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[57] ABSTRACT

A phase-locked laser array comprises a substrate with
two spaced-apart pluralities of channels extending
towards different reflecting surfaces of the array. The
axes of symmetry of the channels of one plurality are
offset from the axes of symmetry of the channels of the
second plurality. Coupling of light propagating in the
optical waveguides over one plurality of channels into
the waveguides over the second plurality of channels
induces a zero phase difference between the laser oscil-
lations of adjacent channels.
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1
PHASE-LOCKED LASER ARRAY

PHASE-LOCKED LASER ARRAY

The invention described herein was made in the per-
formance of work under NASA Contract No. NAS
1-17441 and is subject to the provisions of Section 305
of the National Aeronautics and Space Act of 1958 (72
Stat. 435; 42 U.S.C. 2457).

The invention relates to a monolithic array of cou-
pled lasing regions with means for producing zero
phase difference between the optical fields in all adja-
cent lasing regions. '

BACKGROUND OF THE INVENTION

A semiconductor injection laser typically comprises a
body of semiconductor material having an active layer
between clad regions of opposite conductivity type. To
increase the output power, a guide layer having a re-
fractive index which is intermediate that of the active
layer and a clad region may be interposed between one
of the clad regions and the active layer. Light generated
in the active layer propagates in both the active and
guide layer thereby forming a larger beam at the emit-
ting facet. Because of the refractive index difference
between the clad regions and the active layer, or the
combination of the active and guide layers, oscillation
in the direction perpendicular to the plane of the layers
is restricted to the fundamental transverse mode. In the
fateral direction, a direction in the plane of the layers
perpendicular to the direction of light propagation, a
structural variation, such as one or more channels in the
substrate, is used to form an optical waveguide which
restricts the oscillation to the fundamental lateral mode.
Lasers incorporating transverse and lateral waveguides
such as those disclosed by Botez in U.S. Pat. No.
4,347,486 may have output powers in an excess of about
40 milliwatts (mW) in the fundamental lateral and trans-
verse mode.

To increase the output power beyond that of an indi-
vidual laser, monolithic arrays of spaced apart lasing
regions, such as disclosed by Botez et al. in U.S. Pat.
No. 4,547,396, have been fabricated with the lasing
regions coupled to one another to form a phase-locked
array operating as a single source. Arrays which oper-
ate in the single longitudinal mode at an output power
as high as 80 mW have been observed. However, many
of these devices exhibit a far field radiation pattern in a
lateral direction consisting of two lobes symmetrically
located about the normal to the emitting surface of the
array. This far field radiation pattern is undesirable from
a systems viewpoint because a large fraction of the
beam cannot be used in systems with beam-forming
optics.

As discussed by Butler et al., Applied Physics Letters
44, 293 (1984), this far field distribution can be under-
stood from gain considerations that cause adjacent las-
ing regions to operate such that their relative phase is
180°. It would thus be desirable to have a phase-locked
laser array which included a means for reducing the
likelihood of an array operating with 180° phase differ-
ence between adjacent lasing regions.

SUMMARY OF THE INVENTION

A phase-locked laser array comprises a body of semi-
conductor material with a pair of reflecting surfaces to
form the laser cavity. The body includes a substrate
having first and second pluralities of channels extending
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a distance into the substrate from a surface thereof, with
the axes of symmetry of the channels of the two plurali-
ties being offset from one another. The two pluralities
of channels are spaced apart from one another with
each of the pluralities extending towards different re-
flecting surfaces. Laser oscillations in a cavity region
overlying the substrate will then be centered over the
channels. Because of the offset between the axes of
symmetry of the channels in the two pluralities, mixing
of the modes of oscillation will occur which will favor
zero degree phase difference between the oscillations
over adjacent channels.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a perspective view of a laser array of the
invention.

FIGS. 2 and 3 are cross-sectional views along the
lines 2—2 and 3—3 of FIG. 1, respectively.

FIG. 4 s a perspective view of the substrate incorpo-
rated in the array of the invention.

FIG. 5 is a perspective view of a second embodiment
of the laser array of the invention.

FIG. 6 is a cross-sectional view along the line 6—6 of
FIG. 5.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In the FIGURES the same elements of the laser ar-
rays of the invention have the same numerical identifi-
cation. ’

In FIGS. 1-3, a laser array 10 comprises a body 12 of
semiconductor material having spaced, parallel reflect-
ing surfaces 14a and 145 with the reflecting surface 14a
being partially transparent so that laser light may be
emitted therefrom. The body 12 also includes spaced-
apart side surfaces 16 which extend between the reflect-
ing surfaces 14a¢ and 14b.

The semiconductor body 12 includes a substrate 18
having first and second major surfaces 20 and 22, re-
spectively, which extend between the reflecting sur-
faces 14a and 14b and the side surfaces 16. As shown in
FIG. 4, the first major surface 20 has therein spaced-
apart first and second pluralities 232 and 23b, respec-
tively, of channels 24 with lands 26 therebetween. The
channels 24 extend a distance into the substrate 18 from
the first major surface 20. The two pluralities of chan-
nels are separated by a transition region 21 which ex-
tends transversely, preferably substantially perpendicu-
larly, to the channels 24. The axes of symmetry of the
channels 24 of the first and second pluralities 232 and
23b, respectively, extend in the longitudinal direction,
the direction perpendicular to the reflecting surfaces
14a and 14b and parallel to the first major surface 20.
The axes of symmetry of the channels 24 of the plurali-
ties 23z and 23b, as illustrated by the dotted lines 272
and 275, respectively, in FIG. 4 are offset from another
in the lateral direction, the direction perpendicular to
the axes of symmetry and in the plane of the first major
surface 20.

A first clad region 28 overlies the major surface 20,
the transition region 21, the channels 24 and the lands
26. A cavity region 30, which overlies the first clad
region 28, includes a guide layer 32 overlying the first
clad region 28 and an active layer 34 overlying the
guide layer 32. A second clad region 36 overlies the
cavity region 30 and a capping layer 38 overlies the
second clad region 36. An electrically insulating layer
40 having an opening 42 extending therethrough over
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the channels 24 overlies the capping layer 38. A first
electrical contact 44 overlies the capping layer 38 in the
opening 42. A second electrical contact 46 overlies the
second major surface 22.

In FIGS. 5 and 6, a phase-locked laser array 60 is
identical to the array 10, as shown in FIGS. 1-3, except
that the first electrical contact 44 overlying the cap
layer 38 is segmented into first and second subcontacts
44a and 44b respectively. The first subcontact 44a is
over the first plurality 232. The second subcontact 445
is over the second plurality 235 and the transition region
21. Preferably the first plurality 23a of channels 24
extend toward the reflecting surface 14a through which
light is emitted from the array. In addition, the transi-
tion region 21 is illustrated as comprising a channel
extending a distance into the substrate 18 from the sur-
face 20.

The materials used for the array should be such that
the refractive index of the active layer 34 is greater than
the refractive index of the guide layer 32 which, in turn,
is greater than the refractive indices of the first and
second clad regions 28 and 36, respectively. The array
may be formed of materials such as GaAs and AlGaAs
alloys which have the requisite refractive index differ-
ences. Alternatively, alloys of other Group III and
Group V elements including In, P and Sb may be used.

The array of the invention may be fabricated using
well-known photolithographic masking and etching
techniques to form the channels followed by standard
liquid-phase epitaxy techniques to deposit the layers
.over the surface containing the channels. Typically,
selective chemical etching of a substrate surface having

-:a particular crystallographic orientation is used to form
~channels of the desired shape. Suitable liquid-phase
-epitaxy techniques have been disclosed by Lockwood et
al. in U.S. Pat. No. 3,753,801, Botez in U.S. Pat. No.
4,347,486 and by Botez et al. in U.S. Pat. No. 4,547,396,
--all of which are incorporated herein by reference.

The substrate 18 and the first clad region 28 are of
one conductivity type and the second clad region 36
-and the capping layer 38 are of the opposite conductiv-

fity type. The guide layer 32 is preferably positioned
between the first clad region 28 and the active layer 34,
<as shown in FIG. 1 and, in this case has the same con-
ductivity type as the first clad region 28. In some appli-
cations the guide layer 32 may be positioned between
the active layer 34 and the second clad region 36, in
which case the guide layer 32 has the same conductivity
type as the second clad region 36. In other applications
the guide layer 32 may not be present.

The substrate 18 is preferably composed of N-type
GaAs having a first major surface 20 which is parallel to
or slightly misoriented from the (100) crystallographic
plane. It is to be understood that the substrate 18 is also
meant to include an epitaxial layer on the surface 20 in
which the channels 24 are formed or through which the
channels 24 extend into the substrate 18.

The pluralities of channels 232 and 23b are separated
by the transition region 21 and extend from the transi-
tion region 21 towards different reflecting surfaces and
may contact these surfaces as shown in the FIGURES.

The channels 24 within a plurality are preferably
substantially parallel and uniformly spaced and are typi-
cally between about 1.5 and 2.5 micrometers (um) deep,
having a width at the first major surface 20 between
about 3 and 4 um with a typical center-to-center spac-
ing between about 4 and 8 um. Preferably the center-to-
center spacing and the dimensions of the channels of the
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two pluralities are the same. The channels 24 are typi-
cally V-shaped but may have another shape such as a
rectangular or square shape. A channel 24 together with
the spatially varying thickness of the overlying first
clad region 28 provides a refractive index waveguide
over the channel 24 which defines a lasing region of the
array. The offset between the axes of symmetry of the
channels of the two pluralities is greater than zero and
less than the center-to-center spacing between adjacent
channels. Preferably the two pluralities of channels 24
are offset from one another such that the axes of sym-
metry 27a of the first plurality 23a bisects the lands 26 of
the second plurality 235 and vice versa as shown in
FIG. 4. In the embodiment of FIGS. 1-3, the channels
24 of the pluralities 23a and 235 typically are of equal
length and are typically between about 50 and 150 pm
in length. In the embodiment of FIGS. 5-6, the channels
24 of the first plurality 23a are typically much shorter in
length than the channels 24 of the second plurality 235
and are typically between about 20 and 30 pm in length.

The transition region 21 may be a flat portion of the
surface 20 as shown in FIGS. 1-4 if the material com-
prising the substrate 18 is non-absorbing at the laser
wavelength. Alternatively, if the substrate is absorbing
at the laser wavelength, the transition region 21 prefera-
bly comprises a channel extending a distance into the
substrate 18 from the surface 20 as shown in FIGS. 5-6.
The depth of this channel is typically the same as that of
the channels 24. The transition region 21 typically has a
width between about 5 and 25 pm between the first and
second pluralities 23¢ and 235 respectively.

The first clad region 28 is typically composed of
N-type Al,Ga;_,As where r is between about 0.2 and
0.45 and preferably about 0.4. The region 28 is compara-
tively thin over the lands 26 between the channels 24,
being between about 0.1 and 0.4 pm thick, and prefera-
bly has a substantially planar surface upon which the
succeeding layers and regions are deposited. The guide
layer 32, if present, is typically composed of N-type
Al,Gaj—xAs where x is between about 0.15 and 0.3 and
is preferably between about 0.18 and 0.25. This layer is
typically between about 0.3 and 0.6 pm thick and is
preferably about 0.4 pm thick. The active layer 34 is
typically composed of AlyGa;—yAs where y is between
about 0.0 and 0.15, typically between about 0.03 and
0.15, and is typically between about 0.05 and 0.12 pm
thick. The second clad region 36 is typically between
about 0.8 and 1.5 um thick and is composed of P-type
Al,Ga; - ;As where z is between about 0.25 and 0.45 and
is preferably about 0.4. The capping layer 38 is typically
between about 0.5 and 1.0 pm thick and is composed of
P-type GaAs. This layer is used to facilitate ohmic elec-
trical contact between the underlying semiconductor
material and an overlying electrical contact.

The electrically insulating layer 40 is preferably com-
posed of a silicon oxide which is deposited on the cap-
ping layer 38 by pyrolytic decomposition of a silicon-
containing gas such as silane in oxygen or water vapor.
The opening 42 is formed using standard photolitho-
graphic masking techniques and etching processes. Al-
ternatively the insulating layer 40 may have a plurality
of openings over the channels 24 with the first electrical
contact 44 overlying the capping layer 38 in these open-
ings to form a plurality of electrically-connected stripe
contacts to the body 12. The first electrical contact 44 is
preferably composed of sequentially evaporated tita-
nium, platinum and gold layers. The second electrical
contact 46 is formed by sequential evaporation of ger-
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manjum, gold, nickel and gold followed by a sintering
step.

In addition, means other than the electrically insulat-
ing layer 40 may be used to confine the electrical cur-
rent flow. For example, a region of opposite conductiv-
ity type to that of the substrate 18 can be interposed
between the lands 26 and the first clad region 28 or can
be incorporated into a buffer layer on the major surface
20 through which the channels 24 extend. Alterna-
tively, the cap layer 38 may be of the opposite conduc-
tivity type to that of the second clad region 36 with
regions of the same conductivity type as that of the
second clad region 36 extending therethrough over the
channels 24. The combination of the electrical contacts
44 and 46 together with the insulating layer 40 or other
means for confining the current flow, if present, com-
prise a means for providing electrical contact to the
semiconductor body 12.

In the operation of the array 10 a bias voltage of the
proper polarity is applied to the electrical contacts of
the semiconductor body, producing spaced-apart lasing
regions in the cavity region over the channels. The
lateral variation in the separation between the cavity
region and the substrate in the vicinity of a channel,
together with absorption to the substrate. in regions
between channels, and with the transverse variation in
the bulk refractive indices, produces a lateral variation
in the transverse in real and imaginary parts of the re-
fractive index thereby forming a local refractive-index
guide in the lateral direction for light propagation in
each channel. The evanescent tails of the radiation dis-
tribution in the lateral direction in the waveguide over
a particular channel provide the coupling between the
lasing regions over adjacent channels. In most arrays
gain considerations when coupling between lasing re-
gions over each channel occurs cause the adjacent re-
gions to operate such that their relative phase difference
is 180°. In the array of the invention, however, the two
pluralities of channels are offset from one another and
separated by the unguided region above the transition
region 21. The lateral waveguide is not present over the
transition region 21 so that light exiting, for example,
from the lasing regions over the channels of the second
plurality 23b is diffracted in the lateral direction and a
portion thereof is coupled into the lasing regions over
the offset channels 24 of the first plurality 23a. This
diffractive coupling between the lasing regions over the
first and second pluralities occurs best when the oscilla-
tion over adjacent lasing regions have a zero degree
phase difference. Thus, 0°-phase-shift operation has
least loss and subsequently low threshold, and will be
preferred to occur over 180°-phase-shift operation.

In the operation of the array 60 the subcontacts 44a
and 44) are independently energized. Thus the current
through the lasing regions over the first plurality of
channels 44a can be varied independently from the
current flow through the lasing regions over the second
plurality 23b and the transition region 21. The length of
the channels 24 beneath the subcontact 445 between the
reflecting surfaces is preferably sufficient so that laser
action can occur thereunder, while the length of the
channels 24 beneath the subcontact 44a is preferably
such that laser action cannot occur thereunder. Typi-
cally the current flow through the second subcontact
44) is sufficient for laser action to occur thereunder.
The laser gain in this section is then clamped at the
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the subcontact 44q is short, this section will not exhibit
laser action and the gain will continue to increase with
increasing current. The index waveguides over the first

6

plurality 23q of channels 24 will then, with this pumping
action and resulting in high gain, serve as an amplifier
for the laser oscillations generated in the wavegnides
over the second plurality 235. In addition, because of
the resulting difference in gain the optical loss of the
in-phase mode can be minimized without affecting the
lasing operation, thereby favoring in phase operation of
adjacent elements of the array.

We claim:

1. A phase-locked laser array comprising:

a body of semiconductor material having first and
second reflecting surfaces, at least one of which is
partially transparent at the laser wavelength;

said body including:

a substrate having first and second opposed major
surfaces;

first and second spaced-apart pluralities of channels
with lands therebetween extending a distance into
said substrate from said first major surface with
each of said pluralities extending toward a different
reflecting surface of said body, the axes of symme-
try of the channels of the two pluralities being
offset from one another in the lateral direction;

a first clad region overlying said channels and said
lands;

a cavity region overlying said first clad region;

a second clad region overlying said cavity region;
and

means for electrically contacting said body;

wherein the channels of each plurality are spaced an
effective distance apart such that the optical fields
in the cavity region over adjacent channels are
coupled to one another.

2. The array of claim 1 wherein said pluralities are
spaced apart by a transition region extending transverse
to the axes of symmetry of the channels.

3. The array of claim 2 wherein said transition region
comprises a channel extending a distance into said sub-
strate from said first major surface.

4. The array of claim 3 wherein the axes of symmetry
of the channels of said first plurality bisect the lands
between the channels of said second plurality.

5. The array of claim 2 wherein said transition region
comprises a flat portion of said first major surface.

6. The array of claim 5 wherein the axes of symmetry
of the channels of said first plurality bisect the lands
between the channels of said second plurality.

7. The array of claim 2 wherein said means for electri-
cally contacting said body includes a first electrical
contact overlying said second clad region over said
channels.

8. The array of claim 7 wherein said first contact
comprises 2 first subcontact overlying said second clad
region over said first plurality and a second subcontact,
spaced apart from said first subcontact, overlying said
second clad region over said second plurality and said
flat portion.

9. The array of claim 2 wherein said means for electri-
cally contacting said body includes a first electrical
contact overlying said second clad region over said
channels.

10. The array of claim 9 wherein said first contact
comprises a first subcontact overlying said second clad
region of said first plurality and a second subcontact,
spaced apart from said first subcontact, overlying said
second clad region over said second plurality.

11. The array of claim 10 wherein the axes of symme-
try of the channels of said first plurality bisect the lands

between the channels of said second plurality.
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