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Dynamics in high-power diode lasers

Uwe Bandelow, Mindaugas Radziunas, Anissa Zeghuzi,
Hans-Jirgen Wiinsche, Hans Wenzel

Abstract

High-power broad-area diode lasers (BALs) exhibit chaotic spatio-temporal dynamics above
threshold. Under high power operation, where they emit tens of watts output, large amounts of
heat are generated, with significant impact on the laser operation. We incorporate heating effects
into a dynamical electro-optical (EO) model for the optical field and carrier dynamics along the
quantum-well active zone of the laser. Thereby we effectively couple the EO and heat-transport
(HT) solvers. Thermal lensing is included by a thermally-induced contribution to the index profile.
The heat sources obtained with the dynamic EO-solver exhibit strong variations on short time
scales, which however have only a marginal impact on the temperature distribution. We consider
two limits: First, the static HT-problem, with time-averaged heat sources, which is solved itera-
tively together with the EO solver. Second, under short pulse operation the thermally induced
index distribution can be obtained by neglecting heat flow. Although the temperature increase
is small, a waveguide is introduced here within a few-ns-long pulse resulting in significant near
field narrowing. We further show that a beam propagating in a waveguide structure utilized for BA
lasers does not undergo filamentation due to spatial holeburning. Moreover, our results indicate
that in BALs a clear optical mode structure is visible which is neither destroyed by the dynamics
nor by longitudinal effects.

1 Introduction

Due to their small size and high efficiency broad-area (BA) lasers are important pump sources for
high-performance laser systems and are also used for direct material processing. Tens of watts output
from single devices can be obtained. Not to exceed the critical intensity for catastrophical facet de-
generation, the beam area at the facet must be large and the intensity distribution should be as flat as
possible. This gives rise to multimode operation, such that mode beating is unavoidable. The inherent
nonlinearities transform this beating into a rather complex spatio-temporal behaviour. In the present
paper we describe a numerical tool that is able to accurately calculate these phenomena. It considers
all essential elements of realistic device structures but is still simple enough for design optimizations
within reasonable computing times. The developed simulation tool BALaser bases on sophisticated
numerical algorithms [1}, [2, [3] [4]. Applications to several subjects have been reported, among them
different types of beam shaping and stabilization [5} 16, 7], as well as tailoring external feedback [8} [9].
We cannot present all this work here, but focus on two further applications: i) what is the nature of
filamentation [10] and ii) which role possible temporal changes of temperature are playing[11]?

In optics, the notion filamentation means the creation of a self-trapped beam of light in a nonlinear
medium or the breakup of a beam into many transverse components [12], Ch.7, p. 330. BA lasers
typically show beam break up as in the example of Fig. [Tfa). Since this example is calculated with
our model, we can ask for the nature of this effect. In literature it is often discussed along the idea of
the modulation instability of a beam in a medium with a Kerr nonlinearity. We have evaluated this idea
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U. Bandelow et al. 2

on base of our model. The results agree exactly with theory in case of an ideal homogeneous Kerr
medium. However, we do not find an indication of the modulation instability for realistic device struc-
tures. Instead, the filamentation is structured here by the transverse modes of the cavity. Moreover,
the filaments of the time-averaged intensity are highly dynamical objects as the snapshot of Fig. [T|b)
demonstrates. Here we see chaotic light bullets rather than filaments. Note, however, the different axis
scales. The bullets are hundreds microns long but only few microns wide. They are a kind of short
filaments flying through the device.

(a) time averaged optical field intensity distribution (W/ umz)

1 2 3 4

lateral coordinate (pm)
(==}

0.0

longitudinal coordinate (mm)

Figure 1: Top view on the optical intensity distribution in the active region of the BA laser of Fig.
under continuous wave (CW) high power operation, calculated with the model of section [2| (a) time
averaged, (b) time snapshot of intensities laterally normalized at each longitudinal position.
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Figure 2: Sketches of a typical BA laser. (a) Vertical-lateral cross section of the thermal simulation
domain. (b) Domain of the electro-optical simulation. Our calculated example device has rear and
front facet power reflectivities of Ry = 0.95 and R; = 0.01, respectively. The active layer consists of
a 7-nm-thick single InGaAs quantum well embedded in p- and n-doped AlGaAs cladding and optical-
confinement layers. To provide lateral current confinement the p-doped layers are implanted down
to the vicinity of the active region. The vertical layer structure is designed to form an index-guided
single-mode large-optical-cavity waveguide with negligible carrier accumulation in the confinement
and cladding layers.

A large amount of heat is generated in high-power lasers. Even being cooled, the interior temperature
is increased with large impact on the laser operation. The most prominent effect is the formation of a
thermally induced waveguide, i.e. a substantial increase of the refractive index in the hot center below
the contact stripe, commonly referred to as thermal lens. In the example of Fig. [1} it causes a slight
focussing close to the right facet. Thermal lenses are well studied for continuous wave (CW) operation
and a steady temperature distribution. They are usually neglected under pulsed operation because
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Dynamics in high-power diode lasers 3

thermal build-up times up to milliseconds are much longer than the pulse lengths. However, the heat is
generated near to the active layer in the same region where the guided wave is localized. This region
is small and its thermal build-up time is much shorter than that of the whole device. Thus, one can
also expect focussing, but with a dynamic thermal lens.

Short-time local heating can be expected to influence the optical pulse formation although time-
averaged heating is negligible. Theoretically, a time-dependent temperature has been considered in
early models as presented e.g. in Refs. [13| [14]. They concentrated on a sophisticated microscopic
description of the processes in the active layer. However, besides requiring enormous computer re-
sources even for nanosecond transients, they disregarded outer parts of devices, where a considerable
portion of the heat is generated. Heat flow was replaced by a simple local relaxation of temperature
towards an ambient temperature. These features limit applications in device design.

Our paper is structured as follows. The time-dependent quasi three-dimensional electro-optic-thermal
model is presented in Section[2] It bases on our previous electro-optical model and solver BALaser [15]
16,[17]. Its upgrade with a space-time dependent thermal model is designed so that few-nanoseconds-
long transients can be calculated within minutes. As a first application, the nature of filamentation in
such devices is explored in Section [3] Exemplary laser operation with 10 ns long pulses is simulated
in section |4] revealing a fast-growing thermally induced waveguide initializing the known stationary
thermal lens. The paper is summarized in section 5]

2 The electro-optical and thermal model

2.1 Electro-optical model of the active layer

Our mathematical model is a hybrid combination of a traveling-wave (TW) model in the (x, z) plane,
a model of current flow in the (x, %) plane, and a thermal model. In the semiclassical framework of
rotating-wave, scalar, effective-index and paraxial approximations, the transverse-electric optical field
is represented by its electric xz-component

E(7t) = A ¢(y) [u+e’mkoz + u’emkoz} et 4 c.c. (1)

with A = \/dhw/(2e9ning) and kg = 2m/Xg. Ao = 910 nm, d = 7 nm, h, €, n, = 3.87,
n = 3.4, w and c are the center wavelength, the thickness of the active region, the Planck constant,
the vacuum permittivity, the group refractive index, a real valued reference index, a reference angular
frequency and the vacuum speed of light, respectively. Supposing a well-designed vertical waveguide,
the normalized fundamental vertical mode ¢(y) is calculated in advance for the cold cavity and re-
mains unchanged. The slowly varying complex amplitudes ui(x, z,t) obey a traveling wave equation
(TWE) coupled to a diffusion equation for the carrier density N (z, z, t) (sheet density divided by the
QW thickness)

10,0, 1 &
vg Ot 0z 2nky 0x?

+D:| ui = —Zl{fo [Aneff(N7 T7 ||u||2)+An§:,eff(|ui|2)} u:t+ 3:57 (2)

ON _2 8_]\7 j(z, z,t) B +
ot Ox (Deﬁ(N) 8x) + ed R(N,u™, D). ®)

Here, j(z, z, t) is the injection current density, ||u||> = |u™|? + |u~|? the local photon density, De
an effective diffusion coefficient and R(N,u*, D) = AN + BN? + CN? + Rgn(N,u*, D) the
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U. Bandelow et al. 4

recombination rate, where A, B, C' are the Shockley-Read-Hall, spontaneous radiative and Auger
recombination coefficients.
The rate of stimulated recombination Ry (N, u™, D) = vyRe Y. . u”*(g — 2D)u” is mainly de-
termined by the term v,g(z, z, N, ||ul|?)||u||*. The local carrier density-dependent gain g accounts
also for nonlinear gain compression: g = ¢’ log(N/Ny,) /(1 + &4||u||?), with ¢/, Ny, and & as differ-
ential modal gain, transparency carrier density and gain compression factor, respectively. The operator
D is used to model dispersion of the optical gain [18]. We use it in the form
+
Du* = %(ui - p*), a@i = y(u* = p*) +idwp®, (4)
t
which couples the traveling wave equations (2) to ordinary differential equations for the complex slowly
varying amplitudes of the polarization fields pjE [18]. This approximates the dispersion of the gain with
a Loretzian of amplitude ¢,, half width at half maximum -, and relative central frequency dw.

The amplitudes u™ are coupled to each other by reflecting boundary conditions at the facets. Periodic
boundary conditions are assumed at the lateral boundaries of the sufficiently broad simulation domain.
The complex effective index deviation An. from the reference index n obeys

.g($, Zs N’ ||u||2)—a(:v, <, N)

Anegg(z, 2z, N,T)=Ang(x, 2)+ Anx(z, 2, N)+ Any(z, 2, T)+i o ;
0
(5)

with Ang, Any, and Ant accounting for built-in index changes, carrier density and temperature
dependent index changes, respectively, and « for optical loss, which includes effective internal back-
ground absorption and free carrier absorption in the active region. Angteﬂ describes effective changes
of the complex refractive index due to the Kerr effect Angi and two-photon absorption afp and is

derived as

Re%s B
Angceff = Angf — 22—2‘; = (n; — z%) hwovgd(”u”? + ]u3F|2)7 ()

with the effective optical Kerr coefficient nf, in units of mW ! and the effective two-photon absorption
coefficient 5’ in units of W~ [19].

The thermally induced index, that will be used later
Bun(T) = [ st Tl6dy )
with constant slope parameters n’. in each material, is the main impact of temperature variations on

the wave propagation. Thermal changes of the Fermi distribution functions are also taken into account.

The numerical integration of the TW-model equations presented above are performed using parallel
computing and distributed memory paradigm (MPI) at the WIAS in Berlin. Typical 1 ns-transient sim-
ulations of 4 mm-long and 100 um-broad laser using 20-30 parallel processes can be made in 5-10
minutes. More details on the efficiency of the code are given in [16].

2.2 The (z,y) model of current flow through the p-layers

Current spreading and current self-distribution in the p-doped layers play an important role in BA lasers
[3, [11]. They are also expected to have a large impact on the Joule heating, which is proportional to
the square of the current density,

j=aV, 8)
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with the electrical conductivity 0. The quasi-Fermi potential ¢, of the holes is determined by solving a
Laplace equation in the p-doped region [3, 7],

V(eVy,) =0 9)

with the boundary conditions ¢,|,—,, = ¢r(N,T) at the active layer, ¢, = U at the p-contact, and
%tpp = 0 elsewhere, where % is the normal derivative. U is the bias voltage and ¢ (N, T) is the
Fermi voltage in the active layer, i.e. the separation between the quasi-Fermi potentials of holes and
electrons. The injection current density j(, x, z) entering equation (3) is the y-component of j at the
upper boundary of the active layer adjacent to the p-doped region. To numerically solve the presented

equations the scheme extensively described in Ref. [3] is applied.

2.3 The thermal model

The heat model calculates the heat generation using results of the opto-electronic model, solves the
heat-flow equation, and determines the thermal index contribution (7)) acting on the wave propagation.

2.3.1 Heat generation

The heat sources of the model that we list now, are derived from corresponding expressions given in
[20, [21].

In accordance with the current flow model the Joule heat

is essentially generated in the p-doped region and can be neglected in the n-doped region, due to the
very high electron conductivity.

The heat source due to absorption of stimulated emitted photons is given as

b {vghwd%m)\?uu(x, 2, )12 o () +vheodBen () |0() P lule, 2, )12, y & AR,
vohw fyNu(z, z,t)||?, vy € AR

(11)
where the abbreviation AR denotes the active region, n(y), ao(y) and Bep(y) are the vertical distri-
bution of the real part of the refractive index, the absorption and the 2-photon absorption coefficient,
respectively. The first term in equation accounts for background absorption due to doping, the
second term denotes 2-photon-absorption in the cladding and confinement layers, whereas the term
in the second line of equation is due to free carrier absorption in the active region.r'_]

The third source term is recombination heat in the active region,
hree = epr(N, T)(AN + ¢BN? + CN?) (12)

where £ denotes the portion of absorbed spontaneous emission. By setting & = 1 we have assumed,
that all spontaneous emission is transferred into heat and not to the radiation field.

"Note that for Qo,eff @nd fop entering the effective absorption coefficient of the traveling wave equation, QQeff =
[ n(y)ao(y)/aloldy and for = hwvgd, [ 1(y)Ber(y)/72|d|*dy must hold[22].
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The last term taken into account denotes quantum defect heat generated in the active region as a
result of incomplete energy transfer from the carrier reservoir to the radiation field, given as

hdefect = <€(pF(N, T) - hw)RStim(Nv HuHQ) (13)

Furthermore, in this paper we neglect Thompson-Peltier heat [20} 21] as the overall impact is expected
to be small[22].

10'¢ - - :
_ p-layers  pr-<._ n-layers
= go=----- =R
= | : :
g 10"k 1 i1
§ ' . /,/ﬁeat O Figure 3: Time averaged absorption, Joule,
2 ' - -~ —absorption recombination and quantum defect heat
§ 1044 re=es ---Joule ] source densities as function of the vertical y-
5 S N B T quantum defect direction in the middle of the stripe.
= -.-recombination
(5]
<=
1 13 L 1
0 0 1 2 3 4
y (pm)

surface heat source density distribution (MW/m?)
absorption heat (b) Joule heat

)

= 20

N

% 10

8

o 5

o)
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Q

= 2

=

L

= 1
<1
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Figure 4: Distribution of the time-averaged (a) absorption, (b) Joule, (c) recombination, and (d) quan-
tum defect surface heat source densities H = f hdy as function of lateral and longitudinal (z, z)-
coordinate.

2.3.2 Heat flow equations

Our model bases on the classical macroscopic heat-flow equation,

or
thgy — VIELVT] = (N, 7 llal®), (14)

with the heat capacity ¢y, the heat conductivity ., the heat source

h = hJ + habs + hrec + hdefecta (15)
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with the individual heat sources given in equations - and the boundary conditions

“La%T = —(T —Tys)/rn for (x,y,z) € heat sink

16
2T =0 for (z,y, z) € other outer bounds (16)

where 1y, is the thermal resistivity. Here and in what follows, 1" is the absolute temperature and Tj5 the
temperature of the heat sink, which also serves as reference for parameter values. The arguments of A
on the right hand side of equation symbolize that the heat source power densitiy 4 depends on the
carrier density, current density, and field intensity distributions in the laser, which result from the opto-
electronic model. Reversely, T' acts back on the wave propagation mainly via the thermally induced
effective index (7). In addition, 7" implicitly influences the gain, distribution functions, and the diffusion
as well as recombination terms in equation (3). Thermal changes of parameters are disregarded in
this paper, in order to separate those from thermal wave-guiding effects.

Short times: the no-heat-flow (NHF) approximation It is unreasonable to solve the heat-flow equa-
tion over tens of microseconds with the sub-ps temporal resolution of the opto-electronic model
in the large spatial domain sketched in Fig. [2(b). Fortunately, the following inherent features of heat
generation and transport enable us to simplify the problem considerably. Most of the heat is generated
in the active layer or very close to it (Fig. [3). During a given time 7, it flows only into a finite region of
size [ which is related to 7 by the inverse thermal diffusivity,

T ch 1ns
—~ = ~10°sm? ~

2 kg (100 nm)? (a7
Thus, the generated heat during a 1 ns simulation interval is spread by only about 100 nm. This
distance is much smaller than transverse inhomogeneities of the heat source density, see Fig. 4| It is
also smaller than the vertical extension of the mode profile |¢(y)|? as is visible in Fig.[12[a) and does
only marginally affect the thermally induced index (7). Heat flow is therefore negligible when simulating
short transients. Differentiating with respect to time and inserting with kK, = 0, we find the
ordinary differential equation

8AnT
ot

— [ ZZ1o(y) BN, 7, ul®)dy (18)
Ch

for the thermally induced index. It is integrated much easier in each node of the spatial grid than the
original partial differential heat-flow equation (14).

Treatment of CW operation The extremely long thermal build up in the case of CW operation cannot
be calculated with the NHF approximation. But in the later quasi-steady state, the rate of heat gener-
ation can be decomposed in a time-constant mean contribution h and a contribution hawet = h — h
fluctuating around zero. h is the total instantaneous heat production (15). Accordingly, the heat-flow
equation (14) is split into

0=Vk,VT+h and (19)
6,-Z—}Iuct
ot

with boundary conditions following from (16). The heat capacity ¢, and the heat conductivity ~ may
vary in space but not in time. Obviously, the sum of the two temperatures obeys the full heat-flow

Ch = V'Kv'ijjfluct + hfluct (20)
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equation . The time scale of the fluctuations Ay = h — h is typically in the sub-ns range.
Thus, equation (20) is solved with the NHF approximation along a few-ns long simulation interval.
Treating the stationary equation is more challenging because heat flow dominates and it must
be solved in the full domain of the vertical structure including submount and substrate, Fig. [2(b).
Furthermore, the mean heat production B(x, Yy, z) is not known in advance. Therefore, we apply an
iterative approach. In the first step of the iteration the electro-optic model is solved under isothermal
conditions with 7' = Ths. During this run, we set & = 0. In all following iterations, & is taken as the
temporal average of the total heat production of the last part of the iteration before and the fluctuating
part inserted into is hquet- The iterations are repeated until the temperature and near-field intensity
distributions of consecutive iteration steps are sufficiently close to each other. A detailed description
of the numerical implementation is given in Ref. [4].

3 Application I: nature of filamentation

BA lasers typically show lateral modulations of the intensity as in the example of Fig[Tp. In literature this
phenomenon is usually named filamentation in analogy to the filamentation of a beam in a medium with
a Kerr nonlinearity. We have evaluated this idea in more detail. Essentials are presented here, details
are found in Ref.[10]. We start with considering an ideal Kerr medium. The theoretical understanding
of beam breakup due to a modulation instability is summarized in subsection Subsection
demonstrates that our software exactly reproduces this theory for a fictive Kerr medium. Unfortunately,
the Kerr coefficients of our semiconductor material are too small and have the wrong sign to cause
this effect. However, it has been argued that spatial hole burning (SHB) gives rise to an effective
Kerr coefficient of right sign and sufficient magnitude. We simulate a fictive Kerr medium with this
coefficient but do not find filamentation in subsection Finally, in subsection 3.4} we show that the
lateral modulation of the intensity is governed by a finite number of transverse modes that carry the
lasing process.

3.1 Filamentation: elementary theory for homogeneous beams

Beam breakup can happen in a medium with a focusing Kerr nonlinearity as a consequence of the
growth of spatial irregularities initially present on the laser wavefront [12]. The elementary theory of this
modulation instability has been formulated in the sixties by Bespalov and Talanov [23]. A monochro-
matic spatially nearly homogeneous beam is injected into the medium at z = 0. Within our framework,
suppressing the superscript +, the governing equation for its further propagation following from Eq.
is the Nonlinear Schrodinger Equation (NLS)

o, i &
0z  2nky 0x?

} u(x, z) = —ikonyhwoved||u(z, 2)|Pu(z, 2), u(z,0) = ug + dug(z), (21)

where dug(x) is an infinitesimally small deviation from spatial homogeneity. Along a certain distance,
the solution can still be expressed as sum of a strong plane wave component and a small perturbation,

u(z,z) = (up + ou(x, 2)) - e with k = konhhwovyd|ue|* and du(x, 0) = dug(x). (22)
Linearizing Eq. with respect to a small perturbation with lateral wavenumber ¢, one finds[12]

ou(z, z) = upe 072 4 gyx eilarty?) (23)
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with

4q
2nky

v== \/q2 — 4nk3nhhwv,d|uol?. (24)

Thus, long-wave perturbations with ¢ < g,

Qerit = \/ 4nk3nhhwu,d||uol|?, (25)

will be amplified, which happens only for focussing Kerr media with positive real values of n),. Fourier
components with different ¢ possess different exponents -y, as an example see the black curve in Fig.
Those with the maximum imaginary part Ymax = max(Sm[y]) at ¢ = o grow fastest. They
will dominate after a certain path compared to other Fourier components. At this stage, the beam is
laterally modulated with a period Aopt =27 / Qopt- This is the elementary process of beam breakup in
a homogeneous medium.

3.2 Filamentation: simulation of finite width effects

BA lasers have waveguides of finite width 1. Thus, laterally homogeneous beams cannot propagate
and the described elementary theory is not applicable. To circumvent this aspect, we consider here
waveguides with laterally periodic boundary conditions. The above theory is now applicable, only the
lateral wave vectors are limited to integer multiples of 27t /1/. We consider an example with following
parameters: simulation domain T = 400 pm, power density wvy|ug|?> = 100 W/um?, and nj, =
10~ mW~!. This power density can be achieved under pulsed operation. The Kerr coefficient is
artificially large to demonstrate the effects. Its relation to the real world will be discussed at the end.

300 150
Lor | £ R
0.8 | > 250 < 140
. \ Q =5
= = 200 =
£ 06 : £ = 130F
T =) 150 =
= : 5] 2 120 b
E o4 ! 5 100 Z
! =- 13
02F Acrillepl g 50 .8 10
¥ ¥ 5 L
0.0 L L L -200 0 100
0 50 100 150 200 250 300 0 20 40 60 80 100 0 10 20 30 40 50 60 70
2n/q (um) longitudinal coordinate (mm) longitudinal coordinate (mm)
(a) prediction from Eq. (b) forward field intensity (W/um?) (c) field intensity at 1 = Agpt/2

Figure 5: Theoretical prediction and numerical experiment using the traveling wave simulation of the
forward field intensity while propagating in an isotropic nonlinear dielectric with average material Kerr
coefficient nj, = 107! m/W and originally injected field intensity of fwwv, ||uf|/? &~ 100 Wum=2
including small random perturbations du; (, z). (a) Theoretical prediction of Im(y/7max) @s function
of the lateral period 27 /¢, Eq. (24). The vertical dotted line indicates the shortest period A at which
instabilities occur. The vertical dashed line indicates the optimum period A,y for perturbations to grow.
Red asterisks indicate allowed values for a total simulation domain of /' = 400 um. (b) Longitudinal-
lateral distribution of the forward field intensity. (c) Forward propagating field intensity at position ;1 =
Aop/2 and theoretical development of w5 e~ with a filament gain of Ve = (21 mm)~".

For this model case Fig. shows the dependence of Im(~y/max) 0N the period of the perturbation
27 /q. The allowed periods for W' = 400 pm are shown as red asteriscs. Only three of them are above
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U. Bandelow et al. 10

the critical At = 94 um. The expected distance between filaments is Ag = 133 pm, which is one
third of the stripe width in the present case. The gain of these optimum filament embryos is Ymax =
(21 mm)_l, which characterizes the necessary propagation distance for its possible observation.

Now we check whether our numerical model is in agreement with these predictions. The resulting
longitudinal-lateral field intensity distribution is visible in Fig. Clear filaments with a spacing that
exactly corresponds to A, are observed. Furthermore Fig. shows the field intensity at position
21 = Aop/2 together with the theoretical development of hwuv,|u(x1, z)|* according to Eq. (22). For
longitudinal distances z < 50 mm the theoretical estimation corresponds very well to the results of
the numerical traveling-wave model. However, the more the filament intensities grow, the more both
curves differ due to deviations from linearity.

For the focusing NLS within infinite domain —oo < « < oo the general solution to this problem is
given by the class of Akhmediev Breathers [24]. This is a multi-parameter family of analytic solutions
to (21), where the free parameters can be used to adjust the period of the Akhmediev Breather, such
that the periodic situation here is covered by these solutions. In the extreme case where the period
tends to infinity we end up with the famous Peregrine soliton, which is a rational solution of [25].

Concluding so far, our numerical traveling wave simulation describes very well the filamentation due
to a focussing Kerr nonlinearity. Unfortunately, the relevant material Kerr coefficients in our lasers are
negative and cannot be responsible for filamentation.

3.3 Filamentation due to spatial hole burning?

In semiconductor lasers an effective Kerr-nonlinearity can however be induced by spatial hole burning
due to the dependence of the refractive index on the carrier density [26]. Early results of simulations
based on a Maxwell-Bloch type dynamic traveling-wave model with a sophisticated treatment of carrier
kinetics supported this view [27]. For a hypothetical steady state the effective Kerr coefficient is [28, [19]

(J —dv) I'TX

2€l€0hWOd2 '
The prime denotes derivative with respect to NV at transparency. ji,, = edNy/Tn, ay = 2koAnly /¢,
and 7 are the transparency current density, Henry’s linewidth enhancement factor, and the recombi-
nation life time, respectively [19]. With the parameters of our devices[19], a typical current density j =
5-107 A/m? and a field intensity of fuwv,|[ufy]|? &~ 10 W um~2 we get Real(n)) = 3.6-107% m/W.
This is much larger than the fictive material coefficient used above in subsection Thus it is not
surprising that the characteristic length scales of filamentation are much smaller, Fig. The ex-
pected length of formation of filaments is only %ﬁalx = 500 nm. The critical and optimum periods are
Agir = 0.5 pm and Ay = 0.7 pm, respectively. Both values are further decreasing with current, Fig.
Accordingly we should expect a very effective formation of filaments.

ny = —lapg +i(g — o) (26)

To check these predictions, we perform with these parameters a similar numerical experiment as in
last subsection. Since length scales are smaller, we choose a width 1 = 20 um. Using the ideal-
ized stationary Eq. with the real part of the Kerr coefficient yields the expected filamentation.
Surprizingly, no filamentation shows up when applying the full time-dependent equations (2|to (). In-
stead, the injected beam propagates with constant intensity plus tiny ripples, Fig. The expected
growth of filaments is suppressed mainly by two effects. First, the length scale of possible filaments
is much smaller than the diffusion length. Thus, diffusion washes out the carrier depletions. Second,
light is less amplified in a region with depleted carriers, and reversely outside of such regions. This
effect balances the intensities counteracting the filamentation. Irrespective of the details it can be con-
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Figure 6: Theoretical prediction and numerical experiment using the traveling wave simulation of the
forward field intensity while propagating through a semiconductor slab waveguide with an equivalent
Kerr coefficient of n, = 3.6 - 1075 m /W obtained for an injection current density of j = 5-107 A/m?.
An originally injected field intensity of Awu, ||uly||* =~ 10 Wum™2 including small random perturba-
tions du (x, z) is assumed. (a) Filament gain Im(7y/~max) as function of period 27 /q. Critical and
optimum period are indicated by vertical lines. Red asterisks indicate allowed values for a total simula-
tion domain of W = 4 pm. (b) Critical period A (black solid) and optimum period A, (red dashed)
as function of the injection current density j. (c) Traveling wave simulation of the forward field intensity
propagating though a semiconductor gain material with W=20 um and an averaged carrier density of
N = 3-10% m~3 for which the modal gain is compensated for by the absorption (g(N) = a(V)).

cluded that filamentation of an injected beam by spatial hole burning does not occur in the waveguide
structures used for BA lasers.

3.4 The mode picture of dynamical filamentation

If not a Kerr-type filamentation, what else is the reason for the lateral structure of the intensity in a
BA laser as examplified in Fig. [1[? We shall demonstrate that this behavior can be better understood
in terms of lateral modes [11]. We simulate a laser with the parameters of Ref. [11]) at an exemplary
constant pump current above threshold. After turn-on oscillations, the time traces of output power and
intensity profiles at the front facet behave as shown in Figs. 8[(a) and (b). A highly dynamic behavior
is visible. In panel (b) lateral structures with different numbers of intensity peaks can be identified that
merge into each other over time. They can be interpreted as lateral modes that dominate during a finite
time until other modes take over. In order to explore this presumption, we perform a mode analysis.
To this purpose, the complex-valued field profile at the front facet, = = L, and a given instantaneous
time ¢ is expanded in terms of the modes ¢,, () of the Helmholtz equation for a hypothetical steady
state,

[k 207 /02" + (nen(2))} ] fm () = 717, i (@), (27)

where x is the lateral coordinate, 7, is the modal index being the complex-valued eigenvalue and
(neir(2))? = [ + (Aney(x))¢]? the time averaged effective index, which includes the same built-in
modifications of the effective index, carrier induced index contributions as well as gain and losses as
the traveling wave model and is calculated from the time averaged profiles of carrier density (N'); and
field intensity (||u||?). The imaginary and real parts of the eigenvalues of are displayed in Fig.
where the ordinate is the modal gain g,,, = Zkolm(ﬁm) and the abscissa the real part of the modal
index relative to the real part of the index of the fundamental mode, ARe(7,,,) = Re(7,,,) — Re(7y).
For every time instance the complex optical field amplitude ., (, t) emitted at the front facet can be
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expressed as a linear combination of the eigenfunctions ¢,,, of (27),

f ¢muout dx
o2, 1) = D ()b (2, 1), = (28)
— J Om®m dv
. , (a}) optical outpullpowcr (W)
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Figure 7: Complex eigenval-

ues of the Helmholtz equation  Figyre 8: (a) Temporal evolution of the optical output power, (b)
(27). Eigenvalues of modes  pseudo-color mapping of the near-field intensity distribution (normal-
with a significant contribution  jzeq to maximum in every time step) and (c) similar mapping of the
to the mode expansion (28)  rejative modal coefficients. The vertical lines indicate stages where
are marked blue. either a high order mode or the fundamental mode dominates.

In Fig. [8]c) the relative magnitudes |a,,|?/ 3", |am|* of the modal coefficients are displayed versus
time as a pseudo-color mapping. Only the 10 modes with the highest gain have a significant contri-
bution to the field (marked blue in Fig.[7). We see that the strong dynamics of the emitted power and
near-field intensity (see panels (a) and (b)) is indeed a result of the alternate lasing of a finite number
of different lateral modes. At some time instances it can directly be traced back to the dynamic lateral
structure of the intensity. For example, at ¢ = 16.2 ps (dotted vertical line), the near-field in panel
(b) has 9 maxima and accordingly the 9" mode has the highest contribution to the field, whereas at
t = 21.4 ps (dashed vertical line) the near-field has one maximum and accordingly the fundamental
mode has the highest contribution.

Thus, although no pre-assumptions were made regarding the optical field our result indicates that
in the BA lasers considered here a clear mode structure is visible which is neither destroyed by the
chaotic dynamics nor by longitudinal effects. Single mode emission becomes unstable above threshold
due to lateral spatial hole burning, because each mode saturates the carrier density according to its
profile, and consequently the modal gain in those parts of the active layer where the mode intensity is
high. The modal gain in other parts rises with current, bringing more modes to threshold, which can
be additionally supported by a built-in or thermally induced waveguide. Indeed, recent experiments
reveal, that even at currents several times above threshold the lateral modes can be clearly identified
by spectrally-resolved near and far-field measurements [29].

4 Application Il: Short-pulse operation

First we study an exemplary 10 ns long pulse at an injection current of 150 A, by applying the NHF
approximation. The parameters used in the simulation are given in Ref[22]. The bias voltage U is
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suddenly turned on and kept constant until pulse end. During the pulse, the thermal index generation
rate under the stripe (equation (18)) is positive and strongly fluctuating around a mean value of about
50 ms~! as shown in Fig. @(a). The corresponding increase of the thermally induced index during the
pulse leads to a rise of the effective index below the stripe, whereas the effective index outside the
stripe remains approximately unchanged, as depicted by the solid black curves in Fig[10, panel (a)
and (b). As a consequence, a thermally induced lateral waveguide is formed under the stripe during
the pulse, as displayed in Fig.[T0b). In panels (c) and (d), the near field intensity at the front facet, and
the far-field intensity distribution are shown, averaged over 1 ns. The disappearance of side wings in
the near field and a change of the far-field intensity are visible.

(@) (b)z—XIOpm --- X =60 um
80 < of front TaCel g™ Figure 9: Thermal impact on wave guiding for
A o naiii 1 a 10 ns long 150 A current pulse. (a) Ther-
o 2 ———— mal index generation rate of equation
2 ! during the last 200 ps. (b) Effective index
40
& -4 Ang: = Any + Ang below (z = 0 pm)
“‘20 N T and beside the stripe (x = 60 pum) at rear
15%120 [ \«—Q\\a_, ; and front facet, respectively. (c) Evolution of
0 . B0 S, =T the width containing 95% of the power of the
. SRS near and far fields, averaged over 1 ns.

In effect, a transition from a gain guiding to an index guiding situation occurs during the pulse. This
is indicated in Fig. [9] where panel (c) reveals that this transition is accompanied by a shrinking of the
widths wqy and © of the lateral near and far-fields containing 95 % of the power.

T, = 1t0o2ns T,, = 9 t0 10 ns —1,=1to2ns -- 1, =9to10ns
6 —— 6 ——— 250 —— 2.0
@ - Ay ® E 1o, E|@
[ j - 4t i i 1 = L |" N
~ Any, | ; = 200 Sis|
5 2t 1—An+Ang 2+ : ;150_ i =
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Figure 10: Thermal impact on wave guiding for a 10 ns long 150 A current pulse averaged over the
pulse within the time interval 1 to 2 ns and 9 to 10 ns (gray shaded in Fig. [9(b) and (c)). (a) & (b)
Lateral profiles of the effective index. (c) Near and (d) far-field intensities.

The described formation of an initial thermally induced waveguide is also detectable in the dependence
of time-averaged quantities on the pulse strength. Fig. [T1(b) shows a shrinking of the near field width
and increased far field angle with increasing injection current (solid curve), compared to the case
without thermal wave-guiding (dashed). The mean pulse power, given by the total pulse energy divided
by the pulse length, as function of pulse current, in contrast, shows no dependence on wave-guiding
for currents up to 150 A, as shown in Fig.[11{a) ]

The preceding results have been obtained neglecting heat flow. In order to check the validity of this
approximation, we have performed the following post processing. We solve the full heat-flow equation

2Note, that the neglected changes of parameters with temperature might have an additional influence.
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where the fluctuating heat source density / at each position is replaced by its average along the
whole pulse. Moreover, we continue disregarding inplane heat flow and assume a vertically infinite
domain. This is justified because the extensions of lateral and longitudinal inhomogeneities in the
heat source densities (cf. Fig. |4) as well as the vertical size of the device are much larger than the
expected heat spreading, which is in the range of some hundred nanometers. Under these conditions,
the solution of is

() = [ dent+ o)\ [ew (£5). wio = {Valrtva -1+ ) e

With increasing time, this function deviates more and more from the heat-flow free temperature in-
crease h(y)t. Fig. a) shows the situation in the stripe middle and at the pulse end. Here the verti-
cal distribution of the temperature increase is displayed on the left axis. Heat flow reduces the excess
temperature in the active layer from 60 K down to 5 K and smoothes the distribution considerably (solid
line compared to dashed line). However, to derive the thermally induced index the temperature has to
be weighted with the mode profile |¢(y)|? shown in Fig. a) on the right axis and integrated over the
whole profile. Thus, irrespective of the large temperature differences obtained with and without heat
flow, the thermally induced index differs only marginally between the two cases, Fig.[12(b). Thus, the
no-heat flow approximation is a reasonable approach to derive the thermal feedback on wave guiding
for pulses up to a length of 10 ns.

Figure 12: Impact of vertical heat flow. In all

100(a) - 1.0 S(b) ——— cases h is averaged over the pulse. (a) Black
p-layers "\ n-layers _ —HF 1 left axis: Vertical temperature distributions in

3 Ap-- NI |1 the middle of the stripe at the end of the

; ‘:*;3 . 10 ns pulse with heat flow (HF - black solid)

1993 ol derived from equation (29), and without heat

\ g < flow (NHF - black dashed). Red right axis:

N 1+ 7 1 Mode profile |¢(y)|*. (b) Thermally induced

T 0.0 0 index, eq. (7), versus time in the middle of

4 0 2 4 6 8 10 the stripe with heat flow (HF - black solid)
time (ns) . .
with T'(y, t) from eq. (29), and without heat
flow (NHF - black dashed), eq. (18).
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5 Conclusion

High-power broad-area diode lasers (BALs) exhibit chaotic spatio-temporal dynamics above threshold.
Under high power operation heating effects, such as thermal lensing, play an important role. We have
proposed a physically realistic and yet numerically applicable thermal model, coupled to a dynamical
electro-optical (EO) model for the optical field and carrier dynamics along the quantum-well active
zone of the laser. The heat sources obtained with the dynamic EO-solver exhibit strong variations on
short time scales, which however have only a marginal impact on the temperature distribution. Two
limits have been considered: First, the static HT-problem, with time-averaged heat sources, which is
solved iteratively together with the EO solver. Second, under short pulse operation the thermally in-
duced index distribution can be obtained by neglecting heat flow. Although the temperature increase
is small, a waveguide is introduced here within a few-ns-long pulse, resulting in significant near field
narrowing. We have further shown that a beam propgating in a waveguide structure utilized for BA
lasers does not undergo filamentation due to spatial holeburning. This remains a high-dimensional
spatio-temporal phenomenon, that can not fully be explained by simplified models, such as the focus-
ing NLS. Moreover, our results indicate that in BALs a clear mode structure is visible which is neither
destroyed by the chaotic dynamics nor by longitudinal effects.
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