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An array of GaN hexagonbpyramics with a side lengh of 8.0 um was fabricated by selective
epitaxid overgrowth Thes microsizel pyramids are highly efficiert microcavities Three types of
opticd resonane modes with mode spacing of 10, 5.0, ard 6.0 A were observel when a single
pyramid was pumpel optically by an intens ultraviolet lase beam An opticd ray tracing method
has been developé for calculatirg the opticd resonane modes inside the pyramid microcavities It
was shown tha a single pyramidad cavity can suppot severa differert types of opticd resonance
modes The calculatel mode spacimg agree very well with the observationsThe uniquenes and
advantage of this clas of hexagonk pyramidd microcavities over the othe microcavities are
discussedThe implicatiors of our finding on the future GaN microcaviy light emittes including
micro-light-emitting diodes microcavily lasers ard vertical-cavity-surfae emitting lases are also
discussed © 199 American Institute of Physics [S0003-695(99)03632-3

Recently gred successein the developmehand dem-
onstration of room temperatug continuows wave lll-nitride
edge-emittig blue/ultraviolé (UV) lase diodes (LDs) have
bee achieved, which is encouragig for the researb and
developmetof blue/UV LDs in othe geometris ard con-
figurations In particular microcaviy lases including micro-
disk ard microring lases as well as vertical-cavity-surface
emitting lases offer sever& benefis resultirg from optical
confinemento a microcavity, including enhancd quantum
efficiengy and a greaty reducel lasing threshold Addition-
ally, the compatibility to a two-dimensionk(2D) array fab-
rication is an inheren attribue of thee microcaviy lasers,
which are of interes for opticd display, imaging scanning,
opticd paralld interconnectsand ultraparallé optoelectron-
ics applications Standad photolithograplg and dry etching
techniqus hawe bean employel previousy to fabricae the
l1I-nitrid e microdisk and microring cavities?>™> A large en-
hancemenof the intrinsic transition quantum efficieng/ and
opticd modes correspondig to the whispering-galley (WG)
and radid modes hawe been observe in AlIGaN/GaN and
InGaN/Ga multiple quantun well microdisk cavities?? I11-
nitrides microcavities can be fabricatel eithe by lithography
ard dry etchirg patternig as well as by selectie epitaxial
overgrowth llI-nitrid e microcavities preparéel by selective
epitaxid overgrowh form eithe hexagonhprisms or pyra-
mids due to the natue of symmety of the IlI-nitrid e crystal
structure$71% Opticd properties of thes hexagonkmicro-
sized prisms and pyramids have not been well studied and
understood.

In this work, we hawe studial the opticd modes behav-
iors of a self-organizd Ga\ hexagonhpyramidd microcav-
ity fabricatel by metalorgart chemicd& vapa deposition
(MOCVD) selecti epitaxid overgrowth Thes microsized
pyramids are highly efficiert microcavities due to the ex-
tremely smooh face surface formed by self-organization
without arny proces damageOpticd resonane modes in the
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Gal pyramidad microcavities can be observé at a pumping
intensiy which is severa ordess of magnitue lower than
that in the llI-nitrid e MQWs microdik cavities Optically
pumpel lasing actiors in the® selective epitaxialy over-
grown GaN pyramids have been observe recently? How-
ever, the formation of the opticd cavities inside amicrosized
pyramid and the properties of opticd resonane modes are
unknown As will be shown here a microsizel pyramid is a
true three-dimensioria(3D) cavity, which can suppot sev-
erd differert types of opticd resonane modes Thes novel
ard unique pyramida microcavities open new avenus for
optoelectrorg device applications.

An arrgy of Ga\ pyramids was prepare by selective
epitaxid overgrowh using low-pressue MOCVD. Prior to
the pyramida growth, a1.0 um GaN epilayer was grown on
a (0001 sapphie substrag using athin AIN buffer layer. A
0.2 um SiO, mak layer was deposite on the top of the GaN
epilayer Patterniig of the mak with a circular openirg of

abou 4 um in diam was achieved by using standard photo-

lithograhic techniqee togethe with dry etching followed by
the GalN pyramida overgrowth Figure 1(a) shows the scan-
ning electra microscog (SEM) image of an array of the
Gal hexagonbpyramids As can be sea from Fig. 1(a), the
six faces of eath pyramd formed by self-organizatia are
extremey smooh since their formation does not require any
patterniry processe suc as etching Figure 1(b) shows the
schematt diagran of a GaN pyramid microcaviy and pro-
vides the dimensios of the pyramids (a=8.0 um andh
=1.63 a) usd in this work. The angk betweea the facets
ard the SiO, basad plare is a=62°. To study the optical
resonane modes behaviors an UV transmittirg objective
was usel in aconfocd geomety to optically punp asingle
pyramid normd to the sampe surfae and to colled the light
emissim in the direction of the surfa@ normal.

Figure 2(a) shows alow temperatug (10 K) photolumi-
nescene (PL) emissia spectrun of a Ga\ pyramid pumped
unde a low excitatimn intensity. The mechanim of these
opticd transition lines has been discussd previously*® We
concentrag here on the opticd resonane modes behavior,
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FIG. 1. (a) SEM image of an array of self-organize hexagonhGaN pyra-
mids (b) A schemat diagran of a single GaN pyramidd microcavity, a
=8.0um andh=1.63a.

which is shown in Fig. 2(b). The observe opticd modes
patterrs shown in Fig. 2(b) are quite complicate¢but can be
classifi@ into three different groups with different mode
spacings The first growp includes the emissios peals at
3555 3565 ard 357 A giving a mode spacimy of A\
=10 A. The seconl growp includes the emissim peals at
3698.5 3703.5 and 37085 A aswell as at 3681 and 3686 A
giving a mock spaciry of A)\Sbs: 5A. The third growp in-
cludes emissim peals at 3590 3596 and 362 A as well as
those at 36495 and 36555 A giving a mode spacig of
ANS®=6.0 A. Notice that ANPYANS™=2 and
ANSPYANSPS=1.7.

The observe moce spaciry can be understod from the
following calculation which also provides aclea picture for
the formation of the opticd cavitiesinside amicrosizel pyra-
mid. The first type can be identified quite easiy from Fig.
3(a). Two opposit faces togethe with the SiO, basd plane
form one cavity, i.e., betwea planes AEB, ADC, ard EBDC
[Fig. 1(b)]. The side view of sud a cavity or its projection
on a plare normd to the® two faces (AEB and ADC) is
presentd on the top half of Fig. 3(a). The six faces of the
pyramids togethe with the SiO, bas4 plare [see Fig. 1(b)]
form three pairs of cavities of thistype A light bean (line P)
propagatig in adirection normd to one of the faces (facet
AC) will be reflectal by the basé plare BC. The reflected
light bean is also normd to the opposie face (face AB)
sine LABC=/2ACB=q«. A cavity is thus formed with a
cavity length of abou L'C= (3/2)a,whetre a is the side length
of the pyramids This cavity, which is similar to the Faby—
Paot cavity formed by two paralld facets is formed by three
faces in apyramidad microcavity. This cavity gives astand-
ing wave of light inside apyramd with atotd opticd pah of
abou 2L'C(=3 an) with n being the index of refractian of
GaN.

A more intriguing way to visualize this cavity in the
pyramids can be achievel by the following method Instead
of reflectirg the light beam (line P) at point O on the basal
plane we allow the light bean to propagag continuousy on
a straight line ard the pyramd to refle¢ abou the basal
plare BC [see the lower half of Fig. 3(a)]. By doing so, the
totd active area involved in this particula type of optical
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FIG. 2. (a) PL emissim spectrun of Ga\ pyramics unde a low pump
intensiy and (b) opticd resonane modes behavio of an individually
pumpel pyramid unde a high punp intensity.

resonane modes can be easiy determined which is the
lower half area of the facets betwea planes HC ard GB (the
thicker lines). Thisis arelatively large area and thus gives a
strorg signatue of this type of opticd modes in the emission
spectrun as shown in Fig. 2(b).

By employirg the same methal describel above the
secoml type of cavity can be readily identified and is sche-
matically illustrated in Fig. 3(b). It is eay to prove [follow-
ing all the angles in Fig. 3(b)] tha the light beam which is
normd to the plare of AC, is also normd to the plare A'B’.
It thus forms acavity with acavity lengh of abou LQ =3 a,
twice the cavity lengh of the first opticd mode type The
mode spacig of the secoml type resonane modes is thus
one-hal of tha of the first type, which is observel experi-
mentaly in Fig. 2(b), ANSP=5 A and ANSP=10 A. Again,
the thicker lines on the top portion of the pyramid represent
the size of this type of cavity. Resonane modes in Fig. 3(b)
are aloo astandirg wave.

One can also visualize the existene of the third type
opticd modes inside the pyramids The dotted line betwea x
and X" in Fig. 4 represertt astraigh light bean reflecting
six consecutie times from ABC to A"B"C’. It is clea that
the point X" on the plane A"B” is the sane point as x on the
plare AB. With light bean P paralld to the plare BC, it is
eay to prove tha the plare AB is parallé to the plane A"B"
by following all the angles indicated alorg the light beam
xx"" by using the relation 2a+ 3=180°. The optical path
thus take acomplete cycle, which has agrea similarity as
the WG modes in the microdik and microring cavities One
of the actua opticd patls is indicated in Fig. 4 by the solid
line inside the pyramid ABC. The totd opticd pat for this
type of mock is abou 3,3 an.

The resonah modes of wavelengh A in the pyramidal
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FIG. 3. Opticd patts of Faby—Perot-like cavities formed in aGaN hexago-
nd pyramidd microcaviy determine by an opticd ray tracing method The
effective opticd pah of (a) the first type opticd resonane odes is abou 3
an ard (b) the secoml type opticd resonane modes is abou 6 an, where n
is the refractive index of GaN.

microcavities can be calculate by

Ln"=m\, (m is an intege) 1)
with mode spacing

AN=\?/Ln’, 2)
where Ln’ is the totd opticd path of differert resonance

modes and n’ isthe GaN effective index of refracticn which
was taken as n’ =2.65 From Figs 3 and 4, the totd optical
patts of the first, the secondand the third opticd mode types
areabou 3an’, 6 an’, ard 33 an’ with mocde spacing of
ANS'=204A~2ANS%, ANSF=102A~2AN5" and ANS?
=11.8 A=~2A\3" respectively The ratics are expecte to
be ANYANSY=2 and ANSYANS=1.7. We see tha the
calculatei moda spacing ratios agree very well with the ob-
servatimm of ANP=10 A, ANS™=5 A, and AN™=6.0 A
and the ratios of A)\°b7A)\°bS 2 and A)\ObS/A)\O%S 1.7. A
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FIG. 4. WG-like cavity formed in aGalN pyramidad microcaviy with atotal
opticd pah of abou 33 an, wher n is the refractive index of GaN.

factar of two differene betwea the observel ard calculated
mock spacimg is due to symmetrc conditiors imposel on the
Maxwel equatiors in hexagonbpyramids which are unable
to be include in the simplified ray tracing methal described
above.

The advantage and uniquenes of the pyramida micro-
cavities include (i) six faces per eat pixel, (i) extremely
smooh facet ard (iii) large totd surfa® area Since GaN
pyramics are a completey new kind of microcavity, novel
properties relatel with microcaviy effects shout be inves-
tigated before we can take the full advantag of this new
class of cavities.

In summary properties of opticd modes in GaN pyra-
midd microcavities fabricatel by MOCVD selectie epitax-
ial overgrowh hawe bee studial in detail An opticd ray
tracing methal has been developd and usel to calculate
different resonane modes in the GaN pyramidd microcavi-
ties It was shown tha ead pyramida microcavily is a3D
cavity and can suppot more than three differernt groups of
opticd resonane modes The calculatel mode spacing fol-
low the unique relationshig AN, /AN,=2 ard AN;/ANg
=1.7, which agre= well with the observation.
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