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InAs/GaAs submonolayer quantum-dot superluminescent diodes
with active multimode interferometer configuration”
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With a chirped InAs/GaAs SML-QD (quantum dot) structure serving as the active region, the superluminescent diodes
emitting at wavelength of around 970 nm are fabricated. By using an active multimode interferometer configuration, these
devices exhibit high continue-wave output powers from the narrow ridge waveguides. At continue-wave injection current
of 800 mA, an output power of 18.5 mW, and the single Gaussian-like emission spectrum centered at 972 nm with a full

width at half maximum of 18 nm are obtained.
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1. Introduction

Superluminescent diodes (SLDs) with high output pow-
ers and wide emission spectra are attractive for many applica-
tions, such as optical fiber sensors,!!! optical coherence tomog-
raphy (OCT),>> and tunable external cavity lasers.|®®! In re-
cent years, much research effort has been made to improve
the spectral bandwidths and output powers of SLDs. Quan-
tum dots (QDs) with the characteristic of size inhomogene-
ity, naturally occurring in the epitaxial growth by Stranski—
Krastanow (SK) mode, have successfully been used as the ac-
tive media to broaden the spectral bandwidths of SLDs.[*~14]
To achieve high-power operation, different methods have been
presented, such as SLDs with the tapered structure!'>! and the
multi-section device configuration.!'6-18] Besides a wide emis-
sion spectrum and a high output power, a single transverse
mode operation is also required in the practical applications
of fiber-optic systems. However, so far, there have been few
reports on demonstrating an SLD which has not only a high
output power but also single transverse mode.'"]

In this letter, with the chirped InAs/GaAs submonolayer
(SML) QDs serving as an active region, the short-wavelength
SLDs emitting around 970 nm are fabricated. By using an ac-
tive multimode interferometer (MMI) configuration, the SLDs
exhibit high output powers from the narrow ridge waveguides.
It is demonstrated that the QD-SLDs with the active MMI
configurations can improve heat dissipation and optical per-
formance compared with the SLDs with the regular tilted-

waveguide structure.

DOI: 10.1088/1674-1056/22/4/048102

2. Experiments

The epitaxial structures for the SML-QD SLD devices
in this study are grown by a Riber 32P solid-source molecu-
lar beam epitaxy (MBE) machine on n-GaAs (001) substrates

(201 The active region of the

as reported in our previous study.
devices consists of a chirped InAs/GaAs SML-QD structure,
which comprises 12 InAs/GaAs SML-QD layers to broaden
the emission spectra from the SML-QD SLDs. In the chirped
SML-QD structure, each QD layer is formed by ten-cycled
deposition of InAs and GaAs. In the ten epitaxial deposi-
tion cycles, the deposition amounts of GaAs are all 2.25 ML,
while the deposition amounts of InAs are 0.25 ML, 0.25 ML,
0.30 ML, 0.30 ML, 0.35 ML, 0.35 ML, 0.40 ML, 0.40 ML,
0.40 ML, 0.45 ML, 0.45 ML, and 0.45 ML, respectively. The
whole active region is sandwiched between 1.5-pm n- and p-
type AlysGagsAs cladding layers. Finally, a p*-doped GaAs
contact layer completes the epitaxial structure.

With the chirped InAs/GaAs SML-QD structure serving
as an active region, the QD-SLD devices, each with a ridge
waveguide, are fabricated by using the standard photolithog-
raphy process and inductively coupled plasma (ICP) etching.
The 1 x 1 multimode interferometer is designed and fabri-
cated for the active MMI QD-SLD device (SLD-1) as shown
in Fig. 1(a). The width of the single-mode waveguide is 5 pum,
while the width of the multi-mode waveguide is 10 pm. To
relax fabrication tolerance for the multimode interferometer,
a 20-pm-length tapered region is used at both the beginning
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and the end of the multi-mode waveguide.!”!! For comparison,

we also fabricate a tilted-waveguide SLD (SLD-2) with 5-pum-
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wide ridge on the same wafer as shown in Fig. 1(b). The ac-
tually implemented waveguide of the QD-SLD device is tilted
with an angle of 6° with respect to the facet normal, with A/4
SiO, AR coatings on both facets of the devices to suppress
facets? reflectivity. All the devices are mounted p-side down
on the copper heatsinks and tested at room temperature (RT).

Fig. 1. (color online) Schematics of active MMI SLD (a) and tilted-
waveguide SLD (b).

3. Results and discussion

Figures 2(a) and 2(b) exhibit the voltage—current (/-
V) and power—current (P-I) characteristics of the QD-SLD
devices under continue-wave (CW) operation, respectively.
From the -V curve as shown in Fig. 2(a), it can be observed
that the driving voltage of device SLD-1 is lower than that
of device SLD-2. This is mainly due to the low differen-
tial resistance by using MMI configuration, compared with
that of tilted-waveguide SLD. The obtained differential resis-
tances are 0.35 Q and 0.73 Q for the active MMI SLD and
the tilted-waveguide SLD, respectively. In comparison, the
device SLD-1 with an active MMI configuration is obviously
superior in wall-plug power consumption. For instance, at the
same output power of 7 mW, the power consumption is 0.95 W
for the active MMI QD-SLD, while it is 1.1 W for the tilted-
waveguide QD-SLD. From the P-I curve in Fig. 2(b), two al-
most identical turn-on currents are obtained for both types of
QD-SLDs. This implies that there is no significant excess-loss
in the SLD device with the active MMI configuration. At a
CW injection current of 800 mA, an output power of 18.5 mW
is obtained from the active MMI QD-SLD, which increases
10 mW, i.e., 1.2 times larger than that of the tilted-waveguide
QD-SLD. By using the active MMI configuration, high output
power is achieved, owing to the wider actively pumped area,

which contributes to improving the power saturation level.
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Fig. 2. (color online) /-V (a) and P-I (b) characteristics of the QD-SLD
devices. The devices SLD-1 and SLD-2 are with active MMI structure
and tilted-waveguide structure, respectively.

Figures 3(a) and 3(b) show the pulsed (pulse width:
30 us, repetition rate: 1 kHz) and CW P-I characteristics, re-
spectively, for both device SLD-1 and SLD-2. As shown in
the figure, under pulsed operation, the typical superlumines-
cent characteristics are observed from the P-I curves of both
types of QD-SLDs. At a pulsed injection current of 800 mA,
two almost identical output powers (~ 25 mW) are obtained
from both types of QD-SLDs. However, under CW operation,
an output power is achieved to be as high as 18.5 mW from
the QD-SLD with the active MMI configuration, while, only
an output power of 8.5 mW is obtained as a result of the sig-
nificant power saturation from the tilted-waveguide QD-SLD.
Therefore, it is concluded that the output power saturation is
caused mainly by self-heating in the active region of an SLD
device. In the QD-SLD with the active MMI configuration, the
thermal roll-over of output power is significantly improved,
which mainly benefits from the reduced thermal resistance.
With the increase of the active area size, the heat source dis-
sipates much more effectively as a result of a broader heat
spreading path to the heatsink. Another reason is that the wide
active area reduces the series resistance which is primarily re-

sponsible for the self-heating in the active region.
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Fig. 3. (color online) Pulsed and CW P-I characteristics for the devices
SLD-1 (a) and SLD-2 (b), respectively.

Figure 4 shows the electroluminescence (EL) spectra of
the active MMI QD-SLD at different injection currents under
CW operation. At a low injection current of 20 mA, an emis-
sion spectrum centered at 996 nm with an FWHM of 62 nm
is obtained. At the low injection level, the wide spectrum is
dominated by the overlapping of spontaneous emissions from
different SML-QD layers of the chirped InAs/GaAs SML-QD
active region. With injection current increasing from 20 mA
to 800 mA, the emission spectrum from the device becomes
narrow gradually due to the increasing of stimulated radiation
at the high injection level. Owing to the exponential rela-
tion between the output power spectrum and the gain spec-
trum resulting from stimulated radiation, the spectral band-
width of the devices is reduced. A spectral blue-shift in the
emission spectrum of the SLD device is also observed with the
increase of injection current. It is attributed to the carrier trans-
fer to the SML-QD layers with larger InAs deposited amounts
under lower injection level, and also to the increase of car-
rier filling in the SML-QD layers with lower InAs deposited
amounts, corresponding to the shorter wavelength emission,
under higher injection. As shown in Fig. 4, a blue-shift of the
EL peak from 996 nm to 972 nm is observed with injection
current increasing from 20 mA to 800 mA. At a CW injection
current of 800 mA, an emission spectrum centered at 972 nm
with a full width at half maximum (FWHM) of 18 nm is ob-

tained. The SLD having a Gaussian-like spectrum with a sin-

gle peak is applicable to the ophthalmology OCT. It is also ob-
served from the figure that a spectral modulation appears in the
emission spectrum at an injection current of 800 mA, which
may be due to internal reflection and scattering caused by the
large sidewall roughness of MMI waveguide occurring in the
ICP etching process. It is expected that higher performance
can be obtained with an optimized etching process during the

fabrication of the devices.
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Fig. 4. (color online) EL spectra of the active MMI QD-SLD at different
injection currents under CW operation.

4. Conclusion

In the present paper, we present a short-wavelength emit-
ting at around 970 nm from the QD-SLD with the chirped
InAs/GaAs SML-QD serving as an active region. By using
the active MMI configuration, the QD-SLD exhibits relatively
high output power from a narrow ridge waveguide of 5 pum in
width, which can be coupled into regular single-mode fibers
without using additional output mode trimming devices. Fur-
thermore, it is demonstrated that a reduced thermal resistance
and improved performance can be achieved in the high-power
SLD with the active MMI configuration. At a CW injection
current of 800 mA, an output power of 18.5 mW and an emis-
sion spectrum centered at 972 nm with an FWHM of 18 nm
are obtained. Such an SLD with the wavelength less than 1 pm
and a single Gaussian-like spectral shape is very attractive due
to the need of miniaturized, low cost and high-resolution OCT
systems for ophthalmology OCT imaging.
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