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ABSTRACT

A GaSb-based superluminescent diode (SLD) operating near the 2-um wavelength region, employing quantum wells with variable thicknesses
to achieve broadband emission, is reported. The gain region incorporates two Gag 73Ing »7Sb/Alg »7Gag 73A80.02Sbo 9s quantum wells with iden-
tical composition but significant difference in the thicknesses of 7 and 13 nm, exhibiting broadband amplified spontaneous emission. To min-
imize reflections from the output facet and to enable operation at high current injection, we employed a J-shaped ridge waveguide. For an
injection current of ~200 mA, the device delivers a continuous-wave output power of ~1.2mW at room temperature exhibiting a bimodal
emission spectrum with a combined bandwidth of ~132 nm. Increasing the injection current to 1000 mA results in a maximum output power
of ~40 mW, accompanied by emission bandwidth narrowing to ~40nm. In general, the broad amplified spontaneous emission spectrum
demonstrates the capacity of variable-thickness quantum wells to further engineer the emission properties extending the bandwidth and the
output power in GaSb-based SLDs and opens a path for practical applications in advanced optical coherence tomography, spectroscopy, and
microscopy.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0283821

The spectral window spanning 1.7-3 um encompasses strong
vibrational absorption bands of numerous gases (e.g., CO,, CH,, and
NH;)' as well as overtone and combination of stretch and bending
vibration of liquid biomolecules, including water, lipids, and proteins.2
This wealth of molecular fingerprints in this spectral region has
prompted the deployment of absorption-based spectroscopy technol-
ogy for a wide range of applications involving gas sensing and identifi-
cation of specific molecules in liquids. Compared to visible or near-IR,
this spectral window also offers reduced scattering and improved
molecular contrast in profiling lipid- and collagen-rich tissues, making
it attractive for optical coherence tomography (OCT) imaging.™ For
both areas of applications, the availability of practical light sources
emitting broadband radiation at acceptable power levels (mW-level)
and exhibiting low spectral modulation depth (defined here as mini-
mal relative intensity variation across the emission bandwidth) are
instrumental. To this end, superluminescent diodes (SLDs) present
compelling features.”” Unlike laser diodes (LDs), SLDs emit broad-
band radiation owing to amplified spontaneous emission (ASE) while
offering high spatial brightness combined with low temporal coher-
ence. These features make them ideal for speckle free imaging and
interferometric sensing” and, in recent years, have triggered a notice-
able effort for developing GaSb SLD devices at 2-um and beyond.

With reference to the results summarized in Fig. 1, we note some
of the most representative SLD demonstrations starting with emission at
around 1.73—,um8 and extensions to 1.9,° 2,'7"2 2.25."* 2.4 and 2.55-
pm." In all cases, the gain media have utilized heterostructures including
symmetric (one type) quantum wells (QWs), and the emission band-
width has been generally limited to below or around ~100 nm.

To significantly extend the emission bandwidth, one can employ
bandgap-engineering of the QWs either by using QWs with different
thicknesses, by varying their composition, or by combining both of these
approaches.”” ** In general, the use of asymmetric QWs to achieve
broadband gain has been widely deployed for laser diodes'””'***** and
to achieve broad superluminescence emission'”*"*>** at wavelength
around 1.5-pum or below. For example, Mikami et al."” demonstrated a
broadband SLD device employing InGaAsP/InP double-QW hetero-
structure with different thicknesses, exhibiting 80 nm (~59 meV) and
140nm (~77meV) broad ASE spectrum around 1.3 and 1.5-um,
respectively. In general, device demonstrations at this wavelength range
make use of InP-based heterostructures. For GaSb-based materials, used
for the short-wave infrared (SWIR) wavelength region, variable-
thickness QW structures have been deployed only in broadband gain
LD-structures and light emitting diodes (LEDs). For example, Jiang
et al.”” demonstrated broad gain spectra in a 2.1-um multimode diode
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FIG. 1. Reported SLD spectral FWHM and power in the 1.7-2.6 um wavelength
range for single transverse mode operation using symmetric GalnAsSb QWs. The
performance of the device reported in this work utilizing variable-thickness GaSb-
based QWs has bimodal emission and is highlighted with a dashed circle. Given
the bimodal emission spectrum, the spectral width is reported as the sum of the
FWHMs corresponding to the two dominant spectral peaks.

laser structure comprising multiple InGaAsSb and InGaSb QWs with
different thickness and compositions. In another report, Nguyen et al.”*
demonstrated a GaSb multiple-QW LEDs with varying QW thicknesses
emitting at both 1.97 and 2.1-um.

In this report, we extend the use of GaSb-based variable-thickness
QWs to 2-um SLD devices and demonstrate major broadening of the
emission spectra compared to reported results for the similar wave-
length region (see Fig. 1). More precisely, we use a heterostructure
with two Gag73Ing,7Sb/Aly,Gag73A8002Sbpos QWs with the same
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composition but a relatively large difference in the thicknesses of 7 and
13nm. We study the photoluminescence properties and how the SLD
spectral output depends on the injection level and demonstrate
continuous-wave room-temperature operation with ability to reach a
combined spectral width as broad as ~132 nm.

The generic layer and bandgap design of the heterostructure used
for the study are shown in Fig. 2. The thickness of the QWs was opti-
mized to produce broad gain spectra using Harold laser simulation
software.”” To this end, we simulated the emission of a Fabry-Pérot
laser diode with an active region similar to the SLD. The active layers
comprised two Gag73lng,,Sb QWs with ~1.7% compressive strain
embedded in lattice matched Aly,;GaAsyo,Sb barriers exhibiting a
type-I band alignment for efficient carrier recombination. The QWs
had a thickness of 7 and 13 nm, with the thinner QW grown near the
p-side and the thicker QW near the n-side of the heterostructure. The
QWs were separated by a 20nm Aly,,GaAsy,Sb barrier and sur-
rounded by undoped Al ,;GaAsg,Sb waveguide (WG) layers with a
thickness of 130 nm on both sides of the QW. The separate confine-
ment heterostructure was further defined by two doped
Al 50GaAsg 04Sb cladding layers with a thickness of 2.7 and 2 um for
n- and p-side, respectively. The n-side cladding layer was doped to
~3x 10" cm ™, while the 2 ym thick p-cladding layer was doped to
~6 % 10'® cm ™. We note that the doping was graded for the 500 nm
around WG core to reduce free-carrier absorption. The structure was
capped by 200 nm p-GaSb cap layer that was highly doped with Be to
~3 x 10" cm ™. The structure was grown on 2 in. n-GaSb (100) sub-
strate using solid-source molecular beam epitaxy. The grown epitaxial
wafer was processed into 3 mm long (L) and 5um wide (w) ridge
waveguide (RWG) devices with a J-shaped geometry [see in Fig. 2(c)].
The 7° curved Euler bend’” near the front facet (top side) is effective in
suppressing the unwanted facet reflections, promoting SLD operation.
The length of the curved section was Lg,.q=0.95mm, and the
remaining straight has a length of Lyygigne = 2.05 mm. The front and
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FIG. 2. (a) Schematic of the layer structure; (b) illustration of the conduction band (top solid black line) and valence band (bottom solid black line) alignment corresponding to
the active area (not in scale). The vertical black and red dotted lines in the QWs indicate the lowest energy transition in both QWs. (c) Schematic of the J-shaped waveguide
architecture with a 7° curved (Euler bend) at antireflection coated (AR) front facet and straight rear facet (HR).
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FIG. 3. RT-PL spectra of the active region calibration growth. The greyed-out por-
tion of the spectrum is influenced by atmospheric absorption. Inset shows the low
temperature (~12K) PL measurement from the same heterostructure.

rear mirror facets of the SLD cavity were coated using ion-beam sput-
tering (IBS) to deposit a broadband anti-reflective (AR; Rgone ~0.5%
from ~1910 nm to ~2125nm) and highly reflective (HR; Ryear > 90%
from ~1900 nm to ~2300 nm) films, respectively.

In Fig. 3, the solid blue line shows the RT photoluminescence
(PL) emission spectra measured from an active region calibration
growth structure, which incorporates the complete active region layer
stack but omits the thick doped cladding layers. This results in a physi-
cally thinner epitaxial structure that facilitates efficient optical pump-
ing and collection of the photoluminescence signal. This PL spectrum
shows double peak emission near ~1923 and ~2078 nm originating
from thinner and thicker QW, respectively. We note that the measured
emission spectrum is affected by atmospheric absorption around the
~1.9-um wavelength (greyed-out). Therefore, in the inset of Fig. 3, we
show low temperature (~12 K) PL measurements (solid red line) from
the same epi-structure where the PL emission is more clearly distin-
guished into two distinct components (peaks at ~1713 and
~1863 nm) with reduced effects from atmospheric absorption.

Charge carriers are electrically pumped into the active region to
generate photons, part of which travel directly to the end facets, and
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the other part reflect from the rear facet, exhibiting enhanced ASE on
the exit through the AR coated front facet. The coated chip was
mounted p-side up on AIN submount using silver epoxy glue, and the
mount was attached to a thermo-electrical element for temperature
control.

The fabricated SLD was first analyzed in terms of output power
and voltage dependence on current injection (i.e., L-I-V characteris-
tic). Figure 4(a) shows the measured L-I-V behavior together for
direct current (DC) injection at RT. At low current injection up to
~150mA (CW power ~0.37 mW), the emission power varies linearly
with current. In this regime, the SLD generates only spontaneous emis-
sion. Increasing the injection (from 150 to 250 mA) switches the device
to the linear gain region, and the output power increases first exponen-
tially with current due to stimulated emission. Further increasing the
injection above 250 mA, the SLD output varies linearly with current
(until ~500 mA) due to onset of the gain saturation.

For CW operation, the maximum power of the SLD was recorded
to be ~40mW at ~900 mA at 20 °C. The maximum power level is
slightly reduced and shifted to lower current (~860 mA) with increas-
ing temperature due to increased carrier leakage, gain saturation, and
non-radiative recombination. The recorded maximum CW power
level was reduced to 33 mW at an increased temperature of ~50°C.
The device was also operated in pulsed mode (1% duty cycle, 100 us
pulse width). As shown in Fig. 4(b), the measured power was stable
around 70 mW for 1000 mA at different temperatures without any
thermal roll-over. Derivative or slope efficiency of the SLD was also
calculated at different temperatures at the same operation mode. The
maximum recorded slope efficiency was found to be 0.0945 W/A at
280mA for RT operation. For the increased temperature, the maxi-
mum efficiency followed a down shift to 0.089 W/A at an injection
current of 310mA. The voltage level at a maximum driving current
1000 mA was ~1.08 V and remained stable during all operating tem-
peratures (20-50 °C).

Figure 5 shows the SLD’s output spectrum measured over
150-1000 mA injection current in the CW mode at RT. The measure-
ment setup consisted of a Yokogawa AQ6375 optical spectrum ana-
lyzer (OSA) with 0.1 nm wavelength resolution and an input optical
fiber port. The ASE output from the SLD chip was free-space coupled
into Thorlab’s P4-2000AR-2 single mode fiber patch cable. The
other end of the fiber (AR coated; R < 0.25%) was connected to the
OSA’s input terminal through ferrule connector/angled physical con-
tact (FC/APC) type connector to minimize any backreflection of the
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FIG. 4. Measured L-/-V characteristics of SLD driven at (a) the CW mode and at (b) the pulse mode (1% duty cycle, 100 us pulse) at 20 and 50 °C.
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FIG. 5. (a) SLD emission spectra for different current at RT and CW operation; (b) magnified ASE spectrum at 200 mA, highlighting balanced emission from the QWs and resid-

ual Fabry—Pérot cavity effect.

signal. ASE spectra recorded at 150, 200, 400, and 1000 mA are dis-
played in the figure. Below ASE threshold (<200 mA), pure spontane-
ous emission is generated at ~150 mA at the longer-wavelength region
(~2.078-um) due to ground transition from the 13nm thick QW.
This is due to the density of available states in the double-QW system
being first higher at the thicker QW (lowest energy state). Increasing
the injection (>180mA) allows carriers to populate at the thinner
QW and recombine to produce emission at shorter wavelength
(~1.95-um).

Figure 5(b) shows a magnified view of the ASE spectrum for an
injection current ~200 mA (the corresponding linear scale spectrum is
provided in the supplementary material). The emission is bimodal,
with two dominant peaks near ~1.95 and ~2.08-um, separated by
~130 nm, with ~4-dB peak-to-peak variation. Because this dip pre-
vents a conventional cross-lobe FWHM definition to be considered as
a figure-of-merit, we report the individual FWHM levels for the domi-
nant peaks of ~47nm (~15meV) for the shorter-wavelength peak
and ~85nm (~24meV) for the longer-wavelength peak with a
FWHM sum value of ~132 nm. This situation is attributed to equali-
zation of the peak gain from both QWSs.”” For bias currents extending
to 250 mA, the emission spectra remain bimodal with a few-dB inter-
peak modulation, with significant spectral power density across the
~1920-2120 nm, at adequate levels (several yW/nm) for applications
such as OCT and spectroscopy.” ** At a higher injection of ~400 mA,
the dominant emission peak at ~1945 nm shows a FWHM of ~38 nm
(~12.5meV) due to the stronger confinement in the thinner (7 nm)
QW. The emission at this bias associated with the thicker (13 nm)
QWs is comparatively weaker, leading to a spectrum skewed toward
the ~1900-2000 nm region. Similarly, at 1000 mA, the emission
peak redshifts slightly to ~1970nm, with a FWHM of ~40nm
(~12.8 meV). While the emission bandwidth (FWHM) clearly nar-
rows at higher injection, the emission bandwidth at the —20 dB level
still extends from 1897 to 2120 nm (i.e., ~220 nm) at 400 mA and
from 1913 to 2065 nm (i.e., ~152 nm) at 1000 mA.

The calculated spectral modulation depth is as low as ~4% when
the SLD was operated at balanced QW injection regime around

~200 mA. Such low spectral modulation is a key requirement for high
quality nondestructive OCT inspection. The coherence length is esti-
mated as ~5 um using autocorrelation-based approach from measured
spectrum’ and gives a clear indication of the SLD’s suitability in non-
invasive OCT inspection to produce high-resolution OCT image com-
pared to existing results.”” "

We have measured the SLD’s beam quality by assessing the Far-
Field (FF) pattern at RT in the CW mode. The beam patterns both in lat-
eral and transverse direction follow Gaussian distribution without show-
ing any sidelobes. The measured beam divergence angle varied from 18
to 20° along the slow axis (transverse) and remained stable at ~40°
along the fast axis (lateral) for injection currents between 400 and
1000 mA (see the supplementary material). The transverse beam exited
through 7° curved RWG and following Snell’s law of refraction. The
beam shapes confirm transverse single mode operation of the
J-waveguide and suitability for efficient coupling into a single mode fiber.

In conclusion, we demonstrated an electrically pumped GaSb-
based SLD operating in the 1.9-2.1 um spectral range with record
broadband ASE. Double-pass amplification and cavity suppression are
reported employing J-shaped RWG along with an active region con-
taining type-I variable thickness double QWs. A combined —3dB
bandwidth of ~132 nm with smooth ASE emission at ~1.2 mW power
for an CW injection of ~200 mA at the RT mode is reported. The far-
field (FF) beam profile and emission angle of ~23° relative to the
RWG axis at the output facet confirm the efficacy of the J-shaped
waveguide geometry. Generated broadband ASE emission spanning
from ~1917 to ~2122 nm at —6 dB validates the drastic role. The inte-
gration of dimensional variation in QWs has in terms of ASE emission
broadening. Carrier distribution between QWs is shown to be sensitive
to injection current, indicating that precise current control is essential
to maintain spectral flatness across the broadband output. The demon-
strated broadband GaSb-based SLDs hold strong promises for enabling
high-resolution optical coherence tomography (OCT) and for the
development of widely tunable laser sources, either in external-cavity
configurations or integrated with silicon photonics. Further engineer-
ing of the active region by integrating multiple QWs with tailored
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thicknesses and band alignments can enable better spectral overlap of
QW transition energies, thereby flattening and broadening the ASE
spectrum as well as increasing output power.

See the supplementary material for a detailed picture of the calcu-
lated electronic band structure of the variable-thickness quantum well
design shown in Fig. 2(b), including the conduction band (CB) and
valence band (VB) profiles along with the corresponding confined
electron and hole wavefunctions. The document also provides the line-
arly scaled ASE spectra from Fig. 5(b), offering additional insight into
the spectral characteristics of the SLD device driven at a specific bias
condition. Furthermore, this supplementary includes exemplary FF
beam characteristics for the same device discussed in this work.
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