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ANGLED-FACET FLARED-WAVEGUIDE
TRAVELING-WAVE LASER AMPLIFIERS

Background of the Invention

This invention relates to semiconductor laser amplifiers
and, more particularly, to semiconductor traveling-wave laser amplifiers
characterized by wide bandwidth and high output saturation power.

In an optical fiber transmission system, traveling-wave
laser amplifiers are designed to directly amplify optical signals without
converting them into electrical signals. Such amplifiers are particularly
useful as optical repeaters and preamplifiers in high-bit-rate and
multichannel systems.

To achieve a high-quality traveling-wave laser amplifier
exhibiting wide bandwidth and high output saturation power, it is necessary
that the facet reflectivity of these semiconductor devices be extremely low.
Previously, this type of amplifier relied solely on extremely low-reflectivity
coatings formed on the facets of the device. Coupling between transmitted
and reflected modes was thereby reduced sufficiently to suppress the Fabry-
Perot gain resonance of the device. Such low facet reflectivity was achieved
only by extremely tight control of the refractive indices and thicknesses of
dielectric coatings formed on the facets of the device.

In an effort to relax the difficult low-reflectivity
coating requirement involved in making high-quality semiconductor
traveling-wave laser amplifiers, various modified structures have been
proposed and demonstrated. One advantageous such modified structure is
described in "Fabrication and Performance of 1.5pm GalnAsP Traveling-
Wave Laser Amplifiers With Angled Facets", Electronics Letters, 1987, 23,
pages 990-992. In the described angled-facet device, the Fabry-Perot
resonance is suppressed by slanting the waveguide (gain region) of the
device from the cleavage plane such that internal light reflected by the
cleaved facets does not couple back into the waveguide directly and is
therefore mostly lost. By adding low-reflectivity (antireflection) coatings to
such an angled-facet device, a high quality traveling-wave laser amplifier
characterized by high coupling efficiency to single-mode optical fibers is
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realized, as described in "1.3pm GalnAsP Near-Traveling-Wave Laser
Amplifiers Made By Combination of Angled Facets And Antireflection
Coatings", Electronics Letters, 1988, 24, pages 1275-1276.

Even without in-situ monitoring of the output
characteristics of an angled-facet traveling-wave laser amplifier during
deposition of its antireflection facet coatings, relatively low effective modal
facet reflectivity can be routinely realized. Less than 0.1% effective modal
reflectivity has been achieved at a wavelength of 1.3pum in a buried
heterostructure and at 1.5pm in a ridge-waveguide structure.

In principle, the effective modal refectivity of an
angled-facet antireflection-coated traveling-wave laser amplifier can be
further reduced by increasing the slant angle of the waveguide or increasing
the mode width of light propagated in the waveguide. However, a limitation
on such reduction is imposed by the fact that as the slant angle is increased
the required antireflection coating becomes polarization dependent.
Further, as the slant angle increases, coupling losses between the amplifier
and associated input and output fibers also increase. And, as the mode
width is increased, high-order lateral modes having wide angular spread are
supported by the waveguide. At some point, the reflectivity attributed to
these high-order modes negates the decrease in reflectivity of the
fundamental mode and causes the overall effective modal reflectivity to
actually increase.

Accordingly, efforts have continued by workers skilled
in the art aimed at trying to devise simple and effective ways of further
reducing the effective modal reflectivity of traveling-wave laser amplifiers.
It was recognized that these efforts, if successful, had the potential for
providing low-cost high-quality laser amplifiers suitable for use in
commercially important transmission systems.

Summary of the Invention

In accordance with the principles of the present
invention, the effective modal reflectivity of an angled-facet antireflection-
coated traveling-wave laser amplifier is significantly reduced by flaring the
waveguiding portion of the amplifier in the vicinity of the facets. In that
way, the mode width of the fundamental mode is gradually increased from
what it is in the straight or main middle portion of the waveguide. This
mode-width transition of the fundamental mode is accomplished with very

little loss. Moreover, high-order lateral modes generated in the flared
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portions near the facets suffer both high transition loss when they are
reflected back to the straight waveguide and less optical gain in the straight

waveguide due to a smaller optical confinement factor in the straight

portion.
In one embodiment of the invention, the entire extent

of the waveguide in the amplifying device includes both an active region and
a co-extensive passive waveguiding region. In another embodiment, the
waveguides in the flared portions each include only passive waveguiding
regions.

Brief Descrintion of the Drawi

A complete understanding of the present invention and
of the above and other features and advantages thereof may be gained from
a consideration of the following detailed description presented hereinbelow
in connection with the accompanying drawing, not drawn to scale, in which:

Fig. 1 is a simplified schematic view of an index-guided
semiconductor
traveling-wave laser amplifier made in accordance with the principles of the
present invention showing only a top view of the waveguiding portion

thereof;
Fig. 2 is a cross-sectional view at line 2 of Fig. 1 in the

direction of arrow 4 showing in schematic form the straight waveguiding
portion of a buried heterostructure traveling-wave laser embodiment of the

invention,
and Fig. 3 is a cross-sectional view at line 3 of Fig. 1 in

the direction of arrow 5 showing in schematic form one of the flared
waveguiding portions of a buried heterostructure traveling-wave laser

embodiment of the invention.

Detailed Descripti

In accordance with the invention, the active waveguide
(gain region) of a conventional index-guided traveling-wave laser amplifier
is slanted from the cleavage or facet plane such that any internal light
reflected by cleaved facets does not couple strongly back into the waveguide
and is therefore mostly lost. Thus, as seen in Fig. 1, waveguide 10 having
main longitudinal axis 12 is disposed at an angle 6 with respect to line 14
which is perpendicular to a planar right-hand facet 16 of the depicted
amplifying device. Accordingly, the depicted device may be regarded as
having angled facets relative to the slanted waveguide.
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The device represented in Fig. 1 also includes a planar
left-hand facet 18, which is parallel to the facet 16. By way of example,
each of the depicted facets is covered with a simple single-layer
antireflection coating made of a dielectric material. Each of these
antireflection coatings is designed to have a refractive index equal to the
square root of the effective refractive index of the waveguide and a
thickness equal to approximately one-quarter wavelength of the light
propagated in the antireflection coating. In Fig. 1, the coatings formed on
the facets 16 and 18 are designated by reference numerals 17 and 19,
respectively.

The slanted waveguide 10 of Fig. 1 includes a relatively
long straight or main middle portion 20 and relatively short flared portions
22 and 24 at the respective ends of the straight portion 20. Angle 8, is a
measure of the extent of the flare of the portions 22 and 24 with respect to
the straight portion 20. As specified later below, the angle 0, is selected to
minimize transition losses in the optical signal that propagates in the
waveguide 10.

Assuming a Gaussian field distribution of the optical
signal propagated in the slanted waveguide 10 of FIG. 1, it is known that the
effective modal reflectivity R of the depicted device is given by the
expression

wnWo; 2
- (1)

R=R,e
where R, is the Fresnel reflectance, n is the effective refractive index of the
waveguide 10, W is the mode width of the optical signal propagated in the
waveguide 10, 0 is the slant angle of the waveguide 10, and \ is the
wavelength of light propagated in the waveguide 10. It is evident therefore
that the effective modal reflectivity of a known slanted-waveguide device
can be reduced by increasing 8, or increasing W. But, as discussed earlier
above, there are practical limitations to the extent to which 6; or W can be
increased.

In accordance with the principles of the present
invention, the mode width of the optical signal that propagates in the
straight portion 20 of the waveguide 10 of FIG. 1 is gradually changed as it
propagates to or from the flared portions 22 and 24. Because of the gradual

change, transition losses experienced by optical signals propagating between
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the straight and flared portions of the waveguide 10 are relatively small.

In the flared portions 22 and 24 (FIG. 1) near the
facets 18 and 16, respectively, the mode width W of the fundamental mode
propagated in the waveguide 10 is significantly larger than it is in the
straight portion 20. Accordingly, the effective modal reflectivity of the
fundamental mode at the antireflection-coated facets is thereby substantially
reduced. In one specific illustrative embodiment of the invention, described
later below, the effective modal reflectivity of angled antireflection-coated
facets to the fundamental mode was reduced by an order of magnitude
simply by flaring the ends of the slanted waveguide in the particular manner
depicted in FIG. 1.

High-order lateral modes are generated in the flared
portions 22 and 24 of FIG. 1. But in practice any component of these
modes that is reflected from the facets 16 and 18 back toward the straight
portion 20 of the waveguide 10 suffers a high transition loss and, due to a
smaller optical confinement factor, experiences considerably less optical gain
in the portion 20. Hence, the ordinary tendency of these high-order modes
to increase the overall effective modal reflectivity of an angled facet-
traveling-wave laser amplifier is thereby rendered virtually negligible.

In an optical transmission system, it is generally
desirable that the gain of any amplifier included in the system be
polarization independent. For a traveling-wave laser amplifier, it is known
that such polarization-independent gain can be achieved by proper selection
of the height and width of the elongated waveguide included in the
amplifier. But in practice the dimensions selected for such a waveguide to
achieve polarization-independent gain may cause the width of the
fundamental mode propagated therein to be less than optimal from the
standpoint of low effective modal reflectivity. Hence, some compromise is
usually required between these competing considerations, and as a result
overall device performance is thereby often deleteriously affected.

In accordance with the present invention, the
waveguide 10 of FIG. 1 can be proportioned to optimize polarization-
independent gain in the relatively long straight portion 20. Separately, the
relatively short flared portions 22 and 24 are designed to optimize effective
modal reflectivity. In that way, an advantageous device characterized by
both substantially polarization-independent gain and extremely low effective

modal reflectivity can be realized.
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It is known that traveling-wave laser amplifiers can be
made from a variety of semiconductor materials to achieve amplification at
different specified wavelengths. Herein, for purposes of a specific
illustrative example, a particular index-guided device designed to amplify
optical signals having a wavelength of 1.5 pm will be described. Moreover,
it is known that a traveling-wave laser amplifier can be fabricated in various
ways. Thus, such an amplifier can be built, for example, as a buried
heterostructure or as a ridge waveguide structure, both of which are
conventional and well know in the art. For illustrative purposes, the specific
example described below will be of a buried heterostructure.

In one specific illustrative embodiment of the
invention, the length d1 of the straight portion 20 of the waveguide 10
shown in FIG. 1 is about 308 pm. The width d2 of the straight portion 20 is
approximately 1.5pm. Each of the end portions 22 and 24 linearly flares
from its respective end of the straight portion 20. To minimize transition
losses, the angle 6, has a value of about one degree. (Satisfactory operation
of the device is achieved for values of 8, that are greater than zero and
equal to or less than approximately 1.5 degrees). The width d3 of each of
the flared portions 22 and 24 at the intersection with its respective facet is
about 4.5pm. The length of each flared portion as measured along the main
longitudinal axis 12 is 80 pm.

In the specified embodiment, the slanted waveguide 10
is oriented at an angle 61 of about 7 degrees from the [011] direction of a
semiconductor wafer in which the device is fabricated. The wafer is cleaved
along the [01—1] direction to form the facets 16 and 18.

Advantageously, the facets 16 and 18 of the specified
embodiment are each coated with a simple single layer of an antireflective
material. For a wavelength of 1.5pm, each of the facets is coated, for
example, by standard electron-beam evaporation techniques with a quarter-
wavelength-thick layer of SiO,, where x has a value between 1 and 2. Other
known single-layer or multilayer materials are also suitable for forming the
antireflection coatings 17 and 19 indicated in FIG.1.

A particular illustrative buried heterostructure version
of an index-guided amplifier of the type schematically represented in FIG.1
is shown in FIG.2. Fabrication of such a structure is easily accomplished by
conventional chemical-vapor-deposition or liquid-phase-epitaxy techniques

well known in the art. A buried active or gain region 30 constituting a

-
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cross-section of the straight portion 20 of the waveguide 10 of FIG.1 is
depicted in FIG.2. By way of example, the region 30 has a width of about
1.5um and a height of approximately 0.2pm. The region 30, which is used
for current and optical confinement, is made of a standard quarternary
material comprising In, Ga, As and P whose composition is selected to
achieve the bandgap needed for amplification at 1.5um, as is well known in
the art.

Ilustratively, a waveguiding layer 32 is deposited
directly under the active region 30 shown in FIG.2. By way of example, the
layer 32 comprises a 1.3-pm quarternary material including In,Ga,As and P.
In some embodiments, the layer 32 is not included. In those cases, the
region 30 functions both as a gain medium and as a waveguiding layer. But
including the layer 32 usually reduces the polarization dependence of optical
gain and, as will be described later below, also provides a basis for an
advantageous modification of the depicted device. In any case, most if not
all of the gain of the device occurs in the region 30 in the relatively long
straight portion 20.

The other parts of the specific illustrative device shown
in FIG.2 include a substrate 34 made of n-type InP, and layers 36, 38 and 40
made of p-type InP, n-type InP and p-type InP, respectively. Capping the
device is a contact layer 42 made of a 1.3-pm quarternary material
comprising In,Ga,As and P.

FIG.3 is a cross-sectional depiction of the flared
portion 22 shown in FIG.1. The layers 34, 36, 38, 40 and 42 of FIG. 3 are
identical to the correspondingly numbered layers of FIG.2. If desired, the
layers 30 and 32 shown in FIG.2 may extend throughout the entire
longitudinal extent of the flared portions 22 and 24. In that case, the layers
30 and 32 in the flared portions would, for the specific illustrative example
considered herein, each linearly vary in width from about 1.5pm to
approximately 4.5pm.

Alternatively, as represented in FIG.3, the flared
regions may include only the waveguiding layer 32 of FIG.2. In such an
embodiment, the active region 30 is not extended beyond the straight
waveguide portion 20 (FIG.1) into the flared portions. As a result,
waveguiding but not gain is provided in the relatively limited-extent flared
portions, thereby to avoid polarization-dependent gain in the flared
waveguide region. The consequence of this is to further decrease the




WO 91/07787 PCT/US90/03805

10

-8-

polarization dependence of the amplifier at the expense of slightly
decreasing the overall gain of the device.

Finally, it is to be understood that the above-described
structures and techniques are only illustrative of the principles of the present
invention. In accordance with these principles, numerous modifications and
alternatives may be devised by those skilled in the art without departing
from the spirit and scope of the invention. For example, in some
applications of practical importance the inventive device described herein
can constitute one component of an integrated optical assembly. In such an
assembly, one or both ends of the device can be coupled to associated
components included in the assembly.

-8
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What is claimed is:

1. A traveling-wave laser amplifier comprising:

a semiconductor body having at least one planar
antireflection-coated facet,

and a waveguide in said body extending to said facet,

said waveguide having a main longitudinal axis that is
disposed off-normal with respect to said planar facet, said waveguide having
a relatively long portion that has the same width at all points along said axis,
and said waveguide having a relatively short end portion comprising a flared
portion that extends between one end of said long portion and said facet.

2. An amplifier as in claim 1 wherein said
semiconductor body has two spaced-apart parallel planar antireflection-
coated facets, wherein said waveguide extends between said facets, wherein
said relatively long portion of said waveguide comprises a middle portion
thereof, and wherein said waveguide has relatively short end portions
comprising flared portions that respectively extend between the ends of said
middle portion and said facets.

3. An amplifier as in claim 2 wherein the end portions
of said waveguide are linearly flared.

4. An amplifier as in claims 3 wherein the waveguide
in said middle portion comprises an active gain medium.

5. An amplifier as in claim 4 wherein the waveguide in
said end portions also comprises said active gain medium.

6. An amplifier as in claim 3 wherein the waveguide in
said middle portion comprises an active gain medium and an adjacent
waveguiding medium.

7. An amplifier as in claim 6 wherein the waveguide in
said end portions comprises said waveguiding medium.

8. An amplifier as in claim 7 wherein the waveguide in
said end portions further comprises said gain medium.

9. An amplifier as in claim 3 wherein the main
longitudinal axis of said waveguide is disposed at an angle of about 7
degrees with respect to a normal to said facets.

10. An amplifier as in claim 9 wherein each of said
facets is antireflection-coated with a single layer of SiO,, where x has a value

between 1 and 2.
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11. An amplifier as in claim 10 wherein said middle
portion includes an active gain medium comprising a quarternary material
including In,Ga,As and P whose composition is selected to provide gain at a
wavelength of 1.5pm.

5 12. An amplifier as in claim 11 wherein each of said end
portions is flared from its respective end of said middle portion by an angle

whose value is greater than zero and equal to or less than 1.5 degrees.

L)
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