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Abstract: A high-power quantum-dot superluminescent diode is demonstrated under
continuous-wave operation, with an output power of 137.5 mW and a corresponding spectral
bandwidth of 21 nm. This represents not only the highest output power, but also a record-high
power spectral density of 6.5 mW/nm for a CW-operated superluminescent diode in the 1.1 -
1.3 pum spectral region, marking more than a 6-fold increase with respect to the state of the
art. The two-section contact layout of the reported device introduces additional degrees of
freedom, which enable a wide tunability of the bandwidth and power depending on the
desired application. A maximum bandwidth of 79 nm was recorded, with an output power of
1.4 mW. The high-power continuous-wave operation of this device would be particularly
relevant for continuous, high-speed, high-sensitivity spectroscopy, imaging and sensing
applications, as well as in optical communications.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Superluminescent diodes (SLDs) are fundamental light components in a wide range of
applications such as in optical coherence tomography [1], fiber gyroscopes [2], optical
spectroscopy [3], optical communications [4], and random number generation [5].

High power and high spectral density are particularly important for spectroscopy and
other sensing applications which require a moderate spectral bandwidth. This is also of
relevance whenever there is a requirement for high-speed sensing, as higher power sources
can significantly speed up acquisition times to achieve a required signal-to-noise-ratio, thus
enabling the capture of events at faster rates. For example, this is the case of incoherent
broadband cavity enhanced absorption spectroscopy, whereby the use of a broadband source
allows for the simultaneous chemical analysis of a variety of components [6]. For this
purpose, arc-lamps and light-emitting diodes are the sources typically used. However, low
spectral densities and low spatial coherence mean that practical levels of sensitivity can only
be achieved at the expense of long acquisition times. Recently, it was demonstrated that SLDs
are practical sources for such applications [3], whereby their high spatial coherence and
spectral power density (200 pW/nm, in this case [3]) were shown to enable high-sensitivity
chemical analysis with a moderate acquisition time. More recently, a supercontinuum source
tailored for such applications has been demonstrated with a high spectral density of 5 mW/nm
[7]. While supercontinuum sources typically have high spectral power density, their
significantly higher cost, footprint and complexity are impediments to wider field
deployment.
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A high power spectral density is also of importance in the context of other applications
where the output is spectrally sliced, such as wavelength division multiplexing [4,8] and
random number generation (in which the use of SLDs was recently demonstrated) [5]. A
range of approaches can be pursued in order to optimize SLDs’ performance. For example,
increasing the device length is a common approach to boost the output power [9], as long as
the threshold for laser emission is not reached. The use of tapered device configurations,
particularly the combination of SLD and a tapered semiconductor optical amplifier have
shown promising output power levels in the 1.1 — 1.3 um spectral region, up to around 500
mW, albeit under pulsed pumping conditions [10-12]. Under CW pumping conditions, the
maximum optical power achieved in the 1.1 - 1.3 um spectral band was 107 mW [13].

Indeed, a common approach to access a high output peak power of SLDs is to use a pulsed
pumping regime with a low duty cycle. This allows extremely high driving currents to be
applied for short periods of time without inducing damage and, if the pulse is short enough,
can reduce thermal effects which detriment the output power and cause spectral narrowing
[14]. However, pulsed pumping does not allow for continuous sensing applications and
requires more complicated driving circuitry for the source and sensors compared to simple
continuous-wave approaches. Importantly, the signal-to-noise ratio in sensing/spectroscopy
applications is also enhanced with continuous operation.

The spectral region below 1.1 um is easily accessed by GaAs-based quantum-well
structures. Likewise, emission wavelengths immediately above 1.3 um are readily obtained
from InP-based quantum-well structures. However, access to the band between 1.1 — 1.3 um
presents challenges, opening a unique opportunity for quantum-dot materials to provide the
basis of devices emitting in this waveband. In the spectral region between 1.1 — 1.3 um,
quantum-dot (QD) materials have shown great promise, particularly by using chirped QD
layers, whereby the average size of the QDs can be engineered in each layer in order to target
a particular emission wavelength [15]. This approach has led to the broadest optical spectrum
emission, of around 240 nm, in continuously driven QD-based SLDs in this spectral region
(1.1 — 1.3 um) [16] as well as supported the development of broadly-tunable QD lasers
[17,18].

In this paper, we present a novel chirped QD SLD with a two-section, tapered waveguide,
emitting at a wavelength around 1235 nm that demonstrated a record-high output power
(137.5 mW) and average power spectral density (6.5 mW/nm) for a CW operated SLD in the
1.1 — 1.3 um wavelength range.

2. SLD design and fabrication

The layout of the QD SLD used in this work is outlined schematically in Fig. 1(a). The
chirped QD wafer was grown by Innolume GmbH (Germany) on a heavily silicon-doped n-
type GaAs substrate by molecular beam epitaxy. Electrical and optical confinement were
enabled by Alg;5GagesAs cladding layers. The active region contained ten layers of InAs
quantum dots, each capped by Ing;5GaggsAs and separated by 33 nm GaAs barriers. A group
of three QD layers were engineered for a target emission wavelength at 1211 nm, followed by
another group of three layers at 1243 nm and finally a group of four layers engineered to emit
at 1285 nm (listed in order from the p-doped to the n-doped side). In order to achieve this, the
thickness of the Ing5GaggsAs capping layer was different for each group of QD layers. This
is a common growth technique, whereby the average size of the quantum dots within each QD
layer is proportional to the thickness of the capping layer, thus resulting in a shift of their
emission wavelength [19]. This QD wafer structure is identical to the one previously used in
the demonstration of a high-power tunable laser [17].
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(a) Rear Section
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Fig. 1. (a). Superluminescent diode design schematic (not to scale). The SLD’s tilt angle (7°) is
not represented, for simplicity. (b). Top-down photo of SLD. The isolation trench is indicated
in the photo by the red arrows.

The wafer was subsequently processed by III-V Lab (France) into a two-section, tapered
SLD (Fig. 1). The device had a total length of 6 mm and consisted of three distinct
geometrical segments. At the rear of the device was a short, straight segment with a length of
0.5 mm and a ridge width of 14 um. Following on from this was the first of two tapered
segments which had a length of 0.5 mm and a taper angle of 1.5°. The final segment had a
smaller taper angle of 0.4° that ran along the remaining 5 mm of the device length resulting in
a front facet width of 110 pm.

This unique waveguide design was derived based on simulations similar to those
performed in [20], with the goal of simultaneously enhancing both the gain and beam quality
emitted from the tapered facet through the manipulation of the waveguide geometry. In
addition to this, and while the waveguide was firstly defined by proton bombardment via gain
guiding, a weak index guiding (An = 10™*) was also introduced through the shallow etching of
the waveguide. This design feature increased the optical confinement and helped to mitigate
the antiguiding effects associated with the proton bombardment [20].

The SLD’s length was relatively long in order to boost the output power [9]. An isolation
trench was etched into the contact layer 1.875 mm from the rear facet to create two
electrically isolated sections. The location of the trench meant that the rear contact serviced
the straight, first tapered and part of the second tapered segments while the front contact
pumped the remainder of the second tapered segment of the waveguide. The rationale for
using a multi-section tapered design was to provide a further degree of freedom in the
pumping conditions of the device, enhancing the tunability of the power and spectral
characteristics [21].

An anti-reflection coating was deposited on both facets and the waveguide was tilted by
an angle of 7° with respect to these — in order to prevent laser emission. The device was
mounted p-side up on a copper heat sink and was maintained at a constant temperature of
20°C by a Peltier cooler and temperature controller. Both sections of the SLD were
continuously pumped by separate constant current source diode drivers.
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3. SLD performance

Measurements of the average power were made in free space using a broadband thermal
power sensor (Thorlabs S302C) after the output of the SLD had been collimated using a
combination of an aspheric and cylindrical lens. A broadband optical isolator was placed
immediately after the collimation optics, i.e. before the power meter, to prevent any unwanted
reflections disrupting the operation of the SLD. Measurements of the optical spectra were
made through an optical fiber using an optical spectrum analyzer (Yokogawa AQ6370), again
with an optical isolator in place.

The light-current characteristics of the SLD are shown in Fig. 2, depicting the average
output power emitted from the front facet as a function of the front section current, at various
fixed rear section currents. From these plots, the common SLD trend of superlinearly
increasing output power with increasing front section driving current can be seen across the
full range of rear section currents.

At rear section currents between 0.1 A and 0.6 A, a clear rollover in the output power can
be seen as the front section current approached 5 A, limiting the maximum output power. The
superluminescent region was limited by the onset of laser emission, at the highest current
levels (above 4A, for a rear section of 0.7A). In fact, it can be observed that beyond this point,
the light-current characteristic also departs from the trend exhibited by the other curves at
different rear section currents.

In Table 1, the power, spectral bandwidth and average power spectral density of the SLD
detailed in this work is compared to a selection of state-of-the-art CW operated devices
emitting in the 1.1 — 1.3 pm spectral band that have been previously reported. The devices
included in Table 1 were chosen from a vast number of reports [1,9,13,16,22—-51] and mark
some of the best reported bandwidth, average power or power spectral density for CW
devices in the 1.1 — 1.3 pm waveband.

Driving Current Density (kAcm?)

0.00 0.30 0.61 0.91 1.21 1.51
200 1 1 T T
Rear Section Current
1/—=—10.0 A (0.00 kAcm?)
—=—0.1 A (0.17 kAcm™)
150 o |[—— 0.2 A (0.33 kAcm?)
—=— 0.3 A (0.50 kAcm™2)
{/—=—0.4 A (0.67 kAcm™?)
(
(
(

0.5 A (0.83 kAcm?)
100 -|—=— 0.6 A (1.00 kAcm™?)
=— 0.7 A (1.17 kAcm™?)

Output Power (Front) (mW)

50

Driving Current (A)

Fig. 2. Superluminescent diode output optical power vs front section driving current at various
fixed rear section currents.
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Table 1. Comparison of the spectral bandwidth (AL), average power (P,,,) and average
power spectral density (P,,,/A)) of the device reported here to state of the art CW SLDs
with a central wavelength (A.) between 1.1 — 1.3 pm selected from the literature
[1,9,13,16,22-51].

Ac(nm) Ak (nm) Py (mW)  Pu /AL (mW/nm)  Reference

1120 1788 130 0.01 [50]
1150 66.6 30.00 0.45 [51]
1154 148.0 0.13 <0.01 [23]
1170 112.0 107.0. 0.96 [13]
1235 21.0 137.50 6.55 This Work
1255 79.0 1.40 0.02  This Work
1258 142.0 0.30 <0.01 [33]
1260 85.0 35.00 041 [34]
1300 50.0 50.00 1.00 [9]
1300 200.0 10.00 0.05 [42]

The maximum power that was observed from our device in the superluminescent regime
was 137.5 mW, the highest for a CW-biased device in the 1.1 - 1.3 um spectral band, as
highlighted in Table 1. This impressive output power was likely the result of both the tapered
design and considerable length of the SLD waveguide, both of which have been shown to
boost SLD output power [9,52]. Considering that the bandwidth of the optical spectrum at this
power level was 21.3 nm, this corresponded to an average power spectral density of 6.5
mW/nm, more than 6 times the current state of the art for any CW SLD in the 1.1 — 1.3 pm
wavelength range [9].

However, there is a clear trade-off between spectral bandwidth and optical power, as
previously reported in the literature [9]. As shown in Fig. 3, it was possible to achieve a
broader spectral bandwidth of 79 nm, albeit with less than 2 mW output power. This plot also
highlights the flexibility afforded by the independent biasing of two electrical sections, which
enables the selection of different regimes of operation with an emphasis on power or
bandwidth, depending on the target application at hand.

80 — - Front Section Current

i - \ —— 1A
70 4 \ o 2A
E \ ——3A

g ‘ —v—4 A
60 — ‘| 5A
ey ] |
E |
2% |
2 |
40 4 \
z | .
O L 5 \\‘ . \i\
30+ \\\.\_\‘7_“ \*77*\:‘\ .
] \
20 ———ry ——
1 10 100
Power (mW)

Fig. 3. Superluminescent diode optical spectrum (OS) FWHM spectral bandwidth vs output
power at various front section driving currents.
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Looking into the optical spectra in more detail, Fig. 4. shows spectra emitted from the
SLD through a cross section of the range of front and rear section currents that were tested.
Figure 4(a) shows the spectra at a fixed rear section current of 0.2 A where the largest
bandwidth of 79 nm was observed (at 1 A front section current) and Fig. 4(b). shows optical
spectra at a fixed front section current of 4 A where the largest power of 137.5 mW was
observed (at a rear section current of 0.7 A). These plots clearly indicate that there was a
strong dependence of the shape of the optical spectra on the biasing conditions of the SLD.

At 1 A of front section current, across the entire range of tested rear section currents, the
optical spectra had a distinct double hump shape with two peaks centered at approximately
1235 nm and 1290 nm. The presence of the 1290 nm peak in these spectra indicated that there
was a significant contribution from the ground state of the 1285 nm QD layers in the active
region along with a composite contribution from the 1211 nm and 1243 nm layers to form the
1235 nm peak.

A similar trend in the spectral shape was also observed for increasing front section current
above 1 A across the entire range of fixed rear section currents. As front section current was
increased, the 1235 nm peak was seen to increase in power relative to the 1290 nm peak,
particularly drastically between 1 A and 2 A of front section current, as the spectra
transitioned to a single peak at 1235 nm.

The tendency for the optical spectra to adopt a single peak shape centered around 1235
nm despite the largest population of QDs within the active region being designed to emit at
1285 nm was likely the result of several factors. Firstly, it has been shown experimentally in
QW structures [53,54] and through simulations in QD structures [55] that the carrier density
in active region layers decreases as the distance from the p-side of the device increases. This
is a result of the reduced mobility of holes compared to electrons and their preferential
capture in QDs near the p-side compared to electrons near the n-side. In the chirped QD
active region presented in this work, such an inhomogeneous carrier density would result in
the longest wavelength QDs, which were furthest from the p-side of the device, having the
lowest ground state population and hence making a diminished contribution to the optical
spectrum.

Rear Section Current
a) Front Section Current b) —— 0.7 A (1.17 kAcm )
——5A (1,52 kAcm?) 0.6 A (1.00 kAcm?)
4 s ——4 A (1.21 kAcm™) = —— 0.5 A (0.83 kAcm %)
[10 dBidiv /3B nm N\ ——3A(0.91 kAcm?) t 10dBidv /21 nm O\ ——0.4 A (0.67 kKAcm?),
= s N ——2A(0.61 kAcm?) . f N ——0.3 A (0.50 kAcm™)
) = Do —— 1A (0.30 kAcm?) =50 /i /25 nmEN s —— 0.2 A (0.33 kAcm™2)
2 0 M 2 T ——, TNJ——0.1A(0.17 kA
S / 8 4 / 29nm ™\ — e
5} 34 nm z -/ =~ : \
2 7 2 30 nm o
o o
e a
5 33nm I 5 A+
e =
=) 1 2 |
6] O
8 |. . 1
1150 1200 1250 1300 1350 1150 1200 1250 1300 1350
Wavelength (nm) Wavelength (nm)

Fig. 4. Superluminescent diode optical spectra under various biasing conditions. (a) optical
spectra at various front section driving currents at a fixed rear section current of 0.2 A. (b)
optical spectra at various rear section currents at a fixed front section current of 4 A.
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Continuation of this analysis implies that the highest carrier density was delivered to the
three layers of quantum dots designed to emit at 1211 nm. However, the resultant optical
spectra tended towards the much longer central wavelength of 1235 nm with increasing front
and rear section current. A factor that could have resulted in this shift in the center
wavelength towards the emission wavelength of the central three QD layers within the active
region is the overlap of the transverse optical mode with the active region. Assuming that the
transverse optical mode within the SLD waveguide is close to a fundamental Gaussian mode
then the maximum optical intensity would overlap with roughly the center of the active
region. This has the effect of boosting the amplification by the 1243 nm QD layers and hence
shifts the spectrum towards wavelengths longer than 1211 nm.

The presence of the 1290 nm peak at low driving currents was likely the result of a state
filling effect whereby the ground states of the larger QDs were filled more easily than the
higher energy states of the smaller QDs within the active region. This effect has been
observed before in QD SLDs where the optical spectrum was seen to broaden exclusively on
the blue side as driving current was increased [56]. At low levels of current, where there is
still significant thermal redistribution of carriers from shorter to longer wavelength QDs, this
effect could have had a stronger influence than that of inhomogeneous carrier density within
the active region.

All of the aforementioned dynamics which could have influenced the spectral shape along
with thermal effects and the spectral response of the anti-reflective facet coating ultimately
determined the achievable spectral bandwidth and also point to several ways in which SLD
performance could be improved. For example, improvement in the bandwidth of the SLD
could potentially be achieved through re-ordering of the chirped QD layers’ position relative
to the p-contact to reduce inhomogeneous current density. For example, instead of stacking
three different groups of QD layers next to each other (three layers emitting at 1211 nm,
followed by three at 1243 nm and then four at 1285 nm), different QD layers could be
interleaved throughout the active region (1211 nm, 1243 nm, 1285 nm, 1211 nm, ...).
Alternatively, the size of the various QD layers could be carefully engineered so that the
spectral gap between the ground and excited state of one layer of dots is filled-in by the
ground state of a separate layer [27]. Further improvements in both power and spectral
bandwidth could also be achieved by mounting the device p-side down with a bespoke
submount, as enhanced thermal management has been shown to be valuable in boosting both
optical power and spectral bandwidth [13].

4. Conclusions

A high-power tapered superluminescent diode with a chirped quantum-dot active region has
been demonstrated, operating under CW driving conditions. A maximum output power of
137.5 mW was observed with a corresponding spectral bandwidth of 21.3 nm centered at
1235 nm. This represents a record-high value of output power from a CW-driven SLD in the
spectral region between 1.1 — 1.3 um and also corresponds to the highest average power
spectral density (6.55 mW/nm) from a CW SLD in the same spectral region. Such power
spectral density values are on a par with supercontinuum sources developed for spectroscopy
applications. The lower cost and footprint of SLDs compared with supercontinuum sources
means that this performance offers significant potential for high-speed, high-sensitivity
sensing applications, as well as the ability to be used in portable systems for in situ
measurements.

The multi-section electrical layout enabled a versatile range of combinations of optical
power and spectral bandwidth, which can match particular target application needs. Indeed,
while power levels of the order of 100 mW were regularly observed with typical spectral
bandwidth values of around 30 nm, a maximum bandwidth of 79 nm was also recorded (albeit
at a low output power of 1.4 mW).
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