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Numerical Modeling of the Emission Characteristics
of Semiconductor Quantum Dash Materials for
Lasers and Optical Amplifiers

Mariangela Gioannini

Abstract—This paper deals with the simulation of the emission
characteristics of self-assembled semiconductor quantum dash
(QDash) active materials, characterized by high length-to-width
and width-to-height ratios of the dash size and by a wide spreading
of the dash dimensions. This significant size fluctuation requires
to compute numerically the corresponding energy distribution of
the electron and hole confined states. Furthermore, due to the long
dash length, it is necessary to take into account the many longitu-
dinal confined states that contribute to the emission spectrum. To
implement a model that does not require excessive computation
time, some simplifying assumptions have been introduced and
validated numerically. Starting from good knowledge of the dash
size, material composition, and optical waveguide dimensions, we
have been able to simulate the amplified spontaneous emission and
gain spectra of a quantum dash semiconductor optical amplifier
with a good quantitative agreement with the measured data. As
an application example, the model is used to predict the gain
properties of different QDash ensembles having various size
distributions.

Index Terms—Modeling, optical gain, quantum dash (QDash),
quantum-dot lasers, self-assembled.

1. INTRODUCTION

N THE LAST decade, a great deal of research on semicon-

ductor materials has focused on the theoretical and experi-
mental study of self-assembled semiconductor nanostructures
[1] and has shown the superior electronic and optoelectronic
properties obtained by the three-dimensional (3-D) confinement
of carriers [2], [3]. The carrier confinement in a few bounded
states—the ground state and the excited state—in quantum dots
(QDs) is obtained by the very small dot size, below or around
the exciton Bohr radius. Using a QD ensemble as gain medium
for semiconductor lasers and optical amplifiers, significant im-
provements with respect to the quantum well and wire cases
have been obtained in the threshold current, differential gain,
linewidth enhancement factor, chirp, and high-speed dynamics
[4]-[6].

Very recently, new elongated nanostructures have also been
grown with quantum dash (QDash) [7], [8] or rod shapes
[9]. QDashes appear at scanning and transmission electron
microscopy images [8] with a cross section of the same size
of QDs (about 2-3 nm X 10-20 nm) and a length of hundreds
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of nanometers (100-200 nm). Thanks to their elongated form,
QDashes have a high number of longitudinal confined states
that can be filled at a fairly low pump current density. Together
with size fluctuations of the transversal cross section, this
produces a very wide gain spectrum [10]-[12]. The advanta-
geous properties derived from the zero-dimensionality [e.g.,
low threshold current and linewidth enhancement factor (LEF)]
are maintained as well [12]. QDash material is thus promising
for a variety of optoelectronic devices that benefit from broad
optical gain spectra. For example, the QDash material finds
application as an active medium of semiconductor optical
amplifiers (SOAs) [13] and single-mode lasers [14], which can
cover all the necessary wavelengths (1400-1650 nm) of future
multiwavelength optical transmission systems [11]. QDash
lasers in an external-cavity configuration have also been used
to obtain a very wide tuning range of about 150 nm [15].

QDashes are grown by self-assembled epitaxial growth with
high width-to thickness and length-to-width ratios. This growth
technique gives also a wide stochastic size distribution that pro-
duces an energy spreading of the various confined levels, each
contributing to the inhomogeneous broadening of the gain spec-
trum. The result is a continuous inhomogeneously broadened
emission spectrum extended over a wide wavelength range. The
control of the dash size and its spreading is thus fundamental
to engineer the gain properties of the QDash material and nu-
merical models that allow to quantitatively predict the gain, and
spontaneous emission characteristics can be useful to give di-
rections to select the proper growth parameters.

The effect of size fluctuations on the gain and photolumines-
cence spectra of QD materials has been theoretically analyzed
in [16]-[18]. Compared to a QD ensemble, where only a few
electron and hole states contribute to gain [18], [19], QDashes
grown on InP [8] have usually one or two quantized states with
respect to the transversal cross section [20] and a high maximum
quantization order in the longitudinal direction due to the long
dash length. This peculiar characteristic of InAs—InP QDashes
increase, with respect to QD, the complication in the develop-
ment of a reliable numerical model.

In the literature, the consequence of the dot size fluctuation is
usually modeled introducing a reduced density of states with a
Gaussian distribution [19], [21], whose full-width at half-max-
imum (FWHM) is analytically calculated assuming a linear vari-
ation of the energy levels [19], but this assumption is valid only
in the case of narrow size fluctuations. To our knowledge, a de-
tailed theoretical analysis of the effect of size fluctuations has
been presented only in [18], but the investigation was limited
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to the QD case and only the ground state emission was consid-
ered. In other work [22], the FWHM is extracted by the mea-
sured spontaneous emission spectra, but this is possible only
when the different contributions from the ground state and the
excited states can be clearly separated.

In QDash materials, the confined energy levels have a non-
linear variation due to the high length-to-width and width-to-
thickness ratios and due to the simultaneous fluctuation of the
three dimensions of the dashes of the ensemble. As a result, the
inhomogeneous broadening functions of the states can signifi-
cantly differ from a Gaussian shape. Moreover, the width of the
inhomogeneous broadening can not be found from experiments,
because many levels of different order contribute altogether to
the emission spectrum, making it impossible to separate each
contribution. As a consequence, to understand the influence of
the inhomogeneous linewidth on the emission characteristics, it
is necessary to calculate numerically the inhomogeneous broad-
ening functions for any given size distribution.

Another feature of the InAs—InP QDash system is the differ-
ence between the InAs hole effective mass and the electron ef-
fective mass. This can give a higher number of energy levels in
valence band (VB) compared to the conduction band (CB) and
can cause the thermal smearing of the hole population among
many states, limiting the gain performance [23].

The knowledge of the energy level position in CB and
VB varying the dash size is thus necessary to quantify the
inhomogeneous broadening effect on the spectral emission
characteristics—e.g., gain and amplified spontaneous emission
(ASE)—and calculate the carrier distribution among the
confined states.

In this paper, we present a numerical model for the calculation
of the gain and ASE spectra at different pump rates of a realistic
InAs—InP QDash SOA [13] realized with the QDash material
presented in [8]. The paper is organized as follows. In Section II,
we first present and validate the numerical method and the
approximations introduced to calculate the CB and VB confined
states in the QD, and then we present the numerical model
for the calculation of the inhomogeneous broadening functions
and the spectral emission characteristics. In Section III, we
validate our model through a quantitative comparison with
experimental results and, as an example of application, we
show how the average dash size and its fluctuation influence
the gain spectrum characteristics. Finally, in Section IV, we
draw the conclusions.

II. NUMERICAL MODEL OF EMISSION CHARACTERISTICS

The numerical calculation of the emission characteristics of
a QDash ensemble proceeds in two steps. In the first step, to
correctly account for any given size distribution, the model cal-
culates all of the CB and VB confined state energy levels, the
recombination wavelengths, and the overlap integrals between
the CB and VB wave functions for all of the QDash sizes present
in the ensemble. In the second step, all of these data are nu-
merically processed to obtain the inhomogeneous broadening
functions used to calculate the gain and spontaneous emission
spectra at different carrier injections.

A. Calculation of Electronic States

For the calculation of electronic states of QD, several numer-
ical schemes have been presented in the literature, even with
high degrees of sophistication, including the strain effects, the
Coulomb interaction among charged confined carriers, and con-
sidering various dot shapes [24], [25]. All of these models are
very accurate but, as a tradeoff, they require a long computa-
tion time. In the case of QDash modeling, to account for the
wide size spreading, the calculation of the confined states in
CB and VB has to be repeated several times for each dash size
of the ensemble, and this would lead to an unacceptable com-
putation time. To get reliable results with a reasonable compu-
tational complexity and short simulation times, we have intro-
duced some approximations in the dash shape, in the modeling
of strain effects, and in the solution of the Schroédinger equa-
tions.

In our model, the confined states of a single dash have
been obtained calculating the eigenvalues of the single-particle
Schrodinger equation in the effective mass approximation,
considering finite barriers and different effective masses for the
dash and barrier materials. The Schrodinger equation for the
electrons is given by

K2 _ 1
-—Vv

*
2 m

) Vl/le(l',y,Z) + AEcB($7y,Z)1/)g(I7y7 Z)
= Ecste(z,y,2) (1)

where AEcp(z,y, 2) is the CB confinement potential, Fcp is
the confined state energy, ¢ g (z, vy, z) is the corresponding wave
function, and m} is the electron effective mass.

The Schrodinger equation for the holes in VB is

h? 1 1
——= |Var:—— Vo + Vy—— -V, | ¥n(z,y, 2)

2 LU h,L

+AEvB(LIJ-/y,Z)¢h(.Z‘,y,Z) = EVBwh(wvy-/Z) (2)

where A Fyp is the VB confinement potential, V. and V,, are
the gradient in the parallel and perpendicular plane, respectively
(see Fig. 1), and mz/,‘ and m’,i | are the hole effective masses
in the perpendicular and parallel direction and account for the
modification induced by the strain [25]. In our model, we have
neglected the coupling with the light-hole and split-off bands,
because in the presence of compressive strain—as for the InAs
dash we consider—these two bands are split far away from the
VB edge and play a negligible role [26].

An SEM image [8] of the QDash ensemble under investiga-
tion is presented in Fig. 1(a); the shape of the single dash [circled
areain Fig. 1(a)] has been approximated with an elongated semi-
parabolic geometry as shown in Fig. 1(b). On this geometry, the
solution of the Schrodinger equation has been carried on with
the 3-D finite element method (FEM), but the resulting compu-
tation time was very long. On the contrary, the solution carried
out using a factorization procedure, similar to the equivalent re-
fractive index (ERI) method used in integrated optics [27], has
proved to be much faster. However, the ERI-like method is really
efficient if applied to a box structure, because we can solve the
single-particle eigenvalue equation only one time in each direc-
tion. Furthermore, the method is a good approximation when,
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Fig. 1. (a) SEM image of the InAs QDash ensemble grown over a
InAlGaAs substrate [8]. (b) Schematic shape of a single dash. (c) Rectangular
approximation of the transversal cross section.

as in the dash case, the box thickness is much smaller than the
box width, which in turn is smaller than the length. The semi-
parabolic cross section [the zy plane in Fig. 1(b)] has thus been
approximated with an equivalent rectangular shape as shown in
Fig. 1(c). The equivalent rectangle has been chosen to have the
same area of the transversal cross section and to satisfy a min-
imum distance criterion from the parabolic function.

The ERI method factorizes the Schrédinger equation in three
directions: the eigenvalues of the particle in the well in the y
direction give first the energies F,,,. Then the states F,, are ob-
tained from the factorization in the = direction with a well en-
ergy barrier reduced by E,,,. The same procedure is repeated to
find the states Fj, due to confinement in the longitudinal direc-
tion. The energies of the dash confined states are thus F,,,,,;. =
FE..+ E,,+ E}. The resulting confined state wave functions also
have simple expressions and their overlap integrals can be easily
calculated analytically [27]. To accurately model the dash inner
and outer mass discontinuity, in our ERI-like method the par-
ticle effective mass in each factorization step has been chosen
to be equal to a mass that is the weighted average of the dash
and barrier mass [28]. The weight coefficient is given by the
confinement factor in the dash of the wave function calculated
in the prior factorization step.

In order to quantify the errors introduced by the rectangular
approximation and by the numerical factorization, we have
compared the transversal energy levels (eigenvalues of the
Schrodinger equation in the zy plane), obtained applying the
two-dimensional (2-D) FEM analysis with those calculated
using the ERI-like method to the corresponding equivalent
rectangular structures. As an example, we report in Fig. 2(a)
the CB energy levels versus the thickness of an InAs dash
embedded in InAlGaAs; for this simulation the dash width
is w = 20 nm. In the figure, the circles correspond to the
eigenvalues calculated for semiparabolic dashes, whereas the
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squares are the eigenvalues of the equivalent rectangle. The
dashed lines are the fitting with the function proposed in [18].
For the confined state Eyg, the numerical error in the energy
level ranges between 3 (h = 1.4 nm) and 7.8 meV (h = 7 nm).
For the Fy; state, the error is between —12.4 (h = 1.4 nm) and
—7meV (h = 7nm). To quantify the impact of these numerical
errors on the emission characteristics, we have compared the
FWHM of the inhomogeneous linewidth of the CB density
of states obtained by the energy distributions that result from
the FEM and ERI-like method. Several QDash ensembles of
various average thicknesses (15, ) and thickness spreading (o7, )
have been considered. The results, reported in Fig. 2(b), show
that the box approximation introduces negligible errors in the
inhomogeneous broadening (less than 2% for p;, = 2.8 nm
and less than 4.5% for p, = 5.6 nm). We can thus conclude
that the rectangular cross-section assumption introduces only
a shift in the calculated eigenvalues [Fig. 2(a)] toward higher
energies for the Ey state and toward lower energies for the Ey;
state. Nevertheless, the inhomogeneous broadening linewidth
can be obtained with a good accuracy [Fig. 2(b)]. In fact, since
the purpose of this study is to find the relation between the
dash size spreading and the emission characteristics, we are
not concerned about obtaining a very accurate knowledge of
the energy values of the confined states, but rather in the effect
produced by their wide fluctuations.

The error introduced by the longitudinal factorization [the
z direction in Fig. 1(a)] can be estimated from the results in
Fig. 3. An InAs box (h = 1.8 nm, w = 17.3 nm, L = 80 nm)
embedded in InAlGaAs has been considered and the energy
levels have been calculated by the FemLab 3-D solver and the
ERI-like method. The results are reported versus the longitu-
dinal quantum index k in Fig. 3. The figure shows that the nu-
merical error due to factorization is practically null for low &
values (0 and 1) and increases with k& > 2. However, these nu-
merical errors for high &k are negligible. We have indeed ob-
served that the energy levels with high k experience energy vari-
ations, due to length fluctuations, much wider than the factor-
ization numerical error.

This particle-in-a-box approach has been used to analyze the
effect of the dash thickness, width, and length fluctuations on
the emission characteristics of a self-assembled QDash material.
As an example, we plot in Fig. 4(a) the recombination wave-
lengths of an ensemble with length variation from 20 to 150 nm
at 10-nm steps. The dash transversal cross section is fixed to 2.2
nm X 16 nm. In this simulation, we assume that only the re-
combination between CB and VB energy levels with the same
quantum index are really efficient. The symbols on each row
of Fig. 4(a) represent recombinations with the same quantum
index mnk occurring in QDashes of different length (the length
increases toward longer wavelengths). This figure shows that
all recombinations with £ = 0 index (000 and 010) all squeeze
into a narrow wavelength range (e.g., 1650—-1700 nm for 000),
whereas recombinations with k& > 1 values are nonuniformly
spread over a wider wavelength range (e.g., 1450-1650 nm for
004). This example demonstrates that the recombination wave-
length does not change linearly for a linear length variation and
that the energy level spreading is significantly dependent on the
confined state quantum index.
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Fig. 2. (a) Eigenvalues of the CB Schrodinger equation in the transversal plane versus the dash thickness calculated with the 2-D FEM method (circles) and

the ERI-like method (squares) on the equivalent rectangle. The dashed line is the fitting with the function proposed in [18]. (b) The resulting FWHM of the
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Fig. 3. CB energy levels of a box dash (A = 1.8 nm, w = 17.3 nm, L =

80 nm) calculated with the 3-D FEM (square symbols) and the ERI-like (dot
symbols) method.

To understand how the confined state wave function impacts
the recombination efficiency, we plot in Fig. 4(b) the values of
the overlap integrals calculated at the wavelengths of Fig. 4(a).
We observe that the overlap integrals depend only on the wave-
length and on the transversal index mn, whereas they are prac-
tically independent of the %k index.

Similar figures can be obtained in the case of width variations.
In the case of thickness fluctuations, the energy levels spread
more uniformly but the extension of the wavelength range is
still dependent on the recombination quantum index.

B. Calculation of the Emission Spectra Characteristics

According to the density matrix model [1], [29], the gain and
the spontaneous emission of a zero-dimensional active mate-
rial is given by the sum of the contributions of each recombi-
nation between CB and VB confined states. Considering, for

simplicity, only the recombination between CB and VB energy
states with the same quantum indeXx, €,,nk,cB and €m,nk,vB, the
contribution to the material gain and to the spontaneous emis-
sion rate, gk (Aiw) and Ry, (hw) (inecm=2-eV =157 1) are
given by [1]

_ G y 2
ank(FwJ)—hw /Mb VOL(hw €)

. [fn(gmnk,CB) + fp(gmnk,VB) - 1] . Pmnk(g) -de (3)
and

R (fw) =Ty, - iﬂ/]\ﬁi

SPmak (W) = 2wz * lavey nZegmi A

- L(hw —¢) - [fn(gmnk,CB) : fp(gmnk,VB)]

: popt(hw) . Pmnk(€> - de (4)
where hw is the recombination energy and € = e;nk,cB +
Emnk,vB + Eg, Cy = mhe? [(mieocn,.) where e is the electron
charge, my is the free-electron mass, ¢ is the dielectric permit-
tivity, c is the light velocity, and n,. is the refractive index, M, bz is
the transition matrix element given by the product of the inter-
band matrix element and the overlap integral (12,,,) between
the envelope functions of the electron and hole involved in the
transition [21]

my . Ey(Eq + A) 72

12m:  E,+2ia

M} =

where m] is the electron effective mass, F is the energy gap,
and A is the split-off band, Vj is the volume of the dash that
participates to the emission, L(fiw — ¢) is a Lorentzian func-
tion centered in fiw with FWHM equal to 2A~ that takes into
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account homogeneous broadening due to the polarization de-
phasing [21]

Ay
(hw — <) + (A7)

1
L(hw —¢)=—-
7r

fu(€mnk,cB) and f,(€mnk,ve) are the electron and hole occu-
pation probabilities of the discrete states €,,,,%,cB and €., %, VB-
T',. is the in-plane (plane zz in Fig. 1) filling factor of the
ensemble, and h,ye is the average QD thickness. popt(Aw) =
(1/7?) - (n2(hw)?/(hc)?) is the density of the optical modes
[28].

In (3) and (4), the term P,,,x(g) is a probability density
function (pdf) and the term Py,,x(¢)de corresponds to the
probability of having a recombination between a CB and VB
state with quantum index mnk and recombination energy in the
range [e — de /2, e + de /2], where de is an infinitesimal interval
around €. This term takes into account the size fluctuation of
the dashes [21] and represents the inhomogeneous broadening
contribution to the emission spectrum. Compared to [19]
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and [21], where the inhomogeneous broadening function is
written as a Gaussian distribution, in our model P,,(¢) is
numerically determined starting from the distribution of the
QDash dimension fluctuations.

The total material gain gp,,¢(fiw) and the total spontaneous
emission rate R0, (fiw) are obtained by the sum of all the mnk
contributions.

To simulate the emission characteristics, through (3) and (4),
we first numerically calculate all the confined state energy levels
of the ensemble (g,,,%,cB and ep,nk,cv) and the overlap inte-
grals I,,,,,; with the ERI-like method presented in Section II-A.
All these data are then postprocessed to numerically determine
the inhomogeneous broadening function P,,,(¢) and the oc-
cupation probabilities f,, and f,.

1) Calculation of the Inhomogeneous Broadening Functions
Ppni(e): The dash-size fluctuation is modeled assuming that
each QDash dimension fluctuates with an independent Gaussian
distribution, with average value p, ., and standard deviation
Oh,w,r- Considering fluctuations in the growth, lateral, and lon-
gitudinal directions in the ranges [hmin, Amaz]s [Wmin, Wmaz)»
and [Lyin, Limaz], respectively, the simulator calculates all of
the recombination energies varying simultaneously the QDash
thickness, width, and length with discretization steps Ah, Aw,
and AL. Among the calculated values it determines the recom-
bination energies between the CB and VB states with quantum
index mnk falling in the range [¢ — de/2,e + de/2] and the
corresponding dash size (h;, w;, L;). The term P, (¢) - de is
numerically calculated as

(&)

where py,,, pw,, and pr, are respectively the probabilities of
having the QDash thickness, width, and length in the range
[hi — Ah/Z, h; + Ah/Z], [wi — Aw/Z, w; + Aw/2], and [L7 —
AL/2,L; + AL/2]. For a Gaussian distribution of the size
fluctuations, these probabilities are easily obtained by the error
function er f [31].

2) Calculation of the Occupation Probabilities f,,(€mnk.cB)
and  fp(emnk,ve): To calculate accurately the occupation
probabilities of each confined state in CB and VB, a multilevel
rate-equation model should be implemented [32] including
the particle scattering among levels due to the interaction
with phonons, the radiative and nonradiative recombinations,
and the coupling, through the wetting layer (WL), among
dash populations of different sizes [33]. However, at room
temperatures, the electron and hole populations equilibrate in
each layer and with the WL [32], [34], thanks to the higher
scattering rates between the QDash electronic states compared
to the spontaneous emission rate. As a consequence, we can
define the occupation probabilities in the confined and wetting
layer states through a Fermi distribution that is determined by
the electron and hole quasi-Fermi levels Er. and Epj. We
assume that the values of Fr. and Ej are constant for all
of the dashes of the ensemble (no size dependence) and for
the WL (thermal equilibrium with the carrier population in the
dashes). Fr. and Epj, are set applying the charge neutrality
condition to a unit area of the QDash ensemble [23] as follows:

(6)

Pmnk(ff) * dE = Eiphi : pwi : pLi

N -ngp +dwr - nwr = Ns - pop + dwt - pwL
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where N, is the density of dash per unit area and dwyr, is the
depth of the WL. In (6), nqp and pqp are the numbers of elec-
trons and holes in the average dash of the ensemble as follows:

1
n = E =
1 PQD Emnkgc By~ EFe.h
mnk | +e— KT

where the sum is over all the CB or VB confined states of the
average dash (Eynkpe 5y )- The density of electrons and holes
per unit volume in the WL is given by

* Ere,h=EWLog ve
n,pwL =

e,hwL T . IOg <1 +e T

2 h2 dVVL
where my ;- is the electron/hole effective mass in the WL and
EwLcy vs 1S the CB/VB confined state energy in the WL.

III. NUMERICAL RESULTS

The model presented above can be applied to the analysis
of the emission characteristics of zero-dimensional active ma-
terials with inhomogeneous broadening due to wide size fluctu-
ations.

Since some experimental data (gain and ASE spectra) relative
to the InAs—InP QDash-SOA presented in [35] were available to
us, here we present the simulations that have led to the fitting of
the measured data. These simulations have been performed to
validate our model through a comparison with the experimental
data and to estimate those material parameters that could not be
obtained from measurements. At the end of this section, as an
example of application of our model, we will discuss the effect
of the average dash size and its fluctuations on the gain spectra.

The QDash SOA under investigation has a ridge waveguide
structure that is 2.5-um wide and 2.1-mm long. The SOA is
based on a separate-confinement heterostructure with an active
region comprising four InAs QDash layers, each separated by an
InAlGaAs barrier 25-nm thick [8]. Since the separation among
adjacent QDash layers is about ten times the QDash thickness,
there is no vertical coupling among dashes.

From TEM analysis, the average dash transversal dimensions
are known with a certain accuracy, whereas the longitudinal di-
mension is more questionable and in any case the spreading is
rather significant. To gain experience in the fitting, we exam-
ined first the effect on the gain spectrum of the spreading in
dash length. In Fig. 5, we analyze the effect of the length fluc-
tuations with a dash cross section fixed to 17.3 nm x 1.9 nm.
We plot the probability functions P,,,x(¢)de in Fig. 5(a) and
the corresponding material gain at various population inversions
in Fig. 5(b). The QDdash ensemble has an average length of
1z = 100 nm and a Gaussian distributed length spreading with
o, = 20 nm. In this simulation, only the 00% contributions were
considered, because in the measured ASE (see Fig. 6) no clear
secondary emission peaks due to first order transversal levels
(01k) were observed. We found that this is due to the lateral
[z direction in Fig. 1(a)] quantum mechanical coupling among
dashes that causes the loss of confinement for the 01k states,
whose wave functions are weakly confined in the uncoupled
dash.

Fig. 5(a) (representing the probability functions Py, (¢)de)
shows that the inhomogeneous broadening distributions caused
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corresponding FWHM versus the longitudinal quantum index. (b) Resulting
material gain increasing population inversion of an InAs—InP QDash ensemble
with length fluctuations (¢, = 100 nm and o, = 20 nm) and cross section
fixed to 17.3 nm x 1.9 nm.
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Fig. 6. Comparison between simulated (solid line) and measured (dotted line)
ASE spectra of the InAs—InP SOA presented in [35].

by length fluctuations are strongly asymmetric around their
peak value and therefore they cannot be fit with a Gaussian
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or a Lorentzian shape. Furthermore, the width of the in-
homogeneous broadening is significantly dependent on the
recombination quantum index and its FWHM increases with k
[see the inset of Fig. 5(a)].

We observe in Fig. 5(b) that high gain values are obtained
only in a narrow energy range (between 0.77-0.79 meV, which
is about a 40-nm wavelength span) and that the energy position
of the gain peaks is independent of injected carriers. We also
verified that the peaks do not shift varying the length spreading
and their maximum value is only slightly dependent on o,. This
happens because, for the transitions that mainly contribute to the
gain spectrum (quantum index 000, 001, and 002), the width
of the inhomogeneous broadening [see the inset of Fig. 5(a)] is
narrower than or comparable to the homogeneous broadening
bandwidth (10 meV FWHM). Therefore, the bandwidth of the
emission spectrum is mainly due to the homogeneous broad-
ening, and the length fluctuation has negligible effects. This is
true also for any value of thickness and width spreading.

Running several other simulations with reduced dash length,
we also found that for shorter dashes (i.e., ur, < 40 nm) length
fluctuations are no longer negligible and such length variations
have significant effects on the emission bandwidth and on the
shape of the gain spectrum.

The gain spectra in Fig. 5(b) do not meet the typical behavior
of the QDash system under investigation [35], characterized in-
stead by a wide gain bandwidth. As a consequence, we suppose
that the QDash ensemble we examine is mainly characterized by
fluctuations in the size of the cross section, whereas the length
fluctuations have a less significant effect on determining the
width of the emission spectrum.

In order to quantify the effect of the cross-section-size fluctu-
ations, we tried to fit the measured ASE spectra that were avail-
able at different current injections (see Fig. 6). We have run sev-
eral simulations considering various QDash ensembles, charac-
terized by different average sizes and various spreadings of the
transversal dimensions.

The simulated ASE spectra have been obtained from (3) and
(4) according to

eInet (hw)Lsoa _ 1

Pase(hu/) = NLwSOARspon(hw> . (7)

YInet (hw)
where Ny, is the number of QDash layers, wsoa and Lgoa
are the width and length of the SOA active region, gpet(hw) =
I'gmat (Aw) — ¢ is the net modal gain, and « is the internal modal
loss. I" represents the optical field confinement factor in the dash
active region and it is given by the product of the filling factor
I',.. with the confinement factor I'y in the growth direction [19].

The best fitting results we obtained are shown in Fig. 6, where
the simulated and measured ASE spectra are compared. To fit
the measured data, it was important to introduce the effect of the
strain. In our particle-in-a-box model, the strain has been taken
into account as a modification of the InAs effective masses and
of the energy gap with respect to the bulk case [24]. In partic-
ular, we set an increased effective mass for the electrons (m} =
0.04my, [25]) and we introduced effective masses dependent on
direction (mzlh, = 0.042m¢g and myy,, 1 = 0.538my [25]) for
the holes. Since in [2] an energy gap increase was calculated for

TABLE 1
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QDASH ENSEMBLE MATERIAL AND GEOMETRICAL PARAMETERS

Material Parameters

InAIGaAs/InP barrier

my 0.059-my, [36]
m;, 0.43-my, [36]
E, 1.052eV, [36]
CB offset 65.8% AEg, [37]
VB offset 34.2% AE,, [37]
InAs

my 0.04-my, [25]
o 0.042-my, [25]
Mhn 1 0.538-my, [25]
Nr 3.5

240y 10meV [21]
Ensemble Parameters

average length pr, 180 nm
average thickness yp, 2.1nm
thickness fluctuation oy 0.28nm
average width p,, 15nm
width fluctuation o, 0.8nm

dash density N 2.35-10%cm—2

filling factor I'z, 63.45%
confinement factor Ty 1%
internal modal loss o 7em™!
number of layers N 4

InAs-GaAs QD with strain, we have slightly increased the bulk
InAs energy gap to match the simulated emission wavelength
range with the measured one.

All parameters used in the simulation are listed in Table I for
the InAs dash ensemble and InAlGaAs barrier. The table shows
that the best fitting is obtained with an average length-to-width
ratio of 12:1 and by introducing fluctuations in the QDash thick-
ness and width. The length fluctuations were neglected because
for long dashes, as in this case, the length spreading has a less
significant effect on determining the gain bandwidth. We also
observed that, with this set of parameters, the thickness fluctu-
ations have a stronger effect on determining the emission band-
width, whereas the width variation plays a less significant role.
This is also in agreement with the results reported in [17] for
InAs QD.
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Fig. 7. Comparison between simulated (solid line) and measured (circles)
net modal gain versus wavelength at 1.2 kA/cm?®. The net modal gain spectra
simulated increasing the quasi-Fermi level separation (AEF,E,L) are also
shown as the dashed line.

With the obtained fitting parameters, the net modal gain has
been calculated versus wavelength at increasing population in-
version. The simulated results are shown in Fig. 7 and compared
with the available measured curves of gain at 1.2 kA/cm? cur-
rent injection.

From these simulations, we have found that, in order to match
the ASE and the gain bandwidth, it was essential to introduce
the thickness spreading. Indeed, as the thickness is the smallest
QDash dimension (average width-to-thickness ratio about 7:1),
even small thickness variations produce wide confined-state en-
ergy fluctuations, if compared to the energy level dispersion
caused by the length and width spreading. Therefore, in this
considered case, it is the thickness inhomogeneity that assures
the wide emission bandwidth of the QDash material, whereas
the long dash length guarantees adequate gain values for prac-
tical applications, thanks to the contribution of the several suf-
ficiently filled longitudinal states (00k).

From these results, we demonstrate that, starting from a rela-
tively well known set of parameters, we were able to fitwitha good
quantitative agreement the ASE and gain spectra. This validation
of the proposed model allows the use of our code to predict and
compare the gain characteristics of various ensembles with dif-
ferent average dash sizes and different size spreadings.

As an example, we compare in Fig. 8 the gain spectra of two
QDash systems with two different dash lengths (50 and 180 nm),
and we discuss the effect of thickness fluctuation in the two
cases. The 50-nm value gives a length-to-width ratio of about
3:1 that corresponds to the minimum ratio for having a QDash
behavior [11]. The comparison is done assuming that the two
ensembles have the same spreading of the dash thickness and
width and the same transversal and longitudinal separation (5
and 8 nm, respectively) among dashes. Therefore, the shorter
dash ensemble has a higher density of dash per unit area (i.e.,
for L = 50 nm, N, = 7.9 - 10 cm?, and I, = 59.3%) com-
pared to the longer dash ensemble (i.e., for L = 180 nm, N, =
2.35-100 cm?, and I, = 63.4%). This criterion was chosen
because the gain spectra of the two ensembles, calculated at the
same carrier injection per unitarea (N = Ny-ngp+dwrL-nwL),
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Fig. 8. Optical gain spectra at various carrier injections of two different dash
ensembles characterized by short (L = 50 nm, dashed line) and long (L =
180 nm, solid line) dashes and thickness spreading of (a) 0, = 0.28 nm and
(b) o5, = 0.14 nm around the average value of 2.1 nm.

have comparable gain. Fig. 8(a) shows that in the case of thick-
ness spreading o, = 0.28 nm the two ensembles give very sim-
ilar gain spectra for any carrier injection. We have also observed
that this behavior maintains for any average dash length longer
then 50 nm. On the contrary, in the case of a reduced thickness
spreading (o, = 0.14 nm), the shape of the gain spectra de-
pends more on the average dash length as shown in Fig. 8(b). For
L = 50 nm, the secondary peaks due to higher order longitudi-
nally confined states (003 at 1400 nm and 004 at 1320 nm) are
clearly visible, whereas they are smoothed out in the spectrum
of the L = 180 nm ensemble. We thus conclude that in the case
of o5, = 0.28 nm the QDash system shows a quantum-wire-like
behavior [35], because the resulting emission characteristics are
independent of the dash length. For 0, = 0.14 nm, the effect
of the longitudinal confinement is evident only in short dashes
(L = 50 nm), whereas it disappears with longer dashes.

IV. CONCLUSION

In this paper, we have presented a numerical model that al-
lows us to calculate the spectral emission characteristics (ASE
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and gain) of a QDash active material. Starting from good esti-
mates of the dash geometry and material composition and taking
into account the effect of strain as a modification of the carrier
effective masses compared to the bulk values, we were able to
fit, with a good quantitative agreement, our simulated results
with the measured ASE and gain spectra of an InAs—InP QDash
SOA. We have found that the wide gain bandwidth of this inves-
tigated device is mainly determined by the thickness spreading
(QDash smallest dimension) and secondarily by the presence of
several confined states given by the dash elongated form. Our
code has been used to predict the spectral emission characteris-
tics of various QDash ensembles. In this paper, as an application
example, the model has been used to evaluate the effect of the
thickness fluctuations on the spectral emission characteristics of
two different QDash ensembles characterized by long and short
average dash lengths, respectively. The comparison has shown
that in the case of wide dash thickness fluctuations (about 10%
the average thickness) the gain spectra results are independent
of the dash length, and the system presents a quantum-wire-like
behavior. On the contrary, decreasing the thickness spreading to
about 5% of the average thickness, the effects due to the lon-
gitudinal confinement appear only in the gain spectra of the
short-dash ensemble.
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