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Traveling wave analysis of non-thermal far-field blooming in
high-power broad-area lasers

Anissa Zeghuzi, Mindaugas Radziunas, Hans-Jürgen Wünsche, Jan-Philipp Koester, Hans Wenzel,
Uwe Bandelow, Andrea Knigge

Abstract

With rising current the lateral far-field angle of high-power broad-area lasers widens (far-field
blooming) which can be partly attributed to non-thermal effects due to carrier induced refractive
index and gain changes that become the dominant mechanism under pulsed operation. To an-
alyze the non-thermal contribution to far-field blooming we use a traveling wave based model
that properly describes the injection of the current into and the diffusion of the carriers within
the active region. Although no pre-assumptions regarding the modal composition of the field is
made and filamentation is automatically accounted for, the highly dynamic time-dependent optical
field distribution can be very well represented by only few modes of the corresponding stationary
waveguide equation obtained by a temporal average of the carrier density and field intensity. The
reduction of current spreading and spatial holeburning by selecting proper design parameters can
substantially improve the beam quality of the laser.

1 Introduction

High-power semiconductor lasers emitting in the visible and near-infrared wavelength ranges are used
as pump sources for high-performance laser systems but can also be employed for other applications
such as direct material processing. The highest power can be achieved with broad area (BA) lasers
with a width of the p-contact stripe ranging from tens to hundreds of micrometers, see Fig. 1. Due to
the large emission aperture, BA lasers suffer from a poor beam quality, in particular from a far-field
divergence exceeding the diffraction limit already slightly above threshold. However, to fully replace
solid-state lasers by the more power-efficient BA lasers not only a high output power but also a small
lateral far-field angle is needed.

Under continuous wave operation, the broadening of the lateral far-field with rising output power can
be mainly attributed to the thermal lensing-effect caused by self-heating (thermal far-field blooming
[1, 2, 3]). But there are also non-negligible non-thermal contributions as a result of the interplay be-
tween current spreading [4], lateral carrier diffusion and accumulation [5] and spatial holeburning. Non-
thermal far-field blooming becomes the dominant effect under pulsed operation with current pulses
long compared to the turn-on time combined with a very small repetition rate to avoid device heating.

Since many years, the multi-peaked and not diffraction-limited lateral field profiles of BA lasers are
often interpreted in terms of filamentation. As shown in Ref. [6], a spontaneous break-up of the optical
field into small filaments can happen in media with a focusing Kerr-nonlinearity. In semiconductor
lasers an indirect Kerr-type nonlinearity can be induced by the dependence of the refractive index on
the carrier density which in turn depends on the field intensity via the rate of stimulated recombination
[7]. Early results of simulations based on a Maxwell-Bloch type dynamic traveling-wave model with a
sophisticated treatment of carrier kinetics supported this view [8]. However, this model and later ones
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A. Zeghuzi et al. 2

[9] do not describe the current flow in a real device and have not been used in the context of far-field
blooming. This way it remains unclear whether the reported filaments are indeed of Kerr-type or have
another origin.
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Figure 1: Schematic repre-
sentation of the (a) simulated
BA laser, (b) the longitudinal–
lateral (x, z) and (c) the
lateral–vertical (x, y) domain
of simulations.

An alternative understanding of far-field blooming in BA lasers bases on co-lasing of multiple lateral
waveguide modes [10]. Single mode emission becomes unstable just above threshold because, due
to lateral spatial holeburning, any mode saturates the gain only in those parts of the active layer where
the mode intensity is high. The gain in other parts rises with current, bringing more and more modes
to threshold. The far-field widens because the far-field angle increases with mode number (e.g. Fig.
4(b)). Concerning non-thermal blooming, this picture has been supported by a stationary model based
on the incoherent superposition of multiple modes [4]. However, the excitation of several lateral modes
with different wavelengths leads to mode beating that drives oscillations of the occupation inversion
via the stimulated emission. Thus, BA lasers exhibit an inherently non-stationary and highly non-linear
behavior and the assumption of stationary multimode conditions is questionable [11]. Indeed, station-
ary laser models do not converge at high optical output powers [12, 13], so that far-field blooming
effects cannot be studied far above threshold where state-of-the-art devices are operating.

In this paper we use an improved version of the software tool BALaser [14]. Based on a traveling-
wave model, there are no ad-hoc assumptions of modes or stationarity and it includes the possibility
of filamentation. A correct description of the current flow in the p-doped region which is crucial for
non-thermal blooming is obtained by a solution of the Laplace equation for the quasi-Fermi poten-
tial of holes employing appropriate boundary conditions [15, 16]. Longitudinal inhomogeneity in the
devices with highly asymmetric reflectivities is also taken into account, which implies a longitudinally-
nonuniform distribution of the injected current [15], and has been shown to be crucial for thermal
far-field blooming [3].

2 Device structure and numerical model

In what follows we briefly describe the studied device structure and the basic model equations.

The main parameters of the simulated device schematically drawn in Fig. 1 are as follows. The laser
emitting at a central wavelength of λ0 = 970 nm has rear and front facet power reflectivities of R0 =
0.95 and RL = 0.01, respectively. The active region consists of a 7 nm thick single InGaAs quantum
well and the p-doped region of contact (thickness d = 130 nm, conductivity σ = 26680 (Ωm)−1),
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Non-thermal far-field blooming in high-power broad-area lasers 3

cladding (d = 445 nm, σ = 1660 (Ωm)−1) and optical-confinement (d = 770 nm, σ = 163 (Ωm)−1)
layers. The corresponding series resistivity of the structure is rs =

∑3
i=1 di/σi ≈ 5 · 10−9 Ωm2.

The cavity length is L = 4 mm and the width of the contact stripe on top of the p-doped region is
W = 50 µm. To provide lateral optical confinement 5 µm wide and 0.745 µm deep trenches filled with
an insulator are located at a distance of 5 µm beside the stripe. Further details on the device structure
can be found in Ref. [17]. Additional lateral current confinement can be obtained by implanting parts
of the p-doped layers beside the contact stripe starting from the top layer. The residual layer thickness
dres exemplary displayed in Fig. 1(c) gives the spacing between the active layer and the bottom of the
implanted region with vanishing electrical conductivity.

As discussed earlier, models based on a stationary approximation of the optical field that either use
an expansion into linear waveguide modes [4] or a beam propagation method [18] are not able to
properly describe the inherently non-stationary behavior of BA lasers. Thus we use for the description
of the optical field a time-dependent traveling-wave based model in the framework of the rotating-
wave, slowly-varying-amplitude, and paraxial approximations. Here the optical field is given by the
superposition of two counter propagating TE-polarized waves with the amplitudes u±(x, z, t) which
are considered to be slowly varying with respect to the longitudinal position z and time t. They obey,

1

vg
∂tu
± ± ∂zu± = − i

2n̄k0
∂2xu

± − ik0∆neffu
± −Du± + f±sp (1)

with reflecting boundary conditions at the facets. Here, x, vg, n̄, k0 = 2π/λ0 and fsp are the lateral
position, group velocity, a real-valued reference index, a reference vacuum wave number and the
spontaneous emission contribution the to optical field, respectively. The deviation

k0∆neff(x, z,N) = k0∆n0(x, z) + k0∆nN(x, z,N) (2)

+
i

2

[
g(x, z,N, ‖u‖2)− α(x, z,N)

]
of the wave number from k0n̄ comprises built-in modifications of the effective index ∆n0 due to
etched index trenches with ∆n0 = −1.7 · 10−3 for (x, z) ∈ index trench and ∆n0 = 0 else-
where, carrier density N induced index contributions ∆nN = −

√
n′NN as well as gain g =

g′ ln(N/Ntr)/(1 + εs‖u‖2) and losses α = α0 + fNN , where n′N = 4 · 10−32 m3, g′ = 2300 m−1,
Ntr, εs= 6.8 · 10−26 m3, α0 = 40 m−1, fN = 1.1 · 10−23 m2, and ‖u‖2 = |u+|2 + |u−|2 are
the differential modal effective index, the differential modal gain, the transparency carrier density, the
gain compression factor, background absorption, the modal cross-section for free-carrier absorption,
and the local photon density, respectively. All effective model parameters have been obtained by mul-
tiplying the material parameters with the vertical confinement factor Γ = 0.0068 calculated from the
fundamental mode φ(y) of the vertical wave guide created by the epitaxial layer structure. Since our
aim is the investigation of non-thermal effects, the temperature dependence of all parameters, in par-
ticular the temperature dependent contribution to the effective index (thermal lensing), is omitted in
equation (2).

The traveling wave equations (1) are coupled to ordinary differential equations for the complex slowly
varying amplitudes of the polarization fields p± [9],

Du± =
gr
2

(u± − p±), ∂tp
± = γ(u± − p±) + iδωp±, (3)

which approximate the dispersion of the gain with a Loretzian of amplitude gr, half width at half maxi-
mum γ, and relative central frequency δω.
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A. Zeghuzi et al. 4

The equations (1) for the optical field have to be supplemented by equations for the charged carrier
densities. Due to computer restrictions, until now simulation tools based on the traveling wave model
do not solve the full time-dependent drift-diffusion equations, as stationary models sometimes do
[4, 18], but only a lateral diffusion equation for the excess carriers in the active layer [9, 19, 20].
Similarly, in our approach the vertically-averaged excess carrier density N in the quantum well is
determined from the effective nonlinear diffusion equation,

∂tN = ∂x(Deff(N)∂xN) +
j(N)

ed
−R(N)−Rstim, (4)

where Deff(N) = (p0 + N)µp∂NϕF (N) is a carrier dependent effective diffusion coefficient de-
termined by the equilibrium hole carrier density p0, the hole mobility in the active region µp, and the
Fermi voltage in the active layer ϕF (N); j(N) is the injection current density, whereas R(N) and
Rstim = vgRe

∑
ν=± u

ν∗[guν − gr(uν − pν)] are the non-radiative and spontaneous radiative, and
the stimulated recombination rate, respectively [16]. As the carrier density gradient in the longitudinal
direction is much smaller than the gradient in the lateral direction, the derivative ∂zN is neglected.

Time-dependent [9, 19, 20] and even stationary [21, 13] simulation tools commonly use a spatially
constant injection current density below and a vanishing current density outside of the contact stripe
as source term in equation (4). Such a constant-injection-current-density model oversimplifies the
current flow and carrier transport in the device, because current spreading and current self-distribution
are not taken into account [22], which are crucial for non-thermal blooming.

An improved model can be gained from the drift-diffusion equations if local charge neutrality is as-
sumed, recombination in the bulk layer neglected and the conductivity in the n-doped region assumed
to be infinitely high [16]. The injection current density entering equation (1) is accordingly given by the
derivative of the quasi-Fermi potential ϕp of the holes,

j = σ∂yϕp|y=ya (5)

at the upper boundary ya of the active layer adjacent to the p-doped region. The quasi-Fermi potential
of the holes assumed to be continuous across hetero boundaries is obtained by solving a Laplace
equation in the p-doped region,

∇(σ∇ϕp) = 0, (6)

with the hole conductivity σ and the boundary conditions

ϕp|y=ya = ϕF (N), (7)

ϕp = U0 at the p-contact, with U0 beeing the bias voltage, and homogeneous Neumann conditions
elsewhere. The carrier dependence of the injection current density is mediated by the boundary con-
ditions (5) and (7). In such a way current spreading and current self-distribution are naturally taken
into account.

3 Numerical simulation

Equations (1), (3), (4), and (6) are numerically solved by the software tool BALaser [14]. Details of
the numerical methods employed can be found in [23, 15]. Here we present results of numerical
experiments, where the value of the applied voltage U0 was stepwise increased. For each bias step
the simulation time was 8 ns. Due to the fact that no assumption on stationarity was made as in
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Non-thermal far-field blooming in high-power broad-area lasers 5

a previous study [4] the optical fields and power show strong dynamics. The time step used in the
simulation was δt = 16.7 fs. Mean values for intensity and power were obtained by averaging the
simulation results of every bias step over the last 5 ns.

Firstly we will focus on a structure without implantation (dres = 1345 nm) and apply a voltage of
U = 1.89 V resulting in an injection current of I = 24.1 A and an average power of P = 25.6 W.
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Figure 2: (a) Temporal evo-
lution of the optical output
power, (b) pseudo-color map-
ping of the near-field inten-
sity distribution (normalized to
maximum in every time step)
and (c) similar mapping of the
relative modal coefficients for
U = 1.89 V (I = 24.1 A),
rs = 5·10−9 Ωm2, and dres =
1345 nm. The vertical lines in-
dicate stages where either a
high order mode or the funda-
mental mode dominates.

The simulated time traces of output power and intensity profiles at the front facet are shown in Figs.
2(a) and 2(b), where a highly dynamic behavior is visible. Furthermore in 2(b) lateral structures with
different numbers of intensity peaks can be identified that merge into each other over time. Further-
more the obtained spectrally resolved near-field intensity profiles from this simulation (Fig. 4(a)) show
lateral structures with different numbers of intensity peaks at different wavelength as well. These ob-
servations suggest that the intensity peaks can be interpreted as different lateral modes and that the
root-cause for the strong dynamics of output power and intensity profiles is indeed the interplay of
multiple lateral waveguide modes. In order to explore this presumption, we perform a mode analysis
introduced in Section 4.

4 Mode analysis

In order to reveal the root-cause for the strong power and intensity fluctuations visible in Figs. 2(a) and
2(b), the complex-valued field profile at the front facet, z = L, and a given instantaneous time t is
expanded in terms of the modes φm(x) of the Helmholtz equation for a hypothetical steady state,[

k−20 ∂2/∂x2 + 〈neff(x)〉2t
]
φm(x) = n̂2

mφm(x), (8)

where x is the lateral coordinate, n̂m is the modal index being the complex-valued eigenvalue and
〈neff(x)〉2t := [n̄ + 〈∆neff(x)〉t]2 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〉t and
field intensity 〈‖u‖2〉t according to equation. (2).
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Figure 3: Real (abscissa) and imaginary (ordinate) eigenvalues of the modes obtained from the solu-
tion of the Helmholtz equation for U = 1.89 V (I = 24.1 A), rs = 5 ·10−9 Ωm2, and dres = 1345 nm.
Eigenvalues of modes with a significant contribution to the field (cf. Fig. 7(c)) are marked blue.

For every time instance the complex optical field amplitude uout(x, t) emitted at the front facet can be
expressed as a linear combination of the eigenfunctions φm of (8), uout(x, t) =

∑
m am(t)φm(x, t)

with the modal coefficients am =
∫
φmuout dx/

∫
φmφm dx.

In Fig. 2(c) the magnitudes of the relative modal coefficients |am|2/
∑

m |am|2 are displayed versus
time as a pseudo-color mapping. Only the 10 modes with the highest gain have a significant contribu-
tion to the field (marked blue in Fig. 3). We see that the strong dynamic behavior of the emitted power
and near-field intensity (see Fig. 2(a) and 2(b)) is a result of the alternate lasing 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 t = 16.2 ps (dotted vertical line), the near-field in panel (b) has 9 maxima
and accordingly the 9th 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.
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Figure 4: (a) Intensity distribution of the spectrally resolved complex near-field obtained by the trav-
eling wave model as function of the wavelength relative to the peak wavelength of the fundamental
mode. On the left side the lateral mode number is displayed. (b) near and far-field intensities of the first
four lateral modes obtained by solving equation (8) vertically shifted according to their real part of the
modal index relative to the real part of the index of the fundamental mode. U = 1.89 V (I = 24.1 A),
rs = 5 · 10−9 Ωm2, and dres = 1345 nm.

The imaginary and real parts of the eigenvalues of (8) are displayed in Fig. 3 where the ordinate is
the modal gain gm = 2k0Im(n̂m) and the abscissa the real part of the modal index relative to the

DOI 10.20347/WIAS.PREPRINT.2633 Berlin 2019



Non-thermal far-field blooming in high-power broad-area lasers 7

real part of the index of the fundamental mode, ∆Re(n̂m) = Re(n̂m) − Re(n̂1). In Fig. 4(a) the
spectrally resolved near-field intensity profiles obtained from the traveling wave model by a Fourier
transformation (FT) of uout(x, t) are shown. The lateral mode number is given on the left side. The
longitudinal mode spacing of ∆λlong

FT = 30 pm is larger than the spacing of low order lateral modes
and not all lateral modes displayed in Fig. 4(a) correspond to the same longitudinal mode.
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Figure 5: Pseudo-color
mapping of the temporal
near-field intensity evolution
(normalized to maximum in
every time step) for a dif-
ferential index of (a) n′N =
0 m3, (b) n′N = 4 ·10−32 m3

(replot from Fig. 2(b)), (c)
n′N = 4 · 10−31 m3 and (d)
n′N = 2 · 10−30 m3.

The lateral intensity profiles of the near and far-field of the first four modes with the highest gain accord-
ing to Fig. 3 obtained from the solution of (8) are exemplary displayed in Fig. 4(b). The zero levels of
the mode intensities are given by the relative real parts of the corresponding modal indices which can
be converted into corresponding relative wavelengths ∆λm = λm − λ1 = λ0/ng · Re(∆n̂m) where
ng = 3.92 is the group index. As indicated by the dotted lines, these wavelength shifts agree very well
with the FT peak wavelengths of the lateral modes for the same longitudinal mode. The same applies
for the longitudinal mode spacing which matches the theoretical relation ∆λlong

theory = λ20/(2Lng). Thus,
although no pre-assumptions were made regarding the optical field our result indicates that in lasers
with a lateral waveguide a clear mode structure is visible which is neither destroyed by the dynamics
nor by longitudinal effects.

Now we turn to the question of the role of the Kerr effect in this context. As stated in the introduc-
tion a Kerr-type nonlinearity is induced indirectly from the dependence of the refractive index on the
carrier density. This effect is contained in our model and governed by the differential index n′N . As
the corresponding effective Kerr coefficient calculated according to [24] is several orders of magnitude
larger than the absolute value of the material Kerr coefficient [25] the latter one can be ignored. The
influence of the strength of the indirect Kerr effect is examined by varying n′N in Fig. 5. In the top
panel (a) the Kerr effect is completely turned off (n′N = 0). Here, the space-time structure of the field
intensity is fully determined by the waveguide modes. This structure differs only marginally from our
standard case of n′N = 4 · 10−32 m3 (panel (b)) and we conclude that mode formation is still the
dominating effect. However, with further increasing n′N the spatial and temporal scales of the intensity
structures become smaller, panel (c) and (d). But it has to be pointed out, that the time scales are
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so short that the indirect connection between intensity and carrier induced refractive index change is
not instantaneous anymore as in the standard Kerr nonlinearity. Therefore, one can expect a different
scenario, but a detailed analysis of this effect is beyond the scope of this paper.

We also investigated the sensitivity of the results to the choice of other parameters. An increased
mobility of the holes in the active region that enters the effective diffusion coefficient in equation (4)
is beneficial for suppressing higher order lateral modes, because fluctuations in the carrier density
can be faster compensated for. However, only for a variation of the hole mobility of several orders of
magnitude a significant influence could be found. Other parameters such as the gain compression
factor εs or the free-carrier absorption coefficient fN have no significant impact on the lateral mode
forming dynamics if varied within reasonable limits. The influence of further important parameters on
the output field will be separately discussed in Section 5.

5 Far–field blooming

In what follows we investigate the impact of the injection current, an additional implantation beside the
contact stripe and the series resistance below the contact stripe on the optical output field.
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Figure 6: (a) Time averaged lat-
eral near-field intensity and (b)
far-field intensity distributions at
the front facet for the total injec-
tion currents I = 1, 2.6, and
24.1 A. rs = 5 · 10−9 Ωm2 and
dres = 1345 nm.

In Fig. 6 the time averaged near- and far-field intensity distributions at the front facet are exemplarily
displayed for the total injection currents I = 1 A, 2.6 A and 24.1 A. From the time averaged near and
far-field intensities at the front facet the full near-field width w and far-field angle Θ containing 95%
of the power are calculated. The lateral beam quality can be specified from these parameters as the
lateral beam parameter product BPP = wΘ/4.
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jection current. (c) Time averaged
mean square values of the rela-
tive modal coefficients as function
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10−9 Ωm2 and dres = 1345 nm.
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Fig. 7(a) shows the dependence of the output power on the injection current and Fig. 7(b) the corre-
sponding variation of the beam parameters. Both near-field width and far-field angle rise with increas-
ing injection current, resulting in a degradation of the beam quality. Note that the relative rise of the
far-field angle from threshold to high power amounts to ≈ 50%.
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Figure 8: (a) Lateral near-field
width w (black line – left axis),
far-field angle Θ (red dashed
– right axis) and correspond-
ing beam parameter product
BPP (blue dotted – rightmost
axis) and (b) relative modal
coefficients as function of the
residual layer thickness dres for
U = 1.89 V. Series resistivity
rs = 5 · 10−9 Ωm2.

Directly above threshold (Ith = 0.7 A cf. Fig. 7(a)) laser emission is made up mostly by the first
mode (Fig. 7(c)). With increasing current its relative contribution is diminished (without turning off
completely), as more and more modes reach threshold. This behavior differs from what was published
earlier [4] where at threshold the first 3 modes have an equal contribution to lasing and then consecu-
tively turn off as more modes emerge. The rapid increase of contributing modes is taking place within
the first 5 A where the first 9 modes are excited, so that the far-field angle is significantly broadened
during this current span. A further abrupt rise of the far-field angle between 9.5 A and 10 A (Fig. 7(b))
can be traced back to the excitation of the 10th mode (Fig. 7(c)).
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Figure 9: Lateral near-field width
w (black line – left axis), far-
field angle Θ (red dashed – right
axis) and beam parameter prod-
uct BPP (blue dotted – rightmost
axis) and (b) relative modal coef-
ficients as function of the series
resistivity rs for an injection cur-
rent of I = 20.0 A correspond-
ing to an output power of P ≈
21.3 W. Residual layer thickness
dres = 5 nm.

As a consequence of the previous findings, the suppression of higher order lateral modes is expected
to improve the beam quality of the laser which will now be investigated in the following. A possibility to
achieve this is an additional implantation beside the contact stripe [5]. As shown in Fig. 8(a), already
an implantation of the contact layer, see also Fig. 1(c), drastically improves the beam quality, as the
number of lateral lasing modes is decreased from 10 to 4 (Fig. 8(b)). In the absence of thermal lensing
a further implantation of cladding and confinement layers leads only to minor improvements rendering
deep implantation unnecessary for pulsed operation (if trenches close to the stripe are present). Note
that the residual layer thicknesses of 5, 770, 1215 and 1345 nm result in currents of I = 20.0,
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20.4, 21.5 and 24.1 A and powers of P = 21.3, 21.6, 22.8 and 25.6 W, respectively, for a constant
U = 1.89 V.
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Figure 10: Lateral near-field
widthw (black line – left axis), far-
field angle Θ (red dashed – right
axis) and beam parameter prod-
uct BPP (blue dotted – rightmost
axis) and (b) relative modal coef-
ficients as function of the series
resistivity rs for an injection cur-
rent of I = 20.0 A correspond-
ing to an output power of P ≈
21.3 W. Residual layer thickness
dres = 5 nm.

Due to the fact that the excitation of higher order modes is caused by the saturation of the gain in
those parts of the active layer where the lower order mode intensity is high and a rise of the gain in
the other parts, a suppression of spatial holeburning should result in an improved beam quality. In our
previous study [26] we have demonstrated that a reduction of the p-layer resistivity rs results not only
in an equalized carrier density below the contact stripe due to current self-distribution [27, 22] but can
also lead to an improvement of the beam quality. Fig. 10(a) reveals that the near-field width w and
far-field angle Θ are decreased by reducing rs. A modal analysis confirms that 4 lateral modes are
lasing at rs = 5 · 10−9 Ωm2 and the fundamental mode has a contribution of less than 50 % (Fig.
10(b)). However, at rs = 5 · 10−11 Ωm2 90 % of laser emission is made up by the first and 10 % by
the second mode, so that the theoretical limit of the beam parameter product is nearly reached.

6 Conclusion

To summarize, BA lasers have been numerically simulated using an improved version of the software
tool BALaser that properly describes the current flow in the p-doped layers as well as lateral and
longitudinal spatial hole burning based on a traveling-wave model. We show that non-thermal far-field
blooming can be understood on the basis of superposition of stationary modes despite the highly non-
stationary behavior of broad-area lasers. To improve the beam quality, higher order lateral modes can
be substantially suppressed by implanting the contact layer next to the injection stripe or by lowering
the p-layer resistivity.
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