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ABSTRACT

We report on the fabrication of high-power, high-spectral-purity GaSb-based laterally coupled distributed feedback (LC-DFB)
lasers emitting at 2 um. Second-order Chromium-Bragg-gratings are fabricated alongside the ridge waveguide by lift off. Due to
the introduction of gain coupling, the lasers exhibit a stable single mode operation [side-mode suppression ratio (SMSR) >40 dB]
from 10°C to 50 °C and the maximum SMSR is as high as 53 dB. At a heat-sink temperature of 10 °C, the lasers emit more than 40
mW continuous-wave in a single longitudinal mode. A high external quantum efficiency of 48% is obtained, resulting in a notable
increase in power conversion efficiency peaking at 13%. The lasers achieve a comparable output power with that of the index-
coupled LC-DFB lasers, while maintaining a better single mode performance. Thus, we prove the feasibility of the metal-grating
LC-DFB structure to achieve high-power, frequency-stable semiconductor lasers through a simpler and much more convenient

way.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5080266

Semiconductor laser diodes operating in the mid-infrared
(2-4 um) region are attractive light sources for a variety of appli-
cations, such as gas detection,’ remote sensing,” and laser spec-
troscopy.” When designing satellite-borne lidar systems based
on laser absorption spectroscopy, the wavelength around 2 ym is
irreplaceable due to the strong characteristic absorption of
greenhouse gases and minimal sensitivity to variations in tem-
perature and water concentration.” Thus, both the European
Space Agency and the National Aeronautic Space Administration
put forward further demands on single-mode seed laser trans-
mitters emitting around 2um.* For continuous global-scale
detection of CO, and other atmospheric greenhouse gases, the
power of the seed lasers needs to be at least tens of milliwatts.”
Taking advantages of the compactness and reliability, semicon-
ductor lasers based on InP and GaSb are particularly suitable for
aerospace systems. However, the output power of state-of-art
InP-based laser diodes with single mode operation is limited to

10 mW.” GaSb alloys are the most promising material systems for
2-um lasers."” But typical lasers contains a high content of alu-
minum in the epitaxy layer. The oxidation of aluminum contents
makes the conventional fabrication of distributed feedback (DFB)
lasers with a regrowth step technically challenging. An alterna-
tive approach is placing the Bragg gratings alongside the ridge-
waveguide to form a laterally coupled distributed feedback
(LC-DFB) laser,” which later becomes the mainstream technical
solution for achieving single mode lasers on GaSb alloys.”*

To date, the leading result of high-power, single-mode
semiconductor laser diodes emitting around 2 ym is achieved by
index-coupled LC-DFB (IC-LC-DFB) lasers.”*"® The maximum
output power is in excess of 40 mW at 10°C and 80 mW at
—10°C.” The line width has also been compressed to the order
of sub-kHz."""> However, the reported side-mode suppression
ratio (SMSR) drops to 20 dB-30dB at peak output power due to
a limited DFB modulation. According to coupling theory,'® the
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mode stability of IC-LC-DFB lasers is disturbed by the inherent
problem that two longitudinal-modes having equal threshold
gain exist on either side of the stop-band.”” Although an asym-
metric facet coating or a 1/4 phase shift grating is helpful for
removing mode degeneracy and ensuring single mode opera-
tion,'® the manufacture process is quite complex and device per-
formance is still limited by the spatial hole burning (SHB) effect
and the random facet phases introduced by cleaving."” In addi-
tion, an optical isolator is obliged in system-level devices due to
its sensitivity to back-reflected light, which greatly increases the
volume and cost.

An alternative approach is introducing gain coupling using
complex-coupled LC-DFB (CC-LC-DFB) lasers. The metallic
Bragg gratings act as periodic absorbers for the evanescent part
of the laser mode.”””" It has been theoretically"** ** and experi-
mentally’"'*'*** proved that CC-LC-DFB lasers have one lasing
mode exactly at the Bragg frequency and can maintain single
mode operation without extra facet coating, which solves the
degeneracy problem and achieves high yield. Due to the extra
gain modulation, they are also less sensitive to external feed-
back”®*’ and with lower wavelength chirp.”**’ The metallic gra-
tings introduce a large gain and loss margin between the
primary laser mode and adjacent laser mode which results in a
high SMSR.* The strong feedback caused by metal gratings
provides a better single mode stability but generates additional
loss in the laser cavity, resulting in a low output power of 10 mW
in previous works."""* The photoelectric conversion efficiency is
usually around 1%-2%. In consideration of these advantages
over IC-LC-DFB lasers, CC-LC-DFB lasers are a good alternative
for space-borne systems as long as increasing the output power
to dozens of milliwatts.

In this work, we report on high-power, high-spectral-purity
2-um LC-DFB lasers with metal gratings. With an increased cou-
pling coefficient and an optimal cavity length through laser
structure designs, the lasers achieve high output power with a
high SMSR. The maximum output power is 40 mW per facet at
10°C without facet coating, which is three to four times that
reported in the previous works.""'* The maximum SMSR achieves
up to 53dB, which is much higher than reported values.”"""”
Due to the extra gain modulation, the laser operates without
mode hopping from 10 °C to 50 °C and the SMSR remains as high
as 43 dB at the maximum output power. For a short cavity length
of 1mm, the slope efficiency is increased to 0.15W /A with a high
photoelectric conversion efficiency ranging from 8.1% to 13%.
Our device shows a comparable output power with the reported
high-power IC-LC-DFB lasers while obtaining a better single
mode performance. Complete laser performance measurements
are carried out including the beam quality, line width, and tem-
perature characteristic, rendering them well adaptable to trace-
gas absorption spectroscopy and lidar systems.

The laser heterostructures were grown on an N-type GaSb
(10 0) substrate with a 1.5 um-thick Aly 55Gag 45AS0.025bo.9s clad-
ding layer and a 300 nm-thick undoped Aly3Gag7A50.075b0.93
waveguide layer by solid-source molecular beam epitaxy (MBE).
Two pairs of 9 nm-thick Ing 2,Gap78AS0 1Sbo.9 quantum wells cen-
tered in the waveguide layer. A linear graded layer was located
between the cladding layer and the waveguide to reduce extra

scitation.org/journal/apl

light loss. The detailed information of the energy band diagram
can be found in Fig. 1.

The design of our LC-DFB lasers was based on coupling
theory.” The modal effective refractive index of the unper-
turbed ridge laser was estimated as 3.54 using a full-vector
finite-difference calculation. The feedback effect of lateral gra-
tings can be quantified by estimating the grating coupling coef-
ficient «. For realizing single mode lasers, the coupling intensity
kL (L: cavity length) is usually around 1-2. The Bragg gratings of
CC-LC-DFB lasers interact with the evanescent part of the laser
mode, resulting in a relatively small coupling coefficient . Thus,
a longer cavity length is obliged to ensure single mode opera-
tion, which leads to a decrease in slope efficiency. Hence, there
exists an optimized coupling intensity and cavity length to
achieve both high output power and good single-mode opera-
tion. The coupling coefficient « is given by’

_ 3 sin (mrg)

r Nefr A m

grating (1)
where n; and n, are the complex refractive index of the grat-
ing and the covering materials, respectively, the electric-field
overlap factor I'gracing describes the extent to which the elec-
tric field overlaps with the grating, which is about 0.15% in
our devices, g is the duty cycle of the grating, m=2 is the
grating diffraction order, and the coupling coefficient of « is
approximately 1mm™, resulting in a short cavity length of
1mm to realize «L close to 1.

The ridge-waveguide was fabricated using contact lithogra-
phy and etched down to a depth of 1.65 um. Then, a 50 nm-thick
SisNy4 layer was deposited by plasma-enhanced chemical-vapor
deposition on the epitaxy for the insulation between the metal
gratings and the epitaxial layer. Second-order gratings of chro-
mium were fabricated alongside the ridge-waveguide by lift-off
and covered by another SizN, layer of 250 nm. Figure 2 shows
the scanning electron micrograph (SEM) of LC-DFB lasers with
the inset representing detailed information of the gratings. The
wafer was cleaved into 1-mm-long chips and mounted epi-side
down without facet coating. The output power was measured

AI0.5SGa0.45ASO.OZSb0498 AIO.SSGaO.ASASO.DZSbO.BB
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FIG. 1. Energy band diagram of the epitaxy and calculated intensity distribution of
the fundamental mode (inset).
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FIG. 2. Top view of the LC-DFB laser; detailed information of the grating is shown
in the inset.

using a Thorlabs S401C calibrated thermopile detector. Emission
spectra were obtained with a Yokogawa AQ6376 optical spec-
trum analyzer suing multimode index fiber.

Figure 3 shows the power-current (P-I) characteristics and
photoelectric conversion efficiency of the lasers with 4.5-um-
wide ridge-waveguide at different temperatures in the CW
regime. The maximum output power is up to 40 mW at 10°C per
facet and remains 24 mW at 50 °C. The SMSR maintains as high
as 43 dB under the peak output power as shown in Fig. 3 (inset)
which is much higher than that reported in the previous
works.”*"” The laser shows a low threshold current of 26.7 mA
(I = 593 A/cm?) seen in Fig. 4 (inset), which is almost half of the
reported value.""'* The low threshold current indicates that our
design of the LC-DFB structure introduces relatively little opti-
cal loss which contributes to the increasing output power. With
a calculated facet loss of 11.6cm ™Y, the loss introduced by the
LC-DFB structure is approximately 6.5cm™. The loss is much
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FIG. 3. CW Power-Current characteristics of a 1 mm-long-LC-DFB laser operating
at different temperatures. The inset shows the laser spectrum at the maximum
power output.
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FIG. 4. The photoelectric conversion efficiency of the laser. Temperature character-
istics of the laser including Ty and Tj.

smaller than that in the reported works and comparable with
that of the IC-LC-DFB lasers based on GaSb.”"'* As is shown in
Fig. 4, the total power conversion efficiency reaches 8.1% per
facet and a high slope efficiency of 0.15W /A is obtained, which
corresponds to a high external quantum efficiency of 48%. The
temperature characteristic is also investigated and the
coefficient of Ty is found to be as high as 128 K which can be
seen in Fig. 4 (inset).

The emission spectrum of the LC-DFB laser is plotted in
Fig. 5 with the inset figure representing the spectrum obtained
from the broad-area laser fabricated on the same wafer. The
maximum SMSR is as high as 53dB at a driving current of
320 mA. The lasers show a stable single mode operation from
10°C to 50°C. The SMSR is larger than 35dB throughout the

-10 g—
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{ Length:1 mm ©40+
-304{ =320 mA 230/
e { cwa2s<TC 2,1
@ 404 A=2013.48 nm 2.0l
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FIG. 5. The maximum SMSR of the LC-DFB laser with a driving current of 320 mA at
25°C and the emission spectrum of a broad-area laser obtained on the same wafer.

Appl. Phys. Lett. 114, 021102 (2019); doi: 10.1063/1.5080266
Published under license by AIP Publishing

114, 021102-3


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

scitation.org/journal/apl

55 < e 2025
504------------- .—.—.:90: —:—'-.- 2o -
454 - - - - - - - - o °® ‘:‘:‘ %;“‘;!‘:‘A‘.El-—l_ -7 E
a0d o _ae Sl A Il ‘Al s
35 s ° . 50 °cl- 2020 =
B 3] 52
i 304 &5
¥ 25- [
7] 2015 3
S 201 =
@ 15
10 10 °C
5 —_— -2010
0

50 100 150 200 250 300 350
Current (mA)

FIG. 6. Wavelength tuning against current and temperature (down). The change of
SMSR with current and temperature (Up).

operation current for single mode operation. It is in excess of 40
dB and 45 dB with ratios of 90% and 54% of the working condi-
tions, respectively. This attests to the very strong coupling of
the metal grating. The SMSR varies with temperature because of
the mismatch between the Bragg wavelength and the gain of the
active region. The peak gain of the material drifts more rapidly
than the Bragg wavelength. Thus, the SMSR increases at first
and then decreases with the injection current, which can be
seen in Fig. 6. Multi-mode operation becomes dominant when
the driving current is beyond 340 mA. For devices with stronger
coupling (xL >1), the single mode operation is also guaranteed
but the slope efficiency decreases rapidly with the increase in
coupling, which results in an obvious decline of output power. In
addition, the laser oscillation is unstable and appears in multi-
mode operation easily with the increasing of injection current.
For under-coupled (kL < 1) laser diodes, an obvious decrease in
the SMSR is observed and single mode operation degenerates
rapidly with variation of current and temperature.

As a function of current I, the DFB peak wavelength is fitted
by the expression A(I) = o + BI + CI? and the coefficients are
obtained from Fig. 5 to be 1y = 2010.81nm, B=4.44 x 10 *nm/
mA, and C =21 x 10-°nm/mA?, which are consistent with previ-
ous works.” Our devices show a wide single mode operation rang-
ing from 2009 nm to 2020 nm with the variation of temperature
and current as is shown in Fig. 6. The drifting rate of wavelength
against current and temperature is 0.0044 nm/mA and 0.19 nm/
k, respectively. The emission spectra at different currents and
temperatures are shown in Fig. 7. We want to emphasize that the
working temperature of our device is limited by the temperature
control capability of our platforms. We can deduce from the PI
plot and the SMSR plot of the LC-DFB laser that our device can
work with a higher temperature.

The line width of the LC-DFB laser is obtained by the
Scanning Fabry-Perot interferometer with a free spectral range
(FSR) of 1.5 GHz (fineness is 200) as shown in Fig. 8. The derived
line width of 9 MHz, which is suitable for detection systems, is
an upper bound of instrumental noise and around the measure-
ment limit of our interferometer, indicating that the actual line
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-304 h ——15°C-160 mA
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FIG. 7. Emission spectra of lasers at different driving currents and temperatures.

width is narrower. Figure 9 shows the far-field intensity distri-
bution of the laser beam along the fast and slow axes, with an
elliptical divergent beam (FWHM, 14° x 42°). The M? factors
along the horizontal axis and vertical axis are 1.03 and 3.37,
respectively. Due to a large elliptical divergent, the output beam
is truncated by lens, which greatly increases the value of M?
along the fast axis.

We have fabricated high-power, high-spectral-purity
GaSb-based CC-LC-DFB lasers. Due to the introduction of com-
plex coupling and an optimized coupling intensity, the laser
diodes show a comparable output power with the leading
high-power IC-LC-DFB lasers while maintaining a better single
mode performance. For a I-mm-long uncoated laser diode, the
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FIG. 8. Line width obtained by estimating the FWHM of the resonances of interfer-
ometer. The inset shows the FSR of the interferometer.
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FIG. 9. Beam quality (left) and far-field intensity distribution of the laser beam along
the fast and slow axes (right) of the LC-DFB lasers.

continuous-wave output power exceeds 40 mW per facet with a
photoelectric conversion efficiency of 8.1% at room tempera-
ture, which is three to four times that of previous CC-LC-DFB
lasers.””” The maximum SMSR achieves up to 53 dB and remains
in excess of 40dB from 10°C to 50°C, indicating good mode
selection characteristics. These improved performances are
attributed to the high quality of epitaxial, optimal device design,
and good device fabrication techniques. These results prove the
feasibility of the metal-grating LC-DFB structure to achieve
high-power, frequency-stable semiconductor lasers with better
performance and are an important step towards the realization
of seed lasers suitable for airspace applications.
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