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An approach for creating two-dimensional arrays of coherently coupled vertically emitting laser
cavities is demonstrated. This is achieved by creating a 232 array of defect cavities within the top
distributed Bragg reflector of a photonic crystal vertical cavity surface-emitting laser. The optical
coupling occurs laterally through coupling regions defined between the defect cavities. Modifying
the index within the coupling regions, accomplished by varying the hole parameters of the photonic
crystal in those regions, leads to out-of-phase coherent coupling observed in the far field. Agreement
is found between the simulated and observed out-of-phase far fields. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1929074g

Coherently coupled two-dimensionals2Dd arrays of ver-
tically emitting lasers offer the potential of extended area
coherent sources with high spectral purity, useful in a variety
of applications in the high-powerslaser radar, optical com-
munications, and steerable sourcesd and low-powersimage
processing, spectroscopic sensing, and optical logicd re-
gimes. A variety of approaches for 2D coherent vertical cav-
ity surface-emitting lasersVCSELd arrays have been inves-
tigated. The first 2D phase-locked array of VCSELs made
use of evanescent coupling between densely packed etched
air post VCSELs.1 Reflectivity modulation of broad-area
VCSELs also produced 2D arrays of coherently coupled ar-
ray elements.2,3 Such an approach, in conjunction with a bi-
nary phase-shift mask, led to a 2D array emitting into a cen-
tral on-axis lobe.4 More recently, leaky-mode antiguided
arrays of VCSELs have been employed as a method to
achieve coherent coupling.5,6

Recent experimental and theoretical investigations have
shown that a 2D photonic crystalsPhCd etched into the top
distributed Bragg reflectorsDBRd of a VCSEL can define a
lasing cavity confined within a defect of the PhC lattice.7,8

Finely tuned lateral index differences can be engineered to
control transverse modes, and can enable operation of the
single-fundamental mode.9 Additionally, coherent coupling
between two defects of a PhC VCSEL has been achieved.10

Here, we demonstrate 2D out-of-phase coherent coupling be-
tween multiple array elements defined by a PhC lattice con-
taining a 232 array of defect cavities etched into the top
DBR of a VCSEL.

Selectively oxidized 850 nm VCSELs, created with a
mesa etch fabrication process,11 were fabricated and charac-
terized prior to being modified into PhC VCSELs. The top
n-type DBR contains 25 mirror periods. There is a single
AlAs layer located in thep-type lower DBR, which when
oxidized, resulted in a square oxide aperture approximately
25 µm on each side. Au–Ge/Ni/Au was evaporated to create
a topside metal contact ring for each device, while Ti/Au was
used as the common back side metal contact. To create the
PhC VCSELs, a layer of SiO2 was deposited over the surface
of the sample. A 2D triangular lattice of holes was then pat-

terned through the SiO2, using focused ion beam etching,
with the multiple defect cavities designed into the PhC lattice
by omitting selected holes. The pattern was then etched ap-
proximately 15 periods into the top DBR of the VCSEL us-
ing inductively coupled plasma reactive ion etching, thereby
creating the air holes.

A series of devices with a PhC lattice containing a
232 defect cavity pattern was fabricated. Parameters of the
PhC latticeslattice constant, hole diameter, and hole depthd
were chosen to give single-mode operation in a single-defect
case.9 The lattice constant was 4.0µm and the hole diameter-
to-lattice constant ratio was 0.7. Figure 1 shows examples of
patterns that were etched into the devices. In Fig. 1sad, all
holes in the PhC lattice were designed the same. In succes-
sive devices, the diameters of the four innermost holes,
which are within the coupling regions between defect cavi-
ties, were reduced. Reduction in hole diameter is accompa-
nied by a reduction in hole depth, relative to the other holes
in the PhC lattice, due to reactive ion etch loading effects.
Modifying these selected holes allows precise control of the
effective index in the coupling regions, while positioning the
optical loss to the location of the holes. Using this technique
for controlling the effective index between defect cavities
differs from etching trenches or reflectivity modulation to
define array elements, because optical loss need not be intro-
duced across the entire coupling region. In the series of fab-
ricated devices shown in Fig. 1, the reduction of hole diam-
eter and depth results in increasing the effective index in the
coupling regions and reducing the optical loss.
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FIG. 1. Examples of the hole patterns etched to create 2D arrays of defect
cavities within PhC VCSELs. The lattice constant is 4.0µm, and the diam-
eter of each of the coupling region holes issad 2.8 µm, sbd 1.2 µm, andscd
0.4 µm.
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Due to the geometry of the 2D triangular lattice used,
there are asymmetries in the positioning of the 232 defect
cavities. As is evident in Fig. 1sad, for a lattice constanta, the
distance between the centers of the two topsor bottomd de-
fect cavities is 2a, which in this case is 8.0µm. The distance
between the centers of the two leftsor rightd defect cavities is
equal toÎ3a, which in this case is 6.9µm. Additionally, there
are asymmetries in the coupling regions between the defect
cavities. The coupling regions between the two topsor bot-
tomd defect cavities has an air hole directly between the cen-
ters of the defect cavities, while the coupling regions be-
tween the two leftsor rightd defect cavities has a gap. There
is also a potential coupling region in the area at the center of
the four defect cavities. As the diameter of the four holes in
the coupling region is reduced, the unetched area within this
central coupling region increases until it is a substantial frac-
tion of the area of a defect cavity, and eventually results in an
additional optical cavity.

Figure 2 shows the light versus injection current charac-
teristic for a PhC VCSEL fabricated using the pattern of Fig.
1sbd. The inset is a near-field image of the device taken just
above thresholdsmeaning the injection current was approxi-
mately 1.1 times the threshold current valued. This image
shows four distinct lasing cavities, each confined within a
defect cavity in the PhC lattice. The threshold current value
for this device is 15 mA, approximately twice that of the
broad-area oxide VCSEL prior to etching the PhC lattice.
This increase is attributed to optical loss resulting from the
etched holes. For the oxide VCSEL, the optical and electrical
apertures coincide with the oxide aperture. For the device of
Fig. 2, while the electrical aperture still coincides with the
oxide aperture, there are now multiple optical apertures, de-
fined by the defects in the PhC lattice. Each defect cavity has
an area of approximately 50mm2, for a combined area of
200 mm2, compared with 625mm2 for the oxide VCSEL
without the PhC lattice. For this reason, much of the injected
current passes through areas of the electrical aperture that do
not coincide with the optical apertures, and subsequently
does not contribute to stimulated emission. Designing the
optical aperture to be closer in size to the electrical aperture
has led to the reduction of threshold and increased output
power in single-defect cavity devices.12

Figure 3 shows lasing spectra taken at currents from
threshold to twice threshold for the device of Fig. 2. At
threshold, the device shows a single dominant peak, which is

20 dB above the first higher-order mode. At 20 mA, the
device is single mode, with 30 dB of side mode suppression.
At higher currents, a second spectral peak is observed.

Figures 4sad–4scd shows far-field imagessto scale rela-
tive to each otherd taken just above threshold from the PhC
VCSELs fabricated using the patterns of Figs. 1sad–1scd, re-
spectively. From these images, a determination of incoherent
suncoupledd or coherent coupling between the 2D array of
defect cavities can be made. Figures 4sad and 4scd are ex-
amples of devices which are not coherently coupled, with far
fields indicative of the superposition of the Gaussian-type
beams emitted from each of the operating defect cavities.
Figure 4sbd, however, shows a far-field image consistent with
out-of-phase coherent coupling between the 232 array of
defect cavities,13 and is from the device of Fig. 2. The out-
of-phase condition for the 232 array arises when a diagonal
pair of defect cavities has the same phase, but is 180° out-
of-phase with the other diagonal pair of defect cavities.

FIG. 2. sad Light—current characteristic for a device fabricated using the
pattern shown in Fig. 1sbd. Inset is the near-field image of the device oper-
ating just above threshold as a 2D coherently coupled PhC VCSEL.

FIG. 3. Spectral characteristics for the device of Fig. 2.

FIG. 4. sad–scd Far-field imagessto scale relative to each otherd taken just
above threshold from the PhC VCSELs fabricated using the patterns shown
in Figs. 1sad–1scd, respectively. Bothsad andscd are examples of uncoupled
devices with far fields indicative of the superposition of the Gaussian-type
beams from each of the operating defect cavities,sbd is indicative of out-of-
phase coherent coupling, and is taken from the device of Fig. 2.sdd Simu-
lation of the far-field radiation pattern for the device of Fig. 2, operating
out-of-phase coherently coupled.
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While the far-field image of Fig. 4sbd is an example of
out-of-phase coherent coupling, there are features in the pat-
tern that are not explained by simply having identical lasing
defect cavities with an out-of-phase phase relationship.
These features include the larger brighter lobes at the top
right and bottom left, and an elliptical shape of each lobe. To
investigate these features, simulations of coherent coupling
for the PhC VCSEL design of Fig. 1sbd were performed us-
ing a beam propagation method. The PhC lattice of the air
holes was placed within a background material with refrac-
tive index of 3.3, comparable to the effective index of the
VCSEL within the oxide aperture. Circular Gaussian sources
of identical shape and intensity were centered below each
defect aperture having the fixed out-of-phase phase relation-
ship described earlier, and the beams were allowed to propa-
gate through the material for a distance of 5µm.

The simulation resulted in images which were generally
consistent with the near field shown in the inset of Fig. 2 and
with the far field of Fig. 4sbd, though the far-field lobes were
more symmetric, not exhibiting the features mentioned
above. Examination of the measured near-field profiles,
shown in the inset of Fig. 2, shows that the centroids of the
lasing beams are not exactly centered within the defect ap-
ertures. By adding this into the simulation, a far-field image
was calculated and is shown in Fig. 4sdd. This image now
exhibits larger brighter lobes at the top right and bottom left,
and is in good agreement with the image of Fig. 4sbd.
Through further simulation, it was determined that the ellip-
tical shape could be explained by increasing the intensity of
one of the Gaussian sources relative to the other three. Such
an occurrence could physically arise from greater current in-
jection into one of the defect cavities caused by a slight
misalignment of the oxide aperture and photonic crystal pat-
tern.

In summary, an approach for creating 2D arrays of co-
herently coupled vertically emitting laser cavities was dem-
onstrated. It was shown that modifying the local index of

refraction in the coupling regions between defect cavities of
a PhC VCSEL would result in out-of-phase coherent cou-
pling between the 232 array of defect cavities. Simulations
were conducted that are in good agreement with the mea-
sured data and provide additional insight into device opera-
tion.
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