
Abstract. A software package is developed for numerical
analysis of radiation of edge-emitting diode lasers. The
optical block of the package uses the three-dimensional
diffraction method of counterpropagating beams. The current
carrier density distribution in a quantum well is found from
the diffusion equation, and the temperature distribution is
found from the heat conduction equation. The software
package can be used to analyse the competition of optical
modes and to énd the critical current at which single-mode
lasing is quenched. The operation of a semiconductor laser
having a built-in system of waveguides with antiresonance
reêection is analysed. The conditions of single-mode gen-
eration with the output power above 1 W are found for this
laser.

Keywords: semiconductor laser, numerical simulation, mode com-
petition, diffraction.

1. Introduction

Semiconductor lasers emitting a few watts of cw power in a
single transverse mode at a wavelength of 980 nm are
required for pumping ébre ampliéers and for free space
communication. Single-mode oscillation is usually main-
tained in built-in waveguide single-mode lasers at output
powers lower than 1 W [1, 2]. Such lasers employ the
asymmetric location of a quantum well to reduce the spatial
overlap of the region occupied by the éeld with the gain
region [3, 4], which makes it possible to increase the laser
length and output power. At the same time, the width of
the emitting spot in the lateral direction (perpendicular to
the current direction and optical axis) is restricted by a
built-in waveguide and is � 4ÿ 5 mm, so that the maximum
output power of the laser is � 700 mW in the case of the
passivated output surface of the crystal. The increase in the
width of the emitting aperture in the lateral direction leads
to the excitation of additional modes and degradation of

the output beam quality. The main mechanisms producing
multimode lasing are the burning of spatial holes and
radiation self-focusing due to a change in the refractive
index of a medium caused by heating and gradients of the
current carrier density. To increase the lateral aperture by
preserving single-mode lasing, various arrangements of the
elements of the structure are used in recent years, in which
the radiation éeld in the lateral direction is not conéned;
however, its êow to the side surfaces for a certain mode is
small. A waveguide with an antiresonance reêector [5]
allowing the efécient selection of the lateral modes by their
losses is a successful example of such a structure.

Numerical methods provide reliable calculations of the
parameters of semiconductor lasers and ampliéers [6, 7]. In
the general case the radiation éeld in these devices can be
calculated by two alternative methods. The method of the
éeld expansion in modes [8] assumes that the modes
propagate along the optical axis of a laser (ampliéer)
without distortions. In this case, the phase incursion is
proportional to the laser length with a coefécient called the
propagation constant. The mode proéle and propagation
constant are found by solving the two-dimensional problem
on a plane perpendicular to the optical axis by the methods
of énite elements [9], lines [10] or énite differences in the
time domain (FDTD) [11].

The éeld can be also calculated by the propagating beam
method [12], which allows one to take into account the
change in the mode structure during its propagation along
the optical axis (the z axis). Such a calculation was
performed, for example, in [13] for the case of single-
pass ampliécation at a wavelength of 980 nm. To calculate
the lasing regime, it is necessary to take into account the
interaction of counterpropagating beams in the active
medium [14]. The method of counterpropagating beams
often uses the scalar and paraxial approximations, which
reduce the problem to the solution of a system of two
parabolic equations for the éelds of counterpropagating
beams. These equations, taking into account the boundary
conditions on mirrors and side surfaces, are usually solved
by the iteration method [15].

The problem can be often further simpliéed by using the
effective refractive index (ERI) approximation [15, 16], in
which the dependences of the éeld on the transverse (x) and
lateral ( y) coordinates are separated. In this case, it is
sufécient to solve a system of two-dimensional equations in
variables x, z. Finally, if the change in the éled amplitude
along the optical axis is negligible, the problem is reduced to
the solution of a one-dimensional (in the lateral direction)
equation [17, 18].
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In the case typical for semiconductor lasers, the radi-
ation intensity changes along the z axis by one ë two orders
of magnitude. The applicability of the ERI approximation
depends on the design of an optical waveguide. In partic-
ular, it was found that for the ridge structure [19] this
approximation was in good agreement with exact calcu-
lations. In structures containing piece-parallel waveguides,
the separation of the éeld dependences over coordinates x
and y can result in considerable errors [20]. The structure
analysed in our paper belongs to this type. It was shown
earlier in calculations of the formation of radiation in
ampliéers [13] and lasers [21] that the ERI approximation
is not valid for structures with built-in waveguides forming
antiresonance reêectors.

The analysis of the stability of single-mode oscillation in
semiconductor lasers with antiresonance reêectors neglected
the inêuence of the structure heating. The known papers
taking the structure heating into account (see, for example,
[22, 23]), use the ERI approximation.

In this paper, we describe the three-dimensional model
of a diode laser with an antiresonance structure, which
generalises the model considered in [21] and takes into
account the focusing of radiation caused by the nonuniform
heating of the medium. We developed a software package
containing the optical unit in which the éeld of a generated
mode is calculated taking into account the inhomogeneous
spatial temperature distribution self-consistently with the
distribution of current carriers described by the diffusion
equation, as in [6]. In addition, the éelds of other modes are
calculated for the `frozen' distributions of the gain and
refractive index produced by the radiation éeld of the
fundamental mode. The temperature distribution in a
sample is found by solving the heat conduction equation,
which allows us to study the inêuence of thermal focusing
on the stability of single-mode lasing.

2. Mathematical model

The monochromatic radiation éeld in a laser in the scalar
approximation is described by the Helmholtz equation. In
the three-dimensional diffraction calculation of propagating
beams [14], the radiation éeld is represented in the form

E�x; y; z� � E��x; y; z� exp�ik0n0z�

�Eÿ�x; y; z� exp�ÿik0n0z�,

where k0 is the wave number of the éeld in vacuum; n0 is
the mean refractive index; E� are the éeld amplitudes for
counterpropagating beams propagating in the positive (�)
and negative (ÿ) directions of the z axis. The propagation
of the éeld along the optical axis is calculated by the
method of splitting over diffraction, refraction, and
ampliécation processes. Such a splitting at each of the
steps of the numerical calculation makes it possible to
describe the inhomogeneities of the gain and refractive
index caused by the redistribution of the carrier density and
nonuniform heating.

Semiconductor heterostructures have a speciéc layered
structure with layers of width considerably exceeding their
thickness [1]. The typical length of the structure along the
optical axis is 1 ë 2 mm, the width is 20 ë 40 mm, and the
height is 2 ë 4 mm [2]. The ampliécation occurs in quantum

wells of thickness 5 ë 8 nm. The variety of spatial scales
requires the use of a éne calculation network with different
steps along different axes. We used the orthogonal network
of size 256� 256 in the cross section with the cell size along
the optical axis equal to 0.1 mm, which requires 104 ÿ 2�
104 steps along the z axis for the typical length of a crystal
1 ë 2 mm.

The absence of reêection of radiation incident on the
boundaries of the calculation region is provided by the
perfectly matched layer boundary condition [24] in the
variant [25] developed for waveguide structures.

Because the typical dimensions of structures in a semi-
conductor laser in a plane perpendicular to its optical axis
are comparable with the radiation wavelength, the diffrac-
tion of radiation is described in the wide-angle Pade
approximation [26]. We use one of the variants of this
approximation in which the beam éeld amplitudes are
described by the equations [27]
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n is the local refractive index; a is the coefécient of
distributed optical losses; and g is the gain, which is
negative if the injection current density is lower than
current density at which the medium becomes transparent
(transparency current density).

In the general case the relation between the gain and
concentration of carriers in a quantum well has a compli-
cated form and should be found by solving the continuity
equation for the electron and hole êows [28]. The acceptable
accuracy for structures being simulated is provided by the
logarithmic approximation [13]. The current carrier density
N in quantum wells was determined by solving the one-
dimensional lateral-direction diffusion equation [29]
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where Y � N=Ntr; D is the carrier diffusion coefécient; tnr is
the linear recombination time; g0N � g(Y � e); B is the
coefécient characterising the carrier loss quadratic in
concentration; jUj2 � jE� � Eÿj2=Is; Is � hcNtr=(lg0Ntnr)
is the saturation intensity; h is Planck's constant; l is the
wavelength; c is the speed of light; J is the pump current
density; Ntr�fÿt _ÿ1

nr � �tÿ2nr � 4BJtr(qdw)�1=2g=(2B) is the
current carrier density corresponding to the zero amplié-
cation and absorption; Jtr is the transparency current
density; q is the electron charge; and dw is the quantum well
thickness. The Auger recombination loss, proportional to
the third power of the carrier concentration, is neglected in
this calculation. The refractive index in a quantum well is
deéned as ~n � ~n0 ÿ Rg=(2k0)� vT, where n0 is the refractive
index corresponding to the transparency current; R is the
line enhancement factor; v is the thermooptic coefécient;
and T is the change in the quantum-well temperature with
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respect to the temperature of a cooler. All these parameters
depend on materials and the heterostructure type. The
values of parameters used in calculations are presented in
Table 1. The thermooptic coefécient was assumed the same
for all layers.

The temperature distribution in a sample was found by
solving the two-dimensional heat conduction equation

ÿ q
qx

�
w
qT
qx

�
ÿ q
qy

�
w
qT
qy

�
� f (3)

in a plane perpendicular to the optical axis. Here, w is the
heat conductivity and the heat source function f includes
the ohmic loss rJ 2 ( r is the ohmic resistance) and heating
related to the thermalisation of electrons and holes in the
quantum well. Our main goal was to énd temperature
gradients in the irradiated region rather than the absolute
value of the temperature. We neglected the nonlinear
recombination of carriers and spontaneous radiation in the
thermal balance because the contribution of these processes
for a 980-nm laser analysed in the paper is insigniécant.
The distributed laser radiation loss is usually caused by
radiation scattering from structural defects and its con-
tribution to the thermal balance is also insigniécant. In the
case of such simpliécations, the temperature along the
optical axis does not change. The region of calculations for
solving the heat conduction equation considerably exceeds
the region of calculations for optical modes. The temper-
ature is assumed speciéed at the boundary with a cooler, so
that the temperature increment is zero, while at the other
boundaries the heat êow qT=qn was assumed zero (where n
is the normal to the boundary).

The found distributions of the temperature increment
were used to recalculate the local refractive index by the
expression

n�T� � njT�0 � vT. (4)

The radiation éeld distribution matched with the tem-
perature and carrier concentration distributions in the
quantum well for the speciéed pump current proéle was
calculated by the Fox ëLi method.
For the speciéed gain and refractive index distributions,
produced by the generated mode, we calculated the éeld
distributions for other modes, for which the gain was lower
than the threshold, and calculated lasing thresholds for
each of them [30]. A similar approach was used in paper
[15] to calculate the discrimination of modes in a laser
without a built-in waveguide by employing the ERI
approximation and neglecting heating. By calculating the
lasing thresholds for higher-order modes, we can énd
injection currents at which the gains for competing modes
achieve threshold values. In this way, the maximum single-
mode output power is determined for the given sample. The
determination of a set of competing modes is reduced to a
linear eigenvalue problem for Eqn (1) with the speciéed
functions n and g. This problem was solved by the shift and

invert Arnoldi method [31]. The use of this method to
simulate a diode laser is described in detail in paper [27].

3. Calculation results and discussion

3.1 Calculation of the fundamental-mode generation

Figure 1a shows the simpliéed scheme of the section of a
sample perpendicular to the optical axis (without following
the spatial scale). Heat is removed through a number of
layers: a 100-nm-thick titanium contact; two 5-mm-thick
gold layers separated by a 5-mm-thick AuSn solder layer;
and a 200-mm-thick CuW layer. The thickness of a GaAs
substrate was 124 mm, so that the size of the total region for
calculating the heat conduction was 342� 500 mm. Figure
1b shows schematically the region in which laser radiation
is concentrated. The material and thickness of layers in this
region are presented in Table 2 in paper [13]. The sample
represents in the section a heterostructure with a separate
conénement and the small optical mode conénement factor
G (G � 1:1% in the central element).

The laser design has a property that for a mode whose
éeld in the lateral direction can be represented in the form of
a half-wave in the central element of width d, the side
elements of width d=2 play the role of a quarter-wave plate
well reêecting the incident radiation [5]. For higher-order
modes, the interference of the éelds outside the central
element leads to the intense radiation êow outside. Thus,
this structure is the antiwaveguide one (the effective
refractive index in the central element is lower than that
in region of waveguide inserts), and radiation losses in the
lateral direction for all modes are large compared to the
fundamental-mode loss. By varying the width s of wave-
guide inserts, it is possible to change the lateral radiation
loss in a broad range. The aim of our study is to énd the

Table 1.
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Figure 1. Cross section of a laser with a system of coupled antiresonance
waveguides. The region of calculation of the heat conduction equation
(below is shown the boundary of a cooler at éxed temperature) (a) and
the cross section of the region of calculation of optical modes (b): ( 1 )
substrate; ( 2 ) n-plate; ( 3 ) optical waveguide; ( 4 ) active layer (quantum
well); ( 5 ) built-in waveguides; ( 6 ) p-plate; ( 7 ) p-GaAs layer.
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value of s at which the maximum single-mode radiation
power is achieved.

As the pump current is increased, the ampliécation is
saturated and becomes more inhomogeneous. In this case,
higher-order modes are ampliéed stronger and single-mode
lasing is quenched. The numerical simulation of the laser
with the optical structure shown in Fig. 1b was performed in
paper [17] in the ERI approximation and in paper [21] by
the method of counterpropagating beams by neglecting
heating. It was found in [21] that the abandonment of
the ERI approximation resulted in considerable changes in
the critical parameters found for single-mode lasing. In
particular, the limiting power for samples with inserts of
width s providing the minimal lateral radiation loss for the
fundamental mode proved to be lower than that for other s.
The insert widths were determined at which the single-mode
output power could exceed � 1 W. However, estimates
show that heating cannot be neglected at such powers.
We will present below the results of numerical simulation of
this structure taking into account thermal focusing.

For comparison with previous papers [17, 21], we
studied a sample of length 2 mm with the central element
of width d � 10 mm and the reêectances of the output and
highly reêecting mirrors equal to 1% and 95%, respec-
tively. The model also includes the distributed radiation loss
with the coefécient a � 1:5 cmÿ1. The calculation of radi-
ation generation in such a laser for the speciéed pumping
takes 15 ë 30 hours by using a 2.4-GHz Pentium IV PC. It
was shown earlier [21] that calculations of generation in a
laser with a shorter crystal and mirror reêectances providing
the preservation of the threshold gain did not change
parametric dependences. Therefore, for calculations with
the variable width s, the laser length was reduced by an
order of magnitude (down to 0.2 mm). In this case, the
reêectances of the resonator mirrors were 63.1% and
99.5%.

The pump current density was assumed constant within
the central element and zero outside it. This approximation
is reasonable in this case because the `êowing out' of the
current outside the central element can be limited by
blocking layers on both sides of the antiwaveguide [32].

Figure 2 shows the light ë current characteristic calcu-
lated for a laser of length 0.2 mm with waveguide inserts of
width 2.6 mm. For comparison, the light ë current character-
istic calculated by neglecting heating is also shown. One can

see that the slope of this characteristic increases due to
nonuniform heating. This is explained by the fact that
nonuniform heating causes the focusing of the fundamen-
tal-mode éeld to the central element region, thereby
reducing the lateral radiation loss. Figure 3 shows the
calculated distribution of the normalised temperature incre-
ment in the quantum well over the lateral coordinate. This
proéle weakly depends on the width of waveguide inserts.
The maximum temperature increment as a function of the
pump current related to the transparency current is shown
in Fig. 4.

The generation in the laser of length 0.2 mm was
calculated for different widths s of waveguide inserts. It
was found in [21] that for rather low pump currents, when
the estimated heating is insigniécant (such a situation is
realised in the case of pulsed lasing), single-mode lasing is
quenched for s � 2ÿ 2:4 mm. Our calculations conérmed
that the role of heating for such values of s is insigniécant
and the achievable single-mode lasing power is small
(� 15ÿ 20 mW).

Figure 5 presents light ë current characteristics calcu-
lated for the values of s at which single-mode lasing
remains stable at pump powers exceeding the lasing thresh-
old by 40 ë 50 times. Unlike the predictions of the optical
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Figure 2. Dependences of the output radiation power Pout on the pump
current I calculated for waveguide inserts of width s � 2:6 mm and the
laser length 0.2 mm taking thermal focusing into account (&) and
neglecting it (&).
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Figure 3. Temperature increment with respect to the environment tem-
perature normalised to the maximum value Tmax calculated for wave-
guide inserts of width s � 2:6 mm and the laser length 0.2 mm.
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Figure 4. Maximum change of the temperature Tmax in a laser compared
to the environment temperature as a function of the pump current I
calculated for waveguide inserts of width s � 2:6 mm and the laser length
0.2 mm.
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model [21], the theory taking into account the sample
heating predicts the presence of a break in the light ë current
characteristics (s � 1:6, 2.7, and 2.8 mm) at the pump
current densities exceeding the transparency current density
approximately by two orders of magnitude (the pump
current density exceeds the threshold value approximately
by a factor of 20). This break appears due to thermal
focusing, which increases the fraction of the radiation power
contained in the central element, thereby enhancing the
lasing eféciency. The calculated lasing thresholds proved to
be highest for these values of s, which suggests that the
lateral radiation loss is high at low pump currents. Such a
laser design is usually not used in experiments because it is
assumed that the lasing eféciency will be low. Our model
predicts that it is in this case that the stability of the single-
mode regime is maximal, and the lasing eféciency increases
with the pump current.

3.2 Calculation of competing modes and the maximum
single-model lasing power

After calculating the fundamental mode for the given s and
éxed pumped current, we calculated higher-order modes,
which can compete with the generated mode. These
calculations gave the spatial structures of modes and
their eigenvalues g. The moduli of eigenvalues determine
the closeness of the gains of corresponding modes to the
lasing threshold. As the pump current is increased, the
moduli of eigenvalues of some modes increase, and when
one of the moduli achieves unity, lasing appears at the
corresponding mode. The pump current at this moment is
the critical current at which single-mode lasing becomes
unstable.

Figure 6 presents the dependences of the modulus of the
eigenvalue of the mode nearest to the lasing threshold on the
ratio of the pump current density to the transparency
current density for s � 2:6 mm calculated by taking thermal
focusing into account and neglecting it. The calculations
were performed for the short (0.2 mm) and long (2 mm)
samples. One can see from Fig. 6 that the dependence of
eigenvalues on the pump current drastically changes upon
heating. A break appears in the curves, which indicates that
the competing mode changes with increasing pump current.
The critical pump current density is higher for the long

sample than for the short one in both models; however,
these current densities considerably approach each other
upon heating for both models.

To elucidate the mechanisms leading to the effects
observed, we consider changes in the éeld proéles of two
modes with the highest eigenvalues with increasing pump
current for the short sample with s � 2:6 mm. Figure 7
shows the structure of these modes in the near-éeld region
for three pump currents I � 10, 107, and 130 mA. If the
mode is characterised by the number of changes in the éeld
sign, then upon weak pumping mode 7, whose éeld is
concentrated in the central element, is closer to the thresh-
old. The éeld of this mode in the central element is
defocused and redistributed into side elements due to the
thermally induced increase in the refractive index. Defocus-
ing enhances the lateral radiation loss and reduces jgj for
I > 50 mA. Competing mode 5, on the contrary, is focused
to the centre, which is accompanied by a decrease in the
lateral radiation loss and a better spatial overlap of the
region occupied by the éeld with the region in which
ampliécation occurs. As a result, for the current I �
100 mA, the excess over the threshold for mode 5 becomes
equal to that for mode 7, and for I � 130 mA, lasing
appears at mode 5.

Figure 8 illustrates the fact that, as the sample length is
increased by a factor of 10 (up to 2 mm), the slope of the
light ë current characteristic changes weakly both in the
optical and thermal models. At the same time, irrespective
of the sample length, the slope of the light ë current
characteristic is larger in the model taking heating into
account. The inêuence of heating on the competition of
modes for the long sample with s � 2:6 mm strongly reduces
the maximum single-mode laser power from 1.42 to 1 W.

4. Conclusions

We have analysed numerically the stability of single-mode
oscillation in a semiconductor laser with a system of built-in
waveguides with antiresonance reêection. The software
package has been brieêy described which includes the three-
dimensional optical block based on the method of counter-
propagating beams and the thermal block for calculating
the temperature proéle. The package provides the self-
consistent solution of the diffraction optic equation, the
diffusion equation for current carriers in a quantum well

Pout

�
mW

0 50 100 150 200 I
�
mA

50

100

150

200

Figure 5. Dependence of the output power Pout on the pump current I
for a laser of length 0.2 mm with waveguide inserts of width s � 1:6 ($),
2.7 (!), and 2.8 mm (&).
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Figure 6. Moduli jgj of the eigenvalue of the mode nearest to the lasing
threshold as a function of the pump current density J normalised to the
transparency current density Jtr. Calculations are performed taking
thermal self-focusing into account (solid curves) and neglecting it
(dashed curves) for s � 2:6 mm and the laser length 0.2 (squares) and
2 mm (circles).
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and the heat conduction equation. The gains and losses
have been calculated for competing modes taking into
account the refractive-index and gain distributions pro-
duced by the generated mode. This allows us to predict the
stability limit of single-mode lasing over current.

It has been predicted in [21] that maximum single-mode
powers are achieved near the lateral radiation transmission
resonance. However, the maximum power could not be
calculated reliably within the framework of the optical
model because estimates showed the important role of a
thermal lens induced by sample heating. We have found in
this paper that thermal focusing enhances the slope
eféciency of the laser. In a laser with a waveguide insert
of width corresponding to the maximum lateral radiation
loss at a low current, the slope eféciency increases with the
pump current. The maximum single-mode power for a laser
of length 2 mm with s � 2:6 mm is predicted to be � 1 W.
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