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Abstract

Based on InAs/GaAs quantum dots [QDs], a high-power and broadband superluminescent diode [SLD] is achieved
by monolithically integrating a conventional SLD with a semiconductor optical amplifier. The two-section QD-SLD
device exhibits a high output power above 500 mW with a broad emission spectrum of 86 nm. By properly
controlling the current injection in the two sections of the QD-SLD device, the output power of the SLD can be
tuned over a wide range from 200 to 500 mW while preserving a broad emission spectrum based on the balance
between the ground state emission and the first excited state emission of QDs. The gain process of the two-
section QD-SLD with different pumping levels in the two sections is investigated.
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Introduction

Superluminescent diodes [SLDs] have attracted extensive
attention for a wide range of applications, such as optical
coherence tomography [OCT] [1,2], optical fiber-based
sensors [3-5], external cavity tunable lasers [6-8], optoe-
lectronic systems [9], etc. A wide emission spectrum cor-
responding to a low degree of coherence is required for
these applications of SLD, which allows the realization of
sensors with improved resolution. It has been proposed
that self-assembled quantum dots [QDs] [10-12] and
quantum well grown on a high-index surface are benefi-
cial to broaden the spectral bandwidth of the device [13].
Till now, QDs have successfully been used as the active
media in several broadband light-emitting devices, such
as QD-SLDs [14-20], QD semiconductor optical ampli-
fiers [SOAs] [21-23], and QD broadband laser diodes
[24-26]. For QD-SLD devices, a high power of 200 mW
[14] and a wide spectral bandwidth of more than 140 nm
[27,28] have been achieved. Most recently, an intermixed
QD-SLD exhibits a power of 190 mW with a 78-nm
spectral bandwidth [29].

For a typical SLD device structure with a single current-
injection section, the high output power can only be
obtained at a high pumping level, where the device
demonstrates a narrow spectrum emitted predominantly
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from the QDs’ excited state [ES] due to the low saturated
gain of the QD ground state [GS]. It is difficult to achieve
high-power and broad-emitting spectrum simultaneity.
However, a high-power SLD that is broadband emitting is
required in some fields. As an example, in an OCT system,
a high power is usually needed to enable greater penetra-
tion depth and improve the imaging sensitivity [30].
Numerical investigation [31] and experimental evidence
[32,33] have shown that this limitation can be overcome
by using a multi-section structure in an SLD device, which
allows the emission spectrum and output power to be
tuned independently. A quantum-well SLD with a two-
section structure which integrates monolithically an SLD
with an SOA has been reported, which exhibits an output
power that is one or two orders of magnitude higher than
that in conventional SLD devices [34].

In this paper, a QD-SLD device, which has a two-section
structure monolithically integrating an SLD with an SOA,
is fabricated. A high power (500 mW) with a broad emis-
sion of 86 nm is obtained. By properly controlling the cur-
rent injection in the two sections of the QD-SLD device,
the power tunability over a wide range from 200 to
500 mW is achieved, with the preservation of a nearly con-
stant spectral width.

Experiment
The epitaxial structure of the QD-SLD device in this
study was grown by a Riber 32P solid-source molecular
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beam epitaxy machine on n-GaAs(001) substrate. The
epitaxial structure consists of ten InAs-QD layers sepa-
rated from each other by a GaAs spacer; each of them is
formed by depositing a 1.8-monolayer InAs at 480°C
and covered by a 2-nm Ing15Gag gsAs. Ten QD layers
plus the GaAs waveguide layers form the whole active
region which is sandwiched between 1.5-pm n- and p-
type AlysGagsAs cladding layers. Finally, a p™-doped
GaAs contact layer completes the structure.

A QD-SLD device with an index-guided ridge waveguide
and a two-section structure was fabricated. A schematic
diagram of the geometrical design (not to scale) is shown
in Figure 1. The device integrates monolithically an SLD
with a tapered SOA. The SLD section is 1-mm long and
10-um wide. The tapered SOA section is 3-mm long with
a full flare angle of 6°. The ridge waveguide was fabricated
using photolithography and wet chemical etching. The
center axis of the ridge is aligned at 6° with respect to the
facet normal to suppress lasing. A 200-pm-length output
window structure (no electric contact) is used to reduce
the risk for catastrophic optical damage of the output facet
with a high output power. Ti/Au and AuGeNi/Au ohmic
contacts were evaporated on the top and back of the
wafer, respectively. A 20-um-wide separation between the
SLD and the SOA sections is realized by removing the
upper Ti/Au ohmic contact and the 0.5-um epilayer using
photolithography and wet chemical etching. After metalli-
zation, the device was cleaved and mounted p-side up on
a copper sink using an indium solder. Antireflection coat-
ings of /4 were used on both facets of the device. The
QD-SLD device was characterized by light power-injection
current [P-I] and electroluminescence measurements at
room temperature under a pulsing (1 kHz repetition rate
and 3% duty cycle) injection in the SOA section and a
continuous-wave injection in the SLD section, respectively.

Results and discussion

Figure 2 shows the P-I characteristic of the SOA section
with the SLD section un-pumped and acting as a rear opti-
cal absorption region. A superluminescent characteristic is
clearly observed by the superlinear increase in optical
power with the current. At a current of 9.8 A, a maximum
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Figure 1 Schematic diagram of the QD-SLD device with a two-
section structure.
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Figure 2 P-I characteristic of the SOA section with the SLD
section un-pumped. The inset shows the normalized emission
spectra under different injection currents of the SOA section.

output power of 280 mW is obtained. The emission spec-
tra under different injection currents in the SOA section
[[soa] are shown in the inset of Figure 2. When Isos = 2
A, the center wavelength of the emission spectrum is 1.18
pum with a full width at half maximum of 43 nm, which
corresponds to the QDs’ GS emission. The relatively wide
GS emission is attributed to the size inhomogeneity that is
naturally occurring in self-assembled QDs. With the
increasing Isoa, the emission spectra are clearly broadened
to the short-wavelength side, which should be attributed
to the sequential carrier filling into the first ES [ES1]. For
a given Isoa of 8.35 A, due to the nearly identical contri-
bution to the emission from the QDs’ GS and ES1, a 94-
nm broad spectrum with a power of 200 mW is achieved.

The characteristics of the two-section SLD device
were measured when the SLD section was pumped to
seed the SOA section. The output-power characteristics
versus Isoa under different SLD section currents [Ig;p]
are shown in Figure 3. It can be seen from the figure
that the output power increases rapidly with the increas-
ing current injection in the SLD section. Without
pumping the SLD section, the output power of the
device is 280 mW at Isoa = 9.8 A. The output power
can reach 1.15 W at Isop = 9.8 A and Ig;p = 400 mA.
The device begins lasing when the power is in the range
of 500 to approximately 600 mW with various SOA and
SLD current combinations (refer to Figure 4). The evi-
dent increase of output power is attributed to the ampli-
fication of the input beam while propagating forward
from the narrow end to the wide end of the tapered
region. With a full flare angle of 6°, the incident beam
will expand freely to fill the full tapered region owing to
diffraction [35]. The optical density will be reduced,
which increases the saturated power.
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Figure 3 Output power versus SOA current under different
injection currents of the SLD section.

The emission spectra measured from the SOA facet
under different Ig; b, with Iso, fixed at 6.5, 8.5, and 9.5 A,
respectively, are shown in Figure 5. As expected, it can be
seen from the figure that the spectrum shape and emis-
sion bandwidth of the QD-SLD device with the two-sec-
tion structure can be tuned by properly controlling the
current injection in the two sections. With Isoa fixed at
6.5 A as shown in Figure 5a, the GS emission provides
the main contribution to the spectrum when the SLD
section is not pumped. To obtain a more broadened
emission bandwidth based on the balance of the QDs’ GS
and ES1 emissions, the input beam from the SLD section
must provide a greater amount of ES emission. When the
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Figure 4 Equal power curves (solid lines) as function of the

currents injected in the two sections. The solid squares show the

combinations of currents at which QDs" GS and 1st ES give

equivalent contributions to the emission spectra. Current

combinations at which the device begins lasing are shown in solid
circles.
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SLD section is driven with 400 mA of current-injection
in order to seed the SOA section, the resultant emission
of the QDs’ GS and ES1 have nearly equivalent contribu-
tions, and a 76-nm bandwidth is obtained. At this work-
ing point, the device gives a 320-mW power output.
Similarly, a broad emission spectrum based on the bal-
ance between the GS emission and the ES1 emission of
QDs is achieved at Is;p = 200 and 100 mA for a given
Isoa of 8.5 and 9.5 A, respectively. With Isoa fixed at 8.5
A, when the SLD section is driven with a 200-mA cur-
rent-injection to seed the SOA section, the QD-SLD
device exhibits a broad emission spectrum of 86 nm and
a simultaneous high output power of 504 mW. For a
given Isoa of 9.5 A, with the SLD section un-pumped,
the ES1 emission provides the main contribution to the
emission spectrum. In order to achieve a balanced emis-
sion from GS and ES1, the GS-dominated emission is
introduced to the SOA using Is;p = 100 mA. As a result,
the resultant contribution of the QDs’ GS and ES1 is
equivalent. A broad emission spectrum of 88 nm with
the output power of 422 mW is obtained.

It can be seen from the above results that the output
power and spectrum bandwidth can be tuned by properly
controlling the current densities injected in the two
regions of the QD-SLD. Figure 4 shows equal power
curves as function of the currents injected in the two sec-
tions. Data points (solid squares) at which the GS and ES1
have nearly identical emission intensities, corresponding
to the maximum bandwidth of the emission spectrum, are
also shown in Figure 4. It can be found that the output
power can be tuned over a wide range of 200 to 500 mW
while preserving a broad emission spectrum. The high
output power and wide power tunability is due to the two-
section structure which integrates a tapered SOA section.
Current combinations at which the device begins lasing
are also shown in Figure 4 (solid circles). Working points
of the QD-SLD device can be set in the lower left region
of the borderline. An optimum working point is found in
the figure that the SOA current is in the 8- to approxi-
mately 8.5-A range and the SLD current is 0.2 to approxi-
mately 0.25 A, at which a 500-mW output power and an
86-nm bandwidth are achieved simultaneously.

Conclusion

In conclusion, a high-power QD SLD with a broad
bandwidth in the emission spectra is achieved by the
two-section structure which monolithically integrates an
SLD with a tapered SOA. Properly controlling the cur-
rent densities injected in the two sections, the QD-SLD
device exhibits a maximum output power above 500
mW and a simultaneously broad bandwidth of 86 nm.
Also, the output power can be tuned over a wide range
from 200 to 500 mW while preserving a nearly constant
spectral width.
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Figure 5 Normalized emission spectra from the SOA facet under different pumps of the SLD section. They are for a given SOA injection
of (@) 6.5, (b) 8.5, and () 9.5 A, respectively. Some spectra are shifted vertically for clarity.
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