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Square microdisks with round corners are fabricated using a standard GaN-based blue LED on Si substrates.
Whispering gallery-like modes in the square microdisks are investigated by finite-difference time-domain sim-
ulation. The simulation results reveal that the round corners in square microdisks can substantially suppress

the number of light propagation paths and further reduce the number of optical modes.

A confocal micro-

photoluminescence is performed to analyze the optical properties of the square microdisks at room temperature.
The single-mode dominant resonant emission is obtained in the square microdisk with corner radius of 1.5 pm.

PACS: 42.55.5a, 42.60.Da, 81.05.Ea

Optical microcavities, which confine light inside
the gain material to enhance light-matter interac-
tions, have attracted extensive attention in the past
decades.[' ] Generally speaking, the configurations
of microcavities can be divided into Fabry-Pérot
(F-P) microcavities,!*”! distributed feedback (DFB)
microcavities, ("] photonic crystal microcavities and
whispering gallery mode (WGM) microcavities.® "]
Among all these configurations, WGM microcavi-
ties, in which the photon localization is formed by
the total internal reflection, can offer low thresh-
old lasing by the virtue of high quality factor and
small cavity volume.['!] Spatial and spectral control-
lable single-mode operation in the WGM microcav-
ities is highly desirable in many applications, such
as add-drop filter, chip-level integration and single-
source optical communication.'>~ " In recent years,
several effective mode control and selection strate-
gies have been employed to obtain single-mode op-
eration, such as parity-time (PT) symmetry breaking
and coupled-asymmetric microcavity structure.['?°]
However, these methods of achieving single-mode op-
eration put forward technological challenges because
they make high demands on structural design and
fabrication processes. In addition, most research
on single-mode operation has been based on circular
microcavities.[' ¥l The circular microcavities have a
large number of closely spaced WGMs, which makes
them technical difficult in mode control and selection.
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According to previous studies, the light propaga-
tion paths of the modes in square microcavities are
confined along regular and isolated orbits, which is
benefit for effective mode control and selection. More
importantly, the free spectral range of the high @
modes in square microcavities is twice the one in the
circular microcavities with similar sizes.l'>21 Thus,
square microcavities are potential candidates for re-
alizing single-mode operation. GaN and its group-II
nitrides are typical wide bandgap semiconductor ma-
terials. The interests on GaN-based microcavities lie
in their irreplaceable and efficient blue-UV lumines-
cence capability. Since the GaN-based circular mi-
crodisks on Si substrates were successfully fabricated
by Choi et al.l') in 2006, a large number of GaN-
on-Si microdisks have emerged. The GaN-based mi-
crodisks on Si substrates can be potentially used to
integrate with Si electronics, which promotes the de-
velopment of optoelectronic integrated circuits. Al-
though the GaN-on-Si circular microdisks have been
widely studied, the single-mode resonant emission in
GaN-on-Si square microdisks is far from being system-
atically studied.

In this Letter, we propose an approach to obtain
single-mode dominated resonant emission in square
microdisks. Finite-difference time-domain (FDTD)
was introduced into the analysis of square micro-
cavities to study electric field distributions of op-
tical modes. Conventional top-down techniques
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were adopted to fabricate the GaN-based square mi-
crodisks. Scanning electron microscopy (SEM) and
confocal micro-photoluminescence (u-PL) were em-
ployed to analyze the optical properties of all mi-
crodisks.
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Fig. 1. Fabrication process of the square microdisk with
different r. (a) SiOz deposition. (b) UV photolithography.
(c) Reactive ion etching of SiO2. (d) Inductively coupled
plasma of GaN epitaxial layer. (e) Isotropic wet etchant
of the Si substrate.

Square microdisks with undeformed corners are
fabricated. Then, we fabricate square microdisks with
round corners, the radii of round corners of the mi-
crodisks are » = 0.75um and 1.5 pm, respectively.
The side length (L) of all fabricated square microdisks
is 8.5 um. The microdisks are made of a standard blue
LED wafer grown on Si, which consists of 1.5 pm Al-
GaN buffer layer, 1.5 pm n-GaN layer, 6 pairs of In-
GaN/GaN MQWs and a 160-nm-thick p-GaN layer.
The total thickness is 3.3 pm approximately. The us-
age of the standard LED epitaxial wafer promotes the
further development of electrically pumped lasing and
commercial application. The square microdisks are
fabricated by combining photolithography with the
simple dry etching technique, and the undercut struc-
ture of the microdisks is formed by wet etching. The
fabrication process is schematically depicted in Fig. 1.
First, a SiO5 mask layer is deposited on the surface of
the p-GaN layer by plasma enhanced chemical vapor
deposition (Fig.1(a)). Then, a square microdisk with
undeformed corners and two square microdisks with
r = 0.75 um and 1.5 pm are patterned on the SiO, film
using UV photolithography (Fig. 1(b)). Next, reactive
ion etching is employed to etch the SiO5 hard mask
(Fig. 1(c)) and inductively coupled plasma dry etching
is adopted to etch the GaN epitaxial layer (Fig. 1(d)).
Finally, the sample is immersed in an HNO3, HF and
H,O isotropic wet etchant to form the undercut struc-
ture (Fig. 1(e)).

The optical characteristics of the microdisks are
measured by confocal micro-photoluminescence with
the sample excited by a mode-locked Ti:sapphire
pulsed laser (Apump = 375 nm, pulse width 115fs, rep-
etition rate 76 MHz). The emission signal is detected
by a Renishaw inVia Reflex micro-photoluminance
spectroscopy system. All of the measurements are per-
formed at room temperature.

Figure 2 shows the SEM images of the selected mi-
crodisk with different r. Limited by UV photolithog-
raphy processes, the undeformed microdisk also shows
small round corners. The r value of the small round
corners is about 0.3 um. Top-view images of the mi-
crodisks with different r are shown in Figs. 2(a)-2(c),
revealing well-defined square boundaries with long flat
sides and round corners. The side-view image of the
microdisk with = 1.5 pm is shown in Fig.2(d). The
side-view image reveals the presence of a square mi-
crodisk with a large air gap beneath the disk and a
smooth outer surface. The large air gap ensures ef-
fective light confinement along the vertical direction.
The smooth outer surface, especially the smooth side-
wall, is crucial to achieving the excellent performance
of microdisks because any roughness may cause a scat-
tering of light and a leakage of optical modes. It can
be seen that the sidewall of the microdisk is slightly
tilted. The thickness of the disk region is 3.3 um, ap-
proximately.

5 pm

5 um

Fig.2. Top-view of microdisks with » = 0.3um (a),
0.75 pum (b) and 1.5 um (c). Side-view SEM images of the
square microdisk with 7 = 1.5 um (d).

To investigate the influence of round corners on
mode characteristics, 2D-FDTD analysis is proposed
to simulate the spectral intensity and radial electric
field distributions of square microcavities with differ-
ent r. According to the material properties, the TM
polarized emission is much weaker than TE polarized
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emission in GaN material systems, so only the charac-
teristics of TE modes are investigated. The spectral
intensity obtained by simulation in the square micro-
cavities with different r is plotted in Fig. 3. The num-
ber of emission peaks decreases as r increases. Single-
mode emission is achieved in the square microcavity
with r = 1.5 pm.

The radial electric field distributions |E| of optical
modes with the highest @) factor in the square mi-
crocavities are shown in Fig.4. The tilted sidewall
of microdisk shown in Fig.2(d) has significant influ-
ences on the axial electric field distributions rather
than the radial electric field distributions. The mode
is confined in the square microcavity by total internal
reflection, which is known as whispering-gallery-like
mode.[’!) In contrast from WGMs trapped along the
periphery of a circular microcavity, the whispering-
gallery-like modes in the square microcavity spread
through the whole cavity. Thus, the surface defects
caused by dry etching have less influence on the square

microdisks than on the circular microdisks. In addi-
tion, the light propagation paths of the optical modes
in the square microcavities are confined along isolated
rectangular orbits.
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Fig. 3. Intensity spectra obtained by the FDTD simula-
tion in square microdisks with different r.
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Fig. 4. Electric field distributions |E| of optical modes with the highest @ factor in the square microcavities with

(a) r=0.3pm, (b) r =0.75um, and (c) r = 1.5 pm.

The electric field profile of square microcavity with
r = 0.3 um is shown in Fig.4(a), which reveals that
there are a lot of light paths propagating over the
whole cavity region. The electric field profile of mi-
crocavity with » = 0.75um is shown in Fig. 4(b).
Compared with the microcavity with » = 0.3 pm,
light propagation paths trapped along rectangular or-
bits in this microcavity are obviously reduced. As
r increases to 1.5 um, the number of light propaga-
tion paths is further reduced and the fundamental TE
mode is shown in Fig. 4(c). Although the electric field
distributions are typically weak at the corners, light
scattering from the round corners can be clearly ob-
served. According to the simulation results of FDTD,
the number of light propagation paths confined in the
deformed microcavities is substantially reduced as the
increase of r.

To obtain a single mode resonant emission, we fab-
ricate the square microdisks with » = 0.3 pm, 0.75 pm
and 1.5 um, respectively. Figure 5 shows the PL
spectral evolution of the resonant emission from the
selected microdisks. A broad spontaneous emission
spectrum centered at 451 nm is observed at low pump

power. When the threshold is exceeded, a series of
sharp peaks appear and are superimposed on the spon-
taneous emission envelop. As pump power further
increases, these sharp peaks become stable. This is
typical behavior of resonant emission. The plots of
integrated PL spectra intensity with pump power are
shown in Figs.5(d)-5(f). This nonlinear increase of
the spectra intensity further indicates the resonant
emission in the square microdisks. The threshold is
identified as the kink of the curve. The thresholds of
the three microdisks with » = 0.3 pm, 0.75 um and
1.5pm are 5.897mW, 5.401 mW, and 5.931 mW, re-
spectively, which indicates that the deformed corners
have little effect on the threshold. The threshold of
microdisks is closely related to the area of the disk.[*?]
Since these square microdisks with different r have
similar areas, they have similar thresholds. The Q
factor can be calculated from the relation Q@ = A/,
where A and JA are the central wavelength and the
full width at half maximum (FWHM) of the resonant
peak, respectively. The @Q factors for the three mi-
crodisks with » = 0.3um, 0.75um and 1.5um are
estimated to be about 320 (A = 451.65nm), 390
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(A = 452.39nm) and 520 (A = 452.12nm), respec-
tively. Due to the absence of lasing, the @) factors are
relatively low.

From the PL spectra of square microdisk with r =
0.3pm (Fig.5(a)), there are two dominant resonant
peaks at 449.25nm and 451.65nm, as well as a few
secondary peaks at 444.14 nm and 446.27 nm. Once r
increases to 0.75 pm (Fig. 5(b)), the PL spectra show
a dominant resonant peak at 452.39 nm and a few sec-
ondary resonant peaks at 445.12nm, 448.84 nm and
454.955nm. When r increases to 1.5 pm (Fig.5(c)),
there is only one dominant resonant peak located at
452.12nm and the secondary peaks are suppressed.
The number of dominant resonant peaks decreases
with the increase of r and the single-mode dominant
resonant emission is obtained in the microdisk with
r = 1.5 um, which is consistent with the calculation
results.

For the square microcavity with round corners,
the incident light at the curved corner is multiply re-
flected at the curved boundary and experiences severe
scattering loss.””l The scattered light cannot close
upon themselves after several total internal reflections.
Thus, the number of light propagation paths con-
fined in the microcavities with round corners is sub-

stantially reduced. The decrease of light propagation
paths further reduces the optical modes. The number
of light propagation paths in square microcavity with
r = 0.75um is less than that in square microcavity
with » = 0.3 pm. Thus, the number of dominant res-
onant peak in square microdisk with r = 0.75 um is
reduced. As r increase to 1.5 pm, only the light hit-
ting at the middle parts of the sides can close upon
themselves after several total internal reflections. The
fundamental TE mode is achieved in the square mi-
crodisk with r = 1.5 ym, as shown in Fig. 4(c). Thus,
the single-mode dominated resonant emission has been
obtained in the square microdisks with r = 1.5 um.

According to the PL spectra shown in Fig. 5, the
microdisks are not driven hard enough to display
clear laser action. The square microdisks made us-
ing a standard LED wafer are much thicker than those
GaN-based microdisks that display lasing action.”*2’]
More important, the LED wafer has a 160 nm p-GaN
layer with a Mg doping concentration of 10%° cm™3,
which causes intensive impurity absorption. The ex-
tremely thick disk region and heavily doped top layer
lead to the high optical loss, which is the main reason
for the absence of lasing in square microdisks.
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Fig. 5. Photoluminescence spectra from microdisks with L = 8.5um for (a) » = 0.3 um, (b) r = 0.75 pm, and (c)
r = 1.5 um. The integrated PL spectra intensity versus pump optical power for microdisks with (d) » = 0.3 um, (e)

r=0.75um, and (f) 7 = 1.5 ym.

In conclusion, we propose an approach to ob-
tain single-mode dominated resonant operation in the
GaN-based square microdisks. According to FDTD
simulation, the scattering loss from the round corners
reduces the number of light propagation paths, as well
as the optical modes. The single-mode dominated res-
onant emission has been obtained in the square mi-
crodisk with round corners radius of r = 1.5 pm. From
the numerical and experimental results, we can draw
the conclusion that rounding the corners of a GaN-

based square microdisk is an effective way to achieve
single-mode operation. With the simple fabrication
process and resonator structure, the single-mode res-
onant characteristics in the square microdisks hold
great promise for applications in quantum sciences and
integrated photonic technologies.
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