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(571 ABSTRACT

Self-collimation of the output is achieved in an unstable
resonator semiconductor laser by providing a large
concave mirror M; and a small convex mirror M; on
opposite surfaces of a semiconductor body of a material
having an effective index of refraction denoted by n,
where the respective mirror radii R, R; and beam radii
11, r2 are chosen to satisfy a condition

with a value of geometric magnification

n+ 1

! n—1

A

M

A

where r; and r; are the radii of counterpropagating
beams at respective mirrors of radii Ry and R».

7 Claims, 3 Drawing Sheets
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SELF-COLLIMATED UNSTABLE RESONATOR
SEMICONDUCTOR LASER

ORIGIN OF INVENTION

The invention described herein was made in the per-
formance of work under a NASA contract, and is sub-
ject to the provisions of Public Law 96-517 (35 USC
202) in which the contractor has elected not to retain
title.

TECHNICAL FIELD

The invention relates to an unstable resonator semi-
conductor laser, and more particularly to an architec-
ture for self-collimation of a narrow output beam of
such a laser.

BACKGROUND ART

Unstable resonators are traditionally applied to high-
power lasers, and the self-collimated unstable resonator
laser to be described herein is intended for use in appli-
cations which require high power in the range from
about 0.5 W to at least about 10 W.

There is a pressing need in various applications for
high-power, single-lateral-mode diode lasers; they in-
clude pumps for optical fiber amplifiers in telecommuni-
cations, pumps for solid-state lasers and direct sources
for space optical communications. Heretofore, only
phased arrays have approached the necessary power for
these applications while maintaining single-lateral
mode. A diode laser that could demonstrate even half a
watt continuous power in a narrow collimated beam
would be in great demand in the field of telecommuni-
cations alone.

In the past, all but one of the known unstable resonant
semiconductor lasers have used diverging and/or flat
mirrors for the resonant cavity. This results in a
strongly diverging beam that must be externally colli-
mated with a large numerical aperture lens to achieve a
narrow diffraction limited beam. The only known un-
stable resonant laser with a collimated beam utilizes a
confocal structure in which the light is coupled out
through a separate facet, as shown in FIGS. 1a and 15.
See J. Salzman, R. Lang, A. Larson and A. Yariv,
“Confocal unstable-resonator semiconductor laser,”
Optics Letters, Vol. 11, No. 8, pp. 507-509 (August
1986). The result is two beams, each of half power sepa-
rated by the totally reflecting convex mirror M.

In semiconductor lasers, a Fabry-Perot cavity is nor-
mally provided using two flat parallel mirrors (cleaved
surfaces), a condition which lies on the boundary of g
parameters between stable and unstable optical reso-
nance, as shown in FIG. 24 from A. E. Siegman, “Un-
stable Optical Resonators for Laser Applications,”
Proc. IEE, Vol. 53, pp. 277-287 (March 1965). If the
distance between the two mirrors is denoted by L, as
shown in FIG. 2b, and the mirror radii of curvature of
mirrors M; and M; by R; and R, any given resonator
may be represented by a single point in the gi, g2 plane,
such as that labeled PLANAR in FIG. 2a.

Using the convex mirror geometry illustrated in FIG.
3, g-parameter analysis shows that for the radii rjand r»
of the beams reflected by cavity mirrors M; and M_, the
geometric magnification M can be determined as a func-
tion of the mirror radii Rj and R; from a set of g param-
eters defined as
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where R and R; are normalized to the distance separat-
ing the centers of the mirrors. Then, according to Sieg-
man’s formalism, the centers of curvature of the beams
and geometric magnification are given by:

@
]1—81 el —g!
0—&5+U—&5
Jl—gl —(l~gz
u-glh+u—g2)
and
3
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This g-parameter analysis applies to the concave mirror
geometry of FIG. 2b and the concave-convex mirror
geometry of FIG. 1b as well.

The most important parameter in the design of an
unstable resonator is the magnification M, which, in the
limit of a large Fresnel number, determines the cavity
losses and thus the required threshold gain. When de-
signing an unstable resonator, it is desirable to begin
with the value of M, the specification of the magnifica-
tion, and derive the necessary mirror radii R; and R,
with the additional degree of freedom being determined
by some other requirement, e.g., the mirror or beam
radii. Positive radius Rj or R corresponds to curvature
of the mirror M or M3 toward the resonator cavity, i.e.,
to a concave mirror, while a negative radius value cor-
responds to a convex mirror. Inverting Equations
(1)-(3) to solve for the mirror radii as a function of M,
however, is difficult. To simplify the mathematics, an
alternate set of parameters a and S are introduced, for
which expressions for mirror and beam radii are easily
derivable from the magnification and which yield sim-
ple, easily manipulable expressions. The alternate set of
parameters are defined as:

ale—gkfkﬁnl—gﬂ

Then algebraic substitution of Equation (4) into Equa-
tions (1)-(3) yields the following expressions:

()

M- =Jlta &)
e=mriM=1T—o

_a2-1 _B-1 ©
Ri=g=- R=f5t,

l—a 1= ™
n=t=Fon=t3E

According to the definition in Equation (4), a must be
positive and real to achieve an unstable resonator (imag-
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inary a corresponds to a stable resonator), while 8 can
take on any real value.

To put this to practical use, choose a magnification
M, calculate a from Equation (6) and then by varying
the parameter B, see the effects on mirror and beam
radii. As an example, calculate the condition for self-
collimation of an unstable resonator made of a material
with index of refraction denoted by n. FIG. 4 is a ray
diagram showing the refraction of a ray as it goes
through a mirror of radius R; and is subsequently colli-
mated. From the diagram it is seen that in the paraxial
approximation (where sinf = ), a ray traveling at angle
¢ with the optical axis hits the mirror M; at an angle
(6-¢) from the normal; as the ray exits the medium
having an index of refraction n, this will be magnified

by Snell’s law to an angle n(6-¢) which should be equal

to 0 in order to be collimated. This relation is then
combined with the relations between 6, ¢, and the ge-
ometry of the resonator

~ 4 - S ®)
b= t+nr " 4= Ry
to get the condition for self-collimation:
Ry n_ ®)
l4+rn ~ n

A geometric construction similar to FIG. 3 would show
that Equation (9) holds for a concave mirror having
negative values of R; as well.

Expressing the relationship of Equation (9) in terms
of g-parameters gives the following complex algebraic
expression that is difficult to solve:

gl —gih+a-gty o, 9

- n
- s{‘>[J1 R g;‘):l

However, expressing this relationship in terms of a and
B gives a much simpler condition:

B=an. an

The index of refraction n is determined by the mate-
rial through which the light passes out of the laser, so
for an GaAs/AlGaAs laser, for example, n is the effec-
tive index of the waveguide heterostructure, about 3.4.
Substituting Equation (11) into Equations (6) and (7)
gives mirror and beam radii for the self-collimating
geometry. They will be functions solely of a, which is
directly related to the magnification M and index of
refraction n.

(12)

_ a1

na — 1
T ala—n)

R na

Ry =

»

13)

"= l-a -1~ na
1=30-m '*“ai+n

If r; or r lie in the interval {—1,0], then the resonator
has a focal spot between the mirrors. This is undesirable
because high optical powers can cause self-focusing
and/or optical damage at the focal spot. Examination of
Equation (13) reveals that

rie[— 1,0)forael1/n,1]r2e[— 1,0]fora > 1/n. (14)
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Comparing these conditions on a to the relation be-
tween a and the magnification M from Equation (5),
shows that there will always be at least one internal
focal spot unless a < 1/n, or

220 15
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1 et
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For a typical AlGaAs waveguide (n=13.4), the criti-
cal value of magnification occurs at M=1.833, a value
determined by the index of refraction of the laser me-
dium above which there is no self-collimating geometry
possible without an internal focal spot. However, for
lower magnifications, a self-collimating unstable resona-
tor is indeed possible, as will be described below as an
example of the present invention with reference to
FIGS. 5a and 5b.

A new formalism for geometric analysis of unstable
resonators has been presented which yields the self-col-
limation condition of an unstable semiconductor resona-
tor. Such a laser would, in principle, have a collimated,
diffraction-limited output beam and be capable of high
output power. It should be noted at the outset that
while a specific example of the invention is described
below with reference to a planar (2-dimensional) unsta-
ble resonator laser, the principles are easily extendable
to 3-dimensional unstable resonator lasers.

STATEMENT OF THE INVENTION

An object of this invention is to provide a geometry
for a self-collimated unstable resonator semiconductor
laser which uses refraction to collimate the output
beam.

In accordance with the present invention, this is
achieved in a semiconductor laser by providing a large
concave mirror Mj and a small convex mirror Mj on
opposite surfaces of a semiconductor body of a material
having an index of refraction denoted by n, where the
respective mirror radii R, R and reflectivities (beam
radii) r;, r are chosen according to Equations (1)
through (12) and (13) with a value of geometric magnifi-
cation

1= =2zl
n

-1

to satisfy a condition:

where r1 and r; are the radii of counterpropagating
beams at respective mirrors of radii Ry and R3, for self-
collimation of the output beam through the mirror Mj.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a illustrated in an isometric view a prior-art
unstable resonant semiconductor laser with a confocal
structure for collimated light in which the light is cou-
pled out through separate facets in two parallel beams
of half power to be compared with the present inven-
tion shown in FIG. 5a.

FIG. 1) illustrates the geometry of the unstable reso-
nant diode of FIG. 1a to be compared with FIG. 5b.

FIG. 24 is a mode chart from Siegman (1965) which
summarizes the mode stability properties of a general
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optical resonator showing that resonators with g values
well inside the shaded region are stable or low loss, and
those well outside are unstable or high loss.

FIG. 2b illustrates a geometry for two concave mir-
rors of a resonant cavity used in the discussion of FIG.
2a.
FIG. 3 illustrates in general the geometry of an unsta-
ble resonator showing the radii Ry and R; of cavity
mirrors M; and M3, and showing the radii r; and r; of
the counter-propagating beams of the respective mir-
rors M; and M.

FIG. 4 is a ray diagram showing the refraction of a
ray as it goes through a second mirror in a resonator
cavity of radius R; for collimation as it exits the mirror.

FIG. 5a is an isometric view of an unstable resonant
semiconductor laser with a narrow collimated output
beam in accordance with the present invention.

FIG. 5b illustrates the geometry of the unstable reso-
nant semiconductor laser of FIG. 5a.

DETAILED DESCRIPTION OF THE
INVENTION

An example of a self-collimated unstable resonator
diode laser will now be described with reference to
FIG. 5a which shows a GaAs/AlGaAs double hetero-
junction structure epitaxially grown on an nt-GaAs
substrate 10 typically 50 um thick which is metallized
on the back side to form a cathode contact 11. After
growing a buffer layer 12 of n+-GaAs there is grown a
thin (=0.5 um) p-type GaAs layer 13 sandwiched be-
tween n-type and p-type AlGaAs layers 14 and 15
which are of the order of 1 um thick. A p+-GaAs cap
layer 16 prepares the structure for metallization of a
gain stripe (anode contact) 17. The active (emission)
region is narrow in the vertical dimension due to the
thinness of the central p-type GaAs layer 13 between
the waveguide boundary layers 14 and 15 and is re-
stricted in the horizontal plane by the shape of the gain
stripe 17.

Fabrication of this double-heterojunction structure
illustrated and described as an example is typical; what
is unique is the shape of the etched facets 18 and 19
which are curved to form a large concave mirror M
and a small convex mirror My, as illustrated schemati-
cally in FIG. 5b, where the mirror radii R, R; are
chosen according to Equations (1) through (12) and (13)
with a value of magnification M=1.5 and an effective
index of refraction n of the heterojunction waveguide
medium equal to 3.4. If the mirror radii and beam radii
are chosen according to Equations (12) and (13), light
rays exiting through mirror M, will be collimated by
refraction across the index discontinuity at the exit.
Collimation of the output rays is assured because the
condition of Equation (9) is satisfied in the design and
fabrication process. The gain stripe 17 is shaped to have
converging edges from near the edges of the large high-
reflection (HR) coated mirror M; along radial lines
from a center of the curvature for the mirror M; to near
the edges of the small, antireflection (AR) coated mir-
ror My. To further restrict the emission region in the
horizontal plane of the active layer 13, proton implanta-
tion may be provided in all of the active layer except
that under the gain stripe 17.

Although a particular embodiment of the invention in
a double heterostructure has been described and illus-
trated herein, it is recognized that any semiconductor
stripe laser structure may be used to practice the inven-
tion by shaping the cavity mirrors as described. It is also
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recognized that the teachings for a 2-dimensional stripe
laser may be readily extended to a 3-dimensional laser
by the application of mathematical techniques forming
3-dimensional mirror surfaces by revolution of the 2-
dimensional cavity mirrors, that is to say by forming
mirror surfaces that form portions of spherical surfaces
using the radius R; and Rj, once they are determined
from Equation (12) that satisfies the condition of Equa-
tion (9) for self-collimation. Consequently, it is intended
that the claims be interpreted to cover such modifica-
tions and equivalents.

What is claimed is:

1. A self-collimated unstable resonator semiconduc-
tor laser comprising a body of semiconductor material
for emitting light in response to injected current, said
semiconductor material having two opposing external
surfaces shaped to form mirrors M; and M; of a reso-
nant cavity, said mirror M being of a concave shape of
radius R and the other surface mirror being of a convex
shape of radius Ry, said radius R being selected for said
convex shape of mirror M; for collimation of output
rays passing through said mirror M; by refraction as
they exit said mirror M.

2. A self-collimated unstable resonator semiconduc-
tor laser as defined in by claim 1 wherein said semicon-
ductor material has a known effective index of refrac-
tion n and said concave shape of mirror M, is chosen to
have a radius R greater than the radius R of said con-
vex mirror M3, wherein said concave mirror M pro-
duces a counterpropagating beam of radius 1] in said
body, and said convex shape of mirror M; is chosen to
have a radius R that satisfies a condition

3. A self-collimated unstable resonator semiconduc-
tor laser as defined in claim 2 wherein the geometric
magnification M of beams reflected by said cavity mir-
rors M and M3 satisfies a condition

atl

1 n—1

WA

M

A

4. A self-collimated unstable resonator semiconduc-
tor laser comprising a body of semiconductor material
having an know index of refraction n, said semiconduc-
tor material emitting light in response to injected cur-
rent and having two opposing external surfaces shaped
to form mirrors M1 and M; of a resonant cavity for said
emitted light, said mirror M being of a concave shape
of radius R for a counterpropagating beam of radius r;
ad said mirror M3 being of a concave shape of radius R
for a counterpropagating beam of radius ry, said mirror
radii R and R; being chosen according to the following
equations:

a2 — 1

_ na — 1
T ala—n)

R na

R,

and said beam radii r1 and r; being chosen according to
the following equations:

1—a _1—na
a(l — n) ’n_a(l+n)

n=
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where a=8/n, B=1—g>~! and go=1-1/R; with a
value of geometric magnification 1=M=(n+1)/(n—1)
to satisfy a condition

R2 _n—=1
1+r = n

5. A self-collimated unstable resonator semiconduc-
tor laser as defined in claim 4 wherein said semiconduc-
tor material is GaAs in a GaAs/AlGaAs heterostruc-
ture, said known index of refraction is about 3.4, and
said value of magnification is chosen to be between 1
and 1.833.

6. A self-collimated unstable resonator as defined in
claim 5 wherein said magnification factor is chosen to
be 1.5.

7. A self-collimated unstable resonator semiconduc-
tor laser comprising a large concave mirror Mj and a
small convex mirror M; on opposite surfaces of a semi-
conductor body of a material having an effective index
of refraction n, where the respective mirror radii Ry, R
are chosen according to the following equations:
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et na — 1

T ala - n na

and beam radii r, r are chosen according to the follow-
ing equations:

R R3

=l=c —l=ra
1=30—m 'S al +n)

]

where a=8/n, B=1—g;~! and gr=1~1/R; with a
value of geometric magnification

a2+l

! n—1

A

M

A

to satisfy a condition:

Ry =1

1+n ~ n

where r; and r; are the radii of counterpropagating
beams at respective mirrors of radii R and R;, for self-
coliimation of the output beam by refraction across
discontinuity of the index of refraction at the exit of

light rays from said convex mirror M.
*x %X x ¥ x



