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(57) ABSTRACT

High power edge emitting semiconductor lasers are formed
to emit with very narrow spectral width at precisely selected
wavelengths. An epitaxial structure is grown on a semicon-
ductor substrate, e.g., GaAs, and includes an active region at
which light emission occurs, upper and lower confinement
layers and upper and lower cladding layers. A distributed
feedback grating is formed in an aluminum free section of
the upper confinement layer to act upon the light generated
in the active region to produce lasing action and emission of
light from an edge face of the semiconductor laser. Such
devices are well suited to being formed to provide a wide
stripe, €.g., in the range of 50 to 100 um or more, and high
power, in the 1 watt range, at wavelengths including visible
wavelengths.
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NARROW SPECTRAL WIDTH HIGH-POWER
DISTRIBUTED FEEDBACK
SEMICONDUCTOR LASERS

This invention was made with United States government
support awarded by the following agencies: DOD-AF, Grant
No.: F49620-96-C-0052; NSF Grant No.: 9522035; NSF
Grant No.: 9612244; NSF Grant No.: 9522667; and NSF
Grant No.: 9531011. The United States has certain rights in
this invention.

FIELD OF THE INVENTION

This invention pertains generally to the field of semicon-
ductor diode lasers and particularly to edge emitting distrib-
uted feedback semiconductor lasers.

BACKGROUND OF THE INVENTION

Semiconductor diode lasers are formed of multiple layers
of semiconductor materials. The typical semiconductor
diode laser includes an n-type layer, a p-type layer and an
undoped active layer between them such that when the diode
is forward biased electrons and holes recombine in the active
region layer with the resulting emission of light. The layers
adjacent to the active layer typically have a lower index of
refraction than the active layer and form cladding layers that
confine the emitted light to the active layer and sometimes
to adjacent layers. Semiconductor lasers may be constructed
to be either edge emitting or surface emitting. In an edge
emitting Fabry-Perot type semiconductor laser, crystal facet
mirrors are located at opposite edges of the multi-layer
structure to provide reflection of the emitted light back and
forth in a longitudinal direction, generally in the plane of the
layers, to provide lasing action and emission of laser light
from one of the facets. Another type of device, which may
be designed to be either edge emitting or surface emitting,
utilizes distributed feedback structures rather then conven-
tional facets or mirrors, providing feedback for lasing as a
result of backward Bragg scattering from periodic variations
of the refractive index or the gain or both of the semicon-
ductor laser structure.

Semiconductor lasers having CW power in the watt-range
and narrow bandwidth, e.g., less than 2 A full width half
maximum (FWHM), would be desirable for a variety of
applications. Examples include 0.894 um diode lasers which
may be used for polarizing Cs to generate spin-polarized Xe
gas for magnetic resonance imaging, low-chirp pump
sources for solid state lasers, and in spectroscopy sources for
monitoring environmental gases. Conventional broad stripe
(225 um) semiconductor lasers used for obtaining high
powers typically have a spectral width of about 20 AFWHM
or more at high drive levels and broaden further under
quasi-CW operation. Significant improvements in spectral
width can be obtained using distributed feedback (DFB)
gratings or distributed Bragg reflectors (DBR) rather than
Fabry-Perot mirror facets for optical feedback. 278 mW CW
power with about 1 A of wavelength variation, resulting
from mode hopping, has been reported for narrow-stripe
DBR lasers. J. S. Major, et al., Electron. Lett. Vol. 29, No.
24, p. 2121, 1993. Using DFB phase-locked laser arrays,
narrow bandwidth operation has been obtained from large
apertures at relatively long wavelengths (A=1.3 ym to 1.5
um). 120 mW pulsed operation has been reported from a 45
um aperture device (A=1.3 um), Y. Twu, et al., Electron. Lett.
Vol. 24, No. 12, p. 1144, 1988, and 85 mW CW from a 72
um aperture device (X=1.55 um), K. Y. Liou, et al., Tech.
Dig. 13th IEEE Int. Semicond. Laser Conf., Paper D7,1992.
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For applications where (lateral) spatial coherence is not
necessary, a broad-stripe laser with a DFB grating is appar-
ently well suited for achieving high CW powers with narrow
spectral linewidth.

A limitation is encountered with DFB lasers designed to
operate at shorter wavelengths including visible light
wavelengths, in that conventional diode lasers grown on
GaAs substrates, which can emit in the range of wavelengths
between about 0.6 um to 1.1 um, generally have optical
confinement layers containing aluminum as well as cladding
layers containing aluminum. Due to the high reactivity of
aluminum (i.e., essentially instant oxidation when exposed
to air), it has proven to be very difficult to make single
frequency lasers of the DFB type in the foregoing wave-
length range in which the grating is buried within the
multi-layer semiconductor structure. Consequently, the
commercially available high power, narrow linewidth lasers
have been of the distributed Bragg reflector (DBR) type, in
which the grating is outside of the active lasing part of the
structure. However, such DBR devices suffer from the major
drawback of mode hopping that occurs with increasing drive
current due to changes in the lasing-region index of refrac-
tion with increasing drive power.

SUMMARY OF THE INVENTION

The present invention encompasses a high power edge
emitting semiconductor laser with very narrow spectral
width that can be tailored to operate at precisely selected
wavelengths including wavelengths in the visible range. In
accordance with the invention, typical CW powers in the
watt range are obtainable with a narrow linewidth of 2 A
FWHM or less. Consequently, such lasers are well suited to
applications requiring precise narrow linewidth laser
sources, such as for polarizing cesium or rubidium for use in
magnetic resonance imaging with spin polarized xenon.

The edge emitting semiconductor laser of the invention
includes a substrate and an epitaxial structure preferably
grown on orientation on the substrate. The epitaxial structure
includes a layer with an active region at which light emission
occurs, upper and lower confinement layers adjacent the
active region layer, upper and lower cladding layers adjacent
the confinement layers, outer edge faces perpendicular to the
active region layer, and electrodes by which voltage can be
applied across the epitaxial structure and the substrate. A
distributed feedback grating is formed on an aluminum free
section of the upper confinement layer. The grating is
comprised of periodically alternating elements differing
from one another in dielectric constant, and thus generally in
index of refraction, to provide optical feedback for a selected
effective wavelength of light generation from the active
region. Because the distributed feedback grating in accor-
dance with the invention is formed in a layer above the
active region, regrowth problems and the propagation of
dislocations that are encountered with gratings formed
below the active region layer are avoided. In addition, it has
been found, in accordance with the invention, that by
utilizing a confinement layer at least a section of which is
aluminum free, the grating may be readily etched in the
aluminum free confinement layer to provide a grating sur-
face on which additional epitaxial layers may be grown
without difficulty. Such devices are well-suited to being
formed to provide a wide emitting aperture, preferably at
least 25 um to provide high power lasing, which may be
defined by current confinement.

The invention may be incorporated in semiconductor
lasers having a GaAs substrate and epitaxial layers
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(preferably grown on (100) orientation on the substrate)
including an active region layer with single or multiple
quantum wells of InGaAs surrounded by InGaAsP barrier
layers, optical confinement layers of InGaP, with the dis-
tributed feedback grating formed in the top surface of the
upper InGaP confinement layer, and cladding layers of
InGaAIP or AlGaAs. The thickness of the upper confinement
layer and the spacing of the grating from the active region
layer is preferably at least about 0.2 um to ensure small
coupling to the grating. Small grating coupling coefficient,
K, is needed to maintain a kL. product of about unity, where
L is the cavity length between the edge faces of the laser,
which, in turn, ensures both efficient DFB laser operation as
well as single-longitudinal-mode operation to high drive
levels above threshold. Since watt-range lasers require long
cavities (L=1 mm), to keep kL~1 it is of critical importance
to have a low K value. Such structures can be formed to
operate in the range of 1 watt CW with a linewidth of less
than 1 A and at 1 watt pulsed (5 us-wide pulses) with a
linewidth of 1.2 A. Because the upper confinement layer of
InGaP is aluminum free, it may be etched in a conventional
manner to leave a surface of the grating on which regrowth
is readily accomplished.

Further objects, features and advantages of the invention
will be apparent from the following detailed description
when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a schematic diagram illustrating an example of
a composition for the active region layer and adjacent
confinement and cladding layers in accordance with the
invention.

FIG. 2 is a perspective view of an exemplary semicon-
ductor laser formed in accordance with the invention.

FIG. 3 are plots of CW power and wallplug efficiency as
a function of drive current for the exempla device of FIG. 2.

FIG. 4 is a plot of CW emission wavelengths for the
exemplary device of FIG. 2.

FIG. 5 are plots of emission wavelengths for pulsed
operation (quasi-CW) of the exemplary device of FIG. 2.

FIG. 6 is a simplified view of the detailed multi-layer
structure of an exemplary device in accordance with the
invention.

FIG. 7 is an illustrative diagram of an alternative exem-
plary composition for a semiconductor laser in accordance
with the invention.

FIG. 8 is an illustrative diagram of an alternative com-
position for a semiconductor laser which has an asymmetric
transverse optical waveguide.

DETAILED DESCRIPTION OF THE
INVENTION

For purposes of illustrating the present invention, a dia-
gram illustrating an exemplary multi-layer waveguide struc-
ture in accordance with the invention is shown in FIG. 1
along with a diagram of the band gap energy for the several
layers. The exemplary structure of FIG. 1 includes an active
region layer 10 including double quantum wells 11 of
InGaAs surrounded by InGaAsP barrier layers 12, a lower
confinement layer 14 and an upper confinement layer 185,
both formed of InGaP, and a lower cladding layer 17 of
n-type InGaAlP and an upper cladding layer 18 of p-type
InGaAlP adjacent to the lower and upper confinement
layers, respectively. A distributed feedback grating 20 is
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formed at the top of the upper confinement layer 15. The
upper confinement layer is formed of InGaP and is free of
aluminum. Thus, once the grating 20 has been formed in the
upper confinement layer 15, the upper cladding layer 18 and
subsequent layers may be readily grown over the grating.
The right-hand side of FIG. 1 is a diagram illustrating the
band gap energy levels of these various layers.

A simplified perspective view of a semiconductor laser
incorporating the waveguide layers of FIG. 1 is shown in
FIG. 2. The layers illustrated in FIG. 2 are epitaxially grown
on a GaAs substrate 22. It is preferred that the top surface
23 of the substrate 22 be the (100) surface and that the
epitaxial layers be grown on this surface exactly on orien-
tation. For exemplification only, current confinement may be
provided to define the emitting aperture by insulating layers
26 of SiO, over a cap layer 25 of p+ GaAs, with a top metal
electrode 27 in contact with the cap layer 25 at the top face
of the laser between the insulating SiO, layers to provide
electrical conduction thereto. A bottom metal electrode 29 is
formed on the bottom face of the substrate 22 so that voltage
may be applied across the semiconductor laser between the
electrodes 27 and 29. The width W of the metal electrode 27
in contact with the cap layer 25 defines the effective stripe
width of the semiconductor diode in the active layer 10 at
which light emission will occur.

A specific example of such a structure is a 100 ym wide
stripe laser which operates at 1.1 W CW with a linewidth of
09 A, and at 1 W quasi-CW (5 us pulse width at 2 kHz
repetition rate) with a linewidth of 1.2 A. The double
quantum well layers 11 are formed of In, ;Ga, o,As between
and separated by InGaAsP (bandgap energy=1.62 eV) bar-
rier layers 12, with the optical confinement layers 14 and 15
formed of In, ,,Ga, 5;P, and with the cladding layers 17 and
18 formed of In, 5 (Gag sAly 5)o.sP The large bandgap of the
Ing 5 (Gag sAly 5)o.sP cladding layers 17 and 18 ensures good
carrier confinement for these structures, resulting in higher
internal efficiencies than would be obtained from an entirely
aluminum free structure. The grating 20 is a second-order
grating that is holographically patterned and wet etched
directly into the InGaP upper confinement layer 15 over the
active region. As an example, the grating, which may have
a sinusoidal form, can have a period between adjacent peaks
of the periodic elements of about 2740 Aanda peak-to-peak
depth of about 500 A. Because InGaP is less prone to
oxidation than aluminum containing compounds, regrowth
over the grating is readily accomplished. Thus, the InGaAlP
upper cladding layer 18 is simply grown over the grating 20,
followed by the p+ GaAs cap layer 25. This structure can be
designed, for example, to lase at 0.894 um. Multiple oxide
stripe broad area laser structures may be processed from this
material by cleaving the bars perpendicularly to the stripe
along the crystal facets to provide an emitting edge face 31
and an opposite reflecting edge face 32 to produce 1
mm-long lasers with, e.g., 5% reflectivity at the emitting
edge face 31 and 95% facet reflectivity at the reflecting edge
face 32.

The CW power-current curve 35 for a 1 mm-long, 100
um-wide laser in accordance with the invention at 10° C. as
shown in FIG. 3, and illustrates that the threshold current
density, J,,, is 240 A/cm?, the differential quantum
efficiency, n,, is 51%, and the wallplug efficiency curve 36
shown in FIG. 3 illustrates that the wallplug efficiency m,
reaches a maximum value of 32% at 1.1 W (7.3 times
threshold). By comparison, devices made without the dis-
tributed feedback grating 20 but with otherwise the same
structure and dimensions have, at 20° C., a J,,, of 225 A/cm?
and 1, of 62% with characteristic temperatures T,=200K
and T,=480K.
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