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Nonlinear Properties of Tapered Laser Cavities

Slawomir Sujecki, Luis Borruel, James Wykes, Pablo Moreno, Bernd Sumpf, Phillip Sewell, Hans Wenzel,
Trevor M. Benson, Goetz Erbert, Ignacio Esquivias, and Eric C. Larkins

Abstract—The nonlinear phenomena accompanying the process z
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.

. INTRODUCTION

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 imprO\Z@CRe
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 A tapered laser consists of a straight waveguide section
[4], phase-locked structures [5], antiguided waveguide arragsd a tapered amplifier section, as shown in the schematic
[6], a-grating distributed feedback lasers [7], master oscillatdiagram in Fig. 1. The straight waveguide section (sometimes
power amplifier (MOPA) lasers [8], unstable resonator laseascompanied by a beam spoiler) plays a key role and serves as a
[9], external cavity lasers [10], and tapered lasers [11], [1Pjodal filter, ensuring that the tapered amplifier is only excited
(Fig. 1). Tapered lasers have received the greatest attentiyrihe fundamental transverse mode of the straight waveguide.
because of their simplicity and compatibility with the fabricaT he tapered amplifier section allows the optical beam to expand
tion processes used to make commercial high-power laser bgradually in order to lower the optical power density. This
The numerical analysis of the properties of tapered laser dioténimizes the intensity of detrimental effects [e.g., spatial hole
properties is the subject of this paper. 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
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A number of papers have been published on various aspeatsl tapered laser and amplifier structures in particular (both ex-
of high-power tapered laser and amplifier design, including theerimentally [28], [29] and theoretically [14]-[17], [30], [31]).
dependence of the beam quality on the tapered cavity geo@oensequently, in this paper, SHB and filamentation effects in
etry at low powers [13], the influence of the carrier and tempethe simulation results are noted clearly but not discussed fur-
ature distribution [14], [15], filamentation processes [16], thiher. Instead, this paper focuses on showing how filamentation
spatio-temporal dynamics of carriers and photons [17], and elexxd SHB are triggered by optical pumping and electrical over-
tron leakage [18]. Several research groups have demonstrgiachping. Optical pumping and electrical overpumping are well
tapered lasers with multiwatt high-quality beams [19], [20], biknown to the semiconductor laser community, although the lack
there is still a need to understand and predict the behaviorafcommon nomenclature brings about some confusion. For ex-
these devices more accurately. ample, electrical overpumping is also known as lack of Fermi

In order to further optimize tapered semiconductor lasefgsvel pinning [32] and can be influenced by current profiling
laser manufacturers need both efficient design tools andiexhniques such as tailored injection and the use of distributed
detailed understanding of the complex interactions betweelectrodes [33]. Similarly, optical pumping is often referred to
the optical, electronic, and thermal processes occurring duriagphoton transport or optical bleaching [26] and plays a key role
self-focusing, filamentation, and SHB. Such design toola saturable absorbers [34]. To the best of our knowledge, how-
must be compatible with the current generation of PCs aeder, little attention has been given to the investigation of the
standard workstations in terms of speed and memory, &@es of optical pumping and electrical overpumping on SHB
that fast and reliable simulations can be performed. Thumd filamentation in tapered lasers. Therefore, it is one of the
although considerable progress has been made in time-dongoals of this paper to produce a detailed understanding of these
analysis of laser diodes [17], [21]-[25], such models requiisteractions.
computational resources, which are well beyond the capabil-Section Il provides the details of the model used. This is fol-
ities of common computers. This is particularly true for theowed in Section Ill by a discussion of the simulation results
simulation of high-power lasers with long (2—-4 mm) and widér 732-nm GaAs-based tapered lasers and their comparison
(20-300.m) resonators. Furthermore, although the results with the experimental observations. Light with a wavelength of
time-domain models are more comprehensive, they are a2 nm is suitable for photodynamic cancer therapy, which is
much more difficult to interpret. On the other hand, steady-stad@ important target application for these high-brightness laser
models are computationally more tractable and allow trackimtijpdes.
of the beam propagation, making the steady-state nonlinear
photon-carrier-temperature interactions in the resonator easier II. SIMULATION MODEL

to understand. This paper describes the development of such . . )
a design tool and its application to the study of filamentation, | € Properties of a semiconductor laser are described by the

SHB, current spreading, optical pumping, and electrical 0veql_stributions of the electromagnetic fields, the hole and elec-
pumping effects in high-power tapered lasers. To model tffen concentrations, the electrigal poten_ti_al, and the t_emp_era-
beam propagation in the presence of local temperature- dHEe- Under steady-state operating conditions, the optical field

carrier-induced index perturbations with reasonable Compufggribution is obtained from the solution of the vectorial wave

tional resources, a static single-wavelength model based on gflations
wide-angle finite-difference beam propagation method (WA

FDBPM) has been developed. This model solves the optical, V2H + Ve x (Vx H) = poewH (1a)

electrical, and thermal equations for tapered lasers, taking into £ Ve

account the carrier- and temperature-induced refractive index V2E +V <E X —) = poewk (1b)
13

changes. By relaxing the phase-matching condition at the back

facet, the present model effectively maps the time—averagev%ereu0 is the magnetic permeability of the free spaceis

all of the optical fields onto a steady-state field distributiogqe angular frequency, andis the dielectric constant. The di-

with a single wavelength._ Thus, _the results of this mod |Iectric constant depends on the temperature and carrier distri-
can best be compargd V\."th the t|me average of the "eSYRions. The carrier concentrations in the laser cavity are deter-
of more comprehenswt_a tlme.-domaln. mogielrs over a su_|ta ined by self-consistently solving the current continuity equa-

qug_ time skan. The price pgu_j for this gain m_computatlonﬁlons for electrons and holes with the Poisson equation
efficiency is the loss of the ability to reproduce time-dependent

four-wave mixing and spectral hole-burning effects. Thus,

1. — qwy _
although the model cannot be used to analyze dynamic modal thn q (Ror + Rep + an) =0 (2a)
instabilities or to reproduce subtle dynamic asymmetries in Vip +a (Bur + Rop + F™) =0 (2b)
the near-field pattern [22], it is able to predict those properties V(esVp)+qlp—n+ Np —N4) =0 (2¢)

of high-brightness laser diodes that are most important to

high-power laser manufacturers (e.g., beam-divergence, virtwdlereR,,, and R, are, respectively, the nonradiative and spon-

point source profile, astigmatism, etc.) and identify the origirtaneous recombination rates in bulk regions, and other symbols

of filamentation and SHB. have their usual meanings. The terfj§* and F;™ appearing
SHB and filamentation effects have received a fairly conin the continuity equations account for the carrier capture/es-

prehensive treatment for semiconductor lasers in general [2&pe rates between the confined and unconfined states in the
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quantum wells (QWSs), and can be expressed as (see [39]-[ftk]the current generation of computers. Fortunately, polariza-

for details) tion coupling can be neglected in the first-order approximation
b . while studying SHB and filamentation. This allows the use of
aw _ 13D By~ — By the semivectorial version of (1)
FlV=—"—|1-exp| ——F7+—7"—
Téhp kT
V20 — pigekd¥ = 0 (4)

whereT.,," is the electron capture time. A similar expression

describes the hole capture/escape rate. , in each region of constant dielectric constant, together with
Two additional continuity equations are solved in each QWappropriate boundary conditions [44]. In (4}, is the wave

- 7 number,¥ is one of the transverse electric field components,
/Fr(} dv— R + Ry + Ry =0 and |U|? is proportional to the photon density. Equation (4)
qw is the standard nonlinear wave equation commonly used for

/qudv C R 4RI 4 R =0 nonlinear optics and can be solved vv_ith p.rocedure gnalogou; to
J e nr sp st = the use of subsequent Born approximations [34], i.e., solving
qu first (4) with e = ¢(|V|> = 0). Equations (2) and (3) are
whereR1¥, R9, andR., denote the nonradiative, spontaneou?,OIVEd _next, and the dielectric constant distribl_Jtion _is mod_ified
and stimulated recombination rates in QW regions. accordlng to_ the new temperature and carrier distributions.
The temperature distribution in the cavity is calculated b he Iongltudlna_l carrier .and h.eat fluxes have bee'.‘ neglectgd
solving the heat conduction equation I the;e qua§|—three—d|men3|onal (3-D) caIcuIatpns. Th!s
approximation is reasonable due to the slowly varying longi-
V(-kVT)=W (3) tudinal structure. Furthermore, we have checked the validity
of this assumption for the structures under consideration by
wherex is the thermal conductivity anid is the heat generation comparing the simulation results with full 3-D electrical and
rate. thermal simulations. In the case of the longitudinal carrier flow,
The electrical and thermal models used are described in maedifference was observed, consistent with the electrical slice
detail in [35]-[38], and only a brief description is given hereseparation (10Qum), which is much higher than the carrier
The current densities in (2) include standard drift-diffusiodiffusion length. For the longitudinal flow of heat, although
terms together with the term arising from thermal gradientthe longitudinal gradient is smoother in a fully 3-D model, the
Fermi—Dirac statistics is considered for two-dimensional (2-Dateral profiles (responsible for the refractive index induced
carriers in QW, and Boltzmann statistics for carriers in bulghange) are not significantly modified. Next, (4) is solved again
regions. A parabolic band approximation is used for the gaamd the process is continued until the photon distribution in the
after fitting the band parameters to complete band-mixirgavity converges to a stable solution. In each iteration, the wave
calculations for the valence band at the beginning of the simi#) is solved using the WA FDBPM algorithm [13], [45], [46].
lation. The local material gain is calculated with a Lorentziaihe effective index approximation has been used to reduce
linewidth broadening function at the lasing wavelength ake original 3-D structure to a 2-D one (Fig. 1) to improve the
a function of the local temperature and electron and hatemputational efficiency.
concentrations. Spontaneous emission, Shockley—Read—HallThe solution of (2)-(4) has been performed using the cou-
and Auger recombination rates are calculated using standpleld solution method (CSM) rather than with the conceptually
expressions [42], taking into account temperature dependsimpler separate solution method (SSM) [45]. Thus, the CSM
cies. Free carrier absorption and bandgap renormalizatigrovides improved stability and faster convergence when com-
are included by means of empirical formulations [42]. Thpared with SSM [45]. The CSM algorithm is described in Fig. 2.
thermal model considers Joule, nonradiative recombinatidn,the SSM, the analysis is initiated at the rear facet and the op-
and absorption by free-carriers as local heat sources in (83al field is propagated along an entire round trip of the cavity,
together with the so-called “excess power” needed to fulfijlielding a new photon density distribution. Subsequently, (2)
energy conservation [36]. and (3) are solved for each 2-D slice (perpendicular to the lon-
Wenzelet al.used 8x 8 k - p calculations to show that neargitudinal axis) using the new photon distribution to obtain new
the gain maximum, the real part of the refractive index pertucarrier, potential, and temperature distributions in the cavity.
bation of the quantum well is proportional to the square ro@hese new carrier and temperature profiles are used to update
of the carrier density [43]. This was confirmed experimentallghe lateral gain and refractive index distributions, which are then
and, therefore, this dependence was included in the model. TUsed in (4) to obtain a new photon distribution. This process is
temperature dependence of the real part of the refractive indepeated until the shape and power of the reflected field at the
is also included [36]. back facet converges. The CSM operates in a similar manner,
In generalg [in (1)] is a function of the temperature and carexcept that the electronic and thermal equations are solved at
rier distributions, which in turn depend on the optical field intereach slice and the resulting updated refractive index and gain
sity and the injection current. Thereafter, (1)—(3) form a couplehd profiles in the slice are used for the optical propagation to
nonlinear system. Due to the complex form of this system, tliee next slice (Fig. 2). As the information about photon, carrier,
solution of these coupled nonlinear equations is difficult and rand temperature is updated at every step rather than after a full
sults in prohibitive calculation time and memory requirementsund 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 particularbpurce; and//2. The far-field profile is calculated by taking the
acute in high-power taper lasers due to the large cavity lengtRourier transform of the near-field distributions at the front facet
The phase of the incoming wave has not been consideredhimd performing a steepest descent path calculation [49]. The
the convergence criterion described above. As a consequetsam divergence is determined from the far-field profile, using
there is a significant gain in the computational efficiency butoth of the standard definitions (full-width at half-maximum
the opportunity to analyze the lasing spectrum and specteaid ¢ —2). The virtual point source is obtained by performing
hole burning is lost. Thus, the problem arises of how to selextourier transform on the front facet near-field distribution and
the wavelength at which the calculations are carried out. In trasalytically back-propagating the resulting spectrum, as if it ex-
work, the emission wavelength was taken to be that of the gagted in free space, until the beam waist is found. The width of
maximum at each current, calculated from one-dimensiortak waist is calculated using thge? definition. The power in
(1-D) simulations for a broad-area laser with same area as the central lobe of the virtual source (i.e., at the beam waist)
tapered laser under study. is the power integrated between the points at which the power
Facet reflectivity calculations were performed using a fregensity drops to 10% of its maximum value. For the determina-
space radiation method (for unguided waves in the coating) cdion of M2, the ratio of the beam divergence to that of an ideal
pled with the finite-difference beam propagation method (f@@aussian beam (i.e., one whose beam waist has the same width
the guided waves in the semiconductor) [48]. These calculaticamsthat of the actual output beam) is calculated (ISO Std. 11146).
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 schem€&he purpose of the analysis is to investigate the nonlinear
[47] suffices to properly treat the beam propagation in the tapgrsenomena that influence the beam quality of tapered high-
studied. The analysis of beam spoilers has also been includegbyer laser diodes. This analysis will help to make design
using the simplified approach employed by Mariojouls [15], imodifications in order to improve the brightness of these devices.
which the fields impinging on the beam spoilers are completeljhe epitaxy for a typical 732-nm GaAs-based laser given in
absorbed. Table | was chosen for the purpose of this analysis. The cavity
The software directly produces the optical field, carrier, elestructures studied have & gain-guided taper and a;a3n-wide
trical potential, and temperature distributions in the cavity. Indge waveguide. The lengths of the ridge waveguide and tapered
order to extract more information from the results, extensig@in sections are 0.75 and 1.25 mm, respectively. The rear
post-processing analysis of these data is essential. The followfaget reflectivity is 95%. The influences of the front facet
figures of merit are evaluated from the simulations results, usirgflectivity and the inclusion of a beam spoiler are studied.
the extensive post-processing analysis tools developed for thig\s will be shown, the deterioration of the beam quality of the
laser design tool: lateral far-field profile; lateral beam divetapered laser results mainly from four phenomena, i.e., SHB,
gence; lateral size, position, and distribution of the virtual poifitamentation, optical pumping, and electrical overpumping.

I1l. RESULTS AND DISCUSSION
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TABLE | simulator described in [24] and [26]. The fitting parameters
EPITAXIAL STRUCTURE OF THELASER CAVITY were the trap density in the confinement region and the internal
Layer Material Thickness | Doping | Refractive  SCalttering losses. In the second step, the widths of the calculated
[nm] [em'] | index and experimental far-field patterns for the tapered laser under
p-contact metal study were compared. The proportionality constant relating the
p-contact layer | GaAs pt 3.741 carrier induced index perturbation and the carrier density was
p-cladding Al 70Gag 30As P 3.229 used as a fit parameter, and a good matching was found using
p-waveguide | AlossGanssAs | 500 P 3.263 —2.7 x 10" cm?/2 for the epitaxial structure analyzed in
quantum well | GaAsg67Po.33 9 n 3.585 . . . .
n-waveguide | AlossGagsAs 300 n 3263 this paper. Simulations were also performed for different laser
n-cladding Alo70Ga030As n 3.229 geometries (taper angle, cavity length) with the same epitaxial
n-buffer+ GaAs n 3.741 structure.
substrate Fig. 3 shows a comparison between experimentally and nu-
n-contact metal merically obtained light—current characteristid$?, power in
the central lobe of the virtual source, astigmatism, and beam
TABLE I waist. The experimental beam parameters were obtained using
SIMULATION PARAMETERS the moving slit method. A good agreement is obtained between
Material properites experiment and simulation for the light—current characteristics
Band Offset AE/AE, (QW) 0.32 yielding both the same threshold current and slope efficiency.
Intraband relaxation time 0.1 ps Similarly, a good agreement is observed between the measured
Electron capture time 3 ps and calculated values of power in the central lobe of the vir-
Eﬁleefiﬂ?frﬁclmnf }gmo TS grsnés_l tual source and the astigmatism. However, there is a discrepancy
Efd-gap renorm. coefficient  1-0.002256-05 v for the beam divergence and consequentlyMbt, as discussed
Free carrier absorption cross 3E-18 (n); 7E-18 (p) cm’ below.
section Figs. 4-6 show the numerical and experimental near-field,
BPM parameters and far-field patterns, and virtual source distribution at se-
Calculation area 2000 x 400 pm’ lected output powers. The near-field patterns agree quite well.
Later?l step 0.1-04 R The symmetry of the simulated patterns, as commented in
Longitudinal step 1-2 pm

Section Il is a result of the model assumptions. The exper-
imental and numerical results both show the appearance of
The role of the first two effects on the deterioration of the beasidelobes and filamentation at larger output powers along with
quality at large output powers has been discussed extensivelgradual narrowing of the near-field pattern. The numerically
in the literature. However, the roles of optical pumping anand experimentally obtained far-field patterns also agree well.
electrical overpumping have not been properly explained he appearance of sidelobes at larger output powers is seen in
the context of tapered high-power laser cavities. Consequenbgth the experimental and the numerical results and the widths
the SHB and filamentation effects will be discussed onlgf the measured and calculated far-field pattern agree well,
briefly, before focusing on the optical pumping and electricglarticularly considering the experimental variation observed

overpumping effects. in the irregular peak behavior of these devices. The origins
_ . _ . of the beam quality deterioration at high output power will
A. Comparison of the Experiment and Simulation be discussed in the following subsections. In the case of the

A number of experimental results have been gathered frofiitual source, however, there are some discrepancies between
732-nm tapered laser diodes fabricated without beam spoileg@%$periment and modeling. Although both measurement and
including light—current characteristics, near- and far-field pagalculation show that the main lobe width does not depend on
terns, and various beam quality parameters (M2, beam di- the output power, there is a difference in the actual value of
vergence, astigmatism, and power content in the main lobe). {R¢ virtual source width. This discrepancy may be a combined
aresult, it has been possible to carry out the extensive compgffect of the 2-D effective index approximation, the limited
ison between the numerical and the experimental results pegmerical aperture of the imaging optics, and aberration of
formed in this subsection. the optical wave front [52].

The material parameters used in the simulations were taken _ )
from standard references [50], [51], when available. Typical pg: Filamentation and SHB
rameters for GaAs also were used in the QW when GaAsP datd he phenomena of filamentation and hole burning are fairly
were not found. Table Il collects the most important parametesgll described in the literature, both in terms of theory and ex-
used as default in the simulations, which were kept unchangeefiment for both broad-area lasers [27], [28], [31], [53] and
throughout the simulations. tapered amplifiers [16]. The aim of this subsection is to identify

The comparison between experiments and simulatioasd discuss the impact of these phenomena in the tapered laser
included a two-step fitting procedure. In the first step, théiodes considered here.
measured threshold currents and slope efficiencies of a set oFig. 7 shows the photon and QW gain distributions for the
broad-area lasers fabricated using the same epitaxial structaser diode described in Section lll-Atoillustrate the appearance
were compared with 1-D simulations performed with the lasef the SHB effect. The carrier density in the QW and the QW
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Fig. 3. Light—current characteristics and the dependence of beam diverdéiicepwer in central lobe of the virtual source, astigmatism, and beam waist on
the output powerl = 2 mm,Lrw = 0.75 mm,Wgrw = 3 um, W, = 90.3um, Rgw = 95%,R, = 1%, andAn.x = 0.008.

gain are significantly reduced in the regions where photon den- )

sity reaches local maximum, which is evidence of SHB. To vi- — Modeling o “EA);ZZ'i:;’nt
sualize how the SHB effect influences filamentation, the carrier ; : ; . . .
and photon densities, the refractive index perturbation, and thig 101 ]
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- g I AN
sities are flat and no filamentation or SHB is observed. How-Z \
ever, with increasing output power, a reduction in the carrier%’ 0.5 [ L]
density appears in the regions where the photon density reachcg | \

a local maximum. This is accompanied by a reduction in the<
QW gain (SHB) and the formation of local waveguides, which @ 0.0

—— Experiment

=
o

rel. Intensity / arb. units
o
[3,]

coincide with the photon density pattern and are responsible 0 50 100 150 % 50 100 150
for the filamentation effect [53]. The width of the central local Position x / ym Position x / pm
waveguide decreases as the refractive index contrast increases (@) (b)
with increasing output power. The narrowing of the central local _ _
S . . . . — Experiment Experiment
waveguide is accompanied by sidelobe narrowing and a shift to — Modeling — Modeling
ward the center of the waveguide. In the next section, we will . . : ; : .
show that the SHB and filamentation effects are strongly en-g | 2 10l ]
hanced by the optical pumping effect. The optical pumping de-§ 1.0 . S
grades the filtering properties of the straight section and therg g
triggers a positive feedback mechanism that gets an SHB effec 2
which results in filamentation. £ 05| 1 £ 05¢ 1
g g

C. Optical Pumping and Electrical Overpumping Effects é é

The optical pumping and electrical overpumping phenomenz . %% 50 700 15\0 = 0005560150
will be discussed in detail in this subsection, since they are im- Position x / pm Position x / pm
portant for proper understanding of the tapered laser diode be- © d)

havior at large output powers. ! ) - ) .
. . . Fig. 4. Near-field power distributions (the same geometrical parameters as in
The optical pumping phenomenon is found to cause adets;rig—_ 3). Ruw = 95%, R, = 1%. ()P = 0.5W, ()P = 1W, ()P =

oration of the modal filtering efficiency of the ridge waveguida.5 W, and (d)P = 2 W.
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Fig. 5. Far-field power distributions (the same geometrical parameters ad#§: 6. Virtual source power distributions (the same geometrical parameters
Fig. 3). Rrw = 95%,R, = 1%. ()P = 0.5W, (b)? = 1W, (c)? = asinFig. 3)Rrw = 95%,R, = 1%. (@)P = 05W, ()P =1 W, (c)P =
1.5W, and (d)P = 2W. 1.5W,and (d)P = 2W.

section. As a result, the light scattered during back propagaopagating wave. The sidelobes propagate along the outside of
tion can propagate to the rear facet, where it is reflected ati ridge waveguide and re-enter the electrically pumped region
can reach the tapered section. When this unfiltered light reacleshe tapered section. Thus, if the angle of propagation of the
the tapered amplifier, it can seed the formation of filamentsidelobes is smaller than the taper angle, they partly scatter
Fig. 9 shows the photon distribution of the backward wave fnom the taper, because the refractive index perturbation forms
the cavity for the laser diode described in Section IlI-A at outpain antiguiding structure and form sidelobes in the near-field
powers of 0.2 and 1 W. The relative sizes of the sidelobes in thatterns (Fig. 4) that help seed the filamentation process. Hence,
ridge waveguide section are much smaller at 0.2 W than at 1 ihe optical pumping effect is identified as the source of the
showing that the filtering efficiency decreases with increasingegular beam pattern, which triggers SHB effects and, thus,
output power. To investigate this phenomenon in more detdilamentation.
the carrier and photon densities, refractive index perturbation,The intensity of the optical pumping effect can be reduced
and QW gain at the rear facet of this device are shown in Fig. 18, decreasing the front facet reflectivity, i.e., by decreasing
The intensity of the scattered light in the regions adjacent to ttiee intensity of the backward wave. This idea is illustrated
ridge waveguide increases with increasing output power, piio- Fig. 11, which compares the photon distribution in the
viding optical pumping, which increases the local carrier desame cavity for two values of front facet reflectivity: 1%
sity. When the region outside of the ridge waveguide approact{esed in the previous calculations) and 0.1%. The lower front
transparency, there is a strong decrease in the filtering efficierfaget reflectivity clearly reduces the optical pumping effect,
of the straight section. thereby delaying the degradation of the straight section filtering
The role of the regions adjacent to the ridge waveguide canfm®perties. The optical pumping effect can also be suppressed
understood in more detail as follows. The backward-propagatittgough the application of beam spoilers, as shown in Fig. 12.
wave is strongly scattered by the tapered structure becat#g 13 shows the photon density distribution after the addition
of its curved phase front (which causes it to diverge). Thif a beam spoiler with a &m aperture, positioned 100m
scattering is particularly significant at the interface betwedrom the rear facet. Again, the photon distribution and near-field
the tapered and straight sections (Fig. 9). Consequentlypmafiles are strongly improved and the bleaching-induced effects
significant amount of the power in the backward-propagatirtave been reduced.
wave is contained in higher order lateral modes, which pumps theBeam spoilers are commonly used to improve the perfor-
electrically unpumped regions. After reflection at the rear facehance of tapered lasers with the explanation that they improve
the amplified backward-propagating wave seeds the forwattie spatial filtering [11], [15].
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Similarly, lower front facet reflectivities have been observepgumping effect is suppressed by one of the methods described
to improve the output beam quality [26], [54], but again, no corabove. In Fig. 14, we compare the carrier and photon densities,

nection was made to the role of optical pumping in the straigtite refractive index perturbation, and the QW gain at the front
section.

facet of the same device. The optical pumping is suppressed by
Finally, we mention the last effect—electrical overpumpinga beam spoiler with a @m aperture, positioned 1Q@m from

Electrical overpumping becomes most apparentwhen the optitte rear facet. The carrier density increases rapidly with output
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R, = 1%.
power in the regions of low photon density (i.e., at the edges
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Fig. 13. Simulated photon density distribution for a cavity with a beam spoiler
at P = 1 W (the same geometrical parameters as in FigR3)}y = 95%,

of the taper), resulting in a large increase of the local gain addtribution. Electrical overpumping has been recognized in
a decrease in the local refractive index. As a result, a shouldlee literature [29], [30], [32], and the use of patterned contacts
builds up in the photon distribution, which ultimately takefias been proposed to tailor the current injection appropriately
the shape of small local peaks at the outer edges of the phofd8]. However, as shown here, the true impact of electrical
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and gain distributions at the front facet for the laser cavésiwispailer (the
to symmetry, only one half of the structure is included.

overpumping has generally been overestimated because ofdptical pumping effect has been suppressed through the use of
presence of the optical pumping. a beam spoiler.

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 reg

fractive index perturbation to changes in the carrier density in
the QW. All other materials parameters are either taken from

4
standard references or from measurements on broad-area Iase{ré

with the same epitaxial material.
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