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ABSTRACT

We report a broadband superluminescent diode operating around a 2 um wavelength, optimized for high-power broadband operation. The
high power operation is achieved by using a GaInSb/AlGaAsSb heterostructure positioned in a ridge waveguide with a J-shaped layout to
form a double-pass geometry. To avoid lasing at high current while enabling high gain, a cavity suppression element is used. This combina-
tion allows demonstration of an output power as high as 120 mW for continuous-wave (CW) operation at room temperature, with a spectral
full width at half maximum of about 43 nm. The maximum power spectral density was measured to be 1.8 mW/nm, which is about a fourfold
increase compared to the state-of-the-art results for this wavelength range. To avoid heating, the diode was also driven with low duty-cycle
current pulses; in this case, a peak power of more than 300 mW was achieved without any sign of roll-over (power was limited by the current
injected). For CW operation, the central emission wavelength could be tuned by current injection between 1900 nm at 200 mA and 2027 nm
at 2000 mA. Devices produce a Gaussian output beam that is suitable for coupling to single mode waveguides.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5127407

Light sources emitting around 2-3 um are particularly useful for
spectroscopic sensing due to the strong molecular absorption of sev-
eral important gases. This wavelength range is, for example, used for
the detection of CO,” C02,3 NHs,,” and N,O" and in situ combustion
and temperature sensing.” These applications would require a com-
pact, power efficient, high power, and high brightness light source,
which is wavelength tunable for multiple gas sensing. A semiconductor
laser source is the ideal candidate due to its compactness, power effi-
ciency, and low cost. However, a traditional semiconductor laser for
spectroscopy has a very narrow tuning range,” which makes it unfit
for multiple gas sensing and wide tuning spectroscopy. To this end, a
wide spectral tuning can be achieved by using laser arrays,” Vernier-
effect,” table-top external cavity lasers,” etc. The above-mentioned
technologies are either not well developed for wavelengths >2 um or
bulky. The most effective solution is to use a superluminescent diode
(SLD) as a III-V gain chip and well mature Si-photonics for program-
mable wavelength selection.'” A SLD offers a broad spectral emission,
similar to a light emitting diode (LED), and a good beam quality, simi-
lar to a laser diode (LD). Such SLDs ensure single transverse mode
operation, hence being favorable to integrate with Si photonics circuits,
enabling the realization of programmable wavelength selection cir-
cuitry for multiple gas sensing.

The semiconductor light sources are well mature for wavelength
below 2 um, while their performance above 2 um is quite limited
mainly due to the lack of high quality gain-material. The standard
material platforms such as InP experience a performance deterioration
at a 2 um wavelength, while limited research has been done on other
narrow bandgap materials like GaInAsSb with emission wavelength
up to almost 4 um. The best results for 2 um InP based SLDs at room
temperature (RT) are reported to be 30 mW continuous wave (CW)
output power, with a spectral full width at half maximum (FWHM) of
41nm."" On the other-hand, the 1.9 um single-pass GaSb SLDs dem-
onstrated a maximum CW power up to 60 mW at RT."”

Here, we report a high performance double-pass GaSb-based
SLD emitting at ~2 um under both CW and pulse current injection.
At RT and CW operation, the SLD produced an output power up to
120 mW around 2 um, which is about double compared to that of
previously reported GaSb SLDs around this wavelength.”> This
improvement in the power can be related to the double-pass light
amplification that allows high gain, but exposes the SLD to a risk of
lasing or ringing in the case of small feedback obtained from facets. To
keep the spectrum free from Fabry-Pérot resonances at high gain con-
ditions, a cavity suppression (CS) element was added on the tilt facet
of the SLD. The pulsed operation of the same device produced the
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current source limited peak power up to 300 mW at RT for a 3 A
injection current.

The devices were fabricated by solid source molecular beam epi-
taxy on n-GaSb substrates. Two compressively strained 10 nm thick
Ga(0.78)In(0.22)Sb quantum wells (QWs) were embedded between
lattice matched undoped 130 nm thick Al(0.3)Ga(0.7) AsSb waveguides
(WGs). A 20nm barrier consisting of the WG material was grown
between the QWs. The gain waveguide structure was embedded within
2-um thick lattice matched Al(0.5)Ga(0.5)AsSb claddings. The closest
500 nm of the cladding on both sides of the WG was gradually doped
to reduce the amount of free carriers overlapping with the waveguide
mode. Beryllium was used for the p-type doping on the top side of the
structure and tellurium for the n-type doping on the bottom side.

To suppress the laser oscillations in a cavity, an effective approach
is to utilize a tilted ridge waveguide geometry.""* In this work, we
employed a “J-shape” waveguide layout, where the front-facet of ridge
waveguide (RWG) is tilted at an angle o to reduce the optical feedback
and the rear-facet is kept straight to provide reflection for double-
pass.”” The advantage of this design is to double the effective gain
length without altering the real waveguide size. Consequently, the net
gain increase adds to the output power in SLD devices. The schematic
of the SLD used in this work is shown in Fig. 1. In our design, we
added an unpumped cavity suppression (CS) waveguide section at the
front-facet of the RWG."” The optical mode in this section expands
with the propagation distance, and after being reflected from the front-
facet, it overlaps with the optical mode in RWG. By increasing the CS
section length, this overlap decreases and the effective reflection of the
mode in RWG reduced. Moreover, the light emitted out in this section
spreads laterally, which prevents the absorption to saturate.'®
Additionally, the rear and front facets were coated with high-
reflectivity (R>92% from 1.9 um to 2.05um) and low-reflectivity
(R < 0.5% from 1.9 um to 2.05 ym) coatings, respectively.

We studied the design by simulating the fraction of reflected fun-
damental transverse electric (TE) mode into the bent RWG at different
tilt angles. The simulation results for different lengths of the CS section
are shown in Fig. 2. The results reveal the tilt angles enabling mini-
mum reflection for each CS section length. It is clear from simulation
that longer CS sections are not effective in further reducing the mode
reflection and they may also increase the undesired propagation losses.
A CS section length of 150 um is sufficient to reduce the reflection to
~10"°, which with anti-reflection (AR) coatings is further reduced to
<107, In this simulation, we have ignored the absorption in the CS
region, as the gain peak is red-shifted at high injection currents due to
self-heating of the active region. To reduce the bend losses, we
designed the bend section of the SLD following the Euler spiral

scitation.org/journal/apl
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FIG. 2. Simulated power reflectivity of a tilted SLD for a fundamental TE mode at
different tilt angles and CS section length.

approach,'” where a bend waveguide is divided into multiple sections
with a constant angle and a linearly increasing radius of curvature. In
our SLDs, the bend radii are large enough to consider the bending
losses to be negligible. The important SLD design parameters used in
this study are listed in Table I.

Tested devices were operated under both CW and pulsed (500 ns
pulse width, 5% duty cycle) current injection. The geometrical param-
eters of the tested device are shown in Table I. The measured
light-current (L-I) curve and the emission spectra are shown in Figs. 3
and 4. We have found that CW output power deteriorates rapidly with
increasing temperature due to increased junction temperature that
promotes carrier leakage and nonradiative Auger recombination.'®
For CW operation, we achieved a maximum power of 120 mW (ther-
mal limited), which is a two times increase compared to the current
state-of-the-art GaSb SLDs at this wavelength.'” For pulsed operation,
we achieved a peak power of 300 mW (current limited). The emission
spectrum of the SLD was measured using a Yokogawa AQ6375
optical spectrum analyzer with a 0.1 nm resolution. Figure 4 shows the
spectra of the measured SLD in both CW and pulsed current injection.
The tested devices demonstrate an amplified spontaneous emission
with no obvious lasing sign in the entire drive current range. The spec-
tral modulation depth is recorded to be less than <14% at maximum
output power. The maximum power spectral density in CW, calcu-
lated as the maximum output power (120 mW) divided by the corre-
sponding e > spectral width (67 nm), was 1.8 mW/nm. This is about

TABLE I. SLD design parameters.
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FIG. 1. (a) 3D view of the proposed SLD with the CS section and (b) 2D schematic
with important device parameters.

L (um) Total length of the device 3000
Lytraight (tm) Length of straight RWG 1500
Lyen: (um) Length of bent RWG 1350
Lpp (um) Length of the free propagation section 150
R (um) Bent radius 18000
o (%) Tilt angle 7.5
w (um) Ridge width 5
Nef Effective index of a fundamental TE mode  3.498
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FIG. 3. L-I curve of a 2 um SLD under CW operation and pulse injection. 500 ns
pulse width, 5% duty cycle.

four times higher compared to GaSb SLDs in the same wavelength
region.'” The insets in Fig, 4 show a change in the peak wavelength and
FWHM with injection current. The redshift in the peak wavelength
with current is due to the carrier heating effect, which causes bandgap
shrinkage. This supports our previous claim that absorption in the CS
section is minimum at high current densities. An increase in the spectral
FWHM with current can be attributed to a large material gain band-
width'"” and pronounced junction heating in CW operation. The junc-
tion heating in CW operation causes thermal excitation of electrons to
higher energy states. We observed that the red shift in the peak wave-
length with current is reduced under pulse operation due to less average
junction heating. Similarly, an increase in the FWHM under pulse oper-
ation is less pronounced than CW. We attribute this difference to a
reduced junction heating, which in turn reduces the thermal excitation
of electrons to high-energy states. This increase in the FWHM and red-
shift can be used as an opportunity to tune the SLD spectrum from
~1900 nm to above ~2000 nm. The spectral dips in Fig. 4(b) are due to
the absorption of air molecules at shorter wavelengths.

The slow axis far-field (FF) pattern of the J-shaped SLD mea-
sured under CW is shown in Fig. 5. The FF profile fits well with the
Gaussian profile without any side lobes. The inset in Fig. 5 shows the
stability of slow axis FF divergence with injection current. The fast axis
FF remains stable with the Gaussian profile across the entire current
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FIG. 4. (a) Spectra of a 2 um SLD for different CW injection currents; (b) spectra of
a 2 um SLD under different pulse injection currents with 500 ns pulse width, 5%
duty cycle. Each arrow indicates the current and spectral full width at half maxi-
mum. The inset shows the effect of current on the peak emission wavelength
(square) and spectral FWHM (triangle).
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FIG. 5. Injection current dependence of the slow axis FF profile of a j-shaped SLD.
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Gaussian fits. Each arrow represents an injection current and a FF divergence. The
inset in the figure shows the effect of current injection on slow axis FF divergence.
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range, and its divergence was measured to be 63°. These features are
advantageous for fiber coupling of the SLD or its integration with Si-
photonics waveguides. The decrease in slow axis FF divergence with
current (shown as the inset of Fig. 5) is due to a decrease in the current
dependent refractive index,”?' which broadens the near field.
However, the reason for the increase in FF divergence for >1 A cur-
rent injection is not yet clear. We expect that this could be due to ther-
mal lensing in the CS-section. The angle shift in the measured slow
axis FF of the SLD can be confirmed accurately from Snell’s law and
Table ], ie., sin~'(3.498 x sin(7.5)) == 27°.

In conclusion, an electrically pumped CW and pulsed high-power
SLD using type-I GaInSb/GaSb compressively strained quantum wells
is demonstrated. Using a J-shaped RWG, with a cavity-suppression ele-
ment for double-pass amplification, a two fold increase in the output
power is reported compared to the state-of-the-art results in this wave-
length range. In particular, an output power up to 120 mW under CW
RT operation and a peak power of about 300 mW for pulsed operation
are reported. An increase in the injection current shifts the peak wave-
length from 1900nm to 2027nm and the corresponding spectral
FWHM from 28 nm to 50 nm. The SLD produced the maximum CW
power spectral density of about 1.8 mW/nm. The far-field measure-
ment of the SLD shows excellent beam with no side lobes.
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