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High quality factor a-plane nonpolar GaN two-dimensional photonic crystal (PC) nanocavities on
r-plane sapphire substrates have been demonstrated. Nonpolar GaN PC nanocavities on a thin
membrane structure were realized by using e-beam lithography to define the PC patterns and
focused-ion beam milling to fabricate the suspended thin membrane. A dominant resonant mode at
388 nm with a high quality factor of approximately 4300 has been demonstrated at 77K by
the micro-photoluminescence system. Moreover, the degree of polarization of the emission
from the non-polar GaN PC nanocavity was measured to be 64% along the m crystalline direction.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807137]

Photonic crystals (PCs), the architecture constructed by
periodic index difference materials, have been widely stud-
ied and applied to active optoelectronic devices including
light emitting diodes (LEDs) and photonic crystal lasers.'™
Basically, photonic crystal lasers can be divided into two
types including PC band-edge lasers and defect lasers.” "’
For the PC band-edges lasers, specific Bragg diffractions
could be satisfied at the photonic band-edge positions to ful-
fill laser threshold and surface emitting conditions. So the
laser oscillation in a large area can be expected and the high
power laser with single mode operation can be realized.” "'
On the other hand, the PC defect lasers employing the pho-
tonic bandgap effect could confine the photons in the defect
nanocavities with a thin membrane suspended in the air and
achieve a high quality factor with a small mode volume.'*"?
Therefore, the PC defect lasers are potential for development
of ultra-low threshold lasers and photonic integrated circuits.
In previous literatures, the PC defect lasers were commonly
realized in GaAs or InP based material systems because the
suspended thin membrane structure which is beneficial to
achieve high Q values can be easily made by using selective
wet-etching to remove the underneath sacrificial layer.'*"?
On the other hand, fabrication of a thin membrane structure
in the GaN-based system is relatively difficult. Several
reports have demonstrated GaN-based membrane PC struc-
tures by complex etching process of particular epitaxial
layers,"*!” growing nitride-based layers on silicon substrates
for selective wet etching,"®'? and selective thermal decom-
position of GaN layers.20 The quest to demonstrate a GaN-
based PC nanocavity is rather intriguing because GaN, such
a wide bandgap material, possesses a high exciton binding
energy and oscillator strength which is beneficial for sup-
porting high efficiency light emission and exciton-photon
coupling capabilities. Especially, nonpolar GaN-based
materials have drawn much attention due to the potential
for development of high performance light-emitting diodes
and lasers.”’® The main characteristic of nonpolar GaN
is free of polarization fields in the quantum wells which
can lead to high internal quantum efficiency and fabrication
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flexibility.*>*® Furthermore, nonpolar GaN-based materials
can exhibit the anisotropic gain in the m-axis or a-axis which
is beneficial for development of low threshold and high power
lasers.””* Since there are no reports of nonpolar GaN PC
nanocavities, in this letter, high quality factor nonpolar GaN
PC H2 nanocavities have been fabricated and demonstrated.
The thin membrane structures were fabricated by focused-ion
beam (FIB)30’31 milling and the PC defect cavities were
defined by e-beam lithography (EBL). The resonant mode
was observed at 388 nm with a quality factor of approximately
4300 at 77 K. Moreover, the degree of polarization was meas-
ured to be 64%. Finally, the numerical calculation results
were in a good agreement with the experimental results.

Nonpolar GaN samples were grown on r-plane sapphire
substrates by the metal-organic chemical vapor deposition
(MOCVD) system. The a-plane GaN sample structure con-
sisted of an ultrathin SiN, layer, a 30 nm-thick AIN nuclea-
tion layer (NL) and a 2 ym-thick un-doped GaN layer. In the
fabrication process, a 300 nm-thick SiN, layer was deposited
by plasma-enhanced chemical vapor deposition (PECVD) on
the top of the un-doped GaN layer as the hard mask. Then, a
poly-methyl methacrylate (PMMA) photoresist layer was
coated on the sample by spin-coating. Subsequently, the PC
H2 nanocavities were defined by EBL and the sample was
etched approximately 300 nm by reactive ion etching (RIE)
down to the SiN, layer. Then, the PC patterns were etched
down to the GaN layer about 300 nm by inductively coupled
plasma (ICP) dry etching. Finally, the FIB was utilized to
fabricate the thin membrane structure with large air-gap by
tilting the sample for ion-beam etching. Fig. 1 shows the
scanning electron microscope (SEM) images of the nonpolar
GaN PC H2 nanocavities. The number after H means the
circle numbers removed from the central photonic crystal lat-
tice. The radius r, lattice constant a and the r/a ratio of the
PC were measured to be 26.5 nm, 105 nm, and 0.257, respec-
tively. Fig. 1(c) shows the membrane area of nonpolar GaN
is estimated to be 10 um?. The thickness of the thin mem-
brane layer was measured to be 380 nm.

The photoluminescence (PL) spectra of the fabricated
nonpolar GaN PC H2 nanocavities were measured at 77 K.
A 325nm He-Cd continuous wave (CW) laser was used as

© 2013 AIP Publishing LLC
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FIG. 1. The SEM images of nonpolar GaN photonic crystal H2 nanocavities
for (a) top view, (b) enlarged top view, and (c), (d) tilted angle views of the
nonpolar GaN membrane layer. The lattice constant, radius, and thickness of
the membrane layer were measured to be 105nm, 26.5nm, and 380 nm,
respectively.

the optical pumping source. The laser beam with a spot size
of about 10 um to cover the whole PC pattern was obliquely
incident onto the devices. The micro-photoluminescence
(u-PL) signal was collected by a 15x objective lens normal
to the sample surface or by a fiber with a 600 um core in the
normal plane of the sample. The collected signal was then
fed into a spectrometer (Jobin-Yvon IHR320 Spectrometer)
with a spectral resolution about 0.07 nm. The photolumines-
cence emission peak wavelength of as-grown samples
located at 372 nm with a linewidth of about 20 nm measured
by the wu-PL system. Using the plane wave expansion
method, the corresponding photonic bandgap range of the
GaN PC H2 nanocavities can be calculated to be 350 nm to
402 nm which covers the whole emission spectrum of the
nonpolar GaN.

Fig. 2 reveals the optical characteristics of the planer
sample and nonpolar GaN PC nanocavities in the u-PL spec-
tra. Compared with the emission spectra of the planer sam-
ple, only one resonant mode can be observed at 388 nm
locating in the band gap range (350—402 nm) for the nonpo-
lar GaN PC nanocavity sample. In Fig. 2(b), the red curve
shows the Lorentz fitting curve of the experimental results. It
indicates the linewidth is fitted to be 0.091 nm so that the
quality factor can be estimated to be 4300. The high Q factor
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FIG. 3. The r/a ratio versus the resonant modes in the nonpolar GaN pho-
tonic crystal H2 nanocavities with the same lattice constant of 105 nm. The
blue points represent the calculation results by 3D finite difference time do-
main method. Cyan region shows the optical gain bandwidth of the nonpolar
GaN layer.

in the nonpolar GaN PC nanocavities indicates good optical
confinement provided by photonic bandgap in the lateral
direction and total internal reflection in the vertical direction.
Moreover, the quality factor of our nonpolar GaN PC nano-
cavity is comparable to the previous reports of c-plane GaN
PC nanocavities, demonstrating that the FIB milling tech-
nique is capable to create the smooth surface of the thin
membrane layer.

Moreover, the three-dimensional (3D) finite difference
time domain (FDTD) method was carried out to calculate the
resonant wavelength with respect to the different r/a ratio.
The simulation parameters such as the lattice constant and
radius of PC are extracted from the real devices. Fig. 3 shows
the calculation results of the different r/a ratio versus the res-
onant wavelengths. In each r/a, the blue spots represent dif-
ferent resonant mode in H2 nanocavities. The cyan region
represents the optical gain band width of the planer nonpolar
GaN sample. It can be seen obviously only few number of
resonant modes overlapped with the optical gain band width.
As the r/a ratio is set to be 0.257, the calculation results
show only one resonant mode locating at 385 nm in the opti-
cal gain spectrum. Compared with the resonant mode
observed in the experiment, the calculation result was in a
good agreement with the experimental data. On the other
hand, the Q factor of the resonant mode at 385 nm with the
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FIG. 2. The micro-PL spectra of (a) the
planer nonpolar GaN sample and (b) the
nonpolar GaN PC nanocavity at 77 K.
The lattice constant and radius of the
GaN PC nanocavity were 105nm and
26.5nm. Red curve shows the Lorentz
fitting result for the measured data
points.
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FIG. 4. (a) The polar plot of the resonant peak intensity for the nonpolar GaN PC nanocavity. The degree of polarization was measured to be 64%. (b) The
magnetic and (c) square of electric field patterns of the nonpolar GaN PC nanocavity at 385 nm using the 3D finite element method.

same r/a ratio was calculated by 3D FDTD. The Q factor
was calculated to be 1.65 x 10* which was higher than the
experimental result. This can be due to the imperfection of
the photonic crystal shape in our devices as shown in Fig.
1(b). The other reason is caused by the absorption loss of the
GaN layer. In the UV region, the absorption of GaN is
around 80cm ' at 388 nm which is considered the main li-
mitation of the Q factor.>*

Fig. 4(a) indicates the degree of polarization (DOP)
defined as (I ax-Imin)/(Imax+Imin), Where I, and I.,;, are the
maximum and the minimum intensity of the resonant mode
peak. The measured DOP was calculated to be 64% and the
polarization direction is along the m-axis. Typically, the
polarized light can be observed for the a-plane GaN due to
the fact that the dipole oscillation directions are tend to be
perpendicular to the c-axis. As a result, the DOP value of the
planer nonpolar GaN was measured to be approximately
46%. In order to understand the enhanced DOP value in the
PC nanocavities, the 3D finite element method (FEM) was
used to calculate the mode pattern at the same resonant
wavelength. Fig. 4(b) represents the calculated magnetic
field pattern which can be identified as the first order dipole
mode. Fig. 4(c) shows the square of electric field pattern in
the nonpolar GaN PC nanocavity. The warm and cold colors
represent the maximum and minimum value. It can be
observed that the strong spot of the electric field is also oscil-
lating along the m-axis. The high DOP value of the nonpolar
GaN PC nanocavity could be attributed to the specific elec-
tric field distribution along the m-axis enhancing the dipole
oscillation.

In conclusion, high quality factor nonpolar GaN PC H2
nanocavities have been demonstrated. The nonpolar GaN PC
H2 nanocavities were fabricated by e-beam lithography and
the thin membrane layers were realized by focused-ion
beam. In the p-PL spectra, one resonant mode peak was
observed at 388 nm spectra, one resonant mode peak was
observed at 388 nm with a high quality factor of approxi-
mately 4300 at 77 K. Moreover, the degree of polarization
was measured to be 64% due to the specific electric field dis-
tribution along the m-axis enhancing the dipole oscillation of
the nonpolar GaN. The 3D FDTD was carried out for calcu-
lation of the resonant wavelength and mode pattern. The

calculated results were consisted with experimental results.
In the next steps, the lateral p-i-n structure can be utilized in
our devices using ion implantation method for realization of
the GaN-based electrically pumped PC nanolasers.”> We
believe the presented results would be helpful for develop-
ment of high efficiency GaN-based light-emitting devices
and low threshold PC nanolasers in the near future.
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