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Optica l resonanc e mode s in InGaN/GaN multiple-quantum-well
microrin g cavities
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Microringsof varying sizeshavebeen fabricated from InxGa12xN/GaN (x;0.15) multiplequantum
wells ~MQWs!. Photolithography and dry etching techniques including both ion-beam and
inductively coupled plasma etching were employed to pattern the II I–nitride MQW microrings.
Individual microrings were optically pumped and optical resonance modes were observed. The
observed mode spacings were consistent with those expected for whispering-gallery ~WG! modes
within aresonant cavity of cylindrical symmetry, refractive index, and dimensionsof theringsunder
investigation. The results obtained from the microring cavities were compared with those of the
II I–nitride MQW microdisk cavities. Our results have indicated that resonance modes
corresponding to the radial and the WG modes are simultaneously present in microdisk cavities, but
only WG modes are available from the microring cavities. Implications of our results on future
GaN-based microcavity light emitters have been discussed. © 1999 American Institute of Physics.
@S0003-6951~99!04743-9#
The recent success of II I–nitride edge emitters including
super-bright blue light-emitting diodes ~LEDs! and laser di-
odes ~LDs! ~Ref. 1! is encouraging for the study of micro-
cavity LDs and micro-LEDs. Microcavity light emitters are
of interest for fundamental studies of cavity quantum elec-
trodynamics as well as for their unconventional lasing char-
acteristics which offer several benefits over the edge-
emitting devices, including enhanced quantum efficiency and
reduced lasing threshold, due to the confinement of optical
modes within the cavities.2 Micro-LEDs and microcavity
LDs are also of high interest for microdisplay, imaging,
scanning, optical parallel interconnection, and ultraparallel
optoelectronics applications. Several types of microcavities,
including microdisk, micropyramid, and microprism cavities,
have already been fabricated recently within the II I–nitride
system.3–10 For GaN/AlGaN multiple quantum wells
~MQWs!, the intrinsic optical transitions from both the well
and the barrier regions were found to exhibit an approximate
tenfold increase in recombination lifetime and quantum effi-
ciency upon formation of microdisks.3 Optical resonance-
mode behaviors were also observed in GaN/AlGaN and
InGaN/GaN MQW microdisk cavities and also in GaN mi-
cropyramid cavities.5,6 Room-temperature lasing action with
optical pumping in GaN micropyramids has been demon-
strated recently.7

For a microring cavity, one expects to observe the
whispering-gallery ~WG! mode,11 which is described by
Bessel functions Jm(x) for large m. The WG mode in the
microring may be thought of as the light propagation inside
the ring which is facilitated by total internal reflection. The
periodic boundary condition imposed on the circulating wave
gives an effective optical path of 2pRn, whereR andn are
the radius and refractive index of the ring, respectively. In
this letter, we report the fabrication and optical studies of
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InGaN/GaN MQW microrings. We show that the WG reso-
nance modes were indeed observed when individual micro-
rings were optically pumped under high-excitation intensi-
ties, and the mode spacing was found to be consistent with
calculation results.

The InGaN/GaN MQW structure used for this study was
grown on ~0001! sapphire substrates by metal–organic
chemical-vapor deposition ~MOCVD! and consisted of a 50
nm GaN buffer layer followed by a 20 period of 45 Å/45 Å
InxGa12xN/GaN (x;0.15) MQW and aGaN capping layer.
Al l layers were grown nominally undoped. Photolithography
and dry etching were used to pattern arrays of microrings
with varying diameters and separation spacings. Two differ-
ent dry etching techniques were employed. In the early phase
of our studies, ion-beam etching was used to prepare II I–
nitride microstructures. Most recently, the authors’ labora-
tory is employing the inductively coupled plasma ~ICP! etch-
ing technique to pattern the II I–nitride microstructures. ICP
etching has been shown to be very effective for GaN etching
with high etch rate but minimal ion damage.12 Figure 1
shows a schematic diagram of the InGaN/GaN MQW mi-
crorings. The samples were etched into the sapphire substrate
so that no II I–nitride material is present between the micro-
structure. Figure 2 shows the scanning electron microscopy
~SEM! images of representative InGaN/GaN MQW micro-

FIG. 1. Schematic diagram of representative InGaN/GaN MQW microring
fabricated by photolithography patterning and dry etching.
3 © 1999 American Institute of Physics
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rings prepared by ~a! ion-beam and ~b! ICP etching. In mi-
crorings prepared by ion-beam etching, etching-induced
damages are evident. However, the ion-beam etching-
induced defects do not inhibit cavity-mode behavior since
these defects were only observed on the top capping layer
and the optical-mode behaviors are determined by the quan-
tum wells which are buried underneath the capping layer. An
UV objective was used in a confocal geometry to optically
pump a single microring normal to the sample surface and to
collect the emitted light in the direction of the surface nor-
mal. The excitation laser and photoluminescence ~PL! detec-
tion system have been described elsewhere.13 A focused la-
ser beam spot with adiameter assmall as1 mm was achieved
with the objective lens.

A PL emission spectrum obtained at 10 K from the
InGaN/GaN MQWs prior to the microring fabrication is
plotted in Fig. 3~a!, where the emission line at 3.470 eV
originates from the GaN barriers. The emission line at 3.288
eV originates from the InGaN wells. The emission lines at
3.198 and 3.108 eV are the one- and two-phonon replicas of
the 3.288 eV emission line. An optical emission spectrum
measured at 10 K under high pumping intensity for an indi-
vidually pumped InGaN/GaN MQW microring with an outer
diameter of 3.2 mm and inner diameter of 1.8mm is shown
in Fig. 3~b!, in which a strong optical-mode behavior is

FIG. 2. Scanning electron microscopy ~SEM! images of an InGaN/GaN
MQW microring fabricated by ~a! ion-beam etching and ~b! inductively
coupled plasma ~ICP! etching. Ion-beam etching-induced damage are ob-
servable in the cap layer of the ring in ~a!.

FIG. 3. Low-temperature ~10 K! optical emission spectrum from ~a! an
InGaN/GaN MQW sample prior to microring fabrication; ~b! an InGaN/
GaN MQW microring with an outer diameter of 3.2 mm and a ring width of
about 0.7 mm. Optical resonance modes of the WG-mode type are obse
in the microring in ~b!.
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clearly evident. Three strong emission lines at 3.116, 3.170,
and 3.224 eV, exhibiting a mode spacing of 54 meV, are
attributed to WG modes.

The WG mode has a low optical loss due to a total
internal reflection, and thus, low threshold for lasing. The
effective optical path of 2pRn imposed by the periodic
boundary condition results in WG eigenmode conditions of

2pRn5ml, for large~integer! m, ~1!

from which the mode spacing is given by

DlWG5l2/2pRn, ~2!

or in the energy spectrum by

DEWG5hc/2pRn, ~3!

where h is the Planck constant and l is the wavelength of
light propagating inside the ring cavity. Thus, the calculated
mode spacing according to Eqs. ~2! and ~3! is DlWG

'60Å ~at l53950 Å! or DEWG'50meV, by taking R
'1.5 mm andn52.6,14 which agrees reasonably well with
the observed mode spacing.

The three peaks at 3.392, 3.444, and 3.494 eV in the
high-emission energy region, exhibiting mode spacings of 52
and 50 meV, are also WG modes in accordance with Eqs. ~2!
and ~3!. The full width at half maximum ~FWHM! of the
resonance peaks is between 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 Eqs. ~2! and ~3!, the FWHM
of the resonant modes is

uD~DWG!u5~l2/2pR2n!DR5~DR/R!DlWG. ~4!

In the energy spectrum, the FWHM is given by

D~DEWG!5D@~hc/l2!DlWG#5~DR/R!DEWG. ~5!

The calculated FWHM of the WG resonance modes from
Eq. ~5! is (DR/R)DEWG5(0.7/1.6)354'24meV, which
agrees well with the observed value between 20 and 28 meV.

InGaN/GaN MQW microdisks have also been fabri-
cated. The inset of Fig. 4 shows a SEM image for one such
microdisks fabricated by ICP etching. In comparison with
d

FIG. 4. Optical emission spectrum of an InGaN/GaN MQW microdisk with
a diameter of 9.4 mm. Both the WG and radial modes are observed in
microdisks.
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the microring cavities, a sharp feature of the microdisk cavi-
ties is that they can also support an additional resonance-
mode type which is described by Bessel functions Jm(x)
with m521,0,1 within the microdisk cavity. These modes
are dominated by the photon-wave motion along the radial
direction of the disks, which we refer to as the radial modes.5

As illustrated in Fig. 4, in which an optical emission spec-
trum from an individually pumped InGaN/GaN MQW mi-
crodisk ~with a 9.4 mm diam! is shown, the InGaN/GaN
MQW disk exhibits simultaneously the radial mode with a
spacing of about 25 meV and the WG mode with a spacing
of about 8 meV. A ratio of the radial-mode spacing to the
WG-mode spacing of aboutp is observed and is expected5

Another noticeable feature is that the FWHM of the WG
modes exhibited by the microrings is much wider than those
of the radial and WG modes in the microdisks, mainly due to
the finite width of the ring. However, unique features of the
microring cavities include that high-Q values can be ob-
tained relatively easily from the WG mode even in a very
small mode volume and the number of modes contributing to
lasing is reduced.15

In summary, arrays of In0.15Ga0.85N/GaN MQW micro-
rings have been fabricated by photolithography patterning
and dry etching. Whispering-gallery modes in individually
optically pumped In0.15Ga0.85/N/GaN MQW microring cavi-
ties have been observed. Optical resonance mode behaviors
have been compared for the GaN-based microdisk and mi-
croring cavities. The presence of the whispering-gallery cav-
ity modes in the InGaN/GaN MQW microrings is a clear
indication that II I–nitride microring cavity laser is also a
possible microcavity laser geometry and that the GaN-based
microring laser arrays may also be achieved.
Copyright ©2001. A
The research is supported by DOE ~96ER45604/A000!,
NSF ~DMR-9902431 and INT-9729582!, ARO, and ONR.

1S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T. Mat-
sushita, H. Kiyoku, Y. Sugimoto, T. Kozaki, H. Umenoto, M. Sano, and
K. Chocho, Appl. Phys. Lett. 72, 1939 ~1998!.

2Y. Yamamoto and R. E. Slusher, Phys. Today June, 24 ~1993!.
3R. A. Mair, K. C. Zeng, J. Y. Lin, H. X. Jiang, B. Zhang, L. Dai, H. Tang,
A. Botchkarev, W. Kim, and H. Morkoc, Appl. Phys. Lett. 71, 2898
~1997!.

4K. C. Zeng, J. Y. Lin, H. X. Jiang, and W. Yang, Appl. Phys. Lett. 74,
1227 ~1999!.

5R. A. Mair, K. C. Zeng, J. Y. Lin, H. X. Jiang, B. Zhang, L. Dai, A.
Botchkarev, W. Kim, H. Morkoc, and M. A. Khan, Appl. Phys. Lett. 72,
1530 ~1998!.

6H. X. Jiang, J. Y. Lin, K. C. Zeng, and W. Yang, Appl. Phys. Lett. 75, 763
~1999!.

7S. Bidnyk, B. D. Little, Y. H. Cho, J. Krasinki, J. J. Song, W. Yang, and
S. A. McPherson, Appl. Phys. Lett. 73, 1188 ~1998!.

8R. Underwood, D. Kapolnek, B. Keller, S. Keller, S. DenBaars, and U.
Mishra, Topical Workshop on Nitrides, Nagoya, Japan, September 1995.

9T. Akasaka, Y. Kobayashi, S. Ando, and N. Kobayashi, Appl. Phys. Lett.
71, 2196 ~1997!.

10B. Beaumont, S. Haffouz, and P. Gibart, Appl. Phys. Lett. 72, 921 ~1998!.
11Lord Rayleigh, ‘‘Th e Problem of the Whispering Gallery,’’ in Scientific

Papers ~Cambridge University Press, Cambridge, U.K., 1912!, Vol. 5, pp.
617–620.

12J. C. Zolper and R. J. Shul, MRS Bull. February, 36 ~1997!.
13K. C. Zeng, M. Smith, J. Y. Lin, H. X. Jiang, J. C. Robert, E. L. Piner, F.

G. McIntosh, S. M. Bedair, and J. Zavada, J. Vac. Sci. Technol. B 15,
1139 ~1997!.

14Numerical Data and Functional Relationships in Science and Technology,
Landolt–Börnstein, edited by P. Eckerlin and H. Kandler ~Springer, Ber-
lin, 1971!, Vol. III.

15Y. Kawabe, Ch. Spiegelberg, A. Schulzgen, M. F. Nabor, B. Kippelen, E.
A. Mash, P. M. Allemand, M. Kuwata-Gonokami, K. Takeda, and N.
Pryghambarian, Appl. Phys. Lett. 72, 141 ~1998!.
ll Rights Reserved.


