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Curved Waveguide Array Diode Lasers for
High-Brightness Applications
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Abstract—We have developed a novel structure for achieving
high-brightness output from a semiconductor laser array using
coherent spatial beam combination. The structure consists of an
array of curved ridge waveguides with in-phase, coherent output.
Interference of the multiple outputs leads to a narrow, bright,
on-axis, far-field beam shape. Experimental results demonstrate a
diffraction limited output beam width, ideal for high-brightness
applications.

Index Terms—Coherent array, high-brightness, semiconductor
laser, spatial beam combination.

I. INTRODUCTION

SEMICONDUCTOR laser arrays are advantageous over
single element systems for high-power applications be-

cause the total power output of the device can be divided among
many individual elements. However, the output of such an array
typically has a very poor beam quality. A suitable mechanism
for combining the outputs of the many elements of a laser array
must therefore be used in order to achieve an improvement in
brightness. In this letter, we present a waveguide structure con-
taining multiple array elements with coherent, in-phase outputs
such that interference effects lead to a nearly diffraction-limited
combined output.

Many methods of providing coherent coupling among ele-
ments of the array, such as that of Leger, et al. [1], use external
lenses and mirrors to provide feedback between adjacent ele-
ments. While this technique has been demonstrated to work, the
fabrication is complicated by the need for several discrete com-
ponents and precision alignment between these components.

Combining individual elements of semiconductor laser diode
arrays has been attempted using several different techniques in
recent years and is well summarized by Fan [2]. One very recent
report by Causa, et al. [3] describes the use of an array of par-
abolic bow-tie lasers. Under certain operating conditions, these
devices achieve in-phase coupling. Under other conditions, the
devices demonstrate out-of-phase coupling, indicating a certain
level of instability in the coupling characteristics of these de-
vices.

Finally, Y-junction coupled semiconductor laser arrays have
been used to achieve in-phase coupled high-brightness arrays
[4], [5]. In this method, an array of narrow stripe semiconductor
lasers is coupled together by a series of Y-junctions. This struc-
ture can be tuned to select the in-phase mode by ensuring that
mode has the minimum loss.
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Fig. 1. Calculated far-field output pattern for the curved waveguide array de-
vice and an otherwise identical array with uncoupled elements. Constructive
interference of the output beams results in a high-brightness central lobe.

II. DESIGN CONCEPT

The goal of this work is to achieve high spatial and spectral
brightness output from a semiconductor lasers array via spatial
beam combination from an array of in-phase coherently cou-
pled emitters. This goal is achieved through the use of an array
of curved waveguides. The waveguides consist of three regions:
the coupling region, the phase shift region, and the output re-
gion. In the coupling region, the waveguides are very close to-
gether such that the guided modes will couple evanescently. It
is expected that the phase of the optical field in adjacent waveg-
uides will be 180 out of phase, since this supermode will expe-
rience the minimum amount of loss. In the phase shift region, the
waveguides curve away from each other. This region transforms
the lateral optical mode from a strongly coupled supermode in
the coupling region to an array of independent Gaussian-like
modes at the output facet.

The phase shift region also adjusts the relative phase of the
optical field in the waveguide array such that the individual
Gaussian modes at the output of the device are in phase. The
curvature function which defines the shape of the waveguide
is constructed such that the differential path length of adjacent
waveguides is an odd number of half-wavelengths of light scaled
by the effective refractive index of the waveguide. Propagation
of light through the phase shift region, therefore, results in a
relative phase shift of every other waveguide by a factor of ,
yielding an array of separate, Gaussian-like, in-phase emitters
at the output facet of the waveguide array. Constructive inter-
ference of the outputs of this array results in a far-field pattern
containing a central lobe with higher brightness than could be
achieved with an uncoupled array.

Fig. 1 is a plot of the calculated far-field output from this
structure as well as the output from an uncoupled, but otherwise
identical, array. The central lobe of the far-field pattern of the
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curved waveguide array is 12 times brighter than the Gaussian
far-field pattern of an uncoupled array for the case of normalized
total output power, despite the power lost to the side lobes, due
to its much narrow angular distribution.

This structure is expected to achieve high spectral bright-
ness as well via selection of the particular resonance frequency
where the Fabry–Perot spectra of the individual waveguides are
aligned.

The geometry of the curved waveguides is defined mathemat-
ically by the following Lorentzian function:

In this equation, is the lateral position of each wave-
guide, given as a function of , the longitudinal position of
each waveguide. is the waveguide number. All of the devices
tested in this experiment contained 11 waveguides, therefore
varied from 5 to 5. is the longitudinal position of max-
imum curvature corresponding to the peak of the Lorentzian
curvature function. is a parameter which characterizes the
longitudinal shift of the peaks of the Lorentzian functions for
neighboring waveguides. For this experiment, was set to
1500 m (from the back facet) in order to allow for strong cou-
pling between the waveguides by keeping them close together
over roughly two-thirds of the cavity length. was set to 20 m
to ensure the waveguides were decoupled for the majority of
the phase shift region. and characterize, respectively,
the full-width of the Lorentzian curvature functions and the
variation in full-width between neighboring waveguides. In
this experiment, was set to 30 m and was set to 10 m.

is the center-to-center spacing between adjacent waveguides
at the back facet of the device and was varied from 4 to 8 m.

is the magnitude of the Lorentzian curvature function.
This parameter was determined for each waveguide such that
the total length of each waveguide was an odd number, , of half
wavelengths different from its neighbors through numerical
solution of the following:

The differential path length between neighboring waveguides
was varied from 1 to 11 half-wavelengths in this experiment
( to ). in the above equation is the physical distance
between the device facets. Due to the curvature of the wave-
guide, the optical path length is increased to . is the wave-
length of light in the waveguide, and , as previously, is the
waveguide number. The width of each waveguide was 4 m.

In order to allow for error in the cleaving of individual de-
vices, 100 m of the waveguides are forced to be straight at
either end of the device. As long as the cleaves which form

Fig. 2. Plot of the ridge waveguide geometry for the best performing design
containing 11 waveguides with a seven half-wavelength differential length be-
tween waveguides. The waveguides merge in the coupling region into a 44-�m
-wide broad area ridge.

the device facets fall within the straight segments, the phase
relationship between the emitters will not be affected, aside
from a minute shift in the resonance frequency at which all the
Fabry–Perot resonances of the various waveguides are aligned.

In this experiment, several different waveguide geometry de-
signs were tested. Waveguide differential lengths of 1, 3, 5, 7,
9, and 11 half-wavelengths and center-to-center spacings at the
back facet of 4, 5, 6, 7, and 8 m were combined in a design
matrix to form 30 unique device types. Note that for the 4- m
center-to-center spacing designs, the waveguides merge into a
single 44- m waveguide. Far-field measurements were made
over a range of injection currents from threshold to 500 mA on
devices based on each of these designs. The devices which pre-
sented a far-field pattern indicative of coherent phase matching
were determined to have the optimum waveguide geometry de-
sign. The optimum design had a waveguide differential length
of 7 half-wavelengths and a center-to-center spacing at the back
facet of 4 m. The experimental results for the design demon-
strating the desired waveguide coupling are presented as fol-
lows. Fig. 2 contains a plot of the waveguide geometry for this
design.

III. RESULTS

A variety of specific waveguide geometries were tested
to determine which provided the strongest in-phase coherent
coupling. The best performing structure had 11 4- m-wide
waveguides at the front end of the device which merged into a
broad 44- m-wide waveguide at the back end. The difference
in length of adjacent waveguides in this design was seven
half-wavelengths. A plot of the waveguide geometry for this
structure is presented in Fig. 2.

The device was tested under pulsed current injection with
2- s pulses and a 0.3% duty cycle. The threshold current of
212 mA corresponds to 19.3 mA/emitter. The light-versus-cur-
rent curve was found to be kink-free over the range of currents
tested, indicating stable lateral mode operation in this range. The
light versus current and voltage versus current from this device
is presented in Fig. 3. The spectral output of these devices was
found to be predominantly single mode. The spectrum is pre-
sented in Fig. 4. Side lobes were observed in the spectrum which
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Fig. 3. Light versus current and voltage versus current for the 11–element
curved waveguide array. The threshold current of 212 mA corresponds to
19.3 mA/emitter.

Fig. 4. Spectral output of a curved waveguide array device. The emission spec-
trum is predominantly single mode. Side lobes were observed and are likely the
result of misalignment between the design wavelength of 980 nm and the peak
gain. The measurement was taken with a spectral resolution of 1 Å at 300 mA,
approximately 1.5� threshold.

are likely due to a misalignment between the design wavelength
of 980 nm and the peak of the gain wavelength at 994 nm.

The near-field image taken from this device contains 11 dis-
tinct Gaussian-like modes, corresponding to output from the 11
individual waveguides of the array. The near-field image is pre-
sented in the inset of Fig. 5. The far-field output pattern from
this device contains multiple peaks, indicating interference of
the output from the individual waveguides. The single, on-axis,
central lobe indicates that the fields in the individual waveguides
are in-phase. The measured far-field data is presented in Fig. 5.

The beam width of the central lobe was 1.6 , which is
approximately the diffraction limit for a laser array of this ge-
ometry. The Strehl ratio was calculated for this device by com-
paring the peak of the experimentally measured, normalized
far-field at 500 mA (Fig. 5) to that of the calculated far-field
(Fig. 1) and was found to have a value of 0.23. While this value
represents less than ideal performance, the on axis-intensity is
still a factor of 2.5 greater than could be theoretically achieved
from an ideal, conventional array without the curved waveguide
structure.

Fig. 5. Far-field profile from the curved waveguide array device containing
11 elements. The narrow, on-axis central output lobe suggests strong in-phase
coherence of the emission from the individual elements. Inset: Near-field image
from the same device, taken at 300 mA, showing 11 distinct output modes. The
near-field pattern remains constant up to the maximum current tested (500 mA).

IV. CONCLUSION

In this letter, we have developed a novel curved waveguide
array structure designed to achieve constructive interference of
the array elements in the far field. The structure is designed to
produce an array of coherent, in-phase, Gaussian-like output
beams at the facet which spatially combine to form a single,
on-axis, diffraction limited beam pattern in the far field. The
prototype device presented here has achieved a Strehl ratio 2.5
times greater than what could theoretically be achieved by a
conventional semiconductor laser array. The device has thus far
been presented at low operating power to demonstrate the co-
herent, spatial combination of the output beams of the array. Fu-
ture work will include cw operation of the device at high power
which is expected to be achievable with proper heat sinking and
facet coating.
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