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Abstract—The authors numerically investigated the origin of
broadband lasing from multi-stack InAs/InP quantum dash
(Qdash) laser. For this a model based on multi-population
carrier-photon rate equation is developed which treats each
Qdash stacking layer separately. In addition, the coupling
between the adjacent stacks is also accounted in the model apart
from the inhomogeneous broadening due to dash size or
composition fluctuation. Simulation results show that the effect
of Qdash inhomogeneity on a single plane (in-plane or localized
inhomogeneity) is negligible in broadening the lasing spectra
compared to the inhomogeneity across the stacks that are
emitting at different wavelength. Our results would help in
further optimizing the wafer structure design and improve the
lasing bandwidth.
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I. INTRODUCTION
The inhomogeneous broadening due to size or composition
dispersion in the multi-stack quantum dots (Qdots)/ Qdashes
nano-structures active region, grown by self assembled
growth technology, is undesirable because of resultant
inferior device performance. Nonetheless, the inherent
inhomogeneous broadening from the self-assemble growth
technology have been exploited recently to realize what is
called broadband laser diodes (LDs) [1-4] and
superluminescent diodes (SLDs) [5-7]. These devices span
emission bandwidth as large as ~ 42 nm (> 250 nm) attaining
power in few hundreds (tens) of mW from broadband LDs
(SLDs). These class of near-infrared broadband emitters find
vast application in multi-disciplinary field of application viz.
gas sensing, medical imaging, diagnostic systems,
spectroscopy, optical communications, etc [1, 2]. Therefore,
it becomes important to understand the effect of
inhomogeneous broadening in the multi-planar epitaxial
structures, which are typically used to increase the device
performance. Recently, through optical characterization, it
was shown implicitly that the variation of inhomogeneous
broadening across the multi-stack is a significant factor in
increasing the overall inhomogeneity of the system and that
the inhomogeneous broadening in the single plane is trivial
[8]. This is an important observation that requires further
analysis since it would help in further optimization of wafer
structure design for broadband emitter realization.
The objective of this paper is to numerically show in an
explicit manner that indeed the inhomogeneous broadening
across the stacks defines the overall inhomogeneity of the
multi-stack device epitaxial structure by considering a
broadband InAs/InP Qdash laser structure. For this, we have
developed a rate-equation model that takes into account the
carrier-photon dynamics in each of the energy level. In

addition, the model treats each stacking layers and the
respective inhomogeneous broadening individually, along
with the carrier coupling effect among the Qdash layers. This
includes carrier diffusion and tunneling through the barrier
layers.
II. NUMERICAL MODEL
The model is based on carrier and photon dynamics
represented by rate equations and incorporate the coupling
among the adjacent Qdash stacks. The reservoir of carriers is
the separate-confined heterostructure followed by the wetting
layer and the dash ground state energy level (we assumed
only ground state energy level in dashes). The associated time
constants are τSW (relaxation from separate-confined
heterostructure to wetting layer), τWD (relaxation from
wetting layer to Qdash ground state), τDW (re-excitation from
Qdash ground state to wetting layer), τWS (re-excitation from
wetting layer to separate-confined heterostructure ), and τS,
τW, τD corresponding to the recombination in separateconfined heterostructure, wetting layer and Qdash ground
state, respectively. More details can be found elsewhere [911]., and only electron dynamics are considered in the
formulation with the hypothesis that the holes being faster
follows the electrons. We have considered n=1,2,...Nlyr
stacking layers. NS and NW refers to the total number of
carriers in the separate-confined heterostructure and wetting
layer, while Nj,k represents the carrier dynamics in each of
the intra-dash energy levels of dash group. The subscripts j
and k refers to the jth group of Qdash ensemble and its kth
intra-dash energy level. The rate equations of the carrier
population of these energy level are formulated in a similar
manner following reference [12]. The rate equation of the
separate-confined heterostructure layer is:
N
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where the first term on the right hand side of Eqn. (1)
correspond to the number of carriers injected into the
separate-confined heterostructure layer, and τS is the non
radiative recombination time of the separate-confined
heterostructure layer. Similarly, rate equations in the wetting
layer and Qdash GS energy level is formulated taking into
consideration the coupling among the stacks. These equations
are then coupled with the multimode photon rate equation:
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ΔE = 20 meV

TABLE I
PARAMETERS USED IN THE SIMULATION

(a)

ΔE = 25 meV
(b)

Eqn. (2) includes the spontaneous emission term, stimulated
emission term and the photon loss where the photon
population Sm is proportional to the linear gain gn,mj,k which is
calculated as the sum of the contributions of the various states
at the mth mode recombination energy Em. The details of
various terms in Eqn. 2 and other carrier rate equations are
reported in literature [9]. In brief, gn.mj,k incorporates both, the
Lorentzian homogeneous broadening B(Em - Enj,k) and the
Gaussian inhomogeneous broadening, Gnj,k, with full width at
half maximum (FWHM) Γinh. Note that the volumetric
density of states of the Qdashes, ND, and Gnj,k includes the
unique features of the dashes. The carrier relaxation and the
re-excitation rates from wetting layer to Qdash energy
states are calculated according to [10] by considering the
initial relaxation time τWD0 (capture time when the kth state jth
Qdash group is unoccupied). The model is solved in the time
domain by fourth order Runge-Kutta method by applying an
input step current at t = 0 . Subsequently, the laser output
power of the mth mode photon of energy =ωm from one
cavity facet is obtained by:
I m = =ωm cSm ln (1 R ) ( 2 Lna )

(3)

where R is the reflectivity of one cavity facet, na is the
refractive index of the active region taken as 3.5, L is the
cavity length and c is the speed of light. More details can be
found in ref [10].
III. RESULTS AND DISCUSSION
We have considered four stack InAs/InP Qdash laser
structure with varying barrier thickness (10, 15, 20 nm). More
details of the structure and the simulation parameters utilized
in this work are taken from [4, 9, 10] and are shown in Table.
1. The room temperature calculated lasing spectra at different
inhomogeneous broadenings, with increasing current
injection, are shown in Figs. 1 and 2. In general, an overall

Fig. 1. Calculated progressive lasing spectra of the Qdash laser structure
with 10 - 15 - 20 nm barriers, at different current injection. The in-plane
inhomogeneous broadening is fixed at Γinh = (30, 30, 25, 25) meV, while the
inhomogeneity across the stacks is varied as (a) ΔE = 20 meV, and (b) ΔE =
25 meV. The remaining parameters are unaltered.

inhomogeneous broadening of an active region (caused by
either dash size variation, particularly height, or composition,
or both) is characterized by the in-plane (or localized)
inhomogeneity of a single plane (or layer) Γinh, and the
inhomogeneity across the dash layers ΔE (i.e. the difference
in peak emission energies of adjacent Qdash stacks). In order
to have a comprehensive understanding of effect of both the
types of inhomogeneous broadening on the lasing spectra of
Qdash lasers, we first fixed the in-plane inhomogeneous
broadening term Γinh = (30, 30, 25, 25) meV while the
inhomogeneous broadening across the stacks, ΔE is varied
from 20 meV to 25 meV, respectively. The corresponding
lasing spectra are shown in Fig. 1(a) and (b). A progressive
increase in the lasing bandwidth (calculated at FWHM) with
increasing current is evident from the figures. This is
attributed to the initial lasing from dash groups with
intermediate average height (since height basically defines
the GS energy level) once the total device loss is
compensated. A substantial increase in the lasing bandwidth
is observed on increasing ΔE. The lasing FWHM in Fig. 1(a)
and (b) attains a value of ~ 43 nm and ~ 61 nm, respectively,
at 5Ith, which is an increase by ~ 30%. This is attributed to the
availability of highly inhomogeneous dash density of states
with wide span of energy transitions among quantized states.
The short wavelength broadening is contributions from the
smaller height dash groups, as a result of band filling effect.
The broadening at the longer wavelength indicates that the
larger height dash groups also starts lasing once they reach
the condition of stimulated emission. Note that there is
always competition between the small and large dash groups
since the photon re-absorption process cannot be ignored, but,

ΔE = 20 meV

IV. CONCLUSION

(a)

In conclusion, we have developed a rate equation model for
the Qdash lasers taking into account each dash layer
individually, and the coupling between adjacent Qdash stack.
We numerically showed that the inhomogeneity across the
multi-stack Qdash laser structure is responsible for
broadening of the lasing spectra rather than in-plane
inhomogeneity. This analysis sheds light on the origin of
broadband emission from the laser device and thus pave path
to the optimization of bandgap engineered laser structure for
achieving ultra-broadband light sources [13, 14].

ΔE = 25 meV
(b)
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