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Abstract— In this paper, we assessed the effect of addition-
ally broadened quantum dash (Qdash) optical transitions in
the multi-stack dash-in-a-well laser structure at both, mater-
ial and device level. A broad photoluminescence linewidth of
∼150 nm demonstrates the formation of highly inhomogeneous
InAs-dashes across the stacks. The transmission electron
microscopy revealed small (large) average dash height from the
Qdash stack with thick (thin) over grown barrier layer. The
Fabry–Perot laser diodes fabricated from this chirped structure
exhibits unique device physics under the short pulsewidth (SPW)
and quasi-continuous wave (QCW) operation. Varying the ridge-
width (W ) from 2 to 4 µm showed quenching of ultrabroad
lasing signature in the SPW operation, and consistent even for
a wide 15 µm oxide strip laser diode. A lasing spectral split
with reduced intensity gap in the center is observed in the QCW
operation with the gap decreasing with increasing ridge-width.
Such atypical lasing operation, influenced by the waveguiding
mechanism is qualitatively realized by associating to the reduced
vertical coupling effect of the Qdash stacks in the operation
of small ridge-width lasers compared with large ridge-width
and oxide stripe lasers, and leading to varying non-uniform
distribution of carriers among the inhomogeneously broadened
Qdash stacks in each case. Our chirped 2 × 830 µm ridge
laser demonstrated marked improvement in the internal quantum
efficiency (∼80%) and −3 dB lasing bandwidth, >50 nm centered
at ∼1.61 µm.

Index Terms— Broadband semiconductor laser, dash-in-well,
InAs/InAlGaAs, InAs/InP, quantum dash, quantum dots, chirped
active region, inhomogeneous broadening.

I. INTRODUCTION

MANIPULATING the naturally occurring size or com-
position fluctuation in the self-assembled multi-stack

quantum dot (Qdot)/Qdash has been an exciting topic of
research for a decade, to achieve broad emission devices.
Contrary to the conventional light emitting and laser diodes
wherein the emission spectrum is generally narrowband,
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a broad emission linewidth source covers many communica-
tion wavelength bands. This has been demonstrated by the
self-assembled Qdot (Qdash) nano-structure devices in the
O- (C-L-U) bands [1]–[4]. This wide spectrum generation is a
stimulating technology finding applications in environmental
monitoring (gas and bio sensors), metrology and spectroscopy,
medical imaging [1], [2], [5], apart from their utilization as
multiple wavelength source [6], comb source [7], in wave-
length division multiplexed system, already demonstrated.

Two classes of semiconductor broadband sources are iden-
tified based on the region of operation, namely, superlumi-
nescent diode (SLD), working in the amplified spontaneous
emission region, and the broad inter-subband and inter-band
(referred to as broadband hereafter) laser diodes, working in
the stimulated emission region. While the former laser type is
based on cascaded active region design basically concentrating
> 2 μm infra-red regime [5], the latter laser type found
notable attention, recently, because of their wavelength span
of ground state transition in the optical communication wave-
length window [1], [3]. As-grown InAs/GaAs (InAs/InP) ultra-
broadband Qdot (Qdash) SLDs, spanning −3 dB bandwidth
of ∼ 80 (110) nm has been reported with output power in few
tens of mW [2], [8], [9]. The thrust to achieve high power
and broad bandwidth concurrently, which is rather difficult
in SLDs, lead to the successful investigation of broadband
Qdot/Qdash lasers by our group. We demonstrated a broad
lasing −3 dB bandwidth of ∼ 22 nm from both, multi-stack
Qdot and Qdash lasers, with output powers in hundreds of
mWs [3], [4].

Lately, the drive to further enhance the spectral width of the
self assembled Qdot/Qdash broadband sources advanced to the
subsequent exploration of bandgap engineering of the active
region. This is achieved either by deliberate increase of the
dot/dash size distribution during growth (pre-growth bandgap
engineering), normally termed as chirped active region, or
by post growth bandgap engineering such as intermixing. In
general, a substantially broadened SLD emission is reported
spanning > 300 nm in the O-band by monolithic integration
of multiple selectively intermixed active region [10]. We suc-
cessfully established the capability of this technique under the
stimulated emission regime by demonstrating enhanced lasing
bandwidth of ∼ 41 nm from InAs/InP Qdash with improved
device characteristics and emission in the C-band [11]. The
other promising approach for chirping the emission energies
of the Qdot/Qdash stacking layers in the multi-stack device
structure is accomplished in various manners. For instance,
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varying the capping layer thickness or the spacer /barrier
layer thickness [7], [12], [13], changing the amount of InAs
deposition or conditions or both [14], [15], the position of
the dot layer in the dot-in-well structure [16], hybrid Qdot-
quantum well (Qwell) [17]. In general, enhanced broad emis-
sion from both, SLDs (∼>100 nm) and lasers (∼ 75 nm) have
been reported, in addition to high performance characteristics
observed in the latter case.

In this work, we explore the chirping technique in
InAs/InGaAlAs/InP Qdash device structure with the aim of:
(i) intentionally broadening the dash optical transitions across
the four Qwell/Qdash stacks, and (ii) shed light on the Qdash
laser device physics. The chirping is achieved by varying
the InGaAlAs barrier layer thickness across the stacks which
affects the vertical strain, thus leading to different amount of
strain experienced by the overgrown Qdash layer and leading
to dissimilar average ground state emission [18]. A broad
stimulated emission of > 50 nm is achieved with improved
device characteristics from the chirped Qdash laser structure
which is > 20 % enhancement compared to our previous
reports. We addressed the Qdash device physics by com-
prehensively characterizing the laser device at two different
pulsed current operations (SPW and QCW (long pulse width)),
in addition to the geometrical effects such as the waveguiding
mechanism. Our results show formation of low intensity gap
in the QCW lasing spectrum (spectral split) of W = 2 μm
ridge case, considered as a decoupled Qdash system, and
reduction in the SPW and QCW lasing bandwidth from W
> 4 μm ridge/oxide-strip laser, indicating the formation of a
coupled Qdash system. We make an attempt to explain these
observations qualitatively.

II. MATERIAL CHARACTERIZATION

The material was grown by molecular beam epitaxy on
(100) oriented n-type S-doped InP substrate. The active region
is dash-in-an-asymmetric-well structure consisting of four
stacks of InAs dashes embedded in InGaAlAs Qwell. The
waveguide core is based on a standard undoped separate con-
finement heterostructure (SCH) of 200 nm In0.52Ga0.28Al0.2As
material, lattice matched to InP substrate. Each of the five
monolayers (MLs) thick InAs dash layer is embedded within
a 7.6 nm (1.3 nm lower thickness and 6.3 nm upper thickness)
thick compressively strained In0.64Ga0.16Al0.2As Qwell sepa-
rated by varying thickness (20 nm, 15 nm, 10 nm, and 10 nm)
tensile-strained In0.50Ga0.32Al0.18As top barriers, starting from
a 25 nm thick bottom barrier. The InAs Qdash layers were
grown 1ML at a time, each separated by 5 s growth pauses.
The chirped Qdash (CQD) device structure is completed by
1000 nm thick lower n-cladding of In0.52Al0.48As Si-doped
layer, and 1900 nm thick In0.52Al0.48As upper p-cladding and
250 nm thick In0.53Ga0.47As contact layers with Be-doping at
concentrations of 2 × 1018 cm−3 and 2 × 1019 cm−3, respec-
tively. Two partial structures were also grown for comparison
purpose. In the first partial structure, termed as “fixed barrier
Qdash” (FQD), the top barrier thickness of all the four stacking
layers is fixed at 10 nm. In the second partial structure,
only single Qdash layer is grown, terminated by the top barrier

layer, and named as “single Qdash” (SQD) structure. The
material structures are characterized utilizing atomic force
microscopy (AFM), transmission electron microscopy (TEM),
and photoluminescence (PL) spectroscopy.

A. AFM and TEM Studies

Fig. 1(a) shows the AFM image of the Qdashes revealing
the island formation with highly inhomogeneous dash sizes.
The dashes are composed of mixture of wire-like and dot-
like features and with dispersive heights. From various AFM
images, the surface density of dashes is estimated to be
∼ 5 × 1010 cm−2 with ∼ 70 % coverage. The dash island
formation is revealed by the cross section CQD TEM micro-
graphs shown in Fig. 1(c), taken along the [011] (dash widths)
and [0–11] (dash lengths) directions. Bright truncated pyra-
mids within the Qwell are clearly visible in the [011] direction
micrograph. The average dash width and length is estimated
to be ∼ 18 nm and ∼ 100 nm, respectively. Since, various
experiments have shown that the dash/dot height has the
pronounced effect on the ground state energy transition [19],
we statistically estimated average dash height of each stacking
layers from the TEM micrographs. The average dash height
grown with thinnest barrier width (∼ 3.0 nm) is larger than
intermediate (∼ 2.7 nm) and thickest (∼ 2.5 nm) barrier sam-
ples, with an error margin of ± 0.5 nm. Although qualitative,
our dash height measurements highlights that reducing the
barrier thickness leads to an increased vertical strain coupling
[15], [18], which results in red shift (increased average dash
height) of the mean ground state emission of InAs Qdash
stacks, in addition to the localized (in-plane inhomogeneity)
energy dispersion within the Qdash stack. This is depicted
in an illustrative energy band model of the CQD structure
in Fig. 1(b). Note that size dispersion is one of the factor
leading to enhanced inhomogeneity of the active region, not
to forget the compositional variations also lead to dispersive
dash optical transitions.

B. Photoluminescence Study

The PL measurements were carried out on all the three
samples i.e. CQD, FQD and SQD structures, at 77K, and with
different excitation powers utilizing 1064 nm diode pumped
solid state laser. Figs. 1(d)–(f) illustrate the power depen-
dent PL spectra corresponding to the CQD, FQD, and SQD
samples. The degree of dash height variation can be studied
via the PL peak shift and the PL linewidth (measured at the
full-width-half-maximum (FWHM)) with excitation density, as
shown in Fig. 1(g). Note that the PL peak wavelength of the
CQD and FQD samples coincides appreciably at both, low
(1.5 W/cm2) and high (3000 W/cm2) excitation power densi-
ties, attaining values ∼1540 nm and ∼1460 nm. Therefore,
we attribute the first PL peak of the CQD to the emission
from the 10 nm barrier Qdash stack (S10 which refers to
S10a+S10b), as shown in Fig. 1(b). We postulate that S10a
and S10b dashes contribute collectively as they correspond to
identical barrier thickness, supported by various studies that
show the barrier thickness has a pronounced effect on the
dash emission energy (dash/dot formation), although, the TEM
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Fig. 1. (a) AFM image of Qdashes revealing the in-plane size dispersion. (b) Illustration of the energy band model of the CQD laser structure. (c) TEM
images taken along [011] and [0–11] planes revealing the pyramidal type of the dashes with average width 18 nm and average length 100 nm. Excitation
power dependent 77K PL spectroscopy of the (d) CQD, (e) FQD, and (f) SQD structures. (g) Peak wavelength shift and (h) PL FWHM, as a function of the
excitation power, for all the three samples. FQD and SQD sample results forms a basis for comparison purpose.

analysis shows different average dash height among these two
stacks [15], [18]. Furthermore, these dash ensemble could be
regarded as a coupled single dash ensemble system owing to
the thin 10 nm barrier between the stacks which promotes
vertical coupling, as has been observed in other reports [20].
The emerging second dominating PL peak at ∼ 1430 nm
[Fig. 1(d)] suggests the noticeable emission from the 15 nm
barrier Qdash layer (S15). Emission from the short average
height dashes is not evident from the PL spectra, however, a
vague emission hump is observable at ∼ 1370 nm attributed
to the emission from 20 nm barrier dashes (S20). We further
performed Gaussian curve-fitting with the known PL peaks to
identify the Gaussian peak corresponding to the short average
height dashes. The results revealed the fourth Gaussian peak at
1360 ± 10 nm, which agrees well with our former observation.
A broad PL linewidth (FWHM) [Fig. 1(h)] is noticed from
CQD sample compared to the FQD sample, with increase
in excitation power. At a high excitation of 3000 W/cm2,
∼ 151 nm FWHM is obtained in the former case compared
to ∼ 104 nm in the latter case, ascribed to the non-uniform
distribution among largely inhomogeneous Qdash ensembles
as a result of large degree of dash height variation across
different layers of Qdash. In addition, small PL linewidth from
the FQD suggests a vertically coupled Qdash system with
reduced ground state energy distribution of the dash states,
further supporting our earlier supposition.

To understand the effect of Qdash inhomogeneity on a single
plane (in-plane or localized), we plotted the power dependent
PL, PL peak shift, and FWHM of SQD sample in Fig. 1(f)–(h),
respectively. The degree of PL peak blue shift with increasing
excitation power which signifies, in this particular case, the
presence of localized transition states from varied dimension
dashes of the single stack, is minimal. The value attain a
mere 4 nm compared to > 80 nm in CQD and FQD samples.
In addition, the PL linewidth is relatively independent of

excitation power (at ∼ 40 nm). These observations indicate
that in-plane inhomogeneity is not significant as compared to
dash height variation across the Qdash stack, which shows
that multi-stack active region is essential in achieving broad
emission devices.

III. DEVICE CHARACTERIZATION AND DISCUSSION

Ridge lasers (index-guided) with ridge-width W = 2, 3,
and 4 μm, and oxide-strip lasers (gain guided) with stripe-
width W = 15 μm, are fabricated with the standard fabrication
process. The optical cavity of the lasers is aligned along [110]
orientation and is perpendicular to the dash elongation direc-
tion to maximize the optical gain. After cleaving the sample
into bars with different cavity lengths (L = 0.25 - 3.0 mm),
the non-facet coated lasers were tested on the temperature-
controlled heat sink with an epitaxial p-side up mounting
configuration. The testing at room temperature was performed
under two different pulsed operation; SPW (0.5 μs pulse width
and 0.2% duty cycle), and QCW (100 μs pulse width and 0.2%
duty cycle) modes.

A. Ridge-Waveguide Lasers

In this section, we discuss the effect of two geometrical
parameters of the index-guided lasers viz. the ridge-width
and the cavity length, on the light power - current (L-I )
characteristics and the lasing operation, studied under both,
the SPW and the QCW pulsed operations.

1) Effect of Ridge-width: Fig. 2 shows the effect of ridge-
width on the L-I and emission characteristics of a ridge laser
under the SPW operation. Here we fixed the cavity length
to L = 1.6 mm to understand the lasing operation from
the Qdash active medium at varying ridge-widths, although,
all laser cavities show similar spectral behavior. From the
L-I characteristics, the threshold current density (Jth , kA/cm2)
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Fig. 2. (a) Room temperature L-I characteristics of L = 1600 μm long CQD ridge laser at different ridge-widths, and in SPW operation. The corresponding
progressive lasing spectra with increasing injection current density of (b) W = 2 μm, (c) W = 3 μm, and (d) W = 4 μm. In all the cases, the injection current
density is varied from 1.0 Jth to 4.5 Jth in steps of 0.1Jth . The dashed lines in (b) and (c) are guide to the eyes showing three dash groups dominating the
lasing operation.

and slope efficiency (W/A) are 3.2 (0.225), 2.7 (0.234), and
2.3 (0.24), corresponding to W = 2, 3, and 4 μm ridge-
width lasers. The extracted internal quantum efficiency (ηi )
and the internal loss (αi ) from the cavity length dependent
characteristics, is observed to be consistent for all the ridge-
widths, attaining values ∼ 80 ± 3% and 11 ± 1.0 cm−1,
respectively. The increase (decrease) in Jth (slope efficiency)
with decreasing ridge-width is attributed to the scattering loss
at the side-walls (appreciable overlap of the optical mode and
the side-walls) and lateral current spreading, which becomes
significant in small ridge-width laser. In addition, in what
follows, we partly ascribe the improved L-I characteristics of
large ridge-width lasers to the reduction in the inhomogeneous
broadening of the active region. A weak kink observed in the
L-I curve of W = 2 μm ridge laser, at around ∼ 2.7Jth,
while a comparatively smooth L-I curves are observed in
the other ridge-width lasers. This might be due to photon re-
absorption in the small ridge-width laser as a result of highly
inhomogeneous system. Besides, this is attributed to the lasing
actions from different confined energy levels are not stable due
to the occurrence of energy exchange between short and long
wavelength Fabry-Perot lasing modes [21], spectra of Fig. 2(b)
around that injection level.

Comparing the lasing spectra of different ridge-width lasers
[Fig. 2(b)–(d)], a distinct lasing behavior is apparent from the
short ridge-width laser. Typical broadening of lasing spec-
tra is observed with increasing current pumping, however,
at ∼ 2.7Jth, lasing side lobes start to appear around the
main spectral lobe, which broadens with further increase in
injection, eventually coinciding with the main emission lobe
and leading to a broad −3dB (−25dB) spectral bandwidth
of ∼ 27 (∼ 53) nm [Fig. 2(b)]. This implies that three
distinct dash ensembles, emitting at dissimilar wavelength in
the stimulated emission regime, governs the lasing operation

in this case. We attribute this to the three well decoupled
Qdash stacks of the active region. Moreover, the threshold
current of the spectral side lobes is around the similar current
value where the kink in the L-I curve was observed, further
supporting our postulations of some photon re-absorption
happening in the active region due to onset of lasing from
other dash ensembles. We have explained the physics behind
this broadband emission in greater detail later in this work.
The lasing spectra of Fig. 2(c), representative of W = 3 μm
ridge laser show marginal such characteristics (highlighted
by the shaded regions), but Fig. 2(d), which corresponds to
W = 4 μm ridge laser, do not show such lasing behavior
and instead a single spectral lobe is observed with increasing
current pumping. The spectral broadening is marginal in both
the cases, with −3dB bandwidth of ∼ 18 nm (W = 3 μm)
and ∼ 14 nm (W = 4 μm). This is a signature of either an
electronically coupled dash groups system where the dash
ensembles emitting at different wavelength is hindered, or,
a reasonably decoupled system with fairly different average
ground state transitions of the Qdash ensembles. To further
verify our postulation, we performed the current density
dependent gain characteristics for all the three ridge-widths.
The results are shown in Fig. 3, where the experimental
dependence of the modal gain (gmod) on the injection current
density, J (symbols), are obtained from different cavity lengths
(0.25 – 3.0 mm). Fitting the data with the empirical gain
expression (solid lines) [22], [23]:

g mod = gsat

[
1 − exp

(
−γ

(J − Jtr )

Jtr

)]
(1)

revealed three gain curves for W = 2 and 3 μm and
two gain curves for W = 4 μm ridge laser. The extracted
transparency current density Jtr and saturated modal gain,
gsat are shown in Table I for all the ridge-widths. Referring
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Fig. 3. Modal gain of CQD ridge lasers at (a) W = 2 μm, (b) W = 3 μm, and (c) W = 4 μm ridge-widths, versus the threshold current density. (d) Room
temperature 1.1Jth lasing wavelength of W = 2 μm ridge laser devices versus the threshold current density. The data is obtained at room temperature and
from devices with different cavity lengths (0.25 – 3.0 μm) in SPW operation The shaded region in (d) vaguely show the wavelength boundaries of the three
dash ensembles. The solid lines in (a) - (c) are the theoretically fitted gain curves using Eq. (1), with non-ideality factor fixed at γ = 3 and internal loss
αi = 11 cm−1. The insets of (a) - (c) illustrates the conduction band model of the active region, describing the behavior of the Qdash ensembles under various
ridge-widths. The width of the Gaussian curve of each Qdash stacks defines the in-plane inhomogeneity. Note the decrease in the inhomogeneous broadening
of the active region (total Gaussian curves coverage of the system) with increase in the laser ridge-width, resulting from increased coupling effect (yellow
arrows). Therefore, (a), (b), and (c) are considered as well decoupled, reasonably decoupled, and coupled Qdash system, respectively.

to Fig. 3(a), these gain curve are the characteristics of three
dash ensembles emerging from S10(upper), S15(middle), and
S20 (lower) stacks, in the W = 2 μm case. Note that the
absence of separate gain curves from S10a and S10b dash
groups further supports our former attribution of these Qdash
stacks working as a coupled single dash ensemble. We also
show a qualitative wavelength coverage of these dash groups in
Fig. 3(d) by plotting the near threshold lasing wavelength (λ)
of different laser cavities. The qualitative emission boundaries
of these dash ensembles are shown as shaded regions with
values 1608 (± 6) nm and 1622 (± 3) nm. This analysis
shows that the active region of W = 2 μm ridge laser
can be considered as a well decoupled Qdash system, thus,
largely exploiting the intentional inhomogeneous broadening
across the stacks. On the other hand, two gain curves in
W = 4 μm ridge lasers, shown in Fig. 3(c), suggests reduced
inhomogeneous broadening in this case. A collective single
gain curve from S10 and S15 data points is indicative of
another coupled S10+15 Qdash system which is consistent
with increasing barrier thickness (i.e. 15 nm, in this case) in
the active region. Therefore, effect of collective contribution
from the three Qdash stacks (coupled Qdash system) reduces
the inhomogeneity of the active region, thus shrinking the
gain spectrum, which fundamentally limits the laser emission
bandwidth. In fact, similar behavior (two gain curves) is
observed even in the gain-guided lasers, under the SPW
operation, discussed later in this work, further strengthening
our coupled Qdash system attribution. We ascribe this to the
alteration in the active region temperature at high current
injection, which depends on the geometrical parameters of the
laser (ridge/stripe width in our case), and might accelerate the
carrier tunneling process in the large ridge-width lasers, thus
leading to reduced inhomogeneous broadening.

From the above analysis, the W = 3 μm ridge is regarded as
a reasonably decoupled system with partial overlap of ground
state energy distribution of each Qdash stacks compared to the
negligible overlap in the W = 2 μm ridge case, as illustrated

in the inset of Fig. 3(b). As discussed before, the hazy
appearance of spectral side lobes in Fig. 2(c) which persists for
a short span of current pumping and then dominated by the
progressive broadening of a single main emission lobe with
further current injection, supports our attribution. In addition,
these groups of longitudinal lasing modes which correspond
to the different stacking layers are more clearly visible in the
QCW mode [Fig. 4(b)] discussed later in this section. It is
noteworthy to mention that the gain study of all the three ridge-
widths and oxide-strip laser show consistent gsat values of the
different Qdash ensembles i.e. 18 ± 1.0 cm−1 (S10), 38.5 ±
1.5 cm−1 (S15), and 59.5 ± 0.5 cm−1 (S20) thus showing the
effectiveness of the analysis. The decrease (or early reach) of
Jtr of the Qdash stacks with increasing ridge-width points out
to the early observation of the side lobes in the W = 3 μm
compared to W = 2 μm, on increasing current injection, that
is exactly what Fig. 3(b) and(c) demonstrate.

Next, we show the consequence of changing the pulse width
on the lasing operation of different ridge-width Qdash lasers.
The results are plotted in Fig. 4 for all the three ridge-widths
considered in this work and operating under QCW mode.
A clear unusual lasing behavior is apparent on comparing
with the SPW operation (Fig. 2). Moreover, the output optical
power is substantially reduced in all the three ridge-width
lasers suggesting enhanced loss mechanism in this case, partly
attributed to junction heating. Indeed, the extracted ηi (∼ 65
± 3%) and αi (13 ± 1.0 cm−1) also points out to the device
performance degradation in this operation. Our main aim to
perform QCW investigation in this work is to understand the
device physics when a highly inhomogeneous Qdash system
is subjected to continuous surge of carriers, which probably
would serve as guidelines to engineer and optimize the active
region. Note that sharp abrupt kinks at ∼ 2.8Jth , ∼ 4.0Jth,
and ∼ 5.5Jth in the L-I of W = 2 μm [Fig. 4(a)] case further
dictates intense photon re-absorption around these injection
levels . This is further demonstrated by observation of spectral
split into two groups, short (SM) and long (LM) wavelength
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Fig. 4. (a) Room temperature L-I characteristics of L = 1600 μm long CQD index-guided laser at different ridge-widths, and in the QCW operation. The
corresponding progressive lasing spectra with increasing injection current density; (b) W = 2 μm, (c) W = 3 μm, and (d) W = 4 μm. In all the cases, the
injection current density is varied from 1.0 Jth to 4.5 Jth in steps of 0.1Jth . The dashed lines in (b) and (c) are guide to the eyes showing three dash groups
dominating the lasing operation.

TABLE I

GAIN PARAMETERS EXTRACTED FROM THE EXPERIMENTAL DATA

FOR THE THREE RIDGE-WIDTHS UNDER SPW OPERATION

longitudinal modes, in conjunction with a reduced intensity
group of middle (MW) wavelength modes in between, thereby
forming a gap and eye-pattern like lasing spectra around the
same injection levels, as depicted in Fig. 4(b). This atypical
spectral behavior again dictates three dash groups governing
the lasing operation in the QCW mode [15]. In fact, we studied
the cavity length dependent gain characteristics of all the three
ridge-widths, in this pulsed operation also, which resulted in
an identical behavior of dash groups in all the three cases. The
SW, MW, and LW group of longitudinal modes are the char-
acteristics (being resonant with) of S20, S15, and S10 Qdash
stacks, respectively. We explained this anomalous observation
in greater detail by considering a qualitative carrier-feeding
model, very recently [24]. In the following, we briefly address
the cause of this spectral split from the angle of highly inhomo-
geneous Qdash system, although, we cannot exclude the possi-
bility of different non-linear phenomena occurring in the active
region that affects the carrier-photon interaction, particularly,
spectral and spatial hole burning effects, and the retarded car-
rier diffusion (due to potential fluctuations in the Qdash active

region) and photon re-absorption (including the outer part of
the ridge-waveguide) induced change in lateral index step and
lateral gain distribution allowing higher order lateral mode to
emerge [25]–[27]. All the above contributions usually intensify
at high current injections and increased device heating.

Referring to Fig. 4(b), the lasing is initiated at ∼ 1614 nm
corresponding to the S15 dash groups and a typical broadening
of lasing spectra is observed on subsequent injection. This is
ascribed to the simultaneous lasing of dispersive in-plane S15
dashes, and partly from adjacent S20 stack. However, between
∼ 2.7Jth to ∼ 3.1Jth current pumping (large surge of carriers),
quenching of S15 dashes (MW modes) results in a spectral
split thereby recognizing the lasing SW (S20) and LW (S10)
group of longitudinal modes. The formation and widening of
the gap, i.e. reduction in the quantum efficiency of S15 dashes,
is a result of enhanced carrier feeding (via optical pumping)
to S10 dashes which are consequently attaining population
inversion and lasing in tandem [see inset of Fig. 3(a)]. The
blue (red) shifting of SW (LW) longitudinal modes is regarded
as a result of localized broadening of the S20 (S10) dash
ensemble. Furthermore, sharp kink with a decrease in the
slope of L-I curve around the same current values is a
signature of intense photon re-absorption process occurring
in the system, which is due to the photon-carrier coupling
between different dash groups as determined by the active
region inhomogeneity. In the high injection regime (∼ 3.2Jth

to 3.9Jth), broadening and blue shifting of LW modes with
reduced intensity from SW lasing modes is observed. This
dictates increasing quantum efficiency of S15 dashes and shift
of carrier-feeding mechanism to S20 dash ensemble. In other
words, the single lobe spectra in this region is a collective
lasing from S15, in part, and S10 dashes rather than only
S10 dashes. The rise in the slope of L-I curve highlights
minimized absorption process in the region due to shift to
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Fig. 5. (a) Cavity length dependent observation of first kink (red symbols, obtained from the respective L-I curves), and the first spectral split in the lasing
spectra (black symbols, from the current dependent lasing spectrum) of CQD W = 2 μm ridge laser under QCW operation. The progressive lasing spectra
with increasing injection current density for the short (b) L = 0.6 mm and intermediate (c) L = 1.1 mm cavity length lasers. Log IEL of the lasing spectra
versus the current injection, for the long (d) L = 1.6 mm and short (e) L = 0.6 mm cavity lasers under QCW operation. The insets of (d) and (e) illustrates
the conduction band model and filling of the S15 dash states (cyan color) in the different cavity lengths. The dashed line in (a) are guide to the eyes showing
the trend. In all the cases, the injection current density is varied from 1.0 Jth to 4.6 Jth in steps of 0.1Jth .

S20 dashes which are usually dot-like in nature with lower
modal gain and density of states (DOS), hence fewer photon
generation/absorption mechanism. Note that further increase in
current pumping splits the single emission lobe and forms an
eye-like pattern yet again, suggesting a periodic behavior, as
shown in Fig. 4(b). This is possible in a highly inhomogeneous
system due to change in carrier distribution among the Qdash
stacks (caused by carrier spill-over) which affects the gain
profile, and hence the emission spectra [21], [28].

A similar lasing characteristics is observed in W = 3 μm
ridge laser, as shown in Fig. 4(c). The spectral split forming
an eye-like spectrum is weak in this case but the group
of SW, MW, and LW longitudinal modes are noticeable.
Moreover, a comparatively narrow spectral split wavelength
coverage further uphold our attribution of W = 3 μm active
region as a reasonably decoupled Qdash system. A hazily
periodic behavior with fairly single emission lobe at high
injections (> 3.1Jth) highlights simultaneous emission from
all the dash ensembles. Moreover, a smooth L-I curve in this
case is a consequence of reduced photon re-absorption process
in the system. This is a direct effect of comparatively less
inhomogeneous system compared to W = 2 μm case [29]. On
the other hand, the lasing spectrum of W = 4 μm laser show
no signs of spectral split and instead a typical broadening of
single emission lobe is observed. This is a signature of highly
coupled Qdash system wherein the emission from different
dash ensembles is indistinguishable (highly overlapping DOS
of different dash ensembles). Comparing the lasing spectra in
Fig. 4(b)–(d) again show an early spectral split on increasing
the ridge-width which is consistent with our former observa-
tion in the SPW operation, and attributed to the reduced Jtr

value of the dash ensembles with increasing ridge-width.

From the above investigation, we ascribe QCW pulsed oper-
ation as a carrier deficient system for W = 2 and 3 μm ridge
lasers because of various carrier-photon losses associated with
it, for instance, non-radiation recombination, lattice vibrations,
thermal carrier spill-over, which intensifies with temperature
and/or continuous carrier injection, apart from the strong
photon re-absorption process among the dash ensembles [30].
This increases the probability of dash ensemble quenching
in QCW operation due to lack of evenly maintaining the
rate of photon loss to the rate of photons generated, in the
highly inhomogeneous multi-stack Qdash system, as a result of
insufficient carriers. However, a single lobe emission from the
W = 4 μm is suggests QCW mode being a carrier sufficient
system in this case, since the photon re-absorption process is
minimal (direct consequence of couple Qdash system) in spite
of other loss mechanism occurring in the system. Alternatively,
we regard the SPW mode as a carrier sufficient system for all
the three ridge-widths since trivial photon re-absorption takes
place in the system, besides minimal thermal carrier spill-over.
Observation of a reasonably single lasing emission lobe at
high current injection, in all the three ridge-widths (Fig. 2),
suggesting an appreciable overlap of ground state emissions of
all the dash ensembles (lasing simultaneously), further shows
that SPW mode a carrier sufficient system.

2) Effect of Cavity Length: Fig. 5 shows the cavity length
effect of W = 2 μm ridge laser under the QCW pulsed
operation. Comparing Figs. 4(b) and 5(b) and (c), which corre-
spond to L = 0.6, 1.1, and 1.6 mm, show similar observation
of spectra splitting under stimulated emission, with increas-
ing current pumping. This shows analogues nature of the
well decoupled Qdash stacks of the short ridge-width active
region, invariant of the laser cavity length. However, an earlier
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Fig. 6. Effect of cavity length under SPW operation, on the lasing spectra of the CQD W = 2 μm ridge laser under low (a) 1.1 Jth , and high (b) 6.0 Jth
current injection. (c) Log IEL of the lasing spectra versus the current injection for the long L = 1.6 mm cavity laser. The shaded regions in (a) and (b)
correspond to the emission boundaries of the dash ensembles, obtained from Fig. 3(d). The inset of (c) shows the current density dependent change in the
−3dB lasing bandwidth of a 2 × 830 μm long laser under SPW operation. An ultra broadband lasing bandwidth of > 50 nm is obtained from this cavity
length laser.

occurrence of spectra splitting in L = 1.6 mm (at ∼ 2.7Jth) is
observed compared to the shorter L = 1.1 mm (at ∼ 3.4Jth)
and L = 0.6 mm (at ∼ 4.2 Jth) cavity lasers. This is plotted in
Fig. 5(a) against various cavity lengths. In addition, the current
values from the L-I curve, at which the first kink is observed,
is also shown in Fig. 5(a). A good agreement between both
the current values (from the lasing spectra and L-I curve)
further support the cause of decrease in the slope efficiency
being the spectral split due to enhanced photon re-absorption
in the active region. We qualitatively explain the decrease in
the threshold of spectral split with increasing cavity length by
correlating to the active region inhomogeneity and the quasi-
zero dimensional DOS of dashes, and referring to Fig. 5(d)
and (e). Here, we plotted the integrated electroluminescence
(IEL) of the three dash groups following the wavelength
boundaries of dash ensembles discussed earlier, for the short
(L = 0.6 mm) and long (L = 1.6 mm) cavity lasers. The onset
of lasing from the long cavity laser is at ∼ 1620 nm i.e. from
the extreme lower energy transition edge of S15 dash ensemble,
implying that the photon re-absorption process has already
started. In other words, the generated photons by the higher
transition energy S15 dashes [shown as cyan color S15 dashes
in Fig. 5(d)] are being absorbed by the dominant S10 dashes.
This is recognized from the early lasing threshold (∼ 1.6 Jth)
of S10 dashes in Fig. 5(d) since they reach population inversion
faster in this case. Therefore, feeding consequently emerging
S10 dashes and lasing simultaneously, probably, results in
an early gain saturation of S15 dash group which leads to
quenching of their emission intensity, on subsequent injection.
This can be seen in Fig. 5(d) as a relatively constant IEL curve
of S15 dash stack starting from ∼ 2.7Jth, the point where
gain saturation is nearly reached, and eventually quenching
because of inability to maintain the rate of photon generation

and loss due to inherent DOS characteristics. In the case of
short cavity device (L = 0.6 mm), the lasing is initiated from
the central transition energy of S15 dash stack (∼ 1613 nm)
which leaves more number of lower transition energy S15
dashes to attain population inversion first while feeding the
S10 dash group [shown as cyan color S15 dashes in Fig. 5(e)].
Therefore, the lasing threshold of S10 dash group is observed at
comparatively large current value (∼ 3.0 Jth) in Fig. 5(e) once
nearly entire S15 dash ensemble simultaneously recombine
in the system. Eventually, S15 attaining gain saturation (and
subsequently quenching), in this case, is at comparatively at
large pumping values (at > 4.0 Jth) once enough S10 dashes
reach population inversion. Note that the IEL of Fig. 5(e) is
not accurate since the device heating is appreciable in this
case compared to L = 1.6 mm case. The objective of showing
Fig. 5(e) is just to explain the device physics qualitatively.
In general, the inhomogeneous broadening of the system,
DOS of dashes, and the carrier feeding (via optical pumping)
mechanism determines this anomalous behavior of the lasing
spectra in QCW operation.

We have shown that W = 2 μm ridge lasers probably
exploits the entire inhomogeneity across the Qdash stacks
under the SPW operation. However, dependence of the las-
ing operation on the cavity length (optical loss) cannot be
disregarded. This can be noticed from Fig. 6 wherein the
cavity length dependent lasing spectra at low (1.1Jth) and
high (6.0Jth) current injections are plotted. Onset of lasing
threshold from different dash ensembles [Fig. 6(a)] and a
broad spectral coverage (−25 dB bandwidth) of > 60 nm
[Fig. 6(b), and for L > 0.36 mm] is apparent for various
cavity lengths. Notice that the broadest lasing linewidth (−3dB
bandwidth) appears from the intermediate cavity length lasers
(L = 0.83 and 0.7 mm) whose lasing threshold originate
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Fig. 7. (a) Room temperature L-I characteristics of 15 × 1600 μm long CQD oxide-strip laser at different pulsed operation. The corresponding progressive
lasing spectra with increasing injection current density in the (b) QCW and (c) SPW operation. The inset of (a) shows the modal gain of the W = 15 μm
versus the threshold current density, obtained with devices of different cavity lengths (L = 0.25 – 3.0 mm). The ideality factor and internal loss are fixed at
γ = 3 and αi = 11 cm−1, respectively. In all the cases, the injection current density is varied from 1.0Jth , 1.1Jth , and 1.25Jth to 5.0Jth in steps of 0.25Jth .
Similar lasing operation is observed from all the cavity lengths tested in the both the operation.

from the central transition energy of the middle S15 dash
stack once compensating for the total loss of the system
(optical loss and αi ). In fact, the lasing linewidth obtained
from these cavities exceed the ever reported lasing bandwidth
utilizing Qdash nano-structure active region, by ∼ 20%, as
shown in the inset of Fig. 6(c) [3], [4], [23]. We ascribe this
enhanced broad emission to the non-localized inhomogeneity
across the Qdash stacks i.e. carrier access to the either side of
the widely distributed Qdash optical-transition energies (with
overlapping DOS tails). In other words, availability of both S20
and S15 dash ensembles to fill up by carriers on increasing
current injection, thus, leasing to simultaneous lasing from
all the dash stacks. In the case of long (short) cavities, the
carriers are probably restricted by fewer DOS at lower (higher)
dash optical-transition energies owing to their onset of lasing
from the S10 (S20) dash stacks, thus hindering to exploit the
complete inhomogeneity of the active region.

Three distinct emission humps in the SPW mode lasing
spectra has been observed in all the cavity length lasers
(L > 0.45 nm) under high current injection, emerging from
the three Qdash groups [Fig. 6(b)]. On progressive increase in
the pumping current, appreciable overlap of the S15 and S10
emission lobes is observed in all the cavity lengths, suggesting
uniform distribution of dash electronic states among these
highly inhomogeneous stacks. However, an imprecise overlap
of S20 spectral lobe with some distinct spectral modulations
and visible Fabry-Perot resonances, even at high injections,
demonstrates some photon re-absorption process occurring in
the system. This can be assessed by observing the IEL of each
dash ensemble separately, for the L = 1.6 mm laser cavity,
as a function of current injection, shown in Fig. 6(c). We
followed the emission boundaries discussed earlier to obtain
these curves. As seen from Figs. 2(b) and 6(c), when the
current pumping is < 2.4Jth, the lasing emission is dominated

by the S15 dash ensembles, which progressively broadening
with further pumping. This is due to simultaneously lasing
of different in-plane dispersive dashes of S15 and partially
from the S10 dashes which are reaching population inversion.
This continues until ∼ 2.5Jth beyond which S15 dashes tend
to saturate (reaching the gain saturation), and onset of lasing
from S10 and later from S20 dash ensembles [see Fig. 2(b)]
is observed. A sharp increase in the slope of IEL curves
of both the dash groups is an indication of the beginning
of the stimulated emission. Note that because of this pulsed
operation being carrier sufficient system (with no appreciable
spill-over of carriers), S15 dashes would be able to maintain
the rate of photon generation and absorption and therefore no
quenching of the middle wavelength longitudinal modes. Now,
the carriers are more effectively captured by the other dash
groups and the IEL indicates that S10 eventually dominates
the lasing emission and competes with S15 dash groups at
> 3.5Jth [overlap of the respective emission lobes seen in
Fig. 2(b)]. In general, in a Qdash system with dispersive
geometries, population inversion preferentially occurs in small
average height S20 dashes acquiring dot-like features (tight
lateral confinement, lower modal gain and DOS) that require
smaller number of carriers. The generated high-energy photons
from S20 dashes gets absorbed by large average height S15
dashes (weak lateral confinement, higher modal gain and
DOS) [31]. With increasing pumping, this carrier feeding
mechanism shifts to the S15 and S10 dash ensembles. In
other words, S20 (S15) dashes behave as carrier feeders
to S15 (S20) dashes at low (high) current injections. With
increasing current injection, it is possible for all the three
dash ensembles to sustain lasing and broadens in spite of
not so severe photon re-absorption in the system, leading
to an ultra broad emission from this chirped active region
device.
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B. Broad Area Lasers

The behavior of Qdash gain media in the broad area lasers
is understood by referring Fig. 7 which correspond to a
15 × 1600 μm long CQD laser diode. In the SPW mode
[Fig. 7(c)], a typical broadening of lasing spectrum along
with a smooth L-I curve is observed. Fig. 7(b) shows an
appreciable red shift in the lasing spectra of the QCW mode
and an early roll-off of the L-I curve dictating excessive
device heating in this case due to the large W (increase in laser
geometrical parameters, particularly W ). Nevertheless, a single
broad linewidth laser emission in both the pulsed operations
[Fig. 7(b) and (c)], at intermediate injection, suggests that
multiple and dissimilar wavelength emission from different
Qdash ensembles is inhibited in this case, probably due to
phonon assisted carrier tunneling, as discussed earlier. To
understand the cause of this observation, we analyzed the
gain profiles of the active region utilizing the cavity length
threshold current density dependence of the modal gain [see
inset of Fig. 7(a)]. The ηi and αi , obtained in this case from
different cavities, is similar in value (∼ 85 % and 11 cm−1,
respectively) to that obtained in the ridge-waveguide lasers.
Again, two gain curves are observed in this case, on fitting
the gain expression (Eqn. 1) with the experimental data of
SPW pulsed operation and QCW operation (not shown). The
obtained values of Jtr ( gsat) of the S10+15 and S20 dash
ensembles in the SPW mode are 1.6 kA/cm2(40.0 cm−1) and
2.0 kA/cm2(60.0 cm−1), respectively. These values are in good
agreement with the different ridge-width lasers results, show-
ing the consistency of our analysis. Moreover, observation of
two peak lasing spectra at near threshold current values, in
both the pulsed operation (sharp in the SPW mode and weak
in the QCW mode), further validate our attribution of two dash
groups governing the lasing operation. Eventually, a single
broad emission is achieved at high injection suggesting simul-
taneous recombination of carriers from somewhat uniformly
distributed dash states among both the dash families, attaining
a lasing bandwidth of ∼ 20 nm in the SPW mode. Therefore,
our detailed analysis of CQD lasers under different optical
wave guiding schemes show that for W > 4 μm, the active
medium is dominated by only two groups of Qdashes which
limits the inhomogeneous broadening of the active region and
eventually the lasing bandwidth.

IV. CONCLUSION

In summary, we demonstrated the enhancement in the
active region inhomogeneity of InAs/InGaAlAs/InP quantum-
dash-in-well structure, through utilization of variable barrier
thickness InGaAlAs barrier in the multi-stack Qdash structure.
A broad stimulated emission linewidth of > 50 nm is obtained
at room temperature from the 2 × 830 μm laser device, under
the SPW operation. The effect of ridge-width and different
waveguide mechanisms, on the lasing operation under both
SPW and QCW mode, highlighted the very different behavior
of dash active region, resulting in one being a carrier sufficient
system and other carrier deficient system, in general. Our
work elucidates the device physics of chirped Qdash laser
structure, particularly the optically pumped carrier feeding

mechanism among the dash ensembles, and help in further
optimizing the multi-stack Qdash active region. Moreover, our
results suggest that the chirped InAs/InGaAlAs Qdash struc-
ture with enhanced broad gain profile forms a viable platform
for the generation of a novel broadband semiconductor laser
source with potential ultra-broad emission through monolithic
integration of multiple bandgap sections using post growth
intermixing techniques.
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