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Monolithic integration of four 1.55-um-range InGaAsP/InP distributed feedback (DFB) lasers using varied ridge
width with a 4 x 1-multimode-interference (MMI) optical combiner and a semiconductor optical amplifier (SOA) is demon-
strated. The average output power and the threshold current are 1.8 mW and 35 mA, respectively, when the injection
current of the SOA is 100 mA, with a side mode suppression ratio (SMSR) exceeding 40 dB. The four channels have a

1-nm average channel spacing and can operate separately or simultaneously.
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1. Introduction

Dense wavelength division multiplexing (DWDM) chan-
nel number increases ceaselessly due to the rapid development
of demand for internet data communication. Multi-wavelength
light sources are now key components in DWDM optical
transmission systems and are indispensable in future photonic
networks.!l Several types of multi-wavelength laser sources
have been reported: the distributed Bragg reflector (DBR)
laser array,!>3! the distributed feedback (DFB) laser array,*!
and integrated devices!® with integrated multimode interfer-
ence couplers and semiconductor optical amplifier s.”! DFB
laser diode (LD) arrays are widely used for their stable and

[9:101 However, the grat-

highly reliable single-mode operation.
ing of the DFB laser is usually fabricated by electron-beam
(EB) lithography to form different wavelengths. This method
is time-consuming, costly, and unsuitable for mass produc-
tion. Holographic exposure is a simple method to fabri-
cate grating, but it needs to introduce sampling grating!!!l or
reconstruction-equivalent-chirp grating technology to obtain
the different wavelength channels. Furthermore, it reduces the
side mode suppression ratio (SMSR) for its side mode sam-
pling.

In this paper, a four channel DFB laser array is pro-
posed and demonstrated by varying the width of the ridge of
the waveguide. The effective index of the waveguide can be
changed by varying the width of the ridge.['?! Therefore, sim-
ple holographic lithography and orderly change of the ridge
width can be used to realize a different wavelength for each

channel. Without additional process steps, this method also
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does not reduce the SMSR. Using this technique, combined
with active/passive butt-joint coupling technology, a mono-
lithic integrated device including a four channel DFB laser
array, multimode-interference (MMI), and semiconductor op-
tical amplifier (SOA) is fabricated. The lasing wavelength is
1.55-pum range and the interval between adjacent channels is
about 1nm.

2. Design and fabrication

Figure 1 shows the schematic structure of the four chan-
nel multi-wavelength DFB laser array (LD1, LD2, LD3, and
LD4). The length of the laser and the SOA are 690 pum and
600 pm, respectively. The separation between two DFB lasers
is 100 um. The width and length of the MMI coupler are
24 um and 310 pwm, respectively.

4DFB-LD

LD1 690 pm
LD2 WG+MMI

LD3 1210 pm

Fig. 1. Schematic structure of the DFB laser array fabricated by using
the varied width ridge technique.

For the fabrication of the device, first, an active multi-
quantum well (MQW) structure was grown over the entire
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wafer by metal-organic chemical vapor deposition (MOCVD),
consisting of 6 compressively strained quantum wells and 5
The MQW material in the pas-
sive region was selectively etched by 3H>SO04:H,0,:H,0 wet-

tensely strained barriers.

etching solution. Then a 300-nm InGaAsP waveguide layer
with a 1300-nm emission wavelength was grown in a second
MOCVD run. After uniform grating was formed in the DFB
laser region by holographic exposure, a p-type overcladding
and a cap layer were grown on the wafer.

A shallow-ridge waveguide was used for the DFB laser
and SOA, while a deep-ridge waveguide was used for the pas-
sive waveguide to reduce the size of the device. The ridge
widths of the four channels were designed to be 2 um, 2.3 pm,
2.6 um, and 3 pm, respectively. The shallow-ridge waveg-
uide was formed by a CH4:H;:Ar reactive ion etching (RIE)
dry-etching process followed by a short-time wet-etching step,
The 250-nm In-
GaAs contact layer in the passive region was removed by

which was stopped at the grating layer.

wet-etching to reduce the absorption loss. Finally, Ti/Au p-
type and evaporated Au/Ge/Ni n-type electrical contacts were
formed. All output facets of the device structure were formed
by cleaving without additional dielectric coating.

3. Device characters

The conditions of both wet-etching and MOCVD growth
were carefully optimized to obtain a good butt-joint interface
between the LD active MQW and the passive waveguide layer.
An SEM picture of a cross section of the butt-joint interface
between the active MQWs and the passive waveguide is shown
in Fig. 2(a). As can be seen, a good butt-joint quality was ob-
tained, as no voids were revealed. Figure 2(b) shows the pho-
toluminescence spectra of the active and passive regions. In
order to reduce reflectivity from the MMI coupler and improve
the light uniformity into the MMI coupler, waveguides with ta-
pered regions were used,'3! which was 50-um-long with the
width changing from 4 pm to 3 um, as shown in Fig. 2(c).
The fabricated device was mounted onto a Cu heat sink, set at
25 °C, for characterization. Typical light output—current (L—I)
characteristics of the lasers with or without the MMI couplers
(the MMI is cleaved from the laser with the butt-joint inter-
face) are shown in Fig. 3. As can be seen, at 100-mA injection
current, the output power with and without the MMI coupler
is 9.3673 mW and 2.1315 mW, respectively. The power loss
resulting from the integration of the MMI is then calculated to
be 6.429 dB. Considering the 6-dB power loss of a 1 x4 MMI,
the combined losses resulting from the butt-joint interface, the
scattering from the waveguide side walls and the material de-
fects, and the absorption of waveguide materials are as low
as 0.429 dB, which results from our optimized experimental
conditions.
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Fig. 2. (a) SEM picture of the butt-joint interface, (b) Photolumines-
cence spectra of the active and passive regions, and (c) SEM picture of
the MMI coupler and tapered waveguides.

The lasing spectra of the device when Ippg = 50 mA
are shown in Fig. 4 and have an SMSR greater than 40 dB.
The lasing wavelengths of the four channels are 1549.965 nm,
1551.105 nm, 1552.255 nm, and 1553.015 nm, respectively.
The wavelength spacing between two adjacent channels are
1.14 nm, 1.15 nm, and 0.76 nm, which are not equal. This is
because that the effective index of the lasers are not linearly
varied with the ridge width. An equal wavelength spacing can
be obtained by increasing the ridge width nonlinearly.

Figure 5 shows the LI curves of a single channel (chan-
nel 1) when the injection current of the SOA is 80 mA,
100 mA, 120 mA, and 150 mA, respectively. The output
power is increased from 2.27 mW to 4.25 mW (nearly dou-
bled) when the current of the SOA is changed from 80 mA to
150 mA.
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Fig. 3. Typical lasing spectrum of the integrated device. Inset shows L—
I characteristics of 1900-pm-long DFB-S bend-MMI device and 690-
pum-long DFB LD, without waveguide section.
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Fig. 4. (color online) Lasing spectra of the integrated device from SOA
facet (Ippg = Isoa = 50 mA).
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Fig. 5. (color online) Single channel L-I characteristics when the SOA
injects different currents.

There is a kink characteristic in the light L-I curve of
the DFB lasers. The mechanism of such a kink is still un-
clear. Putting a high-reflection coating on the rear of the laser
diodes and an antireflection coating on the front of the SOA
may avoid the kink.

Figure 6 shows the four channels (CH1, CH2, CH3, and
CH4) output power versus the SOA current when the injection
current of the four DFB LD are 70 mA. It can be seen that for
all the channels, the output power of each of the integrated de-
vices is greater than 4.3 mW when the current of the SOA is
250 mA.

When used in DWDM systems, all the DFB-LDs in a
laser array work simultaneously and the output lights must

match a series of wavelengths that are typically uniformly
spaced. By varying the ridge width as in this work, lasers with
roughly uniform channel spacing can be obtained. Fine tuning
of laser wavelength is usually needed to align the emission of
the array to a specific grid. Thermal tuning of laser wavelength
is a simple technique and thus is widely used. It is desirable
that wavelength shift occurs only in the heated laser element.
Thermal crosstalk, however, inevitably shifts the wavelength
of nearby lasers. In order to study the thermal crosstalk among
lasers in a laser array, the wavelength shift of LD4 was mea-
sured when its bias current was constant at 50 mA, while the
bias currents of LD1, LD2, and LD3 are changed in a range
from 0 mA to 100 mA, as shown in Fig. 7.
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Fig. 6. (color online) Output power as a function of SOA injection cur-
rent when Ipgg = 70 mA.
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Fig. 7. (color online) Wavelength shift caused by thermal crosstalk of
DFB-LD.

Therefore, low-crosstalk characteristics are important.
Widening channel spacing can reduce the effects of the neigh-
boring channels. On the other hand, narrow channel spacing is
very effective for minimizing the size of a transmitter, which
consists of a DFB-LD array and a combiner.'#!

4. Conclusion

A monolithic integration of four 1.55-pum-range In-
GaAsP/InP distributed feedback lasers with a 4x1-MMI op-
tical combiner and an SOA using a varied width ridge method
is proposed and demonstrated. The typical threshold current
is 35 mA and the average output power for each channel is
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1.8 mW when the current of the LD and the SOA are both
100 mA. The lasing wavelength is in the 1.55-um range. The
four channels can operate separately or simultaneously. This
device is promising for wide use in compact transmitter mod-
ules for 10-Gb/s four-channel DWDM network systems.
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