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The ability to couple light from a vertical-cavity surface-emitting laser into a planar, on-chip
waveguide creates new opportunities for achieving higher levels of integration and functionality.
Here we propose to use a strong grating etched into a waveguide defined into the top layer of the
epitaxially grown structure, so that epitaxial regrowth is not required. By introducing a defect mode
into the cavity we were able to achieve a 40% coupling efficiency even though light is coupled
through a ninety degrees bend. We also show that polarization control of the vertical-cavity
surface-emitting laser is enhanced by coupling to the defect mode. Calculations were performed
using the finite-difference time-domain method. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1880440g

Coupling from vertical cavities to in-plane waveguides
in a III-V material enables the monolithic integration of
vertical-cavity surface-emitting lasers1 sVCSELd, p-i-n pho-
todetectors, and lithographically defined planar photonic de-
vices in a single chip. For example, such a chip could be
flip-chip bonded on a CMOS chip to implement optical
clocking. Previously, VCSELs have been coupled to on-chip,
planar waveguides by introducing a grating within the inter-
nal waveguide.2 However, it is advantageous to be able to
define the grating coupler in the top layer of the structure
rather than inside the vertical cavity because this removes the
necessity for regrowth. In addition, this decouples the growth
process from the lithography, so that a variety of planar de-
vices can be subsequently etched into the top layer. However,
coupling light through a ninety degrees bend with a strong
external grating presents difficulties due to the fact that the
Bragg condition of the grating also corresponds to its
second-order bandgap. In previous designs where the grating
coupler was inside the VCSEL cavity, the efficiency of the
grating coupler was not an issue because noncoupled light
stayed inside the cavity. However, an external grating cou-
pler needs to have a high efficiency. Here these coupling
difficulties are overcome by introducing a defect into the
grating and defining a horizontal cavity.

We investigate with the finite-difference time-domain
method sFDTDd a vertical cavity defined by a multilayer
stack of alternating GaAs and Al0.866GaAsl /4 films, where
l=0.959mm is the lasing wavelength of the VCSEL. The
refractive indeces of the thin films arenGaAs=3.52 and
nAlGaAs=3.02. A defect is introduced in the thin film stack by
increasing the thickness of one of the AlGaAs layers to
l /2 /nAlGaAs. Above the stack an 807 nm thick oxidized
Al0.98GaAs buffer layer separates the top GaAs waveguiding
layer from the VCSEL. The refractive index of the oxide
snoxided is assumed to be 1.56 and the thickness of the top
GaAs layer isl /2 /nGaAs s140 nmd. A grating is etched into

the top GaAs layer to transfer the light emitted by the
VCSEL into the waveguide. The individual grates consist of
60 nm wide, 50 nm deep trenches. A defect is introduced in
the grating coupler by locally changing the distance between
two successive gratessthe “grating defect” as opposed to the
vertical-cavity defectd. Finally, an SiO2 cladding layer is as-
sumed to be deposited on top of the grating after etching, in
order to symmetrize the refractive index around the GaAs
waveguiding layersnSiO2

=1.46d. The geometry of the device
as well as the emittedE field are shown in Fig. 1.

First, the grating is optimized in such a way as to maxi-
mize the coupling between the transverse electricsTEd mode
of the waveguidesE field along thez axis andB-field along
the y axisd and a Gaussian beam propagating normal to the
waveguidesE field along thez axis andB field along thex
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FIG. 1. sColor onlined E field suEzud in the vertical cavity and in the grating
coupler sred corresponds to high intensity and blue to low intensityd. The
gray lines show interfaces between films of different refractive index. Alter-
nating GaAs and AlGaAs layers define the VCSEL. Above the multilayer
stack, an oxidized AlGaAs layer separates the waveguiding GaAs layer
swith the gratesd from the VCSEL.
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axisd. The axes are defined in Fig. 1. Then the coupling be-
tween the grating defect and the vertical cavity is investi-
gated. One of the limitations of the grating coupler is that it
only couples TE polarized light, thus it is necessary to con-
trol the polarization of the VCSEL. The thickness of the
AlGaAs oxide buffer layer determines the feedback from the
grating defect into the vertical cavity. This feedback is used
to enhance the quality factorsQd of the TE vertical-cavity
mode. FDTD calculations are performed with a spatial reso-
lution of 0.01mm and a time step of 0.005mm−1 sin units of
c0=1, wherec0 is the speed of light in vacuumd.

First, we consider a defect-less, homogeneous grating,
defined by etching trenches into the GaAs waveguiding
layer. To outline the difficulties linked to the ninety degrees
bend, it is convenient to consider the converse problem that
consists in coupling from the waveguide into the vertical
cavity. The Bragg condition to couple light out of the wave-
guide at a ninety degrees angle also corresponds to the sec-
ond order bandgap of the grating, so that most of the power
incoming from the waveguide is reflected back instead of
coupled out. In this particular geometry, the effective index
of the waveguide isnWG=2.92 and the grating period is
L=0.336mm. In order to compensate for these reflections, a
second mirror is needed to recycle them, i.e., we need a
cavity in the waveguide plane. Thus we introduced a defect
into the grating by increasing locally the distance between
two successive grates. The number of grates on the right side
of the defect is chosen to be very larges20 gratesd so that
almost no power is transmitted to that side of the cavity; the
number of grates left of the defect are chosen so as to mini-
mize reflectionss9 gratesd. In order to efficiently couple into
a Gaussian field the displacement has to be carefully chosen.
Indeed the fractions of the grating before and after the defect
may scatter the field out of the waveguide with different
phases. However, in order to couple into a single lobe Gauss-
ian beam, the fields extracted on the two sides of the defect
have to be in phase. Here we form a defect by increasing the
separation byl /4 /nWG, that corresponds to a defect mode
with even Ez. Defects have been previously used in
horizontal-cavity, surface emitting distributed feedback
sDFBd lasers to obtain a single lobe far field radiation
pattern.3

The definition of a defect inside the grating has the ad-
ditional benefit of enhancing the overlap of the far field pat-
tern of the grating with the VCSEL emission idealized as a
Gaussian beamsFig. 2d. Indeed the field intensity has a natu-
rally “humped” shape around the defect that has a bigger
overlap with a Gaussian beam than the decaying exponential
obtained with homogeneous gratings. Usually, the field over-
lap with a Gaussian is enhanced by varying the scattering
strength of the grates throughout the grating.4 However, we
found this to be impractical in the case of a 90 degrees cou-
pling angle. Due to the strong back-reflections induced by
the grating, the field penetration into the grating is very
short. In order to compensate for this, we chose the grates as
weak as we estimated reasonable for standard fabrication
techniquess60 nm wide with a very shallow etchd, leaving
no degree of freedom for additional tailoring. We calculated
the overlap of the grating far-field pattern 4mm away from
the waveguide with Gaussian beams of varying widthsvec-
torial calculationd and found that the best overlap was with a
Gaussian with a full width at half maximumsFWHMd of
3.1 mm s93% overlapd.

Figure 3 shows the efficiency of the stand alone coupler
over a range of wavelengths. By stand alone we mean that
the coupler is not combined with the vertical cavity, but
merely clad by SiO2 on the patterned side and AlGaAs oxide
on the other side. In such a configuration, we found that the
extracted field had the same intensity and profile in the +y
and −y directions, even though the structure is slightly asym-
metricsthis may be linked to the fact that the thickness of the
waveguiding GaAs layer is chosen to bel /2 /nGaAsand has a
resonance in they directiond. In Fig. 3, we plotted the sum of
the power extracted to +y and −y, or equivalently two times
the power extracted towards −y. Due to the resonant nature
of the coupling mechanism, the pass-band is quite small
compared to nonresonant grating couplers, but it is still
wider than the line width of a VCSEL. The coupling effi-
ciency of the stand-alone grating coupler is 46% in each
direction.

Next, we investigate the interaction between the grating
defect and the VCSEL cavity. When the Gaussian beam is
coupled from the oxidized AlGaAs layer into the waveguide,
there is also a strong grating induced back-reflections26%d.5

FIG. 2. Amplitude ofEz, inside the oxidized AlGaAs cladding layer 4mm
below the stand-alone grating couplerscontinuous lined. The best Gaussian
fit sFWHM=3.1 mmd is also shownsdashed lined.

FIG. 3. Coupling efficiencysdotsd, back-reflection into the waveguide
scirclesd and transmission to the other side of the gratingssquaresd as a
function of wavelength. This data corresponds to a stand-alone grating cou-
pler. The plotted coupling efficiency is the sum of the coupling efficiency in
the +y and in the −y directions.
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The reflected power is not lost but recycled inside the VC-
SEL cavity, thus increasing theQ factor of the VCSEL pro-
vided the thickness of the oxidized AlGaAs layer is chosen
so that the reflection adds constructively. Also the reflection
induced by the grating has a different phase than the reflec-
tion from a plain dielectric interface, so that the thickness of
the AlGaAs oxide layer has to be modified froml /4 /noxide
to compensate for the extra phase. In the final design we
obtained a 40% coupling efficiency from the vertical cavity
to the waveguide.

The TM-mode of the waveguidesB field along thez
axisd has a different effective index than the TE-modesE
field along thez axisd, so that the TM-polarization is not
resonant atl=0.959mm. As a consequence, the strong
grating-induced reflection is much weaker for TM-polarized
vertical-cavity modess8%d. This can be used to enhance
polarization control inside the VCSEL by tailoring the
vertical-cavityQ factors of the TE and the TM polarizations.
In particular, the presence of the grating has only a small
effect on theQ factor of the TM-polarization, while theQ
factor of the TE-polarization is strongly enhanced. We simu-
lated a device with 19 layers stacked between the vertical-
cavity defect and the oxidized AlGaAs layers10 layers of
GaAs and 9 layers of AlGaAs, interleavedd. This cavity had
a Q factor of 450 without the grating coupler. After the un-
patterned waveguiding layer was added, theQ factor of the
TE-mode stayed roughly unchangedsQ=555d due to the fact
that this layer has a resonance in they direction sthickness
l /2 /nGaAsd. When the grating was included, theQ factor of
the TE-mode was enhanced to 1520 while theQ factor of the
TM mode stayed quite lows600d. The enhancement of theQ
factor of the TE-mode is slightly more than what would be
expected from the 26% reflections1400d. This might be due
to a folded cavity effectsi.e., the effective pathlength of the
cavity is enhancedd. On the other hand the enhancement of
the Q factor of the TM-mode is lower than what would be
expected from the 8% reflections800d. This is due to the fact
that the reflection adds a different phase increment to the TM
field than to the TE field, so that the AlGaAs oxide layer
does not have the correct thickness to optimally enhance the
Q factor of the TM-mode.

The relative enhancement of theQ factor of the TE-
mode will facilitate polarization control in the VCSEL and
might remove the need for more complex polarization split-
ting grating couplers.6 The strong reflection induced by a
grating coupler defined on top of a VCSEL has been previ-
ously used to reduce theQ factor of one of the modes for
polarization-control, but in that case the goal was not to out-
couple into a waveguide and theQ factor of the grating-
coupled mode was reduced rather than enhanced.7

Figure 4 shows a fabricated structure. The VCSEL is
defined by selective hydrogen implantation and gain guiding.
An aperture is left open in the electrode at the location of the

VCSEL scircular apertured as well as around the waveguide.
Trenches etched into the GaAs layer define thessegmentedd
waveguide. The trenches are interrupted to prevent the wave-
guide peeling off. In order to electrically pump the VCSEL,
the AlGaAs buffer layer is only selectively oxidized through
the trenchessthe oxidized region can be recognized as the
shaded region around the waveguided. The grating is etched
above the VCSEL within the circular aperature, however the
grates are not resolved in this micrograph. The image was
taken before deposition of the top SiO2 cladding layer.

In conclusion, we have shown theoretically that by in-
troducing a defect into a grating coupler light can be effi-
ciently coupled around a ninety degrees bend. We obtained
40% coupling efficiency from a vertical cavity to an in-plane
waveguide defined in the topmost layer of the same chip.
Furthermore, feedback from the defect mode of the grating
coupler to the vertical cavity enhances polarization-control
of the VCSEL.
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FIG. 4. Scanning electron micrograph of a fabricated structure.
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