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We report a near-diffraction-limited tapered Bragg reflection waveguide laser (BRL) with a 10 μm ridge width,
which is significantly larger than the conventional design. The large mode expansion in the vertical waveguide
enables a scalable increase in the ridge width for single lateral mode operation. The role of the taper angle in the
performance of tapered BRLs with the intrinsic characteristics of a thick vertical waveguide was investigated. The
results indicate that the BRL with a taper angle of 3° shows the best far-field performance. An extremely low
vertical divergence angle of 14.5° and a lateral divergence as low as 2.8° for 95% power inclusion were realized.
A continuous-wave power exceeding 1 W was demonstrated. Over the entire operating current range, the vertical
beam is almost unchanged with an excellent beam quality (M2) of about 1.3. Lateral beam width increases slightly
at higher currents due to the increasing contribution of side lobes, but it still remains nearly diffraction-limited
with a lateral M2 of less than 2. Narrow beam divergence and high beam quality of the lasers allow simple and
inexpensive collimation and coupling. © 2018 Optical Society of America

OCIS codes: (140.2020) Diode lasers; (140.3570) Lasers, single-mode; (140.3295) Laser beam characterization.
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1. INTRODUCTION

High power and high brightness diode lasers are promising
for various applications such as fiber laser pumping, material
processing, medical applications, and nonlinear frequency
conversion [1]. The broad-area (BA) diode lasers are the most
important type of diode lasers due to their ability of high
output power and a simple manufacturing process. However,
BA diode lasers usually suffer from large divergence and low
beam quality, which is mainly dependent on the epitaxial layer
design as well as the stripe geometry [2].

Conventional diode lasers usually have a large vertical
far-field (FF) divergence of above 30° at the FWHM, making
it difficult and expensive for beam collimation and coupling
[3]. Some optimized epitaxial structures with enlarged spot size
have reduced the vertical divergence angle down to below 20°
(FWHM). These designs include the super-large optical cavity
[4,5], double barrier separate confinement heterostructures [6],
and inserting mode expansion layers [7–9]. However, these tra-
ditional total-internal-reflection (TIR) waveguides are limited
by the onset of high-order transverse modes when reducing
the divergence angle. Recently, a novel type of edge-emitting

diode lasers based on a longitudinal photonic band crystal
(LPBC) structure has been developed for reducing vertical
divergence [10]. It can achieve a stable single transverse mode
operation under super-large mode expansion because of the
strong mode discrimination of photonic bandgap (PBG)
guiding. LPBC lasers have demonstrated a narrow vertical
divergence of below 10° at wavelengths ranging from 658 to
1060 nm [11–14]. However, the highly asymmetric near-field
(NF) profile of the LPBC laser results in the vertical FF with
some small side lobes and hence a larger vertical divergence over
20° for 95% power content [15]. In the other word, the LPBC
lasers do not show good enough divergence angles in practical
applications. To solve this problem, we succeeded in develop-
ing a modified Bragg reflection waveguide laser (BRL), which
utilized dual-side periodical waveguides and a low index defect
layer to effectively expand the vertical optical mode. As a result,
a narrow vertical divergence of lower than 10° with 95% power
inclusion had been demonstrated [16].

For some applications such as fiber coupling, the lateral
beam quality of diode lasers is more important. The BRLs also
suffer from the drawbacks of conventional BA lasers, i.e., poor

Research Article Vol. 57, No. 34 / 1 December 2018 / Applied Optics F15

1559-128X/18/340F15-07 Journal © 2018 Optical Society of America

mailto:tongcz@ciomp.ac.cn
mailto:tongcz@ciomp.ac.cn
mailto:tongcz@ciomp.ac.cn
https://doi.org/10.1364/AO.57.000F15
https://crossmark.crossref.org/dialog/?doi=10.1364/AO.57.000F15&domain=pdf&date_stamp=2018-08-23


beam quality in the lateral direction because of the excitation of
higher-order lateral modes [17]. A number of approaches,
including tapered lasers [18], phase structures [19], mode filters
[20], tilted cavity [21], plasmonic metasurfaces [22], and gain-
tailored and current path structures [23,24], were utilized to
control the optical mode behavior. Among these techniques,
a tapered structure is the most promising way to achieve nearly
diffraction-limited laser output, in which an index-guided ridge
waveguide (RW) is used for mode filtering, and a tapered gain
section is used as an amplifier. However, there were few inves-
tigations on the tapered lasers based on a Bragg reflection wave-
guide (BRW), where the thick top waveguide might give a
totally different optimized condition on the lateral layout. In
this paper, we present tapered BRLs with 10 μm wide RW
in order to achieve ultra-low beam divergence in the lateral
and vertical directions. Devices with different taper angles,
αTap � 3°, 4°, 5°, are fabricated and studied. The results indi-
cate that devices with a 3° taper angle offer the best perfor-
mance. It delivers more than 1.0 W total output power
under continuous wave (CW) operation while maintaining a
good beam quality with M2 of as low as 1.18 in the lateral
direction. The vertical and lateral divergence angles remain
to be lower than 15.2° and 4.1° (95% power included), respec-
tively, in the whole operating range.

2. DEVICE DESIGN AND FABRICATION

A. Vertical Epitaxial Design
The BRL epitaxial structure mainly consists of a mode-localized
defect layer sandwiched between n- and p-doped distributed
Bragg reflectors (DBRs). The DBR is made up of periodically
alternated low and high index materials with index values of nL
and nH separately. The active region is located inside the defect
layer. In the BRW, light is guided by the PBG effect instead of
TIR in the vertical direction. Therefore, the guided mode can
be confined in the core with an arbitrary effective index (neff )
when the optical frequency lies in the PBG. Thus, there are two
regimes of PBG guidance, i.e., neff < nL and nL < neff < nH .
In the first, light propagates in all layers leading to an NF profile
with periodically oscillated peaks separated by nulls, whose FF
is double-lobed or multi-lobed [25]. While in the second re-
gime (nL < neff < nH ), light propagates in the layers with a
high index but is evanescent in the low-index layers, resulting
in a Gaussian-shaped NF with small triangular oscillations,
whose FF pattern will be single-lobed [16]. As single-lobed
FF is more suitable for high-brightness applications, we will
design the BRW structure operating in the second regimes.

Another major issue in designing is to ensure a large spot size
of the fundamental mode and a strong discrimination of the
high-order modes. By optimizing the layer thickness and com-
position of the defect layer, high and low index layers of the
DBR, the fundamental mode size could expand appreciably
to achieve extremely low vertical divergence. Furthermore,
the BRW should be designed in such a way that only the fun-
damental mode is localized in the active region. All high-order
modes are shifted away toward the substrate and p-contact
layer, resulting in a much lower confinement factor than that
of the fundamental mode. In order to reduce the free carrier
absorption loss, a graded doping profile is generally employed

with increasing doping concentration from the active region
toward the substrate and p-contact layer. Adjustment of the
composition and thickness of the cladding layer also permits
us to enhance the leakage loss of high-order modes. Therefore,
high-order modes suffer from a much lower modal gain and
larger optical loss than the fundamental mode, resulting in a
strong mode discrimination. This allows stable single-mode
operation at a significant mode extension, resulting in an
ultra-low vertical divergence.

In this work for lasers emitting around 808 nm, the active
region consists of two 6 nm GaAs0.86P0.14 quantum wells
(QWs) separated by a 10 nm Al0.4Ga0.6As barrier and is
embedded in the defect layers. The p-doped top and n-doped
bottom DBR are composed of 10 periodically alternating pairs
of Al0.35Ga0.65As (100 nm) and Al0.5Ga0.5As (600 nm) layers
with graded interfaces. The defect layer utilizes 80 nm
Al0.4Ga0.6As, which has a middle index between that of the
high and low index layers in the DBR in order to suppress
the local waveguiding effect of high index QWs. The doping
concentration in the DBR is varied from 2 × 1016 cm−3 in the
layer closest to the active region to 5 × 1018 cm−3 in the last
layer, aiming at a low optical loss, while the electrical resistance
remains acceptably low. The total epitaxial thickness of the
designed BRL is about 16.5 μm.

Figure 1 shows its refractive index distribution and simu-
lated optical field profiles of the fundamental mode and the
first high-order mode. The calculated optical confinement fac-
tor of the fundamental mode is about 0.69%, which is 3.2
times larger than the first high-order mode. Furthermore, by
employing a graded doping profile with increasing doping con-
centration from the active region to both sides, high-order
modes having their maximum field intensity at a high doping
area suffer from a larger absorption loss than the fundamental
mode. According to the gain and loss discrimination, the BRL
can operate on a stable single transverse mode. From our
calculations, the broad expansion of the fundamental mode
gives rise to a narrow vertical beam divergence of about
6.5° (FWHM).

B. Lateral Structure Design
The scheme of the tapered BRL is shown in Fig. 2. It consists of
an index-guided straight RW section followed by a gain-guided
tapered section. The straight RW section serves as a modal

Fig. 1. Refractive index profile (black line) and calculated near-field
amplitude of the fundamental mode (red line) and first high-order
mode (blue line) for the BRL.
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filter, emitting a single spatial mode into the tapered section,
where the laser is amplified while keeping nearly diffraction
limited. The geometric parameters of the cavity play a
significant role in determining the device performance [26].

The width and etching depth of the RW determine the
mode size and free diffraction angle of the beam injected into
the tapered section. Wider RW can improve the threshold gain
and slope efficiency due to the reduced propagation loss and
better heat dissipation, which also results in a small lateral
diffraction angle. However, the RW width should not exceed
the cutoff condition of high-order lateral modes, avoiding the
multimode operation and consequent poor beam quality.
Therefore, the optimal value of the RW width lies between
the single-mode and double-mode operation regimes. The
length of the straight ridge also has a strong impact on the beam
quality. Short RW has a poor filtering effect of the higher-order
modes, leading to rapidly deteriorated beam quality at high
power operation. Generally, the RW length should be larger
than 500 μm [27].

The optimization of the taper angle is a key point to
improve the performance of tapered lasers, which should be
close to the free diffraction angle of RW [28]. For small taper
angles (narrower than the lateral diffraction limit), the beam
follows the taper shape, yielding high beam quality but low out-
put power due to high power density in the cavity. If the taper
angle exceeds the free diffraction angle of RW, the large mode
expansion admits higher output powers but at the cost of
beam quality degradation. The wider angle causes a mismatch
between the fundamental optical mode and the current injec-
tion profile. The excessive gain at the edges of the tapered
section leads to the excitation of higher-order lateral modes
and side lobes in the optical field.

For a fixed taper angle, stretching the length of the tapered
section is advantageous for higher output power due to a wider
output facet, with the lateral beam quality nearly undegener-
ated [29]. However, there exists a trade-off value for the taper
lengths between high output power and high conversation
efficiency related to the internal loss. Cavity-spoiling grooves
at the sides of the RW section can be etched down through
the active region for sufficient suppressing of the radiation re-
flected back. Antireflection-coated facets also enable improved
spatial mode filtering and beam quality.

The epitaxial design also has a large impact on the lateral
beam quality due to the interaction of the lateral and vertical
optical field [30]. Except for the indirect (threshold, efficiency,
power) influences, the epitaxial design has an important impact
on the temperature profile in the vertical and lateral directions.
It determines the bowing of the thermal lens, which influences
the lateral beam quality and hence maximum achievable bril-
liance. In addition, the epitaxial layer structure with low optical
confinement factor can reduce the dependence of index varia-
tion on the carrier density, leading to a weak tendency to fil-
amentation [31]. Last, the current injection profile and lateral
current spreading of lasers depend on the details of the epitaxial
layers. The lateral carrier accumulation at the stripe edge may
give excessive gain to high-order modes and lead to beam
quality degradation. Based on the above effects, it opens a
possibility to increase the lateral beam quality by proper design
of the epitaxial structure.

In this work, the RW section length was chosen to be
750 μm for effective mode filtering. In order to support only
the fundamental mode, the RW width and etching depth were
optimized depending on the vertical layer structure. For the
BRL studied in this paper, the thick BRW in the vertical
direction leads to weaker interaction of the optical field with
the ridge edges and the active area, which could suppress
higher-order lateral mode lasing and reduce the generation
of beam filamentation. Therefore, single lateral mode operation
can be achieved for the case of a stripe width approximately
equal to the vertical waveguide thickness [5]. Therefore, we uti-
lized a large RW width of 10 μm in the tapered BRL, which is
helpful to expand the optical mode size and reduce the lateral
divergence. We have experimentally fabricated 10 μm wide
ridge BRL and obtained nearly diffraction-limited beam output
with the lateral divergence angle of 9.8°–11° (95% power con-
tent) at different currents. The corresponding diffraction angle
in the tapered section is 2.8°–3.3° (95% power content), which
is similar with the simulation result by a 2D effective index
model. The taper length was kept constant at 1.5 mm, but
the full taper angle was varied at 3°, 4°, and 5° to investigate
its influence on the device performance. The corresponding
output facet widths were 89, 115, and 141 μm, respectively.
To enhance the mode filtering, a pair of cavity-spoiling grooves
were introduced symmetrically on both sides of the RW.

C. Device Fabrication
The laser structure was grown by metal-organic vapor phase
epitaxy. After the growth, the lateral structure of the tapered
BRLs was fabricated as follows. First, the mesas of the RW sec-
tion and the tapered section were etched simultaneously with a
depth of 1.5 μm by inductive coupled plasma (ICP) etching.
The RW mesa was further etched with a depth of 4 μm, while
the tapered section was protected by photoresist. Then, the
cavity-spoiling grooves were etched down to the active region
by ICP etching. A 200 nm SiO2 electrical insulating layer was
deposited by plasma-enhanced chemical vapor deposition, and
a contact window opening was created by reactive ion etching
(RIE), followed by the standard p-side metal contact deposi-
tion. After the substrate thinning and n-side metallization,
the diode lasers were cleaved into single devices without any
passivation or coating. Finally, the devices were mounted

Fig. 2. Diagram of the tapered BRL.
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junction-side down on C-mount copper heatsinks using
indium solder.

3. RESULTS

Figure 3 shows the light–current curves of the fabricated
tapered BRLs with 3°, 4°, and 5° taper angles under CW oper-
ation. As can be seen, the device with 3° taper angle depicts the
lowest threshold current of 0.46 A, and the maximum total
power exceeds 1.1 W, limited by the thermal rollover. A higher
power of 1.25 W is attainable for wider angle devices with a
4° taper angle. However, the laser with αTap � 5° reveals the
highest threshold current of 1.23 A and the lowest output
power of only 0.9 W, which is seriously limited by the thermal
load due to the large threshold current.

The threshold current density was 563 A∕cm2,
701 A∕cm2, and 994 A∕cm2, respectively, for the 3°, 4°,
and 5° tapered lasers. The increase of threshold current density
may be simply a consequence of higher optical losses. As in our
fabricated devices, the free diffraction angle of RW in the cavity
is about 3° (95% power content). For the device with 4° and 5°
taper angles, the laser beam leaving the RW section cannot fully
cover the tapered section. The poor coverage between the gain
area and light field results in a higher cavity loss. The lasing
spectrum of the lasers with 3° taper angle is shown in the inset
of Fig. 3, which is measured by an AQ6370C optical spectrum
analyzer at 1.0 A current. As can be seen, the spectrum shows a
narrowband emission with a peak wavelength of 808.35 nm
and a spectral width (FWHM) of about 0.05 nm.

Figure 4 shows the measured vertical FF distributions of the
device with a 3° taper angle at various operating currents.
The FWHM-defined vertical divergence angle is determined
to be 6.5°–6.9°, which is stable with increasing currents.
The envelope of its intensity profile is close to a Gaussian dis-
tribution. The vertical divergence for 95% power inclusion is
lower than 15.2° over the full range, being considerably nar-
rower than that of conventional diode lasers. The nearly iden-
tical characteristics of vertical FF divergence are obtained in the
devices with 4° and 5° taper angles.

Figure 5 shows the influence of current on the lateral FF
profiles for the devices with taper angles of 3°, 4°, and 5°, re-
spectively. For the device with a taper angle of 3°, the lateral
divergence is 1.7° (FWHM) and 3.8° (95% power inclusion)
at 0.7 A. It reduces to 1.0° (FWHM) and 2.8° (95% power

Fig. 3. Experimental light–current characteristics as a function of
taper angle. Inset shows the spectrum of lasers with αTAP � 3° at
1.0 A current.

Fig. 4. Measured vertical FF profiles of laser with αTAP � 3° at
different currents.

Fig. 5. Measured lateral FF distributions of devices with
(a) αTap � 3°, (b) αTap � 4°, and (c) αTap � 5° as a function of
injected current. (d) Measured FF patterns of the tapered BRL with
αTap � 3° under CW operation at various currents.
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inclusion) at 1.0 A. The narrowed FF with increasing current
can be attributed to the enlarged waist beam size under high
bias current. When the current is increased further, the lateral
divergence slightly increases. At currents above 2.0 A, a weak
side lobe occurs, and the power in the central lobe decreases,
leading to a broadened lateral FF. However, the relative
position and power of the central lobe only changes slightly.
In contrast, the devices with angles of 4° and 5° show much
worse FF. As seen in Fig. 5(b), the FF profile of the device with
4° taper angle shows a clearly pronounced main lobe in the
center at low current. When the current is above 1.5 A, many
obvious side peaks begin to appear. Although its lateral FF
width at the FWHM level remains at a constant value, the side
lobes beyond the central lobe result in a much larger divergence
angle of 5.4°–7.8° defined by 95% power content. In addition,
the relative position and intensity of side peaks change signifi-
cantly. On the other hand, the wider device with αTap � 5°
seen in Fig. 5(c) shows a wide envelope in the FF at high
currents.

The lasers with various taper angles all suffer from a widen-
ing lateral FF at high injection current, a so-called FF blooming
effect. The predominant cause for the FF blooming is current-
induced heating and the resulting thermal lensing phenomenon
[32]. Under high power operation, the increasing heating
enhances the lateral thermal gradient, inducing a larger lateral
index step between the center and its surrounding. This results
in tighter confinement of the fundamental mode as well as
the onset of higher-order modes, broadening the lateral FF.
Furthermore, for the devices with 4° and 5° taper angles, which
are larger than the free diffraction angle of RW, the mismatch
between the fundamental optical mode and the injection cur-
rent profile leads to excessive gain at the edges of the tapered
section [33]. In this case, high-order modes with a wide optical
field are easy to be excited. In addition, the side lobes near the
device edges grow appreciably during the backward propaga-
tion due to the higher gain, deteriorating the FF patterns.

At 3 A current, the FF profile of the device with 4° taper
angle suffers from a progressive increase of side lobes beside
the central lobe. The appearance of multiple peaks is mainly
attributed to the onset of the filamentation, which causes high
spatial frequency modulation in the NF distribution. The
filamentation and resulting NF modulation depth are related
to the material gain and power density (carrier density).
Therefore, one effective way to suppress the filamentation is
to reduce the power density by increasing the spreading of
the optical energy. For the device with 5° taper angle, the wide
output facet results in a lower power density than that of the
device with 4° taper angle, delaying the occurrence of filamen-
tation to higher power levels. For the device with a small taper
angle (3°), the filamentation can be suppressed effectively due
to the effective mode filtering and a better matching of the pho-
tons and carriers [34]. Therefore, the FF profile with multiple
peaks does not appear in the devices with 3° and 5° taper angles.

Comparing the lateral FF profiles, only the device with 3°
taper angle remains relative low divergence even under high
injection conditions. The corresponding FF patterns were
measured and are shown in Fig. 5(d). As it shows, the laser
outputs a single-lobed and nearly diffraction-limited beam.

The beam shape and width in the vertical direction are almost
independent of the current, indicating a stable single transverse
mode operation. In the lateral direction, the beam width first
reduces and then slightly increases with increasing current,
while the beam shape is only changed slightly. This demon-
strates that the RW section and groove could effectively filter
the high-order modes generated in the tapered section.

The beam qualityM2 of the tapered BRLwith 3° taper angle
was measured by a commercial beam propagation analyzer
M2MS-BP209 according to the ISO11146 standard. During
the measurement, the output light was first collimated by a
commercial spherical lens and then focused into an artificial
beam waist. Typical fast- and slow-axis respective collimation
for traditional diode lasers was not employed. The beam width
surrounding the beam waist is measured by a detector at a series
of positions along the beam axis. M2 is calculated from the
measured beam width versus distance plot by a hyperbolic
fitting. In the tapered lasers, the light diverges in the lateral
direction from a virtual source inside the device, while the beam
emits from the output facet in the vertical direction. Because of
the large astigmatism of tapered lasers and our simple collima-
tion optics, we measured the vertical and lateral M2 values,
respectively.

M2 in the vertical direction remains about 1.3 across the
whole operating current range, implying a stable vertical mode
operation. The measured lateral M2 parameters plotted in
Fig. 6 show the lowest value of 1.18 at 1.0 A, which demon-
strates a nearly diffraction-limited beam. The slight increase of
the lateral M2 at high injection currents mainly resulted from
the growing contribution of side lobes, which results in larger
deviations of the laser beams from an ideal Gaussian shape at
higher output powers. However, the lateral M2 remains well
below 2, indicating excellent beam quality and high brightness
of the tapered BRL. It demonstrates that the tapered BRL with
a large RW width is advantageous for achieving low beam
divergence while maintaining high beam quality.

A good BRL should have higher output power, better beam
quality, and lower beam divergence, which are attractive

Fig. 6. Lateral M2 of the tapered BRL with αTap � 3° at different
currents under CW operation. Inset shows the beam width in lateral
direction along the beam axis at 2.0 A.
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qualities in high brightness laser applications. However, the
fabricated tapered lasers suffer from a widening lateral FF
and increasing M2 value with increasing current. Thermal
lensing effect, excess carrier accumulation at the device edges,
and filamentation are the most critical factors responsible for
the beam quality degradation at high injection current.
Furthermore, the astigmatism of the tapered laser is large
and varied with the operation current, making the beam colli-
mation difficult for fiber coupling. Therefore, the devices need
further improvement to achieve high brightness and stable
beam output, which are beneficial in practical applications
due to large robustness against the variations of operating
condition.

4. CONCLUSIONS

In summary, we have demonstrated a high-brightness BRL
based on a tapered waveguide with relatively large RW width.
The influence of taper angle on the beam properties was inves-
tigated in detail. It was shown that the tapered BRLwith a taper
angle of 3° had superior beam quality for a wider range of op-
erating conditions. The vertical and lateral divergence angles are
as low as 6.5° and 1.0° (FWHM) or 14.5° and 2.8° (95% power
inclusion), respectively, which are much narrower than that of
conventional lasers, including those with tapered structures.
This nearly diffraction-limited BRL could satisfy the demand
of external beam-shaping optics in applications such as high-
efficiency fiber coupling. We believe these results will contrib-
ute to the development of high-brightness diode lasers.
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