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Vertical-Cavity Ring Laser

Betty Lise Anderson

Abstract— A new type of laser diode structure is proposed,
in which a ring type structure is implemented with the plane
of the ring perpendicular to the surface of the semiconductor.
Emitting beams both parallel and perpendicular to the surface,
this structure could be useful for coupling into fiber or adjacent
optoelectronic devices. By injection-locking a series of these
lasers, a phased array of surface emitting lasers is made possible.
Losses are expected to be significantly less than those reported for
grating-coupled surface emitting arrays, with from 8% to 31%
coupling plus absorption loss compared to 50%~73% refraction
plus absorption loss for grating coupled arrays.

Index Terms— Ring laser, laser diode, surface-emitting laser,
surface-emitting array.

I. INTRODUCTION

HERE is a recognized need for high power, coherent
diode laser sources. Various approaches have been used,
including evanescently coupled 1-D arrays of edge-emitters
(1], 2-D arrays of grating-coupled DBR surface emitting lasers,
[2] and 2-D arrays of vertical-cavity Fabry-Perot lasers [3], [4].
In this letter, a new device structure which could be used to
make coherent arrays is proposed: a ring laser whose resonator
plane is perpendicular to the junction plane. This device emits
beams both parallel and perpendicular to the wafer surface. By
injection locking successive diodes in linear arrays, and using
evanescent coupling or turning mirrors to couple multiple
linear arrays, a 2-D coherent array may be achieved.

There has been some previous work investigating ring lasers
in semiconductors. All of these devices, however, have the
plane of the resonator in the same plane as the junction. Some
employ straight paths with turning mirrors, [5, 6] and others
use curved paths, which support whispering gallery modes
[71-{14].

As for surface emitting arrays, grating-coupling surface-
emitting (GCSE) phased arrays have been demonstrated with
good results [15], [16], but can suffer from high losses.
Differential quantum efficiencies of 44%/surface (pulsed) have
been reported, however [2]. This is compared to a DQE of 27%
(pulsed) reported for an evanescently coupled gain-guided
8 x 8 vertical cavity Fabry-Perot array with patterned contact
[4]. We will show that the proposed vertical-cavity ring laser
(VRL) can potentially have lower losses than the GSCE arrays,
at the expense of fabrication complexity.

II. PROPOSED DEVICE

The proposed ring laser structure, in which the plane of
the ring is vertical, or perpendicular to the junction plane, is
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Fig. 1. Proposed vertical cavity ring laser structure consists of four turning
mirrors, and two waveguides, of which one or both may have gain (one
active, one passive shown here).

shown in Fig. 1. The active layer itself could be a double
heterostructure, a set of quantum wells, a GRINSCH type
structure, or some combination. Light generated in the active
layer propagates around the ring both in the clockwise and
counterclockwise directions. If My is made to be partially
reflecting, then the clockwise beam will emerge from the laser
in a direction parallel to the surface, and the counterclockwise
beam will emerge perpendicular to the surface.

The cavity contains two planar waveguides; one or both may
have gain. The figure shows the case of only one gain layer
(the lower waveguide), but by placing a transparent conducting
layer between the two waveguides (for example highly doped
wide-gap material), one can pump both waveguides, poten-
tially reducing cavity losses. On the other hand, the upper
waveguide may be made passive and virtually transparent by
careful choice of core material, by adjusting the dimensions
of the quantum wells, if used, or by bleaching the quantum
wells. Whether passive or active, the second waveguide helps
reduce loss due to the beam divergence as it travels the
cavity.

The two lower turning mirrors M; and M, are high re-
flectivity dielectric mirrors. The upper mirrors M3 and My
would be totally internally reflecting even without dielectric
layers if the areas outside these mirrors were left as air. The
final path of the exit beam, however, would be refracted at
some angle either to the surface or to the perpendicular. One
would therefore coat the two upper 45° surfaces with dielectric
mirror layers, and then fill in the area outside the cavity with
semiconductor.

1041-1135/94804.00 © 1994 IEEE




ANDERSON: VERTICAL-CAVITY RING LASER

/ e
/o e\
\CE ey
N CEccw

* turning
mirrors

Fig. 2. Surface emitting coherent array of VRL's. Top: evanscently coupled.
Bottom: Extended ring resonator, top view, after [17].

Each of the four mirror’s reflectivities is individually con-
trollable by mirror stack design. By making M3 partially
transmitting, a controlled amount of energy of the incoming
beam from an adjacent laser would be admitted into the cavity.
These two lasers could then be mutually injection-locked. By
adding independent phase control sections between devices,
a mutually coherent, phased linear array of surface emitting
lasers might be constructed having a single central lobe in the
far-field. To create a two-dimensional array, Fig. 2, one could
in addition either place several rows of the lasers close enough
together for evanescent coupling, or create an “extended ring
array” similar to that shown in Fig. 9 of [17].

A. Fabrication

The proposed device is process intensive. One would have
to begin by etching a well with 45° sidewalls to create the
lower two mirror surfaces M1 and M2, and apply the mirror
coatings. Assuming the active layer to be GaAs, and the angle
of incidence on the two lower turning mirrors to be 45°, a
reflectivity of 99% could be achieved by a 10-period stack
of alternating AlAs and Al 2GapsAs (n = 2.99 and 3.46,
respectively, using values from [18]) for electric field polarized
parallel to the plane of incidence, or perpendicular to the
junction plane. Dielectric layers are routinely deposited on
90° surfaces, but just recently an impressive demonstration
of deposition of AlGaAs/AlAs layers on the sloping sidewalls
of a mesa by ultra-high vacuum MBE was reported in [19].

Next, a regrowth would be required to grow the lower wave-
guide layers in the well. This will require sufficiently good
interfaces between the waveguide layers and mirror layers
to avoid unnecessary leakage current. The upper waveguide
layers would then be put down on a presumably planar surface.

Once all of the waveguide layers are grown, the top surface
would have to be etched again to create the upper mirrors.
After mirror stack deposition, another regrowth would be

substrate

Fig. 3. The waveguides in the VRL, showing propagation of beam around
cavity. Coupling losses result in the transmission of the light from one
waveguide to the other.

required to put down the filler material between adjacent
devices; presumably these interfaces need only be of optical
quality, as they will not be in the current paths.

B. Losses

In the vertical cavity ring laser, the beam sees gain only
in one or possibly both of the two waveguide regions, which
together represent some fraction of the total cavity length. In
addition to the usual intrinsic losses (free-carrier absorption,
scattering, absorption in the cladding), this laser would in addi-
tion experience mirror losses, coupling losses, and absorption
losses during propagation through the passive regions.

The absorption losses in the two short legs of the cavity
which do not have gain are small, since the material in the
non-gain regions has a wide bandgap compared to the emission
wavelength. The mirror reflection losses at the two bottom
mirrors (M1 and M?2) can be negligible, but the upper, or
input/output mirrors M3 and M4 are partially transmitting
and therefore constitute a loss to the cavity.

Once the beam leaves one waveguiding region, it diverges
en route to the other, constituting a coupling loss. Assuming
(arbitrarily) a bulk (non-quantum well) active layer thickness
of 0.1 um, and a short leg length of 0.4 um, and a GaAs
(n; = 3.68) core with Alg3Gag 7As (nz = 3.35) cladding,
the coupling coefficient is calculated to be 0.96 from one
waveguide to the next. This is calculated by using a program
developed by Marc Surette, now at Naval Research Labs, to
compute the modes supported by the waveguides, and then
propagating the beams across the short legs and performing
an overlap integral between the expanding, traveling mode and
the supported mode of the waveguide. The geometry is shown
in Fig. 3. It should be noted that a grating surface emitting
laser in a ring configuration has been demonstrated with high
coupling [20]; the short legs of this cavity also provided no
lateral waveguiding. In that structure transverse waveguiding
was, however, present, unlike the proposed vertical ring laser
structure.

Use of a passive upper waveguide could potentially in-
troduce some absorption losses. These could be minimized,
however, by the use of quantum wells. It has been shown
that in devices with active and passive waveguide of the
same composition, absorption losses are much less in multiple
quantum well structures than standard double heterojunctions
[21]. One could reduce this even further by varying the
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quantum well dimensions slightly. Alternatively, one could
either pump the upper waveguide, simply bleach the quantum
wells by injection, or perhaps reverse bias that waveguide and
use the quantum confined Stark effect to reduce absorption.

Spreading in the plane of the junction will be less severe
than beam divergence perpendicular to the junction, due to
the presumably much larger lateral dimension. Although one
might to tempted to correct for one or both of these diffractions
by etching M1 and M2 to be curved in order to refocus
the beams, and even though curved surfaces in each of the
required planes have been fabricated before [22]-[24], a high
enough degree of curvature would be impractical for focusing
perpendicular to the junction plane.

In addition to coupling losses due to diffraction, additional
losses can result if the mirrors are not perfectly aligned.
Alignment losses can be made small for mirrors whose planes
are perpendicular to the junction plane, since self-aligned
techniques can be used for their fabrication [25]. For the
geometry used here, however, in which the mirrors are tilted,
we refer to Fig. 2 of [26], which shows that there will
be a negligible change in coupling loss if the angle of the
mirror can be controlled to within 2°, an easily achievable
result.

III. DISCUSSION

The proposed vertical cavity ring laser structure has the
potential for a) emission both perpendicular and parallel to
the substrate, which can facilitate coupling both to fibers and
other external devices and coupling into other device on the
same chip, and b) integration into a coherent array.

Both of the these properties have already been demonstrated
using GCSE lasers. Surface emitting phased arrays [2], [15],
[16] have far-field patterns characteristic of coherent emission.
Most loss mechanisms will be similar for the vertical cavity
ring laser and the GCSE device, including cavity loss due to
partially reflecting mirrors (gratings).

The GCSE arrays, however, have suffered in the past from
high refraction loss into the substrate, 27% being reported
in [15} and more than 50% in [16]. More recently, high-
reflectivity coatings have been put on the grating side of the
wafer and anti-reflection coatings on the substrate (output)
side [2]. This has the effect of redirecting the previously lost
light back up through the device. This in turn reduces the
threshold and improves the power output, but it is not clear
whether this recovered light adds to the array output in a
coherent way. The vertical cavity ring laser has no grating
losses, but does have internal coupling losses resulting from
the circulating light expanding between the two waveguides.
For the arbitrary geometry described earlier using identical
bulk GaAs waveguides, we predict 8% coupling losses (two
losses of =~ 4% each).

On the other hand, absorption in the upper waveguide can
be significant if both waveguides have the same composition
and structure. The GCSE laser array is also reported to suffer
from a 23% loss due to absorption in the grating regions [15]
for a grating length of 300 pm, with single quantum well
active regions in the laser and the external gratings of the
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same composition. The absorption loss in the upper waveguide
of the vertical cavity ring laser would presumably be of this
same order if no attempt is made to minimize it, either by
pumping the upper waveguide (adds fabrication complexity),
choosing a multiple-quantum well structure, varying the well
dimensions to reduce loss even further (reduces coupling
efficiency), or bleaching the quantum wells. Nevertheless, the
worst case scenario discussed here would result in a total of
31% losses for a passive upper waveguide configuration of
identical composition and dimensions as the active waveguide.
For a transparent upper waveguide the total losses are 8%.
These numbers (8%-31%) are compared to 50%-73% for the
GSCE arrays.
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