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Abstract: There are strong demands of monolithically integrated photonic components for future high capacity optical
networks such as those for data center, fifth-generation fronthaul or wavelength-division multiplexing systems. Monolithically
integrated multiwavelength laser array (MLA) is a potential photonic component used in the above applications. The
monolithically integrated MLA associated with sampled Bragg grating (SBG) semiconductor lasers is proposed and studied
here. It is shown in the results that a controllable phase shift can be introduced into the central part of the cavity to tune the
lasing wavelength. The effective refractive index along the phase-shift-controlled (PSC) parts was different from those of the
side parts with the different currents injected into the PSC parts and the side parts. So the optical path length along the PSC
part changed for the lasing wavelength. In other words, an appropriate distributed phase shift along the PSC part could be
introduced accordingly. Besides, it is found in the results that the longitudinal photon density distribution of the proposed
structure is much flatter than that of the A/4 phase-shift structure. Hence, the longitudinal spatial hole burning (SHB) is reduced
more effectively. The single longitudinal mode (SLM) stability is better than that of the common A/4 phase-shift structure at
high injection currents accordingly. A twelve-channel SBG MLA with 50-GHz wavelength spacing was fabricated in the
experiment. The channel frequency ranges from 192.70 THz to 192.15 THz. Its operation at designed wavelengths was
demonstrated. High side mode suppression ratios (SMSRs) of all channels over 57 dB were observed as well. This paves the
way for a compact and cost-efficient light source for large-scale photonic integrated circuit devices.
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1. Introducti [10-14]. However, the non-uniformity of the carrier density
- Introduction distribution may become very serious when it works at high

Distributed feedback (DFB) semiconductor  injection currents. Such non-uniformity may degrade the mode

multiwavelength laser arrays (MLAs) have been widely used stability through changing the effective refractive index, which

in optical communication systems, photonic integral circuit, leads to multimode operation. It is known that the deterioration

photoelectric sensing, and photoelectric signal operation [1-9]. ~ ©f the SLM is mainly caused by the longitudinal spatial hole

The most common type is the A/4 phase-shift DFB MLA burning (SHB) effect [15-17]. Meanwhile, the SLM is also
influenced by the minor damage of anti-reflection films at both

operating in the single longitudinal mode (SLM) and the lasing facets [18]. A lot of special structures have been proposed o

wavelength is controllable by the design of grating structure
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achieve good SLM performance, such as the chirp-modulated

structure, the corrugation-pitch-modulated (CPM) structure,

the multiple phase shifts structure, the A/8 phase-shift structure

[19, 20]. However, these special structures are always complex

and not easy to fabricate. The electron beam lithography (EBL)
is a practical method to write the complex nano-structures, but

it is time-consuming and expensive.

Recently, a sampled Bragg grating (SBG) has been widely
used, which formed by traditional holographic exposure and
lithography. MLA can be easily fabricated by designing
sampled period of the order of micrometers [21-24]. The
sampled Bragg grating can be used to tune Bragg wavelength
of the order of nanometers. So SBG shows great potential in
MLA fabrication.

In this work, a three-electrode SBG MLA with
phase-shift-controlled (PSC) part has been proposed and
studied. It is shown that the longitudinal photon density
distribution of the proposed SBG MLA is much flatter than
that of a A/4 phase-shift DFB MLA. The proposed SBG
MLA is one of the promising devices to suppress the spatial
hole burning effect. Because the carrier density distribution is
controlled by the injection currents via the three separated
electrodes, the phase-shift can be tuned by changing the
injection currents. With an appropriate phase-shift, the
proposed SBG MLA maintains the SLM operation. The
controllability of the carrier density distribution in the
proposed SBG MLA is also essential for obtaining a tunable
wavelength range. A twelve-channel SBG MLA with
50-GHz wavelength spacing is fabricated. Its operation at
designed wavelengths is demonstrated as well.

2. Principle and Design

In the SBG MLA, the corrugation of grating gives the
feedback. Because only the SLM behavior of the SBG MLA
is of interest, we suppose that there is merely one mode
oscillates. The relationship between the injection current and
the carriers can be expressed as

= a2+ BN )+ OV @) 8N ) ()
[

where I is the injection current, e is the electronic charge, d is
the active layer thickness, N is the carrier density, A is equal
to 1/1, where t is the linear recombination time, B is the
bimolecular recombination coefficient, C is Auger
recombination coefficient, vg is the group velocity, N, is the
photon density in the active region and g is power gain which
can be expressed as

g(N1(Z)) = Ao(N1(Z)_N3(Z)) (2)

where A, is the differential gain, N; is the transparency
carrier density. Then the effective refraction index of the
wavelength A would be

A
n.(A) =ng°(/l)—ZTAOI'aHN1 3)
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where n’(A) is the effective refraction index of the
wavelength A when there is no carriers, I is the confinement
factor and ay is the line-width enhancement factor.

Figure 1 shows the schematic illustration of a proposed
SBG MLA with three electrodes which are equally separated.
Then the currents I and I, are injected into the side part and
PSC part of proposed SBG MLA, respectively. Because the
two side parts are identical, the current injected into the left
side part or the right one is the same to each other, which
equals to I/2. We assume that facets at front and back are
AR-coated.

————

AN
L TUUTIRN

Figure 1. The schematic illustration of a proposed SBG MLA.

When the currents are injected into the proposed SBG
MLA, there would be band-filling, band-gap shrinkage and
free-carrier plasma effect [25]. In this work, the grating along
the resonant cavity is uniform and the period of the grating is
A. The effective refractive index along the resonant cavity is
the same when there is no current injected. When the currents
are injected into the electrodes, the effective refractive index
would change accordingly. If there is a subtle distinction
between the effective refractive indexes of the PSC part and
the side parts, a distributed phase-shift is introduced in the
whole PSC part. The distributed phase-shift can be expressed
as:

2”(’1 —n,)L,
n/\

g= 4)

Where n, and n, are the average effective refractive
index of the side parts and the PSC part.

3. Results and Discussion

The characteristics of the proposed SBG MLA are studied
using the transfer matrix method (TMM) [26]. From each
transfer matrix, the carrier concentration, photon density,
refractive index and amplitude gain can be evaluated. The
characteristic of the proposed SBG MLA is determined by
passing the values from one transfer matrix to the next
transfer matrix.
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Table 1. List of parameter values used in the simulation.

In this model, the period of the grating is 246.08 nm.
The length of the laser cavity is 600 um. The modulated

Parameters Data . . .
Cavity length (/) 600 pm depth of the refractive index is about 0.0015. Other
Effective refractive index 3.17 parameters used in the simulation are listed in the Table
Group index 3.7 1.
Ll vl n cilbe i st {eiion 5 The simulation in which the total current is 130 mA
Duty cycle 0.5 . . . . . .
Constraint factor 03 constant is called the Simulation-A. The simulation in
Carrier density on base 0.0012 cm? which the side current is 30 mA constant and the current of
Effect of differential quantum 0.015 the PSC part changed from 40 to 70 mA is called the
Kappa () 3.0 mm’ Simulation-B.
KXl 1.8
2.5 T T T T 2.5 T 2.5
a — 46 MA — 40 mA >
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Figure 2. The normalization photon intensity distributions along the cavity for (a) Simulation-A, (b) Simulation-B and (c) a /4 phase-shifted structure with

current 130 mA and proposed SBG MLA under Is = 84 mA and Ip = 46 mA.

It is found in the Figure 2a that I, increased from 46 mA to
70 mA. Iy2 decreased from 42 mA to 30 mA accordingly. The
photon distribution although the cavity became steeper when I,
became higher. In Figure 2b, I4/2 is 30 mA constant. I,
increased from 40 mA to 70 mA. The total current increased
from 100 mA to 130 mA accordingly. It is also found that the
photon distribution although the cavity became steeper when I,
became higher. By comparing Figure 2a with Figure 2b, it is
found that the photon distribution is the same when I, is 70
mA. With I, decreased, the photon distribution became flatter
much faster of Simulation-A than that of Simulation-B. It is
because that I/2 increased when I, decreased in Simulation-A.
However, 142 is 30 mA constant when I, decreased in

Simulation-B. The difference between I, and I/2 became
smaller much faster of Simulation-A than that of Simulation-B.

When compared with a A/4 phase-shifted DFB MLA in
Figure 2c, without a peak in the center, the photon intensity
of the proposed SBG MLA is much flatter. The reason is that
the photon is drawn by the distributed phase-shift of the PSC
part. It can help to reduce the highly concentrated photon and
smooth the photon distribution along the cavity in the PSC
part. It is of importance that the proposed SBG MLA can
reduce the SHB effect more effectively. The smaller the
difference between the current of the side parts and the PSC
part, the flatter the photon intensity distribution along the
cavity of the proposed SBG MLA is (Figure 2a, b).
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Figure 3. The effective refractive index distributions along the cavity of proposed SBG MLA in the (a) Simulation-A, (b) Simulation-B and (c) The corresponding

phase-shifts of the proposed SBG MLA.

It is found in the Figure 3a that I, increased from 46 mA to
70 mA. I/2 decreased from 42 mA to 30 mA accordingly.
The effective refractive index distribution although the cavity
became more precipitous when I, became higher. In Figure

3b, 142 is 30 mA constant. I, increased from 40 mA to 70 mA.

The total current increased from 100 mA to 130 mA
accordingly. It is also found that the effective refractive index

distribution although the cavity became more precipitous
when I, became higher. By comparing Figure 3a with Figure
3b, it is found that the effective refractive index distribution
is the same when I, is 70 mA. With I, decreased, the effective
refractive index distribution became flatter much faster of
Simulation-A than that of Simulation-B. It is because that 1/2
increased when I, decreased in Simulation-A. Howerve, /2



26 Renjia Guo et al.:

is 30 mA constant when I, decreased in Simulation-B. The
difference between I, and I4/2 became smaller much faster of
Simulation-A than that of Simulation-B.

In order to keep the SLM operation, there should be
difference between the injection current of the PSC part and
those of the side parts to obtain a suitable phase shift. The
horizontal axis is the bias current injected into the PSC part
in Figure 3c. The slope efficiency of the curve is about 0.06
and 0.03 /mA according to the current of the PSC part in the
Simulation-A and the Simulation-B, respectively. With the
increase of the PSC currents in the Simulation-A, the side

Monolithic Integration of a Multiwavelength Laser Array Associated with SBG Semiconductor Lasers

currents decrease, but the side currents are constant in the
Simulation-B, it is easy to understand the slope efficiency in
the Simulation-A is about twice than that in the Simulation-B.
The refractive index and the phase-shift is almost uniformly
changed (Figure 3c) when the current of the PSC part
increased in Simulation-A, but the refractive index and the
phase-shift is non-uniformly changed (Figure 3c) in the
Simulation-B. That is to say, in the Simulation-B, the
changing rate of the effective refractive index difference
inside and outside the PSC part decreased when the total
current increased.
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Figure 4. The simulated spectra of proposed SBG MLA in the (a) Simulation-A, (b) Simulation-B and (c) The correspond lasing wavelength of the proposed SBG

MLA under different current injected into the PSC part.

Figure 4a, b are the spectra of proposed SBG MLA which
are simulated in the Simulation-A and the Simulation-B,
respectively. It is found in the Figure 4a that I, increased
from 46 mA to 70 mA. I/2 decreased from 42 mA to 30 mA
accordingly. The lasing wavelength became red shifted when
I, became higher. In Figure 4b, I/2 is 30 mA constant. I,
increased from 40 mA to 70 mA. The total current increased
from 100 mA to 130 mA accordingly. It is also found that the
lasing wavelength also became red shifted when I, became
higher. By comparing Figure 4a with Figure 4b, it is found
that the lasing wavelength is the same when I, is 70 mA.
With I, decreased, the lasing wavelength became red shifted
much faster of Simulation-A than that of Simulation-B. The
tuning ranges are 0.6 nm and 0.39 nm of Simulatiion-A and
Simulation-B respectively. It is because that Iy/2 increased
when I, decreased in Simulation-A. Howerve, I/2 is 30 mA
constant when I, decreased in Simulation-B. The difference
between I, and I/2 became smaller much faster of
Simulation-A than that of Simulation-B.

From the spectra it can be speculate that when the injection
current of the PSC part is close to the side currents, the
proposed laser has two lasing modes. With the increase of the
difference between the currents of the PSC part and the side
parts, the proposed SBG MLA turns into the SLM. In our
simulation, when the phase shift changed from n/2 to 3n/2
(Figure 3c), the proposed laser maintained the good SLM
operation (Figure 4a, b).

The wavelength can be expressed as:

6-6
— (5)

A=A +k =

where A, is the lasing wavelength and 6, is the phase shift

when the current of the PSC part is 46 mA in the
Simulation-A and 40 mA in the Simulation-B, respectively.
k; is 0.7 nm in the Simulation-A and 0.45 nm in the
Simulation-B, respectively.

In Figure 4c, the horizontal axis is marked by the bias
current injected into the PSC part. With an appropriate
phase-shift in the simulation, such as, from n/4 to 7n/4
(Figure 2b), the lasing wavelength could be tuned from
1556.98 to 1557.58 nm in the Simulation-A. By using the
Equation 5, the wavelength could be tuned from 1556.98
to 1557.58 nm. The tunable ranges were both about 0.6
nm.

Simulation-A
46 mA

401 ——58mA
—— 70 mA

82 mA

0] ——o94ma

Intensity (dBm/nm)
o
=)

1556 1558 1560 1562
Wavelength (nm)

Figure 5. The spectra of proposed SBG MLA under the total current is 130 mA
when refractive index modulated depth is 0.01.

As a matter of fact, in an actual SBG MLA, the modulated
depth of the refractive index can be higher than 0.01,
corresponding to the coupling coefficient k being to about 20
mm™. When k is 20 mm™" and the total current is 130 mA, the
lasing wavelength could be tuned from 1560.80 to 1561.87
nm in the Simulation-A (Figure 5) and the tunable range is
about 1.1 nm.

By comparing Figure 5 with Figure 4a and Figure 4b, it is
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found that the lasing wavelength tuning range became bigger
with the modulated depth of the refractive index became
higher. It is because that the Bragg wavelength became
bigger when the modulated depth of the refractive index
became higher. Moreover, if there is the thermal effect, the
red-shift of the thermal effect would help to expand the
tunable range of the lasing wavelength.
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Figure 6. The spectra of proposed SBG MLA in the (a) simulation and (b)
experiment. The inset gives the microscope image of the proposed SBG MLA chip.

The simulated spectra of the proposed SBG MLA are
plotted in Figure 6a. The same performance is obtained for
the 12 lasing wavelengths. The channel spacing is 50 GHz.
The results show that SBG MLA would provide high
performance. The simulated result demonstrates the
excellent wavelength precision that can be achieved with
SBG.

In the experiment, a 600 um SBG MLA based on
electrically controlled was placed on a smooth copper
surface at room temperature of 25°C. The overlapping
spectra with channel spacing of 50 GHz are studied (Figure
6b). There are 12 channels in total. The channel frequency
ranges from 192.70 THz to 192.15 THz, and the
corresponding wavelengths range from 1555.747 nm to
1560.200 nm. High SMSRs of all channels over 57 dB were
observed as well.

By comparing Figure 6a and Figure 6b, it is found that the
experimental results agree with the simulation results very
well. The proposed MLA operated at the designed
wavelengths was achieved in the experiment. The yield of
laser in the propose MLA is very high. It is benefited from
the distributed phase shift in the PSC part.

4. Conclusion

The MLA associated with SBG semiconductor lasers is
proposed and studied. The proposed SBG MLA was fabricated
with the uniform grating obtained from the common two beam
interference. With changing the currents injected into the side
and PSC parts, arbitrary phase shift can be introduced into this
proposed SBG MLA. It is demonstrated that the internal
longitudinal photon density distribution of the proposed SBG
MLA is much flatter than that of a traditional A/4 phase-shift
DFB MLA. Hence, the longitudinal SHB effect is considerably
reduced and the proposed SBG MLA has good SLM
performance. Also the lasing wavelength could be tuned by
controlling the amounts or ratio of the injection currents into
the side and PSC parts. A twelve-channel SBG MLA with
50-GHz wavelength spacing is fabricated. Its operation at
designed wavelengths is demonstrated. High SMSRs of all
channels over 57 dB were observed as well.
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