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High-Q whispering-gallery mode lasing from nanosphere-patterned GaN

nanoring arrays
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A hexagonal-close-packed ordered array of nanorings was fabricated on GaN with a modified
nanosphere lithography process. The spheres initially served as etch masks for the formation of
closed-packed nanopillars. The spheres were then shrunk and, with a layer of oxide deposited, the
roles of the spheres became masks for liftoff. The final etch produced nanorings with wall widths of
140 nm. Photopumped lasing with splitting modes was observed at room temperature, with a low
lase threshold of ~10 mJ/cm? and high quality factor of ~5000, via whispering-gallery modes.
The resonant frequencies were verified through finite-difference time-domain simulations. © 20171

American Institute of Physics. [doi:10.1063/1.3556281]

The consumer market is driving increasing demands
for blue laser diodes based on the direct wide-band-gap
InGaN alloy, an integral optoelectronic component of
high-density optical storage systems for entertainment and
data storage. Formation of a high-finesse optical cavity is
essential for photon confinement in a laser structure. At
present, commercially available blue laser diodes are based
on the edge-emitting configuration operating in Fabry—Perot
mode. Such laser diodes are costly due to the complex and
time-consuming fabrication processes. Alternative lasing
mechanisms suitable for nitride cavity devices include
whispering-gallery mode'* (WGM) from pivoted GaN-on-Si
microdisks® or photoelectrochemically etched undercut
microdisk,*” with reported Q-factors in the range of 1500-
4000. Optical confinement via photonic band gap and emis-
sion through defect modes in photonic crystal lasers®™® have
also been reported, with Q-factors in the range of hundreds.

Traditionally, well-defined cavity structures have relied
heavily on electron-beam lithography for precision pattern-
ing. Nevertheless, this point-by-point direct-write technique
is not suitable for mass production due to high cost and low
efficiency. On the other hand, nanosphere lithoglraphyg‘10
(NSL) has been demonstrated as a promising approach to-
ward large area nanopatterning. A monolayer of self-
assembled closed-packed nanospheres serves perfectly as
etch masks for pattern transfer to the wafer. In our prior
works, a wide range of photonic structures and applications
have been demonstrated with closed-packed nanopillar ar-
rays formed by NSL, including a photonic crystal LED via
the dispersion effect, optically pumped lasing from a nano-
pillar array at 415.6 nm via the band-edge effect,'" and uv
lasing from vertical nanopillar microcavities via the Fabry—
Perot effect.'” To widen the flexibility of NSL-enabled struc-
tures, a process of producing non-closed-packed nanopillars
has also been introduced," enabling the creation of a photo-
nic band gap. In this work, we take NSL one step further: the
generation of closed-packed nanoring arrays using NSL via a
dual-step etch process. Optical properties of the nanoring
network are fully characterized; the nanorings are demon-
strated to function as resonators capable of supporting
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whispering-gallery resonant modes. Furthermore, WGM las-
ing is achieved.

The fabrication of the nanoring arrays evolves from stan-
dard processes for forming closed-packed nanosphere mono-
layers, with additional steps for tweaking the dimensions.
Figure 1 illustrates the entire process flow for the fabrication
of closed-packed nanoring arrays by NSL. The light-emitting
diode (LED) wafer used contains InGaN/GaN multi-
quantum-wells (MQWSs) grown by metal-organic chemical
vapor deposition on c-plane sapphire substrate, with an emis-
sion center wavelength of ~465 nm, as shown in Fig. 1(a).
Silica (Si0,) spheres with mean diameters of 1000 nm, dis-
persed in a combination of de-ionized water and sodium
dodecyl sulfate at a volume ratio of 10:1, were dispensed
onto the wafer surface using a mechanical micropipette with
a volume of 2 wul. Introduction of a surfactant lowers the
surface tension of the colloidal suspension and thus facili-
tated the spreading of nanosphere to prevent particle agglom-
eration or aggregation. The excess suspension was then
gradually flung off by spin-coating at a constant rotation
speed of 700 rpm, and a monolayer of spheres was self-
assembled on the wafer, as illustrated in Fig. 1(b). The
coated monolayer of spheres, which acted as an etch mask,
was subsequently transferred to the wafer forming nanopil-
lars as depicted in Fig. 1(c) by inductively coupled plasma
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FIG. 1. (Color online) Schematic diagram illustrating the process flow: (a)
the starting LED wafer; (b) silica spheres coated on p-GaN layer; (c) pattern
transfer to GaN by ICP etching; (d) shrinkage of spheres using RIE etching;
(e) SiO, coating followed by liftoff; (f) removal of SiO,, giving final
structure.
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FIG. 2. (Color online) AFM images of the hexagonal-close-packed nanoring
arrays.

(ICP) etching using Cl, as etchant gas at flow rate of 30
sccm. The ICP and platen powers were maintained at 500
and 100 W, while the chamber pressure was fixed at 5 mTorr.
The spheres were subsequently shrunk in diameters, as illus-
trated in Fig. 1(d), although reactive ion etching (RIE) pro-
cess using CHF;-based plasmas under low rf power condi-
tions to minimize lateral motion; this non-closed-packed
sphere array now serves as a liftoff mask. By electron-beam
evaporation, a SiO, layer (150 nm) was deposited over the
entire surface. Following liftoff by sonication in de-ionized
water, a ring of SiO, was left behind at the periphery of the
nanopillars as shown in Fig. 1(e); the width of which de-
pends on the extent of the shrinking in the previous step.
These oxide rings acted as a mask during the second ICP
etch, resulting in the inner-hole region being etched, and the
formation of nanorings as illustrated in Fig. 1(f). The residue
was removed by immersing the wafer into 10% hydrofluoric
(HF) acid.

Surface morphologies of the nanoring arrays were im-
aged using a Seiko Nanopics atomic force microscope
(AFM), while the optical characteristics were evaluated by
time-integrated photoluminescence (PL) at room tempera-
ture. A Spectra-Physics diode-pumped solid-state uv laser at
349 nm emission and pulse duration of 4 ns at 1 kHz repeti-
tion rate was used as an excitation source. The focused beam
was incident nearly perpendicular to the sample surface with
a spot diameter of around 150 um. The PL signal was col-
lected at 30° to the normal with an optical fiber bundle and
the signal coupled to a spectrometer comprising an Acton
SP2500A 500 mm spectrograph and a Princeton Instrument
PIXIS open-electrode charge-coupled device, which offered
optical resolutions better than 0.04 nm.

The assembled nanoring array is shown in the AFM im-
ages in Fig. 2, revealing rings with internal diameter of
720 nm, wall width of 140 nm, and height of 500 nm. The
arrays are regularly closed-packed in a hexagonal arrange-
ment. PL spectra of the nanorings at increasing excitation
densities are plotted in Fig. 3(a). Under low excitation, the
spectrum exhibits weak spontaneous emission from MQWs
at A=460 nm with full width at half-maximum (FWHM)
of 34 nm. As the excitation energy density exceeds the
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FIG. 3. (Color online) (a) Room temperature PL spectra of nanoring array
under varying excitation energy density. (b) An enlarged view of the PL
spectrum near the lasing frequency. (c) PL intensity of the lasing peak at
444.075 nm as a function of pump energy density in logarithmic scale.

threshold of 16.8 mJ/cm?, a sharp spectral peak emerged at
444 nm; beyond 305.4 mJ/cm?, a second spectral peak at
472 nm was observed. Zooming in on the spectrum, three
satellite spectral peaks at 443.88, 444.08, and 444.26 nm
with FWHM as low as 0.09 nm could be resolved as evident
in Fig. 3(b); their quality factors, defined by Q=f/Af, are
evaluated as 4455, 5025, and 4660, respectively, where f is
the resonant frequency and Af is the FWHM.

Figure 3(c) plots intensities of the 444.075 nm lasing
peak as a function of excitation energy density in a
logarithmic scale. Nonlinear increases in PL intensities
were observed beyond the extracted threshold value of
~10 mJ/cm?. To characterize the optical cavity, the sponta-
neous emission coupling factor B, which represents a figure
of merit for the cavity, is evaluated. (3, defined as the fraction
of total spontaneous emission from the source that is coupled
into a cavity mode, can be estimated from the ratio of output
intensities below and above the lasing threshold.'* In prac-
tice, it is always less than unity due to the concurrent emis-
sion of nonresonant modes. 8 of spectral peak at 444.075 nm
was estimated to be 0.75. The Purcell factor, which quantifies
the ratio of spontaneous emission rate in a resonant cavity
mode to the spontaneous emission rate in the absence of
cavity, can be calculated by the following equationlsz

F,=p(1-p), (1)

from which F, was estimated to be 3. Being greater than
unity, it is implied that the spontaneous emission rate has
indeed been enhanced by the cavity and that excitons can
radiate much faster in the cavity than in free space. To iden-
tify the position of WGM lasing frequency, the resonant fre-
quency and mode spacing for a ring cavity were calculated
from the equations 2wRn=mM\ and A)\WG=)\2/27TR71,16
where 7 is the refractive index of GaN, R is the ring radius,
and m is the mode number. The calculated mode at m=17
corresponds to the observed lasing peak at 444 nm, while the
mode spacing is evaluated to be in the range of 26-29 nm,
correlating well with the PL spectra.
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FIG. 4. (Color online) (a) FDTD simulated transmittance plot showing reso-
nant modes for three different cell structures; (b) strong optical coupling
occurs between adjacent rings in an array.

The mechanism for stimulated emission from the
nanoring array is investigated. Fabry—Perot mode lasing re-
quires the existence of a longitudinal cavity for light
confinement.'>'” Without mirror coatings such a cavity
would not exist and Fabry—Perot type lasing can thus be
ruled out. On the other hand the circular geometry of the
nanostructures hints at the possibility of WGM resonance in
the planar direction. Indeed, nanoring cavities are known to
support optical confinement modes which are guided by total
internal reflections circling around the peripheries of the
rings.

To verify resonant properties of the nanoring cavity,
finite-difference time-domain (FDTD) simulations were per-
formed on a ring structure with internal diameter of 720 nm
and wall width of 140 nm. To yield better accuracy, the
FDTD mesh size is set to less than 1/20 of wavelength. The
computational grid contains 150X 150 nodes over an area of
3X3 um?, and the time step is set to 0.045 fs, sufficiently
small to satisfy the Courant stability condition. The simu-
lated transmittance spectra for three different cell structures
are shown in Fig. 4(a), which correlate well with the calcu-
lated resonant frequencies and mode spacing, and also the
lasing positions from the PL spectra. Compared to a single-
ring cell, the optical confinement efficiencies of the double-
ring and triple-ring cells are increased, implying that multi-
coupled ring arrays have stronger optical confinement
effects. Apart from such enhancements, splitting of the reso-
nant modes is also introduced for the multicoupled ring
structure.'® As individual ring resonators possess the same
optical path length, no phase-shift changes exist within a
single ring. On the other hand, due to strong optical coupling
between rings, there exists round-trip phase shifts when light
passes through the couplers, thus resulting in the optical
splitting effect.'® It explains why multiple peaks appear in
the vicinity of 444 nm. Additionally, sidewall-roughness in-
duced backreflection into the counterpropagating modes may
yet be another mode-splitting factor.' The performance of
traveling-wave resonators is affected when the forward- and
backward-propagation modes are phase-matched. Such con-
tradirectional coupling leads to annihilation of directionality
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of a traveling-wave resonator and causes the resonant peak to
split into multiple modes.

The simulated results shown in Fig. 4(b) illustrate the
formation of standing waves in single-ring structure when a
continuous wave at 444 nm was injected at the leftmost po-
sition indicated by the red arrow. At the resonant frequencies,
photons are effectively confined within the ring structures
establishing a whispering-gallery mode for the single-ring
cavity. For the double-ring and triple-ring cells, high-
intensity standing waves are set up across the multicoupled
ring structure, indicating that strong light coupling between
adjacent rings occurs, and a resonance mode was established
due to constructive interference. The ring can thus serve as a
resonator and interact further with adjacent rings. This sup-
ports the postulation of WG mode lasing observed from PL
spectra.

In summary, we have demonstrated the fabrication of
nanoring arrays by a modified NSL process. The nanoring
network functioned as resonators which support whispering-
gallery modes. Moreover, room temperature lasing has been
observed, with lasing spectral peaks at 443.88, 444.075, and
444.26 nm. Their corresponding Q-factors were evaluated to
be 4455, 5025, and 4660, respectively. Optical resonance of
the nanoring structure was further verified with FDTD simu-
lations, which was found to correlate well with the frequen-
cies of lasing.
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