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ABSTRACT
We report development of GaSb-based superluminescent diodes (SLDs) emitting around 2.1 μm wavelength for applications in sensing and
non-destructive imaging benefitting from broad and smooth spectra with low modulation depth ripples. Record-large spectral bandwidth
is reported by exploiting an asymmetric type-I double quantum well InGaSb/AlGaAsSb active region. Preventing lasing from such gain
structures while enhancing the amplified stimulated emission and mitigating the spectral modulation is essential. To this end, we employ
J-waveguide chip architecture and perform a systematic study of the influence of facet’s reflectivity orienting the SLD chip’s p-side in upward
direction. Broad emission with a full width at half maximum spectrum of ≥140 nm [corresponds to ∼1 mW in continuous wave (CW)
power] and minimal ripples is reported, which is a nearly twofold increase in emission bandwidth compared to the previous reports in this
spectral region. We also report SLD devices that can deliver a maximum output power of 56 mW for a limited bandwidth of ∼45 nm at room
temperature in CW operation.

© 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/10.1063/5.0281496

In the realm of light sources, superluminescent diodes (SLDs)
have emerged with a unique positioning, merging attributes found in
laser diodes (LDs) and light-emitting diodes (LEDs). An SLD emits
partially coherent broadband light such as an LED, while exploiting
amplified stimulated emission (ASE) effects and exhibiting similar
brightness and beam directionality as an LD.1,2 The SLD opera-
tion requires suppression of optical feedback to prevent the onset
of lasing and to yield a relatively low temporal coherence.

SLDs have played a pivotal role as a light source in opti-
cal coherence tomography (OCT)3 enabling high-resolution cross-
sectional imaging, particularly in retinal diagnosis4 and cardiology.5
In fiber optic gyroscopes (FOGs),6 SLDs serve as stable light sources
for precise navigation systems used in aerospace and defense.7,8

Due to their reduced coherence noise9 in broad emission, SLDs
are widely used in accurate measurement in optical sensing,10,11

metrology, and interferometry.12,13 Moreover, SLDs are integral to
applications in spectroscopy,14 where their spectral properties facil-
itate material characterization and chemical analysis. Their compact
size, reliability, and efficiency further extend their utility to visible
optical communication systems15 and forensic inspection.16,17

Mid-infrared (mid-IR) light sources emitting around 2–3 μm
wavelength regions are more and more sought after due to the

potential applications in gas and liquid sensing using molecular
absorption spectroscopy,18 noninvasive imaging in dentistry,19,20 or
archeology21 using OCT.22,23 The development of 2 μm SLDs has
only recently gained a higher level of attention,14,24–27 yet without
focusing on enlarging the optical bandwidth or ensuring smooth
spectrum, which are essential features for applications, especially
for OCT imaging. To fabricate such broadband light sources, the
GaSb-based semiconductor InGaSb/AlGaAsSb material system has
emerged as an attractive candidate with the ability to cover the
mid-IR wavelength range 2–3 μm and beyond.28–32

Leading results have been concentrated on the development
of GaSb-based SLDs emitting around 2 μm wavelength with opti-
mized emission power in CW operation at room temperature (RT).
The optimization mostly showcased cavity design geometry, pas-
sive absorbing section, and facet coatings without improving the
spectral width and the smoothness of the spectrum, which are criti-
cal in OCT measurement. Notably, Vizbaras et al.14 demonstrated
single-angled-facet ridge-waveguide (RWG) SLD devices emitting
(i) 40 mW power at 2.05 μm with over 40 nm full width at half
maximum (FWHM), (ii) 10 mW power at 2.25 μm with 80 nm
FWHM, and (iii) 5 mW power at 2.4 μm with over 80 nm FWHM.
At 1.9 μm wavelength, Zia et al.24 reported an SLD-device with a
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60 nm broad spectrum with 60 mW power collected from a single-
pass tapered waveguide terminated through an unpumped cavity
suppression (CS) section. Another CS technique was presented by
Wang et al.,25 for SLDs emitting at 2.1 μm, which utilized a 5.4 mm
long spiral cavity coupled to a tilted tapered RWG, resulting in emis-
sion of a maximum power of 30 mW with on average a 70 nm
FWHM. Employing an unpumped-CS section in J-shaped double-
pass gain geometry, the emission power at 2 μm wavelength was
further improved by Zia et al.26 demonstrating an output power
of 120 mW with a 43 nm FWHM. Furthermore Wang et al.27

demonstrated cascaded cavity geometry to increase the power to
record 152 mW at 2 μm wavelength with about 42 nm FWHM. For
the above-mentioned devices, the SLD chips were bonded to the
submount through indium evaporation in p-side down configura-
tion, enabling effective heat sinking to maintain increased saturation
power. Despite these advancements, there is a lack of investigations
to address concerns of (i) trade-offs between emission power and
emission bandwidth, (ii) flattening the gain ripples in the spectrum,
and (iii) facet reflectivities, in connection with cavity length for a
specific device geometry.

In this report, we present the development of broadband GaSb-
based SLDs emitting around 2.1 μm wavelength. We have employed
an asymmetric double quantum well (QW) active region33–37 to
substantially widen the emission spectrum and used a J-shaped
double-pass RWG geometry, which promotes ASE while prevent-
ing lasing. Furthermore, the role of coatings at the waveguide facets
was systematically investigated. All SLD chips were mounted in p-
side-up orientation and specific devices could deliver more than
56 mW output in CW (emission FWHM limited to ∼45 nm) at
RT. In addition, some other SLDs configured with increased mir-
ror losses, exhibited stable single transverse mode emission, with
FWHMs exceeding 140 nm and mW-level output power.

The epitaxial layer structure of the GaSb-based SLDs was
designed using the commercial simulation tool Harold.38 The epi-
taxial structure was grown by solid-source molecular beam epitaxy
on a 2 in. n-GaSb(100) substrate. The active region included two
compressively strained In0.28Ga0.72Sb type-I QWs with different
thicknesses of 10 and 13 nm, which were separated by a 20 nm thick

Al0.26Ga0.74As0.02Sb0.98 barrier. The QWs were sandwiched by lat-
tice matched 130 nm thick Al0.26Ga0.74As0.02Sb0.98 layers forming the
WG core. The WG core was further sandwiched by two thick lattice
matched Al0.49Ga0.51As0.04Sb0.96 cladding layers on either side with
opposite doping. The n-side cladding layer was doped to ∼3 × 1017

cm−3, while the p-cladding layer was p-doped to ∼6 × 1018 cm−3,
with the doping being graded down around inner 500 nm around
the WG core. The p-cladding was overgrown by a 200 nm p-GaSb
cap layer that was highly p-doped (∼3 × 1019 cm−3). Figure 1(a)
presents the epitaxial structure. Figure 1(b) shows photolumines-
cence (PL) spectra measured from the epitaxial layer structure after
etching down the top-cladding by ∼1700 nm to allow for more effi-
cient excitation with the 532 nm laser, which strongly absorbs the
n-GaSb buffer and cladding layers. The PL spectra near room tem-
perature (290 K) exhibit a broad emission spectrum with two distinct
components at ∼2.02 and ∼2.09 μm with an envelope FWHM of
∼140 nm. The two-component nature of this emission is revealed
more clearly in low temperature PL (LT-PL) measurements, espe-
cially at a temperature of ∼12 K. Each of these components corre-
sponds to the ground state emission of each of the two QWs, with
the thicker QW emitting at a longer wavelength given its lower con-
finement potential. In addition, LT-PL revealed emission peaking at
1.64 μm, originating from the highly tellurium (Te) doped n-GaSb
substrate.39

The fundamental concept behind designing the SLDs wave-
guide aims at ensuring a single-mode transverse operation and high
output power with efficient ASE, while minimizing the reflection
from the facets to avoid lasing and ensure a smooth optical spec-
trum. To this end, we have chosen a J-shaped ridge waveguide RWG
architecture, as shown in Fig. 2. The front-facet (green) on the right-
hand side (used as the main output) had a low reflectivity, while the
reflectivity of the back-facet (red) on the left-hand side was used as a
tailoring parameter for controlling the trade-off between the output
power and ASE on the one hand, and the FP-related spectral rip-
ples on the other hand. The epitaxial wafer was processed into SLD
chips with different cavity lengths (L) of 3, 2, 1.1, and 0.8 mm. The
curved section of the RWG had an Euler-bend geometry,40 a length
of 0.95 mm (Lcurved RWG), and ended with a 7○ tilted ridge section at

FIG. 1. (a) Epitaxial layer structure showing layer thickness, bandgap, and optical mode intensity. (b) Photoluminescence (PL) spectra of the epitaxial structure from 12 to
290 K. The measurement is performed after the top clad layer was etched down to ∼1700 nm.
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FIG. 2. Schematic of J-shaped SLD cavity geometry. The front facet was coated
with anti-reflective (AR) coating and the rear facet is coated with high reflective
(HR) or anti-reflective (AR) dielectric coating.

the front facet. The straight section of the waveguide was terminated
at the back-facet of the chips and had a variable length (Lstraight RWG).
The smallest chip with L = 0.8 mm was all-curved and without any
straight section near the rear facet.

To study the interplay between reflectivity of the facets, we
applied a set of thin film dielectric coatings on the back- and front-
facets with designed broad reflection bands from 1.9 to 2.3 μm. The
dielectric coatings consisted of a stack of SiO2 and TiO2 and were
deposited by ion-beam sputtering (IBS). The anti-reflective (AR)
dielectric coatings had designed target power reflectivity (R%) val-
ues of 0.5%–0.01% and were first deposited to the front-facets of all
processed SLD chips. Then, the dielectric mirrors changing from a
low reflectivity of ∼0.01% to values as high as ∼90% were deposited
to the back-facets of the SLDs. Due to technical limitations, it was
not possible to apply different HR coatings at the rear facets of 0.8
and 1.1 mm long cavities. Table I summarizes the design features
defining the waveguide architecture, where in the effective index of
fundamental TE mode, the neff parameter was estimated from the
Harold simulation tool.38

SLD chips from each type of devices were operated in CW
for light–current–voltage (L–I–V) characteristics at RT. Exemplary
measurements are shown in Fig. 3. At an injection current of up
to 100 mA (in case of type-I) and 200 mA (in case of type-II and
type-III), the SLD’s free-space output power slowly increases in the
sub-mW and mW-level dominated by the ASE process. After these
levels, gain saturation deteriorates linearity of the output charac-
teristic, yielding a sub-linear dependence of the output power with

TABLE I. SLD types and their design parameters.

SLD types L (mm) Lstraight RWG (mm) Rfront(%)/Rrear(%)

Type-I 0.8 0 0.01/as-cleaved (∼30)
1.1 0.15 0.01/10

Type-II 2 1.05 0.01/0.01
3 2.05 0.01/0.01

Type-III 2 1.05 0.01/as-cleaved (∼30)
3 2.05 0.5/92

the current.41 Double pass amplification occurs for the devices with
a combination of broadband AR dielectric coatings at the front-
facets and higher value of back-facet mirror reflectivity of ∼10%,
∼30% (as-cleaved facet, i.e., with no coatings) and HR ≥90%. The
use of AR coating and the 7○ tilted ridge are essential to reduce
the modal reflectivity and suppress the appearance of FP cavity
resonances.

Depending on the cavity lengths and facet-reflectivities, the
SLDs are broadly categorized into three types. Type-I SLDs are short
cavities with non-identical facet reflectivity (AR ∼0.01%, HR ∼10%,
30%). In this case, the loss coefficient associated with the back-facet
mirror is the highest, and in consequence, the output power was
limited to ∼1 and ∼3 mW for devices with L of 0.8 and 1.1 mm,
respectively. In case of type-II SLDs, the dielectric coatings at the
two facets have identical and low reflectivities (AR ≈ HR ∼0.01%).
However, the front-facet with the 7○ tilted RWG has lower reflec-
tivity and allows more photons to be out-coupled compared to the
rear-facet. Such SLD configuration produces a much higher level of
ASE output power, i.e., ∼13 mW in case of 2 mm chips and ∼35
mW in cases of 3 mm SLD chips. Type-III SLDs have an AR front-
facet and a HR back-facet allowing some of the generated photons
within the RWG to experience a double-pass amplification process.
In this type of SLDs, the maximum CW power in free-space was ∼56
mW at RT recorded for 3 mm AR (∼0.5%) and HR (≥92%). Due
to SLD’s p-side-up orientation on the submount, heat sinking in
the active region of epi-layers was not efficient. Moreover, shorter
cavity suffers with nonradiative Auger recombination due to higher
threshold carrier density (Rauger ∼ CN3). Thereby, linear power scal-
ing was not possible to maintain among all device variants despite
the temperature controller was stable at ∼20 ○C (RT).

Figure 4 shows the emission spectra of all types of SLDs
measured using a Yokogawa AQ6375 optical spectrum analyzer
(OSA) with a resolution of 0.1 nm under CW injection at 20 ○C.
An increase in injection current increases the material gain band-
width and produces a broader ASE spectrum. Across all devices
at all injection currents, the FWHM increases from a minimum
of ∼36 nm to a maximum ∼140 nm. For all types of devices, the
percentage of spectral modulation depth (SMD) is low at a low
injection current near the threshold where ASE process starts. The
SMD parameter (ms) is calculated based on the standard formula
ms = ( Imax−Imin

Imax+Imin
)%, where Imax and Imin denote maximum and min-

imum intensity in the emission spectrum, respectively.42 In Fig. 5,
calculated spectral modulation depth, ms (%), from all types of SLDs
are presented.

Figure 4(a) shows that a type-I short cavity device (L = 0.8 mm)
is an all curved SLD cavity that produces the broadest ASE spectrum
with a very low ∼1% SMD, as shown in Fig. 5(a). In this device, the
maximum CW power ∼1 mW is recorded for an injection current of
300 mA. This short cavity device produces an ASE spectrum more
than 114 nm broad at a very low current of ∼150 mA with central
emission wavelength around 2.04 μm and could be injection tuned
to maximum 2.08 μm with a ∼140 nm FWHM broad spectrum at 400
mA. The other short cavity device (L = 1.1 mm) shown in Fig. 4(b)
contains a 0.15 mm straight RWG section at the rear facet (10% HR)
and produces slightly more amplification. For an injection of 300
mA, the device generates an 87 nm FWHM broad ASE spectrum
around 2.08 μm, corresponding to a maximum power of ∼3 mW.
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FIG. 3. L–I–V comparison of different types of SLD based on facet reflectivities [Rfacet (%)] and cavity lengths (L): [(a), (b)] type-I SLD devices are short cavities (L ≤ 1.1 mm)
having AR (0.01%) at front and HR (10%, As-cleaved or 30%) at rear facets, [(c), (d)] type-II devices (L = 2–3 mm) have AR (0.01%) coatings at both facets, and [(e), (f)]
type-III devices (L = 2–3 mm) have AR (0.01%, 0.5%) at front and higher HR (As-cleaved or 30%, 92%) at the rear facets.

FIG. 4. Measured emission spectra of three types of 2.1 μm SLDs operated at RT in CW mode. The arrows indicate the changes in the spectrum with the increments of
injecting currents.
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FIG. 5. SMD (%) for different injection currents in (a) type-I, (b) type-II, and (c) type-III SLDs, as shown in Fig. 4. All measurements are done at RT (∼20 ○C) in CW operation
mode.

The SMD (%) varies from ∼5% to ∼20%, depending on injection
current.

Type-II devices have AR coatings at both facets. Following
Figs. 4(c) and 5(b), 2 mm SLD chips generate a maximum 108 nm
FWHM broad and smooth spectrum (∼3%–∼7% SMD) and corre-
sponds to ∼13 mW power in CW at 600 mA. This result confirms
the expected effect of AR coatings. The ASE peak could be tuned
from 2.05 to 2.1 μm with a FWHM of ∼70–∼110 nm for an injection
current increasing from 150 to 700 mA. Similarly, emission from
the 3 mm long chip could be operated in the same spectral range
for high power but offered limited bandwidth (∼53–∼64 nm). In the
latter case, an increased straight RWG section (2.05 mm at the rear-
facet) gives more amplification and high rippled ASE spectra (SMD
∼5%–∼35%).

Type-III SLDs exhibit a maximum ∼60–∼70 nm FWHM for
chips with L = 2 mm and a maximum of 46 nm FWHM for chips
with L = 3 mm at an injection of ∼600–∼1000 mA. In this case,
the central emission wavelength was injection tuned from 2.06 to
2.12 μm for 2 mm chips and to 2.09 μm for 3 mm chips 0.5%/92%
coated devices. The SMDs of these devices, as shown in Fig. 5(c),
range from a minimum ∼5% to a maximum ∼25% when operated
within ∼200 mA. However, the SMD increases rapidly above 200
mA, primarily assumed due to unwanted reflections arising from the
non-ideal AR coating. This results in higher visibility of the resid-
ual FP cavity modes enhanced by the ASE process. Furthermore, the

highly reflective back-facets facilitate double-pass amplification in
type-III gain structures, which is advantageous in terms of achieving
higher power but again will give rise to unwanted spectral modula-
tion. These effects are more visible for longer cavity devices due to
higher accumulation of ASE.

The far-field (FF) beam profile of the J-shaped SLDs measured
from the front facet is shown in Fig. 6(a) for a L = 3 mm (AR/As-
cleaved) SLD, considered as an exemplary device. The Gaussian-
shaped slow axis beam profile is offset by 23○ from the central
0○-reference position, without any sign of side-lobes. This spe-
cific angular deviation from the 0○-reference to the facet-normal is
expected from Snell’s law for a 7○ tilted optical field at the front-facet.
The FWHM of the slow and fast axes are measured as 18○ and 43○,
respectively. The beam intensity profile slightly varies for all types of
SLD devices due to different magnitudes of back-facet coating and
cavity length. Figure 6(b) shows variations in slow axis beam inten-
sity profile for 3 mm SLDs for a 1000 mA CW injection at RT. For
the high reflective back-facet (R ≥ 90%, HR coated) with a differ-
ent AR front facet (R ∼0.5%) compared to other devices produced
higher optical power density in the waveguide, which causes thermal
lensing43,44 and broadens the slow axis beam profile. The emitted
beam profile has slightly broader FWHM compared to lower reflec-
tive devices at the same facet (21○ vs 17○). However, the absence
of the side lobes in either case confirms single transverse mode
operation from the SLDs.

FIG. 6. Far-field (FF) beam profile of
SLDs measured at 1000 mA from 3 mm
SLD coated with AR at the front facet and
no coating at the rear facet. In panel (a),
the blue and red curves indicate fast and
slow axes, respectively. The changes in
the beam shape of slow axis due to
different combinations of front and rear
facets is shown in panel (b), measured
from 3 mm SLDs.
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FIG. 7. FWHM (nm) of the emission spectrum at maximum CW power mea-
sured for different types of devices related to cavity length, injection current, and
SMD (%).

Figure 7 summarizes the key performance of the devices ana-
lyzed, presenting the measured FWHM of the ASE spectral band-
width corresponding to the maximum CW output power for each
SLD variant. At their maximum CW operating powers, the SLD vari-
ants exhibit distinct trade-offs between output power and spectral
characteristics. Type-I and 2 mm type-II devices achieve broad ASE
spectral bandwidths ranging from ∼90 to ∼140 nm with low spectral
modulation depth (minimum SMD ∼3%), making them well-suited
for broadband applications that require a smooth spectrum, such
as in OCT imaging. In contrast, the 3 mm type-II device delivers
significantly higher ASE output power, up to ∼35 mW, but with
a narrower spectral width of ∼64 nm and increased spectral rip-
ple (SMD ∼35%), favoring applications where power is the primary
requirement, such as in tunable laser-based application. Type-III
SLDs offer a balanced performance, supporting higher ASE pow-
ers (∼40 to 60 mW) while maintaining spectral widths between ∼45
and ∼70 nm. These results demonstrate how careful selection of
device structure and cavity length enables optimization for specific
optoelectronics and photonics applications.

The cavity suppression was studied according to different sets
of facet coating parameters where cavity length and back-facet
reflectivities control the amplification process and impact the emis-
sion bandwidth. For 2 mm type-II SLD having 0.01% reflectivity
at both facets shows maximum 7% SMD at maximum power of
10.5 mW while maintaining a 90 nm FWHM spectral width. The
shortest 0.8 mm SLD cavity shows the highest spectral emission
bandwidth with ∼140 nm FWHM at 0.7 mW free space power. The
broad spectral emission confirms the combined effect of asymmet-
ric QW design with a J-shaped RWG structure, which is a nearly
twofold increment compared to prior reports of FWHMs in this
spectral regime.14,26,27 The emission power in such devices can be
further enhanced by optimizing epi-structure, waveguide geometry,
and mounting SLD chips in p-side-down orientation for efficient
heat sinking. The ripple in the ASE spectra can be also smoothened
by adjusting the RWG architecture and the facet coatings.

The trend line (dashed gray) in Fig. 7 shows an exponentially
decaying relationship with maximum CW power to the correspond-
ing FWHM emission bandwidth measured for increasing cavity
length and rear-facet reflectivities. The data plot also explicitly shows

a clear trend in growth of the maximum ASE power level follow-
ing exponential dependency of gain, with increasing cavity length at
reduced mirror losses.42 To our observation, in short-cavity devices
(Type-I, L ≤ 1.1 mm), reduced gain length and combined facet reflec-
tivities minimized optical feedback, preserving the broadband ASE
spectrum shaped by the asymmetric QW gain. In contrast, longer
cavities (Type-II, L = 3 mm/Type-III, L = 2–3 mm) introduced
stronger feedback and spectral filtering, promoting mode selection
near the maximum gain and narrowing the emission. These trends
highlight how ASE characteristics arise from the interplay between
QW design and cavity geometry.

In conclusion, we have reported electrically pumped single-
transverse-mode SLDs operating at 2.1 μm wavelength showing a
maximum 140 nm FWHM at room temperature for CW operation.
This is a twofold improvement in emission bandwidth employing
type-I GaInSb/AlGaAsSb double QWs utilizing asymmetrical thick-
ness compared to the prior state-of-the-art in this spectral regime.
The J-shaped RWG architecture acts effectively in suppressing the
cavity facet from lasing and enables the generation of more than
50 mW of CW superluminescence emission power from p-side-up
oriented SLD chips. In our experiments, we have systematically stud-
ied the effects of broadband AR/HR coatings on the device’s facets
on the spectral emission bandwidth and the depth of the spectral
ripples. All SLDs show Gaussian-shaped emission spectra having
injection tuning of central emission wavelength from 2050 nm to
more than 2100 nm. The far-field Gaussian profile of the devices
does not show any side lobes up to high injection current. Such a
low-rippled wide spectral emission spectrum, RT emission power
level with good beam quality opens a promising path for developing
trace gas sensing and OCT at wavelength >2 μm.
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