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Abstract: We study the applicability of InGaAs/GaAs quantum well-dots (QWDs) for active regions
of broadband superluminescent diodes (SLDs) emitting in the 950–1150 nm spectral range; 2 mm long
SLDs with a bent section and an active region based on seven chirped QWD layers show emission
spectra centered at 1030 nm with a full-width at half-maximum of 80 nm and an output power of
2 mW. In a 250 µm long SLD with a tilted stripe that has an increased output loss, the width of the
emission spectra is 113 nm at 20 ◦C and 120 nm at 60 ◦C.

Keywords: superluminescent diode; quantum well-dots; broadband emission

1. Introduction

Superluminescent diodes (SLDs) are of considerable interest for investigating the
fundamental principles of light emission and amplification in material, as well as for
their numerous applications in the present and future advanced optical systems. SLDs
emitting in the optical range of 950–1150 nm are of great importance for optical coherence
tomography (OCT) systems, which can scan the retina and other organs mainly consisting of
water [1,2]. Another important application of SLDs of this optical range is fiber gyroscopes
for unmanned ground transport systems. The near-infrared spectral range is relatively
eye-safe, and the use of cheap silicon photodetectors and CCD arrays makes such systems
cost-efficient and convenient for mass production. SLDs are also promising for optical
data transmission, random number generation and spectroscopy. From the viewpoint of
most applications, the general requirements for SLDs are the following: (i) the emission
spectrum has a large width, (ii) there are no significant intensity modulations (maxima
and dips), and (iii) high output power. The requirements regarding a broad emission
spectrum and high output power are somehow contradictory. With the growth in the
injection current, light amplification arises, and a positive optical feedback caused by
partial light reflection from device facets results in an increase in emission intensity in a
narrow spectral range close to the gain maximum. This process eventually results in lasing.
To suppress the optical feedback, prevent lasing, provide broadband superluminescent
emission and increase output power, several SLD designs have been developed and studied:
antireflection coatings, ridge waveguides tilted by 5–10 degrees with respect to cleaved
facets [3,4], tilted and tapered ridge waveguides [5–7], bent ridge waveguides [8,9], and
multi-section designs [10–12] including integrated optical amplifiers [6,13].

Traditionally, InGaAs/GaAs quantum wells (QWs) are used as active regions of SLDs
emitting in the spectral range from 950 to 1100 nm. However, the width of QW emission
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spectra is not large—typically from 10 to 15 nm. The growth of multiple QWs requires the
use of sophisticated strain-reduction epitaxial techniques. In QW SLDs, a strong decrease
in carrier density in the direction from p-cladding to n-cladding has been observed [14]. As
a result, QWs situated closer to p-cladding make the strongest contribution to the emission
spectra. In [15], GaAs-based bipolar cascade SLDs with the active region based on four
InGaAs/GaAs quantum wells (QWs) were investigated. The tunnel junction was aimed to
minimize the nonuniform carrier distribution between multiple QWs. The QW ground state
(GS) transition emission wavelengths were 1050, 1100, 1000 and 950 nm (listed according
to the positions from the n-cladding to the p-cladding). The full-width at half-maximums
(FWHM) of the optical emission spectra obtained for the 1 mm long device under a large
range of CW bias driving currents were from 170 to 180 nm, and the maximal output power
was 0.65 mW. A higher output power of 19 mW was obtained in a pulse mode, but the
FWHM was much smaller (14 nm).

InGaAs/GaAs self-organized quantum dots (QDs) have been shown to be very ad-
vantageous as the active region of broadband SLDs. Inhomogeneous broadening of the
QD array results in a large width of QD emission spectra, which is typically about 60 nm.
Very broad and smooth emission spectra without significant intensity modulations can
be implemented by using so-called chirped active regions. In this case, peaks of the GS
emission of individual QD layers are shifted to fill the gaps between the ground and excited
states of the other QD layers [4,16,17]. InAs/InGaAs/GaAs QDs obtained by overgrowth
of initial Stranski–Krastanov islands with a thin InGaAs layer [18] and referred to as dot-
in-well (DWELL) have been widely used as the active region of near-infrared SLDs. The
largest bandwidths have been demonstrated for SLDs with central emission wavelengths
in the optical range of about 1.2 µm [12,19]. In [19], 5 µm wide and 2 mm long SLDs with
the active region based on one In0.34Ga0.66As QW and six chirped InAs/InGaAs/GaAs
DWELL layers were studied. The stripes were tilted at 7◦ to inhibit lasing. The devices
demonstrated a 3 dB linewidth of 290 nm centered at 1.2 µm, with 2.4 mW output power at
room temperature.

Present SLDs with a central wavelength of 1.0–1.1 µm have narrower optical band-
width than their longer-wavelength (~1.2 µm) counterparts. In [16], high-power SLDs
utilizing a three-stacked InGaAs/GaAs QD formed by a short-period superlattice of InAs
and GaAs have been demonstrated. The QD SLD was fabricated in the form of a 7-degree
tilted triangular p-electrode. The output power and the spectral bandwidth of the QD SLD
were 0.9 W and 80 nm, respectively. In [5], SLDs utilizing multiple layers of dots of tuned
height have been reported. The active region of the devices consisted of two repetitions of
four layers of InAs quantum dots with 30 nm thick GaAs barrier/cap layers within a 300 nm
waveguide. The SLDs were made in a tilted and tapered waveguide design [12] with a
1 mm long waveguide and with tilted and tapered angles of 8◦ and 2◦, respectively. The
resulting width of the output facet was 35.49 µm. The device exhibited a 3 dB bandwidth of
190 nm with a central wavelength of 1020 nm under continuous wave (cw) conditions. The
maximum corresponding output power achieved in these devices under cw and pulsed
operation conditions were 0.54 mW and 17 mW, respectively. Rapid thermal annealing
can be used to shift the emission spectra of InGaAs/GaAs QD to shorter wavelengths
closer to 1 µm. In [7], broadband SLDs with the active region based on multiple QD layers
subjected to rapid thermal annealing were reported. A design with a tilted tapered lateral
waveguide, non-pumped absorbing region, and V-groove was used. The devices exhibited
a 3 dB emission bandwidth of 146 nm centered at 984 nm with a CW output power of
15 mW at room temperature.

Recently, a novel type of active region referred to as InGaAs/GaAs quantum well-dots
(QWDs) was developed [20]. QWDs represent an array of indium-rich 3D islands located
inside the indium-depleted residual InGaAs/GaAs layer. The QWDs can be considered as
nanostructures of mixed (0D/2D) dimensionality. On the one hand, they represent a dense
QD array with relatively low confinement energies for electrons and holes. On the other
hand, they can be viewed as strongly modulated in composition and thickness QW. QWDs
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have some advantages intrinsic to both QDs and QWs. For example, QWDs have a record
high optical gain and broader emission spectra as compared with QWs [21]. The possible
dislocation-free growth of at least 15 QWD layers in the active region, which can be chirped
in indium content and/or effective thickness, enables high-intensity stimulated emission
with broad spectra without pronounced intensity modulations. Another advantage of the
QWDs is reduced charged carrier transport in the lateral direction [20]. This effect decreases
non-radiative recombination at light-emitting device cleaved facets and, thus, potentially
facilitates achieving higher output power and longer lifetime. Suppression of carrier lateral
transport also makes it possible to deeply etch QWD-based devices through the active
region, which can be useful for the fabrication of narrow stripe single mode SLDs in deep
mesa geometry. In [22], we reported on 2 mm long SLDs with one QWD layer in the active
region that exhibited a stimulated emission spectrum centered at 1050 nm with a maximal
3 dB bandwidth of 36 nm and pulsed output power of 17 mW. In this paper, we report on
fabrication and studies of SLDs based on chirped QWD layers and demonstrate that this
approach is promising for increasing the emission bandwidth.

2. Materials and Methods

The SLDs were fabricated from a laser wafer with seven chirped QWD layers (7QWD)
in the active region. The wafer was grown by MOCVD on a (100) GaAs substrate misori-
ented by 6◦ towards (111). The QWD layers were formed by the deposition of In0.4Ga0.6As
with the changing thickness in order to cover a spectral range from 920 to 1070 nm. The ac-
tive region of the SLDs under study is based on seven chirped QWD layers (Figure 1a). The
nominal thicknesses of the individual QWD layers in the active region listed in the direction
from the n-cladding to the p-cladding and corresponding emission wavelengths (Figure 1b)
were the following: 2 monolayers (MLs) (920 nm), 3 MLs (945 nm), 4 MLs (980 nm), 5 MLs
(1010 nm), 6 MLs (1035 nm), 7 MLs (1055 nm) and 9 MLs (1070 nm). Individual QWD layers
were separated with 40 nm thick GaAs spacers. The active region was placed in the center
of 0.44 µm thick GaAs waveguide. The waveguide was sandwiched between p- and n-type
Al0.25Ga0.75As cladding layers having thicknesses of about 1.2 µm. A 50 nm thick InGaP
etch-stop layer was inserted into the p-cladding at a distance of 260 nm from the waveguide.
A 200 nm thick p+-GaAs cap layer was grown on the top of n-type Al0.25Ga0.75As cladding.
In the following, we will refer to the individual QWD layer formed by the deposition of N
monolayers of In0.4Ga0.6As as “NML-QWDs” for short. A reference epitaxial wafer with
a single QWD layer formed by the deposition of 8 MLs of In0.4Ga0.6As was also grown.
It has a 550 nm wide GaAs waveguide and the same claddings as the chirped SLDs. The
structure was aimed to investigate the emission spectra of individual QWD layers.

Photonics 2023, 10, x FOR PEER REVIEW 3 of 9 
 

 

represent a dense QD array with relatively low confinement energies for electrons and 

holes. On the other hand, they can be viewed as strongly modulated in composition and 

thickness QW. QWDs have some advantages intrinsic to both QDs and QWs. For example, 

QWDs have a record high optical gain and broader emission spectra as compared with 

QWs [21]. The possible dislocation-free growth of at least 15 QWD layers in the active 

region, which can be chirped in indium content and/or effective thickness, enables high-

intensity stimulated emission with broad spectra without pronounced intensity modula-

tions. Another advantage of the QWDs is reduced charged carrier transport in the lateral 

direction [20]. This effect decreases non-radiative recombination at light-emitting device 

cleaved facets and, thus, potentially facilitates achieving higher output power and longer 

lifetime. Suppression of carrier lateral transport also makes it possible to deeply etch 

QWD-based devices through the active region, which can be useful for the fabrication of 

narrow stripe single mode SLDs in deep mesa geometry. In [22], we reported on 2 mm 

long SLDs with one QWD layer in the active region that exhibited a stimulated emission 

spectrum centered at 1050 nm with a maximal 3 dB bandwidth of 36 nm and pulsed out-

put power of 17 mW. In this paper, we report on fabrication and studies of SLDs based on 

chirped QWD layers and demonstrate that this approach is promising for increasing the 

emission bandwidth. 

2. Materials and Methods 

The SLDs were fabricated from a laser wafer with seven chirped QWD layers 

(7QWD) in the active region. The wafer was grown by MOCVD on a (100) GaAs substrate 

misoriented by 6° towards (111). The QWD layers were formed by the deposition of 

In0.4Ga0.6As with the changing thickness in order to cover a spectral range from 920 to 1070 

nm. The active region of the SLDs under study is based on seven chirped QWD layers 

(Figure 1a). The nominal thicknesses of the individual QWD layers in the active region 

listed in the direction from the n-cladding to the p-cladding and corresponding emission 

wavelengths (Figure 1b) were the following: 2 monolayers (MLs) (920 nm), 3 MLs (945 

nm), 4 MLs (980 nm), 5 MLs (1010 nm), 6 MLs (1035 nm), 7 MLs (1055 nm) and 9 MLs 

(1070 nm). Individual QWD layers were separated with 40 nm thick GaAs spacers. The 

active region was placed in the center of 0.44 μm thick GaAs waveguide. The waveguide 

was sandwiched between p- and n-type Al0.25Ga0.75As cladding layers having thicknesses 

of about 1.2 μm. A 50 nm thick InGaP etch-stop layer was inserted into the p-cladding at 

a distance of 260 nm from the waveguide. A 200 nm thick p+-GaAs cap layer was grown 

on the top of n-type Al0.25Ga0.75As cladding. In the following, we will refer to the individ-

ual QWD layer formed by the deposition of N monolayers of In0.4Ga0.6As as “NML-

QWDs” for short. A reference epitaxial wafer with a single QWD layer formed by the 

deposition of 8 MLs of In0.4Ga0.6As was also grown. It has a 550 nm wide GaAs waveguide 

and the same claddings as the chirped SLDs. The structure was aimed to investigate the 

emission spectra of individual QWD layers. 

  

Figure 1. Schematic images of the SLD active region (a) and corresponding emission spectra (b). 

Two types of SLDs were processed by using standard optical lithography and reac-

tive ion etching. In both cases, SLD width was 5µm. The etching depth of 950 nm was set 

by the etch-stop layer. AgMn/Ni/Au contacts were formed on top of the p+-GaAs cap 

Figure 1. Schematic images of the SLD active region (a) and corresponding emission spectra (b).

Two types of SLDs were processed by using standard optical lithography and reactive
ion etching. In both cases, SLD width was 5 µm. The etching depth of 950 nm was set by
the etch-stop layer. AgMn/Ni/Au contacts were formed on top of the p+-GaAs cap layers.
Then, the GaAs substrate was thinned down to 100 µm, and an AuGe/Ni/Au contact was
deposited onto the n-side of the GaAs substrate. The first SLD design represents 2 mm
long stripe with 350 µm long bent section having derivation angle of 7◦ and is referred
to as a J-stripe. The bent section is aimed to suppress the optical feedback and prevent
lasing [8,9]. The other design represents 250 µm long stripes tilted by 7◦ to the as-cleaved
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facets. These SLDs with short cavities have high output loss, so the lasing is eliminated up
to the high pumping currents. No antireflection facet coatings were used in all samples.
The processed SLDs were cleaved into individual chips and mounted on copper heatsinks
by indium solder. The devices were studied in a pulsed mode (300 ns, 3 kHz) to prevent
device overheating.

3. Results and Discussion

Reference SLDs based on one QWD layer show very broad spectra with maximal
full-width at half-maximum (FWHM) of 125 nm (Figure 2). In the range of injection currents
from 100 to 300 mA, the FWHM is above 120 nm. In contrast to the case of QDs and QWs,
the spectra show no pronounced peaks associated with the ground and excited states. This
means that in designing chirped QWD active regions, it is not necessary to precisely fill in
the spectral dips between the ground and excited states of an individual QWD layer by
emission peaks of another QWD layer as it is necessary in the case of QDs. There is no
saturation of the GS peak, and the spectra remain “flat-topped” (no pronounced spectral
maxima and dips), at least in the pumping current range of 30–150 mA. The output power of
this short SLD with one QWD layer was 0.68 mW per facet at 300 mA. A drawback of SLDs
based on one QWD layer (or several identical QWD layers) is that high pumping currents
are required to fill in with carriers high-energy states responsible for the short wavelength
part of the emission spectra. Thus, the performance of such SLDs is doubtful for their
practical applications. So, usually, multilayer active regions consist of layers emitting at
different wavelengths, as the one investigated in this work. Figure 3a shows the evolution of
the electroluminescence spectra of the 2 mm long J-stripe of the SLD with the active region
based on seven chirped QWD layers with an increase in the pumping current. Nominal
spectral positions of the photoluminescence maxima of individual QWD layers are shown
by vertical lines. These positions were determined by photoluminescence studies of the test
samples with a single QWD layer formed by different amounts of deposited In0.4Ga0.6As.
However, we note that in the multilayer SLDs, the positions of emission spectra maxima of
individual QWD layers may slightly change due to strained fields induced by neighboring
QWD layers as compared to the case of samples with a single QWD layer. The total SLD
spectrum is a superposition of the emission lines of seven individual QWD layers in the
active region. However, their relative contribution depends on the injection current and
temperature. At low pumping currents, only QWD layers emitting at longer wavelengths
contribute to the spectra, and the FWHM of the emission line is about 50 nm (Figure 3b).
With an increase in pumping currents, the population of QWD layers emitting at shorter
wavelengths increases, and the spectra broaden. At high pumping currents, the peak of
the whole emission spectrum is at ~1000 nm. This peak is formed by the ground state
emission of 4ML-QWDs (980 nm), 5ML-QWDs (1010 nm) and 6ML-QWDs (1035 nm) and
the excited states of 7ML-QWDs (1055 nm) and 9ML-QWDs (1070 nm). Thus, this emission
peak is supposed to correspond to the spectral position of the highest integral density of
states of the active region. The full-width at half-maximum (FWHM) of the SLD spectra
grows from 48 to 80 nm with an increase in the pumping current and then decreases down
to 56 nm (Figure 3b). At currents above 500 mA, a transition from spontaneous emission
to lasing accompanied by the narrowing of the emission line takes place (not shown in
the figure). The pumping current dependence of the output power shows a superlinear
behavior typical for SLDs (Figure 3). The SLD output optical power per facet is 1.2 mW at
the pumping current of 300 mA and 2.2 mW at 500 mA.
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Figure 3. (a) Electroluminescence spectra of the SLD with the active region based on seven chirped
QWD layers in J-stripe geometry (cavity length 2 mm) at various pumping currents. The vertical
lines mark nominal positions of the photoluminescence maxima of the individual QWD layers in
the active region. (b) Pumping current dependences of the FWHM of the emission spectrum and the
optical power per facet.

The performance of the SLDs under study is limited mainly by their simple cavity
design. According to our near-field studies, the bent ridge waveguide requires optimiza-
tion for better light guiding. In up-to-date SLDs, antireflection coatings are usually used
to suppress lasing at high pumping currents and prevent the narrowing of the emission
spectra. Modern SLDs have large lengths (4–6 mm) and tapered and/or multi-section
designs to increase output power [6,13]. We expect that using the mentioned in the intro-
duction up-to-date cavity designs [5–7,10–13] would allow for increasing output power of
the QWD-based SLDs.

To assess the potential of the chirped QWD active region for providing broadband
emission, we studied SLDs with the active region based on seven chirped QWD layers
having cavity lengths as short as 250 µm fabricated in a tilted geometry. In this case,
the output loss is very high, and the stimulated emission regime is maintained up to
high pumping currents. At the pumping current of 300 mA, the ground states of five
individual QWD layers in the active region, namely 4ML-QWDs (980 nm), 5ML-QWDs
(1010 nm), 6ML-QWDs (1035 nm), 7ML-QWDs (1055 nm) and 9ML-QWDs (1070 nm)),
mainly contribute to the emission spectrum, which results in its FWHM as large as 113 nm
(Figure 4a). The QWD layers emitting at short wavelengths (2ML-QWDs (920 nm) and
3ML-QWDs (945 nm)) marginally contribute to the total stimulated emission spectrum.
This effect can be explained by two reasons. Firstly, in a multilayer active region, carrier
density decreases with an increase in the distance from the p-cladding [14]. As a result,
the QWD layers closest to the p-cladding make the major contribution to the SLD spectra.
Secondly, charge carriers are accumulated in the QWD layers with the highest confinement
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energy emitting at the longest wavelengths, so the emission of the shorter-wavelength
QWD layers is weaker. The output power of this short SLD is rather low—0.5 mW per facet.
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Figure 4. Electroluminescence spectra of the SLD with the active region based on seven chirped QWD
layers in tilted stripe geometry (cavity length 250 µm) at various pump currents at 20 ◦C (a) and 60 ◦C
(b). In panel (a), the vertical lines mark the positions of the nominal maxima of the photoluminescence
spectra of the individual QWD layers measured at 20 ◦C. For the spectra measured at 60 ◦C in panel
(b), the vertical lines are redshifted by 12 nm, which corresponds to the GaAs bandgap shift induced
by the temperature growth from 20 ◦C to 60 ◦C.

In [23], SLD operation at strongly increased temperatures was proposed to realize large
spectral bandwidth. The temperature-dependent performance of InAs/GaAs QD-based
SLDs with 2000 µm long, 5 µm wide ridge waveguides tilted by 7◦ and composed of eight
multi-sections were investigated. At 180 ◦C, the devices exhibited a 3 dB linewidth of
270 nm and a power of 0.34 mW. However, the degradation characteristics of the SLD
operating at such high temperatures were not reported. We studied the performance of the
SLDs with active regions based on seven chirped QWD layers at 60 ◦C, which corresponds
to a typical overheating of operating electronic boards. Figure 4 shows the evolution of
the electroluminescence (EL) spectra at 20 ◦C and 60 ◦C with an increase in the pumping
current. At 20 ◦C, the FWHM grows up to 112 nm when increasing the pumping current
up to 300 mA and then slightly decreases down to 100 nm with further increasing the
pumping current from 300 mA up to 600 mA. At 60 ◦C, the maximal FWHM of 120 nm is
achieved at 200 mA and remains unchanged (Figure 5a). At 20 ◦C, the output power grows
superlinearly with an increase in the pumping current. The maximal achieved output
power slightly exceeds 1 mW. In contrast, the light-current characteristic at 60 ◦C shows
sublinear growth that can be attributed to a higher current of stimulated emission onset.
Maximal output power at 60 ◦C is lower than at 20 ◦C (0.6 mW vs. 1.1 mW at 600 mA,
respectively). The normalized EL spectra at 20 ◦C and 60 ◦C at the pumping current of
300 mA are compared in Figure 5b. For better comparison of the line shapes of emission
spectra at 20 ◦C and 60 ◦C, the spectrum at 60 ◦C is shifted to shorter wavelengths to the
value corresponding to the temperature shift of GaAs bandgap (0.3 nm/K·40 K = 12 nm).
The increased temperature results in a broadening of the long-wavelength shoulder of
the EL spectra. This effect can be attributed to the temperature escape of charge carriers
from the QWD layers with lower confinement energy of electrons and holes and following
recapture by the ones with high confinement energy, which results in a stronger contribution
of 9ML-QWDs (1070 nm).
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Figure 5. (a) Pumping current dependencies of the FWHM (solid circles) and optical power per facet
(open circles) at 20 ◦C and 60 ◦C of the SLD with the active region based on seven chirped QWD
layers in tilted stripe geometry (cavity length 250 µm). (b) The normalized EL spectra at 20 ◦C and
60 ◦C at the pumping current of 300 mA of the same SLD. The spectrum at 60 ◦C is blueshifted by
12 nm.

4. Conclusions

To conclude, we demonstrated that the quantum well-dots are very promising as
active regions for SLDs emitting in the spectral range of 950–1150 nm with large bandwidth.
Stimulated emission spectra in the devices with high output loss are 113 nm wide at
20 ◦C. Despite the fact that the performance of our present SLDs with simple cavity design
lags behind that of the best counterparts, we believe that QWDs potentially offer some
advantages over InGaAs/GaAs self-organized QDs for high-power broadband SLDs. Due
to limited QD density and inhomogeneous broadening of the QD array, its density of
state is lower than that in QWs and QWDs. Moreover, in QDs emitting near 1.1 µm, the
localization energy of electrons and holes at the ground state is relatively low and thermal
carrier escape to higher energy levels is pronounced. Both facts can result in a saturation
of the QD ground state emission at high injection currents and domination of shorter
wavelength peaks due to the excited states and the wetting layer [24]. In contrast, in QWDs,
the ground state optical gain does not saturate up to very high injection currents [21], which
can facilitate the realization of broadband emission and high output power. We expect
that optimization of the active region by placing QWD layers with low carrier localization
energy close to p-cladding would enable further increase in emission linewidth. Output
power can be increased by using large cavity lengths, antireflection coatings, tapered lateral
waveguides and multi-section designs, including those with an integrated optical amplifier.
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