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The characteristics and the fabrication of a 1.9 lm superluminescent diode utilizing a cavity
suppression element are reported. The strong suppression of reflections allows the device to reach high
gain without any sign of lasing modes. The high gain enables strong amplified spontaneous emission
and output power up to 60 mW in a single transverse mode. At high gain, the spectrum is centered
around 1.9 lm and the full width at half maximum is as large as 60 nm. The power and spectral
characteristics pave the way for demonstrating compact and efficient light sources for spectroscopy. In
particular, the light source meets requirements for coupling to silicon waveguides and fills a need for
leveraging to mid-IR applications photonics integration circuit concepts exploiting hybrid integration
C 2016 Author(s). All article content, except where otherwise noted, is
to silicon technology. V
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4971972]
Semiconductor light sources emitting in the midinfrared spectral region (2–4 lm) are becoming increasingly
appealing for gas sensing as well as medical and defense
applications. In particular, gas sensing takes advantage of the
presence of numerous absorption lines for gases such as
methane, ozone, carbon dioxide, and carbon monoxide.1
This has led to intensified research on the development of
different semiconductor laser sources for this spectral range,
covering both InP2 and GaSb3–5 material systems. While
laser diodes typically emit high output powers and can
exhibit single wavelength operation, the tunability of the
spectrum is rather small, and therefore several light sources
operating with different wavelengths are required to be able
to simultaneously measure different gases. On the other
hand, superluminescent diodes (SLDs) offer a unique combination of optical characteristics including high brightness,
good beam directionality, low temporal coherence, and a
broad emission spectrum. A single SLD operating at this
wavelength range could be applied for monitoring multiple
gases simultaneously. Previously, SLD development has
focused on near infrared (k < 2 lm) wavelengths exploiting
mainly InP-based emitters,6 while the GaSb-based SLDs
have not raised much attention. Thus, the performance of
SLDs for 2–3 lm spectral range has not met the demands of
sensing applications due to very low output powers.7,8
Recent demonstration in this area includes continuous wave
(CW) operation of SLDs at room temperature (RT) with output powers up to 40 mW at 2.05 lm and 5 mW at 2.38 lm.9
Here, we report a GaSb-based single-transverse mode
SLD emitting at 1.9 lm with a maximum output power of
60 mW. The output-power represents a 50% improvement
compared to the recent results on the GaSb-based long-wavelength SLD.9 At room-temperature, the SLD has a spectral
full-width at half maximum (FWHM) of 60 nm. These results
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are enabled by the use of GaInSb quantum wells (QWs) placed
in a long waveguide, which provide strong material gain and
strong amplified spontaneous emission (ASE). Preliminary
observations indicated that when using conventional fabrication techniques, the output power for SLDs operating in this
wavelength range is limited by facet reflections.7 Applying
low enough anti-reflection coating is challenging but we circumvented this by implementing a chip geometry preventing
reflection from facet(s). Our approach enables high power
operation even in the absence of anti-reflection coatings.
The SLD structure was grown using molecular beam
epitaxy (MBE) on an n-type GaSb substrate. It comprised a
200 nm thick GaSb buffer layer, a 2700 nm n-doped
Al0.5GaAsSb cladding layer, two compressively strained
10 nm GaIn0.22 Sb QWs embedded in 280 nm Al0.3GaAsSb
waveguide layers, a 2000 nm p-doped cladding layer, and a
highly p-doped 200 nm GaSb contact layer.
After the MBE growth, the wafer was processed into
ridge waveguide (RWG) devices. To ensure transverse
single-mode operation, we studied different ridge widths and
selected those with a suitable far-field profile. The best performance was obtained with a ridge width 5 lm and the etching depth 1900 nm. Ridge patterns were defined on a SiO2
hard mask by employing UV-lithography and dry etching.
The patterns were then transferred to the semiconductor by
inductively coupled plasma (ICP) etching with Cl2/N2. After
the ridge etching, the SiO2 hard mask was removed by
another RIE step followed by a plasma-enhanced chemical
vapor deposition (PECVD) of SiN to act as an insulator. The
contact window on top of the ridge was opened by RIEetching the SiN, and a p-side Ti/Pt/Au Ohmic contact was
deposited using e-beam evaporation. Afterwards, the wafer
was thinned down to about 140 lm and the back side Ni/Au/
Ge/Au contact was evaporated on the samples. For measurements, the wafer was cleaved into chips of different lengths.
Finally, devices were mounted on AlN-ceramic submounts
that were soldered to copper heatsinks.
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TABLE I. Parameters of the SLD geometry shown in Fig. 1.
RWG length LRWG (lm)
CS length Lcs (lm)
RWG width W1 (lm)
Tapered width W2 (lm)
Tapered length LTAP (lm)
Tilt angle a ( )
Tapered angle b ( )

2850
150
5
10
125
7
1

FIG. 1. Schematic drawing of the SLD waveguide geometry. The cavity
suppression (CS) element is on the right hand side of the picture.

In order to prevent the lasing inside the cavity, different
approaches have been reported, e.g., tilting the RWG at an
angle (a) to the chip facets,10 adding a passive absorption
section at one end of the waveguide,11 or a combination of
different approaches.12 In this work, we etched the RWG at
a 7 angle with respect to the cavity facets for achieving a
low modal reflectivity.9,13 Although a larger angle can give
low reflectivity, it will reduce the output beam coupling
because of a larger beam exit angle. The cavity oscillations
were further suppressed by defining a non-index guided
region at the one-end of the chip; i.e., by preventing etching
of the ridge waveguide at that end. To avoid current injection
into the non-index guided end of the chip, this section was
covered with the dielectric before metallization. However,
we expect some longitudinal current leakage from the gain
section to the cavity suppression (CS) section. The CS section provides some absorption but it also prevents light from
reflecting back to the waveguide and thus from contributing
to the cavity resonance. To avoid an abrupt change in the
effective refractive index for the fundamental transverse
mode exiting from the transversely confined gain section, the
waveguide was slightly tapered at the interface between the
two sections. This was to ensure that the beam exiting into
the cavity suppression element does not reflect back due to a
change in the effective refractive index. No antireflection
(AR) or other coatings were applied to the facets of these
devices. The schematic of the above-described device is
shown in Fig. 1 with corresponding geometrical parameters
in Table I.
It is clear from the device geometry shown in Fig. 1 that
the output beam from the facet with the CS-element will
experience astigmatism14 due to the fact that the emission
along the slow axis and the fast axis originates from two different point-like sources. In the application of the SLDs, the
astigmatism influences the focusing and collimation optics
required after the light source. Therefore, the measurement15
and correction of the astigmatism are critical to have a well

collimated or focused beam. Correction can be done in several ways, e.g., by using collimators16 or an anamorphic
gradient-index lens.14
The SLDs have been characterized at room temperature
by measuring power-current-voltage (L-I-V) characteristics
(using a photodiode), far-fields (using a scanning goniometer, Nanofoot FFPnano), and spectrum (Yokogawa AQ6375
optical spectrum analyzer). Fig. 2(a) shows the CW power
measured from CS and non-CS facets of the SLD as a function of current. The output power in Fig. 2 increases superlinearly up to a few mW showing amplified spontaneous
emission (ASE). At larger currents, the output power
increases sub-linearly due to gain saturation. It is important
to note that the power emitted from the facet with the
CS-element is significantly higher than that from the other
facet. This power difference is due to the partial light
reflection from the non-CS-element facet that exhibits
double pass gain while nearly all light exiting from the nonCS-element facet experiences only single pass gain. The
maximum optical power achieved by the SLD, without any
heatsink, is 48 mW at 1200 mA, which is limited by selfheating at high currents. Therefore, the device was mounted
on a heatsink, which increased the maximum power up to
60 mW from the CS facet, as shown in Fig. 2(b).
The spectral emission for the SLD is shown in Fig. 3,
revealing fairly broad emission spectra with 60–70 nm
FWHM which, together with the L-I curve reported in Fig. 2,
is clear evidence of superluminescence in our device.
Smoothness of the spectrum is quantified by the measurement of the spectral modulation (SM) that maps the difference between intensity minima Imin and maxima Imax as
a function of the wavelength, i.e., SM ¼ ðImax  Imin Þ=
ðImax þ Imin Þ. A SM value of 0.035 was estimated for a corresponding current of 1 A. Such a low value for SM is evidence
of the low modal reflectivity owing to the cavity design
employed. We can notice an increase in the spectral width of
the SLD with increasing current, which may be attributed to
the rapid increase in the material gain bandwidth,17 because

FIG. 2. (a) L-I curve for a fabricated
SLD, at RT and CW operation, when
measured without heatsink from CS
and non-CS facets; (b) L-I-V characteristic for a SLD mounted on a
heatsink.
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FIG. 3. SLD emission spectra measured at different currents. Arrows indicate the FWHM of the spectrum at injected current.

FIG. 4. SLD slow axis far-field with different injection currents. Arrows
indicate the FWHM of far-field at injected current.

the carrier density in the active region is increasing rapidly.
With an increasing current, there is a redshift of about
80 nm/A in the spectra due to the self-heating of the device,
which causes bandgap shrinkage.18 Therefore, it can be concluded that gain saturation mentioned before can be due to
heating effects.
Far-field, from the CS-facet, measured along the slow
axis, shown in Fig. 4 indicates operation in a single transverse mode without any side lobes. Such performance shows
the ability of these devices to efficiently couple light in a single mode optical fiber. A shift of 23 in the far-field is due to
the tilt of RWG, which can be obtained from Snell’s law.
In conclusion, we have demonstrated electrically
pumped high power, single transverse mode SLDs operated
at RT in CW. These devices produced a power of 60 mW
and have broad and smooth spectra with 60 nm FWHM centered around the wavelength 1.9 lm. These characteristics
are attributed to implementation of a waveguide geometry
that includes a tilted RWG with a passive transversely
unguided section. The transverse mode operation and the
waveguide geometry meet the requirements for hybrid integration with passive silicon waveguides opening opportunities for demonstrating photonic integrated circuits at mid-IR
wavelengths, with many applications in spectroscopy.
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