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Abstract—We present a simulation tool useful to optimize the
design of semiconductor tapered lasers and to study the physical
processes inside of them. This is achieved by using a state-of-the-art
quasi-three-dimensional (quasi-3-D) electrical and thermal model,
coupled to a two-dimensional (2-D) wide-angle beam propagation
method optical model. A calibration procedure of model parame-
ters is proposed to contribute to the development of reliable simu-
lation tools. Different laser diodes with a tapered gain section, emit-
ting at 735 and 975 nm, are used to validate the model through the
extensive comparison of experimental and simulated results. The
suitability of 2-D and 3-D electrical, thermal, and optical models is
discussed in terms accuracy and computational effort.

Index Terms—Beam quality, filamentation, high-brightness
lasers, laser modeling, tapered lasers.

1. INTRODUCTION

IGH-BRIGHTNESS semiconductor laser sources are

one of the most promising devices for current and future
applications in the optoelectronics industry. Like other semicon-
ductor lasers, they have incomparable features like small size,
high conversion efficiency and low cost. In addition, the superior
beam quality of these devices improves their performance for
some applications, such as coupling high power into an optical
fiber. Broad-area (BA) lasers have demonstrated the highest
output power, but the beam quality provided at high power is
poor. Tapered lasers, also called flared unstable cavity lasers,
are one of the many different designs proposed to achieve a high
power-high brightness semiconductor source (see [1]-[3] and
references herein). Tapered lasers are currently the most straight-
forward devices for achieving high brightness at moderate cost,
due to the technological simplicity of their fabrication. In fact,
the number of research groups reporting tapered lasers with
high output powers and improved beam quality at different
wavelengths is continuously expanding [4]-[12].
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Fig. 1. Schematic view of a tapered laser.

Tapered lasers consist of a ridge waveguide (RW) section and
a tapered section (see Fig. 1). The role of the straight section is
twofold: it provides a single spatial mode, which is launched
into the tapered section, and it filters out the radiation coming
from the backward traveling reflected field. The single-mode
pattern diffracts during the propagation along the tapered
section, lowering the optical density while maintaining the
beam quality. The comparatively low optical density reduces
the impact of nonlinear phenomena related to the spatial hole
burning (SHB) effect, and also reduces catastrophic optical
damage (COD) at the laser facet.

Two clearly different types of tapered sections have been re-
ported to date: large gain-guided tapers with a taper angle close
to the free diffraction angle [1], [2], [4]-[12], and narrow index-
guided tapers with small angle (<1°) [3], [9]. In both cases,
beam deterioration due to nonlinear effects, such as self-fo-
cusing and filamentation, is the practical limiting factor at high
power (i.e., they are not limited by COD). Proper design of both
the epitaxial structure and the geometry (relative section lengths
and aperture angle) is essential to delay the onset of filamenta-
tion in a tapered laser. However, although the basic ideas behind
tapered laser design are simple, the complete underlying physics
is complex. Accurate simulation models are desirable not only
to understand the strong nonlinear phenomena involved, but
to demonstrate reliable predictive capabilities and help device
manufacturers to improve designs. To achieve this goal in a prac-
tical way, it is not sufficient to develop an accurate simulation
model. Rather, it is also necessary for the simulation procedure
to rely upon a limited number of calibration parameters.

Several groups have previously published simulation models
solving the optical, electrical, and thermal equations for
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tapered amplifiers [13], [14] and tapered lasers [3], [7], [8],
[11], [15]-[18], with different types of approximations. Up to
now, the publications describing models for this type of lasers
have provided only limited comparisons with experimental
results, making difficult a clear verification of their validity for
design applications. We have developed a quasi-three-dimen-
sional (quasi—-3-D) model solving the bipolar electrical and
thermal steady-state equations, coupled to a two-dimensional
(2-D) wide-angle finite-difference beam propagation method
(WA-FDBPM) model to accurately solve for the optical field
distribution. Some of the features of this CW model have been
partially described in previous contributions [19]-[21], and
the key nonlinear phenomena were identified in [19]. Here
we describe with more detail the terms included in the model,
the numerical implementation details, and the parameter
calibration procedure and validate the model by comparing
with experiments in three different types of devices. The
simplifications of the model rely on a single-frequency steady-
state approach. However, the good results obtained over a
wide range of conditions confirm its validity until the beam
instabilities appear.

This paper is organized as follows. In Section II, we describe
in detail the model and the numerical approaches. In Section III,
we describe the experimental devices and the parameter calibra-
tion procedure, and we compare simulations with experimental
results. In Section IV, we discuss the suitability of 3-D versus
2-D models and we apply the modeling results to analyze the
beam properties of the devices under study. Finally, the main
conclusions are summarized in Section V.

II. MODELING
A. Model Overview

The numerical solution of the complete semiconductor equa-
tions, the vectorial wave equation and the heat flow equation
for a tapered laser, is currently a problem needing extremely
high computer resources. For this reason, a number of assump-
tions are necessary to produce a practical simulation model,
but without missing the main physical mechanisms governing
the device.

The model solves self-consistently the complete steady-state
electrical, thermal, and optical equations for the unstable res-
onator. In order to reduce the complexity of the problem, we
solve the 2-D electrical and thermal equations for the vertical-
lateral plane (Y X plane, see Fig. 1) at different positions along
the longitudinal axis (Z axis). The model can include the inter-
action between Y X slices (longitudinal carrier and heat flow),
but we have verified that the longitudinal flow of carriers can be
neglected in these devices, whereas the longitudinal heat flow
has a certain impact on the overall heating (see Section IV),
but does not significantly affect the lateral temperature profile.
A 2-D wide-angle finite-difference beam propagation method
(WA-FDBPM) algorithm, making use of the effective index ap-
proximation, is used to propagate the optical field in the X7
plane. This approach has already been proven to be valid in com-
parison with a complete 3-D BPM model for the structures re-
ported here [21]. A detailed description of the original approach
used to couple the electrothermal and optical equations is given
in Section II-E.
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Two different approaches have been implemented regarding
the lateral direction: 1) a full-space model and 2) a half-space
model assuming lateral symmetry. The first option makes it pos-
sible to simulate beam asymmetries at the expense of a higher
computational effort. The choice depends on the structure and
the operating conditions of the device under study. The results
obtained in the structures presented here are coincident.

The bias voltage is the input parameter defining the injection
conditions. Our quasi-3-D model is assisted by a one-dimen-
sional (1-D) simulator that provides, for each bias, initialization
data and the emission wavelength, which is kept constant.

B. Electrical Model

The electrical model is based on the self-consistent solution
of the Poisson and continuity equations for electrons and holes
within different XY planes as follows:

V(Equb)—qu(p—n%—ND—NA) =0 (1)
an —q (Rnr + Rsp + F;}W) =0 (2)
Vjp +q (Rnr + Rsp + FI?W) =0 (3)

Two additional continuity equations are formulated for each
quantum well (QW) to account for the interactions between the
confined and unconfined carrier populations as follows:

[ Fra-(m Ry R =0 @

qw

/ Fu]()]wd,v _ (Rgr’ + Rg}? + Rst) =0 5)
qw

where the terms FJI™ and FI™ are the net capture/escape
rates according to the model described in [22]. Nonradiative
recombination (R, )—including Shockley—Read-Hall (SRH)
and Auger—and spontaneous recombination (Rs,) terms are
included along the complete device, in addition to the stimu-
lated recombination in the active region (Rst). The model also
includes free carrier absorption and bandgap renormalization
with standard dependencies and parameters extracted from the
literature. A more complete description of the terms included
in the equations, as well as the numerical procedures, can be
found elsewhere [19], [20], [23], [24].

The material gain and spontaneous recombination rate in the
QWs are calculated assuming parabolic bands and Lorentzian
broadening. In Section III-B, we describe our approach to take
into account band-mixing effects within a parabolic band model.
The local material gain (or absorption) is calculated at the lasing
wavelength for each point of the mesh, taking into account the
local temperature and quasi-Fermi levels.

The electrical equations are solved in the volume defined by
the total thickness of the epitaxial layers, cavity length, and
chip width. Voltage-controlled ohmic contacts are assumed
for the boundary conditions [24] at the epilayer—metal and
epilayer—substrate interfaces, and zero normal current at the
chip edges. The input data for the equations are taken from
material databases according to the epilayer structure. Etched
and implanted regions are simulated by assuming negligible
carrier mobility.
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The equations are discretized using a finite difference ap-
proach and separate, nonuniform, meshes for the Y and X axes.
The denser regions in the Y and X axes correspond to the QW
and to the border of the implanted/etched areas, respectively.
The X mesh depends on the longitudinal position, with typi-
cally around 50 mesh points. We chose 100 pm for the XY
slice separation, having checked that the results in our structures
were similar for smaller separations. The numerical procedure
used to solve the system of equations can be found elsewhere
[20], [25]. When convergence is reached, complete 3-D maps
are produced of the electrical variables (electrostatic potential
and quasi-Fermi energies for electrons and holes), consistent
with the photon and temperature distributions. Carrier and cur-
rent densities are easily derived using standard expressions. We
should stress that this approach properly considers the current
spreading and the nonuniformity of the injected current density;
two features that are needed to accurately model the SHB effect.

C. Thermal Model
The 2-D heat-flow equation is solved at each XY slice

V(tVT) 4+ w(z,y) =0 (6)

where the term for the local heat sources, w(z,y), takes into
account: 1) Joule heating; 2) nonradiative (SRH and Auger) re-
combination; 3) photon absorption by free carriers; and 4) a
heat-source, arising from the so-called excess power, needed
to fulfill the energy conservation. The excess power mainly ac-
counts for the spontaneous and the scattered laser emission that
is absorbed inside the cavity. To validate this approach, we have
quantitatively checked that the obtained excess power is in good
agreement with the integrated spontaneous and the laser scat-
tered emission power. This heat source is spatially distributed
according to the transparency properties of the substrate. More
details can be found in [20] and [23].

In addition to the epilayer, the substrate, the metal layers, and
the heat sink are also considered in the thermal solution. The
boundary conditions used with the heat flow equations in the
case of a p-down-mounted laser are: negligible heat flow at the
n-metal and lateral chip external interfaces, and uniform room
temperature at the bottom of the heat sink. The local heat flow
toward the heat sink is controlled by the thickness of the copper
heat sink, which is used as a fitting parameter to reproduce the
measured average heating of the active layer. In this way, we
do not need to consider the heat spreading in a real heat sink,
which is larger than the semiconductor chip, thereby reducing
the size of the computational window. Etched regions are ther-
mally simulated by introducing the thermal conductivity of the
planarization isolator.

The heat flow equation is discretized with a finite difference
method, and the system of equations is solved by using a stabi-
lized biconjugate gradient method. When the longitudinal flow
is taken into account in (6), an iteration loop sweeping the lon-
gitudinal direction is implemented, until a stable solution for the
temperature is produced.

D. Optical Model

The optical model is based upon the finite-difference beam
propagation method, using wide-angle formulations based upon

Thermal Model

Temperature
index perturbation

Photon density

Optical Model

Electrical Model

Current+carriers

IGain+index perturbation I

Fig. 2. Input/output interface of the electrical, thermal, and optical models.

successive Padé approximations. The effective index method is
used to approximate the original 3-D taper structure by a 2-D
structure in the X Z plane. At the edge of the analysis window,
the perfectly matched layer (PML) boundary condition has been
implemented. The phase component of the optical field is con-
served at each complete roundtrip. The propagation step for the
WA-FDBPM is typically set to 1/50 of the electrical slice sepa-
ration. The beam spoilers have been represented by setting the
field to zero at the beam spoiler location, similar to the proce-
dure used in [15]. More details on the optical model can be found
in [19].

E. Coupling Between Models

The coupling of the electrical, thermal, and optical equations
is critical for obtaining a stable solution in unstable cavity
resonators. Our model has been implemented using a modular
structure in which an input/output interface is defined for
each module, making it easy to implement different coupling
schemes. The interfacing between the different modules
is illustrated in Fig. 2. The execution flow, denominated
coupled solution method [26], consists of the following
module interaction.

1) The electrical model solves a given XY plane located at a
longitudinal position z = j and corresponding to the k-th
propagation trip. It makes use of the photon density distri-
bution provided by the optical model and of the calculated
temperature distribution from the & — 1 propagation trip.
In the case of z = k = 1, the initial guess of the optical
field is based on the profile of the fundamental mode of
the waveguide. In addition, the electrical model assumes
an isothermal temperature distribution for k£ = 1.

2) The heat sources are calculated and the heat flow equation
is solved using the electrical solution as input, yielding the
XY temperature distribution at z = 7. This distribution is
not used to recalculate 1) according to an electrothermal
loop. Instead, the distribution is used the next time the
electrical module solves this slice (i.e., k = k + 1).

3) The real and imaginary parts of the dielectric constant
perturbation are calculated using the results from 1) and
2), according to the formulation detailed at the end of this
section.
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4) The optical field is propagated from z = jtoz = j+ 1 or
7 — 1 (depending on whether k is a forward or backward
propagating trip) with the data provided by 3). When the
propagation process reaches one of the mirror facets, a
reflection coefficient is applied and a new propagating trip
starts. The loop is closed when the resulting optical field
is delivered to 1).

After several roundtrips along the cavity (typically five to
ten), a stable self-consistent solution for the optical field, car-
rier, and temperature distributions along the complete cavity is
found. The convergence criterion is based on the stability of the
optical field at the back facet, both in shape and power, after
two consecutive round trips. It is mathematically expressed by
the parameter ¢ as follows:

c = <|fn_fn—1|7|fn_fn—1|> (7)

<|fn + fn—1|7 |fn + .fn—1|>
where f,, is the optical field at the rear facet after n round trips,
and (,) denotes scalar product. The iterative process ends when
¢ is lower than a user-specified threshold value.

Once we have obtained a stable solution, a complete set of
output results is generated: 1) output power by integrating the
optical field at the output facet; 2) input current by integrating
the current density at the p- or n-metal surfaces; and 3) a col-
lection of figures of merit (far-field (FF) divergence, M? pa-
rameter, astigmatism, and virtual source width), calculated after
postprocessing of the final optical field distribution.

However, the convergence criterion may not be fulfilled for
all bias conditions. The laser designs studied up to date yield a
stable solution up to a certain value of the injection current (bias
voltage). Any further increase in current makes the convergence
process slower, due to the onset of filamentation, and at even
higher currents fails to convergence altogether. This lack of con-
vergence is associated either with a wandering shape of the field
or to a gradual power reduction. The convergence properties are
quite dependent on the details of the device structure. The ab-
sence of convergence appears to be related to the observation of
beam filamentation and power saturation at high injection levels.

To ensure a good reproduction of the physical processes
leading to filamentation, it is important to properly define the
local perturbation of the dielectric function caused by carriers
and temperature. Unlike most previous models, we characterize
independently the variations of the refractive index and of the
material gain, instead of using a single value for the linewidth
enhancement factor. The gain provided to the optical model
is calculated taking into account the local material gain, the
vertically integrated free-carrier absorption losses, and the scat-
tering losses. The perturbation of the effective refractive index
Sne(z, z) takes into account carrier— and temperature-induced
changes as follows:

ne(z,2) = dnr[T(x, 2)] + dnn[N(z, 2)] (8)

where T'(z,z) is the active layer temperature. We calcu-
late the temperature-induced change énr[T(x,z)] with a
linear dependence

on

Snr[T(z,2)] = a7 = (T'(x,z) — Trr) )
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TABLE 1
GEOMETRICAL PARAMETERS OF THE DEVICES UNDER STUDY

Device A B C
Wavelength (nm) 975 975 735
Guiding (tapered Index Gain Gain
section)

Taper full angle (°) <1 4 4
Ridge waveguide 200 500 750
length (um)

Beam spoilers No Yes No

where T is the room temperature. The carrier-induced refrac-
tive index perturbation 6n x [N (z, z)] considers the contribution
of QW carriers and a nonlinear dependence as follows:

dny[N(z,z)] =n Z V/Ni(z,2)Ti,

(10)

where N; and '}, are the carrier concentration and vertical con-
finement factor, respectively, at the sth QW and n; is a neg-
ative coefficient determining the index variation. The square
root function in (10) has been chosen after analyzing our own
measurements [27], other published experimental results [28],
and theoretical calculations [29]. The coefficient n; has been
used as a fitting parameter, which is kept constant for a partic-
ular epitaxial device structure. The wavelength and temperature
dependencies of the carrier induced index variations have not
been considered.

III. MODEL VALIDATION
A. Experimental Devices

Three different device geometries, at two different wave-
lengths, with a common cavity length of 2 mm are used in this
work: A) 975 nm laser with a small-angle index-guided tapered
section; B) 975 nm laser with a large-angle gain-guided tapered
section; and C) 735 nm laser with a large-angle gain-guided
tapered section. The most important geometrical parameters of
these devices are summarized in Table I.

Devices A and B were fabricated with identical epitaxial
structures, which are described in more detail in [9]. In brief,
the laser structure consists of a strained InGaAs QW embedded
in InGaAsP confinement layers and InGaP cladding layers.
The 735-nm laser structure consists of a tensile strained GaAsP
QW with AlGaAs confinement and cladding regions [10], [30].
Both designs employ a large optical cavity to reduce the fast
axis divergence and to decrease the tendency to filamentation,
with similar values for the vertical confinement factor. The
technological details related to the device fabrication were
slightly different for the two material systems, including in both
cases etching to define the index guided sections, and ion-im-
plantation to define the injection area. Antireflection (~5%)
and high reflection (~90%) coatings were applied to the front
and back facets, respectively. The devices were mounted p-side
down on passive heat sinks. BA lasers with contact widths
of 100 pm and different cavity lengths were also fabricated
to assess the material quality and for the determination of
simulation parameters, as will be described later.
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The main design difference between the two devices with a
large gain-guided tapered section and different emission wave-
lengths (devices B and C) was the presence of beam spoilers
in the case of the 975-nm laser (device B). The beam spoilers
were fabricated by etching grooves adjacent to the RW structure,
down through the active region and angled to deflect unwanted
radiation. The grooves were placed at the end of the RW section
adjoining the tapered section and acts as a spatial filter.

A complete characterization procedure was applied to the fab-
ricated laser devices at room temperature and under CW con-
ditions. It included the measurement of power—voltage—current
characteristics, FF patterns for the fast and slow axes, near-field
(NF) patterns at the output facet and at the beam waist, beam
astigmatism, and beam quality parameter M?2 (1/e? definition).

B. Simulation Parameters and Fitting Procedure

Most of the simulation parameters employed in the simula-
tions for AlGaAs and InGaAs (bandgap, mobilities, refractive
indexes. . .) were taken from standard references [31], [32] when
properly known. The InGaAsP bandgap energy was estimated
from photoluminescence measurements, and a value of 0.65
was assumed for the conduction band offset in the InGaAs—In-
GaAsP heterojunction of 975-nm devices. The band alignment
presented in [30] was employed for the GaAsP-AlGaAs QWs.
A value of 2x 10739 cm®. s~1 was used for the electron and hole
Auger coefficients, based on GaAs values [31]. The electron and
hole free carrier absorption coefficients were 3 x 10~® cm? and
7 x 1078 cm 2, respectively, also based on GaAs values [33].

The first stage of the calibration procedure involves the cor-
rection of the parameters used in the parabolic band model,
to take into account band-mixing effects with low computa-
tional effort. We fitted the maximum material gain and spon-
taneous recombination current versus carrier density relation-
ships calculated using parabolic bands to numerical results ob-
tained from an eight-band k-p theory [31]. The input parameters
were the QW energy levels and effective masses, together with
two scaling parameters for the gmat(n) and Rsp(n). Very good
agreement was achieved for a wide range of carrier densities.

The next step in the calibration procedure was to determine
those parameters related to the material quality (internal losses
and SRH recombination parameters) by means of BA laser mea-
surements. We compared 1-D simulations with experimental re-
sults in terms of threshold current density .J;;, dependence on the
cavity length L, internal quantum efficiency 7;,, internal losses
Qin, and characteristic temperature 7j.

The value of 7y, iy, and characteristic temperature 7}
was extracted from the experimental data using standard
procedures [31], and the same treatment was applied to the
simulated results.

In the case of 975-nm devices, the best agreement was
achieved by including SRH recombination in the QW region
and 0.3 cm~! for the scattering losses, yielding 1.4 cm~! for
the total internal losses. In the case of 735-nm lasers, SRH
recombination was included in the graded index heterostructure
(GRIN) region, instead of the QW, and no scattering losses
were considered (the calculated free carrier absorption losses
accounted for the measured internal losses). Table II compares
the results of 1-D simulations and experimental results for

TABLE 1I
COMPARISON OF EXPERIMENTS AND SIMULATIONS FOR
BA LASER PARAMETERS

Exp. (975 Model (975 Exp.(735 Model (735
nm) nm) nm) nm)
Jo (A/em?) 64 71.1 170 176
I Go (ecm™) 14.5 13.5 24.6 26.4
To (°K) 127 122.6 66 66
Nin (%) 94 92 83 84
Qin (cm—1) 1.5 14 0.6 0.8

BA lasers fabricated in both material systems. Good general
agreement was found for the optoelectronic properties, as well
as for the voltage—current characteristics.

The final stage of the calibration procedure has two param-
eters: one to account for the carrier-induced refractive index
change and the other one to account for the heat transfer effi-
ciency. For the first one, we focused on the main effect of the
carrier lensing, trying to achieve a good agreement between sim-
ulations and experiments in terms of the beam divergence at a
fixed output power. This was achieved by using the coefficient
ny as fitting parameter, relating the index change and carrier
density in expression (10). Values of —4.1 x 10~ ¢cm3/2 and
—2.7x 10~ ¢m?/?2 for n, provided simulated FF patterns sim-
ilar to those measured at high power for devices A and C, respec-
tively. These values were used for the simulation of all devices
with the corresponding epitaxial structures. The fitted value of
n for the 975-nm devices was similar to the value we measured
in BA lasers [27] —4.7 10~ c¢m?/2.

We found that the thickness of the copper heat sink was the
best fitting parameter to reproduce the measured values of the
active region temperature; in this way, we defined the total value
of the device thermal resistance. However, we could not mea-
sure the spatial temperature distribution, but only to estimate the
average temperature increase from the shift of the lasing wave-
length (assuming a standard dependence). In consequence, we
simply modified the fitting parameter to achieve a temperature
increase (on average) roughly similar to the experimental value.
It was observed that, by changing the heat sink thickness, we
shifted the absolute value of the temperature without important
modifications to the shape of the lateral and longitudinal tem-
perature profiles.

C. Model Validation: Simulations Versus Experiments

Fig. 3 shows the experimental and simulated optical power—
current (P—I) characteristics of the three laser structures. The
agreement between experiments and simulations in terms of
threshold current and slope efficiency was fairly good, partic-
ularly taking into account that our fitting procedure was only
related to the properties of BA lasers and to the FF patterns at a
single power, and that constant values for these parameters were
used for each material system. The maximum powers for the ex-
perimental P—I curves in Fig. 3 were not limited by the setup or
by COD, but they correspond to a saturation value, indicating
a physical limit. In the case of the simulations, the maximum
power shown in Fig. 3 corresponds to the maximum bias cur-
rent yielding a stable solution: at higher bias currents, we did not
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Fig. 4. Comparison of the experimental and simulated FF patterns at low and
high output power for devices A, B, and C.

achieve convergence, but a reduced output power and narrower
beam profile at each iteration step. The values for the max-
imum power in simulations agreed fairly well with the measured
values. We conclude that the main physical mechanism limiting
the maximum power is properly reproduced in the simulations.
Similar experimental behavior was reported by Donnelly et al.
[34] in 1.5-pm lasers with a tapered gain-guided region.

Some examples of measured and simulated FF patterns
(without the corrections for the quadratic phase curvature
usually made in the literature) are shown in Fig. 4 for the three
devices under study at two different power levels. It can be
observed that the shape and evolution with output power of the
FF patterns are completely different for the three devices under
study, as discussed later in Section IV-B. In spite of this, the
global agreement between simulations and experiments is very
good, especially taking into account that the exact pattern for
device C is device-dependent, which makes the comparison
more difficult. The measured and simulated evolution of the
FF divergence of devices A and B, and the evolution of the
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Fig. 6. Comparison of the experimental and simulated virtual source width at
1/e2 and astigmatism as a function of the injection current for device B.

beam waist, and the astigmatism for device B are compared in
Figs. 5 and 6 as the output power is increased. A detailed com-
parison between simulations and experiments for device C has
been previously reported in [19]. In all cases, the simulations
follow same trends than the experiments, with good qualitative
agreement and some differences in quantitative parameters in
device B (see Figs. 5 and 6). We conclude that the numerical
model and calibration procedure correctly account for the main
physical effects determining the beam properties.

IV. DISCUSSION
A. Need and Limits of a Quasi-3-D Model

Any numerical model of a semiconductor device must con-
sider the balance between how completely it describes physical
processes and its applicability due to limited computer resources
and complexity of input parameters. In this section, we analyze
this balance in the model previously described with the aim of
justifying the need for a quasi-3-D model for the simulation of
tapered lasers, but being aware of the limitations of the steady
state and single wavelength assumptions.

Previous publications reporting dynamical models [16], [18]
have pointed out the nonlinear dynamic interaction between the
gain medium and the optical field and its role in filamentation
phenomena and spectral characteristics in semiconductor lasers.
However, a complete quasi-3-D time-dependent and spectrally
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Fig. 7. Lateral pattern of the electrons and holes current density J,, at four

different positions in the epitaxial structure.

resolved model would need extremely high computer resources.
The goal of our model is to analyze the CW beam properties at
high power levels, and to contribute to improve the geometrical
designs; in consequence, our steady-state single-frequency ap-
proach is an adequate compromise between applicability and
complexity, as demonstrated by the good agreement between
experiments and simulations shown in previous section.

The group of Lang et al. [13] presented the first numerical
model of a flared semiconductor amplifier, which included
a simplified gain model together with a BPM for the optical
field, and a thermal model. Their model predicted the enhanced
performance of flared devices, which was later experimentally
demonstrated [5]. Subsequent models by different groups [3],
[71, 8], [11], [15]-[18] expanded Lang’s work improving
the electrical equations, considering in some cases dynamical
effects, and including tapered lasers. The main difference
between this work and previously published models for tapered
lasers (steady state or dynamical), is the inclusion, for the first
time, of the vertical direction in the thermal and electrical so-
lutions. In the following paragraphs, we justify the importance
of a complete solution of the laser cross section, especially in
the simulation of the RW section. Previous 2-D models for RW
lasers [35] have already pointed out the need to consider 2-D
current flow.

The use of a 1-D standard unipolar diffusion equation for the
lateral direction in the QW plane implies a flat or assumed cur-
rent injection profile, clearly limiting the precision to reproduce
current spreading and SHB, which are key phenomena in ta-
pered lasers. In order to stress the need to accurately simulate
this dimension, we have plotted in Fig. 7 the lateral distribution
of the vertical current density (J,) for the RW section of de-
vice C at four different positions along the epitaxial structure.
In the graph, we can see that the width of the injected region
is determined by current spreading along the RW section, and
by the carrier diffusion in the QW, with noticeable differences
between the electron and hole injection profiles (not shown).
After a high number of tapered laser simulations, we have veri-
fied that the resulting current distribution (and, in consequence,
the gain and index profiles) depends strongly upon the epitaxial
structure, the etch depth, and the recombination processes in the

Epitaxial axis (um)

0 : _
-60 -40 20 0 20 40 60
Lateral axis (um)

Fig. 8. Temperature map of device A at the RW section. The range shown goes
from T" ~ 36°C (black) to T ~ 39 °C (white).

QW. Furthermore, the resulting injection profile depends on the
bias level, making it very difficult to account for all these mech-
anisms with a 1-D model. On the other hand, as we pointed out
in Section II-A, the use of a full 3-D electrical model by in-
cluding the interaction between XY slices does not affect the
results. We conclude that our quasi-3-D electrical model (solu-
tion of electrically independent device cross sections) is the best
compromise between accuracy and computational efficiency.

The lack of a complete 3-D map of the electrical variables im-
plies a limited calculation of the local heat sources. As a conse-
quence, most of previous models for tapered lasers only attempt
to solve for the lateral temperature distribution using Lang’s
model [13]. The model reported in [15] includes the complete
3-D thermal solution, but the heat sources are calculated from a
1D electrical model. A fully 3-D thermal model has two main
advantages: to account for the longitudinal flow of heat and to
properly simulate nonuniformities in the vertical direction, e.g.,
the isolators introduced in the etched regions.

The complete solution of the thermal problem is of critical
importance for the index guided sections. For instance, in de-
vices A and B a polymer with low thermal conductivity was
used as the planarization isolator in the etched regions. Although
these regions are only several micrometers wide, the heat flow
toward the heat sink is modified and the resulting temperature
profile is clearly 2-D. This effect is illustrated in Fig. 8, where
we have plotted the temperature distribution at the output facet
of device A for an output power of 0.4 W.

The influence of including the longitudinal heat flow in the
solution can be appreciated in Fig. 9. In the upper part we show
the QW temperature distribution without longitudinal heat flow
(quasi-3-D), while in the lower part this term was considered
in the equations (full 3-D). The lateral temperature gradient,
which is the most important thermal parameter affecting the
beam properties (due to thermal lensing), is similar in both
cases. However, the quasi-3-D solution overestimates the
longitudinal temperature gradient (about five degrees for this
particular operating condition, P = 0.4 W). This difference
is not very important in most cases, although it can produce
a decrease in the modal gain at high injection conditions, due
to the thermal shift of the local gain maximum. We think that
a fully 3-D thermal model provides some advantages at a
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reasonable computational cost, but a quasi-3-D thermal model
is appropriate for most tapered laser simulations.

In a previous contribution [21], we reported that a 3-D
WA-FDBPM optical model shows a little improvement com-
pared to a 2-D WA-FDBPM, whereas the computer resources
needed are about one order of magnitude higher.

B. Analysis of the Beam Characteristics

In this section, we discuss the physical insights obtained
from the simulation of the three tapered laser structures under
study to get a better understanding of their optoelectronic
properties. We begin by summarizing the different behaviors
observed in the beam properties, both in the experimental and
the modeling results.

1) Device A (narrow taper at 975 nm): single-lobed NF
and FF patterns with a Gaussian-like shape. The FF
divergence increases with increasing power (Fig. 5)
and the NF width at the output facet decreases with
increasing current.

2) Device B (large taper at 975 nm): astigmatic beam,
showing single-lobed FF patterns at low power, with a
clear narrowing at the center and small secondary lobes at
the highest power (Fig. 4, central row). At 1.3 W output
power, 94% of the total power is contained in the central
lobe of the beam waist. The width of the virtual source
and the astigmatism increase with the output power up
to a saturation value, showing an small decrease at the
maximum power (Fig. 6). The NF at the output facet
narrows with the increasing power (not shown).
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3) Device C (large taper at 735 nm): astigmatic beam, with
multiple lobes in the uncorrected FF—even at low power
(Fig. 4, bottom). Upon increasing the power, a larger
number of peaks appear in the uncorrected FF patterns,
without any drastic narrowing (see [19] for detailed ex-
perimental and simulated results). 75% of the total power
is contained in the central lobe of the beam waist even at
1.5 W, and only small secondary lobes are observed. The
astigmatism does not increase with the power, and the
beam parameter M2 (1/e? criterion) increases slowly
with the power, with a value of 1.5 at 1.5 W.

Two main topics can be addressed in the comparison of the
beam properties: 1) the differences between narrow- and wide-
aperture devices with identical epitaxy (A and B) and 2) the dif-
ferences between devices with similar geometry, but completely
different materials (B and C).

1) The simulated QW carrier distribution (not shown)
indicates the strong role of SHB at high power in the two
975-nm devices. However, the effect of the carrier-in-
duced parasitic waveguide on the beam divergence is
quite different. In the narrow index-guided tapered laser
(device A), the beam is diffracting from the approxi-
mately 20-pm-wide output aperture, with a very small
phase curvature at the facet at low power. By increasing
the power, the carrier induced waveguide produces a
convergent lens effect during the beam propagation in
the tapered region, narrowing the beam at the facet and
thus, increasing the diffraction angle. In consequence,
the FF divergence increases with power (see Fig. 5). In
the case of the large gain guided tapered laser (device B),
the beam diffracts at the beginning of the tapered section.
It reaches the output aperture with a relatively large
phase gradient and at high power, the beam divergence
inside the tapered section is counteracted by the parasitic
convergent lens effect, in consequence, FF and NF widths
are simultaneously reduced.

2) The different beam properties observed between devices
B and C are mainly due to: the role of the beam spoilers
in the former (improving the RW filtering properties)
and the higher inherent tendency to filamentation in the
975-nm material. This is caused by the higher linewidth
enhancement factor, arising from a higher differential
index and a lower differential gain [36]. A more com-
plete analysis of device C, showing the role of optical
pumping and electrical over-pumping effects, can be
found in [19].

V. CONCLUSION

A state-of-the art quasi-3-D optical, thermal, and electronic
model has been reported and validated through the simulation
of different tapered lasers emitting at 975 and 735 nm. It in-
cludes important features, such as electrically solving for the
vertical direction and a carrier-dependent dielectric constant.
Good qualitative and quantitative agreement between experi-
ment and simulation has validated the modeling approach. The
analysis of the device internal variable profiles (carriers, pho-
tons, and temperature) yielded by the simulations provided a
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good understanding of the beam quality limitations in the dif-
ferent devices.

In order to make the program more usable, a three-step cali-
bration procedure is proposed, which is designed to: 1) balance
the limitations of the parabolic band approach; 2) account for
the growth quality (which cannot be determined a priori); and
3) heating and self-focusing properties of the 3-D device. With
this unique procedure, we have achieved good agreement with
experiments for different QW materials (975 and 735 nm) over
a wide range of emitted powers and guiding conditions. For the
first time, the threshold current, external efficiency and FF are
successfully reproduced using a single set of calibration param-
eters obtained by a consistent procedure.

From the comparison of 3-D and 2-D models, we have con-
cluded that quasi-3-D electrical and thermal model, coupled to a
2-D optical model is the best compromise between accuracy and
computational efficiency when dealing with CW beam quality.
However, the computer resources needed to include beam dy-
namics and output spectra will be probably affordable in the
near future.
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