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We report the InAs/GaAs quantum dot laterally coupled distributed feedback (LC-DFB) lasers operating at room temper-
ature in the wavelength range of 1.31 μm. First-order chromium Bragg gratings were fabricated alongside the ridge wave-
guide to obtain the maximum coupling coefficient with the optical field. Stable continuous-wave single-frequency operation
has been achieved with output power above 5 mW/facet and side mode suppression ratio exceeding 52 dB. Moreover, a
single chip integrating three LC-DFB lasers was tentatively explored. The three LC-DFB lasers on the chip can operate in
single mode at room temperature, covering the wavelength span of 35.6 nm.
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1. Introduction

High performance, reliable, and low cost semiconductor lasers
are crucial for applications in the field of optical communica-
tion[1]. While single-channel optical interconnects can operate
with electrically pumped Fabry–Perot lasers, distributed-feed-
back (DFB) lasers, which provide single-longitudinal-mode
emission with a narrow spectrum line width, are indispensable
for wavelength division multiplexing systems[2]. A number of
advantages of the GaAs-based InAs quantum dot (QD) laser
diodes operating in the 1310 nm wavelength region have been
found over the commercial InP-based III–V quantum well
(QW) lasers, such as low threshold current density, high quan-
tum efficiency (QE), and high temperature stability[3–6].
Moreover, a very important advantage of QD lasers is that the
QDs active region has been proved to be much less sensitive to
crystal defects than in the conventional QW structures due to
effective three-dimensional carrier localization[7]. Thus, InAs
QDs are desirable to be utilized for the active region of sili-
con-based lasers[8,9]. The InAs/InGaAs QDs DFB laser becomes
very important in the development of silicon-based photonics.
Although the electrically pumped DFB laser using InAs/GaAs
QD gain material epitaxially grown on silicon was reported

by Wang et al.[10], there is still very little research effort on
InAs QD DFB lasers[11,12].
In this work, we report the fabrication and characterization

of 1.31 μm GaAs-based QD laterally coupled DFB (LC-DFB)
lasers by employing the first-order Cr gratings. Excellent single-
longitudinal-mode characteristics with a high side mode sup-
pression ratio (SMSR) above 52 dB have been achieved. With
an injection current of 300 mA, the LC-DFB laser emits up to
5 mW per facet.

2. Experimental Procedure

The laser structure was grown on 4 in. n-type GaAs (001) sub-
strates by a solid source molecular beam epitaxy system
equipped with an As cracker. The grown structure was started
with a 500 nm GaAs buffer layer deposited at 720°C after native
oxide desorption. Then, a 1.5 μmn-doped Al0.4Ga0.6As cladding
layer and 20 periods of 2 nm/2 nm Al0.4Ga0.6As=GaAs superlat-
tices (SLs) waveguide layer were grown, followed by a five-fold
stacked InAs/InGaAs dot-in-well (DWELL) structure. The
SLs are used here to lower the barrier for carrier transport
and to reduce the serial resistance. The DWELL structure
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consists of 2 nm In0.15Ga0.85As, 2.2 nm monolayer InAs, and
6 nm In0.15Ga0.85As covering the QD layer. GaAs barrier layers
with thickness of 50 nm were grown to separate the five DWELL
structures. After that, 20 periods of 2 nm/2 nm AlAs/GaAs SLs
waveguide layers and 1.5 μm p-doped Al0.4Ga0.6As cladding
layers were grown, following the active region. Finally, a
300 nm P+-GaAs contact layer completed the growth. The
growth temperature was 720°C for GaAs, 610°C for In-contain-
ing layers, and 760°C for Al0.4Ga0.6As layers.
Narrow ridge waveguide DFB lasers were fabricated with

ridge width of 3 μm. The ridge structures were defined by optical
lithography followed by chlorine-based inductively coupled
plasma reactive ion etching. The etching was stopped when the
depth reaches the active region. Then, Cr gratings were fabri-
cated alongside the ridge waveguide by electron beam lithogra-
phy and lift-off process. A 200-nm-thick Si3N4 layer was
deposited by plasma-enhanced chemical vapor deposition for
insulation and ridge side wall passivation. Ti/Pt/Au metal layers
were deposited for the top n-contact. The substrate was thinned
down to about 120 μm. Au/Ge/Ni/Au metal contacts were
applied for the back. The design of our LC-DFB lasers was
based on coupled-wave theory, and the first-order grating is
used[13–15]. Figure 1 shows the high resolution scanning electron
microscope (SEM) images, where the cleaved facet of the laser is
shown in Fig. 1(a), and the ridge top is shown in Fig. 1(b).

UniformCr gratings with periods of 196.5 nm are clearly shown,
which are covered by a silicon nitride isolation layer and the top
electrodemetal films. According to the coupled-wave theory, the
coupling coefficient is given by[16,17]

κ =
jn22 − n21j
neffλ

sin�πmΛ1=Λ�
m

Γgrating,

where n2 and n1 are the refractive indices of the dielectric layer
and Cr gratings, respectively, neff is the effective refractive index,
λ is the wavelength in vacuum,m is the grating order, first-order
(m = 1) is used here, Λ1 and Λ are the width of the Cr grating
line and the grating period, respectively, and Γgrating is the ratio
of optical field intensity in the grating region to the overall
region. The period of Cr grating Λ is calculated by
Λ =mλ=2neff . Duty cycle is defined as γ = Λ1=Λ, which strongly
affects the coupling coefficient κ. In experiment, the duty cycle
value of about 40% was used, while the grating period was
196.5 nm.

3. Result and Discussion

Laser diodes with cavity length of 4 mm were cleaved and
mounted epi-side up on copper heat sinks by In soldering.
Both facets were left uncoated. Narrow ridge lasers were mea-
sured in continuous-wave (CW) mode. The output power was
measured by an integrating sphere InGaAs photodiode power
sensor S145C from Thorlabs. For CWmode, a current and tem-
perature controller ITC4020 from Thorlabs was used for current
injection and heat sink temperature control. The device operat-
ing temperature was monitored by a resistance temperature
detector PT100 mounted alongside the copper heatsink. An
IS-50R Fourier transform infrared spectrometer and an
OSA20 spectrum analyzer were used to record the lasing spectra.
The CW mode current-voltage-power (I-V-P) characteristics

of an LC-DFB laser with 4-mm-long cavity and 3.0-μm-wide
ridge are shown in Fig. 2(a). The laser has a threshold of
207 mA at 20°C, corresponding to a threshold current density
of 1.72 kA=cm2, and an output power of 5 mW per facet at
300 mA was recorded. It is worth noting that there is an output
power kink point when the input current is 235 mA, which is
likely caused by mode hopping. As shown in Fig. 2(b), the light
emitting wavelength has a relatively large shift when the current

Fig. 1. SEM image of the LC-DFB laser. (a) Cross-section view. (b) Top view.

Fig. 2. (a) I-V-P characteristic of the LC-DFB laser in CWmode at 20°C. (b) The
relationship between peak wavelength and current from 220 mA to 280 mA of
the LC-DFB laser.
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rises from 230 mA to 240 mA, indicating an occurrence of mode
hopping. The gain and spatial refractive index coefficient are
affected by the recombination of carriers[18], which may result
in mode hopping when their changes are large enough.
The laser diode was systematically characterized in the tem-

perature range of 10°C–30°C. Characteristic temperature T0 was
calculated as 45 K under CW mode, as shown in Fig. 3(a).
Furthermore, from the I-P data, the slope efficiency of the laser
was obtained, as well as the external QE. The QE is calculated by

ηext =
2qλ
hc

Δp
ΔI , with h the Planck constant, c the speed of light, q the

electron charge, λ the lasing wavelength, p the measured optical
power, and I the injection current. The temperature dependent
external QE of the laser is shown in Fig. 3(b), where it is evident
that amaximum external QE reaches 19% at 20°C in the temper-
ature range of 10°C–30°C. This tendency is reasonable for LC-
DFB lasers, where the overlap of the gain peak wavelength and
the mode wavelength determined by the gratings plays a critical
role. Maximum external QEwas obtained at 20°C, indicating the
best overlap was achieved. For operating temperatures varying
away from 20°C, the overlap becomes worse, leading to a
decrease in the external QE, as shown in Fig. 3(b). Note that
there is still room for improvement in the device performance
such as threshold current density, external QE, and characteris-
tic temperature. One of the main factors that should be consid-
ered is the optical loss caused by the Cr gratings. In addition, the
parasitic spontaneous electron-hole recombination in the
regions outside the QDs and the presence of the excited states
in QDs in addition to the ground state[19,20] may also play a role
in the device operation.
Under CW operation, the lasing wavelength can be tuned by

varying the injection current and operating temperature. Lasing
spectra the LC-DFB laser collected at 20°C are shown in
Fig. 4(a), with injection currents varying from 230 mA to
350 mA in steps of 10 mA. In this current range, it is found that
the LC-DFB laser is running as mode-hop free with very high
SMSR values. Figure 4(b) shows the dependence of operating
wavelength and SMSR on the injection current at different tem-
peratures in the range of 10°C–30°C. A wavelength window
of 1311.5–1314.5 nm can be covered by the LC-DFB laser oper-
ating in single mode. The tuning rates of the lasing wavelength
with current and temperature are 4.15 pm/mA and 0.12 nm/K,

respectively. As shown in Fig. 4(b), for all the operating param-
eters (i.e., temperatures and injection currents), the SMSR over
40 dBweremeasured exclusively. Themaximum SMSR has been
obtained over 50 dB, indicating that the device has excellent
single-mode operation performance[21]. Figure 5 shows a lasing
spectrum of the LC-DFB laser, where the maximum SMSR of
52 dB has been achieved at 20°C with an injection current of
290 mA and a lasing wavelength of 1313.27 nm. This maximum
SMSR value is better than that of most commercially available
DFB lasers in this wavelength region[22]. The outstanding
SMSR performance is attributed to the good match of mode
wavelength selected by the Cr gratings and the peak of the gain
profile.
InAs/GaAs QD gainmaterial has a unique feature, i.e., its gain

profile is much broader than that of the conventional QW struc-
ture. Thus, it is possible to fabricate a single chip that integrates
several laser diodes covering a broad wavelength range, e.g., the
wavelength span of the O-band four-wavelength coarse wave-
length division multiplexing (CWDM) application (i.e., 60 nm).

Fig. 3. (a) Characteristic temperature T0 calculated under CWmode from 10°C
to 30°C. (b) Variation of external efficiency calculated under CW mode from
10°C to 30°C.

Fig. 4. (a) Spectra of the LC-DFB laser with injection current from 230 mA to
350 mA with a step of 10 mA at 20°C. (b) Variation of emission wavelength and
SMSR versus current at different temperatures.
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We tentatively explored the feasibility mentioned above by fab-
ricating three LC-DFB lasers on a single chip. The operating
wavelengths in the multi-laser chip were slightly different from
the lasers discussed before, since a different epi-wafer was used
for this purpose with gain peak located at shorter wavelength. As
shown in Fig. 6, three operating wavelengths are achieved in a
single chip integrating three LC-DFB lasers, while the wave-
lengths were determined by different periods of the gratings.
The laser spectra were measured using a Fourier transform
infrared spectrometer, in which a liquid-nitrogen cooled InSb
detector and a CaF2 beam splitter were used. It is found that
a wavelength region of 35.6 nm can be covered by the LC-
DFB lasers integrated in a single chip. This wavelength region
can be further extended by optimization of the QD structure
design and growth in order to cover the 60 nm wavelength span.
Therefore, the QD LC-DFB lasers have significant potential in
the CWDM applications, where only a single chip integrating

four LC-DFB lasers is needed to provide a light source for four
channels.

4. Conclusion

In conclusion, we have demonstrated high performance GaAs-
based InAs QDs LC-DFB lasers employing Cr metal gratings
along the ridge side. Single-mode operation was achieved in
CW mode at room temperature, with SMSR in the range of
40–52 dB and output power of 5 mW.Wavelength tuning prop-
erties were characterized, and the tuning rates of 4.15 pm/mA
and 0.12 nm/K were obtained, respectively. Moreover, a single
chip integrating three LC-DFB lasers was tentatively explored.
It is found that each LC-DFB laser on the chip can operate in
single mode at room temperature. The chip was able to cover
the wavelength span of 35.6 nm, showing significant potential
in the CWDM applications.
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