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(57) Abstract: A very large mode (VLM) slab-coupled optical waveguide laser (SCOWL) is provided that includes an upper
waveguide region as part of the waveguide for guiding the laser mode. The upper waveguide region is positioned in the interior re-
gions of the VLM SCOWL. A lower waveguide region also is part of the waveguide that guides the laser mode. The lower waveg-
uide region is positioned in an area underneath the upper waveguide region. An active region is positioned between the upper
waveguide region and the lower waveguide region. The active region is arranged so etching into the VLM SCOWL is permitted to
define one or more ridge structures leaving the active region unetched. One or more mode control barrier layers are positioned be-
tween said upper waveguide region and said lower waveguide region. The one or more mode control barrier layers control the fun-
damental mode profile and prevent mode collapse of the laser mode. The mode control barrier layers also block carrier leakage
from the active region. These layers are essential to obtaining VLM SCO WLs.
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VERY LARGE MODE SLAB-COUPLED OPTICAL
WAVEGUIDE LASER AND AMPLIFIER

PRIORITY INFORMATION

The present invention claims priority to U.S. Utility Application Serial No.
12/629,613, filed on December 2, 2009, which is incorporated herein by reference in

its entirety.

SPONSORSHIP INFORMATION

This invention was made with government support awarded by the U.S. Air
Force under Grant No. FA8721-05-C-0002. The government has certain rights in the

invention.

BACKGROUND OF THE INVENTION

The invention is related to the field of slab-coupled optical waveguide lasers
(SCOWL), and in particular to a very large mode SCOWL.

High power, single spatial mode diode lasers are important for a number of
applications, including pumps for fiber lasers and amplifiers and free space optical
communications. The power in a single mode is limited by the size of the single-
spatial mode in the diode laser.

The state of the art in large spatial mode diode lasers is the SCOWL. A
SCOWL device lasing at a wavelength of 1.0 pm designed with a waveguide

thickness of 5 pm has been demonstrated to have a stable single spatial mode with

dimensions of 5.7 um (horizontal direction) by 4.5 um (vertical direction), where
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these dimensions are given as full width at 1/e” intensity. The maximum continuous
wave (CW) output power from this device is approximately 2 W.

If one is able to increase the single spatial mode size, then the power should
approximately scale with area. This is because the maximum power density at the
facet is approximately constant, and is limited by effects such as catastrophic optical
damage and thermal roll-over. As the mode area at the facet is increased, the absolute
power level at the facet should approximately scale with the mode area.

A simple approach to increasing the mode size that is used with the SCOWL is
scaling the waveguide height and ridge width dimensions while maintaining the ratios
of T/H and T/W (where T, H, and W are the waveguide height in the slab region, the
waveguide height in the ridge region, and the ridge width, respectively) according to
the single-mode criteria. However, with this simple approach, one finds that it is
extremely difficult to filter out higher order modes, since the higher order modes
become more numerous as the waveguide dimensions increase and the propagation
constants of the higher order modes also become more closely spaced. In addition, it
becomes more difficult to provide sufficient gain to the fundamental mode, while
controlling its mode profile. Mode collapse of the fundamental mode (i.e., peaking of
the fundamental mode around the active region) can easily occur in such a structure
due to strong index guiding in the active region. The core of this invention is the use
of additional mode control barrier layers adjacent to the active region to control the

vertical profile of the fundamental laser mode and prevent mode collapse.

SUMMARY OF THE INVENTION

According to one aspect of the invention, there is provided very large mode

(VLM) slab-coupled optical waveguide laser (SCOWL). The VLM SCOWL includes

PCT/US2010/056775
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an upper waveguide region to help guide the laser mode. The upper waveguide
region is positioned in the interior regions of the VLM SCOWL. A lower waveguide
region also helps to guide the laser mode. The lower waveguide region is positioned
in an area underneath the upper waveguide region. An active region is positioned
between the upper waveguide region and the lower waveguide region. The active
region is arranged so etching into the VLM SCOWL is permitted to define one or
more ridge structures leaving the active region unetched. One or more mode control
barrier layers are positioned adjacent to the said active region. The one or more mode
control barrier layers are used to control the profile of the fundamental mode and
prevent mode collapse of the laser mode. They also can be used to block carrier
leakage from the active region.

According to another aspect of the invention, there is provided a very large
mode (VLM) slab-coupled optical waveguide laser (SCOWL). The method includes
forming an upper waveguide region as part of the waveguide for guiding a laser
mode. The upper waveguide region is positioned in the interior regions of the VLM
SCOWL. Also, the method includes forming a lower waveguide region as part of the
waveguide for guiding the laser mode. The lower waveguide region is positioned in
an area underneath the upper waveguide region. Moreover, the method includes
positioning an active region between the upper waveguide region and the lower
waveguide region. In addition, the method includes arranging the active region so
etching into the VLM SCOWL is permitted to define one or more ridge structures
leaving the active region unetched. Furthermore, the method includes positioning one
or more mode control barrier layers adjacent to the said active region. The one or
more mode control barrier layers control the profile of the fundamental mode, prevent

mode collapse of the laser mode, and block carrier leakage from the active region.

PCT/US2010/056775
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating a V.M SCOWL formed in

accordance of the invention;
5 FIGs. 2A-2B are graphs illustrating the operational characteristics of a 980 nm

VLM SCOWL formed in accordance with the invention;

FIGs. 3A-3B are graphs illustrating the operational characteristics of a 1060
nm VLM SCOWL formed in accordance with the invention;

FIG. 4 is a schematic diagram illustrating an alternative embodiment of the

10 invention; and
FIGs. 5A-5B are graphs illustrating the operational characteristics of a 1060

nm VLM SCOWL of FIG. 4.

DETAILED DESCRIPTION OF THE INVENTION

15 The invention provides a novel design for a VLM SCOWL fo increase its
single spatial mode output power. Increasing the output power of the SCOWL is
accomplished by an increase of the optical mode size of the fundamental SCOWL
mode.

FIG. 1 shows a cross-sectional view of a VLM SCOWL 2 formed in

20 accordance of the invention. The VLM SCOWL 2 includes a p-type metal layer 4
positioned on a dielectric layer being 6. The dielectric layer 6 is positioned on a p-
type GaAs cap layer 8. The VLM SCOWL 2 also includes a p-type upper cladding
layer 10 where the p-type GaAs cap layer 8 is positioned on. The p-type upper
cladding layer 10 is formed on a p-type AlGaAs upper waveguide region 12. A p-

25  type mode control barrier layer 14 is positioned between the p-type upper waveguide
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region 12 and an undoped active region 16. The undoped active region 16 is placed
on an n-type lower waveguide region 18, The n-type lower waveguide region 18 is
positioned on an n-type lower cladding layer 20,

The n-type lower cladding layer 20 is positioned on an n-type GaAs substrate
22, where the GaAs substrate 22 is positioned on an n-type metal layer 24. A number
of trench structures 32, 34 are formed in regions that include the dielectric layer 6, p-
type GaAs cap layer 8, p-type upper cladding layer 10, and p-type upper waveguide
region 12. In addition, the trench structures 32, 34 are lined with dielectric layers 40,
42. The content within the trench structures 32, 34 include the same materials that
define the p-type metal layer 4 to form ridge waveguide structures. Alternatively, the
trench structures 32, 34 can be filled with primarily with air and a metal lining. The
dielectric layers 40, 42 include the same materials that define the dielectric layer 6.
The dielectric has metal contact openings 36, 38 that are formed on the ridge
structure.

The p-type upper cladding layer 10 and n-type lower cladding layer 20 assist
in confinement of a laser mode 30 propagating through the p-type AlGaAs upper
waveguide region 12, p-type mode control barrier layer 14, active region 16, and n-
type lower waveguide region 18. The p-type upper waveguide region 12 can include
AlGaAs having a concentration of Al between 0% and 50% and a thickness between
0.30 um and 2.0 pm with a doping level between 1x10" and 1x10"%cm™. The p-type
mode control barrier layer 14 can include AlGaAs having a concentration of Al
between 0% and 50% and a thickness between 0.01 um and 0.3 um with a doping
level between 1x10'° and 1x10"%cm™. The n-type lower waveguide region 18 can
include AlGaAs having a concentration of Al between 0% and 50% and a thickness

between 2.0 um and 20 pm with a doping level between 1x10'° and 1x10'%cm™. The

PCT/US2010/056775
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composition of the p-type upper cladding layer 10 and the n-type lower cladding layer
20 must be higher in Al percentage as compared to the p-type upper waveguide region
12 and the n-type lower waveguide region 18, respectively.

The active region 16 can include undoped quantum wells, barrier layers, and
bounding sublayers. The undoped bounding sublayers in the active region 16 can
include GaAsP, where the P concentration is between 0% and 30%, or AlGaAs, where
the Al concentration is between 0% and 15%, with a thickness between 1 and 20 nm.
The undoped barrier layers in the active region 16 can include GaAsP, where the P
concentration is between 0% and 30%, or AlGaAs, where the Al concentration is
between 0% and 15% Al, with a thickness between 1 and 20 nm. Moreover, the
undoped quantum wells in the active region 16 can include InGaAs, where the In
concentration is between 0% and 40%, with a thickness between 1 and 20 nm.

Since the active region 16 is positioned between the waveguides 12, 18, it is
necessary to dope the upper waveguide region 12 p-type, while the lower waveguide
region 18 (where the largest fraction of the mode 30 is positioned) is doped n-type.
By positioning the p-n junction around the active region 16, proper injection of
electrons and holes into the active region 16 is ensured. By using this arrangement,
the active region 16 is confined within the interior regions of the waveguide of the
VLM SCOWL 2. This permits etching in the VLM SCOWL 2 to form the ridge
waveguides leaving the active region 16 unetched. This allows a finite amount of
lateral current spreading to occur.

The p-type mode control barrier layer 14 is chosen to have an index slightly
lower than the p-type upper waveguide region 12 and n-type lower waveguide region
I8 (equivalently, higher Al content in AlGaAs in the mode control barrier as

compared with the waveguide). The p-type mode control barrier layer 14 prevents

PCT/US2010/056775
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mode collapse of the fundamental mode due to the high index in the active region 16,
and aids the suppression of higher order modes. This has been confirmed by two
dimensional, complex index mode solver calculations. The mode control barrier layer
14 is essential to the VLM SCOWL concept. The mode control barrier layer 14 also
serves as a blocking layer for electron leakage from the active region 16.

The doping levels in both the p-type upper and n-type lower waveguide region
12, 18 are also critical, as the free carrier absorption in the waveguide dominates the
waveguide loss of the mode. At the same time, there is a trade-off between
waveguide loss and series resistance. Series resistance is of particular importance in a
narrow-ridge device like the SCOWL because it limits the electrical-to-optical
efficiency at high drive current levels.

Also, it is important that specific lengths s, w, h within the VLM SCOWL 2 be
obtained so optimal performance can be adhered to. The length w, which defines the
ridge width and corresponds to the distance between the trench structures 26, 28, can
be between 2 um and 30 pm. The length s, defines the critical distance between the
final etch depth of the etched trenches 32, 34, and the active region 16, can be
between 0 and 1 pm. The length h (waveguide height), defines the combined height
of the upper waveguide region 12, p-type mode control barrier layer 14, active region
16, and lower waveguide region 18, can be between 2.3 um and 23 um. The overall
VLM SCOWL 2 cavity length can be between 0.2 mm and 40 mm.

Also, the SCOWL 2 includes an optical operational frequency range of 600 to
1200 nm for GaAs-based SCOWL structures, which includes preferred optical
frequencies of 980 nm and 1060 nm.

For 980-nm and 1060-nm VLM SCOWL devices formed in accordance with

the invention, one can design a number of VLM SCOWL structures with waveguide

PCT/US2010/056775
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thicknesses of 8 to 12 um. These structures appear to be very robust in filtering
higher order modes. Design criteria for these AlGaAs-based VLM SCOWLs include
not etching through the active region; the T/H ratio is less than or equal to 0.90; the
confinement factor should be approximately 0.003 to 0.005. To provide sufficient
gain to the fundamental mode, the number of quantum wells (QWs) in the active
region 16 scales with the waveguide thickness h. For example, two QWs are needed

for waveguides 6-7 pum in thickness; 3 QWs are needed for 8-10 um waveguide

thickness; and 4 QWs are needed for 10-12 pm waveguide thickness. Since the QWs
consist of compressively strained InGaAs, tensile-strained GaAsP is used in the active
region 16 bounding and barrier layers to strain-balance the structure.

FIG. 2A is a graph illustrating modal gain versus modal index for a 980 nm
VLM SCOWL formed in accordance with the invention. In this case, the SCOWL
has a length s value -0.02 um and a waveguide thickness h of 8 um. Positive values
of gain indicate net gain, negative values indicate loss. Note only the lowest-order
VLM SCOWL mede (i.e., the mode with the highest modal index) has gain. FIG. 2B
is a graph illustrating the mode profile of the 980 nm VLM SCOWL. According to
simulations, it is possible to increase the waveguide height in the ridge up to at least
12 pm in thickness while maintaining single mode operation of the VLM SCOWTL..

FIG. 3A is graph illustrating modal gain versus modal index for a 1060 nm
VLM SCOWL formed in accordance with the invention. In this case, the VLM
SCOWL has a length s value of 0.02 um and a waveguide thickness h of 8 pm.
Positive values of gain indicate net gain, negative values indicate loss. Note that only
the lowest-order VLM SCOWL mode (i.e., the mode with the highest modal index)
has gain. FIG. 3B is a graph illustrating the mode profile of the 1060 nm VLM

SCOWL. According to simulations, it is possible to increase the waveguide height in

PCT/US2010/056775
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the ridge up to at least 12 pm in thickness while maintaining single mode operation of
the VLM SCOWL as well. Even thicker waveguides should be possible.

FIG. 4 is an alternative embodiment of the invention. Note the VLM SCOWL
44 of FIG. 4 is substantially similar to the VLM SCOWL 2 of FIG. 1. The difference
is the additional n-type mode control barrier layer 26 positioned between the undoped
active region 16 and n-type lower waveguide region 18. By arranging two mode
control barrier layers 14, 26 above and below the undoped active region 16, the VLM
SCOWL 44 allows for lasing operations that require very thick waveguides and hence
very large mode sizes. The VLM SCOWL 44 provides more design flexibility as
compared with VLM SCOWL 2. The n-type mode control barrier layer 26 serves as
an additional blocking layer for carrier leakage from the active region 16. The
addition of the n-type mode control barrier layer 26 also further prevents mode
collapse of the fundamental mode due to index guiding, and further aids the
suppression of higher order modes. The n-type mode control barrier layer 26 can
include AlGaAs having a concentration of Al between 0% and 50% and a thickness
between 0.01 wm and 0.3 pm with a doping level between 1x10"° and 1x10"em™.
The VLM SCOWL 44 follows the same design principles as described for VLM
SCOWL 2, such as the limitations of the lengths s, h, w and the composition and
properties of the active region 16. Also, the VLM SCOWL 44 includes an optical
operational frequency range of 600-1200 nm, which includes preferred frequencies of
980 nm and 1060 nm.

FIG. 5A is graph illustrating the modal profile for a 1060 nm VLM SCOWL
of FIG. 4. In this case, the VLM SCOWL has a mode control barrier layer above and
below the active region and a length s value of 0.02 pm and a thickness of 10 pm.

According to simulations, it is possible to increase the waveguide height in the ridge

PCT/US2010/056775
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up to at least 12 pm in thickness while maintaining single mode operation of the VLM
SCOWL as well. Even thicker waveguides should be possible. FIG. 5B is a graph
illustrating an expanded VLM SCOWL mode profile around the multiple quantum
well active region. This shows strong confinement in the active region.

The inventive VLM SCOWL is a substantial improvement over both previous
SCOWL devices and also many other types of single-mode semiconductor lasers. For
the 10 pm thick waveguide, with a waveguide that is twice as thick as the state of the
art SCOWL device mentioned earlier, the expected increase in mode area is
approximately a factor of four (4). Therefore, it is expected that the single spatial
mode power will increase by approximately a factor of four as well, from 2 W up to 8
W. Thermal effects under CW operation, however, will play a role to limit the single
mode, kink-free power level. One might expect that the inventive VLM SCOWL will
reach multi-watt operation, at the 5 W level and higher. This power level is a factor
of two to three higher than the current state of the art in any single spatial mode diode
laser, including SCOWLs and ridge waveguide lasers. The inventive VLM SCOWL
should also improve the peak power available for pulsed laser applications, such as
direct diode lasers for use in free space optical communications.

The VLM SCOWL described so far is implemented in the
InGaAs/AlGaAs/GaAs material system. It is possible to design and implement the
VLM SCOWL in other material systems and other wavelengths that are commonly
used for semiconductor lasers and amplifiers, including, but not limited to,
InGaAsP/GaAs, InGaAsP/InP, InGaAsSb/AlGaAsSb/GaSbh, and InGaN/AIGaN/GaN.

The inventive VLM SCOWL, when used in arrays, is expected to be useful for
pumping high power ytterbium-doped fiber lasers. With wavelength beam combining

(e.g., in an external cavity),, dense SCOWL arrays can in principle enable collimated,

PCT/US2010/056775
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high brightness beams with scalable output power, useful for a variety of applications.
The amplifier version of this device could be used in high power phase-locked or
coherently combined arrays in a seeded-injection amplifier approach, perhaps
enabling kW-class diffraction-limited diode laser sources.

Any of the above-discussed embodiments of very large mode SCOWL devices
and arrays may be incorporated into an associated laser system. Such a laser system
may include, for example, the very large mode SCOWL devices, the beam combining
cavity, electrical, thermal, mechanical, electro-optical and opto-mechanical laser
confrol equipment, associated software and/or firmware, and an optical power
delivery subsystem. Embodiments of the very large mode SCOWL and associated
laser systems, can be used in applications that benefit from the high power and
brightness of the embodied laser source produced using the very large mode SCOWL
devices. These applications may include, for example, materials processing, such as
welding, drilling, cutting, annealing and brazing; marking; laser pumping; medical
applications; and directed energy applications. In many of these applications, the
laser source formed by the very large mode SCOWL devices may be incorporated
into a machine tool and/or robot to facilitate performance of the laser application.

Although the present invention has been shown and described with respect to
several preferred embodiments thercof, various changes, omissions and additions to
the form and detail thereof, may be made therein, without departing from the spirit
and scope of the invention.

What is claimed is:

PCT/US2010/056775



10

11

12

13

14

WO 2011/096973

12

CLAIMS

1. A very large mode (VLM) slab-coupled optical waveguide laser (SCOWL)
comprising:

an upper waveguide region for guiding a laser mode, said upper waveguide
region being positioned in the interior regions of the VLM SCOWL;

a lower waveguide region for guiding said laser mode, said lower waveguide
region being positioned in an area underneath said upper waveguide region;

an active region positioned between said upper waveguide region and said
lower waveguide region, said active region is arranged so etching into the VLM
SCOWL is permitted to define one or more ridge structures leaving said active region
unetched; and

one or more mode control barrier layers positioned adjacent to said active
region, said one or more mode control barrier layers controlling the vertical mode
profile of the fundamental mode and preventing mode collapse of the fundamental

laser mode and blocking carrier leakage from said active region.

2. The VLM SCOWL of claim 1 further comprising an upper cladding layer

positioned near the upper waveguide region for confining said laser mode.

3. The VLM SCOWL of claim I further comprising a lower cladding layer positioned

near said lower waveguide region for confining said laser mode.

4, The VLM SCOWL of claim 1, wherein said upper waveguide region comprises a

p-type AlGaAs layer having a concentration of Al between 0% and 50%.

5. The VLM SCOWL of claim 1, wherein said lower waveguide region comprises an

n-type AlGaAs layer having a concentration of Al between 0% and 50%

PCT/US2010/056775
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6. The VLM SCOWL of claim 1, wherein said active region comprises quantum well

layers, barrier layers, and bounding layers.

7. The VLM SCOWL of claim 1, wherein said upper waveguide region comprises a

thickness between 0.30 pm and 2.0 pum.

8. The VLM SCOWL of claim 1, wherein said lower waveguide region comprises a

thickness between 2.0 pm and 20 pum.

9. The VLM SCOWL of claim 1, wherein said upper waveguide region comprises a

p-type dopant concentration between 1x10" and 1x10"%cm™.

10. The VLM SCOWL of claim 1, wherein said lower waveguide region comprises

an n-type dopant concentration between 1x10" and 1x10"cm?,

11. The VLM SCOWL of claim 1, wherein said one or more mode control barrier
layers comprise a p-type or n-type AlGaAs layer having a concentration of Al

between 0% and 50%.

12. The VLM SCOWTL of claim 1, wherein said one or more mode control barrier

layers comprise a thickness between 0.01 pun and 0.30 pm.

13. A method for forming a very large mode (VL.M) a slab-coupled optical waveguide
laser (SCOWL) comprising:
forming an upper waveguide region for guiding a laser mode, said upper
waveguide region being positioned in the interior regions of the VLM SCOWL;
forming a lower waveguide region for guiding said laser mode, said lower
waveguide region being positioned in an area underneath said upper waveguide

region;
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positioning an active region between said upper waveguide region and said
lower waveguide region;

arranging said active region so etching into the VLM SCOWL is permitted to
define one or more ridge structures leaving said active region unetched; and

positioning one or more mode control barrier layers between said upper
waveguide region and said lower waveguide region, said one or more mode control
barrier layers preventing mode collapse of the laser mode and blocking carrier

leakage from the active region.

14. The method of claim 13 further comprising an upper cladding layer positioned

near the upper waveguide region for confining said laser mode.

15. The method of claim 13 further comprising a lower cladding layer positioned near

said lower waveguide region for confining said laser mode.

16. The method of claim 13, wherein said upper waveguide region comprises a p-type

AlGaAs layer having a concentration of Al between 0% and 50%.

17. The method of claim 13, wherein said lower waveguide region comprises an n-

type AlGaAs layer having a concentration of Al between 0% and 50%

18. The method of claim 13, wherein said active region comprises quantum well

layers, barrier layers, and bounding layers.

19. The method of claim 13, wherein said upper waveguide region comprises a

thickness between 0.30 pum and 2.0 pm.

20. The method of claim 13, wherein said lower waveguide region comprises a

thickness between 2.0 um and 20 pm.
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21. The method of claim 13, wherein said upper waveguide region comprises a p-

type dopant concentration between 1x10'° and 1x10'%cm™.

22. The method of claim 13, wherein said lower waveguide region comprises an n-

type dopant concentration between 1x10'° and 1x10"%cm™.

23. The method of claim 13, wherein said one or more mode control barriers
comprise a p-type or n-type AlGaAs layer having a concentration of Al between 0%

and 50%.

24. The method of claim 13, wherein said one or more mode control barriers

comprise a thickness between 0.01 pm and 0.30 pum.
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