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In this study, large-area GaN-based photonic quasicrystal (PQC) nanopillars were fabricated on an n-GaN substrate using the nanoimprint
lithography (NIL) technique. Under optical pumping condition, a high lasing action from the GaN photonic quasicrystals was observed. The lasing
wavelength is at 366 nm with a low threshold power density of 0.009 kW/cm?. To confirm the band-edge lasing mode, the finite-element method
(FEM) was used to perform the simulation for the 12-fold symmetry photonic quasicrystal lattices. © 2012 The Japan Society of Applied Physics

1. Introduction

The wide and direct band gap of GaN-based materials has
been attracting much attention for applications such as light-
emitting diodes (LEDs) and laser diodes (LDs).'™ The high-
brightness GaN-based LEDs have been applied in traffic
signals, backlights in liquid crystal displays, and solid state
lighting.®’ The blue LD can serve as the light source of high
density data storage in a high-definition digital versatile disk
(HD-DVD), which is one of the popular data storage tools.
Nevertheless, for applications, the high extraction efficiency
of the light source needs to be improved and promoted.
In general, there are several methods to increase the light
extraction efficiency of GaN-based LEDs such as surface
roughness,”® photon recycling technique,”!” and the use
of photonic crystal structures.!'"!? In the latter method, the
photonic crystal structure has a periodic structure with
translational symmetry. The periodic structure can exhibit
the photonic band gap (PBG) to inhibit the propagation of
guided modes'? and utilize the photonic crystal structure
to couple guided modes to radiative modes.'*'® There are
reports on photonic crystal lasers of utilizing photonic
crystal band-edge modes.'”™'®) Most of the reported photonic
crystal structures were fabricated by E-beam lithography?”
or laser interference lithography.?" However, compared the
two methods mentioned above to nanoimprint lithography
(NIL), NIL is suitable for the mass production of LED
devices owing to its good resolution and higher throughput
with low fabrication cost. In this study, we demonstrated
a GaN-based two-dimensional (2D) photonic quasicrystal
(PQC) structure as shown in Fig. 1. The fabrication of a
PQC structure is used for the nanoimprint lithography
(NIL).?? The photonic quasicrystal structures possess 12-
fold symmetry’**® and form a complete band gap. Under
room temperature pulse operation, experimental results
reveal that the device has lasing action with a low threshold
power density.

2. Fabrication Process

The fabrication procedures of the GaN QPC structure
include epitaxial growth of a GaN wafer, nanoimprint
lithography of QPC patterns, and the dry etching step. The
GaN-based material was grown using a low pressure metal—
organic chemical vapor deposition (MOCVD) system on
2-in. diameter (0001)-oriented sapphire substrates using

*E-mail address: mhshih@gate.sinica.edu.tw
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Fig. 1. (Color online) Schematic diagram of GaN-based PQC structure
on sapphire substrate.

trimethylgallium and trimethylaluminum as group III source
materials and ammonia as the group V source material. A 2-
um-thick GaN was first grown on a 2-in. C-plane (0001)
sapphire substrate. The GaN contained 1um undoped
GaN and 1um n-type GaN and were grown at 1150 and
1160 °C, respectively. The PQC lattices were formed by NIL
with a 2-in. PQC mold. First, a 400nm SiO, layer and a
200nm polymer layer were deposited as the masks during
the process. Then, a patterned mold of PQC structure was
placed onto the dried polymer film. By applying a high
pressure, the substrate was heated to above the glass
transition temperature of the polymer. After that, the
substrate and mold were cooled to room temperature to
release the mold. The PQC patterns were defined on the
polymer layer and the patterns were then transferred into a
SiO, layer by reactive ion etching (RIE) with a CHF;3/0,
mixture. The structure was then etched by inductively
coupled plasma reactive ion etching (ICP-RIE) with a
Cl,/Ar mixture. The mask layers were removed at the end
of the processes. The detailed fabrication process of NIL
flow is shown in Fig. 2. For this study, the size of the
fabricated GaN PQC structure is approximately 1cm?. The
PQC structure has a lattice constant (a) of 460nm, a
diameter (r) of 160nm, and a height of 1um. Figure 3
shows the fabricated GaN PQC sample (a) and its scanning
electron microscopy (SEM) images from (b) the top view
and (c) the angle view.

© 2012 The Japan Society of Applied Physics
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Fig. 2. (Color online) Illustrations of fabrication process of nanoimprint
technology. (a) SiO; and polymer were deposited. (b) Pattern mold of PQC
structure was placed onto the polymer layer. (c) PQC pattern was defined on
the polymer layer. (d) RIE dry etching process. (e) Photonic quasicrystal
pattern was fabricated on epitaxial structure.

(a)

Fig. 3. (Color online) (a) Image of fabricated GaN PQC sample. SEM
images of the PQC structure from (b) the top-view and (c) the angle-view.

3. Measurement and Discussion

To demonstrate the lasing action from the photonic
quasicrystal structure, optical pumping was performed by
using a frequency-tripled Nd:YVO,4 355nm pulsed laser
with a pulse width of 0.5ns and a repetition rate of 1kHz.
The device was pumped by a normal incident laser beam
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Fig. 4. (Color online) (a) Measured spectrum of the PQC laser below
(black) and above (red) threshold, and the photoluminescence (gray curve)
of bulk GaN. The lasing wavelength of the PQC is 366 nm. (b) The light-in
and light-out (L-L) curve and linewidth narrowing.

with a spot size of 50um. The light emission from the
sample was collected by a 15x objective lens through a
multimode fiber, and coupled into a spectrometer with a
charge-coupled device (CCD). Under room-temperature
optical pumping condition, a strong lasing emission from
the photonic quasicrystal pattern was observed, as shown in
Fig. 4. Figure 4(a) shows the measured spectra from the
PQC pattern below (black curve) and above (red curve) the
threshold, and the photoluminescence (PL) (gray curve) of
bulk GaN with a bandwidth of 15 nm. Obviously, the lasing
action was observed at 366 nm wavelength with the band-
width of 1 nm due to the distributed feedback of light at the
photonic band edge of the PQC structure.**” The light-in
and light-out (L-L) curve and the linewidth narrowing are
shown in Fig. 4(b). The threshold power density was ob-
served at approximately 0.009 kW /cm?. This value corre-
sponds to a threshold energy density of 9 mJ/cm?, which is
reasonable in comparison with the reported GaN threshold
gain (~1.1mJ/cm?).>> This ultralow threshold also in-
dicates the strong enhancement from photonic quasicrystal
lattices. The quality factor of the QPC structure is
approximately 350, which is estimated from the ratio of
the lasing wavelength to the linewidth around the transpar-
ency (i.e., Q ~ A/AAQ). The observed signal-to-background
ratio of the lasing is approximately 9dB at 1.5 times the
threshold. This is because of the limited pump power density
and the background PL signal from the bottom GaN layer.

4. Simulation and Analysis

To understand the lasing mode, we used the finite-element
method (FEM)?® to calculate the transmission spectrumm of
the PQC with the incident angles of 0, 5, 10, 15, 20, and 25°,
as shown in Fig. 5(a). Owing to the symmetry of this PQC,

© 2012 The Japan Society of Applied Physics
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Fig. 5. (Color online) (a) Corresponding transmission spectrum was
calculated by FEM method. (b) Electric-field distribution was also
calculated by FEM simulation.
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the spectra will repeat for every 30° incident angle.
Therefore we can confirm the photonic band gaps from the
calculated spectra. By comparing the experimental simula-
tion and data, the observed lasing mode corresponds to the
normalized frequency as a/A ~ 1.25 (circular point) around
the band edge, which is labeled as mode A. Figure 5(b)
shows the calculated mode profile of the mode A, which
indicates the high symmetry of this operated mode in the
PQC structure. It is worth noting that the band-edge lasing of
the GaN PQC with a 460 nm lattice constant was designed to
work around the higher frequency band gap. This is because
the fabrication of the large-area GaN PQC structure with a
smaller lattice constant is relatively difficult.

5. Conclusions

In short, a 12-fold symmetric GaN PQC nanopillar structure
was fabricated using NIL. The UV lasing action was
observed at approximately 366nm wavelength with an
ultralow threshold power density of 0.009kW/cm?. To
check the lasing mode is the band edge mode. The optical
mode profile of the lasing mode was characterized with FEM
simulation, and the experimental results show excellent
agreement with the simulations. The NIL fabrication
procedure demonstrated has high potential to resulting in a
low fabrication cost. Owing to the larger emission area,
lower threshold power and lower fabrication cost of the
device, we believe that the large area photonic quasicrystal
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laser could be one of potential light sources for future
integration circuit applications.
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