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The spectral beam combining (SBC) of Bragg reflection waveguide photonic crystal (BRW-PC) diode lasers was studied for the first time. An off-
axis feedback system was constructed using a stripe mirror and a spatial filter to control beam quality in the external cavity. It was found that the
BRW-PC diode lasers with a low divergence and a circular beam provided a simplified and cost-effective SBC. The off-axis feedback broke the
beam quality limit of a single element, and an M? factor of 3.8 times lower than that of a single emitter in the slow axis was demonstrated.

© 2018 The Japan Society of Applied Physics

igh-power broad-area diode lasers (BALs) are

attractive laser sources for numerous applications,

such as pumping of fiber lasers, direct material
processing, medical treatment, security, and defense.”
However, the BALSs typically suffer from poor beam quality
in the slow axis owing to the multilateral-mode lasing and a
large far-field divergence (>30°) in the fast axis caused by
the narrow total interface reflection (TIR) waveguide. Several
approaches for high-beam-quality BALs have been proposed
and beam combining techniques were applied for power
scaling."™ A typical beam combining method is the spectral
beam combining (SBC) developed by the Massachusetts
Institute of Technology (MIT) Lincoln laboratory,!%!" which
demonstrated the nearly best beam quality for incoherent
combining of diode lasers. However, the beam quality ob-
tained by SBC generally cannot be better than that of a single
element.''"'® Hence, developing the high-beam-quality
single elements and then beam combining have become a
route for fabricating high-brightness diode lasers, such as
tapered diode lasers and beam combining,’!”!® and slab-
coupled optical waveguide lasers (SCOWLs) and beam com-
bining.?’ Another effort direction is the development of beam
combining methods, such as the off-axis feedback.'®->!

Bragg reflection waveguide-photonic crystal (BRW-PC)
diode lasers*>~* and longitudinal photonic bandgap (LPBG)
lasers have an intrinsic one-dimensional (1D) photonic
bandgap p—i—n structure,*® with which light is guided by
Bragg reflectors with light propagating parallel to epi-
layers.>>-?® The narrow cavity in the vertical direction can
be enlarged up to over 10 um, and a divergence of less than 5°
can be realized.>® A circular laser beam with low divergence
was demonstrated,” and the highest continuous wave (CW)
emission power reached 12 W.» However, there are only a
few investigations on the beam combining of BRW or LPBG
BALs, and the advantages of this kind of low-divergence
diode lasers for combining are also unclear.

In this study, we investigated the SBC of BRW-PC diode
lasers on the basis of an off-axis scheme using an adjustable
spatial filter and a stripe refection mirror. The beam quality
exceeding that of single elements was realized, which breaks
the beam quality limitation of single elements for SBC. These
lasers with a low divergence and a circular beam show
a highly simplified collimation using a cheap and low-
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Fig. 1. (Color online) Refractive index and optical field distribution in
BRW-PC diode lasers. The inset shows a schematic diagram of a cross
section of a BRW-PC diode laser.

numerical-aperture (NA) aspheric lens. In contrast, cylindri-
cal lenses for fast- and slow-axis collimating are required for
the beam combining of conventional BALs. The influence of
the position of a spatial filter on the power and beam quality
of combined BRW-PC diode lasers was studied.

Figure 1 shows the refractive index and optical field
distribution of the BRW-PC diode lasers, and the inset shows
a schematic diagram. A BRW-PC diode laser consists of an
optical defect layer, top and bottom Bragg reflectors, which
form a 1D photonic bandgap cavity, and only the funda-
mental transverse mode is allowed.® It is obvious that the
fundamental mode is localized with its maximum in the
active region and decays away in the Bragg reflectors. The
gain medium is composed of two 11nm GaAsggePo 14
quantum wells (QWs)*® emitting at 808 nm with a 10nm
Aly4GaggAs barrier and embedded in 80nm Aly4Gagy¢As
optical defect layers. The Bragg reflectors contain 10 periods
of AlysGaysAs/Aly35GagesAs with alternating thicknesses
of 600 and 100 nm in the p- and n-sides, respectively, and all
interfaces are linearly graded in composition at 20nm to
reduce electrical resistance. The epitaxial layers were grown
on a (100)-oriented n+ GaAs substrate by metal-organic
chemical vapor deposition (MOCVD), and the devices were
fabricated using the standard semiconductor processing tech-
niques. More details can be found in Ref. 6. The laser with a

© 2018 The Japan Society of Applied Physics
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Fig. 2. (Color online) Light—current-voltage characteristics of BRW-PC Fig. 4. (Color online) Light—current—voltage characteristics of BRW-PC

single emitter. The inset shows the far-field pattern.
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Fig. 3. (Color online) Schematic diagram of SBC setup based on three
BRW-PC diode lasers, the off-axis feedback consists of SM and SF. BTM,
beam transformation mirror; FTL, Fourier transform lens; TG, transmission
grating; AC, aspheric collimator; SM, stripe mirror; SF, spatial filter; OC,
output coupler.
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low vertical divergence and a circular beam can be realized
owing to the large-size optical field in the epitaxy direction.

Figure 2 shows the light—current—voltage (L-I-V) curves
of BRW BALs; the inset shows the far-field pattern of a
single emitter at 3.0 A and 25 °C. The stripe width is 90 um
and the cavity length is 4 mm. The packaged single emitter
with high reflection and antireflection coating yielded
approximately 2 W at 5.0 A. The vertical far-field divergence
for the definition of full-width at half-maximum (FWHM) is
measured to be 7.2°, which corresponds closely to the lateral
far-field divergence of 6.9°. The laser beam shows a narrow
near-circular emission with an equivalent NA of 0.063 in the
fast axis.

Figure 3 shows a schematic diagram of the experimental
set up for SBC of three 90 um BRW-PC single emitters with
a cavity length of 4mm. After aspheric lens collimation
(focal length, ~4.51 mm), the single emitter shows a fast-axis
divergence of 0.06° and a slow-axis divergence of 0.91° in
1/ 2. In contrast, the emitter needs two cylindrical lenses for
fast- and slow-axis collimation to obtain similar collimation
results for conventional BALs. The BRW BALs with a
narrow and circular beam emission provide a low-cost
coupling and beam shaping scheme. To stack the beams
along the fast-axis direction, the beam transformation mirror
(BTM) was designed to transform the directions of the slow
and fast axes. A planoconvex Fourier transform lens (FTL)
with a focus length of 400 mm was used to extend the beam
in the slow axis and overlap the collimated beams of all the
BRW-PC single emitters on the Fourier plane, where the
transmission grating is positioned. The divergence can be
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diode lasers with SBC and off-axis SBC with different slit sizes of spatial
filters.

reduced further after FTL; the beam width in the slow axis is
about 10 mm. The transmission grating has 1765 lines/mm
with a first-order diffraction efficiency of 90% at 808 nm. The
incident angle is the Littrow angle of grating, which is about
45.5°. An output coupler (OC) with a reflectivity of 20% was
used, and it played an important role in achieving a stable
operation of the external cavity despite the relatively weak
feedback.

Although the fast-axis divergence has been improved in
the BRW-PC diode laser, the lasers still suffer from poor
beam quality in the slow axis owing to the intrinsic char-
acteristics of BALs. An off-axis feedback was constructed in
the external cavity of SBC via a stripe mirror and a spatial
filter to improve the beam quality in the slow axis. The stripe
mirror is 2.0mm wide and coated with a high-reflection
dielectric film (>99%). Between the stripe mirror and the OC,
an adjustable spatial filter was placed to reduce redundant
modes.

The output characteristic of SBC of BRW-PC diode lasers
is shown in Fig. 4. Three BRW-PC diode lasers were used
and operated at 25°C. The results of off-axis SBC with
different silt sizes of the spatial filter were compared with
those of the conventional SBC. It can be seen that the output
power over 3.6 W can be realized by SBC. The correspond-
ing slope efficiency is about 1.03 W/A. The application of the
off-axis feedback resulted in the decreased output power and
slope efficiency. The laser beam width is about 10 mm and
the stripe mirror is 2 mm wide, which means that the largest
tunable size of the slit is 8 mm. The output powers of BRW-
PC diode lasers with off-axis SBC are 0.6, 0.9, 1.2, and 1.4 W
at 5.0 A for the slit sizes of 0.80, 1.26, 1.78, and 2.25 mm,
respectively. The slope efficiencies are almost proportional to
the slit size of the spatial filter, which is because the slit size
corresponds to the intensity of the optical feedback. The
threshold current of off-axis SBC is 1.4 A and lower than that
of conventional SBC.

Although the BRW-PC diode lasers with off-axis SBC
showed a decreased output power, this beam quality was
improved, which is the intrinsic advantage of off-axis SBC.
Figure 5 shows the far-field patterns measured at 40 cm from
OC. The far-field pattern of a single emitter after collimation
is also shown for comparison. It can be seen that the far-field
of SBC is narrow and long. With the decrease in slit size, the
beam becomes narrow in the vertical direction or the slow

© 2018 The Japan Society of Applied Physics
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Fig. 5. (Color online) Far-field spots of (a) SBC, off-axis SBC with slit
sizes of (b) 2.25, (¢) 1.78, (d) 1.26, and (e) 0.8 mm.
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Fig. 6. (Color online) M factors of BRW-PC diode lasers with SBC and
off-axis SBC, and single emitter in (a) fast and (b) slow axes.

axis. The far-field spot is nearly circular for a slit size of
1.26 mm.

The beam quality of combined lasers can be described
by M? factors, which were measured in accordance with
ISO11146 and plotted in Fig. 6 as a function of injected
current. It can be seen that the laser with SBC shows the
worst beam quality, and the beam quality achieved by oft-
axis SBC exceeds that of the single emitters in both the fast
and slow axes. The M? factors of the fast axis are shown in
Fig. 6(a). For the lasers with SBC, the M? factor of the fast
axis is approximately 1.45, which is worse than that of the
single emitter (M2 ~ 1.3) and off-axis SBC. The M? factors
of the fast axis are 1.07-1.2 for off-axis SBC and slightly
improved with the decrease in slit size. With this scheme for
the slit size of 2.25 mm, the beam quality is improved from
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Fig. 7. (Color online) Lasing spectrum of BRW-PC diode lasers with off-
axis SBC at 4.5A.

Mf( = 1.25 for a single emitter to M% = 1.12 at an operation
current of 3.0 A.

The M? factors of the slow axis are shown in Fig. 6(b). All
curves show that the factor increased with the injected
current. The typical M? factor for SBC is 35.7 at 3.0 A, about
1.4 times as high as that of a single emitter (M \2 = 25.3). The
BRW-PC diode lasers combined using the off-axis scheme
show much lower M2. It is 6.67 at 3.0 A for the combined
lasers with a slit size of 0.8 mm, which is improved by a
factor of 3.8 compared with the free-running single emitter.
For off-axis SBC, the influence of current on beam quality
becomes weak with the decrease in slit size. The current
dependence coefficient of M% for a slit size of 2.25 mm is
1.37/A; whereas, it decreases to 0.54/A for a slit size of
0.8 mm. The small slit size indicates a reduced mode number
in the slow axis; hence, the far-field blooming induced by
the injected current weakens. Although the smaller slit size
provides a higher beam quality, the power is also decreased.
To clarify the merit of the proposed technique in this work,

brightness was calculated according to the definition®?
P
B=———">, (1)
PM2M?

where P is the output power, and 1 is the center wavelength.
The obtained brightness of off-axis SBC with the slit size of
2.25mm at 4.5A is 11.89 MW cm~2sr~!, which reduces to
9.59 MW cm~2sr~! when the slit size is 0.8 mm. In contrast,
it is 8.94 MW cm~2sr~! for SBC. Hence, the off-axis SBC
improves brightness despite the decreased emission power.
Figure 7 shows the lasing spectrum of BRW-PC diode
lasers with off-axis SBC. The spectrum contains three peaks
corresponding to three combined single emitters. The wave-
length spread is 3.61 nm, and the wavelength spacings of
1.93 and 1.68 nm are observed between two adjacent peaks.
The asymmetry of wavelength spacing might be due to the
different distances between three adjacent lasers. The wave-
length spread A4 is related to the focal length of the transform
lens ( f), the distance between adjacent segments (d), and the
dispersion of the grating [da/dA = 1/(acosay)], where a is
the grating period and a is the angle of incidence relative
to the grating normal for the center single element. A4 can
be expressed as Al = 2dacosay/f. Generally speaking, the
parameters of the grating are accurate, and the influence of
the deviation of incident angle a on A/ exists but negligible.
The main reason is that the realistic adjacent distance deviates

© 2018 The Japan Society of Applied Physics
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from the designed value. In this experiment, @y iS approx-

imately 45.5° and d is designed to be 2 mm. The calculated 6
wavelength spacing was 1.98 nm, which is in agreement with

the measured value of 1.93nm, and the calculated wave- 7)
length spread of 3.96 nm is in agreement with the measured 8)
value of 3.61 nm.

In summary, we have studied the SBC of 808 nm BRW-PC 9)
diode lasers based on the off-axis feedback system consisting ~ 10)
of a stripe mirror and an adjustable spatial filter. The low -
divergence and circular beam of BRW-PC diode lasers pro-
vided a simplified and cost-effective collimation. The appli-
cation of an off-axis feedback system provided a means of  12)
controlling beam quality in the external cavity. The beam 13)
quality of the off-axis feedback system exceeding that of 4
the single element was demonstrated and the beam quality
can be controlled by the slit size in the spatial filter despite a  15)
decrease in emission power. The M? factor in the slow axis 16)
was improved by about 3.8 times by the off-axis feedback
compared with that of the single emitter, and the influence of  17)
the injected current was weakened. We believe that these ]
results will contribute to the development of high-power, 8
high-beam-quality BALs. 19)
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