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Beam Quality Improvement in Broad-Area
Semiconductor Lasers via Evanescent

Spatial Filtering
Jordan P. Leidner and John R. Marciante, Member, IEEE

Abstract— In semiconductor lasers, the unpumped cladding
region outside the optical waveguide is nominally lossy. Since
the evanescent tail of higher-order waveguide modes extends
further into the waveguide cladding, the modal loss increases
for high spatial frequency perturbations, creating a weak spatial
filter. Increasing the effective laser cavity length in a broad-area
laser enhances the effect of this spatial filter, resulting in
improved beam quality. Simulations predict that by optimizing
the lateral index step and output coupler reflectivity, a factor of
two increases the beam brightness with only a 10% penalty in
electrical-to-optical efficiency.

Index Terms— Brightness, broad-area pump lasers, diode
lasers, optical filters, semiconductor lasers.

I. INTRODUCTION

S INGLE-SPATIAL-MODE diode lasers are limited in
maximum power to about 1 W due to catastrophic optical

damage at the output facet [1]. For applications requiring
higher power, the damage problem can be avoided by using
a diode laser that is broadened in the lateral dimension
(perpendicular to the growth direction of the semiconductor),
thus reducing the intensity at the output. However, such a
broad-area laser (BAL) is no longer a single-mode waveguide
and is highly susceptible to free-carrier-induced self-focusing,
which causes chaotic beam filamentation [2]. This filamen-
tation results in a massive degradation in beam quality that
causes difficulties when trying to couple the beam into optical
fiber or in any other applications that require tight focusing.

The last three decades have been witness to a significant
amount of research dedicated to improving the beam quality of
BALs. Tapered gain regions, unstable resonator configurations,
and external cavity diode lasers have achieved near diffraction
limited powers up to ∼2 W with varying degrees of com-
mercial viability [3]–[5]. All of these designs are based on a
single lumped spatial filter and therefore eventually fail when
filamentation occurs within one round trip of the laser cavity.
An alternative approach called the angled distributed feedback
laser implemented continuous filtering which enabled scaling
to higher powers, but the design began lasing perpendicular
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to the angled grating as power increased, which limited
performance to ∼1.5 W [6]. In the end, the observed power
limitations of these devices limits them to a small niche
of applications that need only slightly more power than a
single-mode diode laser can provide.

The most widespread use of BALs is in pumping
high-power dual-clad fiber lasers, which do not require
diffraction-limited beam quality from the BALs. A dual-clad
fiber (DCF) has three optical layers in the radial direction.
The core is nominally single-mode for the desired lasing
wavelength and doped as a gain medium for use as a fiber
laser or amplifier, while the pump light is confined to the
inner cladding region of the fiber by the outer-cladding [7].
The light of the pump laser, now in the multi-mode region
of the DCF, is required to be absorbed by the gain medium
to be useful to the intended fiber laser or amplifier. However,
since the gain cross-sectional area is much smaller than the
pumped area, the absorption of the pump light occurs over
longer distances compared to the lower-power core-pumped
configuration. Higher brightness BALs would allow smaller
inner claddings for shorter absorption lengths or higher powers
via higher pumping density. The motivation for this work is
therefore to improve but not perfect the beam quality of BALs
using a simple technique that does not require new equipment
or fabrication processes to implement.

In this work, we numerically explore the enhancement
of evanescent spatial filtering via waveguide and cavity
design. Specifically, BAL brightness enhancement is studied
by exploiting the loss resulting from the modal evanescent tails
propagating in the lossy cladding as a function of the index
step that defines the optical waveguide and the reflectivity
of the output facet. In Section II, losses in the evanescent
field are compared at totally internally reflecting (TIR) angles.
In Section III, numerical simulations are used to study the
effects of these losses. In Section IV, practical issues involved
with the beam quality improvement technique are presented.
Section V contains a discussion of the results and concluding
remarks.

II. SPATIAL FILTERING VIA EVANESCENT FIELD LOSS

Filamentation in BALs creates an optical field profile within
the laser cavity that contains high spatial frequencies. The
desirable fundamental mode of the BAL waveguide, which
allows tight focusing and coupling into single-mode-fiber,
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consists of low spatial frequencies. Therefore, by designing
a laser cavity with increased loss at high spatial frequencies, it
is reasonable to suggest that the beam quality can be improved.

In a laser cavity, fine lateral spatial structure is indicative
of coherent light traveling at large angles with respect to the
nominal propagation axis, i.e. high spatial frequencies. It is
well known that light impinging on a dielectric interface at
an angle exceeding the critical angle “samples” the medium
on the other side of the waveguide even though no net
power propagates beyond the interface due to total internal
reflection [8]. In waveguide terminology, this is the evanescent
tail of the mode that exists outside the boundary of the
waveguide but propagates parallel to its surface. In the context
of filamentation, high spatial frequencies propagating in the
laser cavity will “sample” more of the material outside the
waveguide than lower spatial frequencies. Since this region is
un-pumped and therefore lossy in the semiconductor materials
of interest, this evanescent loss acts as a weak spatial filter
against high spatial frequencies.

From the ray perspective, the Goos–Hänchen shift describes
the apparent axial dislocation of a beam upon total internally
reflection (TIR) from the interface as [8]:

�zG H =
(

2

k1

)
tanθc(

sin2θ − sin2θc
)1/2 (1)

where �zG H is the shift down the wall of the interface, θc

is the TIR critical angle as measured from the perpendicular
with the interface, θ is the angle of incidence of the beam of
interest, and k1 = 2πn1/λ where λ is the optical wavelength
and n1 is the refractive index of the waveguide core. We use
this distance �zG H to describe the interaction length of the
optical field with the absorbing cladding material upon each
reflection. The ratio of 2�zG H to the total axial distance
traveled in a single lateral round trip reflection creates an
effective absorption for spatial frequencies corresponding to
a range of angles of reflection. The axial distance traveled
per sidewall reflection depends geometrically on the angle of
incidence and the width of the waveguide w. This relation
can be used with �zG H and the absorption of the un-pumped
material beyond the interface to create an effective absorption
due to lossy material outside the waveguide:

αe f f = α

(
�zG H

wtanθ + �zG H

)
. (2)

Fig. 1 shows effective absorption for TIR light in a
100-μm-wide cavity as a function of sidewall incident angle.
Since the modes of the cavity have different amounts of
power beyond the waveguide, this picture is not complete.
However, this figure does illustrate the vast relative difference
in absorption between the fundamental mode containing the
waveguide’s low spatial frequencies and that of higher spatial
frequencies characteristic of filamentation; a filamenting beam
will experience 10–30x more loss than the fundamental mode.
Including a weighting factor for the modal power in the
cladding will only exacerbate this picture, as the higher-
order modes have increasingly more power propagating in the
cladding. Since the properties of this loss are dependent on
the refractive properties of the incident light with the sidewall,
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Fig. 1. Relative effective absorption as a function of sidewall incident angle
with respect to the interface. The cavity is assumed to be 100-μm wide with
a refractive index step of 0.001 and a corresponding TIR angle of 88.6°. The
incident angles for the fundamental mode and typical filamentation patterns
are also shown in the plot.

we refer to this difference in effective modal loss as evanescent
spatial filtering.

Since this filtering mechanism provides loss while the beam
is propagating, extending propagation in the cavity naturally
leads to a higher level of spatial filtering. The effective exten-
sion of propagation in the cavity can easily be accomplished
by increasing the output coupling reflectivity. Increasing the
cavity lifetime and thus increasing the filtering distance allows
for additional attenuation of high spatial frequencies and thus
better beam quality of the laser output. Moreover, the index
step at the waveguide interface provides an additional degree
of freedom through the TIR angle in Eqn. (1).

III. SIMULATIONS OF EVANESCENT SPATIAL FILTERING

This concept was explored numerically using a Fox-Li
Beam Propagation Method (BPM) simulation of a BAL
cavity [2]. The parameters used in the BPM, shown in
Table 1, were chosen to mimic typical high-efficiency
commercial BALs [9], with resulting simulated performance
(power, efficiency, threshold, beam quality) that closely match
their commercial products [10]. Once these parameters were
matched, simulations were performed on a typical 2 mm-long
laser with a 100-μm lateral waveguide stripe. A high-
reflectivity coating (95%) was used at the rear facet, while the
front (output) facet reflectivity was varied to study the effect
of effective cavity length on the output beam characteristics.

The first evidence of spatial filtering comes from examining
the field inside the laser cavity. Once transients were damped
out in the simulation, the forward propagating half of the
intra-cavity field was captured and Fourier transformed to
reveal the spatial frequency content of the light re-circulating
in the cavity. Fig. 2 displays the Fourier amplitude of these
fields for various output facet reflectivities. As the output
facet reflectivity increases, the width of the spatial frequency
spectrum decreases, implying lower beam divergence and
therefore better beam quality. The reduced Fourier spectral
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TABLE I

PARAMETERS USED IN NUMERICAL SIMULATION

Physical quantity Value

Cavity length 2mm

Contact stripe width 100.5 μm/variable

Active-layer thickness 8.5 nm

Transverse confinement factor 0.0135

Facet power reflectivities variable

Laser wavelength 980 nm

Effective index 3.35

Broad-area waveguide step 0.001/variable

Linewidth-enhancement factor, α 2.3

Internal loss 1 cm−1

Pump Current 16 A/variable

Gain cross-section 1.5 × 10−15 cm2

Diffusion constant 33 cm2/s

Transparency carrier density 1.5 × 1018 cm−3

Non-radiative lifetime 4 ns

Spontaneous emission coefficient 1.4 × 10−10 cm3/s

Lateral

Propagation

Fig. 2. Simulated normalized Fourier transform amplitude of a laser beam
as it passes through a laser cavity for various cavity reflectivities. The
propagation direction goes from the high-reflectivity surface at the bottom
of each subfigure towards the low-reflectivity surface at the top of each
subfigure.

width indicates that there is less fine structure on the beam,
which is verified with the snapshots of the electric field
amplitude outputs shown in Fig. 3. Fig. 3 also reveals that
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Fig. 3. Simulated snapshot of the lateral electric field amplitude of a laser
beam exiting the cavity for various facet reflectivities. Dashed (red) lines
indicate the waveguide boundary.

for low output facet reflectivity, a significant amount of light
resides outside the pumped/wave-guided region of the laser
that is bounded by dashed (red) lines. This is related to the fine
structure in Fig. 2 and is also indicative of light being scattered
beyond the critical angle of the waveguide. Figures 2 and 3
clearly demonstrate that increasing the number of effective
round trips in the cavity via increased cavity reflectivity results
in increased evanescent spatial filtering.

Nominally, spatial characteristics of laser fields can be
quantified by analyzing the amplitude of their spatial Fourier
transforms. However, the chaotic nature of the filamentation
in BALs makes it necessary to average these quantities over
time, represented by cavity round trips in the BPM simulation,
in order to obtain “typical” (as opposed to instantaneous)
characteristics. The results of this analysis under varying
condition of output coupler reflectivity (1% to 50%) are shown
in Fig. 4. These plots show a clear narrowing of the diver-
gence of the laser with increasing output coupler reflectivities.
Qualitatively, this far-field narrowing should result in a direct
improvement in beam quality since the emission aperture is
identical for all cases.

The 2σ divergence angle of the far-field distribution, shown
in Fig. 5, clearly depicts this expected far-field narrowing.
By replacing conventional low-reflectivity coatings (∼2–4%)
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Fig. 4. Simulated average far-field amplitudes of the output laser field for
various facet reflectivities.
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Fig. 5. Angular width of the time-averaged far-field amplitude as a function
of output facet reflectivity.

with higher reflectivity coatings, the far-field distribution can
be narrowed by a factor of two. Of course, with higher
reflectivity coatings, it is reasonable to expect a reduction
in laser output since more light is re-circulated within in
the cavity instead of emitting from the cavity. Fig. 6 shows
the device slope efficiency as a function of output facet
reflectivity, while Fig. 7 shows the beam quality as a function
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Fig. 6. Simulated slope efficiency as a function of output facet reflectivity.
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Fig. 7. M2 as a function of output facet reflectivity for various waveguide
index steps: n = 0.01 (triangles), �n = 0.001 (squares), and �n = 0
(diamonds).

of reflectivity. The beam quality in Fig. 7 is represented by
the commonly accepted measure given by the parameter M2,
which is defined as the ratio of the divergence of a given beam
compared to the divergence of a Gaussian beam of the same 2σ
beam width [11]. Figure 6 shows that the efficiency decreases
linearly with increasing reflectivity, as would be expected by
letting less light escape from the laser cavity. However, Fig. 7
shows that M2 drops much more rapidly resulting in a net
increase in beam brightness, coarsely defined as the output
power divided by the product of the emission aperture area
and the emitted beam divergence. In fact, by comparing typical
low-reflectivity coatings (2–4%) to a simple uncoated output
facet (∼30%), the beam quality can be improved by a factor
of two while only sacrificing 10% in device efficiency.

It was previously noted that the magnitude of the index
step can play a role since it determines the TIR critical angle
and thus the spatial extent of the modes in the cladding.
Fig. 8 shows M2 as a function of index step for output
facet reflectivities of 0.3 and 0.05. The index step in fact
plays a critical role in determining the beam quality via
evanescent spatial filtering. For large index steps, the modes
are all highly confined, resulting in very weak evanescent



LEIDNER AND MARCIANTE: BEAM QUALITY IMPROVEMENT IN BROAD-AREA SEMICONDUCTOR LASERS 1273

0

10

20

30

40

50

60

70

0.0001 0.001 0.01

Index step

M
2

Fig. 8. Plot of simulated M2 versus broad-width index step at 30% (triangle)
and 5% (square) output facet reflectivity.

spatial filtering. For small index steps, the modes are weakly
confined, resulting in high loss for all modes and therefore
reduced relative modal filtering. Fig. 8 also shows that there
is an optimum index step for providing evanescent filtering.
For traditional low reflectivity output couplers, optimizing the
index step can result in more than a factor of 2 improvement
in beam quality without sacrificing laser efficiency. A further
60% beam quality improvement can be obtained by simul-
taneously optimizing the facet reflectivity. Regardless of the
facet reflectivity chosen, the optimal index step is near 0.001.
This value will be used for the remainder of the simulations.

Fig. 7 shows M2 as a function of the output facet reflectivity
for three cases of index step: strongly guided (�n = 0.01),
moderately guided (�n = 0.001), and gain-guided (�n = 0).
As discussed previously, the strongly guided case leaves
little mode power in the cladding, resulting in virtually no
evanescent spatial filtering, as evidenced by the nearly con-
stant M2. In contrast, the gain-guided case allows the modes
to spread well beyond the waveguide boundaries, resulting in
relatively high loss for all modes. Nevertheless, evanescent
spatial filtering can still be effective in reducing the M2 down
to the level of the strongly guided case. The moderately guided
case allows for full exploitation of refractive spatial filtering,
with a ∼2x reduction in M2 compared to the conventional low
reflectivity case (a few %). Moreover, the beam quality for the
uncoated facet is 3x better than the strongly guided case, which
is a typical configuration for high efficiency diode lasers.

IV. PRACTICAL CONSIDERATIONS

As was indicated previously, high power laser configurations
nominally have low reflectivity coatings on the output facet in
order to allow the highest efficiency laser emission. By increas-
ing the facet reflectivity to enhance the effects of refractive
spatial filtering, more of the light is retained in the laser cavity,
resulting in reduced laser emission. Fig. 6 shows the simulated
electrical-to-optical slope efficiency as a function of output
facet reflectivity. Although the efficiency linearly decreases
with increasing facet reflectivity, the beam quality (Fig. 7)
improves more rapidly, resulting in a net improvement in
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Fig. 9. Simulated slope efficiency as a function of 2σ beam waist for lasers
with output facet reflectivities of 0.05 (square) and 0.27 (triangle). This plot
contains slope efficiencies at a range of pumping levels.

laser brightness. More importantly, the commercially practical
change, from a low reflectivity coating to an uncoated facet,
reduces the efficiency by only 10% while offering a beam
quality improvement of a factor of 2.

This point is further underscored in Fig. 9, which shows the
slope efficiency as a function of the 2σ beam width for 5%
and 27% output facet reflectivities. For waveguides that can
support more than a few spatial modes, the efficiency is nearly
constant regardless of the waveguide width. This can largely
be explained in terms of the filamentation dynamics. Since the
nominal filament spacing is a result of the interplay between
carrier-induced self-focusing and diffraction, the filamentation
spacing should be constant at a given pump level provided
the waveguide is sufficiently large to support many waveguide
modes [12].

V. CONCLUSION

Free-carrier induced filamentation is a continuously seeded
process, making lumped spatial filtering ineffective when high
operating power causes the filamentation length to be shorter
than the round trip of a cavity. A continuous filtering method
is therefore required to combat filamentation in a power-
scalable manner. This paper has shown that the sidewalls of
a BAL provide a weak spatial filter that can be enhanced by
optimizing the lateral waveguide index step and increasing the
cavity lifetime via the output facet reflectivity. Instantaneous
analysis of the electric field within the cavity demonstrates that
increased filtering occurs despite the increased power stored
in the cavity with high output facet reflectivities. A broad-
range of optimum index step exists to provide high loss
only to the higher order modes and thus provide low-loss
spatial filtering. Higher confinement reduces the desirable
effects by reducing the amount of light outside the waveguide,
while lower confinement allows even relatively low spatial
frequencies to see similar losses as high spatial frequencies.
Potentially, evanescent spatial filtering can be improved by
using a more strongly absorbing media in the un-pumped
cladding regions of the lateral laser waveguide.
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In conclusion, spatial filtration of the intra-cavity
semiconductor laser beam has been numerically demonstrated
by optimizing the output facet reflectivity and the lateral
waveguide index step. The evanescent tail of waveguide modes
experience absorptive loss, which becomes increasingly higher
for higher-order modes, equivalently creating a weak spatial
filter. Increasing the effective laser cavity length in a broad-
area laser enhances the effect of the filter by extending
propagation in the cavity, leading to improved output beam
quality. Simulations predicted a factor of two increase in
beam brightness with only a 10% efficiency penalty.
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