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[571 ABSTRACT

A high power monolithic surface emitting semiconductor
laser provides a single lobe far-field radiation profile which
is emitted normal to the plane of a surface of the semicon-
ductor laser structure. The semiconductor laser includes an
active region layer at which light is emitted and a complex-
coupled distributed feedback grating positioned to act upon
light from the active region. The adjacent elements of the
distributed feedback grating differ from one another in both
refractive index and gain/loss. The grating period, or the
combined width of the two adjacent grating elements, is
selected to be equal to a full wavelength in the semicon-
ductor structure of the light emitted from the active region.
Lasing occurs in a symmetric mode, resulting in emission of
light from a planar surface of the semiconductor structure
perpendicular to the surface. the grating layer and the active
region layer as long as the modal-gain difference between
symmetric and antisymmetric modes due to optical-field
overlap with the gain/loss grating overcomes the modal-gain
difference based on radiation losses.

24 Claims, 10 Drawing Sheets
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SINGLE LOBE SURFACE EMITTING
COMPLEX COUPLED DISTRIBUTED
FEEDBACK SEMICONDUCTOR LASER

FIELD OF THE INVENTION

This invention pertains generally to the field of semicon-
ductor diode lasers and particularly to surface-emitting
distributed 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
layer with the resulting emission of light. The layers adja-
cent 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 one type of
edge emitting semiconductor laser, crystal facet mirrors are
located at opposite edges of the multilayer 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 than conventional fac-
ets 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 semiconductor
laser structure. Such distributed feedback (DFB) lasers are
discussed in, e.g.. papers by H. Kogelnik, et al., “Coupled-
Wave Theory of Distributed Feedback Lasers”, J. Appl.
Phys.. Vol. 43, No. 5, May 1972, pp. 2327-2335; Charles H.
Henry, et al., “Observation of Destructive Interference in the
Radiation Loss of Second-Order Distributed Feedback
Lasers.” IEEE J. of Quantum Electronics, Vol. QE-21, No.
2. February 1985. pp. 151-153; Roel G. Baets. et al., “On the
Distinctive Features of Gain Coupled DFB Lasers and DFB
Lasers with Second Order Grating.” IEEE J. of Quantum
Electronics. Vol. 29, No. 6, June 1993, pp. 1792-1798; and
Klaus David, et al., “Basic Analysis of AR-Coated, Partly
Gain-Coupled DFB Lasers: The Standing Wave Effect.”
IEEE J. of Quantum Electronics, Vol. QE-28. No. 2, Feb-
ruary 1992, pp. 427433.

Since the early 70’s, there has been interest in both
theoretical and experimental studies of surface-emitting
(SE) grating-coupled distributed-feedback (DFB) lasers. It
has been demonstrated that 2*%-order SE-DFB lasers have
attractive features such as dynamic single-mode operation.
high output power, integrability with other optical
components, and surface emission of light in directions
substantially normal to the film waveguide. Second-order
gratings provide both reflection of guided waves by means
of second-order diffraction as well as radiation of free waves
away from the film surface as a result of first-order diffrac-
tion. Consequently, second order SE-DFB lasers would
appear to be good candidates for the realization of blue/
green lasing by carrier injection from GaN-based structures.
for which the implementation of conventional Fabry-Perot
resonant cavities by wafer cleaving or dry chemical etching
is not generally feasible due to the physical characteristics of
the grown GaN-based structures. However. in surface emit-
ting index coupled distributed feedback (IC-DFB) devices
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the radiation loss is the mode discriminator, and the mode of
least radiation loss is invariably an asymmetric one, so that
all such devices have operated with a two-peaked antisym-
metric near-field pattern and a corresponding double-lobed
far-field beam pattern. The latter feature is obviously not
desirable for laser-array applications, since only half the
emission can be used. Furthermore, due to the severe
nonuniformity of the near-field intensity profile. IC-DFB
lasers are rather vulnerable to gain spatial hole burning
(GSHB), which in turns causes multimode operation.

Several methods for making the far-field pattern approach
that of a single-lobed profile have been recently proposed.
They include the incorporation of a phase-shifting film
above the grating structure, chirping the grating structure, or
preferential pumping. However. these methods. respectively.
result in a non-monolithic structure. off-normal radiation.
and reliance on the carrier-induced index depression, a
fundamentally unreliable technique. Furthermore. all such
structures have significantly nonuniform near-field intensity
patterns, which makes them vulnerable to GSHB.

Edge-emitting complex-coupled (CC) DFB lasers con-
sisting of periodic variations of both index and gain have
recently received much attention. Such devices have several
advantages over the conventional IC-DFB lasers. Some of
these remarkable properties include high yield of single-
longitudinal-mode operation. large gain threshold
difference. reduced spatial hole burning effects, facet-
reflectivity-independent characteristics, relatively low sen-
sitivity to feedback, and a relatively small Linewidth
enhancement factor. The theoretical analyses of the
CC-DFB lasers which have been reported have been for
first-order Bragg-grating devices (i.c., edge emitters).

SUMMARY OF THE INVENTION

The present invention provides a high power surface
emitting semiconductor laser with a single lobe far-field
radiation profile which is normal to the plane of the surface,
and a nearly uniform near-field intensity pattern. Single
lobe, single frequency operation of the semiconductor laser
can be achieved at high power levels with high efficiency.
Further, the laser can be constructed utilizing a wide variety
of material systems, including gallium nitride. to permit
selection of desired laser light wavelengths, including light
in the blue/green wavelengths.

The semiconductor laser of the invention is formed with
a complex-coupled distributed feedback (CC-DFB) struc-
ture which includes regions of periodic variation of both
refractive index and gain. As used herein. the term “gain”
refers to the value of the optical mode gain or absorption
(loss) at a particular location. In accordance with the present
invention, such periodic variations are selected to form
second order or higher even order periodic structures or
gratings which meet the necessary Bragg condition. In
particular, the grating period is selected to be equal to a full
wavelength in the semiconductor structure (a second order
DFB device) or multiples of a full wavelength. The grating
is positioned to act upon light emitted from the active region
in the semiconductor structure. For the complex coupled
grating devices of the present invention. the periodic gain
modulation favors lasing in the symmetric mode in spite of
the relatively high radiation losses of this mode. It is found
that the symmetric mode has a significantly larger gain
overlap factor value than the antisymmetric mode, and that,
above certain gain values. this better modal gain overlap
more than compensates for the difference in radiation losses
and thus causes the symmetric mode to have the lowest gain
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threshold. Under such conditions, emission of light occurs
perpendicular to the plane of the grating from a planar face
surface of the semiconductor laser device.

Semiconductor lasers in accordance with the present
invention may be constructed of entirely monolithic struc-
tures. The periodic modulation of refractive index and gain
may be incorporated in the active layer itself or, if a
preferred structure. in layers adjacent to the active region
layer. In one form of the latter structures, metal gratings
having the desired spacing and variation in refractive index
and gain can be formed on the surface of a layer of the
semiconductor structure by patterning the metal on the
surface of the semiconductor material to produce the grating.

A typical construction for a semiconductor laser in accor-
dance with the invention provides a semiconductor structure
including a substrate, an active region layer. cladding layers
surrounding the active region layer, outer faces. electrodes
by which voltage can be applied across the semiconductor
structure, an opening in one electrode by which the light is
emitted. and a region of periodically alternating elements in
a layer formed on or in the semiconductor structure which
defines a distributed feedback grating, the adjacent elements
of the grating differing from one another in both index of
refraction and gain, each pair of adjacent elements together
having a width selected to be substantially equal to an
integer multiple of the effective wavelength in the grating
region of the favored mode of light emission.

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 view of a semiconductor laser
structure incorporating periodic variations of refractive
index and gain in the active region layer.

FIG. 2 is a graph illustrating the normalized net gain
thresholds (2 gl) versus the normalized Bragg-frequency
deviation (8L) for the first seven longitudinal modes for both
a pure IC-DFB laser .and an in-phase CC-DFB laser.

FIG. 3 are graphs illustrating the near-field radiation
patterns of the three modes with the lowest gain threshold
for an in-phase CC-DFB laser.

FIG. 4 are graphs illustrating the far-field radiation pattern
of the three modes with the lowest gain threshold for an
in-phase CC-DFB laser.

FIG. 5 is a plot illustrating the normalized net gain
threshold versus the normalized Bragg-frequency deviation
for the first seven longitudinal modes of an in-phase
CC-DFB laser structure designed to perfectly meet the
Bragg resonance condition.

FIG. 6 is a graph of the near-field radiation pattern of the
lasing mode of the example laser structure referred to in
FIG. §

FIG. 7 is a graph of the far-field radiation pattern of the
lasing mode for the laser referred to in FIG. 5.

FIG. 8 is an illustrative cross-sectional view of a semi-
conductor laser structure in accordance with the present
invention incorporating a metal grating formed on a surface
of the semiconductor material which meets the conditions of
the present invention.

FIG. 9 is a cross-sectional view of the grating portion of
the structure of FIG. 8 taken generally along the lines 9—9
of FIG. 8.

FIG. 10 is an illustrative cross-sectional view of another
semiconductor laser structure in accordance with the inven-
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tion which includes a distributed feedback grating formed in
the semiconductor material itself utilizing quantum well
absorbing layers.

FIG. 11 is an illustrative cross-sectional view of another
semiconductor laser structure in accordance with the inven-
tion incorporating a distributed feedback grating meeting the
conditions of the present invention formed of strips of
semiconductor.

FIG. 12 is a cross-sectional view of the grating portion of
the device of FIG. 11. taken generally along the lines 12—12
of FIG. 11.

FIG. 13 is an illustrative partial perspective view of a
semiconductor laser device in accordance with the invention
with a resonant phase-locked array and large-area surface
emission.

FIG. 14 is an illustrative diagram showing an example
composition for the active layer for the device of FIG. 13.

DETAILED DESCRIPTION OF THE
INVENTION

For purposes of understanding the principles of the
present invention, an analysis of the lasing characteristics of
“in-phase.” 2"“-order complex coupled-distributed feedback
(CC-DFB) lasers is given below. To illustrate the basic
operational characteristics of 2"/-order CC-DFB lasers, a
simple three-layer dielectric structure is shown in FIG. 1
having spatial modulation of both the dielectric permittivity
and the gain of the active layer (i.c.. the film). Furthermore,
since the behavior of 2"“-order DFB lasers in general
depends only on the zeroth, first, and second harmonics of
the grating profile, and is generally independent of the
grating shape and the coupling mechanism, only the first
three harmonics of the modulation functions are analyzed.
The modulation of dielectric permittivity e{z) and gain g{7)
as a function of lateral position z in the film for purposes of
the present analysis is given by the following equations:

€{z)=eq+Den cos(kz+9, 5%, cos(Zkz+0;)
842 [gp+8p €OS (kz+d, gy, cos (2hz+,)]

where €4, €. €. 8n+ & are constants, & indicates the order
of smallness, k=27/A where A is the grating period, and 0.
6,. ¢,. $, are selected phase angles.

Then, using the coupled-mode theory approximation, the
governing equations for the slowly varying modal ampli-
tudes of forward [A*(z)] and backward (A7(z) | traveling
waves are obtained as:

Edz- At=CnAt+ CnA~ &

- z‘-i— A-=CyAt+ CpA- @
where the coupling coefficients C,, and C,, provide infor-
mation about the gain threshold. the Bragg-frequency
deviation, and the radiation loss, while C,, and C,, provide
the laser feedback as well as the radiation effects. Solution
of these governing equations subject to classic boundary
conditions [i.e.. A*(z=0)=A"(z=L)=0] leads to the oscillation
condition. From the complex solution of this relation, the
gain threshold. Bragg-frequency deviation, and ultimately
power-excitation efficiencies of the guided and radiated free
waves of the longitudial modes are determined.

Unless otherwise mentioned, in the numerical examples
that follow, it is assumed that the refractive index of the
cover 20, film 21. and substrate 22 regions of the illustrative






	Bibliography
	Abstract
	Drawings
	Description

