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ABSTRACT

A self-consistent three-dimensional method for mod-

elling high-power laser diodes is presented, that is

based on the finite integration beam propagation

method (FI13PM). It allows the modelling of longitudi-

nally inhomogeneous lasers, and takes into account the

influence of the distributions of the injection current,

the carrier density and the temperature profile. The

method has been applied to various high-power laser

diode structures. Simulation results have been verified

by experimental data,

INTRODUCTION

High-power semiconductor lasers meet with grow-

ing interest in numerous applications, e. g. as pump

sources for solid-state lasers and fiber optical ampli-

fiers, and in optical measurement and communication

systems [1]. In these lasers very long cavities are em-

ployed in order to obtain high output power. In this

way sufficient amplification of the propagating opti-

cal wave is guaranteed, Consequently a longitudi-

nally strongly inhomogeneous optical field distribu-

tion will evolve within the cavity even in cases where

the laser structure is a priori longitudinally homoge-

neous. Therefore, three-dimensional modelling of the

propagating electromagnetic field and the nonlinear

laser effects is required for the design and optimiza-

tion of high-power semiconductor lasers.

For this reason, we have developed a three-dimen-

sional laser model. This model is based on the finite-

integration beam propagation method (FIBPM) [2, 3].

Compared to [2, 3], the following new features, that

result in a nonlinear behavior, are introduced: interac-

tion of the optical field with the carrier density, influ-

ence of current spreading, and dependence on temper-

ature profile. Contrary to previous two-dimensional

methods (e.g. [4, 5]), our novel model allows the de-

velopment and optimization of complex laser diodes

that contain transversal as well as longitudinal struc-

turing.

The laser model is described in the following sec-
Ell

I
tion. In the subsequent section results are presented

that were obtained by applying the model to a RISAS

laser.

THE FIBPM LASER MODEL

Figure 1 shows the nonlinear interaction of the

physical quantities that are taken into consideration in

the presented laser modell. From the contact the cur-

rent flows to the active zone. The current distribution

in the p-doped region above the active zone is deter-

mined by the electrical conductivity o and the quasi

fermi levels l?: and E; of electrons and holes in the

active zone. The injection current density Ji in the

active zone creates the carrier profiles nC and p, who

depend additionally on recombination rates, diffusion

and drift. The optical gain is determined by the car-

rier profile in the active zone, Furthermore, the carrier

density influences the real part of the refractive index

in the active zone, The guidance of the optical field

depends on the distribution of the complex refractive

index, whose imaginary part is determined by the op-

tical gain as well as by absorption losses. The optical

power density interacts with the carrier density in the

1429

0-7803-3246-6/96/$5.00 @ IEEE 1996 IEEE MTT-S Digest



bnwE@x4
q >

J. -o grad Q,

/

\

differential
conductivity d&IT

mjectlon
current ~ Joule

: ~“”

heating Q,
Fermi potential @D

/
quaai Ferrm levels

\\

~’” /,:,,tYY&

‘e;:;z%ER”’ ~=

carrier density n., p

(\
/)

intra-band absorption R,,,
stimulated

emiasron R,,,m gain g(rro,p)

\,

real part of the

(

diferentlal
refractive index An(m, p) refratiwe index dnlaT

I
2

ain g

optical power deneity S

Fig. 1: Nonlinear interaction in semiconductor lasers.
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Fig, 2: Algorithm for the self-consistent solution of

the laser equations

active zone because of the stimulated emission, Ad-

ditionally, this system of nonlinear interaction is influ-

enced by the temperature distribution, as indicated in

fig. 1.

The model for the numerical simulation of these

nonlinear interactions is based on the FIBPM. The

FIBPM is a full-vector beam propagation method, that

allows the calculation of the propagating electromag-

netic field in longitudinally inhomogeneous optical

waveguides [2, 3]. The transversal field discretization

is based on finite integration [8], This method is es-

pecially suited for structures containing very thin lay-

ers such as quantum wells. The FI13PM is based on

the paraxial approximation. This means, that the cou-

pling of forward and backward traveling waves is ne-

glected. For the FIBPM, a code for running the sim-

ulation on a massively parallel computer was devel-

oped that allows a very efficient calculation of the field

propagation.

The calculation of the distributions of current and

carriers is based on the assumption that the resistiv-

ity of the n-doped layers underneath the active zone is

neglectable in comparison to the resistivity of the p-

doped layers above the active zone (CT. -+ 00). The

current density J is calculated by solving the Laplace

equation for the Fermi potential @P in the p-doped re-

gion. The carrier density n. is evaluated by solving

an effective diffusion equation in the active zone ac-

cording to the model introduced by Joyce [6]. The

temperature profile is calculated by solving the heat

convection equation. The numerical solution of these

three equations is based on discretization by finite dif-

ferences.

For simulating the behaviour of semiconductor

lasers the algorithm in fig. 2 is applied. In longitudi-

nal direction the cavity is subdivided into several sec-

tions that are assumed to be approximately homoge-

neous. For each section, the Laplace equation, the dif-

fusion equation, and the heat convection equation are

solved in the transversal plane in the middle of that

section. From the solution of these equations a mod-

ified transversal profile of the complex refractive in-

dex is obtained for each cavity section, thus yielding

a longitudinally inhomogeneous waveguide structure.

The electromagnetic field distribution is determined

by evaluating the propagation of the wave along the

cavity — backward and forward. After each cycle the
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vertical structuring:

current barriec cladding Iayec 100 nm, Al, ,GaAa,

10 nm, n-Al,,,GaAs
nA= 5.1O“cm+

500 nm, n-AIO,GaAs waveguids 10 nm, AIO,GSAS
quantum well: 8 nm, GaAs
barrie~ 5 nm, A~,2GaAs

❑ absorbing region quantum well: 8 nm, GaAs
barrier 5 nm, AIO,GSAS
quantum well: 8 nm, GaAs

w=6~m, w’= 5.1 pm wave guide 10 nm, A10,2GaAs

Fig. 3: Structure of the RISAS-Lasers on which the

simulations in this paper are based, (length of cavity

L = 800 pm, mirror reflectivities RI = 0.03, .R2 =

0.96).

profile of the complex refractive index is updated by

solving the Laplace equation, the diffusion equation,

and the heat convection equation until a stable distri-

bution for all the relevant quantities is obtained.

RESULTS: RISAS LASER

In this section results are presented that were ob-

tained by applying the described laser model to a

RISAS (geal index guided self @lignmant @ucture)

laser. For this laser experimental results were given

in [7]. Therefore, our laser model could be verified by

comparing the results of the simulation with the exper-

imental data from [7], Figure 3 shows the structure of

the cross section of this laser.

In fig. 4 the transversal distribution of the optical

near field of the fundamental mode is depicted. When

the current/power characteristic of this structure is cal-

culated self-consistently, a higher order mode appears

at l& x 100 mW because of spatial hole burnung ef-

fects. In the experiments presented in [7] this higher

order mode only appears at l’OPt > 600 mw. ~is

Fig, 4: Transversal near field distribution of the optical

power density of the fundamental mode in the RISAS

laser in fig. 3 (contour lines at 0.005, 0.01, 0.02, . . . .

0,64).

Fig. 5: Temperature distribution in the transversal

plane z = 80pm of the RISAS laser in fig. 3

(POPt = 612 mW, contour lines at 301, 302, . . ..

314 K).
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Fig. 6: Comparison of measured [7] and calcu-

lated values for the lateral far-field divergence for the

RISAS laser in fig. 3.
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deviation could be explained by losses in the region

of the etching edges that affect the higher order mode

more strongly than the fundamental mode. In order

to suppress the higher order mode in the simulations

in a way that corresponds to the experimental results,

absorbing zones (a = 800 cm– 1) were introduced in

the region of the etching edges as indicated in fig. 3.

In this way, the output power 612 mW in single mode

operation was obtained in the simulations. The cal-

culated threshold current is ~th = 40 mA, the gradi-

ent of the currentipower characteristic is Af’/A1 =

1.4 mW/mA. The deviation from the experimental

results (~th = 36 mA, AP/A1 = 1.3 mW/mA) is

about 10%. Figure 5 shows the temperature distribu-

tion in the cross section z = 80pm of the RISAS laser

at the output power l’OPt = 612 mW.

With growing output power the near-field width

in lateral direction becomes smaller because of self-

focussing. This effect is due to heating and carrier de-

pletion, both of which cause a rise in the refractive

index in the central region of the structure. When the

near-field width decreases, the far-field divergence in-

creases. Figure. 6 shows that the experimental results

for the power dependence of the far-field divergence

are in good agreement with the simulations.

CONCLUSIONS

A self-consistent model for the three-dimensional

simulation of semi-conductor lasers has been pre-

sented. The nonlinear effects caused by the interac-

tion of the optical field with the current distribution,

the carrier density, and the temperature profile are in-

cluded in this modell. The model has been applied to

various structures that are typical for the design of high

power laser diodes. As an example, in this paper result

for a RISAS laser are presented. A comparison with

experimental results proves the validity and the accu-

racy of the model. This is true especially for those

effects concerning the waveguiding properties of the

laser cavity that depend on the nonlinear interaction of

the optical field with the carrier density and the tem-

perature profile.
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