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ABSTRACT
We demonstrate the widened broadband emission of self-assembled quantum dash laser using impurity-free vacancy
induced disordering (IFVD) technique. The 100 nm blueshifted lasers exhibit higher internal quantum efficiency and
lower threshold current densities than the as-grown devices. The laser emission from multiple groups of quantum-dash
(Qdash) families convoluted with multiple orders of subband energy levels within a single Qdash ensemble is
experimentally observed. However, the suppression of laser emission in short wavelength and the progressive redshift of
peak emission with injection current from devices with short cavity length occur. These effects have been attributed to
the nonequilibrium carrier distribution and energy exchange among different sizes of Qdash ensembles. In addition, we
perform the far-field lateral mode measurements from the fabricated as-grown Qdash laser. The analysis of mode
patterns indicate that Qdash lasers exhibit gradual broadening of beam divergence (FWHM of 3.4° to 10.8°) with
increasing injection current. However, these beam divergence angles are still narrower than the quantum well (QW) laser
(FWHM ~13º) at an injection up to 2.5 x Jth. Qdash laser exhibits an improved output beam quality, therefore reduced
filamentation, as compared to the QW laser, owing to the inherent characteristics from quantum-dot (Qdot) laser, where
injected carriers are confined by the lateral energy barriers as Qdots are disconnected laterally and are cladded by larger
bandgap materials. Our results imply a highly attractive wavelength trimming method, well suited for improved
performance, and monolithic Qdash integration of optoelectronics components.
Keywords: Semiconductor laser, self-assembled quantum dash, quasi-supercontinuum, optical gain broadening,
broadband laser, inhomogeneous broadening, intermixing, far-field pattern, optical beam divergence.

1. INTRODUCTION
Self-assembled quantum-dot (Qdot)/quantum-dash (Qdash) semiconductor nanostructures have attracted
considerable interest in the fabrication of semiconductor lasers and optical amplifiers due to the unprecedented potential
offered by the three-dimensional energy levels quantification that lead to vastly improved optoelectronic characteristics
as compared to conventional quantum-well (QW) structures and bulk materials [1-3]. In particular, self-assembled Qdot
lasers have been shown to emit unique lasing spectral characteristics, where the laser emission spectra are broadened
with modulated non-lasing spectral regions and the number of lasing modes increases above threshold [4]. This behavior
has been attributed to the carrier localization in noninteracting or spatially isolated dot ensembles and a resultant
inhomogeneously broadened gain spectrum in dispersive dots. On the other hand, an extraordinary wideband lasing
coverage of 50 nm, in the absence of modulated non-lasing spectral regions, but only at low temperature (60 K) from
Qdot laser has been reported [5]. This phenomenon is attributed to the nonequilibrium carrier distribution among selfassembled Qdot with different sizes and compositions due to the longer carrier emission time [6]. The most recent study
reveals that a low-ripple (<3 dB) wideband lasing coverage of ~40 nm from Qdot lasers can be achieved at room
temperature without any sign of non-lasing spectral regions at ~1160 nm center wavelength [7, 8]. More so, the
characteristic of broadband emission from Qdot laser [7, 8] at high temperature such as room temperature (20 ºC) with
the proposed role of optical gain broadening [9] is also inherent in Qdash lasers [10-12].
These interesting features of broad interband lasing actions from self-organized, spatially-isolated
semiconductor nanostructure technology can be widely applied in optical telecommunications, various sensors detecting
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chemical agents, atmospheric or planetary gases, high-precision optical metrology and spectroscopy, and biomedical
imaging [10]. In addition, it is natural to expect that narrow pulses can be generated by locking the phases of modes in
this quasi-supercontinuum interband laser spectrum under mode-locked operation [13] due to the fast carrier dynamics
and the broad optical gain bandwidth [2]. Furthermore, the high power emission capability of ~1 W per device from
these ultrabroadband Qdash lasers at room temperature can be potentially employed as a high efficiency resonant
pumping source [14] for eye-safe Er-doped amplifiers and solid-state lasers.
However, broad-area edge-emitters tend to exhibit self stabilized nonlinear modes and thus the issue of selffocusing will induce high-brightness unstable filaments, which destroys the spatial coherence of the beam and can lead to
catastrophic optical damage (COD) at the laser facet [15]. Several methods to overcome this problem have been
proposed and applied to produce narrow beam divergence to reduce the complexity and cost of an optical system.
However, the lack of studies on the effect of different active gain mediums on the spatial coherence properties may
hinder a better understanding of the nature of far-field pattern formation from semiconductor lasers. Numerical
simulations indicate that filamentation for broad-area lasers with a stripe width > 50 μm occurs if α exceeds 0.5 [16].
Recent studies show that generally QW exhibits the largest α, followed by Qdash and Qdot [17, 18].
In this work, we demonstrate the widened broadband emission of Qdash laser using IFVD technique. The
intermixed lasers exhibit higher internal quantum efficiency and lower threshold current densities as compared to the asgrown devices. The laser emission from multiple groups of Qdash families convoluted with multiple orders of subbandenergy levels within a Qdash ensemble indicates nonequilibrium carrier distribution and localized photon reabsoprtion.
Apart from the spectral analysis, we perform the measurements and analysis of far field pattern from lasers with two
different geometries of active gain mediums such as InGaAs/InGaAsP QW and InA/InAlGaAs Qdash semiconductor
lasers. The QW and Qdash lasers give light emission at long wavelength of ~1.55 μm and ~1.64 μm, respectively. Our
results imply a highly attractive wavelength trimming method, well suited for improved performance, and monolithic
Qdash integration of optoelectronics components.

2. EXPERIMENTS
The lattice-matched InGaAs/InGaAsP QW laser structure in this study was grown by metal organic chemical
vapor deposition (MOCVD) on a Si-doped n-InP substrate. The structure is based on a standard separate confinement
heterostructure (SCH) with two sets of multiple QWs. The upper SCH layers and the lower SCH layers are each 155nmthick film of InGaAsP layer and an inner 600nm-thick film of doped InGaAsP. The undoped active region consists of
two sets of multiple QWs with matching photoluminescence peaks: five 10nm In0.446Ga0.554As wells with 20nm GaInAsP
barriers and 6 (underlying) lattice matched 5.5nm In0.47Ga0.53As wells with 12 nm GaInAsP barriers. In InAs/InAlGaAs
Qdash laser, the epitaxial structure was grown by molecular beam epitaxy (MBE) on (100) oriented InP substrate. The
active region consists of four sheets of 5 monolayer (ML) InAs dashes, each embedded within a 7.6 nm thick
compressively strained In0.64Ga0.16Al0.2As QW and a 30 nm thick tensile strained In0.50Ga0.32Al0.18As barrier. The details
of this structure can be found elsewhere [19, 20].
We performed the dielectric cap annealing technique to induce selective intermixing using 475 nm thick SiO2
layer as a group-III vacancy source deposited using plasma enhanced chemical vapor deposition technique. During the
annealing, the SiO2 cap will enhance the preferential atomic outdiffusion hence enhancing the group-III atomic
interdiffusion in the Qdash active region resulting in the effective bandgap modification of Qdash material [19]. The
dielectric cap also serves to protect the surface quality during annealing from the thermal induced decomposition.
Following the dielectric cap removal, state-filling PL spectroscopy using a 980 nm diode laser as an excitation source
was performed at 77 K to assess the bandgap modification from the interdiffusion effect on the laser structure. The IFVD
process is performed by annealing the SiO2 capped sample in nitrogen ambient for one minute in a rapid thermal
processor (RTP). At the temperature of 750ºC, the PL peak shifts towards a shorter wavelength emission while the
linewidth is the broadest [12]. Further increase in annealing temperature initiates more intermixing, and therefore
improves the uniformity in shape, size and composition of Qdash leading to reduction in PL linewidth [19]. The result
points out the linewidth broadening at intermediate stage of intermixing due to non-uniform interdiffusion, which will be
further exploited to broaden the Qdash laser emission [12].
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Broad area lasers with 50 μm wide oxide stripes are then fabricated from both the as-grown and intermixed
Qdash samples with SiO2 capped layer under annealing temperature of 750 ºC. In order to maximize the gain [3], the
optical cavity of the laser is aligned along the [011] orientation and is perpendicular to the dash direction. Similar broad
area lasers are fabricated as well from QW samples. Current injection was performed to the non-facet-coated Qdash
lasers under pulsed operation at 0.2% duty cycle with a 2 μs pulse width. The far-field patterns of both as-grown Qdash
and QW lasers are then measured by using a InGaAs photodetector.

3. RESULTS AND DISCUSSION
3.1 Optical properties of Qdash material
Carriers localized in different dots/dashes, resulting in a system without a global Fermi function and exhibiting
an inhomogeneously broadened gain spectrum, have shown an interesting phenomenon of lasing spectra [4, 7, 9, 21].
This unique feature of dot/dash can be well studied from the evolution of state-filling spectroscopy from both as-grown
and intermixed Qdash structures at 77 K under different excitation power densities, as shown in Figure 1 and its inset. At
low excitation below 3 W/cm2, the ground state emissions of 1.57 μm and 1.50 μm are dominant in the as-grown and the
intermixed samples, respectively. The PL spectra are gradually broadened in both samples with increasing optical
excitation densities. An increase in the excitation power density leads to the filling of lower-energy states, allowing
recombination from higher energy levels of Qdash structure. Under the same excitation density, the PL linewidth of
intermixed sample is wider than the as-grown sample. At the power excitation density of 1500 W/cm2, the PL linewidth
increases by 11 nm (from 94 nm to 111 nm) after intermixing process. The phenomenon of carrier localization in Qdash
becomes more evident when the intermixed sample shows a larger variation of full-width-half-maximum (ΔFWHM up to
47 nm) than the as-grown sample (ΔFWHM up to 18 nm) under various power excitation densities relative to the FWHM
obtained at the optical excitation of 3 W/cm2 [12].
These enormously large broadening of the PL spectra from both as-grown and intermixed samples is attributed
to the contribution of multiple transition states [7] or large inhomogeneous broadening of the non-interacting Qdash
ensembles [12, 22]. This observation is also clearly different from that of both conventional QW [23] and Qdot structures
[19]. The IFVD technique is generally known to improve the size homogeneity of a highly inhomogeneous
semiconductor nanostructure system and thus will contribute to smaller variation in energy transition after intermixing.
For instance, at the power excitation density of 1500 W/cm2, the PL linewidth decreases by 6 nm (from 94 nm to 88 nm)
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Fig. 1. The PL spectra of both as-grown and intermixed Qdash samples, with varying optical pumping levels, show global
blueshift after intermixing. The inset shows the corresponding changes of PL peak wavelength as compared to those
obtained under optical excitation of 3 W/cm2.
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after the IFVD process is performed by annealing the SiO2 capped sample at 750ºC for two minutes [24]. However, the
opposite observations in the Qdash, i.e. larger PL linewidth after intermediate intermixing, suggests the presence of
different interdiffusion rates at a given intermixing degree in the Qdash nanostructures as a consequence of wide
variation in surface to volume ratio in Qdash ensembles. The presence of more non-interacting Qdash with wider
distribution of energy levels will contribute to radiative recombination emission over larger wavelength coverage and
thus a larger FWHM in PL spectra. In other words, carrier localization is more prominent in an isolated Qdash, which
affects the optical properties of these material systems. Nevertheless, both intermixed and as-grown Qdash samples
showing saturation of ΔFWHM at excitation power over 400 W/cm2 indicates that large degeneracy levels in highly
confined energy states of Qdash is still preserved as can be seen in Qdot nanostructures [25].
The nearly symmetric Qdash PL spectra in Figure 1 are broadened with increasing optical excitation densities
towards the shorter transition wavelength. The continuous blue-shift of the PL peak wavelength up to 88 nm in the asgrown sample and 61 nm in the intermixed sample at the optical excitation density of 1500 W/cm2, relative to those
obtained at the excitation of 3 W/cm2, are shown in the inset of Figure 1. The large degree of blue-shift observed from
sample excited under high density excitation is reasonably ascribed to the postulation of continuum states [22] in the
Qdash nanostructures, although spectral widening at a shorter wavelength is expected in an inhomogeneous Qdash
structure [25]. Continuum states serve as an effective medium for exciton scattering. The wide distribution of energy
levels due to the nature of Qdash inhomogeneous (FWHM of 76 nm from PL measurement of as-grown sample at low
excitation of 3 W/cm2) will further serve as radiative recombination states or “sink” for the scattered excitons from the
dense continuum states. Consequently, quasi-supercontinuum lasing spectra of the diode laser fabricated from these
samples will be observed. However, smaller blue-shift of PL peak wavelength in the intermixed sample, as depicted in
the inset of Figure 1, indicates that IFVD enhances the Qdash inhomogeneity more so in larger sizes of Qdashes, which
emit at longer wavelengths [12]. Assuming a uniform injection of group-III vacancies from the surface during the IFVD
process, the interdiffusion in the vertical direction will affect the dash height more than other directions [24, 26]. At an
intermediate stage of intermixing, the thick dash family, where the quantized energy level located closer to the
conduction band minima, will experience a larger degree of intermixing as the effective height or thickness of the dash
decreases [12]. In addition, the local effective concentration for the thick dash family is higher than the thin dashes.
Under uniform annealing temperature, the thick Qdash family that has larger interdiffusion length will yield larger
degree of intermixing. As a result, largest degree of wavelength blue-shift (~65 nm) is observed at low excitation of 3
W/cm2 (dominant emission from thick dashes) as compared to the smaller wavelength blue-shift (~38 nm) at high
excitation of 1500 W/cm2 (dominant emission from thin dashes).
3.2 Broad area laser characterization
Spectral widening is apparent as the bias increases [11, 12]. The localized active region of the device can be
treated as a large number of Qdot or Qdash, which can be further treated as a broad distribution of discrete energy levels
[5]. This is owed to the inhomogeneous broadening nature of Qdash ensembles and the dash variation from different
dash stacks. The light-current (L-I) curve of the short cavity Qdash laser (L = 300µm) yields Jth and slope efficiency of
2.3 kA/cm2 and 0.46 W/A, respectively, as depicted in the inset of Figure 2. Measuring the temperature dependent Jth
over a range of 10-50 ºC, reveals the temperature characteristic (To) of 41.3 K.
The shorter cavity laser exhibits the progressive appearance of short wavelength emission line within a range of
increasing injection level. Furthermore, the L-I curve of the short cavity laser shows kinks. The jagged L-I curve below
~3 x Jth implies that the lasing actions from different confined energy levels are not stable due to the occurrence of
energy exchange between short and long wavelength lasing modes [25], as can be seen in the peak lasing line of Figure
2. In addition, the observation of kink in the L-I curve for device tested at low temperature might also be a result of mode
competition in the gain-guided, broad area cavity devices. The calculated Fabry-Perot mode spacing of ~1.1 nm is well
resolved in the measurement across the lasing wavelength span at low injection before a quasi-supercontinuum lasing is
achieved. Subsequent injections contribute to the stimulated emission from longer wavelength or lower order subband
energies while suppressing higher order subbands as shown in Figure 2. This Qdash laser behavior is fundamentally
different from the experimental observation from Qdot lasers with short cavity length, where the gain of lower subband
is too small to compensate for the total loss, and lasing proceeds via the higher order subbands [27, 28]. In short-cavity
Qdash laser, the initial lasing peak at shorter wavelength (~1525 nm) is dominantly emitted from different groups of
smaller size Qdash ensembles instead of higher order subbands of Qdash. Hence, the significant difference of ~11 meV
as compared to the dominant lasing peak of ~1545 nm at high injection will contribute to photon reabsorption by larger
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Fig. 2. The progressive change of lasing peak emission from different Qdash ensembles above threshold condition is shown
from the 50 x 300 μm2 broad area Qdash laser. The inset shows the corresponding L-I characteristics of the laser at
different temperatures. Up to ~450 mW total output power (from both facets) has been measured at J = 4.0 x Jth at
20ºC.

size Qdash ensembles and seize the lasing actions at shorter wavelength. Regardless, a smooth L-I curve at the injection
above 3 x Jth due to the only dominant lasing modes at long wavelength demonstrates the high modal gain of the Qdash
active core [2]. These observations indicate that carriers are easily overflows to higher order subbands because of the
large cavity loss and the small optical gain [5] at moderate injection. At high injection, carrier emission time becomes
shorter, when equilibrium carrier distribution is reached and lasing from multiple Qdash ensembles is seized [6].
Distinctive lasing lines are observed from different cavity Qdash lasers at the near-threshold injection of J = 1.1
x Jth. The similarity of lasing wavelength from devices with different cavity lengths show promises that the Qdash
structures have high modal gain characteristics [2]. However, the Qdash laser with increasing cavity length shows
progressive red-shift (total of ~20 nm up to L = 1000 µm) of peak emission, as depicted in Figure 3 (a). At an injection
20°C
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Fig. 3. The effect of cavity dependent on supercontinuum broadband emission from Qdash laser at the injection of J = 4 x
Jth. (a) L-I characteristics of the 50 x 500 μm2 broad area Qdash laser at different temperatures. Up to ~1 W total output
power has been measured at J = 5.5 x Jth at 20ºC before showing sign of thermal roll-off. (b) The lasing spectra above
threshold condition that are acquired by an optical spectrum analyzer with wavelength resolution of 0.05 nm.
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of J = 4 x Jth, a continuous lasing spectra can be achieved from Qdash lasers with different cavities. This may be ascribed
to the wide distribution of energy levels because of highly inhomogeneous broadening and photon reabsorption among
Qdash families. At the intermediate injection of J = 2.25 x Jth, simultaneous two-state laser emission, which is attributed
to two groups of Qdash ensembles as mentioned previously, is noticed from short cavity Qdash lasers. On the other hand,
a broad linewidth laser emission from a single dominant wavelength is observed in longer cavity Qdash lasers of 850 µm
and 1000 µm. As a result, a quasi-supercontinuum broad laser emission could be achieved at high injection, as shown in
Figure 3(b). An ultrabroad quasi-supercontinuum lasing coverage from Qdash devices with L = 500µm [12] results from
emission in different orders of energy subbands and different groups of Qdash ensembles. Bangap-tuned broad area
lasers with optimum cavity length (L = 500 μm) that gives largest quasi-supercontinuum coverage of lasing emission, as
presented in Figure 3, are fabricated. The L-I curve of the Qdash laser yields an improved Jth and slope efficiency of 2.1
kA/cm2 and 0.423 W/A as compared to that of as-grown laser with 2.6 kA/cm2 and 0.165 W/A, respectively [11]. The LI curve of the intermixed laser shows kinks, which is similar to that of short cavity L = 300 µm Qdash lasers. The energystate-hopping instead of mode-hopping occurs due to the wide distribution of the energy levels across the highly
inhomogeneous Qdash active medium, as derived from the PL results from Figure 1. In spite of that, a smooth L-I curve
above 6 kA/cm2 yields a total high power of ~1 W per device at room temperature before any sign of thermal roll-over.
This shows that injection above 6 kA/cm2 provides enough carriers for population inversion in all the available or
possible radiative recombination energy states and thus the energy-state-hopping is absent.
3.3 Far-field pattern measurement
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The threshold current densities of both as-grown InGaAs/InGaAsP QW and InAs/InAlGaAs Qdash lasers are
1.5 kA/cm2 and 4 kA/cm2, respectively. Figure 4 shows the far-field profiles of the lasers at different current injections.
The measurements are done in pulsed-current injection amplitude coupling of the semiconductor medium that diffuses
any local optical buildup and prevents the formation of filaments [29]. Although the comparison may not be fair as
Qdash laser is injected up to only 2.5 x Ith but not 4 x Ith, filamentation is clearly shown at injection as low as 2 x Ith.
The far-field patterns illustrated in the figures are measured with the resolution of 0.5º step. The far-field profile
of QW lasers in Figure 4(a) shows that high nonuniformity of the lowest order supermode present at even low injection
(< 2 x Jth) and thus carriers are unevenly depleted when this mode is excited. At higher injection (> 2 x Jth), gain
saturation or spatial hole burning in carrier concentration is expected to occur in semiconductor laser [30]. More and
more higher order lateral modes are excited as the power level goes up. This will result in broadened radiation patterns
due to the slight displacement of single-lobed far-field pattern of each higher order lateral mode from that of the
fundamental as noted in figure. However, Qdash shows the largest degree of deterioration in divergence (FWHM of 3.4°
to 10.8°) with injection due to its unique property of self-assembled highly inhomogeneous broadening gain medium that
tends to result in multimode oscillation [7].
Nevertheless, Qdash shows smaller beam divergence angle than QW (FWHM ~13º) regardless of the injection.
In the QW laser, filamentation is present already at near threshold injection. With increasing output power, filamentation
increases with more sharp peaks appearing in the beam profile. Side lobes start to emerge at higher drive current of ~4 x
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Jth. This nearly twin-lobed far-field profile is evidence of a curved wavefront, which is a typical feature of gain-guided
devices [31]. On the other hand, intrinsic filamentation suppression in Qdot lasers contributes to small divergence angle
as compared to QW and Qdash lasers. Carriers injected into the Qdots are confined by lateral energy barriers as Qdots
are disconnected laterally and are cladded by higher-bandgap materials [32]. Since Qdash is formed by elongated dots
and our waveguide direction is perpendicular to the dash, the optical beam divergence of the Qdash is expected to be
similar to that of the QW laser while reduced filamentation characteristics of Qdot will incur in Qdash. This can be
evident by the observation of the substantial improvement in the far field distributions of Qdash laser [Figure 4(b)] as
compared to the asymmetric far-field pattern of QW laser [Figure 4(a)] with side lobes appearing even at low powers.

4. CONCLUSION
In conclusion, laser emission from multiple groups of Qdash ensembles in addition to multiple orders of
subband energy levels within a single Qdash ensemble has been experimentally demonstrated. The suppression of laser
emission in short wavelength and the progressive red-shift of longer wavelength emission with injection from short
cavity length devices indicate the occurrence of photon reabsorption or energy exchange among different sizes of Qdash
ensembles. These results lead to the observation of the wavelength tuned quasi-supercontinuum interband laser diodes
utilizing the process of IFVD to promote group-III intermixing in InAs/InAlGaAs quantum-dash structure at an
intermediate stage of intermixing. Our results show that monolithically integration of different gain sections with
different bandgaps for ultra-broadband laser is feasible via the intermixing technique. In addition, Qdash laser shows
similar beam divergence at high injection but improvement in filamentation as compared to QW laser due to the nature
of lateral carrier diffusion, which leads to the issue of self-focusing and thus the different degrees of filamentation.
However, the largest degree of broadening radiation pattern with increasing injection in Qdash structure followed by
Qdot and QW in sequence indicates that improvement of inhomogeneity self-assembled active gain medium is needed
especially for applications in free space communication.
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