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Supermodes in Broad Ridge (Al,In)GaN Laser Diodes
Harald Braun, Stephan Rogowsky, Ulrich T. Schwarz, Stefanie Brüninghoff, Alfred Lell, Stephan Lutgen, and

Uwe Strauß

Abstract—Broad area (Al,In)GaN laser diodes (LDs) are suitable
for high optical output power in the near UV to blue spectral range.
But for ridge widths larger than a few micrometers, the occurrence
of filamentation is well known. We present experimental evidence
that the single filaments tend to be phase-locked with defined phase
offset and build up a so called supermode. Depending on driving
current a coherent or incoherent superposition of different super-
modes can be observed, which has a significant impact on the cor-
responding lateral far-field pattern. By a simulated reconstruction
of the lateral mode profile of the laser mode propagating in free
space we retrieve the field and phase distribution of the laser mode
in the waveguide. In this context the coupling mechanism is dis-
cussed and the mode behavior is compared to supermodes in GaAs
laser diode arrays.

Index Terms—Gallium compounds, laser modes, semiconductor
lasers.

I. INTRODUCTION

B LUE or near UV (Al,In)GaN laser diodes (LDs) with op-
tical output power of around 100 mW are commercially

available and are, concerning lifetime and beam quality, suit-
able for applications like high density optical data storage or
pico-size projection [1]. But optical output power and beam
quality have to be improved for further demanding applications
like large scale laser projection. When output power of a LD
shall be further increased, the optical power density in the wave-
guide is the limiting factor. If the optical power density at the
facet of the LD exceeds a certain level, catastrophic optical
mirror damage (COMD) occurs. Thus the cross section area of
the optical mode has to be increased.

One possibility is extending the mode volume in transversal
direction by an enlargements of the epitaxial waveguide layer
thickness [2]. But the gain region consisting of InGaN quantum
wells (QWs) cannot be stretched in the same way, because the
number of QWs is limited due to piezoelectric effects and the
high hole mass in the (Al,In)GaN system. Hence an enlargement
of the waveguide thickness leads consequentially to a lower
confinement factor and thus to an increasing threshold current.
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Fig. 1. Sketch of a broad ridge (Al,In)GaN LD. The inset shows a typical near-
field measurement of the optical laser mode of a sample with a 10 �m broad
ridge waveguide.

However, this deficit is acceptable to a certain degree, because
in the high driving current regime slope efficiency, which is not
affected by the confinement factor, is the decisive parameter to
reach high output power.

The usual and more effective way to increase the mode
volume is to expand the waveguide in lateral direction [2]–[5].
But lateral fundamental mode operation is limited to ridge
widths of about 2 m [6]. Due to the high antiguiding factor of
(Al,In)GaN based LDs [7], a strong tendency to build up fila-
ments is predicted for broad ridge LDs [8], [9]. Experimental
evidence for filamentation in broad ridge (Al,In)GaN LDs has
been shown in several publications [4], [10], [11].

Filamentation has a significant impact on the corresponding
far-field pattern. In this context the spatial coherence of the laser
mode plays a decisive role. In detail, filaments can be phase-
locked and build up so called supermodes. Thus the far-field
pattern is the result of interfering filaments. This behavior is well
known in the GaAs material system [12] and will be discussed
in detail for (Al,In)GaN laser diodes in this paper.

Fig. 1 shows a sketch of a broad ridge (Al,In)Gan LD. The
inset of Fig. 1 shows a typical near-field measurement of the
optical laser mode of a sample with a 10 m broad ridge wave-
guide. There is also a slight modulation of the lateral intensity
profile below threshold, but the LD is emitting much more uni-
formly over the whole ridge width of 10 m. Above threshold,
interplay of the photon density with the lateral refractive index
profile, the local carrier density [13] and thermal effects [14]
lead to self focusing of the optical laser mode, well known as
filamentation [8]. In this context carrier induced changes of the
local refractive index and lateral carrier diffusion in the quantum
wells play an essential role. In detail, the real part of the refrac-
tive index profile of the ridge waveguide is decreased by the
local carrier distribution (antiguiding) and increased following
the lateral temperature profile. The local carrier density defines
also the imaginary part of the refractive index, which is related
to optical gain.
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In [15] we presented a rate equation based model adapted
to (Al,In)GaN LDs, which describes the the occurrence of fil-
aments as incoherent superposition of perturbed higher order
lateral modes, defined by the resulting modified complex re-
fractive index profile. In this approach, no spectral information
was taken into account. Now, in this article, we combine spatial
and spectral information and show experimental evidence, that
single filaments in broad ridge LDs are phase-locked and form
so called supermodes.

The investigated samples and the experimental method are
introduced in Section II. In Section III the most simple case of
a single supermode is discussed in detail. We present spectral
resolved near-field measurements, which indicate the existence
of coupled filaments, and far-field patterns that can be explained
by interference effects. The formation of this far-field pattern is
illustrated by a measurement of the lateral mode profile, propa-
gating from the near-field to the far-field. By a reconstruction of
this propagation we retrieve the field and phase distribution of
the optical laser mode in the waveguide. This provides essential
information about the coupling mechanism. At higher driving
currents we observe an incoherent superposition of different su-
permodes (Section IV). In this context we discuss the impact of
driving current on the beam quality of broad ridge (Al,In)GaN
LDs.

II. EXPERIMENTAL

The investigated samples are edge emitting broad ridge laser
diode test structures, grown on low defect density c-plane GaN
substrate by MOVPE. In this paper measurements on three
samples, named A, B and C with ridge widths of 5 m, 10 m
and 20 m, respectively, will be shown. The corresponding
threshold current densities are 6.6 kA cm , 1.2 kA cm
and 4.2 kA cm , and the slope efficiencies are about 1.1 W/A,
0.8 W/A and 1.1 W/A, respectively. The emission wavelength

is about 395 nm for samples A and C and about 445 nm
for sample B. Samples A and C are optimized for high output
power, which means for example that the reflectivity of the
output facet is only about 17% and the thickness of the epitaxial
waveguide layers is increased by 80% compared to the standard
waveguide structure of sample B, which is described in detail
for example in [1]. Further information about the waveguide
optimization procedure regarding samples A and C can be
found in [2], where optical output values of a single emitter of
up to 8 W in pulsed operation are reported for similar samples.
Due to these modifications samples A and C are on the one side
capable for high optical output power, but on the other side their
threshold current densities are quite high compared to sample
B, which is completely optimized for low threshold current
density but is not suitable for such high output powers. For
the measurements the LDs are driven in cw mode with optical
output power up to a few hundred mW, thus active cooling
of the diodes is essential. While the heatsink temperature was
kept constant at about 20 C, the estimated temperature of the
waveguide according to measurements on similar samples [11]
increases up to about 50 C under typical operating conditions
used for the measurements shown in this article.

Fig. 2. (a) Near-field intensity distribution of sample B at � � ����� . (b)
Spatially integrated spectrum taken under same conditions. (c) Corresponding
lateral resolved spectral characterization of the lateral near-field profile.

We perform a multidimensional characterization of the op-
tical laser mode, regarding lateral direction , propagation di-
rection and wavelength . For this purpose we use an imaging
setup in a configuration known as Gaussian telescope. A de-
tailed description of this setup can be found in [16]. It consists,
in principle, of a combination of two lenses and with focal
lengths and , respectively, arranged in a distance to
each other. In this way it is assured, that the transformed laser
beam contains the correct phase distribution, which is essential
for measurements of the propagating mode.

Due to the in transversal direction highly divergent laser beam
an aspheric lens with high numeric aperture has to be used
to prevent aberration artefacts. The magnification of this con-
figuration is simply given by the ratio of .

For measurements of the near-field intensity distribution, an
image of the front facet of the LD is projected onto a bare
CCD-chip, located in the focal plane of the imaging setup. Alter-
natively a single mode fiber in combination with a high spectral
resolution spectrometer was used to analyze the spectral com-
position of the laser mode, correlated to the spatial position. The
spectral resolution of about 0.005 nm is sufficient to distinguish
clearly single longitudinal modes belonging to different lateral
modes. Using a magnification of , there is no limitation
of the spatial resolution by the CCD pixel size (4.65 m) or by
the fiber diameter (3 m).

With this setup we can as well investigate the propagation of
the laser mode from the near-field to the far-field, by scanning
in positive -direction relative to the focal plane. For these mea-
surements one has to consider that the magnification in propa-
gation direction is proportional to . To reach the far-field
within the range of some cm, accessible with the experimental
setup, has to be low enough. Alternatively the far-field in-
tensity distribution can also be measured directly without any
optical components.

III. SINGLE SUPERMODE

In this section we describe the formation, propagation and re-
construction of the laser mode for the case, that only one single
supermode exists, which means that the laser emits coherently



1076 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 45, NO. 9, SEPTEMBER 2009

Fig. 3. (a)–(c) Lateral near-field and (d)–(f) far-field data for samples A, B and C with ridge widths of 5, 10 and 20 �m, respectively. The thick lines are ex-
perimental data. All measurements are taken at a driving current in the order of � � ���� . The thin vertical lines in (a)–(c) indicate the position of the ridge
waveguide, the gray bars represent the positions of the double slit used for the simulated far-field profile, shown as thin lines in (d)–(f). A single slit of 1.5 �m in
the near-field would lead to the refraction pattern shown by the dashed line in (d)–(f), respectively.

over the whole ridge width. We observe such a behavior at all
investigated broad ridge samples for the current regime slightly
above threshold. For higher driving currents additional super-
modes appear. This case will be discussed in Section IV.

A. Near-Field

The density plot in Fig. 2(a) shows the near-field inten-
sity distribution of sample B at a driving current of about

. One can clearly see a very inhomogeneous
lateral mode profile. Fig. 2(b) shows the corresponding spatial
integrated spectrum. It is characteristic for (Al,In)GaN LDs;
several longitudinal modes are lasing. All modes have the same
spectral spacing of 55 pm, which fits well to expected value for
longitudinal Fabry-Perot (FP) modes of a standing wave with

nm in the given waveguide with a length of 600 m.
Thus there exists only one single mode comb.

The spatially resolved spectral measurement, shown in
Fig. 2(c) provides further information. It shows the result of
a scan in lateral direction through the center of the near-field
image, where a highly resolved spectrum at each point of the
scan was taken. The data show, that the normalized spectrum
at each point of the laser mode looks nearly identical. In other
words, a replica of the near-field pattern is observed for all
longitudinal modes. This indicates complete phase-locking of
all filaments [12], which means that all filaments have the same
effective refractive index and thus the same propagation
constant.

Such an array of phase-locked filaments is also called super-
mode [12], [17]. It is not an usual higher order lateral mode, but
self-focusing leads to the formation of filaments, and these fila-
ments tend to be phase-locked in the same fashion as semicon-
ductor laser arrays [17], [18]. Please note that the term “super-
mode” is besides used in a different context, namely for a linear

combination of TE and TM lasing modes in birefringent GaInP/
AlGaInP waveguides [19].

B. Far-Field

In the following details about the coupling of filaments and
its impact on the corresponding far-field pattern will be dis-
cussed. The thick lines in Fig. 3 show measurements of the lat-
eral near-field and far-field profile of the three samples A, B and
C at driving currents of , and , respec-
tively. All near-field measurements, depicted in Fig. 3(a)–(c),
show strong filamentation, where the width of all single fila-
ments is in the range of about 1–1.5 m and the number of the
filaments increases with increasing ridge width (compare [15]).
The thin vertical lines indicate the positions of the ridge wave-
guide, respectively. The corresponding far-field measurements,
shown in 3(d)–(f), exhibit a characteristic multi-lobed pattern.
Obviously, the width of the single lobes decreases significantly
with increasing ridge width, whereas the whole width of the
far-field stays nearly constant.

The spectra of all three samples exhibit only one FP mode
comb, respectively, under the conditions that have been used for
the measurements shown in Fig. 3. As already mentioned, this
indicates coupling between the filaments, and so the far-field is
expected to be the result of interfering beams. To illustrate the
characteristics of these interference patterns, we compare the
experimental data with a virtual double-slit interference exper-
iment, which helps to explain the general shape of the far-field
spectra. Two slits with a width of m each represent
the single filaments and the distance between the center of the
two slits is fitted to the lateral spreading of distinct coherent fil-
aments. The gray bars in Fig. 3(a), (b) and (c) indicate the width
and the position of the two slits; values of , 7.5 and
13.0 m have been used, respectively.
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Fig. 4. (a) Experimental and (b) simulated near-field to far-field transition of the lateral intensity profile of sample B under same conditions like in Fig. 2.

The thin lines in Fig. 3(d)–(f) show the corresponding cal-
culated interference patterns, when the double slit is illumi-
nated with coherent light with nm. The lobes be-
come narrower with increasing , which is in good agreement
with the observed behavior for increasing ridge width. The en-
velope of the far-field pattern, described by the dashed line in
Fig. 3(d)–(f), depends only on the width of the single slits,
which represent the filaments, and is thus independent on the
distance between the slits or the ridge width, respectively.

This means on the other hand, that, if the single filaments
were not coherent and would propagate independently, each fil-
ament would result in a Gaussian far-field lobe with a FWHM
of about 10 . This would produce a completely different far-
field pattern than it is shown in Fig. 3(d)–(f). But the filaments
are coupled and this results in a multi-lobed far-field pattern.
If all filaments would lock in phase, a far-field pattern with
a single distinct maximum at the center would appear, like it
is described in [18] for a broad ridge LD in the GaAs ma-
terial system. But in all far-field measurements performed on
broad ridge (Al,In)GaN laser diodes there are several intensity
maxima, thus there must be a significant phase offset between
the single coupled filaments. Goto et al. [3] show also a far-field
measurement of a 10 m broad ridge (Al,In)GaN LD, which
looks quite similar to the data presented in this paper. The lateral
far-field pattern is multi-lobed and the most pronounced lobe
has a FWHM of about 2.3 .

C. Near-Field to Far-Field Transition

To investigate this coupling in more detail, a scan of the com-
plete near- to far-field transition was taken. For this measure-
ment, images of the intensity distribution in the -plane
were taken, starting from the focal point, where the image of
the near-field is located, and scanning into positive -direction.
The single images are then integrated in transversal direction
and normalized separately.

The measurement in Fig. 4(a) shows from bottom to top the
first 200 m of the propagation of the lateral mode profile from
the near-field to the far-field of sample B at a driving current of

. One can clearly see that the lateral far-field pattern
is the result of interfering filaments. But one has to note that the
Rayleigh range of a LD, emitting coherently over a ridge width

of 10 m with nm, is larger than the range shown
in Fig. 4(a). The Rayleigh range is a measure for the transition
from near-field to far-field and thus this means that the far-field
is not reached in this figure. During the further propagation to
the far-field the central lobe at 0 becomes dominant, as it is
shown in Fig. 3(e).

D. Phase Reconstruction

With a CCD camera only the intensity of the laser mode can
be measured. To retrieve the field and phase distribution of the
mode, the intensity distribution in at least two planes has to be
measured. If the propagation function between the two planes is
known, the phase distribution of the mode can be reconstructed.

For this purpose different approaches can be used. The Ger-
chberg-Saxton algorithm [20] for example is a common itera-
tive procedure to determine the phase distribution from image
and diffraction plane pictures. A similar method will be used in
this paper. Another approach is to guess an initial phase in the
near-field, calculate the near-field to far-field propagation using
Fresnel diffraction integral, and then find the correct near-field
phase with an optimization algorithm, using the difference be-
tween measured and calculated intensity distribution at several
distances to the facet as merit function [21]. In an earlier ap-
proach to derive the phase for broad area LDs we neglected the
precondition of a coherent superposition, because we had no ex-
perimental access to the spectral information [15].

Now spectrally and spatially resolved measurements pre-
sented in this paper give evidence that the laser mode of broad
ridge InGaN LDs can be described as a supermode, which
consists of a coherent superposition of filaments. To satisfy this
physical picture of coupled filaments, we reconstruct the lateral
intensity profile of the laser mode as a superposition of
fields of zeroth-order Gaussian modes,
which represent the filaments.

The lateral complex electric field amplitude of a
Gaussian mode [22] with wave number is given by

(1)
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Here is the amplitude, the constant phase offset, the
width, the lateral position, the radius of curvature of the
wavefront, and the Gouy phase of the th filament. The width

is defined as the radius at which the field amplitude drops to
of its maximum value and is the minimal width of the

th mode at the beam waist, located at .
The propagation of the field of each filament for a

distance is described as follows:

(2)

(3)

(4)

where

(5)

is the Rayleigh range.
The intensity of the optical mode at any point during the

propagation from the near-field to the far-field is then given by

(6)

In the first step of the phase reconstruction procedure we fit
the lateral near-field profile . The corresponding fit-
ting parameters are amplitude , width , and lateral position

of the single filaments at . The relative phase of the
different modes is initially set to zero.

In the next step the lateral intensity profile in a cer-
tain distance is calculated and fitted to the corresponding
measurement at position , where now the phase constants
are the fitting parameters and all other parameters are kept con-
stant. Then again the near-field profile is fitted,
but now with phase constants from the fit at and so
on. In most cases after a few iterations a good fitting result is
obtained. This procedure is similar to the Gerchberg–Saxton al-
gorithm [20], but we use only discrete values to fit the phase
distribution. In the physical context of coupled filaments this
approach provides enough degrees of freedom to describe the
near-field to far-field evolution.

We apply this fitting routine with filaments to the
bottom and top lines of the measurement shown in Fig. 4(a),
representing the lateral near-field profile at and the prop-
agated mode profile at m, respectively. From this
simultaneous fit to the measured intensity profiles for
and we know now the field and the phase distribution of
the laser mode at the output facet and thus we can reconstruct
the complete propagation of the lateral mode profile from the
near-field into the far-field. Fig. 4(b) shows the result of the re-
constructed propagation for and the result is in ex-
cellent agreement with the corresponding measurement, shown
in Fig. 4(a).

Fig. 5. Lateral near-field intensity and phase profile of sample B at
� � ����� . The dots represent the experimental data, solid and dashed lines
show the result of the fitting procedure for the lateral intensity profile and the
corresponding phase distribution, respectively.

The result of the near-field phase reconstruction is plotted
as dashed line in Fig. 5, together with the corresponding fit of
the near-field intensity profile (solid line) to the experimental
data (dots). Obviously there is a phase offset of about
between adjacent filaments. This observation is in agreement
with simulations by Chow et al. [8]. They calculated the lateral
near-field distribution for a gain-guided edge-emitting LD with
6 m stripe width and 2 nm In Ga N/GaN multiple quantum
well structure. The results show also a phase difference

between two filaments, which have a FWHM of about
m each.

In the following this result will be compared to observations
on LDs in the GaAs material system: In [12] and [18] arrays of
phase-locked filaments in broad ridge GaAs LDs are observed,
which produce a single lobed lateral far-field intensity distribu-
tion. This indicates, that all filaments lock in phase ,
which the authors attribute to the fact that in a self focused mul-
tifilamentary laser there is high gain in the regions of low refrac-
tive index and vice versa. Logically consistent, Ackley et al. ob-
serve a lateral far-field pattern with a symmetric double-peak for
an array of coupled LDs [23]. Their structure provides gain only
in the regions of high refractive index, where the single LDs are
located. Thus adjacent emitters couple out of phase ,
to minimize the optical field in the unpumped or absorbing in-
terstripe regions and maximize the overlap of the optical field
with the lateral spatial gain distribution. Kish et al. managed
stable in-phase operation of neighboring emitters in an array of
LDs by a precise adjustment of the lateral optical and current
confinement [24].

Summarized, in the GaAs material system there seems to
exist a consistent model, which describes the coupling mech-
anism between phase-locked filaments in broad area LDs or be-
tween single emitters in LD arrays. But coupled filaments in
(Al,In)GaN LDs seem to behave differently, although the con-
figuration in the waveguide should be comparable to the situa-
tion described in [12] and [18] for filaments in GaAs LDs. Due
to spatial hole burning, filamentation provides a higher carrier
density and thus higher gain in the regions between the fila-
ments. This constellation is expected to lead to an in-phase cou-
pling of the filaments, in order to maximize the overlap of the
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Fig. 6. (a) Spatially integrated spectrum of sample B at � � ����� . (b), (e) Images of the near-field and far-field intensity distribution, respectively. (c), (f)
Corresponding spatially resolved spectral characterization of the lateral mode profile. (d), (g) Lateral intensity profile (black line) in the near-field and in the
far-field, respectively. The laser mode is a superposition of two supermodes X (light gray filling) and Y (dark gray filling), marked by light gray and dark gray bars
in (a).

lateral optical field with the lateral gain profile. But we did nei-
ther observe strict in-phase coupling nor strict out-of-phase cou-
pling of neighboring filaments at any broad ridge (Al,In)GaN
LD. The reconstructed phase distributions of different super-
modes look qualitatively similar to the one shown in Fig. 5 for
sample B. In general a phase difference between
adjacent filaments is observed. Up to now we found no satis-
fying explanation for this behavior. Due to material inhomo-
geneities the single filaments have different intensities, which
leads to an inhomogeneous and asymmetric gain and refractive
index profile across the waveguide. Maximization of the overlap
of the lateral optical field in this modified refractive index profile
with the lateral gain profile may lead to the observed behavior.
Further investigations, experimentally and theoretically, will be
necessary to completely understand the observed behavior.

IV. INCOHERENT SUPERPOSITION OF SUPERMODES

All measurements shown in Section III were taken at about
to stay in the regime of phase-locked filaments,

but the investigated broad ridge laser diodes are designed for
high output power at much higher driving currents. But with in-
creasing current the laser spectrum becomes more complex and
coexistence of different supermodes, leading to modifications
of the lateral near-field and far-field profile, is observed. This
behavior will be discussed in the following section.

A. Two Supermodes

In the spatially integrated spectrum of sample B at a current of
, shown in Fig. 6(a), clearly two FP mode combs can

be observed. This indicates the coexistence of one or more new

filaments building an additional supermode with a different ef-
fective refractive index and thus different propagation con-
stant.

To separate the lateral profile of the two supermodes with
different propagation constants, we combine again spatial and
spectral information. The corresponding data for the near-field
case are shown in Fig. 6(b)–(d). Fig. 6(c) shows a spectrally re-
solved lateral scan through the near-field laser mode, which is
depicted in Fig. 6(b). Obviously the two FP mode combs, named
X and Y and marked by light gray and dark gray bars in Fig. 6(a),
respectively, show a completely different lateral behavior. So for
example at about m only the supermode Y is lasing,
and for m the supermode Y dominates. By integrating
over the light and dark gray regions marked in Fig. 6(a) we
can present the spectrally integrated lateral profile (black line
in Fig. 6(d)) as incoherent superposition of the two supermodes
X and Y (light and dark gray filling, respectively). The analogue
data for the far-field case are shown in Fig. 6(e)–(g). Also here
the two supermodes can be clearly separated.

The two supermodes have different FP mode combs, thus they
are not phase-locked and propagate independently. Hence we
perform the fitting procedure described in Section III-D for the
two supermodes separately. Fig. 7(a) and (b) show the simulated
propagation of supermode X and Y for m m,
respectively. The gray-scale is separately normalized for part
(a) and (b) with respect to the different relative intensities of the
two supermodes.

The correctness of this reconstructed propagation can not be
proven directly by comparison with experimental data. A direct
measurement of the propagation of the different supermodes
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Fig. 7. Reconstructed propagation of the lateral intensity profile of (a) supermode X and (b) supermode Y of sample B at � � ����� . The experimental data for
the fits are the near-field and far-field mode profiles of the two supermodes shown in Fig. 6(d) and (g), respectively.

Fig. 8. (a) Measured propagation of the lateral intensity profile of sample B at � � ����� . (b) Incoherent superposition of the reconstructed propagation of
supermodes X and Y, shown in Fig. 7(a) and (b), respectively.

would be too extensive, because a full spectrum would have to
be measured at each point of the scan.

But it is possible to measure the propagation of the spectral
integrated intensity profile, which is shown in Fig. 8(a), because
this can be done simply in the same way as for the single super-
mode case shown in Fig. 4(a). This measurement can be com-
pared to the sum of the intensities of the simulated propagation
of the two supermodes X and Y with respect to their relative in-
tensities. The result of this incoherent superposition of the two
supermodes, depicted in Fig. 8(b), is again in very good agree-
ment with the experimentally observed propagation pattern for
this driving current.

An interesting point is, that the propagation of supermode X
at , shown in Fig. 7(a), is very similar to the single
supermode case described in Fig. 4. This means, that this super-
mode seems to be hardly influenced by the second supermode
Y, although they are spatially and spectrally overlapping. We do
not observe a pronounced coherent coupling of lateral modes
with different propagation constants like it is described for ex-
ample in [25] for different lateral modes in a GaAs LD.

B. Multiple Supermodes

The situation becomes even more complex at higher driving
currents. Due to the deposited heat by injected power the wave-
guide temperature increases with increasing current. In [26] we

have shown that in pulsed operation a critical wave-guide tem-
perature for the build-up of certain filaments exists. Temperature
changes modify the refractive index profile of the LD waveguide
as well as the bandgap energy and thus the peak gain wave-
length. This leads to appearance, disappearance and modifica-
tions of single supermodes depending on driving current and
temperature.

In general, at higher driving currents several supermodes co-
exist. Fig. 9 shows the lateral near-field (a) and far-field (b)
profile of sample B at . From spatially and spec-
trally resolved measurements, similar to those shown in Fig. 6
for , we can in this case separate the lateral inten-
sity profile (thick line in Fig. 9) into five supermodes, that are
plotted as thin lines. Supermodes X and Y from Fig. 6 are still
existing at this high driving current and they look quite similar
to the lower driving current case as well in the near-field as in
the far-field. For clarity only supermode X is marked by a light
gray filling in Fig. 9.

The lateral near-field intensity profile at looks
much more uniformly than at , which is shown
in Fig. 3(b). Thus it seems like the different supermodes tend
to fill up the waveguide. And as different supermodes show
completely different propagation patterns, also the lateral far-
field pattern becomes smoother by this incoherent superposition
of the multi-lobed far-field patterns of the single supermodes
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Fig. 9. Lateral near-field (a) and far-field (b) profile of sample B at � � ���� . Five supermodes (thin lines) coexist and add up to the lateral intensity profile
(thick line).

[compare thick lines in Fig. 9(b) and Fig. 9(d)]. Thus the ab-
sence of distinct filaments in the near-field or the lack of pro-
nounced lobes in the lateral far-field pattern does not imply the
absence of supermodes, but this observation may be due to an
incoherent superposition of several supermodes.

Another relevant point is that the characteristic of
sample B shows a kink at about . The slope
efficiency is slightly increased for . Interestingly,

marks the transition from the single supermode to the mul-
tiple supermode configuration. Thus it seems that the incoherent
superposition of supermodes associated with the filling of the
waveguide improves the efficiency of the LD.

V. CONCLUSION

We have shown that the laser mode of broad ridge (Al,In)GaN
based LDs consists of phase-locked filaments forming so called
supermodes. This means that the far-field of these diodes
is defined by interference effects and shows a characteristic
multi-lobed pattern. Depending on driving current, one or more
of these supermodes exist, which can be identified by their
spectral composition. Different supermodes propagate inde-
pendently and thus the resulting laser beam is an incoherent
superposition of these supermodes. In this way the far-field
pattern of these broad ridge LDs depends significantly on
driving current. For high driving current several supermodes
coexist, which tend to fill up the waveguide.

We are able to reconstruct the propagation of these super-
modes by a superposition of Gaussian beams, which represent
the filaments. In this way we determine the phase distribution of
the laser mode, which provides essential information about the
coupling of the filaments. We do observe neither an in-phase nor
a strict out-of-phase coupling between neighboring filaments,
which seems to be different to other material systems.

We would like to point out, that the existence of supermodes
was observed at all investigated broad ridge (Al,In)GaN LDs in-
dependent on emission wavelength or modifications of the epi-
taxial structure, whereas the exact shape of the supermodes is
individual but characteristic and reproducible for each sample.
Also experimental far-field data provided by other groups [3]
exhibit the features of phase-locked filaments, which indicates
that the existence of supermodes is a basic feature of broad ridge
(Al,In)GaN LDs.

An important question is of course, how the beam quality
of high power (Al,In)GaN LDs could be improved. We think
that filamentation itself cannot be suppressed in broad ridge
(Al,In)GaN LDs, but it may be possible to control and direct
the filamentation by a lateral periodic perturbation of the broad
area laser structure, as it is for example realized for a broad
area LD in the GaAs material system by a lateral modulation
of the mirror reflectivity [12]. In principle, there are two dif-
ferent ways of perturbation, either the real part or the imagi-
nary part of the refractive index profile can be modulated, re-
sulting in index-guided or gain-guided structures, respectively.
This approach is of course very close to the idea of laser diode
arrays, which have already been realized in the (Al,In)GaN ma-
terial system [3], [27]. However, stable in-phase coupling of the
single emitters or filaments over a wide current range has to be
achieved, to produce a stable laser beam for high power appli-
cations.
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