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Abstract A novel type of high power edge-emitting
semiconductor laser (SL) with extended vertical photonic
band crystal (PBC) waveguide was reviewed. Simulations
predict narrow beam divergence, resulting from the thick
PBC waveguide, to be independent of realistic variations
of the growth parameters. Narrow ridge lasers fabricated
along the simulations indeed demonstrate superior output
power, narrow beam divergence, circular beam profile,
excellent beam quality and very low astigmatism. Efficient
fiber coupling decisive for most applications was thus
eased. Stability of the laser under a wide range of operating
temperature was demonstrated. Ultrashort pulses with few
ps of duration at GHz repetition rates were generated by
passively mode locking the lasers.

Keywords semiconductor laser (SL), edge-emitting laser,
high brightness laser, narrow beam divergence, high peak
power pulses

1 Introduction

The demand for high brightness semiconductor lasers
(SLs) for a rapidly increasing number of applications as
pump sources for solid state and fiber lasers, spectroscopy,
medicine, material processing, has recently stimulated
much research into novel designs and better exploitation of
traditional ones. Such lasers, single ones or coupled bars,
offer compactness, large energy efficiency and low cost of
chip fabrication [1-4]. Narrow optical pulses from such
lasers with repetition frequency in the gigahertz (GHz)
range are additionally attractive for different applications
like frequency conversion for display applications, or time-
resolved spectroscopy.

High output power combined with fundamental mode
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emission in both transverse directions parallel (lateral) and
vertical to the growth direction are prerequisite for high-
brightness and thus decisive for material processing, like
cutting and welding (Fig. 1) [5]. Conventional edge-
emitting SLs have a simple vertical waveguide, which
consists of a thin active region of several tens of nanometer
thickness, and two surrounding cladding layers (Fig. 2).
Maximum output power from these lasers is limited by
their small emitting area due to their tightly confined
optical fields in the thin active region. Resulting high
optical power density at the facets causes catastrophic
optical mirror damage (COMD) [6] if the power density
exceeds 10-20 MW/cm?. An increase of the emission area
by expanding the optical fields in both lateral and vertical
directions can reduce the power density at the facets and,
consequently, increase the output power. Typical high-
power SLs extend their ridges in lateral direction up to
several hundreds of micrometers. However, such widening
of ridges leads to the emission of a multitude of higher
order modes, deteriorating the lateral beam quality and
hindering high brightness. Moreover, as illustrated in
Fig. 2, due to the asymmetric lasing area in conventional
lasers, the emitted beam suffers from a high elipticity with
large vertical beam divergence, typically 30°-60° full
width at half maximum (FWHM). Such asymmetric and
large beam divergence require complex and costly optics
with large numerical aperture for focusing or efficient fiber
coupling. Therefore, development of SLs combining all
demanded features, e.g., high output power, good beam
quality and narrow beam divergence in both lateral and
vertical directions, still presents a challenge for present
research.

2 High power laser concepts

So far, a series of approaches have been presented to
achieve high output power by avoiding COMD. All the
approaches aim to reduce the power density at the facets by
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Fig. 1 Beam parameter product and laser power requirement for
different material processing applications [5]
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Fig. 2 Schematic drawing of a conventional edge-emitting laser
with broad vertical beam divergence

expanding the optical field by broad vertical and/or lateral
emitting areas [7-20]. A so-called T® (thin tapered-
thickness) laser uses thinner active layer near both mirrors
than in the inner region [7]. This allows the optical fields to
penetrate more into the surrounding cladding layers and
reduces both vertical beam divergence and power density
at the facets. As narrow as 10° FWHM vertical beam
divergence and 120 mW continuous-wave (CW) output
power in fundamental transverse mode are reported at 780
nm [7].

A pair of specially designed low-index [8-10] or high-
index [11] mode expansion layers on both sides of the
active region can broaden the optical fields in the epitaxial
layer stack. The thicknesses and the refractive indices of
the expansion layers are carefully chosen to be similar to
the effective refractive index of the lasing mode. FWHM
vertical beam divergence of 13° and 24° are reported at 980
nm [9] and 650 nm [11] using low-index and high index
mode expansion layers, respectively. A very thick mode
expansion layer incorporated only on one side of the active
region also provides a FWHM vertical beam divergence of
only 11-12° and 500 mW CW output power in single
transverse mode at 980 nm [12].

Vertical mode expansion using a large optical cavity
along with low refractive index contrast between active
layers and surrounding waveguide layers is reported in
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Refs. [13—15]. 12 W CW output power with vertical beam
divergence of 15° (95% power content) in the vertical
fundamental mode is delivered at 1060 nm for broad area
lasers [15].

Less than 1° FWHM vertical beam divergence and 3.3
W CW output power are achieved at fundamental vertical
mode emission at 1060 nm from tilted waveguide lasers
[16]. In this approach, the optical mode from the narrow
waveguide containing active layers is allowed to leak into
the thick transparent substrate via a thin cladding layer.
The opposite side of the substrate is polished and provides
mirror-like reflection to the leaky mode. The commonly
unused thick substrate is used as a broad waveguide for the
guided leaky mode.

Lateral waveguiding approaches combine a tapered
structure with a ridge waveguide along the longitudinal
direction [17-20]. Tightly guided optical fields in the ridge
waveguide region are expanded in the tapered section,
reducing the optical load at the output facets and enabling
larger output power. The narrow ridges define a very good
beam quality which consequently results in very high
brightness. A CW output power of 3.5 W and a brightness
as high as 255 MW/cm?/sr are achieved at 1040 nm [17].

3 Photonic band crystal (PBC) concept and
layer structure design

A different approach for vertical mode expansion utilizing
a highly asymmetric vertical waveguide, called a PBC
waveguide, has been proposed [21-23]. A schematic
drawing of a PBC edge-emitting lasers is shown in Fig. 3.
Instead of a simple lower cladding layer like in conven-
tional lasers (cf. Fig. 2), PBC lasers consist of a sequence
of quasi-periodic epitaxial layers followed by a defect
layer, which terminates the periodicity of the layer stack.
Quantum wells (QWs) are placed within the defect layer.
The thicknesses and the contents of the PBC layers are
chosen to localize only the fundamental mode in the active
region and delocalize all the higher order modes. Broad
extension of the fundamental mode gives rise to narrow
vertical beam and the typical elliptic beam profile of
conventional lasers also turns into a nearly circular one.
The reduced facet load allows larger output power before
reaching the threshold power density for COMD. Funda-
mental mode emission in vertical direction necessary for
high brightness applications is assured by following
improved mode selection criteria. The fundamental mode
is localized in the active region and shows a better
confinement factor than the delocalized higher order
modes. A spatially modulated doping profile is employed
with higher doping concentration near the substrate where
the maxima of the higher order modes are located. Thus the
higher order modes suffer larger free carrier absorption
losses than the fundamental one. The loss discrimination is
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Fig. 3 Schematic drawing of a PBC laser with narrow vertical
beam divergence [34]

further enhanced by introducing higher leakages of the
higher order modes into the substrate by controlling
thickness and composition of the layer closest to the
substrate. The combination of higher confinement factor,
lower free carrier absorption and leakage losses of the
fundamental mode highly favors its emission over the
higher order counterparts.

The concept of PBC lasers has been successfully
realized for a wide range of emission wavelengths [22—
34] and recently transformed to the concept of high-
brightness broad-area edge-emitting (HIBBEE) lasers,
where the waveguide shows no regularity of repeating
layers any more [35].

In this paper, several generations of 1060 nm PBC lasers
with varying total vertical thickness and different number
of interfaces in the PBC waveguide are reviewed and
compared to each other in detail. Divergence of each
structure estimated from simulation is compared to
experimental results. Record single transverse mode output
power of 1.9 W for 1060 nm ridge waveguide (RW) lasers
with beam quality factor M* below 2 and a very low
astigmatism of 5—14 pm are obtained from RW lasers.
More than 9 W output power from broad area (BA) lasers
under CW operation is reported. FWHM vertical beam
divergence as narrow as 7° is obtained from the BA laser.
Ultra-short pulses providing peak power of 3 W and
highest to date peak brightness of 180 MW/cm?/sr for 1060
nm lasers by passive mode-locking are presented. An
approach to reduce series resistivity and thus to improve
power conversion efficiency (PCE) of thick PBC lasers is
simulated and proved by experiments. RW lasers having
this optimized PBC waveguide provide a perfectly circular
beam emission for 1.3 W CW output power with 16°
FWHM beam divergence in both transverse directions.

4 Results

Three generations of 1060 nm PBC lasers having 15, 9 and
6 pairs of quasi-periodic layers in the PBC waveguide
having a total vertical thickness of 15, 12 and 10 um are
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investigated. Structures are named A, B and C below,
respectively. In all cases, the epitaxial layers are grown on
n-doped (001) oriented GaAs substrates using metal-
organic vapor phase epitaxy. Four InGaAs/GaAsP QWs
are tuned for an emission wavelength of 1060 nm. The
structures are cleaved into both BA and RW lasers with
different cavity lengths. BA lasers have 100 pm wide ridge
and unpassivated/uncoated facets. While the RW lasers
have varying ridge widths from 5 to 9 um. Ridges in RW
lasers are surrounded by two deep-etched trenches where
all the epitaxial layers are etched away leaving only 100
nm of the p-doped side above active region. Both BA and
RW lasers are characterized in pulsed and CW mode. 800
ns pulses at a repetition rate of 1 kHz are used for pulsed
operation. For CW characterizations, the lasers are
mounted down on CuW heat spreader and Cu mounts. In
some cases, facets of the RW lasers are also passivated and
coated with high reflection (HR) and antireflection (AR)
coatings of 95% and 5% reflectivities, respectively.

4.1 PBC waveguide with 15 pairs of PBC layers (structure
A)

Figure 4(a) shows a schematic of a 1060 nm PBC laser. In
the n-doped side, the laser structure has 15 pairs of AlGaAs
layers with alternating Al contents and a total vertical
thickness of approximately 15 pm. The refractive index
profile along the vertical direction is presented in Fig. 4(b).
The selected Al contents and thicknesses of the AlGaAs
layers give rise to spreading tail of the fundamental mode
towards the substrate while localizing its maximum at
active region. The broad fundamental near-field results in a
narrow far-field distribution with only 7.5° FWHM vertical
beam divergence (Fig. 4(c)). The calculated combined
leakage and free carrier absorption losses and optical
confinement factor of first 20 modes are depicted in
Fig. 4(d). The emitted laser beam is estimated to contain a
dominating fundamental mode with at least five times
larger confinement factor and an order of magnitude less
loss. The robustness of similar type of a thick PBC laser
structure against the unintentional deviations of the
refractive indices of QWs, thicknesses and alloy composi-
tions of the PBC layers are discussed in Ref. [30].
Although, the lasers presented there are designed for
emission wavelength of 980 nm, the current structures for
1060 nm emission wavelength are also expected to behave
in a similar fashion.

Internal parameters of the structure are determined from
pulsed measurements of BA lasers with different cavity
lengths L at 7= 20°C (see Fig. 5). A high internal quantum
efficiency 7y, = 93%, low internal loss &, = 1.3 cm™,
threshold modal gain T'gy = 24 cm™' and low threshold
current density (at L = c0) J,, = 243 A/cm? are obtained.

The sensitivity of the lasers on temperature is evaluated
by determining characteristic temperature 7, of a 1.5 mm
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Fig. 4 (a) Schematic drawing of layer structure of a 1060 nm PBC laser with 15 pairs PBC layers; (b) refractive index (solid line, top
axis) and calculated near-field distributions of the fundamental (solid line, bottom axis) and first higher order (dashed line, bottom axis)
mode along vertical distance; (c) calculated far-field distribution of the fundamental mode; (d) calculated optical loss (square) and

confinement factors (circle) of the first 20 modes [32]

long BA laser as illustrated in Fig. 6. Output power-current
(L-I) characteristics of the laser is measured at 7 from 0°C
to 80°C. With increasing 7, threshold current density Jy,,
continuously increases and slope efficiency of the laser
decreases due to increased carrier leakage, non-radiative
Auger combination and reduced material gain [36,37]. T,
is calculated from logarithmic dependence of Jy,, on T (Fig.
6 (inset)). A high 7;, =200 K conforming a stable threshold
behavior of the laser is obtained within 0-25°C
temperature range. 7, decreases to 93 K above 25°C.
Vertical far-field distribution of a 3.0 mm long BA laser
with unpassivated and uncoated facets is shown in Fig. 7 in
CW mode at / = 5.0 A and 7 = 20°C. FWHM beam
divergence angle of 7.3° perfectly agree with the estimated
value from simulation (cf. Fig. 4). The laser provide a
thermally limited 9.5 W maximum output power and 40%
maximum PCE in CW mode and emits in the range of
1060 nm wavelength as depicted in the insets. The thermal
roll-over in the L-/ curve occurs due to the increased

T 100 pm
’ 800 ns, 1 kHz
r 7=20°C
1.4F
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heating of the laser at higher currents. With increasing
operating current, power dissipation in the laser increases
which rises its internal temperature and decreases current
injection efficiency due to increased carrier leakage. Thus a
strong reduction in output power at higher currents and,
subsequently, a roll-over is appeared.
Light-current-voltage (L-I-V) and corresponding PCE of
a5 pum and a 9 pm wide RW laser both having 2.64 mm
long cavity are shown in Fig. 8(a). Laser facets are
passivated and coated with HR/AR coatings. Maximum
output powers of 1.6 and 2.4 W, and a maximum PCE of
37% and 38% are obtained with 5 and 9 um wide lasers,
respectively. 5 um wide RW lasers provide single
transverse mode emission with bell-shaped and single
lobed far-field distributions across the whole operating
range. Lateral and vertical far-field distributions along with
their Gaussian fits at / = 2.0 A are presented in Fig. 8(b).
FWHM beam divergence of as narrow as 9° in lateral and
13° in vertical direction are observed. 9 pm wide RW laser
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3 58F
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Fig. 5 Cavity length dependence of reciprocal differential quantum efficiency (a) and threshold current density (b) of BA lasers at 7=

20°C in pulsed mode [32]
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80°C in steps of 10°C in pulsed mode. Inset shows the
corresponding threshold current density of the laser as a function
of T
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the laser as a function of drive current
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Fig. 8 (a) L-I-V characteristics and corresponding PCEs of a 5 pm and a 9 pm wide and 2.64 mm long RW lasers in CW mode at 7'=20°
C. Far-field distributions along with their Gaussian fits of the 5 um (b) and 9 um (c) wide RW laser in lateral and vertical directions at / =
2.0 and 2.6 A, respectively. FWHM beam divergence angles are indicated. The lasers are HR/AR coated

yields single transverse mode emission with 9° and 14°
FWHM beam divergences in lateral and vertical directions,
respectively, with corresponding output power of 1.9 W
(Fig. 8(c)). The power represents highest ever reported
single transverse mode output power for 1060 nm RW
lasers [32,38].

Beam quality of the lasers is evaluated by measuring
beam quality parameter M? according to the 4-o (standard
deviation) method. In the beam profiling system, the laser
beam is directed through a lens to focus to an artificial
beam waist. M is then calculated from measured beam
width versus distance plot. Astigmatism is calculated from
the distance of the beam waist locations along the vertical
and lateral directions. Figure 9(a) shows the measured
lateral and vertical M? of the 5 um wide RW laser at 7 =
20°C in CW mode. Over entire operating current range, M*
remains well below 1.8 in both transverse directions. A
slight increase in lateral M? at higher currents implies

larger deviations of the laser beams from Gaussian shape
and occurs due to increased contribution from higher order
modes in laser emission. A maximum brightness B of 60
MW/cm?/sr is obtained at /= 1.6 A. Maximum brightness
increases to 72 MW/cm?/sr in case of 9 pm wide RW laser
as illustrated in Fig. 9(b). Measured astigmatism stays
within 5 to 14 pm over the whole operating current range.

The thermal stability of the laser performances are
investigated by measuring L-/-V, M* and astigmatism of a
6 um wide RW laser at different 7" from 20°C to 80°C.
Figure 10(a) presents L-I-V curves of the laser. With
increasing 7, maximum output power decreases from 1.8
W at 20°C to still more than 1.3 W output power at 80°C
and maximum PCE declines from 34% to 30%. The
decrease of output power and PCE is the consequence of
continuous increase of Jy,, and decrease of 7y, with 7.
Figure 10(b) shows measured M* in both lateral and
vertical directions and astigmatism at different drive
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Fig. 9 (a) Lateral and vertical M? of the 5 um wide RW laser from Fig. 8 as a function of drive current in CW mode. Maximum
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currents. Vertical M? remains within 1.5-1.9 at all
investigated temperature over entire operating current
range. While an increasing lateral M* with increasing
temperature is observed, almost constant M? is maintained
for each temperature up to / = 2.2 A. Thereafter, an
increase in M?> is observed at all different temperature
which is the evidence of increased contribution of higher
order modes. However, still a very good beam quality with
M? <2 is achieved up to the highest operating current. A
stable anastigmatic behavior, with astigmatism varying
only from 0.5 to 2 um, is also observed at all different
temperatures (Fig. 10(c)).

4.2 PBC waveguide with 9 pairs of PBC layers (structure B)

A different PBC structure consisting of 9 pairs of
alternating PBC layers and a total thickness of 12 um is
investigated in the passive mode locking regime. Figure 11
shows the refractive index profile, calculated near field
distributions of the fundamental and first higher order
modes, calculated far-field distribution of the fundamental

mode, calculated total optical loss and confinement factor
of the first 20 modes. Similar to the structure A,
thicknesses and contents of the PBC layers are chosen to
ensure an order of magnitude less optical loss and five
times better confinement factor of the fundamental mode as
compared to that of the higher order modes. Simulated
FWHM vertical far-field divergence is 7.3°.

Basic pulsed mode characterization of the structure is
shown in Fig. 12. Extracted parameters from cavity length
dependence of differential quantum efficiency and thresh-
old current are: 7, = 94%, iy = 1.4 cm™, T'gy =32 cm™!
and J,, =230 A/cm?.

For passively mode locked operation of the PBC lasers,
RW lasers with two isolated sections, i.e., gain and
saturable absorber sections, are processed. Different ratio
of lengths of gain to absorber sections are studied. The
lasers are as-cleaved and mounted p-side up on Cu-
mounts. Mode locking in the devices are investigated using
two different measurement techniques: second-harmonic
generation (SHG) based autocorrelation technique, and
recording laser radio frequency (RF) spectra.

Lw=6um “ [ w=6um,L=2.64mm —=—20°C w=6um
L=2.64mm & = 23[ CW, HR/AR, T'=20°C T 08| 20rL=264mm
= 137 CW, HR/AR 1043 5 4] e | CW,HR/AR —_a 20°C
= | 1 8% | '*'*“"‘wé‘* S s, T=20C === 30°C
2 lo3® 813} g 2T —— 80°C
2 {18 : g
o = o 20 g
2 10258 X | & 1.0
= |- g =)
2 1 E T L6t Z
1015 £
] 8 — 12l 05F
i RN, 0 E L 1 1 s ' 1 L 1 L
15 20 25 30 35 = 0 1 2 3 0 1 2 3
current/A current/A current/A
(@) (b) (c)

Fig. 10 (a) L-I curves and corresponding PCEs of a 6 um wide and 2.64 mm long RW laser at 7=20°C to 80°C in 20°C steps; (b) lateral
(bottom) and vertical (top) M? of the laser as a function of drive current at different T (c) measured astigmatism of the laser at different 7
versus drive current. The laser is HR/AR coated. All the measurements are performed in CW mode [34]
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Figure 13 illustrates the far-field distribution of a 5 um
wide and 1.0 mm long single-section (only gain section)
RW laser in CW mode at / = 0.5 A. The laser provides
single-lobed bell-shaped far-field distributions with
FWHM beam divergence of 6° in lateral and 9° in vertical
direction.

Figure 14 shows the intensity distributions of second
harmonics of two section RW lasers for three different total
cavity lengths with a fixed gain to absorber length ratio of
12:1. FWHM pulse durations are determined after
deconvolution assuming Gaussian pulse shape. Minimum
pulse durations of 6, 11 and 15 ps are obtained at
fundamental repetition frequency of 24, 15 and 5 GHz with
1.8, 2.8 and 8.5 mm long cavity lasers, respectively. The
broadening of the pulses with increasing cavity length is
attributed to the increased (1) intracavity dispersion in
longer devices and (2) pulse instability due to increased
number of round trips necessary for mode locking.
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Fig. 13 Far-field distributions of a 5 pm wide and 1.0 mm long
single-section RW laser at /= 0.5 A [33]
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Measured RF spectrum of 8.5 mm long mode-locked
laser at forward current /g, = 1140 mA in gain section and
reverse bias voltage V,,s = —0.6 V in absorber section is
illustrated in Fig. 14 (inset). Sharp peaks at the
fundamental mode-locking frequency of 5 GHz and at its
harmonics are clear indication of mode-locking operation.

Figure 15 presents the output power as function of gain
current /gy, of the 8.5 mm long RW laser at different bias
voltages for absorption section. At Iy, = 1140 mA and
Vaps = —0.6 'V, the laser provides a maximum average
power of 215 mW and correspondingly a peak power of as
high as 3 W. Beam quality parameter M varies within
1.15-1.20 in lateral and 1.2—1.25 in vertical directions up
to maximum investigated current. These result in a highest
to date pulse brightness of 180 MW/cm?/sr for electrically
pumped and passively mode-locked lasers at 1060 nm
wavelength range.

4.3 PBC waveguide with 6 pairs of PBC layers (structure C)

The structures A and B presented above suffer from high
electrical series resistance which limits their maximum
PCE to 40%. The resistivity of such PBC structure with
thick waveguide with alternative layer compositions is
controlled by the doping profile as well as the number of
interfaces between the epitaxial layers. Barriers at the
hetero interfaces hamper vertical transport, an effect which
is especially severe for distributed Bragg reflector (DBR)
mirrors in VCSELs with a large band offset [39]. That is
why, a new PBC structure with relatively thinner vertical
waveguide of 10 um and reduced number of only 6 pairs of
PBC layers is studied. The lasers still provide narrow
vertical beam divergence but considerably reduced series
resistance.
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Fig. 15 Output power of a 5 um wide and 8.5 mm long two-
section RW laser at different absorption voltages as a function of
gain current

Figures 16 (a)-16(c) show the Al composition of the
epitaxial layers along vertical distance, calculated near
field distributions of the fundamental and first higher order
modes and doping profile of donors and acceptors.
Calculated far-field distributions shows a slight increase
in FWHM vertical beam divergence than structures A and
B, which is attributed to the reduced total thickness of
structure C (Fig. 16 (d)). A comparative calculations of the
current versus applied voltage through both the present
structure C and structure A were performed and the series
resistivities ps were extracted by linear fitting of current-
voltage curves in the high current regime (Fig. 17). Figure
17(a) shows the effect of doping level in the interface
layers on the carrier transport. Higher doping level of 2 x
10'® cm™ in the interface layers substantially decreases the
series resistance for both structures as compared to the case
when doping is the same as in adjacent layers above and
below the interfaces. The optimum thickness of the
interface layer is revealed by simulating the series
resistance for different thicknesses with a doping level of
2 x 10" em™ (Fig. 17 (b)). Linearly graded interface
layers of thickness 20 nm with high doping minimize the
negative influence of varying Al content in the layers on
current transport through the multi-layer structures. For 20-
nm thick interface layers, the fundamental mode remains
extended over the whole vertical structure to provide
narrow far field beam profile. We note also that high
doping of thin interface layers causes insignificant increase
of free carrier absorption losses and does not affect the
lasing efficiency.

Figure 18 illustrates the extracted internal parameters of
the structure to be 7, = 83%, i = 1.7 cm™!, T'gy = 34
cm!' and J, = 208 A/cm?. The relatively low internal
efficiency is caused by non-radiative recombination
processes due to a non-optimum ramping from the low
growth temperature used for the active region to the higher
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growth temperature of the p-waveguide. Similar to
structures A and B, further optimization of the growth
temperature is expected to improve the internal efficiency
of structure C to close to 100%.

Figure 19(a) shows L-I-V characteristics and the
corresponding PCEs of 5 and 9 um wide RW lasers both
with a cavity length of 2.64 mm in CW mode at 7'=20°C.

The laser facets are passivated and coated with HR and AR
coatings. A thermally limited maximum output power of
1.3 and 2.1 W and maximum PCE of 34% and 36% are
achieved from 5 and 9 um wide lasers, respectively. The 9
pm wide laser has a series resistivity of p; = 0.45 (£0.01)
x 10 Q-cm?. Previously reported 9 um wide RW lasers
from structure A show a more than 3 times higher series
resistivity of py = 1.36 (0.02) x 10* Q-cm? (cf. Fig. 8).
The measured resistivity values agree well with the
theoretical results. Despite the relatively low internal
efficiency 7;, = 83%, the maximum PCE is similar to that
of the structure A entirely because of lower p,. The lower
total thickness and the lower number of layers in structure
C also make the growth process less demanding and reduce
wafer bow. Similar to the structure A, the present 9 pm
wide lasers provide a slightly elliptic beam with single-
lobed far-field in both lateral (Grwnv = 16°) and vertical
(Grwhm = 19°) directions up to 1.9 W output power (Fig.
19(b)). The lateral far-field patterns contain some addi-
tional local peaks. Due to the finite width of the trenches
surrounding the ridge, radiation leaks into the outer high-
index regions [40]. The propagation of the leaked radiation
inside the cavity gives rise to those peaks in the far-fields.

A perfectly circular beam profile is obtained with 5 um
wide RW lasers still at highest output power. Far-field
distributions at different operating currents in CW mode at
T'=20°C for the 5 pm wide RW laser are shown in Figs. 20
(a)-20(d). FWHM beam divergence angles in both lateral
and vertical directions are plotted in Fig. 20(e). A bell-
shaped single-lobed far-field distribution is obtained in
both lateral and vertical directions across the whole
operating current range. The extended near-field obtained
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by the thick vertical waveguide results in a narrow vertical
beam divergence of only 12° at /= 0.2 A which increases to
16° at I = 2.6 A. The lateral FWHM beam divergence
increases from 5° at / = 0.2 A also to 16° at / =2.6 A
resulting in a circular beam shape at / = 2.6 A, which is
close to the allowed maximum current, as illustrated in Fig.
20(d).

5 Discussion and outlook

The 1060 nm PBC lasers presented here are of largest
advantage for high power applications. Their high beam
quality makes them also attractive for high brightness
applications. Driving the lasers in the mode-locked regime
extends their applicability to fields where high peak
brightness is required. The robustness of the PBC
structures against variations of the growth parameters
makes the structures suitable for easy realization at
different wavelength regimes. The performances of the

already successful QW PBC structures can be enhanced
further by using an active region with quantum dots (QDs).
Deep 3D confinement potential of QDs would allow even
higher current and thus higher power operation, since
thermally induced carrier leakage would be reduced. The
inherently suppressed charge carrier diffusion toward the
facets in QD lasers increases the COMD level as compared
to those of QW laser with otherwise identical vertical
structure [41]. Lateral waveguiding technique could be
combined with the PBC structures to improve beam quality
further additionally increasing the brightness [42].

6 Conclusion

We presented a novel type of SL structure based on a PBC
waveguide for high-power and brightness applications in
the 1060 nm wavelength range. Record single transverse
mode power of 1.9 W with narrow beam divergence of 9°
in lateral and 14° in vertical directions is obtained for a
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Fig. 20 Color-scale plot of CW-mode far-field distributions of
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direction as function of operating current in (e)

vertically 15 pum thick PBC structure. Record peak
brightness of 180 MW/cm?/sr is achieved with 10 pm
thick PBC lasers. A promising PBC waveguide having
comparatively lower thickness and lower number of
interfaces is presented. Despite presently still low internal
efficiency, the lasers already provide similar output power
and PCE as the thick waveguides. All these values are
expected to increase further improving growth conditions.
1.3 W output power is delivered for a perfectly circular
beam with narrow FWHM beam divergence of 16°.
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