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Abstract: In this work, a high-power and broadband superluminescent
diode (SLD) is achieved utilizing bimodal-sized quantum dots (QDs) as
active materials. The device exhibits a 3 dB bandwidth of 178.8 nm with
output power of 1.3 mW under continuous-wave (CW) conditions.
Preliminary discussion attributes the spectra behavior of the device to
carrier transfer between small dot ensemble and large dot ensemble. Our
result provides a new possibility to further broadening the spectral
bandwidth and improving the CW output power of QD-SLDs.
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1. Introduction

Superluminescent diodes (SLDs) are ideal broadband optical sources for many applications,
such as fiber-optic gyroscopes [1], wavelength-division-multiplexing systems [2], tunable
external cavity laser [3], and optical coherence tomography (OCT) [4] because of their
advantages like compact size, high efficiency, and cost-effectiveness. Recently, more and
more interest has been focused upon applications in OCT system, where the wavelength
range of 1000-1300 nm is important for imaging in the biological “window”. For instance,
the center wavelength of 1050 nm [5, 6] is typically used for ophthalmology and 1200-1300
nm [7] for skin imaging due to the minimum of optical dispersion in water, and the minimum
in scattering and absorption, respectively [8]. High power and wide bandwidth are two main
parameters of SLDs which are simultaneously required for achieving higher axial resolution,
improved signal-to-noise ratio, and penetration depth in an OCT system. To achieve these
purposes, various semiconductor structures have been proposed, including multiple quantum
wells [9] and tunnel injection quantum wells [10]. Recently, SLDs with QD based active
materials have attracted increasing interest due to the large inhomogeneous distribution of the
self-assembled QDs and simultaneous two-state lasing from the ground state (GS) and
excited state (ES) from QDs [11]. Combining these two natural characteristics, an ultrawide
emission spectrum may be achieved. To date, considerable efforts have been made in
developing high-power and broadband QD-SLD devices including chirped QDs, hybrid
QW/QD structure and multi-section device and so on. By using chirped QDs technique, a
SLD incorporating InAs QDs capped with different InGaAs strain reducing layer(SRL) has
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been reported with a bandwidth of 121 nm and output power of 1.3 mW under pulsed
operation [12]. Through carefully tuning the height of InAs QDs, a 190 nm broadband QD-
SLD has been realized with CW output power of 0.54 mW [13]. An emission spectrum of 65
nm QD-SLD with output power of 338 mW has been achieved by using two-section structure
[14]. More recently, ultra-broad spectral bandwidth > 700 nm has been realized through
simultaneous quantum dash-well emission in a hybrid QW/QD structure with chirped dash-
in-well design [15].

Although QD-SLDs have achieved ultra broadband emission with hundreds of
nanometers, the output power is still rather low especially under continuous injection. The
main idea of the literatures above is to dislocate the emission peaks of separated active layers
by varying the structure or tuning the size from one layer to another, which maybe named
“varying design”. The “varying design” structure can simply broaden the emission
bandwidth, but each layer only contribute to a relatively narrow emission bandwidth, which
resulting in low gain and further causing low output power.

In this letter, we demonstrated a novel method of utilizing intentional bimodal-sized
InGaAs/GaAs QDs to balance the spectral bandwidth and power. In distinction from the
reported chirped QDs and hybrid QW/QD structures which use the “varying design” for
separated layers in the active region, we introduce the bimodal-sized QDs which consist of
quantum dots with two distinct sizes in one layer. The device containing five layers repeated
bimodal-size QDs exhibits a 3 dB bandwidth of 178.8 nm and output power of 1.3 mW under
CW conditions. One can think that we only used one single layer of quantum dot to achieve a
178.8 nm broadband output. This result, to our knowledge, is the best value in terms of
emission from single layer of quantum dot. Our results provide a new possibility which can
be combined with the above-mentioned “varying design” to further broadening the spectral
bandwidth and improving the CW output power of QD-SLDs.

2. Experiment

The epitaxial structure of the bimodal-sized QD-SLD devices was grown by an AIXTRON
200-4 MOCVD system on an n-GaAs (001) substrate. The active region consists of repeated
five IngsGagsAs QD layers embed in six 40nm-GaAs space layers. The bimodal-sized QDs
were all deposited at 530 °C with the same amount of 5.26 monolayers (MLs) and ultra-high
growth rate of 1.64 ML/s. It has been demonstrated that these growth conditions help to form
bimodal-sized quantum dot distribution [16, 17]. The initial 10 nm of the GaAs space layer
was deposited at the same temperature of the QD layer to prevent the decomposition of
quantum dots, and then the temperature was increased to 650 °C for the remaining 30 nm to
reduce dot defect in the active region. An asymmetric graded index-separating confinement
heterostructure (GRINSCH) was used for carrier confinement. The waveguide layer consists
of ~3.7 um and ~1.7 pm thick n- and p-type AlGaAs cladding layer with Si and Zn dopant,
respectively. The detailed structure of the device is shown in Fig. 1.

Laser diodes with 8 um ridge width and broad-area SLDs with 90 um ridge width were
fabricated by conventional lithography and wet chemical etching before a 300 nm SiO,
insulating layer was grown by Plasma-Enhanced Chemical Vapor Deposition (PECVD).
Ti/Pt/Au and Ni/Ge/Au/Ni/Au ohmic contacts were evaporated on the top and back of the
wafer, respectively. After anti-reflection coating on both facets of the SLDs, the wafers were
cleaved into 1.5 mm X% 500 um individual chips and then mounted p-side up on a copper sink
using an indium solder.
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Fig. 1. The epitaxial structure of the SLD.

3. Result and discussion
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Fig. 2. (a) AFM image of uncapped samples. Size distribution of (b) height and (c) base area
of QD sample.

AFM image and size distribution of the uncapped QD sample is presented in Fig. 2. Two
groups of QDs with different size can be distinguished obviously. The “small dots (SDs)”
have an average size of 3.5 nm in height, whereas the “large dots (LDs)” are 4.8 nm in
height. Bimodal size distribution of quantum dots is a general feature of most materials
systems undergoing self-assembled island growth based on the Stranski—Krastanow (S-K)
growth mode and has been reported by many groups [18-21]. It has been demonstrated that
this feature is beneficial to broaden the emission spectral of QDs [22]. According to the
theoretical calculation of the electron state energy as a function of the pyramidal QD volume
[29], the energy spacing between ground state of small dots (SD GS) and excited state of
large dots (LD ES) can be very small. The wavelength space between LD ES and SD GS
could be very small which is found in the following photoluminescence (PL) and
electroluminescence (EL) spectrum of our devices.
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Fig. 3. (a) Intensity dependent PL of the full SLD structure which contains five QD layers and
the sample contains one QD layer. (b) EL spectrum measured from the fabricated 8um ridge
width QD SLD at different inject current under pulsed condition. (c) Illustrating of Gaussian
fitting of the EL curve at current of 40 mA. (d) Variation of the fitting peak position obtained
from the fitting of the EL curve at different current.

Figure 3(a) depicts the intensity dependent photoluminescence measurement from the full
SLD structure which contains five QD layers and the sample contains one QD layer. There is
a peak around 1091 nm with broad FWHM of 82 nm according to the fitting result (not
shown here) of the PL at excitation power density of 120W/cm’. We consider that there must
be different contributions to this peak. We fitted the EL spectrum at different current with
three fitting peaks around 1018 nm, 1080 nm and 1125 nm. The variation of fitting peaks is
shown in Fig. 3(d). Only two peaks were found around 1125 nm and 1080 nm when the
current is less than 40 mA. The fitting peak 1 keeps almost unchanged as current increases.
We attribute it to the emission from ground state of large dots (LD GS). The fitting peak 3
blueshift with increasing current. We attribute it to the emission from excited state of small
dots (SD ES), and the blueshift is due to energy band reconstruction. The fitting peak 2
blueshift slightly first and then redshift as the current increases. It is inconsistent with the
variation feature of the emission from LD ES which should buleshift like variation of fitting
peak 3 due to energy band reconstruction. We believe that the emission around 1080 nm is
composed of two contributions, one from the LD ES and the other from the SD GS, which is
similar with the situation in [30]. The interfering signal at 1064nm originates from excitation
source. The peak appears at 981 nm in PL spectrum dose not appears in the EL spectrum at
any injection current. We attribute it to the emission from the wetting layer of our samples,
because under optical excitation condition, the photogenic charge carriers in wetting layer
can participate in recombination luminescence in situ. By contrast, under electric injection,
carriers will preferentially transfer to the lowest energy level lies in QDs and recombine
there. Wetting layer only plays as a medium for carrier transportation under electric injection
condition.
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Fig. 4. (a) Room temperature CW emission spectrum at different injection current (b) Changes
in power and bandwidth with injection current of the fabricated 90pum ridge width QD-SLD
device.

Figure 4(a) shows the output power spectrum of the fabricated SLD device as a function
of the injection current under CW. An ultra-broad and flop-top emission profile is obtained
with 3 dB bandwidth of 178.8 nm and 10 dB bandwidth of 308.2 nm at injection current of
2000 mA. The summary of SLD characteristics as a function of injection current, at room
temperature, is shown in Fig. 4(b). At low injection current condition (I< 200 mA), the power
and bandwidth are both growing with the increase of current. Increasing the injection current
from 200 mA to 800 mA has resulted in the power rising while the bandwidth narrowing
rapidly. At a current of 800 mA, a broadband emission centered on 1040 nm with a
bandwidth of 52.8 nm and maximum output power of 2.09 mW was obtained. Further
increasing injection current to 1500 mA induces decreasing of the output power, but the
bandwidth broadening rapidly at the same time. Above an injection current of 1500 mA, the
output kept stabile with power of 1.3 mW and 3 dB bandwidth of 178.8 nm. Based on the
above, we consider that bimodal-sized QDs is an effective scheme for high power broadband
SLD operating under CW condition.
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Fig. 5. (a) Variation of peak wavelength and peak intensity. (b) Intensity variation of some
particular wavelength with the injection current of the QD-SLD under CW condition at room
temperature.
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Figure 5(a) shows the variation feature of peak wavelength as a function of the injection
current. The intensity of the peak increased at first and decreased subsequently with
increasing the injection current, while the peak wavelength blueshift at first and then redshift.
In order to explain the complicated changes, we further investigated the intensity variation of
some particular wavelength with the injection current. As shown obviously in Fig. 5(b), only
a few short wavelengths (< 1090 nm) have the similar intensity changes with the peak
wavelength shown in Fig. 5(a). For the longer wavelength, especially 1150 nm, the intensity
almost keep unchanged after a brief rise at the beginning.

There have been many studies on the carrier dynamics of bimodal-sized quantum dots.
Various theoretical understanding have been proposed like: 1) thermally excited carriers can
reach non-radiative recombination centers at the heterostructure interface or in the barrier
[23]; ii) thermally activated carriers transfer from high-energy QD ensembles to low-energy
ensembles [24]; iii) the carrier redistribution favors the large dot due to the small energy-
level spacing and low energy-level [25]; iiii) the escape of exciton recede as the dot size
becomes large [26]. Although these theories are based on the experimental results of
temperature-dependent photoluminescence behavior of bimodal-sized quantum dots, different
from the continuous electric injection situation at room temperature, we can still get some
helpful enlightenment among them. Figure 6(a) depicts the situation when LD ensemble
dominates the spectrum at low injection current (I< 200 mA). This can be attributed to the
low energy-level and small energy-level spacing of LD ensemble. When the injection current
increase from 200 mA to 800 mA, as shown in Fig. 6(b), all the energy levels of the LD
ensemble has been saturated, and carriers begin to fill higher energy-level in the SD
ensemble. A disproportionate increase in gain for short wavelengths relate to SD ensemble
result in spectral narrowing. Further increasing injection current to 1500 mA induces the
junction temperature drastically rise and carriers escaping out of the QD. We consider that
the thermal escape of carriers take place more easily in SD ensemble than in LD ensemble
[27], while the thermally escaped carriers will be retrapped by LD ensemble to compensate
the escaped carriers [28]. These processes lead to the quenching of high energy band and
stable emission of low energy band. However, deeper consideration is still needed to explain
clearly why there is a stable radiative recombination across a large spectral region (about 180
nm) at high injection current.
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Fig. 6. Energy band model sketch of the bimodal-sized QD SLD showing the dominant
emissions from large dot (LD) and small dot (SD) ensemble at (a) low, (b) moderate, and (c)
high injection current. Blue and olive colors correspond to the available states of the LD group
and SD group, while black, red, and blue arrows correspond to the carrier injection, carrier
thermal escape, and carrier retrapping, respectively.
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4. Conclusion

In summary, we demonstrated a new QD SLD which contains two different size of quantum
dot. A stable emission spectrum with 3 dB bandwidth of 178.8 nm and output power of 1.3
mW at room temperature under CW condition is realized. Preliminary discussion attributes
the spectra behavior of the device to carrier transfer between small dot ensemble and large
dot ensemble. Finally, our result provides a new possibility to further broadening the spectral
bandwidth and improving the CW output power of QD-SLDs.
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