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Broad-area diode lasers usually supply high output power but low lateral beam quality. In this Letter, an on-chip
combined angled cavity is proposed to realize narrow lateral far field patterns and high brightness. The
influence of included angles, emitting facets on output power, and beam quality are investigated. It
demonstrates that this V-junction laser is able to achieve a single-lobe far field at optimal cavity length with
a 3.4 times improvement in brightness compared with Fabry–Perot (F-P) cavity lasers. The excited high-order
modes at a high injection level reduce the brightness, but it is still 107% higher than that of F-P lasers.
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Semiconductor diode lasers are widely used in a variety of
applications, such as pumping[1], telecommunication[2],
laser display[3], industrial manufacturing[4], and medical
treatments[5] because of their high wall-plug efficiency,
high reliability, low cost, and small size. The output power
of a laser diode is in direct proportion to the area of the gain
medium, thus, the most effective and simplest way to real-
ize the high output power is to utilize the broad-ridge wave-
guide, which is able to scale the power of a near-infrared
single-chip diode laser up to 25 W[6] and support the
prosperity of commercial high-power diode lasers and fiber
lasers[7]. However, a broad-area waveguide also leads to a
poor lateral beam quality and low brightness. For pumping
or direct diode laser purposes, high-power and high beam
quality are always desired. Several approaches had been
proposed to improve the beam quality and output
power, such as unstable resonators with a cured or tilted
mirror[8,9], tapered lasers[10], angled-grating distributed feed-
back (DFB) lasers[11], photonic crystal lasers[12], curved
waveguide lasers[13], and microstructures integrated on
waveguides[14,15]. These approaches show their
advantages, but also with some limitations. The angled
cavity[16–21] was a promising idea, and the corresponding
broad-area lasers had demonstrated the high-brightness
and single-lobe far field (FF), which was attributed to
the mode control of the tilted waveguide and supplied a
simple and robust solution for power scaling with good
beam quality. The other approach to improve the bright-
ness of diode lasers was the on-chip combining based on the
Y-junction tree array[22] or V-junction resonators[23,24]. The
Y-junction resonator was used to make up a complex
tree array to realize the power scaling efficiently, while
the V-junction was integrated with angled-grating for

coherent beam combining[23,24]. The intrinsic reasons for
the success of the above methods are the mode suppressing
by the tilted waveguide and beam combining on-chip.
However, the simple and low-cost fabrication is crucial
for the volume production and commercialization. The
angled-grating and tree array will increase the difficulty
for the realization of high yield and, hence, increase
the cost.

In this Letter, we combined the intrinsic characteristics
of tilted waveguide and on-chip beam combining and
applied the V-junction angled cavity (VAC) with an
optimized angle and length on the high-power diode lasers.
This type of device was capable of both high-power and
high beam quality performance and easily balanced the
contradictions between the tilted angle and the waveguide
width for the conventional angled cavity. The angle and
current dependent beam quality were analyzed, and the
lasing spectra were discussed.

Figure 1(a) shows the schematic diagram of the broad-
area VAC. It consists of two joint tilted waveguides with
an included angle θ, where the width of each waveguide is
W. The facet of intersection was labeled as facet 1, and the
other facets in the opposite direction were labeled as
facet 2. There exists an optimal cavity length for VAC
lasers with single-lobe FF and stable resonance along
the zigzag paths, which can be expressed as[18]

L ¼ 2mW cosðθ∕2Þ∕ tanðθ∕2Þ; (1)

where m is a positive integer, and 2m indicates the counts
of the reflection by the ridge sidewalls. In the realistic devi-
ces, the optimized cavity length is obtained from Eq. (1).
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Figure 1(b) shows the structure of the VAC laser. The
epitaxy structure was grown on nþ GaAs substrate with
two InGaAs/GaAs quantum wells (QWs), emitting at
960 nm by metal organic chemical vapor deposition
(MOCVD). The active region was embedded in an
asymmetric waveguide of a super-large optical cavity
(SLOC) consisting of 3.0 and 0.4 μm n- and p-doped
Al0.1Ga0.9As waveguides, respectively. The cladding
layers were, respectively, 0.5 and 0.85 μm Al0.25Ga0.75As
in the n- and p-doped side. The thickness of the heavy
p-doped GaAs cap layer was 0.4 μm. The devices with
the included angles of θ ¼ 10° and 15° were fabricated.
The waveguide width W was 50 μm and was defined
by photolithography and inductively coupled plasma
(ICP) etching. Figure 1(c) shows the scanning electron mi-
croscope (SEM) image of a cross-section of the fabricated
waveguide. The etching depth was about 3.96 μm down to
the bottom waveguide layer to provide enough feedback
on the optical field. Then, an SiO2 insulation layer was
deposited by plasma-enhanced chemical vapor deposition
(PECVD). The contact metal was Ti-Pt-Au on the p-side.
After substrate thinning and polishing, n metal AuGeNi-
Au was deposited. Finally, the wafer was cleaved into
individual diode lasers with the optimized cavity length
of 1.15 and 1.50 mm, according to Eq. (1), for the included
angles of 10° and 15°, respectively. The VAC lasers with a
non-optimal cavity length were also obtained by cleaving
for comparing. The laser chips were mounted on heat-sink
by indium solder with epi-side down and without facet
coating for testing. The laser devices with a Fabry–Perot
(F-P) cavity, regarded as the included angle of 0° with the
ridge width of 100 μm, were fabricated on the same wafer
with the etching depth of 1.14 μm for the purpose of
comparison. The VACwas just like one F-P cavity divided
into two stripes along the center, so the ridge width of the
F-P laser for comparison was twice that of the ridge width
of the VAC laser.
Figure 2 shows the measured light-current-voltage

(L-I-V) performance of F-P lasers and VAC lasers with
different included angles under continuous wave (CW)

operation at room temperature. Considering the difference
of ridge width and optimal cavity length for these devices,
the current density was selected as the horizontal axis in
Fig. 2 for a more reasonable comparison. As shown in
Fig. 2, the threshold current density (J th) increases with
the increase of the included angle for VAC lasers, which
are respectively 309 and 399 A∕cm2 for the angles of
10° and 15°. These values are higher than the J th of the
F-P laser (∼262 A∕cm2). The homologous result was also
found in angled cavity lasers[19]. One reason for the in-
creased threshold current density is the large mode loss
of the transverse mode in the zigzag oscillation[20,21], while
the high reflection (HR) of deep etched sidewalls can im-
prove this situation. The other possible reason behind this
might be the suppressed resonance in the angled cavity[18].
Because of the limitation of the computer, the angled
cavity with ridge width W ¼ 10 μm, cavity length
L ¼ 92 μm, and tilt angle θ ¼ 12° was simulated to sup-
port our inference above by MODE Solutions software,
and the calculated resonator patterns and facet reflectiv-
ity of different-order lateral modes in an angled cavity
with optimal cavity length are shown in Fig. 3. Just
the fundamental lateral mode and the first-order lateral

Fig. 1. (a) Schematic diagram of the VAC, (b) the structure of
the VAC laser, and (c) SEM image of the emitting facet showing
the etching depth and the tilted angle of the ridge sidewall.

Fig. 2. (Color online) L-I-V performance for on-chip combined
angled cavity lasers with different included angles at room tem-
perature under CW operation.

Fig. 3. (Color online) (a)–(f) Calculated resonator patterns and
(g) facet reflectivity of different lateral modes in an angled cavity
with optimal cavity length.
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mode shown in Figs. 3(a) and 3(b) provide the zigzag path
clearly, as the red arrows show, however, only the funda-
mental lateral mode shows the stable resonator pattern
inside the angled cavity; the higher-order lateral modes
might be emitted like a light emitting diode (LED).
The facet reflectivity increases with the increasing number
of the lateral modes, and the high energy feedback from
the emitting facet and the poor resonator patterns of
higher-order lateral modes lead to a higher current density
in the angled cavity lasers. In a sense, the emission power
might be not the most important factor to comment on
these lasers, the beam quality is more crucial. In addition,
the efficiencies measured from facet 2 were higher than
those from facet 1 for VAC lasers. A similar result was also
found in the Y-junction laser array[22].
The lateral divergences of the above devices under CW

operation were measured and plotted in Figs. 4(a) and 4(c)
as a function of current density. The lateral FF angles
were obtained under the definition of 1∕e2. It is found
that the lateral FF angles increase with the current
density, the VAC lasers with an angle of 15° present
the lowest values and dependence on the injection, and
the variation is less than 1° when the injection increases
from 0.5 to 2.7 kA∕cm2. The FF angles of F-P lasers
are also shown in Fig. 4(a) for comparison. The lateral
divergence of F-P lasers is between the VAC lasers with
angles of 10° and 15°. As can be seen from Figs. 4(a)
and 4(b), although the beam quality in the lateral direction
worsens at a high current density, the FF of the VAC laser
with an optimal cavity length and included angles of 15°
and 10° is obviously better than that of the F-P cavity.
For the laser beam emitted from facet 2, the profiles show
more side-lobes, and the beam quality is much poorer than
that from facet 1. In addition, a significant blooming in
the FF angle happens at high injected current density.
Consider the facts of the better beam divergence from

facet 1 and the design purpose of VAC for on-chip combin-
ing, the following analysis on the beam quality will only
focus on the lasing from facet 1.

Just as mentioned in previous paragraphs, there exists
an optimal cavity length for VAC lasers to realize the
single-lobe FF. If the cavity length of VAC lasers deviates
from the optimized value described by Eq. (1), the FF will
worsen. Figure 5 demonstrated this point, in which the
lateral FF patterns for the VAC lasers with different
cavity lengths are shown. The optimized cavity length for
the included angles of 10° and 15° are 1.15 and 1.5 mm,
respectively, which shows a single-lobe FF pattern in Fig. 5.
For the VAC lasers with a non-optimal cavity length, such
as the FF patterns in Fig. 5, the FF is multi-lobe and
achieves worse beam quality compared with F-P lasers.

To verify the beam quality of VAC lasers, the beam-
waist radius is required, which can be obtained from
the near-field (NF). Figure 6 shows the measured beam-
waist diameter, which is defined as the 1∕e2 width of nor-
malized NF intensity. As shown in Fig. 6, the beam-waist
of the VAC laser is about three to four times lower than
that of F-P laser and shows a weak dependence on the in-
jection. There exists a sudden increase for the beam-waist
of the VAC laser in the range from 1.5 to 1.7 kA∕cm2,
where the corresponding value of the beam-waist increases
from 25 to over 40 μm. The measured lasing spectra dis-
close the possible reason behind it, which is shown in Fig. 7
for VAC lasers with angles of 10° and 15°. As can be seen,
the spectrum is broadened and more modes occur at long
wavelengths at 1.7 kA∕cm2, which mean that the growing
high-order lateral modes might be responsible for the sud-
den increase of the beam-waist.

The beam quality is usually described by the beam
parameter product (BPP) and the M2 factor and can
be defined as

Fig. 4. (Color online) Lateral FF angles as a function of injected
current density for emission from (a) facet 1 and (c) facet 2,
(b) and (d) are the corresponding lateral profiles at 2.1 kA∕cm2.

Fig. 5. (Color online) Lateral FF patterns of (a) VAC lasers with
angle of 15° and cavity lengths of 1.5 and 1.4 mm, and (b) VAC
lasers with angle of 10° and cavity lengths of 1.15 and 1.05 mm at
2.1 kA∕cm2.
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BPP1∕e2 ¼ w1∕e2θ1∕e2∕4; (2)

M2 ¼ BPP1∕e2∕BPP0–1∕e2; (3)

where BPP0–1∕e2 ≈ BPP0∕1.5, and BPP0 ¼ λ∕π, so
M2 ≈ 1.5πBPP1∕e2∕λ. The factor 1.5 originates from the
deviation of selecting the 1∕e2 definition to describe the
beam characteristics[25]. The w1∕e2 in Eq. (2) is the waist
diameter at 1∕e2 of the normalized NF intensity, and
BPP0 is the BPP value of an ideal fundamental mode
and only depends on the emitting wavelength. BPP0–1∕e2

is the BPP value defined by w1∕e2 and θ1∕e2 as the diffrac-
tion limited beam. Figure 8 shows the current dependent
lateral M2 factor according to Eqs. (2) and (3), where
the diffraction limit is labeled as a dashed line. The lateral
M2 factors of the VAC lasers are in the range of 1.47 to 5.27,
while on the contrary, the lateral M2 factor of F-P lasers is
as high as 13.4 at a high injection level, which is a typical

value of high-power broad-area diode lasers[26]. The lateral
M2 factor of the VAC laser with angle of 15° is much better
than that of 10°. At a low injection, the lateral M2 factor of
the 15° device is only as low as 1.47, but it degrades to 3.31
after a sudden increase at 1.7 kA∕cm2, which might be due
to the increase of beam-waist resulted by the high-order
modes, according to Figs. 6 and 7.

The other important parameter characterizing high-
power lasers is the brightness, which shows the trade-
off between beam quality and output power, and can
be defined as

B ¼ P∕ðλ2M2
xM2

yÞ; (4)

where P is the output power, M2
x and M2

y are, respectively,
the M2 factor in the x (lateral) and y (vertical) directions.
Here, the MODE Solutions software was used to calculate
the diffraction limited vertical FF profile of the fundamen-
tal mode and compare it with the measured results. The
results in Fig. 9(a) show that the vertical FF profiles of the
F-P lasers are essentially coincident with the simulated
curve (the green dashed line). The difference is that the
VAC lasers showed a slightly narrower vertical FF profile
because of the 3° tilted ridge sidewalls. The vertical
FF angles under the definition of 1∕e2 were shown in
Fig. 9(b). The vertical FF angles were not sensitive to
the change of the injection current density, and the variation
is less than 1° when the injected current density increased
from 0.5 to 2.7 kA∕cm2. Thus, it is approximated that
the beam quality of the y direction was close to the
diffraction limit. The brightness of the VAC laser and
F-P laser is shown in Fig. 9(c) as a function of current
density. At a driving current density of 1.5 kA∕cm2, the
brightness of 19.3 and 26.3 MWcm−2 sr−1 are, respectively,
demonstrated by the VAC laser with the angles of 10° and
15°, which correspond to the improvements of 2.2 and 3.4
times compared with the F-P laser. Although the brightness

Fig. 6. (Color online) Beam-waist diameter of VAC lasers and
F-P lasers under the definition of 1∕e2 width of normalized
NF intensity as a function of injected current density.

Fig. 7. Lasing spectra of VAC lasers for included angles of
(a) 10° and (b) 15° at different injection levels.

Fig. 8. (Color online) Lateral M2 factor of VAC and F-P lasers as
a function of current density. Dashed line represents the diffrac-
tion limit.
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of the VAC laser with an angle of 15° suddenly decreases
41% at 1.7 kA∕cm2, it is still 107% higher than that of
F-P lasers. The above results also reveal the shortcoming
of VAC lasers, i.e., high-order modes may be excited and
weaken the merits of VAC lasers. To guarantee the realiza-
tion of higher brightness in a VAC laser, some mode
controlling approaches need be applied, such as the
microstructure[14,15] and photonic crystal waveguide[12]. These
approaches should be effective for both the suppressing of
high-order modes and the improvement of output power.
In addition, if these VAC lasers were coated with anti-
reflection (AR) and HR dielectric film at facets 1 and 2,
the brightness would be also expected to increase
significantly.
In conclusion, the on-chip combined VAC lasers emit-

ting at 960 nm are demonstrated for high beam quality
and high-brightness operations. The stable and narrow
FF profiles are realized in the devices with an optimal cav-
ity length. A brightness improvement over 3.4 times com-
pared with the F-P lasers is achieved by the VAC lasers
with an included angle of 15°. Although the exciting of
high-order modes weaken the beam quality, it is still much
higher than that of F-P lasers. Considering the incorpora-
tion of mode controlling approaches and HR coating, a
higher brightness is expected in VAC lasers. We believe
these results will contribute to the development of high-
brightness broad-area diode lasers.
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Fig. 9. (Color online) (a) Vertical FF profile of F-P and VAC
lasers at 2.7 kA∕cm2, where the dashed line represents the dif-
fractive limit, (b) vertical FF angles of F-P and VAC lasers as a
function of current density, and (c) the brightness of VAC lasers
and F-P lasers as a function of current density.
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