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Optica l resonanc e mode s in GaN pyrami d microcavities
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An array of GaN hexagonal pyramids with a side length of 8.0 mm was fabricated by selective
epitaxial overgrowth. These microsized pyramids are highly efficient microcavities. Three types of
optical resonance modes with mode spacings of 10, 5.0, and 6.0 Å were observed when a single
pyramid was pumped optically by an intense ultraviolet laser beam. An optical ray tracing method
has been developed for calculating the optical resonance modes inside the pyramid microcavities. It
was shown that a single pyramidal cavity can support several different types of optical resonance
modes. The calculated mode spacing agrees very well with the observations. The uniqueness and
advantages of this class of hexagonal pyramidal microcavities over the other microcavities are
discussed. The implications of our finding on the future GaN microcavity light emitters including
micro-light-emitting diodes, microcavity lasers, and vertical-cavity-surface emitting lasers are also
discussed. © 1999 American Institute of Physics. @S0003-6951~99!03632-3#
to-
Recently, great successes in the development and dem-
onstration of room temperature continuous wave III-nitride
edge-emitting blue/ultraviolet ~UV! laser diodes ~LDs! have
been achieved,1 which is encouraging for the research and
development of blue/UV LDs in other geometries and con-
figurations. In particular, microcavity lasers including micro-
disk and microring lasers as well as vertical-cavity-surface
emitting lasers offer several benefits resulting from optical
confinement to a microcavity, including enhanced quantum
efficiency and a greatly reduced lasing threshold. Addition-
ally, the compatibility to a two-dimensional ~2D! array fab-
rication is an inherent attribute of these microcavity lasers,
which are of interest for optical display, imaging, scanning,
optical parallel interconnects, and ultraparallel optoelectron-
ics applications. Standard photolithography and dry etching
techniques have been employed previously to fabricate the
III-nitrid e microdisk and microring cavities.2–5 A large en-
hancement of the intrinsic transition quantum efficiency and
optical modes corresponding to the whispering-gallery ~WG!
and radial modes have been observed in AlGaN/GaN and
InGaN/GaN multiple quantum well microdisk cavities.2,3 III-
nitrides microcavities can be fabricated either by lithography
and dry etching patterning as well as by selective epitaxial
overgrowth. III-nitrid e microcavities prepared by selective
epitaxial overgrowth form either hexagonal prisms or pyra-
mids due to the nature of symmetry of the III-nitrid e crystal
structures.6–10 Optical properties of these hexagonal micro-
sized prisms and pyramids have not been well studied and
understood.

In this work, we have studied the optical modes behav-
iors of a self-organized GaN hexagonal pyramidal microcav-
ity fabricated by metalorganic chemical vapor deposition
~MOCVD! selective epitaxial overgrowth. These microsized
pyramids are highly efficient microcavities due to the ex-
tremely smooth facet surfaces formed by self-organization
without any process damage. Optical resonance modes in the
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GaN pyramidal microcavities can be observed at a pumping
intensity which is several orders of magnitude lower than
that in the III-nitrid e MQWs microdisk cavities. Optically
pumped lasing actions in these selective epitaxially over-
grown GaN pyramids have been observed recently.9 How-
ever, the formation of the optical cavities inside amicrosized
pyramid and the properties of optical resonance modes are
unknown. As wil l be shown here, a microsized pyramid is a
true three-dimensional ~3D! cavity, which can support sev-
eral different types of optical resonance modes. These novel
and unique pyramidal microcavities open new avenues for
optoelectronic device applications.

An array of GaN pyramids was prepared by selective
epitaxial overgrowth using low-pressure MOCVD. Prior to
the pyramidal growth, a 1.0 mm GaN epilayer was grown on
a ~0001! sapphire substrate using a thin AlN buffer layer. A
0.2mm SiO2 mask layer was deposited on the top of the GaN
epilayer. Patterning of the mask with a circular opening of
about 4 mm in diam was achieved by using standard pho
lithograhic technique together with dry etching, followed by
the GaN pyramidal overgrowth. Figure 1~a! shows the scan-
ning electron microscope ~SEM! image of an array of the
GaN hexagonal pyramids. As can be seen from Fig. 1~a!, the
six facets of each pyramid formed by self-organization are
extremely smooth since their formation does not require any
patterning processes such as etching. Figure 1~b! shows the
schematic diagram of a GaN pyramid microcavity and pro-
vides the dimensions of the pyramids (a58.0 mm and h
51.63 a! used in this work. The angle between the facets
and the SiO2 basal plane is a562°. To study the optical
resonance modes behaviors, an UV transmitting objective
was used in a confocal geometry to optically pump a single
pyramid normal to the sample surface and to collect the light
emission in the direction of the surface normal.

Figure 2~a! shows alow temperature ~10 K! photolumi-
nescence ~PL! emission spectrum of a GaN pyramid pumped
under a low excitation intensity. The mechanism of these
optical transition lines has been discussed previously.10 We
concentrate here on the optical resonance modes behavior,
© 1999 American Institute of Physics
ll Rights Reserved.



764 Appl. Phys. Lett., Vol. 75, No. 6, 9 August 1999 Jiang et al.
which is shown in Fig. 2~b!. The observed optical modes
patterns shown in Fig. 2~b! are quite complicated, but can be
classified into three different groups with different mode
spacings. The first group includes the emissions peaks at
3555, 3565, and 3576 Å giving a mode spacing of Dl1

obs

510 Å. The second group includes the emission peaks at
3698.5, 3703.5, and 3708.5 Å as well as at 3681 and 3686 Å
giving a mode spacing of Dl2

obs55Å. The third group in-
cludes emission peaks at 3590, 3596, and 3602 Å as well as
those at 3649.5 and 3655.5 Å giving a mode spacing of
Dl3

obs56.0 Å. Notice that Dl1
obs/Dl2

obs52 and
Dl1

obs/Dl3
obs51.7.

The observed mode spacing can be understood from the
following calculation, which also provides aclear picture for
the formation of the optical cavities inside amicrosized pyra-
mid. The first type can be identified quite easily from Fig.
3~a!. Two opposite facets together with the SiO2 basal plane
form one cavity, i.e., between planes AEB, ADC, and EBDC
@Fig. 1~b!#. The side view of such a cavity or its projection
on a plane normal to these two facets ~AEB and ADC! is
presented on the top half of Fig. 3~a!. The six facets of the
pyramids together with the SiO2 basal plane @see Fig. 1~b!#
form three pairs of cavities of this type. A light beam ~line P!
propagating in a direction normal to one of the facets ~facet
AC! wil l be reflected by the basal plane BC. The reflected
light beam is also normal to the opposite facet ~facet AB!
since /ABC5/ACB5a. A cavity is thus formed with a
cavity length of about Lc

I 5(3/2)a,where a is the side length
of the pyramids. This cavity, which is similar to the Fabry–
Pérot cavity formed by two parallel facets, is formed by three
facets in apyramidal microcavity. This cavity gives astand-
ing wave of light inside apyramid with atotal optical path of
about 2Lc

I (53 an! with n being the index of refraction of
GaN.

A more intriguing way to visualize this cavity in the
pyramids can be achieved by the following method. Instead
of reflecting the light beam ~line P! at point O on the basal
plane, we allow the light beam to propagate continuously on
a straight line and the pyramid to reflect about the basal
plane BC @see the lower half of Fig. 3~a!#. By doing so, the
total active area involved in this particular type of optical

FIG. 1. ~a! SEM image of an array of self-organized hexagonal GaN pyra-
mids. ~b! A schematic diagram of a single GaN pyramidal microcavity, a
58.0mm andh51.63a.
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resonance modes can be easily determined, which is the
lower half area of the facets, between planes HC and GB ~the
thicker lines!. This is arelatively large area and thus gives a
strong signature of this type of optical modes in the emission
spectrum as shown in Fig. 2~b!.

By employing the same method described above, the
second type of cavity can be readily identified and is sche-
matically illustrated in Fig. 3~b!. It is easy to prove @follow-
ing all the angles in Fig. 3~b!# that the light beam, which is
normal to the plane of AC, is also normal to the plane A8B8.
It thus forms acavity with acavity length of about Lc

II53 a,
twice the cavity length of the first optical mode type. The
mode spacing of the second type resonance modes is thus
one-half of that of the first type, which is observed experi-
mentally in Fig. 2~b!, Dl2

obs55 Å and Dl1
obs510 Å. Again,

the thicker lines on the top portion of the pyramid represent
the size of this type of cavity. Resonance modes in Fig. 3~b!
are also a standing wave.

One can also visualize the existence of the third type
optical modes inside the pyramids. The dotted line between x
and x99 in Fig. 4 represents a straight light beam reflecting
six consecutive times from ABC to A9B9C8. It is clear that
the point x99 on the plane A9B9 is the same point as x on the
plane AB. With light beam P parallel to the plane BC, it is
easy to prove that the plane AB is parallel to the plane A9B9
by following all the angles indicated along the light beam
xx99 by using the relation 2a1b5180°. The optical path
thus take a complete cycle, which has a great similarity as
the WG modes in the microdisk and microring cavities. One
of the actual optical paths is indicated in Fig. 4 by the solid
line inside the pyramid ABC. The total optical path for this
type of mode is about 3A3 an.

The resonant modes of wavelength l in the pyramidal

FIG. 2. ~a! PL emission spectrum of GaN pyramids under a low pump
intensity and ~b! optical resonance modes behavior of an individually
pumped pyramid under a high pump intensity.
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microcavities can be calculated by

Ln85ml, ~m is an integer! ~1!

with mode spacing

Dl5l2/Ln8, ~2!

where Ln8 is the total optical path of different resonance
modes and n8 is the GaN effective index of refraction which
was taken as n852.65. From Figs. 3 and 4, the total optical
paths of the first, the second, and the third optical mode types
are about 3 an8, 6 an8, and 3A3 an8 with mode spacings of
Dl1

cal520.4Å'2Dl1
obs, Dl2

cal510.2Å'2Dl2
obs and Dl3

cal

511.8 Å'2Dl3
obs, respectively. The ratios are expected to

be Dl1
cal/Dl2

call52 and Dl1
cal/Dl3

cal51.7. We see that the
calculated mode spacings ratios agree very well with the ob-
servation of Dl1

obs510 Å, Dl2
obs55 Å, and Dl3

obs56.0 Å
and the ratios of Dl1

obs/Dl2
obs52 and Dl1

obs/Dl3
obs51.7. A

FIG. 3. Optical paths of Fabry–Perot-like cavities formed in aGaN hexago-
nal pyramidal microcavity determined by an optical ray tracing method. The
effective optical path of ~a! the first type optical resonance odes is about 3
an and ~b! the second type optical resonance modes is about 6 an, where n
is the refractive index of GaN.
Copyright ©2001. A
factor of two difference between the observed and calculated
mode spacing is due to symmetric conditions imposed on the
Maxwell equations in hexagonal pyramids, which are unable
to be included in the simplified ray tracing method described
above.

The advantages and uniqueness of the pyramidal micro-
cavities include ~i! six facets per each pixel, ~ii ! extremely
smooth facet, and ~iii ! larger total surface area. Since GaN
pyramids are a completely new kind of microcavity, novel
properties related with microcavity effects11 should be inves-
tigated before we can take the full advantage of this new
class of cavities.

In summary, properties of optical modes in GaN pyra-
midal microcavities fabricated by MOCVD selective epitax-
ial overgrowth have been studied in detail. An optical ray
tracing method has been developed and used to calculate
different resonance modes in the GaN pyramidal microcavi-
ties. It was shown that each pyramidal microcavity is a 3D
cavity and can support more than three different groups of
optical resonance modes. The calculated mode spacings fol-
low the unique relationships Dl1 /Dl252 and Dl1 /Dl3

51.7, which agree well with the observation.
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FIG. 4. WG-like cavity formed in aGaN pyramidal microcavity with atotal
optical path of about 3A3 an, where n is the refractive index of GaN.
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