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Picosecod time-resolve photoluminescere(PL) spectroscop has bean usel to investigaé the
opticd properties of Ga\ pyramics overgrown on hexagonal-patterteGaN000]) epilayes on
sapphie and silicon substrate with AIN buffer layers We found that (i) the releag of the biaxial
compressie stran in GaN pyramids on GaN/AIN/sapphie substrat led to a 7 meV redshif of the
spectra pe& position with respetto the strainel Ga\ epilaye grown unde identicd conditions;
(i) in the GaN pyramids on GaN/AIN/sapphie substratestrorg bard edge transitiors with much
narrowe linewidths than those in the GaN epilaye hawe bee observedindicating the improved
crystalline quality of the overgrown pyramids (iii) PL specta taken from differert pars of the
pyramidcs revealel tha the top of the pyramd had the highes crystalline quality; ard (iv) the
presene of strorg band-to-impuriy transitiors in the pyramics were primarily due to the
incorporatiam of the oxygen and silicon impurities from the SiO, mask © 199 American Institute

1 MARCH 1999

of Physics [S0003-695(99)02609-1

Wide bard gap Il 1—nitrides hawe recenty attractel con-
siderabé interes due to their applicatiors for opticd devices
which are active in the blue and ultraviole (UV) wavelength
regiors ard electront devices capabé of operatim at high
temperature/poweard in hars environmentg. The recent
succes of the edge-emissio laser$ basel on Il [—nitrides is
encouragig for the study of othe lase geometris suc as
verticd cavity and microdik cavity lasers Thes alternative
lase geometris offer severh benefis resulting from con-
finemen of the opticd mode to a microcavity, including en-
hancel quantun efficienoy and a greaty reduce lasing
threshold Additionally, the compatibility to two-dimensional
arrey fabricatin is an inheren attribue of thee lasers,
which are of mud interes for opticd display, imaging scan-
ning, opticd paralld interconnectsand ultraparallé opto-
electronis applications A dry etchirg techniqe has been
applied previousy to fabricae GalN microdisk cavities®>* A
large enhancemenof the intrinsic transition quantum effi-
cieng/ has bean observe in GaN/AIGaN multiple quantum
well microdis cavities® Furthermorewhen individud disks
were optically pumped opticd modes correspondig to the
radid and the Whisperirg Gallety modes were observed.

In this work, we hawe studiad the opticd properties of an
arrey of self-organizd GaN hexagonhpyramids fabricated
by selectie epitaxid metalorgardé chemicé vapa deposi-
tion (MOCVD) growth It has bean shown previousy that
self-organizd Ga\ microcavities producel by selective ep-
itaxy are of eitha hexagonhprisms or hexagonhpyramids
due to the natue of the crystd structures’ Furthermoreit
has been demonstrate that the threadimg dislocation density
in Ga\ can be significanty reducel by employirg lateral
epitaxid overgrowth® ! Thus it is of grea importane to
study and understad the opticd properties of thes novel
structure producel by selectie epitaxy.
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0003-6951/99/74(9)/1227/3/$15.00

1227

Gal pyramids were grown by selective epitaxy on the
GaN epilayes on GaN/AIN sapphie or GaN/AIN/silicon
substrate as depictal in Fig. 1(a). Before the pyramidal
overgrowth a 1-um-thick GaN epilayer was grown on a
(0007 sapphie or silicon substrag with a thin AIN buffer
layer. A 0.2-um-thick SiO, mak was coatal on the GaN
epilayer Hexagonawindows with 3.5 um per side and 20
pm apat were prepare by photolithograpl togethe with
dry etching followed by the GaN pyramida overgrowth.
Scanniig electrone microscoy (SEM) was employeal to
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FIG. 1. (a) Schemat diagran showirg GaN pyramids fabricatel by selec-

tive epitaxid overgrowh on the GaN/AIN/silicon or GaN/AIN/sapphie sub-
strates (b) top view, ard (c) side view of SBEM images of a pyramid array.
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FIG. 2. Low-temperatue (T=10K) PL specta of the Ga\ pyramids over-
grown on (a) the GaN/AIN/silicon substra¢ and (b) the GaN/AIN/sapphire
substratePL spectrun of a Ga\ epilaye grown unde identicd conditions
is plotted in (c).

study the morphology of the GaN pyramids which revealed
tha all six surface were extremey smooh with very good
morpholoy as shown in Figs 1(b) and 1(c). Thee GaN
pyramids formed a two-dimensionk (2D) array. The length
of ead side of the bas of the self-organizd pyramids was
abou 7um and the height of the pyramid was about dw.

Low-temperatue PL specta were measurd by a pico-
secoml lase spectroscop systen with an averag@ output
powe of abou 30 mW at A =292 nm and a spectraresolu-
tion of abou 0.2 meV. The lase bean was focusel onto a
spd of abou 20 um in diameter. A single photon counting
systen ard a strek camea were usal to colled time-
resolvel PL data The time resolutioy of the single photon
countirg systen ard the strek camea were 20 ard 2 ps,
respectively Detailed information on the time-resolve PL
systen can be found elsewheré?

The low-temperatue PL specta of the GaN pyramids on
the GaN/AIN/silicon and GaN/AIN/sapphie substrate are
presentd in Figs. 2(a) and 2(b), respectively For compari-
son the PL spectrun of a GalN epilaye on sapphie substrate
with AIN buffer layer grown unde identicd conditiors as
the Ga\ pyramids on GaN/AIN/sapphie substrag is also
included in Fig. 2(c). For the GaN pyramids on GaN/AIN/
silicon, the main emissian bard at 3.4 eV is attributeal to
eithe a neutrd dona bourd exciton or band-to-impurity
transition This assignmenis basel on its spectra pe&k po-
sition and its decy lifetime (~0.18 n9) (Fig. 3). Two other
emissio lines at 3.42 ard 3.290 €V are alo evident The
emissiam line at 3.422 eV is vely close to the emissia line
associaté with the presene of oxygen impurities in GaN
epilayes reportel previously*®!4We thus assig the emis-
sion line at 3.42 eV as the recombinatio betwea the elec-
trons bourd to substitutionh oxygen dona impurities and
free holes or the (D% h") transition The emissim line at
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FIG. 3. PL temporé& response measurd at 10 K ard at emissio energies
E=3.29 ard 3.4 eV for the GaN pyramids overgrown on the GaN/AIN/
silicon substrateand at E=3.46 eV for the GalN pyramids overgrow on
the GaN/AIN/sapphie substrate.

3.29 eV is nat a dona—accepto pair transition since its
lifetime is only abou 0.75 ns as shown in Fig. 3. For the
GaN pyramics on the GaN/AIN/sapphie substrag¢ [Fig.
2(b)], besidas the transitian line at 3.46 eV (with a decay
lifetime ~0.16 ns as shown by Fig. 3) ard the impurity re-
lated transition lines at 3.42 and 3.29D eV, ther alw exist
transitian lines at 3.48 ard 3.4% eV. The mechanisra of
thes transitin lines will be publishel in anothe paper®

For the GaN pyramids grown on GaN/AIN/sapphie sub-
strate the emissia line at 3.48 €V is abou 7 meV below
the correspondig pe&k at 3.4% eV for the GaN epilayer.
This 7meV spectraredshif can be explainel by the release
of the biaxid compressie stran in the overgrown GaN pyra-
mids A 1.5 meV blueshit of the bard edge transitiors in the
laterally overgrown GaN stripes on GaN/AIN/6H-SiC(0001)
substrag¢ with respetto that of the underlyirg GaN epilayer
has been previousy reportedt! This is expecte since the
GaN epilayeg on 6H-SiC(000]) substrats is subje¢ to a
biaxid tensik strainl® However in our cas with asapphire
substrateit correspond to a biaxid compressie strain Its
releag in the Ga\ pyramids leads to a redshit of the spec-
tral peak The magnitue of the stran in the GaN epilayer
can alw be calculated The 7 meV redshif correspondto a
releag of the €,, value of abou 0.0%% (denotirg the mag-
nitude of the uniaxid stran alorg the ¢ axis)!’ in the GaN
pyramids with respetto tha of the GaN epilayer.

The impurity related transitiors at 3.42 ard 3.290 eV
are found in both pyramd sample grown on GaN/AIN/
silicon or GaN/AIN/sapphie substrate as shown in Figs.
2(a) ard 2(b). However in the GaN epilayer besides the
transitin line at 3.4% eV only awe& transition at 3.42 eV
is observedIt thus suggest tha these two emissia lines at
3.290 ard 3.422 eV are associatd with Si and O impurities
dueto the use of a SiO, mak in the overgrowh of pyramids.
Since the emissim line at 3.422 eV is observal# in the two
pyramid samples as well as in the Ga\ epilayer it further
confirms the previows assignmenthat this transition may be
related to an oxygen but not a silicon impurity. The emission
line at 3.290 eV, which is abou 220 meV below the band
gap is observal# in both pyramid sample but not may be

e Ga\ epilayer It may be related to an accepto level
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FIG. 4. Low-temperatug PL specta of the GaN pyrami overgrown on the
GaN/AIN/sapphie substrag collected along (a) the centra axis ard (b) one
of the six surface of the pyramid.

inducel by silicon impurity as calculated® and observed
previously®® In the GaN pyramids on GaN/AIN/silicon sub-
strate the emissim lines at 3.48 ard 3.4% eV are absent.
Thisis consistenhwith the fact that it is much harde to grow
high quality GaN on silicon than on sapphie substrag partly
due to the large lattice mismatd betwee GaN and Si than
that betwee GaN and sapphire.

Diffusion of Si and O impurities from the SiO, mask
during the pyramidd overgrowh shout leawe an impurity
distribution in the pyramids with fewer Si and O impurities
close to the top of the pyramids In orde to ched the crys-
talline quality and purity in different pars of the pyramids,
we hawe employel two differert configuratiors to collead PL
from the overgrown pyramids on GaN/AIN/sapphie as illus-
trated in the inses of Fig. 4. In both configurationsthe in-
cidert lase bean is perpendiculato one of the six surfaces
of the pyramid PL is collectal alorg the centrd axis (or one
of the surfaceg of the pyramd as shown in Fig. 4(a) [Fig.
4(b)] in such away that the PL from the top (or base patt of
the pyramids dominatesComparirg the PL resuls shown in
Fig. 4, the intrinsic transitiors lines relative to the band-to-
impurity transitiors are significantly enhancd in the top of
the pyramids [configuratia Fig. 4(a)]. The absolué emission
intensily of the transition line at 3.48 eV in the top pat of
the pyramd [Fig. 4(a)] is also much highe than that in the
bas part Thes resuls imply tha the crystalline quality and
purity of the top pat of the pyramids is highe than tha of
the bas part Our resuls are consistetwith tha reportel in
Ref. 9. It was shown there that dislocatian diminishes above
approximatef one third of the pyramd heigh within a py-
ramidd volume.

In summary our resuls show that (i) the releag of the
biaxid compressie stran in the GaN pyramids overgrown
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on sapphie substrag leads to a 7 meV redshit of the spec-
tral pe& position with respet to tha of the strainal GaN

epilaye grown unde identicd conditions (ii) in the GaN

pyramids on GaN/AIN/sapphie substratestrorg band-edge
transitiors involving both the A and B valence-edg bands
with mudh narrowe linewidths than those in the GaN epil-

ayea are observedindicating the improved crystalline quality

of the overgrown pyramids (iii ) the top portion of the pyra-

mid has amud highe crystalline quality and purity than the

ba® part ard (iv) both oxygen and silicon impurities have
bee incorporatéd into the overgrown pyramics due to the

use of Si0, mak ard high growth temperatureOur results
suggestha self-organizd microcavities formed by selective
epitayy can be further developd for the realization of GaN

microcaviy lases with minimum parasitc opticd losses as

well as a simplified device proces tha completey elimi-

nates the nea for etchirg the crystal Indeed room tempera-
ture lase action in GaN pyramids grown on silicon substrate
by selectie laterd overgrowh has been demonstrateé most
recently?°
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