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Abstract: The monolithic integration of four 1.5-�m InGaAsP/InP distributed feedback
(DFB) lasers with a 4 � 1 multimode-interference (MMI) optical combiner using the selective
area growth and butt-joint regrowth technologies is proposed and demonstrated. A dry-
etching stop layer is grown to guarantee the etching depth of MMI. The four channels could
match the ITU wavelength grid of 200-GHz well with a simple integrated thin-film heater,
covering the wavelength range of 1552.3–1556.3 nm. The average output power of LD is
2.8 mW with a 150-mA current, and the threshold current is 20–22 mA at 25 �C. The four
channels can operate separately or simultaneously.

Index Terms: Laser array, multiwavelength light sources, thin-film heater.

1. Introduction
InP-based large-scale photonic integrated circuits (LS-PICs) have been successfully deployed in
optical transport networks [1]. Multi-wavelength light sources are now key components in dense
wavelength division multiplexing optical transmission systems and are indispensable in future
photonic networks [2]–[4]. There are several methods of multi-wavelength laser sources reported:
multi-section distributed Bragg reflector (DBR) laser diodes [5], arrayed waveguide grating (AWG)
laser diodes [6], distributed feedback (DFB) laser array [7]–[9] and integrated devices with multi-
mode interference coupler and a semiconductor optical amplifier integrated [10]–[13].

The monolithic distributed feedback (DFB) laser arrays are widely used for their stable and highly
reliable single-mode operation in modern wavelength division multiplexing (WDM) system. The
lasing wavelength is determined by the pitch of the built-in grating along the laser cavity together
with the waveguide effective refractive index. Several techniques have been proposed for the
fabrication of DFB laser array according these two factors mentioned above, such as electron beam
lithography [14], ridge width variation [15], ridge tilt [16], multiple holographic exposures [17], and
sampled gratings [18]. However, most of these techniques referred here require high costs and
rather harsh manufacture process. The single-mode-yield is the most important thing for the large-
scale photonic integrated circuits (LS-PIC). So a simple fabrication technology is urgently required
for high-yield DFB laser array production. Selective area growth (SAG) of multi-quantum wells
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(MQWs) by metal organic vapor phase epitaxy (MOVPE) is another and an attractive one [19], [20],
because only a relatively simple procedure is needed. This SAG technique grows epitaxial layers in
areas between dielectric masks. The thickness enhancement factors of selectively grown layers are
affected by the geometry of mask patterns including mask widths and mask gap between two
adjacent mask patterns. The effective refractive index of MQWs could be controlled by modulating
the thickness of the waveguide layer, which could realize the controlling of lasing wavelength.

In this paper, a four channel DFB laser array integrated MMI combiner is proposed and
demonstrated by SAG and butt-joint regrowth (BJR) technologies. The integrated device is fabricated
by conventional holographic method with constant-pitch grating. The four channels could match well
the ITU wavelength grid of 200 GHz with an integrated thin-film heater.

2. Design and Fabrication
The optical microscope photograph of the fabricated device is shown in Fig. 1. The total integrated
chip size is about 2600� 1250 �m2. The DFB laser section is 500 �m long, which is fabricated by
SAG technology. The separation between two adjacent lasers is set at 250 �m in order to decrease
the electrical and thermal crosstalk. The S-bend patterns are 1680 �m long to decrease radiation
loss. The sensitivity to optical feedback is important for the laser using in optical transmission
system [21], [22]. Two measures are taken for the device to reduce the optical reflections. One is
the design of shallow ridged waveguide for MMI to reduce the reflections from shallow-deep
waveguide transitions. The other is the tapered input and output waveguides, which are used to
reduce the back reflections at the input waveguides of MMI and improve the uniformity of output
power [23]. The 4 � 1 MMI coupler with tapered input/output waveguides is designed to be 24 �m
wide to satisfy the waveguide separation at the MMI entrances. The MMI length is calculated as
317 �m long by 3-D BeamPROP analysis software. The widths of ridge waveguide for both laser and
MMI are 3 �m.

The fabrication processes are composed of three step metal organic vapor phase epitaxy
(MOVPE) growths: selective area growth (SAG), butt-joint regrowth (BJR), and P-contact layer
growth. The SAG technology was applied to grow selectively different MQW active structures
aiming to fabricate the multi-wavelength DFB-LD array [24]. Fig. 2(a) shows the SEM picture of
SAG morphology. The passive MMI region was then selectively etched down until InP buffer layer
and a thin InP layer and InGaAsP waveguide core layer was regrown by the BJR technique, as
shown in Fig. 2(b).

For the fabrication of laser by SAG process, the dielectric masks used for the SAG study were
SiO2 grown by plasma enhanced chemical vapor deposition (PECVD). The thickness of the film is
150 nm. The width of the mask gap is kept constant at 20 �m and the width of mask strips ðWmÞ
ranges from 21.75 �m to 26.97 �m in 1.74 �m increment, as shown in Fig. 3. The MQWs are then
grown on the patterned wafer, which consist of 6 compressively strained InGaAsP wells, 7 InGaAsP
barrier layers and are sandwiched between two 80 nm InGaAsP separate confinement
heterostructure (SCH) layers. Two thin p doped and n doped InGaAsP layers were grown
successively on the upper SCH layer, which induce a weak gain coupling into the DFB structure

Fig. 1. Optical microscope picture of the integrated device.
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and helps to increase the rate of single mode lasing. The temperature and the pressure during the
MOVPE growth are 640 �C and 100 mbar, respectively. On unpatterned substrates, the thickness of
the well and barrier are 5 nm and 10 nm, respectively. It is found that the photoluminescence (PL)
emission wavelength in the SAG region exhibits a red shift correlating to the mask patterns, as
shown in Fig. 3. From our previous experiments [24], it can be found that the thickness
enhancement of SCH layer could be approximately deduced by the red-shift of PL wavelength,
which determines the channel spacing of DFB laser. Fig. 3 shows the distribution of PL wavelength
of four-channel laser region. The interval of the PL wavelength between the adjacent channels is
about 5.36 nm, which induces a corresponding refractive-index variation of ridge waveguide. After
the SAG process was finished, the BJR technique was conducted to grow the core-layer material of
MMI. As the first step, SiO2 stripe patterns were defined to secure the active region. Then, the
passive region was selectively etched down until InP buffer layer by reaction ion etching (RIE) with
the CH4=H2 gas mixture. After the treatment of a slight chemical cleaning for 20 s in dilute HBr
solution, a 300 nm-thick MMI core layer was selectively grown. For the passive MMI structure is
sensitive to the etching depth and roughness of waveguide sidewall, it is fabricated as shallow-ridge
waveguide. A thin AlGaInAs layer (about 10 nm-thick) was inserted between the upper and lower
InGaAsP core layer, which could realize the functionality of etching stop layer due to large
selectivity to InGaAsP in RIE process and had a small impact on our design of MMI structure. Fig. 4
shows the distribution of PL wavelength for MMI core layer with InGaAsP layer-1194.62 nm and
AlGaInAs layer-1330.12 nm.

After finishing the butt-joint regrowth, a grating with a uniform pitch was selectively fabricated on
the laser region by holographic lithograph technology. Then, a third epitaxy growth was followed,
including a p-type InP cladding layer and a pþ InGaAs contact layer. The ridge waveguides of laser
and MMI were formed simultaneously by RIE process, which could realize the depth control with

Fig. 3. Distribution of PL wavelength of four-channel laser regions.

Fig. 2. (a) SEM picture of SAG morphology for LDs, (b) butt-joint regrowth for active/passive region.
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proper gas sources (CH4=H2=O2 gas mixture) by the etching stop layer. A 450 nm SiO2 layer was
deposited by PECVD to cover the entire wafer and SiO2 openings over the ridges were formed by
wet etching. Then 200 nm Ti and 400 nm Au layers were deposited successively in a single sputter
run on the p-side of the device for the fabrication of p-electrode and thin-film strip heaters. With two-
step photolithography process, Ti thin-film heaters and Ti-Au p-contacts of laser and heaters were
formed together. AuGeNi alloy was deposited as n-contact metal after the wafer was thinned to
about 200 �m. All output facets of the device structure were formed by cleaving without additional
dielectric coating.

3. Characteristics of Integrated Device
Considering the level of our etching equipment, shallow ridge waveguide were designed to reduce
the propagation loss of long S-bend waveguide. The input characteristics of 4 � 1 MMI coupler
were calculated by 3-D analysis BeamPROP software. Fig. 5(a) and (b) show the simulated and
experimented input results of the MMI coupler, respectively. Four infrared spots were obtained,
each uniform and clear, indicating that the MMI was properly designed.

The fabricated device was mounted onto a Cu heat sink for systematic device characterization
with constant temperature kept at 25 �C. The light output power versus injection current (L-I) curves
of the integrated 4-channel-selectable light sources are shown in Fig. 6, which are tested by
coupling lights into single-mode tapered lens-fibers. The light power of laser facet and MMI output
port are shown in Fig. 6(a) and (b), respectively. The average slope efficiency of the MMI output port
was 0.023 W/A and the threshold was 20-22 mA, while the DFB facets was 0.174 W/A and the
threshold was 20-22 mA. The difference between the two devices comes from the radiation loss,
the transmission loss of passive waveguide and the direct bandgap absorption in the passive
region. The total losses for four channels were between 8.57 and 8.92 dB. The optical loss included
butt-joint coupling, the inherent loss of 1-by-4 MMI coupler (6 dB) and the propagation loss of
waveguide.

Fig. 5. (a) Simulated input characteristic of MMI, (b) experimental results of infrared spots.

Fig. 4. PL wavelength of butt-joint MMI core layer.
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The superimposed output spectra of the four-channel-selectable light sources fabricated by the
SAG and BJR process are shown in Fig. 7(a). As can be seen, the side-mode-suppression-ratios
(SMSR) of all the channels are larger than 40 dB. The emission wavelength as a function of channel
number is shown in Fig. 7(b) and can be fitted well with a linear curve, which has an average channel
spacing 1.356 nm. The wavelength deviation from the fitted value of each channel is shown in
Fig. 7(b), which is less than 0.1 nm. Small current tuning could make fine wavelength alignment. The
real and imaginary parts of the coupling coefficient of the laser element with the DFB laser, estimated
by the method in ref [25], are 38 and 6 cm�1, respectively, rendering a �L of 1.9. Our results show
that SAG technique which is promising for reducing cost of laser array can be used for the fabrication
of multi-channel light sources with very good uniformity of wavelength spacing. The channel spacing
of the integrated device can thus be tuned by the geometry of mask patterns including mask width
and separation to satisfy the required spacing. Each laser has also an integrated Ti thin-film heater
owing a tuning range about 5.0 nm. Proper heater current is applied to each heater of the laser to
match the ITU grid of 200 GHz, as shown in Fig. 8. In Dense-WDM systems, multiple DFB-LDs in the
array operate simultaneously. Therefore, the design of 250 �m-increment LDs contributes to very
low crosstalk between adjacent channels.

4. Conclusion
A monolithic integration of four 1.55-�m DFB lasers with a 4 � 1 MMI optical combiner using the
SAG and BJR method is proposed and demonstrated. The typical threshold current is about 20 mA

Fig. 7. (a) Superimposed output spectra of the integrated device and (b) the wavelength deviation from
the fitted value of each channel.

Fig. 6. Four-channel L–I characteristics of (a) DFB facets and (b) MMI output port.
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and the average output power for each channel is 2.8 mW with the LD current of 150 mA. The
average channel spacing of the selectable light sources is about 1.356 nm with uniform spacing.
The four channels can operate separately or simultaneously, which could satisfy the 200 GHz ITU
grid with the integrated Ti thin-film heaters. This device is promising for wide use in compact
transmitter modules for 10-Gb/s four-channel DWDM network systems.
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