APPLIED PHYSICS LETTERS

VOLUME 75, NUMBER 17

25 OCTOBER 1999

Optica | resonanc e mode s in InGaN/GaN multiple-quantum-well

microrin g cavities
K. C. Zeng, L. Dai, J. Y. Lin, and H. X. Jiang®

Departmei of Physics Kansa Stat University, Manhattan Kansa 66506-2601
(Receiva 9 April 1999 acceptd for publication 31 Augus 1999

Microrings of varying sizes hawe been fabricatel from In,Ga; _ ,N/GalN (x~0.15 multiple quantum
wells (MQWs). Photolithograpi and dry etching techniqus including both ion-bean and
inductively couplal plasna etchirg were employel to patten the Il1—nitride MQW microrings.
Individud microrings were optically pumpel and opticd resonane modes were observed The
observe mode spacing were consistethwith those expecte for whispering-galley (WG) modes
within aresonahcavity of cylindricd symmetry refractive index and dimensiors of the rings under
investigation The resuls obtainel from the microring cavities were compareé with thos of the
II1-nitride MQW microdik cavities Our resuls hawe indicatel tha resonane modes
correspondig to the radid and the WG modes are simultaneousl presemin microdisk cavities but
only WG modes are availabk from the microring cavities Implications of our resuls on future
GaN-basd microcaviy light emittess have been discussed © 199 American Institute of Physics.

[S0003-6950199)04743-9

The recen succes of Il 1-nitride edge emittes including
super-brigh blue light-emitting diodes (LEDs) ard lase di-
odes (LDs) (Ref. 1) is encouragig for the study of micro-
cavity LDs ard micro-LEDs Microcavity light emittess are
of interes for fundamenthstudies of cavity quantun elec-
trodynamis as well as for their unconventionklasing char-
acteristic which offer severh benefis over the edge-
emitting devicesincluding enhancd quantun efficiengy and
reducel lasing threshold due to the confinemen of optical
modes within the cavities? Micro-LEDs ard microcavity
LDs are alo of high interes for microdisplay imaging,
scanning opticd paralld interconnectionand ultraparallel
optoelectronis applications Severa types of microcavities,
including microdisk micropyramid and microprisn cavities,
hawe already been fabricatal recenty within the Il1-nitride
systent® For GaN/AIGaN multiple quantum wells
(MQWs), the intrinsic opticd transitiors from both the well
ard the barrie regiors were found to exhibit an approximate
tenfold increag in recombinatia lifetime and quantum effi-
cieng/ upon formation of microdisks® Opticd resonance-
mode behavios were al observe in GaN/AIGaN and
INGaN/GaN MQW microdisk cavities and also in GaN mi-
cropyramd cavities>® Room-temperaterlasing action with
opticd pumpirg in Ga\ micropyramic has been demon-
stratel recently’

For a microring cavity, one expecs to obsene the
whispering-galley (WG) model! which is describe by
Bessé functiors J,(x) for large m. The WG mode in the
microring may be thougt of as the light propagatio inside
the ring which is facilitated by totd internd reflection The
periodic bounday condition imposel on the circulating wave
gives an effective opticd pah of 27Rn, whereR andn are
the radius and refractive index of the ring, respectively In
this letter, we repot the fabricaticn arnd opticd studies of
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INnGaN/GaN MQW microrings We shaw that the WG reso-
nan@ modes were indeeal observe when individud micro-
rings were optically pumpel unde high-excitation intensi-
ties, and the mode spacimg was found to be consisten with
calculatio results.

The InGaN/GaN MQW structue usel for this study was
grown on (0001 sapphie substrate by metd—organic
chemical-vapo depositim (MOCVD) and consiste of a 50
nm GaN buffer layer followed by a 20 period of 45 A/45 A
In,Ga, _N/GaN (x~0.15 MQW and aGaN cappirg layer.
All layers were grown nominally undoped Photolithography
ard dry etchirg were usal to patten arrays of microrings
with varying diametes ard separatio spacings Two differ-
ert dry etchirg techniqus were employed In the early phase
of our studies ion-bean etchirg was usel to prepae 11—
nitride microstructuresMost recently the authors$ labora-
tory is employirg the inductively coupla plasna (ICP) etch-
ing technique to patten the Il 1—nitride microstructuresICP
etchirg has bean shown to be very effective for Ga\ etching
with high etch rate but minima ion damagé? Figure 1
shows a schemat diagran of the InGaN/GaN MQW mi-
crorings The sample were etchel into the sapphie substrate
so tha no Il I—nitride materid is preseh betwea the micro-
structure Figure 2 shows the scannimg electrax microscopy
(SEM) images of representati® INGaN/GaN MQW micro-

InGaN/GaN MQW
Micro-Ring

FIG. 1. Schemat diagran of representatie INnGaN/GaN MQW microring
fabricatel by photolithograply patternirg ard dry etching.
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FIG. 2. Scannimg electra microscoly (SEM) images of an InGaN/GaN
MQW microring fabricatel by (a) ion-bean etchirg and (b) inductively
coupleal plasma (ICP) etching lon-bean etching-inducd damag are ob-
servabé in the cgp layer of the ring in (a).

rings preparé by (a) ion-bean and (b) ICP etching In mi-
crorings preparé by ion-bean etching etching-induced
damags are evident However the ion-bean etching-
induceal defecs do not inhibit cavity-mocde behavig since
thee defecs were only observe on the top cappirg layer
ard the optical-mock behavios are determiné by the quan-
tum wells which are buried undernedt the cappirg layer. An
UV objective was usel in a confocd geomety to optically
punyp asingle microring normd to the sampé surfae and to
collea the emitted light in the direction of the surfa@ nor-
mal. The excitation lase and photoluminesceree(PL) detec-
tion systen hawe bee describe elsewheré?® A focusel la-
sa bean spd with adiamete assmal as 1 um was achieved
with the objective lens.

A PL emission spectrun obtainal a 10 K from the
INnGaN/GaN MQWs prior to the microring fabricatian is
plotted in Fig. 3(a), where the emissim line at 3.470 eV
originates from the Ga\ barriers The emissia line at 3.288
eV originates from the InGaN wells. The emissia lines at
3.18 and 3.1 €V are the one and two-phonan replices of
the 3.288 eV emissia line. An opticd emissio spectrum
measurd at 10 K unde high pumpirg intensiy for an indi-
vidually pumpel InGaN/GaN MQW microring with an outer
diamete of 3.2 um and inner diameter of 1.8m is shown
in Fig. 3(b), in which a strorg optical-moe behavig is
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FIG. 3. Low-temperatue (10 K) opticd emissim spectrn from (a) an
INnGaN/G& MQW sampeg prior to microring fabrication (b) an InGaN/
Ga\ MQW microring with an oute diamete of 3.2 um and a ring width of
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FIG. 4. Opticd emissia spectrum of an InGaN/Ga\ MQW microdik with
a diamete of 9.4 um. Both the WG and radial modes are observed in the
microdisks.

clearly evident Three strorg emissim lines at 3.116 3.170,
ard 3.224 eV, exhibiting a mode spacimg of 54 meV, are
attributed to WG modes.

The WG moce has alow opticd loss due to a total
internd reflection and thus low threshotl for lasing The
effective opticd pah of 27Rn imposed by the periodic
bounday condition resuls in WG eigenmoe conditiors of

27Rn=m\, forlarge(intege)y m, (1)

from which the mode spacim is given by
ANywg=\%27Rn, (2
or in the energy spectrun by
AEyc=hc/l27Rn, 3)

wher h is the Plank constah and \ is the wavelengh of

light propagatigy inside the ring cavity. Thus the calculated
mode spacig accordirg to Eqs (2) and (3) is Alyg

~60A (a N=39%0 A) or AEyc~50meV, by taking R

~1.5 um andn=2.61* which agres reasonalyl well with

the observe mode spacing.

The three peals at 3.392 3.444 ard 3.4% eV in the
high-emissio energy region exhibiting mode spacing of 52
ard 50 meV, are also WG modes in accordane with Eqs (2)
ard (3). The full width at haf maximun (FWHM) of the
resonane peals is betwea 20 and 28 meV, which is attrib-
uted to the width of the microring as well as to the imper-
fection of the ring walls. From Eqgs (2) ard (3), the FWHM
of the resonah modes is

|A(Awe)|=(N2127R?n)AR=(AR/R)AAyg. (4)
In the enery spectrumthe FWHM is given by
A(AEyg)=A[(hc/A?)ANye]=(AR/R)AEy. (5

The calculatel FWHM of the WG resonane modes from
Eq (5 is (AR/R)AEywg=(0.7/1.§ X54~24meV, which
agres well with the observe value betwea 20 ard 28 meV.

INGaN/Ga&N MQW microdisks hawe also been fabri-

abou 0.7 um. Optical resonance modes of the WG-mode type are observe@ated The inse of Fig. 4 shows a SBM image for one such

in the microring in (b).

microdisks fabricatel by ICP etching In comparisa with
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the microring cavities a shap featue of the microdisk cavi-
ties is tha they can alo suppot an additiond resonance-
mode type which is describé by Bessé functiors J,,(x)
with m=—1,0,1 within the microdik cavity. The®e modes
are dominatel by the photon-wae motion along the radial
direction of the disks which we refer to as the radid modes>
As illustrated in Fig. 4, in which an opticd emissim spec-
trum from an individually pumpel InGaN/G&N MQW mi-
crodik (with a 9.4 um diam is shown, the InGaN/GaN
MQW disk exhibits simultaneougl the radid mode with a
spacig of abou 25 meV and the WG mode with a spacing
of abou 8 meV. A ratio of the radial-moca: spacimg to the

WG-mock spacim of about is observed and is expectad.

Anothea noticeabé featue is tha the FWHM of the WG
modes exhibited by the microrings is much wider than those
of the radid and WG modes in the microdisks mainly dueto
the finite width of the ring. However unique features of the
microring cavities include tha high-Q values can be ob-
tained relatively easiy from the WG mode even in a very
smal mode volume ard the numbe of modes contributirg to
lasing is reduced-®

In summary arrays of Ing 15G&, ggN/GaN MQW micro-
rings hawe been fabricatel by photolithograpl patterning
ard dry etching Whispering-galley modes in individually
optically pumpel Ing 1:Ga, g5/ N/GaN MQW microring cavi-
ties hawe been observed Opticd resonane mode behaviors
hawe been compare for the GaN-basd microdik and mi-
croring cavities The presene of the whispering-galley cav-
ity modes in the InGaN/GaN MQW microrings is a clear
indication that Ill—nitride microring cavity lase is al a
possibke microcaviy lase geomety and tha the GaN-based
microring lase arrays may also be achieved.
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