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Abstract In this paper, we investigated coherent beam
combining of angled-grating broad-area lasers in a
completely integrated approach. We obtained the simulta-
neous coherent beam combining and single transverse
mode operation on a single chip through the integrated
coupling regions and the transverse Bragg resonance
(TBR) gratings, respectively. The proposed combining
method can be easily extended to a zigzag-like laser array.
We analyzed the scalability of the zigzag-like combining
structure and compared it with other coherent combining
methods. Two and six angled-grating broad-area lasers are
fabricated and coherently combined by use of the proposed
method. The high contrast interference fringes within an
overall single lobe envelope in the measured far field prove
that the emitters in the array are indeed coherently
combined. By p-side-down bonding, we obtained over 1
W output power with over 90% combining efficiency in the
two coherently combined lasers.

Keywords semiconductor lasers, angled-grating broad-
area lasers, coherent beam combining, high power, high
brightness

1 Introduction

A large emitting aperture is needed for high power
operation of semiconductor lasers, since it can reduce the
power density on the facet to overcome the catastrophe
optical damage (COD) [1,2] and help with the heat
dissipation. For high brightness, single transverse mode is
required to obtain a diffraction-limited, single lobe far
field. However, commonly used broad-area edge-emitting
semiconductor lasers cannot satisfy these requirements
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simultaneously, because the weak modal control based on
index guiding is not robust against the index perturbation
induced by current injection and nonlinear effects. The
angled-grating broad-area laser [3—5] was proposed to
accomplish both requirements, i.e., high brightness opera-
tion with a broad emitting aperture. In this design, the
transverse Bragg resonance (TBR) grating is used to
confine Bragg modes with large modal discrimination.
And the angled cavity favors the Bragg mode as the single
waveguide mode by filtering out other spatial modes. This
design has already been proved to deliver over 1 W output
power per emitter with near-diffraction-limited beam
quality.

In order to obtain even higher output power, beam
combining techniques can be used. There are two methods
of beam combining: one is coherent beam combining and
the other one is incoherent (wavelength) beam combining
[6—8]. The main difference between these two approaches
is that there is constant phase difference between emitters
in a coherently combined laser array while in an
incoherently combined laser array, the phase difference is
random and usually each emitter has a different wave-
length. The incoherent beam combining does not improve
the brightness, since the divergence angle of the combined
beam is more or less the same as that of a single emitter.
The ideal coherent beam combining of N single emitters
with the filling factor around one can improve the
brightness by N times because the divergence angle of
the combined beam becomes 1/N of that of a single emitter
[6,9,10].

Depending on whether external components are needed,
coherently combined laser arrays can be divided into two
categories. The first category can be monolithically
implemented. Several examples are evanescently coupled
laser arrays [11,12] chirped and Y-coupled laser arrays
[13—15] and leaky wave coupled (anti-guided) laser arrays
[16,17]. These structures are only compatible with narrow
stripe index-guided single-mode lasers or gain-guided
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lasers. Thus, the total width of conventional coherent diode
laser arrays is limited less than a few hundred microns. The
second category requires external cavities or phase control,
including externally injection-locked laser arrays [18,19],
Talbot cavity laser arrays [20—22], self-Fourier cavity
laser arrays [23,24] and master oscillator power amplifier
(MOPA) arrays [25—32]. Since external cavities and/or
accurate phase control are needed, these systems in the
second category are usually complex, bulky and not robust
[6,33]. Therefore, there has not been an integrated solution
for coherent combining of broad-area lasers.

In this paper, we demonstrate monolithic coherent beam
combining of angled-grating broad-area diode lasers. The
angled-grating broad-area laser is used as the building
element. We use Bragg diffraction to directly couple two
angled-grating broad-area lasers by overlapping their
output facets. The overlapped region forms a triangular
photonic crystal coupler that coherently combines the two
lasers. Multiple angled-grating broad-area lasers can be
coherently combined by simply extending this design into
a zigzag-like coherently coupled laser array. We also
analyze the scalability of the zigzag-like laser array and
compare it with other common passive coherent beam
combining structures. We fabricate and characterize a
coupled laser of two emitters and a laser mini bar of six
emitters. The measured near field and far field profiles
prove that out approach can obtain coherent beam
combining and near-diffraction-limited beam quality at
the same time for broad-area diode lasers.

2 Simultaneous single mode control and
coherent beam combining through Bragg
diffraction

Figure 1 shows a schematic of the two coherently
combined angled-grating lasers. The combined laser cavity
consists of two sets of angled-gratings that tilt to the
opposite directions with the same angle. The overlap area
of the two gratings defines a two dimensional coupling
region. The phase locking of two emitters is obtained by
the wave coupling through Bragg diffraction in this
overlap region.

The calculated mode of the single angled-grating broad-
area laser is a snake-like zigzag mode which consists of
two planewave-like components in resonance with the
grating, R; and R,, as shown in Fig. 2(a). The angles
between R;/R, and the grating direction are both equal to 6,
the grating tilted angle. The wavevectors of Ry, R, and the
grating satisfy the resonance condition: kp, + kg = kg,, as
shown in the inset of Fig. 2(a). The propagation direction
of the R; component is perpendicular to the facet and that
of R, is tilted. When R; is reflected by the facet, it will be
fed back to the cavity; but for R,, it will be lost. Therefore,
once used as the laser cavity, the angled-grating resonator
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Fig. 1 Schematic of a coherently combined angled-grating laser.
(a) Planar geometry of the combined angled-grating laser. Two
coherently combined emitters (the output from two legs in the
coupled structure) constructively interfere in the far field; (b) cross-
section structure of a single emitter; (c) L and W are the length and
width of a single emitter, respectively. 0 is the tilt angle of the
grating

will self-adaptively select the cavity mode with the
maximum R; and the minimum R, component at the
facets. This mode profile is shown in Fig. 2(b) which is
simulated by finite-different time-domain (FDTD) method.
Through the large modal discrimination provided by the
grating and strong spatial filtering provided by the angle
geometry, angled-grating broad-area (> 100 pm) diode
lasers can obtain stable single mode operation at high
current injection level [3,4,34].

Coherent combining of two symmetrical angled-grating
emitters that tilt to the opposite directions is obtained by
overlapping them with each other at one facet, as shown in
Fig. 2(c). The overlapped region forms a triangular 2D
periodic structure (photonic crystal), which enables the
cross coupling of two single emitters through Bragg
diffraction. Outside the coupling region, the cavity modes
are the same as that in a single angled-grating emitter. For
simplicity, we only take into consideration of the first
order Bragg diffraction in the coupling region. Denoted in
Fig. 2(c), both components R; and R{ can be coupled into
R, and R}, respectively, which means that part of energy in
one emitter can be injected into the other one in the
coupling region. The wavevectors of these four compo-
nents should satisfy the following phase matching
COIIditiOl’lS: le +kG1 = kRz’ , le +kG2 = kRz’ le, +
kG, = kg, kg +kg, = kg,as shown in the inset of
Fig. 2(c). Furthermore, R; and R{ should be in phase due to
the optical gain provided in the coupling region which
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Fig. 2 Wave coupling and cavity modes in the single emitter and coupled emitter. (a) A single angled-grating emitter. R, and R, are two
planewave-like components resonate with the grating. The phase matching condition between k-vectors is shown in the inset; (b) FDTD
simulation result of a single angled-grating resonator. The solid arrows represent the R, component and the dashed arrows represent the R,
component; (c) an on-chip combined angled-grating laser. Arrows in blue represent wave components in the left grating, while arrows in
red represent wave components in the right grating. The inset shows the coupling between different wavevectors through the grating;

(d) FDTD simulation result of a combined angled-grating resonator

would suppress the out-phase interference. Because of the
same wavevector selection mechanism in the single
emitter, the wave components with the normal incident
angle at two facets will be favored. FDTD simulations are
carried out to show the preferred mode of a coherently
combined laser cavity in Fig. 2(d). In this figure, the mode
outside the coupling region is still snake-like just as same
as that in a single angled-grating laser. In the coupling
region, the wave components from two individual lasers
constructively interfere, which means that they are
efficiently coupled. Thus, mode control and coherent
beam combining are simultaneously obtained through
Bragg diffraction in this new laser cavity design.

The proposed approach can be expanded to a 1D
coherently coupled broad-area laser array. Figure 3 shows
the schematic of such a coherent array on a laser bar.
Strong optical coupling of the cavity modes in the overlap
region between any two adjacent lasers leads to phase
locking. For each individual laser, the phase accumulated
in a round-trip has to be integer multiples of 27. Therefore,
all the emitting apertures along one side of the bar are in

coupling regions

Fig. 3 Planar geometry of a zigzag coherently combined laser
array. Coupling regions are marked by red triangles. Coherently
combined outputs (marked in red circles) constructively interfere
in the far field

phase. Compared to conventional coherent laser arrays, the
width of each individual emitter in our design is almost two
orders of magnitude larger. In addition, the Bragg
diffraction based combining mechanism is much more
robust against nonlinear and thermal effects. It should be
pointed out that light of one emitter can be directly injected
not only into the adjacent emitters through the coupling
regions, but also into other emitters in the array. This
implies that a large number of emitters can be coherently
combined [6,35], which would lead to a bar-scale single
mode diode laser with diffraction-limited output.

3 Scalability analysis of a zigzag structure
for passive coherent beam combining

In this section, we perform the scalability analysis of the
proposed zigzag beam combining structure. For simplicity,
a laser system with the same topographic structure is used,
the schematic plot of which is shown in Fig. 4(a). The
entire system consists of two groups of mirrors, two groups
of couplers, and the laser emitters/gain medium at the
center. The red blocks next to the left group of mirrors
denote a short length of gain medium. Unlike the
conventional tree-like beam combining structure [36,37]
shown in Fig. 4(b), no extension of couplers along the light
propagating direction is needed in the zigzag array
structure when the number of emitters (/) increases,
which makes the zigzag array more compact. This is an
important advantage for the development of on-chip
semiconductor laser systems. In general, the longer the
coupler array, the more nonlinear effects and unwanted
feedback it may produce, which will degrade the
performance of beam combining. In addition, this
proposed zigzag design will save the wafer space and
increase the yield. Unlike the Y-junction laser array [38,39]
in which the 2X1 coupler divides the power equally, the
proposed zigzag laser array benefits more design flexibility
from the 2X2 coupler since we can adjust the power
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Fig. 4 Topographic structures of different passive beam combining systems. Adjacent laser beams are connected by 2X2 coupler.
(a) Proposed zigzag-like structure. Each laser beam is directly coupled with adjacent neighbors. The system has N/2 output ports; (b) tree-

like structure. The system has only one output port

division at two ports to compensate the difference among
laser emitters/gain medium in the array. In the following
section, based on the assumption that the system operates
at a single super-mode, we detail our investigations of the
array scalability by means of brightness in the presence of
a certain level of phase noise.

We assume that the whole system operates at a single
super-mode with a single wavelength. And we estimate the
scalability of the proposed structure from the perspective
of brightness which can be defined as

T AQ
where P is the total optical power, 4 is the emitter area and
Q is the solid emission angle [40]. Let B, be the brightness
of one single emitter in the array,

Py
A0Q

BOI

Thus, the ratio B to Byshows the improvement of
brightness after combining,

B P AyQ
By, P, AQ
Since the solid angle © can be expressed as follows:
s w0,
Q:r—2 R~ o= LN

where S is the area of the observation plane, ris the
distance between the light source and the observation
plane, 0, is the divergence angle along the slow axis and 6),
is the divergence angle along the fast axis. For simplicity,
the filling factor is assumed to be 1. Since the beam is
almost diffraction limited along the fast axis (v direction),
we have 0,y = 0,, o, then

B 1P 0,
BO N P() ex,tot.

To evaluate the above equation, we must calculate the
far field to obtain the divergence angle, using the method in

Ref. [41]. Assuming that the near field distribution of one
single emitter in the array, denoted by u,(x) is Gaussian
shape and identical, the near field of the array can be
expressed as

u(x) = up(x) ® Y1 d(x—jd)e = uy(x) @ g(x),

where ® is the convolution operator, d and ¢; is the random
phase of each emitter. Then the far field of u(x), denoted by

. 0, . :
U(x) with the parameter Sxdefjx, is found by taking the
Fourier transformation of u(x). That is

N i) iQ;
Uls,) = Uls) D, ®50590) — 1 (5,)G(s,).

Then the far-field intensity can be calculated by

I(s;) = (|U(s)") = [Uo(s:) (|G s,) ") = Tl

where ( ) is the expectation operator and /; can be
expressed as follows:

N N S, d(j— i(Q;—
DD S L)

Thus all the phase information is included in /.

In the zigzag array structure, each emitter is directly
coupled with the several emitters nearby. Here, we will
only investigate two cases: the fully-correlated case and the
adjacent-correlated case. In the fully-correlated case, the
phase difference between any two elements obeys the same
zero-mean Gaussian distribution. And in the adjacent-
correlated case, we only require that the phase difference
between the adjacent elements obeys the same zero-mean
Gaussian distribution. The strength of the phase variation
will be denoted by the standard deviation of the Gaussian
distribution, o,4. For purposes of comparison, the ideal
exemplar with no phase noise is also calculated and
studied. We have to emphasize that the fully-correlated
case discussed in this paper is not attainable. While it is
possible to ensure a relationship among all the elements,
they are not guaranteed to obey an identical distribution.
Therefore, this fully-correlated case is only a simplified
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and theoretical simulacrum with which we may establish
the limitation of scalability.
For the ideal case,

ideal _ Sinz (TENSxd)

1 1
“ sin?(ms,d) M
and for the fully correlated case,
(Dol oL
]gll_corr —e 2 Il((}ieal +N|1-¢ 2 , (2)

and for the adjacent correlated case,

Iadj_corr _ 1
“ [1-2acosp + o

E <4a2 FN(1-d)

+ 2acosfla*(N—1)~N 1]
+2a" ™ {oPcos[(N —1)p]
—2acos(NB) + cos[(N + 1)/3]}), 3)

52
where o = 677¢ and f = 2ns,d. Equations (1), (2) and (3)
can be found in Ref. [41] in details.

Figure 5 shows the plots of 714!, /- and [38-o
when o4 = m/5. Here, the phase noise exhibits a different
impact on the far-field pattern: in the fully correlated
occurrence, only the amplitude decreases due to the phase
noise, compared with the ideal occurrence. In the adjacent
correlated case, the amplitude is decreased and the width of
the main lobe is also widened. Both effects will degrade the
brightness.

The results of B/B, with respect to o, and with respect
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Fig. 5 Normalized /5 vs. 6,;/A. The solid line shows the ideal
case. The dash line shows the fully correlated case. The dot-dash
line shows the adjacent correlated case. In the simulation, o is set
to be /5 [41]
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to N are shown in Fig. 6(a) and 6(b), respectively.
Figure 6(a) shows the decrease of brightness in both fully
correlated case and adjacent correlated case as oy
increases. The fully correlated case exhibits a superior
performance against the phase noise than the adjacent
correlated counterpart. In Fig. 6(b), the fully correlated
exemplar exhibits a closely similar result as the ideal case.
The only difference is a smaller slope due to the
availability of less power (as shown in Fig. 5). Unlike
the ideal case and fully correlated case, the adjacent
correlated case exhibits a saturation behavior in brightness.
When the number of elements, N exceeds a certain value,
the brightness is nearly identical, allowing us to define a
characteristic number by the saturation value of brightness.
This number can also be regarded as the maximum number
of elements that can be coherently combined. In the case
shown in Fig. 6(b), the maximum number of elements is
approximately 30.

The proposed zigzag array structure should be con-
sidered as a situation between the fully correlated case and
the adjacent correlated case because of the coupling
mechanism explained above. Consequently, the perfor-
mance of our structure should be superior to the adjacent
correlated case and the scalability will be larger than the
characteristic number in the adjacent correlated case. Since
the evanescent-wave coupled array is more like the
adjacent correlated case, our laser structure should provide
better performance. Compared with the coupling mechan-
ism of the strong spatial filtering in an external common
cavity (Talbot cavity [21], self-Fourier cavity [23], etc.),
however, it is difficult to determine the advantage of our
design. Specifically, although arrays with a common cavity
are more analogous to the fully correlated simulacrum, the
coupling strengths between any two emitters are not likely
to be equal. Consequently, the common cavity is more
likely to be in the same category as our laser structure,
between the fully correlated case and the adjacent
correlated case. We finally wish to emphasize that the
brightness saturation is due to the locally phase-correlated
emitters based upon our adjacent correlated assumption.
Thus, it is reasonable to consider that as long as the locally
phase-correlated assumption (not necessarily the adjacent
correlated assumption) holds, brightness saturation beha-
vior will occur.

4 Fabrications

We fabricate the proposed laser structure with two and six
angled-grating broad-area lasers coherently combined in a
multiple quantum well InGaAsP wafer as shown in
Table 1. The fabrication process consists of a series of
steps of lithography, etching, planarization and metalliza-
tion. First, a SiO, layer is deposited by plasma enhanced
chemical vapor deposition (PECVD) as a hard mask. Then
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Fig. 6 (a) Brightness with respect to the standard variation of phase noise o,. N is set to be 30 in the calculation; (b) brightness with
respect to the number of emitters N. o is set to be /8 in the calculation. The solid line shows the ideal case. The dash line shows the fully
correlated case and the dot-dash line shows the adjacent correlated case
Table 1 In; ,Ga,As,P,_,/InP epitaxy wafer design
description material thickness/nm doping X v
substrate InP n/a n=2e" n/a n/a
buffer InP 1000 n> le't n/a n/a
waveguide InGaAsP 130 n=1e" 0.1449 0.3167
waveguide InGaAsP 40 undoped 0.1449 0.3167
waveguide InGaAsP 50 undoped 0.2467 0.5353
QWx4 InGaAsP 8.5 undoped 0.4402 0.9425
barrierx3 InGaAsP 10 undoped 0.2467 0.5353
waveguide InGaAsP 50 undoped 0.2467 0.5353
waveguide InGaAsP 40 undoped 0.2144 0.4663
waveguide InGaAsP 120 p=1e" 0.2144 0.4663
cladding InP 1000 p=lel—2e!® n/a n/a
contact layer Ing53Gag.47As 20 p>le¥ n/a n/a

the grating structure is defined by ebeam lithography. After
two steps of dry etching, the gratings are transferred into
the epiwafer. Next, the structure is planarized by spinning a
layer of BCB (CYCLOTENE 3022-46, bisbenzocyclobu-
tene), and then it is etched back until the epiwafer surface
exposes. After a SiO, insulation layer is deposited and a
contact window is opened, the p-side metal contact is
deposited. With the p-side metal contact protected by a
thick layer of photoresist, the chip is ion implanted by H™
to confine the injected current within the grating area.
Then the whole chip is thinned and n-side metal contact is
deposited. After the chip is cleaved to the desired length,
the laser diode is mounted and wired on a c-mount for
measurement. Figure 7 shows the scanning electron
microscope (SEM) pictures of the gratings and the
packaged laser diodes.

5 Results and discussion

We take measurements of L-/ curve, optical spectrum, near
field and far field of the two and six combined lasers. All
the results are obtained in continuous wave (CW)
operation at low temperature around 230 K, unless stated
otherwise. Figures 8(a) and 8(b) show the L-I curve and
optical spectrum of the two coherently combined laser. The
threshold is around 300 mA and the slope efficiency is
about 0.48 W/A. The L-I curve of p-side-down bonded
single angled-grating broad-area laser is also shown in
Fig. 8(a). Both the single and two combined lasers can go
over 1 W output power at high current without thermal
rollover. The dashed line represents the twice output
power of a single emitter at doubled pump current
(2Lgingle V8- 2L ingie)- Along all the pump currents, the L-/
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Fig. 7 SEM pictures of (a) etched gratings, (b) coupling region,
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curve of the combined laser (in red line) is very close to the
dashed line, indicating almost 100% combining efficiency.
Figures 8(c) and 8(d) show the near field and far field
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measurement results of the two combined laser. In the near
field shown in Fig. 8(c), the total width of the emitting
aperture is about 160 pm and the distance between the two
apertures is about 425.6 um. There is about 10% difference
in the intensities of the two beams. These values will be
used in the theoretical far-field calculation. The near-field
profile after ion implantation has sharp edges of the
emitting apertures and large distinction ratio between the
emitting area and dummy area due to better current
confinement. In the far field shown in Fig. 8(d), an overall
single lobe envelope is obtained. Multiple fringes in the far
field are due to the interference of two coherently
combined emitters. The full width at half maximum
(FWHM) is about 1.08°. The angular distance between
fringes is about 0.2073°. High contrast ratio of the
interference fringes is obtained. The intensity difference
between peak and valley is about 0.9 in the normalized
scale. We also calculate the far-field pattern by applying
Fourier transform on the measured near-field profile and
compare the calculated result (green dashed line) with the
measured far field (blue solid line) in Fig. 8(d). The angular
distance between fringes in the calculated result is about
0.2040°. We obtain a good agreement between the two
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Fig. 8 (a) L-I curves of the p-side-down bonded single angled-grating broad-area laser (in solid blue line) and two coherently combined
lasers (in red line). The dashed line is the twice of the single emitter output power at doubled pump current to be compared to the combined
output; (b) spectra at two different pump currents; (c) near field of the coupled laser. The inset is the camera image; (d) far field profiles: the
blue solid line is the measured far field of the coupled laser, the green dashed line is the calculated far field and the red dash-dot line
represents the measured far field of a single angled-grating broad-area laser. We obtain a good agreement between the measured and

calculated far field. The inset is the camera image
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results. Besides, we also show the measured far field of an
ion-implanted single angled-grating broad-area laser. It is
presented as the red dash-dot line in the same figure. We
compare the far field profile of the combined laser with that
of a single emitter. If two coupled emitters are coherently
combined and in-phase, they will constructively interfere
in the far field and the overall envelope of the interfered far
field remains the same as that of a single emitter. The only
difference is that within the overall envelope, interference
patterns present. This is the exact case in our measurement
results. The far field envelope of two combined laser
matches very well with that of a single emitter. The fine
interference fringes within the far field profile of a single
emitter indicate that the two angled-grating broad-area
lasers are indeed coherently combined with near-diffrac-
tion-limited beam quality.

For the six combined lasers on a mini bar, Fig. 9(a)
shows the light power vs. current curve. The threshold
current is about 1213.6 mA. The slope efficiency is 0.362
W/A near threshold and changes to 0.247 W/A at around
2000 mA. The slope efficiency in CW operation drops
mainly due to thermal effects since the slope efficiency
does not drop in the quasi-CW (QCW) operation. In our
mini laser bar, the optical spectra of each emitting aperture
are measured through the configuration shown in Fig. 9(c).
The laser bar output facet is first imaged through the ob;j.
lenses 1. An iris is placed at the image plane after the ob;j.
lenses 1 as a spatial filter, which lets the light from one
aperture pass through and blocks the light from other
apertures. This setup ensures that only the light emitting
from one aperture can be collimated by the obj. lenses 2
and then collected by the collimator. At last, the collected
light is characterized by an optical spectrum analyzer
(OSA) through a multi-mode fiber. The optical spectra of
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the three emitting apertures are shown in Fig. 9(b). The
three apertures have the same lasing wavelengths around
1525.3 nm with a span of 0.4 nm as shown in the inset of
Fig. 9(b), which indicates good spectral coherence of the
mini laser bar.

The fabricated mini laser bar has two output facets (see
Fig. 3). One contains three apertures and each of them
consists of the combination of two emitters. At the other
side, the two middle apertures consist of the combined
outputs and the other two aside only consist of the output
of one emitter. Figure 10(a) shows the near field profile
measured at the three-aperture facet. In this figure, the
distances between the neighboring apertures are very close
to each other and match well with the design parameters.
The similar intensities and widths of the three apertures
indicate a uniform distribution of injected current. These
values are denoted in this figure and used to calculate the
theoretical far field profiles. In Fig. 10(b), we show the
measured and calculated far field profiles, along with the
far field profile of a single angled-grating broad-area laser.
High contrast ratio interference fringes are clearly
observed in this figure. The measured average angular
distance between fringes is about 0.2093° which is very
close to the theoretical result of 0.2077°. The measured
FWHM of the far field is about 1.5° which is slightly larger
than the calculated result of 1.1°. All the results above
demonstrate that the mini laser bar is coherently combined
with near diffraction-limited beam quality. Figure 11
shows the near field and far field measurement results of
the four-aperture side, respectively. In the near field profile,
the two side apertures have slightly smaller intensities than
the two middle apertures. Interference fringes are clearly
observed in the far field profile as well, indicating good
spatial coherence of this emitting facet.
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Fig. 9 (a) Light power vs. current curve of the mini laser bar; (b) light spectrum of three apertures at 2000 mA; the inset is the zoom-in
view between 1524.5 and 1526.0 nm; (c) measurement setup used to take the optical spectrum of individual aperture
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Fig. 10 Near field and far field profiles of the three coherent output apertures of a mini-bar at 2000 mA. (a) Near field profile;
(b) measured far field profile (blue solid line); calculated far field profile (red dashed line); far field profile of a single angled-grating broad-

area laser (green dash-dotted line)
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Fig. 11 Near field and far field profiles of the four coherent output apertures of a mini-bar at 2000 mA. (a) Near field profile;

(b) measured far field profile

6 Conclusions

In summary, we have proposed the integrated coherent
beam combining of angled-grating broad-area lasers. The
scalability of the proposed zigzag-like laser array is
analyzed and compared with other coherent combining
methods. We have also demonstrated two and six angled-
grating broad-area lasers that are coherently combined by
use of the proposed method. Simultaneous modal control
and coherent combining are achieved through Bragg
diffraction. The far field with interference fringes in a
single lobe envelope proves that the emitters in the array
are indeed coherently combined with near diffraction-
limited beam quality. For the two combined laser, we
obtain the coherently combined output power > 1 W using
p-side-down bonding. And it is shown that the combining
efficiency is almost one. For the six combined laser mini
bar, we also obtain over 1W output power in the QCW
operation. The thermal effect is still the main reason that
limits the output power at high injected current levels.
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