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Nonlinear Properties of Tapered Laser Cavities
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Abstract—The nonlinear phenomena accompanying the process
of light generation in high-power tapered semiconductor lasers are
studied using a combination of simulation and experiment. Optical
pumping, electrical overpumping, filamentation, and spatial hole
burning are shown to be the key nonlinear phenomena influencing
the operation of tapered lasers at high output powers. In the
particular tapered laser studied, the optical pumping effect is
found to have the largest impact on the output beam quality.
The simulation model used in this study employs the wide-angle
finite-difference beam propagation method for the analysis of the
optical propagation within the cavity. Quasi-three-dimensional
(3-D) thermal and electrical models are used for the calculation
of the 3-D distributions of the temperature, electrons, holes, and
electrical potential. The simulation results reproduce key features
and the experimental trends.

Index Terms—Beam propagation modeling, high-brightness
lasers, laser resonators, optical beams, semiconductor lasers.

I. INTRODUCTION

M ANY applications in the fields of telecommunications
[1], medicine [2], printing, and manufacturing [3]

require the use of a high-brightness coherent optical beam from
a low-cost reliable source. High-power semiconductor lasers
offer the advantages of small size, high efficiency, reduced cost,
and improved reliability compared with solid-state and gas
lasers. Conventional broad-area high-power laser diodes suffer
from poor beam quality, but recently, work on high-brightness
laser diodes has shown that the beam quality can be improved
significantly with an appropriate device design. A number
of high-brightness laser diode concepts have been proposed,
including broad-area lasers with a profiled facet reflectivity
[4], phase-locked structures [5], antiguided waveguide arrays
[6], -grating distributed feedback lasers [7], master oscillator
power amplifier (MOPA) lasers [8], unstable resonator lasers
[9], external cavity lasers [10], and tapered lasers [11], [12]
(Fig. 1). Tapered lasers have received the greatest attention
because of their simplicity and compatibility with the fabrica-
tion processes used to make commercial high-power laser bars.
The numerical analysis of the properties of tapered laser diode
properties is the subject of this paper.
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(a)
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Fig. 1. (a) Generalized tapered laser structure and (b) its two-dimensional
effective index representation.

A tapered laser consists of a straight waveguide section
and a tapered amplifier section, as shown in the schematic
diagram in Fig. 1. The straight waveguide section (sometimes
accompanied by a beam spoiler) plays a key role and serves as a
modal filter, ensuring that the tapered amplifier is only excited
by the fundamental transverse mode of the straight waveguide.
The tapered amplifier section allows the optical beam to expand
gradually in order to lower the optical power density. This
minimizes the intensity of detrimental effects [e.g., spatial hole
burning (SHB)], allows an increase in the total output power,
and increases the catastrophic optical mirror damage (COMD)
threshold. The straight waveguide section also defines the
(unperturbed) shape of the desired virtual source point in the
cavity and the rate of lateral beam divergence in the tapered
amplifier. Undesirable power-dependent changes in the shape
and position of the virtual point source are caused by the
carrier- and temperature-induced refractive index perturbations
occurring in the resonant cavity, resulting in a decrease in beam
quality (i.e., , beam parameter product), brightness, and
“wandering astigmatism.”

1077-260X/03$17.00 © 2003 IEEE



824 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9, NO. 3, MAY/JUNE 2003

A number of papers have been published on various aspects
of high-power tapered laser and amplifier design, including the
dependence of the beam quality on the tapered cavity geom-
etry at low powers [13], the influence of the carrier and temper-
ature distribution [14], [15], filamentation processes [16], the
spatio-temporal dynamics of carriers and photons [17], and elec-
tron leakage [18]. Several research groups have demonstrated
tapered lasers with multiwatt high-quality beams [19], [20], but
there is still a need to understand and predict the behavior of
these devices more accurately.

In order to further optimize tapered semiconductor lasers,
laser manufacturers need both efficient design tools and a
detailed understanding of the complex interactions between
the optical, electronic, and thermal processes occurring during
self-focusing, filamentation, and SHB. Such design tools
must be compatible with the current generation of PCs and
standard workstations in terms of speed and memory, so
that fast and reliable simulations can be performed. Thus,
although considerable progress has been made in time-domain
analysis of laser diodes [17], [21]–[25], such models require
computational resources, which are well beyond the capabil-
ities of common computers. This is particularly true for the
simulation of high-power lasers with long (2–4 mm) and wide
(20–300 m) resonators. Furthermore, although the results of
time-domain models are more comprehensive, they are also
much more difficult to interpret. On the other hand, steady-state
models are computationally more tractable and allow tracking
of the beam propagation, making the steady-state nonlinear
photon-carrier-temperature interactions in the resonator easier
to understand. This paper describes the development of such
a design tool and its application to the study of filamentation,
SHB, current spreading, optical pumping, and electrical over-
pumping effects in high-power tapered lasers. To model the
beam propagation in the presence of local temperature- and
carrier-induced index perturbations with reasonable computa-
tional resources, a static single-wavelength model based on the
wide-angle finite-difference beam propagation method (WA
FDBPM) has been developed. This model solves the optical,
electrical, and thermal equations for tapered lasers, taking into
account the carrier- and temperature-induced refractive index
changes. By relaxing the phase-matching condition at the back
facet, the present model effectively maps the time-average of
all of the optical fields onto a steady-state field distribution
with a single wavelength. Thus, the results of this model
can best be compared with the time average of the results
of more comprehensive time-domain models over a suitably
long time span. The price paid for this gain in computational
efficiency is the loss of the ability to reproduce time-dependent
four-wave mixing and spectral hole-burning effects. Thus,
although the model cannot be used to analyze dynamic modal
instabilities or to reproduce subtle dynamic asymmetries in
the near-field pattern [22], it is able to predict those properties
of high-brightness laser diodes that are most important to
high-power laser manufacturers (e.g., beam-divergence, virtual
point source profile, astigmatism, etc.) and identify the origins
of filamentation and SHB.

SHB and filamentation effects have received a fairly com-
prehensive treatment for semiconductor lasers in general [27]

and tapered laser and amplifier structures in particular (both ex-
perimentally [28], [29] and theoretically [14]–[17], [30], [31]).
Consequently, in this paper, SHB and filamentation effects in
the simulation results are noted clearly but not discussed fur-
ther. Instead, this paper focuses on showing how filamentation
and SHB are triggered by optical pumping and electrical over-
pumping. Optical pumping and electrical overpumping are well
known to the semiconductor laser community, although the lack
of common nomenclature brings about some confusion. For ex-
ample, electrical overpumping is also known as lack of Fermi
level pinning [32] and can be influenced by current profiling
techniques such as tailored injection and the use of distributed
electrodes [33]. Similarly, optical pumping is often referred to
as photon transport or optical bleaching [26] and plays a key role
in saturable absorbers [34]. To the best of our knowledge, how-
ever, little attention has been given to the investigation of the
roles of optical pumping and electrical overpumping on SHB
and filamentation in tapered lasers. Therefore, it is one of the
goals of this paper to produce a detailed understanding of these
interactions.

Section II provides the details of the model used. This is fol-
lowed in Section III by a discussion of the simulation results
for 732-nm GaAs-based tapered lasers and their comparison
with the experimental observations. Light with a wavelength of
732 nm is suitable for photodynamic cancer therapy, which is
an important target application for these high-brightness laser
diodes.

II. SIMULATION MODEL

The properties of a semiconductor laser are described by the
distributions of the electromagnetic fields, the hole and elec-
tron concentrations, the electrical potential, and the tempera-
ture. Under steady-state operating conditions, the optical field
distribution is obtained from the solution of the vectorial wave
equations

(1a)

(1b)

where is the magnetic permeability of the free space,is
the angular frequency, andis the dielectric constant. The di-
electric constant depends on the temperature and carrier distri-
butions. The carrier concentrations in the laser cavity are deter-
mined by self-consistently solving the current continuity equa-
tions for electrons and holes with the Poisson equation

(2a)

(2b)

(2c)

where and are, respectively, the nonradiative and spon-
taneous recombination rates in bulk regions, and other symbols
have their usual meanings. The terms and appearing
in the continuity equations account for the carrier capture/es-
cape rates between the confined and unconfined states in the
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quantum wells (QWs), and can be expressed as (see [39]–[41]
for details)

where is the electron capture time. A similar expression
describes the hole capture/escape rate.

Two additional continuity equations are solved in each QW

where , , and denote the nonradiative, spontaneous,
and stimulated recombination rates in QW regions.

The temperature distribution in the cavity is calculated by
solving the heat conduction equation

(3)

where is the thermal conductivity and is the heat generation
rate.

The electrical and thermal models used are described in more
detail in [35]–[38], and only a brief description is given here.
The current densities in (2) include standard drift-diffusion
terms together with the term arising from thermal gradients.
Fermi–Dirac statistics is considered for two-dimensional (2-D)
carriers in QW, and Boltzmann statistics for carriers in bulk
regions. A parabolic band approximation is used for the gain
after fitting the band parameters to complete band-mixing
calculations for the valence band at the beginning of the simu-
lation. The local material gain is calculated with a Lorentzian
linewidth broadening function at the lasing wavelength as
a function of the local temperature and electron and hole
concentrations. Spontaneous emission, Shockley–Read–Hall,
and Auger recombination rates are calculated using standard
expressions [42], taking into account temperature dependen-
cies. Free carrier absorption and bandgap renormalization
are included by means of empirical formulations [42]. The
thermal model considers Joule, nonradiative recombination,
and absorption by free-carriers as local heat sources in (3),
together with the so-called “excess power” needed to fulfill
energy conservation [36].

Wenzelet al.used 8 8 calculations to show that near
the gain maximum, the real part of the refractive index pertur-
bation of the quantum well is proportional to the square root
of the carrier density [43]. This was confirmed experimentally
and, therefore, this dependence was included in the model. The
temperature dependence of the real part of the refractive index
is also included [36].

In general, [in (1)] is a function of the temperature and car-
rier distributions, which in turn depend on the optical field inten-
sity and the injection current. Thereafter, (1)–(3) form a coupled
nonlinear system. Due to the complex form of this system, the
solution of these coupled nonlinear equations is difficult and re-
sults in prohibitive calculation time and memory requirements

for the current generation of computers. Fortunately, polariza-
tion coupling can be neglected in the first-order approximation
while studying SHB and filamentation. This allows the use of
the semivectorial version of (1)

(4)

in each region of constant dielectric constant, together with
appropriate boundary conditions [44]. In (4), is the wave
number, is one of the transverse electric field components,
and is proportional to the photon density. Equation (4)
is the standard nonlinear wave equation commonly used for
nonlinear optics and can be solved with procedure analogous to
the use of subsequent Born approximations [34], i.e., solving
first (4) with . Equations (2) and (3) are
solved next, and the dielectric constant distribution is modified
according to the new temperature and carrier distributions.
The longitudinal carrier and heat fluxes have been neglected
in these quasi-three-dimensional (3-D) calculations. This
approximation is reasonable due to the slowly varying longi-
tudinal structure. Furthermore, we have checked the validity
of this assumption for the structures under consideration by
comparing the simulation results with full 3-D electrical and
thermal simulations. In the case of the longitudinal carrier flow,
no difference was observed, consistent with the electrical slice
separation (100 m), which is much higher than the carrier
diffusion length. For the longitudinal flow of heat, although
the longitudinal gradient is smoother in a fully 3-D model, the
lateral profiles (responsible for the refractive index induced
change) are not significantly modified. Next, (4) is solved again
and the process is continued until the photon distribution in the
cavity converges to a stable solution. In each iteration, the wave
(4) is solved using the WA FDBPM algorithm [13], [45], [46].
The effective index approximation has been used to reduce
the original 3-D structure to a 2-D one (Fig. 1) to improve the
computational efficiency.

The solution of (2)–(4) has been performed using the cou-
pled solution method (CSM) rather than with the conceptually
simpler separate solution method (SSM) [45]. Thus, the CSM
provides improved stability and faster convergence when com-
pared with SSM [45]. The CSM algorithm is described in Fig. 2.
In the SSM, the analysis is initiated at the rear facet and the op-
tical field is propagated along an entire round trip of the cavity,
yielding a new photon density distribution. Subsequently, (2)
and (3) are solved for each 2-D slice (perpendicular to the lon-
gitudinal axis) using the new photon distribution to obtain new
carrier, potential, and temperature distributions in the cavity.
These new carrier and temperature profiles are used to update
the lateral gain and refractive index distributions, which are then
used in (4) to obtain a new photon distribution. This process is
repeated until the shape and power of the reflected field at the
back facet converges. The CSM operates in a similar manner,
except that the electronic and thermal equations are solved at
each slice and the resulting updated refractive index and gain
and profiles in the slice are used for the optical propagation to
the next slice (Fig. 2). As the information about photon, carrier,
and temperature is updated at every step rather than after a full
round trip of the cavity, the CSM helps to avoid the large cumu-
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Fig. 2. Flowchart used by the WA FDBPM cavity analysis technique.

lative errors that appear in the SSM. This problem is particularly
acute in high-power taper lasers due to the large cavity length.

The phase of the incoming wave has not been considered in
the convergence criterion described above. As a consequence,
there is a significant gain in the computational efficiency but
the opportunity to analyze the lasing spectrum and spectral
hole burning is lost. Thus, the problem arises of how to select
the wavelength at which the calculations are carried out. In this
work, the emission wavelength was taken to be that of the gain
maximum at each current, calculated from one-dimensional
(1-D) simulations for a broad-area laser with same area as the
tapered laser under study.

Facet reflectivity calculations were performed using a free
space radiation method (for unguided waves in the coating) cou-
pled with the finite-difference beam propagation method (for
the guided waves in the semiconductor) [48]. These calculations
indicate that the use of simple reflection coefficients is satis-
factory for the structures studied here and only need to be cal-
culated accurately once at the beginning of the simulation. We
have also found that the use of the Padé (1,1) wide angle scheme
[47] suffices to properly treat the beam propagation in the tapers
studied. The analysis of beam spoilers has also been included by
using the simplified approach employed by Mariojouls [15], in
which the fields impinging on the beam spoilers are completely
absorbed.

The software directly produces the optical field, carrier, elec-
trical potential, and temperature distributions in the cavity. In
order to extract more information from the results, extensive
post-processing analysis of these data is essential. The following
figures of merit are evaluated from the simulations results, using
the extensive post-processing analysis tools developed for this
laser design tool: lateral far-field profile; lateral beam diver-
gence; lateral size, position, and distribution of the virtual point

source; and . The far-field profile is calculated by taking the
Fourier transform of the near-field distributions at the front facet
and performing a steepest descent path calculation [49]. The
beam divergence is determined from the far-field profile, using
both of the standard definitions (full-width at half-maximum
and ). The virtual point source is obtained by performing
a Fourier transform on the front facet near-field distribution and
analytically back-propagating the resulting spectrum, as if it ex-
isted in free space, until the beam waist is found. The width of
the waist is calculated using the definition. The power in
the central lobe of the virtual source (i.e., at the beam waist)
is the power integrated between the points at which the power
density drops to 10% of its maximum value. For the determina-
tion of , the ratio of the beam divergence to that of an ideal
Gaussian beam (i.e., one whose beam waist has the same width
as that of the actual output beam) is calculated (ISO Std. 11146).

III. RESULTS AND DISCUSSION

The purpose of the analysis is to investigate the nonlinear
phenomena that influence the beam quality of tapered high-
power laser diodes. This analysis will help to make design
modifications in order to improve the brightness of these devices.
The epitaxy for a typical 732-nm GaAs-based laser given in
Table I was chosen for the purpose of this analysis. The cavity
structures studied have a 4gain-guided taper and a 3-m-wide
ridge waveguide. The lengths of the ridge waveguide and tapered
gain sections are 0.75 and 1.25 mm, respectively. The rear
facet reflectivity is 95%. The influences of the front facet
reflectivity and the inclusion of a beam spoiler are studied.

As will be shown, the deterioration of the beam quality of the
tapered laser results mainly from four phenomena, i.e., SHB,
filamentation, optical pumping, and electrical overpumping.
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TABLE I
EPITAXIAL STRUCTURE OF THELASER CAVITY

TABLE II
SIMULATION PARAMETERS

The role of the first two effects on the deterioration of the beam
quality at large output powers has been discussed extensively
in the literature. However, the roles of optical pumping and
electrical overpumping have not been properly explained in
the context of tapered high-power laser cavities. Consequently,
the SHB and filamentation effects will be discussed only
briefly, before focusing on the optical pumping and electrical
overpumping effects.

A. Comparison of the Experiment and Simulation

A number of experimental results have been gathered from
732-nm tapered laser diodes fabricated without beam spoilers,
including light–current characteristics, near- and far-field pat-
terns, and various beam quality parameters (i.e.,, beam di-
vergence, astigmatism, and power content in the main lobe). As
a result, it has been possible to carry out the extensive compar-
ison between the numerical and the experimental results per-
formed in this subsection.

The material parameters used in the simulations were taken
from standard references [50], [51], when available. Typical pa-
rameters for GaAs also were used in the QW when GaAsP data
were not found. Table II collects the most important parameters
used as default in the simulations, which were kept unchanged
throughout the simulations.

The comparison between experiments and simulations
included a two-step fitting procedure. In the first step, the
measured threshold currents and slope efficiencies of a set of
broad-area lasers fabricated using the same epitaxial structure
were compared with 1-D simulations performed with the laser

simulator described in [24] and [26]. The fitting parameters
were the trap density in the confinement region and the internal
scattering losses. In the second step, the widths of the calculated
and experimental far-field patterns for the tapered laser under
study were compared. The proportionality constant relating the
carrier induced index perturbation and the carrier density was
used as a fit parameter, and a good matching was found using

2.7 10 cm for the epitaxial structure analyzed in
this paper. Simulations were also performed for different laser
geometries (taper angle, cavity length) with the same epitaxial
structure.

Fig. 3 shows a comparison between experimentally and nu-
merically obtained light–current characteristics, , power in
the central lobe of the virtual source, astigmatism, and beam
waist. The experimental beam parameters were obtained using
the moving slit method. A good agreement is obtained between
experiment and simulation for the light–current characteristics
yielding both the same threshold current and slope efficiency.
Similarly, a good agreement is observed between the measured
and calculated values of power in the central lobe of the vir-
tual source and the astigmatism. However, there is a discrepancy
for the beam divergence and consequently for, as discussed
below.

Figs. 4–6 show the numerical and experimental near-field,
and far-field patterns, and virtual source distribution at se-
lected output powers. The near-field patterns agree quite well.
The symmetry of the simulated patterns, as commented in
Section II, is a result of the model assumptions. The exper-
imental and numerical results both show the appearance of
sidelobes and filamentation at larger output powers along with
a gradual narrowing of the near-field pattern. The numerically
and experimentally obtained far-field patterns also agree well.
The appearance of sidelobes at larger output powers is seen in
both the experimental and the numerical results and the widths
of the measured and calculated far-field pattern agree well,
particularly considering the experimental variation observed
in the irregular peak behavior of these devices. The origins
of the beam quality deterioration at high output power will
be discussed in the following subsections. In the case of the
virtual source, however, there are some discrepancies between
experiment and modeling. Although both measurement and
calculation show that the main lobe width does not depend on
the output power, there is a difference in the actual value of
the virtual source width. This discrepancy may be a combined
effect of the 2-D effective index approximation, the limited
numerical aperture of the imaging optics, and aberration of
the optical wave front [52].

B. Filamentation and SHB

The phenomena of filamentation and hole burning are fairly
well described in the literature, both in terms of theory and ex-
periment for both broad-area lasers [27], [28], [31], [53] and
tapered amplifiers [16]. The aim of this subsection is to identify
and discuss the impact of these phenomena in the tapered laser
diodes considered here.

Fig. 7 shows the photon and QW gain distributions for the
laser diode described in Section III-A to illustrate the appearance
of the SHB effect. The carrier density in the QW and the QW
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(a) (b)

(c) (d)

Fig. 3. Light–current characteristics and the dependence of beam divergence,M , power in central lobe of the virtual source, astigmatism, and beam waist on
the output power.L = 2 mm,L = 0.75 mm,W = 3 �m,W = 90.3�m,R = 95%,R = 1%, and�n = 0:008.

gain are significantly reduced in the regions where photon den-
sity reaches local maximum, which is evidence of SHB. To vi-
sualize how the SHB effect influences filamentation, the carrier
and photon densities, the refractive index perturbation, and the
QW gain profile at the front facet of the device are all shown
in Fig. 8. At low output powers, the carrier and photon den-
sities are flat and no filamentation or SHB is observed. How-
ever, with increasing output power, a reduction in the carrier
density appears in the regions where the photon density reaches
a local maximum. This is accompanied by a reduction in the
QW gain (SHB) and the formation of local waveguides, which
coincide with the photon density pattern and are responsible
for the filamentation effect [53]. The width of the central local
waveguide decreases as the refractive index contrast increases
with increasing output power. The narrowing of the central local
waveguide is accompanied by sidelobe narrowing and a shift to-
ward the center of the waveguide. In the next section, we will
show that the SHB and filamentation effects are strongly en-
hanced by the optical pumping effect. The optical pumping de-
grades the filtering properties of the straight section and then
triggers a positive feedback mechanism that gets an SHB effect,
which results in filamentation.

C. Optical Pumping and Electrical Overpumping Effects

The optical pumping and electrical overpumping phenomena
will be discussed in detail in this subsection, since they are im-
portant for proper understanding of the tapered laser diode be-
havior at large output powers.

The optical pumping phenomenon is found to cause a deteri-
oration of the modal filtering efficiency of the ridge waveguide

(a) (b)

(c) (d)

Fig. 4. Near-field power distributions (the same geometrical parameters as in
Fig. 3).R = 95%,R = 1%. (a)P = 0.5 W, (b)P = 1 W, (c)P =

1.5 W, and (d)P = 2 W.
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(a) (b)

(c) (d)

Fig. 5. Far-field power distributions (the same geometrical parameters as in
Fig. 3).R = 95%,R = 1%. (a)P = 0.5 W, (b)P = 1 W, (c)P =

1.5 W, and (d)P = 2 W.

section. As a result, the light scattered during back propaga-
tion can propagate to the rear facet, where it is reflected and
can reach the tapered section. When this unfiltered light reaches
the tapered amplifier, it can seed the formation of filaments.
Fig. 9 shows the photon distribution of the backward wave in
the cavity for the laser diode described in Section III-A at output
powers of 0.2 and 1 W. The relative sizes of the sidelobes in the
ridge waveguide section are much smaller at 0.2 W than at 1 W,
showing that the filtering efficiency decreases with increasing
output power. To investigate this phenomenon in more detail,
the carrier and photon densities, refractive index perturbation,
and QW gain at the rear facet of this device are shown in Fig. 10.
The intensity of the scattered light in the regions adjacent to the
ridge waveguide increases with increasing output power, pro-
viding optical pumping, which increases the local carrier den-
sity. When the region outside of the ridge waveguide approaches
transparency, there is a strong decrease in the filtering efficiency
of the straight section.

The role of the regions adjacent to the ridge waveguide can be
understood in more detail as follows. The backward-propagating
wave is strongly scattered by the tapered structure because
of its curved phase front (which causes it to diverge). This
scattering is particularly significant at the interface between
the tapered and straight sections (Fig. 9). Consequently, a
significant amount of the power in the backward-propagating
wave is contained in higher order lateral modes, which pumps the
electrically unpumped regions. After reflection at the rear facet,
the amplified backward-propagating wave seeds the forward-

(a) (b)

(c) (d)

Fig. 6. Virtual source power distributions (the same geometrical parameters
as in Fig. 3).R = 95%,R = 1%. (a)P = 0.5 W, (b)P = 1 W, (c)P =
1.5 W, and (d)P = 2 W.

propagating wave. The sidelobes propagate along the outside of
the ridge waveguide and re-enter the electrically pumped region
in the tapered section. Thus, if the angle of propagation of the
sidelobes is smaller than the taper angle, they partly scatter
from the taper, because the refractive index perturbation forms
an antiguiding structure and form sidelobes in the near-field
patterns (Fig. 4) that help seed the filamentation process. Hence,
the optical pumping effect is identified as the source of the
irregular beam pattern, which triggers SHB effects and, thus,
filamentation.

The intensity of the optical pumping effect can be reduced
by decreasing the front facet reflectivity, i.e., by decreasing
the intensity of the backward wave. This idea is illustrated
in Fig. 11, which compares the photon distribution in the
same cavity for two values of front facet reflectivity: 1%
(used in the previous calculations) and 0.1%. The lower front
facet reflectivity clearly reduces the optical pumping effect,
thereby delaying the degradation of the straight section filtering
properties. The optical pumping effect can also be suppressed
through the application of beam spoilers, as shown in Fig. 12.
Fig. 13 shows the photon density distribution after the addition
of a beam spoiler with a 6-m aperture, positioned 100m
from the rear facet. Again, the photon distribution and near-field
profiles are strongly improved and the bleaching-induced effects
have been reduced.

Beam spoilers are commonly used to improve the perfor-
mance of tapered lasers with the explanation that they improve
the spatial filtering [11], [15].
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Fig. 7. Simulated photon and carrier density distributions atP = 1 W (the same geometrical parameters as in Fig. 3).R = 95%,R = 1%.

(a) (b)

(c) (d)

Fig. 8. Simulated photon density, carrier density, refractive index perturbation, and gain distributions at the front facet (the same geometrical parameters as in
Fig. 3).R = 95%,R = 1%. Note that due to symmetry, only one half of the structure is included.

(a) (b)

Fig. 9. Simulated photon distributions at (a)P = 0.2 W and (b)P = 1 W (the same geometrical parameters as in Fig. 3).R = 95%,R = 1%.

Similarly, lower front facet reflectivities have been observed
to improve the output beam quality [26], [54], but again, no con-
nection was made to the role of optical pumping in the straight
section.

Finally, we mention the last effect—electrical overpumping.
Electrical overpumping becomes most apparent when the optical

pumping effect is suppressed by one of the methods described
above. In Fig. 14, we compare the carrier and photon densities,
the refractive index perturbation, and the QW gain at the front
facet of the same device. The optical pumping is suppressed by
a beam spoiler with a 6-m aperture, positioned 100m from
the rear facet. The carrier density increases rapidly with output
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(a) (b)

(c) (d)

Fig. 10. Simulated photon density, carrier density, refractive index perturbation, and gain distributions at the rear facet (the same geometrical parameters as in
Fig. 3).R = 95%,R = 1%. Note that due to symmetry, only one half of the structure is included.

(a) (b)

Fig. 11. Simulated photon density distributions atP = 1 W (the same geometrical parameters as in Fig. 3).R = 95%. (a)R = 1% and (b)R = 0.1%.

Fig. 12. Laser cavity geometry with a beam spoiler.

power in the regions of low photon density (i.e., at the edges
of the taper), resulting in a large increase of the local gain and
a decrease in the local refractive index. As a result, a shoulder
builds up in the photon distribution, which ultimately takes
the shape of small local peaks at the outer edges of the photon

Fig. 13. Simulated photon density distribution for a cavity with a beam spoiler
at P = 1 W (the same geometrical parameters as in Fig. 3).R = 95%,
R = 1%.

distribution. Electrical overpumping has been recognized in
the literature [29], [30], [32], and the use of patterned contacts
has been proposed to tailor the current injection appropriately
[33]. However, as shown here, the true impact of electrical
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(a) (b)

(c) (d)

Fig. 14. Simulated photon and carrier densities, refractive index perturbation, and gain distributions at the front facet for the laser cavity with abeam spoiler (the
same geometrical parameters as in Fig. 3).R = 95%,R = 1%. Note that due to symmetry, only one half of the structure is included.

overpumping has generally been overestimated because of the
presence of the optical pumping.

IV. CONCLUSION

An efficient and predictive design tool for high-power tapered
lasers has been developed, which only relies on a simple inde-
pendent adjustable parameter: the constant relating of the re-
fractive index perturbation to changes in the carrier density in
the QW. All other materials parameters are either taken from
standard references or from measurements on broad-area lasers
with the same epitaxial material.

The model has been applied to 732-nm high-power tapered
lasers designed for fiber-coupled photodynamic therapy appli-
cations. The numerical results agree well with the experiment
over a wide range of operating conditions. Although this model
cannot be used to investigate complex dynamic processes in
semiconductor lasers, it is computationally efficient and is ca-
pable of predictive modeling those physical effects and prop-
erties which are most important for applications of high-power
laser diodes. In particular, the near- and far-field patterns and
their evolution with power are predicted correctly. The model
has permitted the identification of four key phenomena influ-
encing the quality of the output beam: SHB, filamentation,
optical pumping, and electrical overpumping.

The SHB and filamentation effects behave similarly to the
results reported in the literature. The suppression of the op-
tical pumping effect is crucial for the improvement of the beam
quality of tapered lasers at high output powers. The electrical
overpumping effect, however, only becomes apparent once the

optical pumping effect has been suppressed through the use of
a beam spoiler.
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