode, and Ge/Ni/Au as the n-type
electrode. The cross section of the ridge of the LD is shown
in Fig. 5.

3. Results and discussion

Figure 6 is the microscope photos of the single-strip LD,
cascaded rectangle MMI LD and cascaded tapered MMI LD.

We tested the output power of the devices with a thermal-
control circuit. The output power against current and voltage
against current characteristics are shown in Fig. 7. The tem-

(a)

®)

©

Fig. 6. (a) Single strip LD. (b) MMI LD with cascaded and rectangular
cavity. (¢c) MMI LD with cascaded and tapered cavity.
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Fig. 7. Output power against current and voltage against current char-
acteristics.

perature is fixed at 25 °C. The output power of the single-strip
LD is up to 9.8 mW, the saturation current is about 450 mA,
and the resistance is about 3.3 €2. The result of the rectangle
MMI LD is 21.2 mW, 600 mA and 2.2 2, respectively. For
the tapered MMI LD, the output power is up to 32 mW, the
saturation current is about 780 mA, and the resistance is 1.5 Q2.

As we can see, because of the tapered MMI LD’s larger
active area, its output power shows a 10.8 mW improvement
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Fig. 8. Far field patterns of the rectangular MMI LD.
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Fig. 9. Far field patterns of tapered MMI LD.

compared to the rectangular MMI LD.

The far field patterns of the rectangular MMI LD and the
tapered MMI LD are shown in Figs. 8 and 9. The left picture
is the vertical image and the right is the horizontal image. This
shows a stable single-mode output.

4. Conclusion

A cascade taper-shaped MMI LD is demonstrated for the
first time. A high output power of 32 mW is achieved, corre-
sponding to a 10.8 mW improvement compared to the regular
rectangular MMI LD. The saturation current is up to 780 mA,
and the resistance is only 1.5 €2, which lead to a low power con-
sumption. Under continuous-wave operation at regular room

temperature (25 °C), it shows stable single-mode output char-
acteristics.
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